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Introduction

“No one has yet discovered any warlike purpose to be served by the
theory of numbers or relativity, and it seems unlikely that anyone will
do so for many years.

G.H. Hardy — A Mathematician’s Apology (1941)

In this master’s thesis, we study the Cerny conjecture and some related prob-
lems. We would do well to first consider here what value there is in this pursuit,
aside from the purely personal value one derives from the satisfaction of one’s
intellectual curiosity.

In the case of most master theses in applied mathematics, one starts with a
concrete, practical problem, the resolution of which requires the application of
non-trivial mathematics, and finally the value of the work likes quite simply in the
solution provided. In our case however, the situation is quite different. We consider
the Cerny conjecture to be inherently worthy of study for its own sake, as prosecut-
ing this research is likely to provide important insights into the foundational notion
of synchronization. Applications will then follow as they always do!, and some of
them are detailed in the following chapter. Indeed in the course of our research
we shall develop new algorithms for solving synchronization problems (amongst
others) that seem to improve on at least one of the best known algorithms in the
case studied. Algorithms of the sort are of practical importance in robotics and
communications systems.

Although the theory of finite state automata goes back to the dawn of the
computing era, and Cerny’s elegant conjecture on synchronizing automata was
first proposed in 1964, the conjecture has remained open to this day, despite
considerable efforts on the part of the mathematical community. What is most
surprising about this situation is that the conjecture is extremely simple, easily

!The Hardy quote in the epigraph predates the Manhattan Project — which would have been
impossible were it not for the prior development of relativity theory — by only a few years. The
question of whether this particular practical application was of any value is best left aside.
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understandable by the average layman, yet mathematicians so far have failed
to crack the problem. It is, in that way reminiscent of some the most enticing
problems in mathematics, like the Goldbach Conjecture and the Collatz Conjecture.

By contrast, the theory of primitive sets of matrices is quite recent, indeed most
of the results of this theory that we shall be exploring are not more than a few years
old. In light of some of these results, it seems clear that the theory of primitive
matrix sets is quite closely related to the theory of synchronizing automata. We
shall therefore study problems quite similar to Cerny’s in this framework to see if
this approach yields fruitful results.

Approaching the problem from this angle allows us to utilize the tools of
automata theory, linear algebra, graph theory and combinatorics to explore a
challenging research problem in applied mathematics/theoretical computer science.

The general structure of our thesis is as follows.

e Chapter 1 gives a survey of the literature concerning the theory of synchro-
nizing automata and primitive sets of matrices. It also defines some of the
notions/problems we shall explore in greater detail in the following sections,
in particular the k-RT (k-Rendezvous-Time) of a primitive matrix set.

e Chapter 2 introduces the notations we shall employ in our presentation,
and some simple lemmas that shall be used extensively throughout this
manuscript.

e Chapter 3 consists of a theoretical analysis of the k-RT of NZ primitive
sets. Several functions providing upper bounds on the k-RT are derived and
compared in this section. Surprisingly, we show that the k-RT of an NZ
primitive set is bounded by a linear function of the matrix size n for large n.

e Chapter 4 presents the results of our analysis of an algorithm that was recently
proposed for the random generation of slowly synchronizing automata/NZ
primitive sets with large exponents. We present arguments that the au-
tomata/matrix sets generated by this algorithm will all belong to a certain
restricted class of automata/matrix sets with high probability.

e Chapter 5 introduces a heuristic algorithm that we developed for approx-
imating the k-RT and the exponent of NZ primitive sets, notably those
produced by the algorithm studied in the preceding chapter. We compare
the performance of our new heuristic to a generalization of the well-known
Eppstein heuristic.



Chapter 1

Literature review

1.1 Synchronizing automata and the Cerny con-
jecture

The theory of automata grew naturally out of the theory of computation during
the early 20th century when automata were defined as mathematical models of
computing machines in order to facilitate a more abstract analysis of their prop-
erties. They were initially defined in more than one way. Some of the pioneering
seminal works in this domain were the classic papers by Pitts and McCulloch [27],
and Kleene [23] on nerve-nets, wherein they study the neurophysiological basis
of mental computation and related mathematical problems®. Building on their
work, Rabin and Scott introduced their definition of finite automata in [30] as a
more realistic model of computing machines than Turing machines. The latter were
introduced by Turing in his classic paper [45].

Since then, the theory of automata has found diverse applications not only
in the study of neurophysiological processes and computability theory, but also
among various other fields of mathematics, science and engineering such as formal
linguistics [12], robotics [29] and logic [10].

For the scope of this thesis, we shall restrict our attention mainly to complete,
deterministic, finite state automata which we introduce here below.

Definition 1. A (complete, deterministic, finite state) automaton is a triplet
A={Q,%,5) where Q = {q1,...,q,} is a finite set of states, ¥ = {ay,...,a,} is
a finite set of input symbols (the letters of the automaton) and § : Q x ¥ — @Q is

! Also, in the case of Pitts and McCulloch, distinctly philosophical problems.



the transition function. Let iy,is,...,15; € {1,....m}, then w = a;,a;,...a;, is called a

word (of length 1) and we define §(q,w) = §(8(q, a;, ai,...a;,_,), ai,).

1

Remark 1. The automaton A can be equivalently represented by the set of bi-
nary?, row-stochastic® matrices {Ay,..., Ay} where, for all i = 1,...,m and
Lk=1,....n, (A)w =1 if 8(q,a;) = qr, (Aj)w = 0 otherwise. This matriz
representation will be used to show the connection between synchronizing automata
and primitive matriz sets (see section 1.4).

Synchronizing automata were explicitly defined for the first time in 1964, in
Cerny’s famous paper [46] (although they were called directable automata at the
time). For an automaton representing a certain system, its synchronizability
captures the idea of the possibility of driving the system to a given state, without
knowing its initial state. This problem arises in many applied domains: for example
the automatic orientation of mechanical parts for manufacturing and assembly
([29]), the synchronization of molecular automata in biocomputing applications
(see [6, 49]) or resilient data compression (see [38]). Some of the notions and
results were re-invented independently a few times, for example in [26, 43]. For an
overview of the history of synchronizing automata, see [49]. The formal definition
of synchronizing automata is as follows:

Definition 2. An automaton is synchronizing if and only if it admits a word w,
called a synchronizing word (or a reset word), and a state q such that §(¢',w) = q
for any state ¢ € Q. The reset threshold of an automaton A, denoted by rt(A), is
the length of the shortest reset word of the automaton.

We illustrate the notion of synchronization by showing its applicability to a
recent development in computing: biocomputing. In recent times, the possibility
has emerged of solving difficult computational problems that resist conventional
methods by exploiting molecular computers. The latter are notable because of
their excellent energy efficiency, high information density and parallelism, and have
been put to use to solve NP-Hard problems with large number of variables, see for
example [9] wherein the authors present their method of solving a 3-SAT problem
in 20 variables. In a recent paper, [6], Benenson et al present a method of using
DNA molecules as input data/fuel to molecular computers to solve computational
problems. The molecular computer that they developed can be modeled by a
unidirectional read-only Turing machine which in turn can be represented by a
finite state automaton, as explained below.

2A matrix is binary if each entry is either zero or 1.
3 A matrix is row stochastic if the entries in each row sum to 1.



A finite automaton can be seen as a unidirectional read-only Turing machine
whose input is a finite string of symbols. The Turing machine starts with a starting
input symbol and an initial state. Initially, we first read the leftmost input symbol,
in a default initial state. Each transition moves one symbol to the right, possibly
changing its internal state. The Turing machine needs transition rules: given a
current state and symbol, the transition rule specifies the next state. After the
last input symbol is read, the final state is the output of the system, some of
these states being said to be accepting. We say that the automaton representing
such a machine accepts an input if, starting from the initial state and following
the transitions dictated by the input symbols it ends in an accepting final state.
These automata can then be “programmed” by choosing the transition rules and
accepting states adequately.

The Figure 1.1 shows an example of a automaton with an initial state, and one
accepted state. For example, we can easily verify that the input sequence abba is
accepted, since, starting from the initial state 1, if we apply the input sequence, we
end up at an accepted state (in this case, 1).

b b

a
start —>
a

Figure 1.1: Finite automaton with an initial state, and one accepted state. The
transition rules are represented by the labeled arrows. A double circle represents
an accepting state.

In their experiment, Benenson et al. produced a solution containing 3 x 10'2
identical molecular automata per micro litre which work in parallel on different
inputs. Once a computation has been completed, and these automata are in
their various output states, if we want to perform a new computation, we need to
synchronize them, that is to say bring them all to the initial state, by adding to
the solution sufficiently many copies of a DNA molecule whose nucleotide sequence
encodes a reset word.

Although the problem of determining whether an automaton is synchronizing
can be solved in polynomial time (see e.g. [49]), computing its reset threshold is an
NP-hard problem [13]. However, this does not exclude the possibility of finding
a theoretical upper bound on the reset threshold of an arbitrary synchronizing



automaton. In his paper [46], Cerny presented a family of n-state automata for
n > 2 with a reset threshold of (n — 1)?, and stated his famous conjecture:

Conjecture 1 (The Cerny Conjecture [46]). The reset threshold of any synchro-
nizing automaton on n states is at most (n — 1)2.

Clearly, if the conjecture is true then this bound can not be further improved
given the existence of Cerny’s family of automata. The conjecture has remained
open to this date, though it has been shown to be true for certain classes of
automata (see [21, 41, 48]). So far the best known asymptotic upper bound on the
reset threshold of an arbitrary synchronizing automaton is Szykula’s cubic bound
of (8505913 4+ 90024n? + 196504n — 10648) /511104, where n is the number of states
of the automaton. This bound slightly improves previous cubic bounds [32, 14].

Informally speaking, the reset threshold of an n-state synchronizing automaton
gives the length of the shortest word that maps all n states to the same output
state. It seems natural to investigate the more general problem of bounding the
k-rendezvous time (k-RT) of a synchronizing automaton A (written rt;(.A)) which
is defined as the length of the shortest word that maps k distinct states of the
automaton to the same output state. So far the only known bound on the k-RT
(outside of the trivial* results for £ = 1 and k = 2) is the quadratic bound on the
3-RT found by Jungers and Gonze in [17].

Recent years have seen a growth of interest in families of automata with reset
thresholds that are quadratic in the number of states of the automaton, called
extremal or slowly synchronizing automata. It is hoped that such families may help
improve our understanding of the behaviour of possible counter-examples to the
Cerny conjecture. However such families seem to be hard to find, see [4, 11, 47, 20]
for some examples.

1.2 Algorithmic aspects of synchronization

Although computing the reset threshold of a synchronizing automaton is an NP-hard
problem, an algorithm was developed by Kisielewicz et al. in [22] that computes the

4Clearly the case k = 1 is trivial since in a complete automaton we can always find some state
that is mapped to some other state, hence 1-RT = 1. The case k = 2 is also trivial since any
automaton which never maps two states to the same state may only have letters that act as
permutations on the set of states, and any such automaton can not be synchronizing, since the
composition of permutations is a permutation. Hence for any synchronizing automaton, 2-RT =
1.



reset threshold in polynomial time for quite a few families of slowly synchronizing
automata. Of course the worst-case behaviour is exponential, but a number of
heuristics implemented as part of the algorithm make the algorithm work quite
well in general.

One of the heuristics used is a reduction of the search space using upper bounds
provided by the Eppstein heuristic on the words used to make up the reset word.
The Eppstein heuristic was presented in [13] as a polynomial-time algorithm for
computing short reset words of synchronizing automata. It was shown to produce
reset words that are at most cubic in the number of states of the automaton, in
cubic execution time (see [13]). It was also shown (see [3]) that the reset word
produced by the Eppstein heuristic for an n-state automaton A is of length at
most (n—1) -rt(.A). We shall make use of the Eppstein algorithm in later sections,
as it seems to be the most widely used heuristic for finding reset sequences of
synchronizing automata. Indeed, quite a few of the other algorithms are actually
based on the Eppstein heuristic.

There exist other algorithms for finding (short) reset words of a synchronizing
automaton. Some examples include the following.

e Trahtman’s Cycles algorithm, which works similarly to Eppstein’s algorithm,
see [44].

e Roman’s SynchroP algorithms which is a (computationally much slower)
attempt at improving the Eppstein heuristic, see [36].

e The FastSynchro algorithm proposed by Kudlacic et al as an improvement
of Roman’s SynchroP algorithm, as the name suggests it is faster than the
original, see [25].

o Kowalski and Szykula’s Cut0ff-IBFS algorithm that builds synchronizing
words in reverse, starting from the end and finishing with the first letter, see
[24].

e Roman’s evolutionary algorithm based on the simple genetic algorithm model,
see [35].

An algorithm was also proposed in [44] for generating automata with large reset
thresholds. A new randomized algorithm for generating automata with large reset
thresholds was also recently proposed in [11]. We shall be analyzing this algorithm
in greater detail in Chapter 4.
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1.3 Primitive matrix sets and their exponents

The theory of primitive matrix sets was developed quite recently (see [34, 1, 2, 7] for
example) as a natural generalization of the Perron-Frobenius theory of nonnegative
matrices® which was developed by Perron for positive matrices® in [31] and general-
ized by Frobenius to nonnegative matrices in [15]. The Perron-Frobenius theory
has enjoyed a very widespread and diverse applicability to fields like economics [8],
probability theory (specifically the theory of Markov chains [28]) and population
modeling (see [28]) among others.

A fundamental result in the theory of nonnegative matrices relates the notions
of primitivity, irreducibility and aperiodicity.

Definition 3. A matriz A is irreducible iff for every pair of indices i and j, there
is a natural number k such that (A¥);; > 0.

Definition 4. A matriz A is primitive iff it is nonnegative and there is some m
such that A™ > 0. The smallest m satisfying this condition is called the exponent
of A, denoted by exp(A).

Definition 5. Let A be a nonnegative matriz of dimension n X n. The A-period
of an index i, denoted by T4(i), is the greatest common denominator of all natural
numbers k such that (A*); > 0. A is aperiodic iff for all indices i € {1,...,n},
TA(i) =1.

Theorem 1 (See Theorem 1.4 in [40], p. 21). A nonnegative matriz is primitive
iff it is irreducible and aperiodic.

One of the many interesting results that came out of the Perron-Frobenius
theory is known as the Wielandt bound. This result gives a (tight) quadratic bound
on the exponent of a primitive matrix:

Theorem 2 (Wielandt’s bound [37]). If A is a primitive n X n matriz, then
A1 > 0, where ¢ = n? — 2n + 2. Further, there is such a matriz A for which
AL js not positive. In other words, for any primitive matriz A, we have that
exp(A) < n?—2n+2.

The bound on the exponent of a primitive matrix raises a more general question:
what is the length of the shortest product of matrices of a given set that gives
a positive matrix? This is the problem of bounding the exponent of a primitive
matrix set (the Wielandt bound solves this problem for the special case of sets

5A nonnegative matrix is a matrix such that every element of the matrix is nonnegative.
6 A positive matrix is a matrix such that every element of the matrix is positive.
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with only one element).

Though the concept of primitive matrix sets had already made appearances in
[19, 33, 18, 39], it was first explicitly defined by Protasov and Voynov in [34] in
the following way:

Definition 6. A set of nonnegative matrices M = {M, ..., My} is called prim-
itive if there exist some indices iy,...,i, € {1,...,m} such that the product
M, -+ M, is entrywise positive. A product of this kind is called a positive product
and the length of the shortest positive product of a primitive set M is called its
exponent and it is denoted by exp(M). The set of all finite products of matrices
of M is written M*, and the set of all products of at most d matrices of M is
written M¢.

Protasov and Voynov derived a necessary and sufficient condition for the
primitivity of a matrix set belonging to the class of irreducible, NZ matrix sets.
Before stating their theorem we need to define the following notions:

Definition 7. An NZ matrixz is a nonnegative matrix with no zero rows or columns,
an NZ matriz set is a set of NZ matrices.

Definition 8. A matriz set M is irreducible if and only if for every pair of indices
t and j, there is a product M € M* such that M;; > 0.

Definition 9. Let Q = {Qy,...,Q,} be a partition of {1,...,n} and let S, be the
symmetric group’ of order q. We say that an n X n matriz A acts as permutation
o €S, onQiff, forall ke {1,...,q},i € Q. and any index j € {1,...,n} we have
that j & Qowy == Aij = 0. We say that A acts as a permutation on § iff there
exists a permutation o € S, such that A acts as permutation o over €.

In other words, an n X n matrix A acts as a permutation on a partition of the set
{1,...,n} iff, when transformed by simultaneous row and column permutations into
a block form corresponding to the partition, each block row and column contains
exactly one nonzero block.

For example, consider the following matrix:

=~ W N =

O = O O =
O O~ O N
OO O = W
_— O O O =

“The symmetric group of order ¢ is the group of all permutations on ¢ elements under the
composition operation.

12



It can be shown that it acts as a permutation on the partition P = {{1, 3}, {2,4}}
by noting that simultaneously permuting the second and third rows and columns
(to obtain a block form corresponding to the partition P) gives®:

OO O =
O OO
OO = O
_— O O O
O = O O
OO = O
S O O =
_ o o O
o OO =
O = O O
SO O = O
_ O O O
=~ DN W =

—_ O =

S = W

1 0
0 1

One could also obtain the same result by simultaneously permuting columns
and rows to obtain another block form corresponding to the partition P:

2 4 1 3
0100 0010 010 0] 2/1 0
0 001 0100 00071 410 1
1000 1000 1000 1 0 1
0010 0001 0010 3 1 0

Finally, the statement of the Protasov-Voynov characterisation theorem is as
follows.

Theorem 3 (Protasov and Voynov’s theorem [34)). An irreducible, NZ matriz set
M of n x n matrices is not primitive iff there exists a partition of {1,...,n} on
which every matriz from M acts as a permutation.

Comparing this result to Theorem 1, one might expect to find some relationship
between the notion of aperiodicity and the notion of matrices acting as permuta-
tions over a partition of the index set. The results of Chapter 4 shed some light on
this relationship.

Protasov and Voynov’s proof of Theorem 3 was based on a geometric approach,
and they conjectured that the theorem could be proved using purely combinatorial
reasoning. Blondel, Jungers and Olshevsky answered this question by giving a
purely combinatorial proof in [7]. Another — arguably simpler — proof was provided
by Al'pin and Al’pina in [1]. They also generalized the theorem to sets of matrices
with no zero rows (or columns) in [2].

8The blank entries are all zeros.
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It was shown in [7] that recognizing primitive matrix sets is an NP hard
problem for matrix sets with more than 2 matrices. However, for NZ matrix sets,
Protasov and Voynov presented a polynomial time algorithm solving this problem
in [34]. Blondel et al also showed in [7] that the exponent of a matrix set could be
exponentially large. However, for NZ primitive matrix sets we shall see that it is
possible to obtain a cubic bound on the exponent with respect to the matrix size.

1.4 Connecting synchronizing automata to prim-
itive matrix sets

In recent years, various connections have been discovered between the theory of
synchronizing automata and the theory of primitive matrix sets as the two prob-
lems turn out to be related. For example, primitive matrix sets have been used in
algorithms for finding slowly synchronizing automata, see [11, 4].

The following definition was suggested in [7], relating matrix sets and automata
(See Remark 1 for the representation of automata as matrix sets):

Definition 10. Let M be a N Z and finite set of binary n X n matrices. The
automaton associated to the set M is the automaton Aut(M) such that A €
Aut(M) if and only if A is a binary and row-stochastic matriz and there exists
M € M such that A < M (entrywise). We denote with Aut(M?) the automaton
associated to the set MT = {M{]', ... , ML}

The following theorem was also proved, showing a strong connection between
the exponent of a primitive matrix set and the reset thresholds of two associated
automata:

Theorem 4 ([7], Theorems 16-17). Let M ={M, ..., M,} be a primitive set of
binary NZ matrices. Then Aut(M) and Aut(M?T) are synchronizing and it holds
that:

rt(Aut(M)) < exp(M) < rt(Aut(M)) + rt(Aut(MT)) +n—1.  (1.1)

The restriction to binary matrix sets in Theorem 4 is without loss of generality,
as the primitivity of a matrix set does not depend on the magnitude of the positive
entries of the matrices of the set. In view of this fact, in this manuscript we will
restrict ourselves to the set of binary matrices by using the boolean product as
opposed to the usual matrix product, so setting for any binary matrices A and B
that (AB);; = 1 if and only if )} A;;B,; > 0.

14



We note in particular that a primitive matrix set with an exponent greater than
2(n —1)? +n — 1 would disprove the Cerny conjecture. However it was also shown
(in [7]) as a corollary of the preceding theorem that a general bound on the reset
threshold of synchronizing automata automatically gives a bound on the exponent
of any NZ primitive matrix set:

Corollary 1 (See [7], Theorem 17). For any NZ primitive set of matrices M of
dimension n there is a product of length smaller than 2f(n) +n — 1 with positive
entries, where f(n) is any upper bound on the minimal length of a synchronizing
word for n-state automata.

In view of Szykula’s bound on the reset threshold of a synchronizing automaton
(see [42]) one can easily obtain, using the preceding corollary, the following cubic
bound on the exponent of an NZ primitive matrix set of matris size n, written

€XPyz (n)

expyz(n) < (156170 + 75000 4+ 56250n — 78125) /46875 (1.2)

In this thesis we shall also extend the notion of the k-RT from automata to
matix sets via the following definition.

Definition 11. Let M be a primitive set of n X n NZ matrices and 2 < k < n. We
define the k-rendezvous time (k-RT) of M to be the length of the shortest product
of matrices from M having a column or a row with k positive entries and we denote
it by rt(M). We indicate with rti(n) the mazimal value of rt;,(M) among all the
primitive sets M of n X n NZ matrices.

We shall obtain some upper bounds on the k-RT of NZ primitive matrix sets in
Chapter 3. Indeed, we shall show in particular that for large n, rt;(n) is bounded
by a linear function of n.

15



Chapter 2

Preliminaries

We begin by defining some notions and proving some simple results that will be
used extensively throughout this manuscript.

2.1 Associated graph of a matrix set

Definition 12. Let M be a finite set of binary n X n matrices. We define the
associated graph of M, as the directed graph G(M) = (Vap, En), where the set of
vertices is Vau = {1,...,n}. The edge (i,j) € Epqy <= IM € M : M;; > 0, and
we label the edge with all the matrices in M that satisfy this property.

Definition 13. A directed graph G = (V, E) is strongly connected if and only if
for alli,j €V, there is a path from i to j in G.

Lemma 1. Let M be a finite set of binary n X n matrices. The associated graph
of M is strongly connected if and only if M is irreducible.

Proof. Trivial by Definition 8. [

Definition 14. We define the support of a vector z, denoted by supp(z), as the
following set : supp(z) = {i | x; > 0}. We define the weight of a vector as the
cardinality of its support.

Lemma 2. Let M be a finite set of binary n X n matrices. Let C € M and 1,
two indices such that C;; > 0. Then for any A € M : supp(As;) < supp((AC)4;).

Proof. The j-th column of AC' is equal to (AC).; = C1;A4 + -+ + CpjAs,. The
result follows as Cj; > 0. O

Lemma 3. Let M be a finite set of binary n xn matrices and let M;,, ..., M; € M.
Then (M, ... M;,):; > 0 iff there is a path labeled by M;,, ..., M;, from i to j in
G(M).

16



Proof. We prove the claim by induction. By definition of G(M), the lemma is
trivially true for s = 1.

Suppose now that the proposition is true for some s € Ny. Suppose also
that M, ., is a matrix such that (M;, ... M; M, );; > 0. Then since all the
matrices are nonnegative, this implies that there exists k € {1,...,n} such that
(M;, ... M), > 0and (M,,,, )i > 0. Therefore there exists a path in G(M) from
i to k and from k to j. It follows that there is a path from i to j in G(M).

s

Suppose now that there exists a path in G(M) from i to j labeled by
M, ..., M;,, M, . Then there exists a vertex k € {1,...,n} such that there is
a path from ¢ to k labeled by M;,,..., M, and there exists an edge from k to
J labeled by M;_ . This implies that (M;, ... M; )i > 0 and (Mis+1)kj > 0, it
follows by nonnegativity of M that (M;, ... M; M, ., )i; > 0. O

s

Proposition 1. Let M be an irreducible and finite set of binary n X n matrices,
Ae M, and let A,; be an arbitrary column of A, then for any j = 1,...,n there
exists B € M™! such that supp(As;) S supp((AB).;).

Proof. Since M is irreducible, G(M) is strongly connected and there is a path
of length at most n — 1 between any two nodes in G(M). Therefore there exists
apath a; =i — ag = -+ — a, = j in G(M), where m < n. Picking one
matrix from the label of each edge in this path, we find a sequence of matrices
Ct,...,C"™ e M. By Lemma 3, we know that (C'...C™ 1), . > 0. Applying
Lemma 2, we conclude that:

supp(Ayi) € supp((AC...C™ 1))

Therefore the required matrix B is given by C1...C™™L, O

2.2 Permutation matrices

We prove some results about permutation matrices here that will be used in Chapter
4 to study characteristics of the automata generated by a randomized algorithm
for generating slowly synchronizing automata (see [11]).

Definition 15. We say that a matriz P is a permutation matriz (of size n X n)
iff P is a binary matriz with exactly one nonzero entry in every row and every
column. Moreover, let ! be such that

5 — 1 ifi=j
’ 0 otherwise.
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and e; be a column vector such that (e;); = 8. We say that a permutation
matriz P is the permutation matri associated to a permutation m of {1,...,n} iff

P = [eﬂ(l), .. ,eﬂ(n)].

Remark 2. For the remainder of this thesis we let P, denote the set of n X n
permutation matrices.

Lemma 4. Let A be a binary n X n matriz, and P be a permutation matriz. The
graph G({PAPT}) = (V, Epapr) is such that (w(i),n(j)) € Epapr < (i,j) €
E4

Proof. Let 67 be as defined above. Let i’ = 7(i), j = 7(j), we calculate:

(PAPT)y; = ZZ PyoAay(PT)y = ZZ PyoAaPiny
a b a b
a b

and this implies that:

(7(i),7(j)) € Epapr <= (i,7) € Ea
[l

The following lemma fully characterizes the associated graph of a permutation
matrix.

Lemma 5. Every strongly connected component of the graph G({P}) is a cycle iff
P is a permutation matrizx.

Proof. Let P be a permutation matrix, and G({P}) = (V, F) its associated graph.
For any i; € V, there is exactly one edge (i1,i2) out of it, and the same holds true
for iy, etc. So we can create exactly one path i; — i, — ..., but since the graph
is finite this path must end somewhere, either on some node that has no out-edges
(not possible), or the sequence eventually returns to some previously visited vertex,
but then the first revisited vertex must be i;, otherwise some node would have two
in-edges. Therefore we have just proved that the strongly connected component
containing 7; must be a cycle.

Conversely, let each strongly connected component in G({P}) = (V,E) be
a cycle, then there can be no edges between two distinct strongly connected
components as then they would not be cycles. Hence there is exactly one edge in
and out of each vertex, and so P has exactly one nonzero entry per row and per
column, and is therefore a permutation matrix. O
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In what follows, we shall often refer to the cycle lengths of a permutation matrix
as a convenient shorthand for the lengths of the cycles in the associated graph
of the permutation matrix. In Chapter 4, the max cycle length of a permutation
matriz, shall play an important role, it is defined here below:

Definition 16. Let P be the permutation matrixz. The max cycle length of P,
written Z,(P), is the length of the longest cycle in the associated graph of P.

2.3 Pair digraph of a matrix set

Definition 17. Let M be a finite set of binary n X n matrices. The pair digraph
of the matriz set M is a digraph PD(M) = (Viu, Epm) with Vg = {(4,7) | 1 <
i < j<n}and ((5,7),(,j)) € Em <= IM e M : My > 0,M;y > 0 or
M > 0, My > 0. A vertex of the form (s, s) is called a singleton.

Lemma 6. Let M be a finite set of binary n X n matrices. A path of length
d in the pair digraph PD(M) connecting the non-singleton (i,j) to a singleton
(s,s) defines a sequence of matrices Ay, ..., Aq in M, such that for any A€ M :
supp(A.;) | Jsupp(As;) S supp((AA; ... Ag)us).

Proof. The path from (i,7) to (s,s) defines a sequence of matrices A, ..., Ay
in M, such that (A;...Ay);s > 0 and (A;...A44);s > 0. The thesis follows by
applying Lemma 2 with C' = A; ... Ay. ]

2.4 Synchronizability and primitivity

Theorem 5. Let M be a finite set of binary n X n matrices with non zero rows.
Then there exists M € M* and j € {1,...,n} such that for alli € {1,...,n}, M;; >0
if and only if in its pair digraph PD(M) = (Vam, Enm), for all (i,7) € Vi, there
exists a path from (i,7) to some singleton.

Proof. If there exists M € M* and j € {1,...,n} such that for all i € {1,...,n},
M;; > 0, then by definition of the pair digraph, for all 7,k € {1,...,n} there exists
a path from (i, k) to (j,7) in the pair digraph.

Let us suppose now that for all i, j € {1, ...,n}, there exists a path from (4, )
to some singleton in the pair digraph. Let us take an arbitrary matrix B € M.
Let j; € {1,...,n}. If |supp(Bsj,)| = n, we are done. Otherwise, there exists
i € {1,...,n} such that i ¢ supp(B,;). Since B has non zero rows, there exists
J2 € {1,...,n} such that B;j, > 0. Since there exists s € {1,...,n} such that there
is a path in PD(M) from (ji,J2) to (s,s), by Lemma 6, there exists a matrix
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D € M* such that |[supp(Bij,)| < [supp(BD).s|. If we repeat this process, it is
clear that we will have the desired matrix M in at most n — 1 steps. O

Remark 3. It follows from the preceding theorem that given an automaton A,
we can easily check synchronizability of A by checking whether the matriz set
representing A (see Remark 1) satisfies the conditions of the theorem.

It is interesting that the same necessary and sufficient condition suffices for
primitivity of irreducible NZ matrix sets. This is proved below.

Lemma 7. An irreducible, NZ and finite matriz set M of nxXn matrices is primitive
if and only if in its pair digraph PD(M) = (Va, En), for all (i,7) € Vi, there
exists a path from (i,j) to some singleton.

Proof. Suppose M is primitive. Then the existence of a positive product makes
PD(M) strongly connected. This trivially implies that for all (4,7) € Vi, there
exists a path from (7, 5) to some singleton.

Let us now suppose that for all (4, j) € Vi, there exists a path from (i, j) to
some singleton. Let A € M. Since M is N'Z, for each ¢« = 1, ..., n there exists a
column j; € {1,...,n} such that A;;, > 0. Let s; = j;. Fori =1,..,n—1, let s;14
be one of the vertices such that there exists a path from (s;,j;+1) to (Sit1,Sit1)-
Then, according to Lemma 6, by post-multiplying A with matrices in the labels
of the edges of these paths we can produce a matrix A’ that merges the columns
indexed by 71,...,j, into an all-ones column in AA’.

We now prove by induction the existence of a positive matrix in M. WLOG
we suppose that the first & columns of some matrix A are positive (recall that
Proposition 1 proves the existence of a matrix with a positive first column given a
matrix with any positive column). If k¥ = n then we are done, otherwise, since A
has a positive entry in each column, let i, be the row-index of a positive entry
in column k£ + 1. Letting B € M such that the ix,;-th column of B is positive
(again, Proposition 1 ensures its existence), we conclude by noting that the k + 1
first columns of BA are positive. n
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Chapter 3

Bounding the £-RT of NZ
primitive matrix sets

In this chapter, we consider a problem very similar to the problem of finding an
upper bound on the reset thresholds of synchronizing automata: we find an upper
bound on the k-rendezvous time of a primitive set of NZ matrices.

In view of the connection between synchronizing automata and primitive sets,
in Chapter 1, we extended the k-RT problem to primitive sets by introducing the
E-RT of a primitive set M, which is the length of the shortest product having a
row or a column with &k positive entries. The following proposition shows how the
k-RT of a primitive set M of NZ matrices (denoted by rt;(M)) is linked to the
length of the shortest word for which there exists a set of k states mapped by it
onto a single state in the automata Aut(M) and Aut(M?) (denoted respectively
by rtr(Aut(M)) and rtx(Aut(MT)) ).

Proposition 2. Let M be a primitive set of n X n binary NZ matrices and let
Aut(M) and Aut(M?T) be the automata defined in Definition 10. Then for every
2 <k <n, it holds that rty(M) = min{rt, (Aut(M)),rt; (Aut(MT))}.

Proof. We remind that the support of a nonnegative vector v is the set of the
indices of its positive entries and its weight is the cardinality of its support.

By Definition 10, each matrix of Aut(M) and Aut(M7) is entrywise smaller than
a matrix of M. It follows that r¢z(M) < min{rtk (Aut(./\/l)),rtk (Aut(MT)) }
Let now M = M;, --- M;, be the product that attains the k-RT, that is a product
of length rt;(M) having a column or a row with k positive entries. Suppose that
M has a column with k positive entries: we show that ré;(M) = rty, (Aut(/\/l))
Let 5 be the index of this column and S be its support. We claim that for every
r € [u] we can safely set to zero some entries of M;, in order to make its rows
be stochastic while making sure that the final product still has the j-th column
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with support S. In other words, we claim that for every r € [u] we can select
a binary row-stochastic matrix A, < M;, (entrywise) such that the j-th column
of the product A; --- A, has support S. If this is true, since by hypothesis the
matrices Ay, ..., A, belong to Aut(M), it holds that rt;, (Aut(M)) < rty(M).
We now prove the claim: let D, be the digraph on n vertices and edge set E, such
that p — ¢ € E, if and only if (M, ),, > 0. The fact that the j-th column of
M;, --- M;, has support S means that for every s € S there exists a sequence of
vertices v§,...,v5 ., € [n] such that:

= (3.1)
1:j7 (32)
v, = v EE Vr=1,...,u. (3.3)

We can impose an additional property on these sequences: if at step t two sequences
share the same vertex, then they have to coincide for all the steps ' > t. More
formally, if for some ¢ € [u] we have that v; = v3 for s # &', then we set v§ = v}
for all ' > t as the new sequence U‘fl, e ,vtsl, Vi, ..., U, for vertex s fulfills all
the requirements (3.1), (3.2) and (3.3). For every r € [u], we now remove from E,
all the edges that are not of type (3.3). Furthermore, for every r € [u] and vertex
w ¢ {v:}.s, we remove from E, all the outgoing edges of w but one. We call this
new edge set E, and let D, be the subgraph of D, with edge set E,. Then, for
every r € [ ], we set A, to be the adjacency matrix of D,. Since M;, is NZ, if A,
has some zero-rows we can always add a one in each of them while preserving the
property A, < M; . We do so in order to make A, row stochastic. By construction,
for all r € [u], A, has exactly one positive entry in each row and it is entrywise
smaller than M; , so A, € Aut(./\/l). Finally, the j-th column of A;---A, has
support S by construction.

The case when M has a row with £ positive entries can be proved via a similar
reasoning by observing that the product M” = M --- M has a column with &
positive entries, and so for every r € [u] we can select a binary matrix B, < MF
(entrywise) such that B, € Aut(MT”) and By - - B, has a column with & positive
entries. This implies that rt, (Aut(MT)) < rty(M). O

In view of the above proposition, by upper bounding the k-RT of all primitive
sets of N'Z matrices, then for any of these sets M, we also bound the minimum
between the k-RT of the automata associated to M, and the k-RT of the automata
associated to MT. In this chapter, we therefore attempt to find a bound on the
k-RT of primitive sets of NZ matrices. It is hoped that this may shed light on the
behaviour of the k-RT of automata associated to these sets, and thereby also on
the Cerny’s conjecture.
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In the first section, we find a recurrence relation for a function that upper
bounds the k-rendezvous time of NZ primitive matrix sets. In the second section,
we solve this recurrence relation and show that for any k, the k-rendezvous time of
an NZ primitive matrix set with matrices of dimension n is bounded by a linear
function in n for large n. In the third section, we show that we cannot improve
this bound by improving the value of one parameter that will be defined later. The
fourth section shows some numerical results. The two next sections make some
small modifications to the original argument in order to derive an improved upper
bound.

The results of sections 3.1 to 3.4 were submitted (and accepted) in a conference
paper to Developments in Language Theory 2019, see [5].

3.1 Derivation of a recurrence relation bounding
the k-RT

In this section, we prove a recurrence relation for a function By(n) that upper

bounds the £-RT.

Our goal is then to find, for any n > 2 and 2 < k < n, a function Bg(n) such
that rtx(n) < Bi(n).

Definition 18. Let n, k integers such that n = 2 and 2 < k <n — 1. We denote
by S the set of all the n x n NZ matrices having every row and column of weight
at most k and at least one column of weight exactly k. For any A € S, let Cy
be the set of the indices of the columns of A having weight equal to k. We define

ap(A) = mineec, |{i : supp(Asi) E€ supp(Ase)}| and a} = min 4egx al(A).

In other words, a}(A) is the minimum over all the indices ¢ € C4 of the number
of columns of A whose support is not contained in the support of the c-th column of
A. Since the matrices are NZ, it clearly holds that for any A € S¥ 1 < a} < a}(A).

The following theorem shows that for every n > 2, we can recursively define a
function By(n) = rt;(n) on k by using the term af.

Theorem 6. Let n = 2 integer. The following recursive function By(n) is such
that for all 2 < k < n, rt;(n) < B(n).

{B*")n) 1 (3.4

Byii(n) = By(n) + n(l+n—a})/2 for2<k<n-—1.
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Proof. We prove the theorem by induction, for the base case, let £ = 2. Any
primitive set of NZ matrices must have a matrix with a row or a column with
two positive entries, as otherwise it would be made of just permutation matrices
and hence it would not be primitive. This trivially implies that rt2(n) = 1 < Ba(n).

Suppose now that rty(n) < Bg(n), we show that rtx1(n) < Bgyi(n). We
remind that we denote with M? the set of all the products of matrices from
M having length smaller than or equal to d. If in M *M)*+7=1 there exists a
product having a column or a row with k + 1 positive entries then 7t 1 (M) <

rtr(M) +n —1 < Bii(n).

Suppose now that this is not the case. This means that in M M+7=1 ayery
matrix has all the rows and columns of weight at most k. Let A € MM be a
matrix having a row or a column of weight £k, and suppose it is a column. The case
when A has a row of weight k will be studied later. By Proposition 1 applied on the
matrix A, for every i € [n] there exists a matrix W; € M"*M)+n=1 haying the i-th
column of weight & (and all the other columns and rows of weight < k). Every W;
has at least a} (see Definition 18) columns whose support is not contained in the
support of the i-th column of W;: let ¢}, c?, . .. ,c?z be the indices of these columns.
Notice that any product B of matrices from M of length [ such that B;; > 0 and
B, > 0 for some s € [n] and j € [a}] would imply that W;B has the s-th column
of Zweight at least k + 1 and so rty1(M) < 7t (M) + n — 1 4 . We now want
to minimize this length [ over all i, s € [n] and j € [a}]: we will prove that there
exists i, s € [n] and j € [a}] such that [ < n(n —1—a})/2+ 1. To do this, we
consider the pair digraph PD(M) = (V,€) (see Definition 17) and the vertices:

(1,0%),(1,0?), coe (1)
(2,¢5),(2,¢3), ... ,(2,¢5%)

(3.5)
(n,c),(n,c2), ... (n,c)

By Lemma 7, for each vertex in Eq.(3.5) there exists a path in PD(M) connecting
it to a singleton. By lemma 6, a path of length [ from (i,¢]) to a singleton (s, s)
would result in a product B; of matrices from M of length [ such that W;B; has
the s-th column of weight at least k 4+ 1. We hence want to estimate the minimal
length among the paths connecting the vertices in Eq.(3.5) to a singleton. Notice
that Eq.(3.5) contains at least [naf /2] different elements, since each element occurs
at most twice. It is clear that the shortest path from a vertex in the list (3.5) to a
singleton does not contain any other element from that list. The vertex set V of
PD(M) has cardinality n(n + 1)/2 and it contains n vertices of type (s, s). It fol-
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lows that the length of the shortest path connecting some vertex from the list (3.5)
to some singleton is at most of n(n+1)/2—n—[nal/2]+1<n(n—1—a})/2+1.
In view of what said before, we have that there exists a product B of matrices from
M of length < n(n —1—a})/2 + 1 and i € [n] such that W;B; has a column of
weight at least k + 1. Since W;B; belongs to MrtM)tn=lin(n=1=a})/2+1 it follows
that 7t (M) < 1t (M) +n(n+1—a})/2 < Bgyi(n).

Suppose now Ae M™% M) hags a row of weight k. We can use the same argument
as above on the matrix set M” made of the transpose of all the matrices in M. [

Notice that the above argument stays true if we replace a} by a function b(n, k)
such that foralln > 2 and 2 < k < n—1,1 < b(n, k) < af. It follows that
Eq.(3.4) still holds true if we replace a} by b(n, k).

3.2 Solution of the recurrence relation

We now find an analytic expression for a lower bound on a} and we then solve the
recurrence (3.4) in Theorem 6 by using this lower bound. We then show that this
is the best estimate on a} we can hope for.

Lemma 8. Let n, k integers such that n =2 and 2 < k <n —1, and let aj as in
Definition 18. It holds that af =n —k(k—1) — 1.

Proof. Let now A € S* (see Definition 18) and let a be one of its columns of
weight k. Let S = supp(a); by assumption, the rows of A have at most k positive
entries, so there can be at most (k — 1)k columns of A different from a whose
support is contained in S. Therefore, since A is NZ, there must exist at least
n —k(k —1) — 1 columns of A whose support is not contained in supp(a) and so
ar=n—k(k—1)—1. 0

Lemma 9. Let n, k integers such thatn = 2 and 2 < k < n — 1, and let a}} as in
Definition 18. It holds that a} = [(n — k)/k].

Proof. Let again A € S* and let a be one of its columns of weight k. Let S =
[n]\supp(a); S has cardinality n — k and since A is NZ, for every s € S there exists
s' € [n] such that Ay > 0. By assumption each column of A has weight of at most
k, so there must exist at least [(n — k)/k| columns of A different from a whose
support is not contained in supp(a). It follows that af > [(n — k) /k|. O

Lemma 10. Let n, k integers such that n = 2 and 2 < k <n —1, and let a}} as
in Definition 18. It holds that af > max{n — k(k — 1) — 1,[(n — k) /K|, 1}.
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Proof. We have that aj > 1 since & < n — 1 and the matrices are NZ. The
conclusion follows from Lemma 8 and Lemma 9. O

Since [(n — k)/k] = (n —k)/k,n—k(k—1) —1 = (n —k)/k for k < |\/n]
and (n — k)/k = 1 for k < |n/2], the recursion (3.4) with a} replaced by
max{n — k(k —1) — 1, (n — k)/k, 1} now reads as:

1 if k =
- Bi(n) +n(1+k(k—1)/2) if2<k<]|/n]

B =< - 3.6
e () Br(n) + n(1 4 n(k —1)/2k) if [\/n] + 1 < k < |n/2| (3.6)
By(n) + n?/2 if [n/2|+1<k<n-—1
The following proposition shows the solution of the recursion (3.6):
Theorem 7. Equation (3.6) is fulfilled by the following function:
(o (13 _ 912 _
n(k 3/{:6—1-8/{: 12)+1 if2 <k <y
. - n(n + 2)(k — [\/n n?k=l1 | "
Bun) = B + "IV S L <<yl
: (k—3])n? £
LBL%J(n)JFf2 ifl2]+1<k<n
(3.7)

Therefore, for any constant k such that k < \/n, the k-rendezvous time rt;,(n) is at
most linear in n.

Proof. 1f 2 < k < |[/n], let Cy(n) = Bi(n)/n. By Eq.(3.6), it holds that:
Crii(n) — Cr(n) =1+ k(k—1)/2.
By setting Ci(n) = ak® + Bk* + vk + 6, it follows that:
3ak®+ (Ba+28)k+a+ B+~ =k/2—k/2+ 1.
Since this must be true for all k&, by equating the coefficients we have that:

Cr(n) = K*/6 — k*/2 + 4k /3 + 6.
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Imposing the initial condition B, (n) = 1 gives finally the desired result

Bi(n) = n(k* — 3k* + 8k — 12)/6 + 1.

If [/n] + 1 < k < |n/2], let again Ci(n) = Bi(n)/n. By Eq.(3.6), it holds that:

Cri1(n) — Cr(n) =1+n(k —1)/2k

and so
Cr(n) = Clym(n) + (k —2)(1 +n/2) — (n/2) Z it
i=vnl
Since C ) (n) = Bl\/ﬁj(ﬂ)/n, it follows that
Buln) = Bym(n) + (k= [Val)n(n +2)/2— (2/2) 3} i
i=|vn]

If [n/2] + 1 <k <n—1, by Eq.(3.6) it is easy to see that:
Bi(n) = Bluja(n) + (k — |n/2])n*/2.

which concludes the proof. O]

3.3 Limitation of this technique

We now show that a2=ma~x{n —k(k—1)—1,[(n— k)/k|,1}, and so we cannot
improve the upper bound By(n) on rtx(n) by improving our estimate of aj.

Lemma 11. Let n, k integers such thatn = 2 and 2 < k <n — 1. It holds that:

n—k(k—1)—1 ifn—k(k—1)—1>[(n—k)/k|

1<a; < k) = .
ai < uln.k) {[(nk)/k;] otherwise

Proof. We need to show that for every n > 2 and 2 < k < n — 1, there exists a
matrix A € S¥ such that a}(A) = u(n, k) (see Definition 18).

We define the matrix C]"*™? as the m; X my matrix having all the entries of

the i-th column equal to 1 and all the other entries equal to 0, and the matrix
R™*™2 ag the m; X my matrix having all the entries of the i-th row equal to 1
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and all the other entries equal to 0. We indicate with 0™*™2 the m; X my matrix
having all its entries equal to zero and with I"™*™ the m X m identity matrix. Let

v =[(n—k)/k] +1and ¢ =n mod k.

Suppose that n—k(k—1)—1 > [(n—k)/k| and set « = n—k(k—1)—1—[(n—
k)/k].Then the following matrix A is such that a(A) = n—k(k—1)—1 = u(n, k):

~ Cfxv ka(k 1) Rl;x(kfl) o RZx(kfl) 7
Ckka
A= : 0 (n—E)x[k(k—1)] D |,
kxv}
Cvgx—lf
quv,?
| oy _
kaa
D = Joxo

O(n—k—a) X

Indeed by construction, the first column of A has exactly k£ positive entries.
The columns of A whose support is not contained in A,; are the columns A,;
for i = 2,...,v} and all the columns of D. In total we have [(n — k)/k] + o =

n — k(k —1) — 1 columns, so it holds that af(A) = n — k(k — 1) — 1.

Suppose that n — k(k — 1) —1 < [(n — k)/k]. Then the following matrix A is
such that af(A) = [(n — k)/k| = u(n, k):

X vl x (k— % x (k— n—uoy -1)2) ]
kxvp Rllc (k—1) Rk (k—1) Rllzigk 1) R:X( 4 —(k—1)%)

BN
Il

C’kxvz O(nfk)x(nfvg

Indeed by construction, the first column of A has exactly k positive entries and
the columns of A whose support is not contained in A, are the columns A,; for
i =2,...,u. Therefore it holds that af(A) = v} — 1 = [(n — k)/k]. O
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3.4 Numerical results

We report here some numerical results that compare the theoretical bound Bk(n) on
rti(n) of Eq.(3.7) with either the exact k-RT or with an heuristic approximation of
the k-RT when the computation of the exact value is not computationally feasible.
In Fig. 3.1 we compare our bound with the real k-RT of the primitive sets M¢cpg
and Mg reported here below:

Mepr =

O = = O
o O = O
S O O
— O O O
S O O
— o O O
o O = O
o~ O O

Mg = <

[ RSN o R B e R
cocorooo
—o oo oo
— o oo oo
ocoroooO
o oo oo

S OO OO
[l eNolNell ™)
OO o= OO
(el eololl ™)
SO o= OO
S OO OO

The sets Mg and Mgppr are primitive sets of matrices that are based on the
Kari automaton [20] and the Cerny-Piricka-Rozenaurova automaton [47] respec-
tively. We can see that for small values of k, the upper bound is fairly close to the
actual value of rtz(M).

When n is large, computing the k-RT for every 2 < k < n becomes hard, so
we compare our upper bound on the k-RT with a method for approximating it.
The Eppstein heuristic is a greedy algorithm developed by Eppstein in [13] for
approximating the reset threshold of a synchronizing automaton. Given a primitive
set M of binary NZ matrices, we can apply a slightly modified Eppstein heuristic
to obtain, for any k, an upper bound on 7t;(M).

In Fig. 3.2 we compare our upper bound with the results of the Eppstein
heuristic on the k-RT of the primitive sets with quadratic exponent presented by
Catalano and Jungers in [11], Section 4; here we denote these sets by M, where
n is the matrix dimension. Finally, Fig. 3.3 compares the evolution of our bound
with the results of the Eppstein heuristic on the k-RT of the family Mg, for fixed
k = 4 and as n varies. Tt can be noticed that the bound By(n) does not increase
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Figure 3.1: Comparison between the bound Bk(n), valid for all primitive NZ sets,
and rt, (M) for M = Mcpr (left) and M = M (right).

very rapidly as compared to the Eppstein approximation.

In the previous sections, we used aj to find a first upper bound on the k-RT
based on Equation (3.7), and we showed that we cannot improve this bound by
improving our estimate a}l. However, there are other ways to improve the bound,
we explore some in the next two sections.
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Figure 3.2: Comparison between Bj, (n) and the Eppstein approx. of rt,(M), for
M = Mg, (left) and M = Mg, (right). We recall that By(n) is a generic bound
valid for all primitive NZ sets, while the Eppstein bound is computed on each
particular set.
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Figure 3.3: Comparison between By(n) and the Eppstein approx. of riy(Mc, )
for k = 4. We recall that By(n) is a generic bound valid for all primitive NZ sets,
while the Eppstein bound is computed on each particular set.

3.5 A first attempt at improving the result
In the previous sections, we obtained an upper bound on rtz(n) given by the

equation (3.7). In this section, we try to improve this bound. In light of the fact
that our preceding bound on the k-RT works well for small k, the idea here is to
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use products of matrices with columns of weight k& for small k£ to obtain a matrix
with large column weight.

In what follows, we will always use the assumption that A has a column of
weight k. This is W.L.O.G, since if A has a row of weight k, we can use the same
arguments on the matrix set M? made of the transpose of all the matrices in M.

Let us now suppose that A € S* ﬂ./\/lBk(") for some k € {1,...,n — 1}, and
let pe {1,...,n — k}. In what follows, we find an upper bound on the length of
a product D € M™* such that AD has two columns such that the union of their
support is of cardinality at least k + p. We shall use this bound to obtain a new
upper bound on the (k + p)-RT.

Let us denote by a; the vector representing the [-th column of the matrix A.
Let’s fix [ € {1,...,n} such that a; € C4. We note S = supp{a;} = {r{,r5, ..., }.
In what follows, let us define the set S = {Tf, . rf_k} ={1,..,n}\S. Since A
is NZ, for all i € {1,...,n — k} there exist ¢’ € {1,...,n} such that As s >0 We
therefore define T' = {clg s c;?_k}l, the set of the indices of the columns of A that
have positive entries in the rows indexed by S.

Let g be a column of an arbitrary NZ matrix G of size n x n. We refer to
|supp{g} N T| as the T-weight of g. For all positive integers p such that 1 < p < |T|
we denote by CZ the set of all columns of G of T-weight at least p. Finally, letting
Sy be the set of all n x n, N'Z matrices G such that Cf, # J, we define d} as the

smallest integer satisfying M% NS, # .

Remark 4. It should be understood that S, S, T, Sy and dj; actually depend on
the choice of A,k and l. But because A,k and | are fized, we omit writing this
dependence explicitly in order to lighten the notations.

We show that any matrix D € S, satisfies the condition that AD has two
columns such that the union of their support is of cardinality at least k£ + p.

Lemma 12. Let D € S,,t € C}, such that for all j € {1, ...,p}, we have D s, > 0.
J?

Then there exists u € {1,...,n} such that for all i € {1,...,k}, j € {1,...,p} we have
(AD),s, >0 and (AD) s, > 0.
17 i

1We note that these elements are not, in general, distinct, and so 7 may have cardinality less
than n — k.
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Proof. Since D is NZ, there exists u € {1, ...,n} such that D;, > 0. Then, for all
i€{l,..,k}, we have :

(AD)rf,u = Z Arf,ka,u‘
k=1

Since A and D are nonnegative, (AD),s, > 0 iff there exists k € {1,...,n} such
that A,s, > 0 and Dy, > 0. This condition is fulfilled by k = .

Similarly, for all j = 1, ..., p, we have (AD), s, > Osince A 5, > 0 and Dy, >0

3
"j

for k = CJS . O
It follows that we can bound the (k + p)-RT using the following lemma.

Lemma 13. Letting d; be as defined above, we have an upper bound on Ttgip(n)

given by Bi(n) + d¥ +w, with w = @

Proof. By hypothesis, A € MPB:(®_ This implies that there exists D € S, such
that AD € MP™+d} By Lemma 12, there exists u € {1,...,n} such that for
all i € {1,...k}, j € {1,...,p}, we have (AD),s, > 0 and (AD)s, > 0. By
construction of the pair digraph of the matrix set M, the shortest pjath between
the node (u,t) and a singleton is of length at most w. Using Lemma 6, we can
conclude the proof. O

S
rou

Trivially, the bound we derived above stays true if we replace the value of d;
by one of its upper bounds. All that remains to be done now is to obtain an upper
bound on d;, so we can use Lemma 13 to bound the (k + p)-RT. For this purpose,
we define the following set X, of matrices in S, of maximal T-weight p.

2, = {G €S, | for every column g of G, [supp{g} N T| < p}

For every G' = [g1, ..., gn] € ¥, we define a,(G) = mingecr [{i : supp{g;} NT &
supp{g} N T}|. We then define ap := Mminges, @,(G). This allows us to bound d,
as a function of a, in the same way that we bounded the k-RT as function of aj} in
the previous section. We obtain the following recurrence.

Lemma 14. Let 1 < p < |T|. Then d} < BY(n), where :

{Bé(n) =1 (3.8)

B (n) =Bin)+2(1+n—a,) forl<p<|T|—1.

Proof. Similar to Theorem 6. O]
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Lemma 15. Let p and k be as defined above. We have a, = a}:p—p‘

|T

|p_p . Observing

that |T| = af(A) = a}, we can conclude the proof. O

Proof. Using the same reasoning as Lemma 9, we have that a, >

Using the preceding lemma we can finally calculate an explicit bound on d5 as
a function of n,k and p. The recursion (3.8) with @, replaced by the preceding

lower bound: ”
n—k(k—1)—1—p -
{W it & < [/

n—~k

= el <k<l3)

gives, if k < |[4/n/, the following expression:

At 1 ifp=20
=< . - 3.9
and if [\/n| < k < |%], it gives :
1 ifp=20
Brtl - _ - 3.10
i) {Bg(n)+g(n(1—;p)+2+;) if1<p<|T| -1 (3.10)

Solving these recurrence relations, we find an explicit bound on d; given by the
following functions.

Theorem 8. Equation (3.9) is fulfilled by the following function:

Bg(n)f<p1}2i> +g (2(pl)+1022(/€2]€+1)> + 1.

And the recurrence (3.10) is solved with the following function:
BY(n) = n? (p_l)—lpzjl - —1+1PZ§1 +1
AU g 24

Proof. For the recurrence (3.9), let C?(n) = BZ(n)/n. We have:

. . [ |
C,Q’“(n)—(]g(n)=ﬁ—£+———+—+1.



From the above equation, we can deduce:

~p+s __w _ﬁ 1 L 2 7.
CP*5(n) C’k(n)—2—|—22_;)p+q(k k—n+1)+s.
And then, we have:
- n? p_ll n p_ll 9 ~1
p = — —_— —_— —_ p— p— J— J—
Bi(n) =5 (p—1 ;q +3 | 20 1)+;q(k k+1) | + Bi(n)

Then the desired result follows from the initial condition Bf(n) = 1.

For the recurrence (3.10), let again C?(n) = BY(n)/n. Then it is clear that the
following equation holds:

~ ~ n n 1

From this equation, we can obtain:

_ - sn n w1 1
C’,f“(n)—C,f(n) = — — — +s+ Yy ——
2 %kApg 202(

And it easily follows that:

Now the desired result follows from the initial condition B}(n) = 1. O

Finally by combining the results of Lemma 13, Lemma 14 and Theorem 8, we
obtain that rty,,(n) < By(n) + B(n) +w = C&(n), with w = 221,

In the Figure 3.4 and Figure 3.5 we plot the values of By,(n) and C?(n), two
upper bounds on rt,.

In Figure 3.4, on the left, we use the values of £k = 70 and p = 30, and we
plot those upper bound for some values of n. On the right, we use the values of
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Figure 3.5: Comparison between By (n) and C7(n), with n € {10000, 15000} and
p = 30.

n = 10000 and k& = 90, and we graph the upper bounds for some values of p.

On the Figure 3.5, we use the values of n € {10000, 15000} and p = 30, and we
plot those upper bounds for some values of k.

As we can see on those figures, this technique is not very efficient. Indeed, for
each values of p,k,n € Ny such that 1 < p < k < n and p + k < n, the upper
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bound C?(n) seems to be bigger than By, ,(n).

However, in the previous argument, we did not take into account the fact that
if T has a cardinality less than n — k, and if D has a T-weight of p, it is possible
that the matrix AD has two columns such that the union of their support is of
cardinality strictly more than k + p. For example, it should be noticed that if D
has a column of T-weight of |T'|, then AD has two columns such that the union of
their supports has cardinality n. The previous argument could therefore possibly
be improved by leveraging this fact.

3.6 An improvement of the result

In this section, we present another method for improving the bound we found in
Theorem 7. We first begin this section by an intuitive explanation of what we will
do in the rest of this section. This explanation is not rigorous, its only goal is the
help the understanding.

Intuitively, in order to obtain the bound given by Equation (3.7), we sup-
posed that for each k, we had at least a}} columns that we could "merge" with a
fixed column of weight & to obtain a column of weight at least k41 (using Lemma 6).

But in fact, we did not take into account the weight of the column we merged
with the one of weight k. Indeed, maybe we can merge the column of weight k
with another column such that the resulting column is of weight £ 4+ p > k + 1.

In what follows, we improve the previous argument by considering that if & < n,
there always exists some integer p such that if we merge the column of weight k
with any of the other columns we get a resulting column of weight at most k + p,
while there exists a column such that if we merge it with the one of weight k£ we
obtain a column of weight k 4+ p. Then, in this case, we consider the two following
techniques:

1. Merging the column of weight £ with the "fixed" column such that the resulting
column is of weight k£ + p

2. Merging the column of weight £ with any columns that improve the weight
of the column (which means such that the resulting column is of weight at
least k + 1)

Then, starting from a matrix A € M! that has a column of weight &, suppose
that we can find a matrix M; € M™ and M, € M™2, for "small" m, ms € N, such

37



that M, and M, are the matrices we obtain by applying the first technique and the
second technique respectively (which means that the matrix AM; has a column
of weight k + p, and AM, has a column of weight at least k£ + 1). Then we have
a bound on the shortest product of matrices from M that gives a matrix with a
column of weight k + p (resp. at least k + 1) given by | + my (resp. | + mz). We
can then reiterate the argument with the new weight of the column we have obtained.

Then, for every k < k; < n, suppose that starting from a product A € M' that
has a column of weight k£, we want to end with a product B € M* with a column
of weight at least ky. Then any combination of techniques 1 or 2 that produces at
the end a column of weight at least k¢ gives a matrix M € M™ such that the length
of the matrix AM is an upper bound on the value of the length of the smallest
product of matrices from M that gives a column of weight k;. We can then choose
the combination that gives the smallest upper bound. However, since at each stage
the true value of p is unknown, we have to consider the worst case scenario. This
is further formalized below.

Let 1<k <n—1,and A€ S} and fix [ € {1,...,n} such that a; € C4. We note
Si = supp{a;}. Let S; = {1,...,n}\S;. We call the Si-weight of a column ¢ of A
the number y such that y = [supp{c} N S|.

Let 1 < p <min(k,n — k) and S, be the set of all matrices A € St such that

for all a,, € C4, all other columns of A have an S,,-weight of at most p, and there
exists at least one column a; € C4 such that there exists a column of A of S;-weight
p. Trivially, we have:

min(k,n—k

)
L) sk, =5 (3.11)

p=1
For every A € S} let C%j be the set of all columns a; € C4 such that there

exists a column of A of Si-weight p.

For every A € S} we define af, ,(A) := Minecr {7 : supp(Ay;) & supp(Asa)}|
and aj ), 1= mingegr ap ,(A).
Remark 5. It is clear that aj,, = ap, so every lower bound on ay still holds for

n
akm.

Lemma 16. Let ay., be as defined above. Then it follows that ay; , = "Tjk.

Proof. Similar to Lemma 9. O]
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Let’s fix k¢ such that &k < ky < n. Let us also define :

O (n) = max min{z : 3D € M? such that AD has a column of weight at least k;}.
k AeSk !

Let Bi(n) be as defined in Theorem 6. It is clear that :

In what follows, we will find a downward recurrence relation in order to compute
an upper bound on the value of O,ljf (n). Let 1 < p < min(k,n — k) and further
define:

oy

(n) = max min{z : 3D € M” such that AD has a column of weight at least k}.
k.,p Aegh f

n,p

Then, it follows from (3.11) that:

O (n) = max O (n) (3.13)

pef{l,...,min(k,n—k)} kop

Lemma 17. Let 1 < p < min(k,n — k) and k < k; < n. Then we have:
n

Okt (n) < OF%,(n) + ¢

Proof. We need to prove that for any matrix A € Sf , there exists a matrix
B e M=z("Y guch that AB € Sk Let ay, € CY, such that there exists a column
a; of S)- weight p. By construction of the pair digraph of the matrix set, we can
find an upper bound on the length of the shortest path between the node (m, 1)
and a singleton. The shortest path from any node to any other node is of length at
most n(n + 1)/2 — 1. Removing from this path all the extra singletons, and using
Lemma 6 we get the desired result. O]

n—1).

Lemma 18. Let 1 < p < min(k,n — k) and k < ky < n. Then we have that:

. .
O, (n) < Ok+1() 2(1+”_ak,p)~

Proof. We need to prove that for any matrix A € S}, there exists a matrix

B € M2%,) such that AB € Spi1- Since we have the assumption that
A€ Sy, we can adapt the proof of Theorem 6 by replacing aj by aj . O]

Theorem 9. Let 1 < p < min(k,n — k) and k < ky < n. Let ai, = max{n —
k(k—1)—1,2 k ,1}. Then we have :

Oyl (n) < min{O;%, (n) +

n k n ~n
b (n = 1); Oha(n) + 5 (1 +n —ag,)}

N |
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Proof. Trivial in view of Remark 5, Lemma 16, 17 and 18. O

Using the relation (3.13) and Theorem 9, we have the following inequality:

k(o) < o e Y. oF n _an
OFm < mpx | minf0l () + 50 =108 (0) + 51 +n—a,)

Finally we obtain the following bound:

Theorem 10. Let n > 1 be an integer and af.,, = max{n — k(k —1) — 1, "Tjk, 1}.
Then we can define a function Uy’ (n) such that for all 1 < k,k; < n, Uy’ (n) =
O,ljf (n) by the following relation :

U (n) =0 if k= ky
UJ(n) = max  min{UpL (n) + 2(n —1); U0 (n) + (1 +n—ap,)} ifk<ks

pE[min(k,n—k)]

(3.14)

For a fixed value of k; and n, the value of U, ,l: ’(n) can be computed for all value
of k using dynamic programming.

Theorem 11. Let 1 < ky < n be integers. Let Bi(n) be as in equation (3.7), and

U,ff (n) be as in equation (3.14). Then, for all 1 < k < k;, we have an upper bound
on rty,(n) given by :
rty, (n) < Bi(n) + U’ (n) (3.15)

We know from equation (3.7) that Bj(n) grows as a linear function of n if
k < |4/n], and increases as a quadratic function of n otherwise. Figure 3.6 shows
the difference between the upper bound for the rty, (n) we get using equation (3.15)
with & = k; (which is the same upper bound on the k;-RT we had from equation
(3.7)), and the one we get with & = 2, for multiple values of n. In the plot on the
left, we choose k; = 100 and the values of n such that k; € {1,...,|\/n|} for all
value of n. In the plot on the right, we choose ky = 100 and the values of n such
that kr € {|\/n] + 1,...,|n/2]} for all value of n.

Figure 3.7 also compares the value of Bi(n) + U’ (n) in the case where k = k;,
and in the case where k = 2, for multiple values of n. But this time, in the plot on
the left, we choose k; and n such that k; € {|n/2] + 1,...,n}, and in the plot on
the right, we choose ky = n.

Figure 3.8 shows the difference between Bj(n) + U’ (n) in the case where
k = ky, and in the case where k = 2, for multiple values of k, and with n = 1000.
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case where k = 2.

This technique is interesting, as it happens to give a better upper bound on
rtp,(n) than the one we found in equation (3.7) for all values of 2 < k < ky.
Moreover, for all 2 < ky < n, the best upper bound on 7, (n) was always observed
with k& = 2. However, obtaining a simple analytic expression for U, ,f 7 seems to be
difficult. It could be simpler to find an upper bound on U. ,f 7 close enough to the
true value of the function, in order to improve the bound (3.7). This is left for
future work.
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Chapter 4

Analysis of a randomized
algorithm for generating extremal
automata

In this section we study an algorithm, henceforth referred to as C, proposed
by Catalano and Jungers in [11] for randomly generating slowly synchronizing
automata with high probability. The value of their contribution lies in the fact that
the algorithm always provides n-state, m-letter minimally synchronizing automata,
for the chosen values of n and m. The definition of minimally synchronizing
automata is as follows.

Definition 19. A synchronizing automaton is minimally synchronizing if the
elimination of any letter from the set of letters results in an automaton that is not
synchronizing.

We argue that this high probability of finding slowly synchronizing automata is
due to the fact that the algorithm produces automata from a very limited class of
automata with high probability. Indeed we provide theoretical upper bounds on
the probability that the automata generated by this algorithm will have large cycle
lengths, and show that these can be expected to decrease as a function of m and n.
We also provide results of numerical simulations of our implementation of C that
further confirm this hypothesis.

4.1 The algorithm C

4.1.1 Summary of the algorithm

The idea behind C is to construct minimally synchronizing automata by first
constructing minimally primitive perturbed permutation sets, the definition of which
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is given below.

Definition 20. A perturbed permutation set is a set of permutation matrices
where one of the matrices has had one of its zero entries changed to a 1.

Definition 21. A set of NZ matrices M is minimally primitive iff it is primitive,
and every proper subset of M is not.

To do this, the algorithm constructs a perturbed permutation set M =
{M,...,M,,}, while using the Protasov-Voynov theorem (see Theorem 3) to
ensure that every subset of m — 1 matrices from M is not primitive.

More specifically, the algorithm takes as input a seed vector p = [q1, - - ., qm]
containing m prime numbers and initializes the matrix set M to contain m all-ones

matrices' of dimension n x n, where n = ¢;...q;. Then for any j € {1,...,m},
letting M; = M\{M;}, the algorithm imposes that every matrix from M, acts
as a permutation? over a g;-partition 7 of {1,...,n} by setting certain entries to

zero. The definition of a g-partition is given below.

Definition 22. A g-partition of a set S is a partition of S into q subsets of equal
cardinality.

We also define the notion of a matrix with a g-permutation structure.

Definition 23. An n X n matrix A has a g-permutation structure iff it acts as
a permutation over some q-partition of {1,...,n}. We say that A has a block
permutation structure iff it has a g-permutation structure for some q € N.

However, since we ultimately want the algorithm to produce a perturbed
permutation set, we have to ensure each time we impose a new ¢-permutation
structure on a matrix that the matrix still dominates a permutation. This notion
is defined below, as is the notion of compatibility.

Definition 24. A matriz M dominates a permutation iff there exists a permutation
matriz P such that A > P (entrywise).

Remark 6. Let M be a n X n matriz, and I,J < {1,...,n}. We introduce the
notation My ; for the submatriz of M consisting of the rows indexed by I and the
columns indexed by J.

LAn all-ones matrix is a matrix such that all its entries are equal to 1.

2The method for choosing the permutation depends on the parameter met which takes either
the value 2 or 3. (To make comparison with the original article easier for the reader we use the
same numbering of methods used in the original article, and we consider only the methods 2 and
3, this explains the absence of a met=1 option.). The methods 2 and 3 are explained in the next
subsection.
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Definition 25. For all g € Ny, we denote by S, the symmetric group of order q.

Definition 26 ([11], Definition 10). Given an n x n matriz M and a g-partition
of {1,...,n}, Q@ ={Qy,...,Q,}, we say that a permutation o € S, is compatible
with M and Q if for alli = 1,...,q, there exists a permutation matriz (); such that
Mo, 0, = Q; . We say that a g-partition 2 is compatible with M if there exists a
permutation o € S, such that o is compatible with M and 2.

Clearly if we want the algorithm to produce perturbed permutation matrix sets,
we need to make sure at each step, that for each matrix M;, the algorithm only
imposes a block permutation structure over a partition that is compatible with
M;. In practice, the algorithm randomly chooses partitions (uniformly from the set
of all partitions), rejecting the incompatible ones until a compatible one is found,
over which a block permutation structure is then imposed.

Once the matrix set M satisfying these constraints has been constructed, each
matrix M; in M is replaced by a permutation matrix dominated by M;. The
choice of the extracted permutations is once again determined by the choice of the
parameter met. M is now a set of permutation matrices, all that remains to be
done now is to select a matrix in M uniformly at random, and to change one of the
zero entries to a 1 while taking care to preserve the block permutation structures
of the matrix.

Finally, the perturbed permutation matrix set M produced by C is checked
for primitivity?, if it is not primitive, it is discarded, otherwise we construct the
associated automaton Aut(M) (See Definition 10). Now, by Proposition 9 in [11],
if the automaton Aut(M) (this is Aut(M) with the permutation matrix to which
the 1 was added removed) is synchronizing, then it is minimally synchronizing,
otherwise Aut(M) is. So by checking synchronizability of Aut(M) using the pair
digraph criterion (see Lemma 5 and Remark 3), we obtain a minimally synchronizing
automaton.

4.1.2 Two methods of finding a permutation matrix domi-
nated by a given matrix

Given a matrix M, the algorithm C needs to be able to extract a permutation
matrix P such that M dominates P. However, there are often multiple permutation
matrices P satisfying this condition. It shall be shown in the following section
that the choice of P has a significant impact on the probability distribution of
the cycle lengths of the permutation matrices in the perturbed permutation set

3For this, the Protasov Voynov algorithm is used, see [34].
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produced by the algorithm. This choice is determined by the value of the parameter
met passed as an argument to the algorithm C. It can be shown that if met =
2, the permutation matrix P is chosen randomly following a uniform probability
distribution over the set of permutation matrices dominated by M. In the case
where met = 3, the choice is deterministic.

The pseudocode for the ExtractPerm function (see [11]) used by C to extract a
dominated permutation matrix P from a given matrix M is provided below.

Algorithm 1: Pseudo-code for permutation extraction algorithm

Input: An n X n matrix M.
Output: A permutation matrix P such that M dominates P.

B «—0;
P initialized to a zero matrix of dimensions n X n ;

1<— 0

while B =0 and i < n do
1<—1+1;
j «<— non-blacklisted row or col of min weight in M ;
if supp(j) = & then

B<«—1;
end

else
Pick a positive entry in supp(j) ; /* See Remark 7 */
Set corresponding entry in P to 1 ;
Blacklist row and col corresponding to this entry ;

end

end

if B =1 then
M does not dominate a permutation

end

return P;

46



Remark 7. (See pseudocode above). The choice of this entry is dictated by met.
If met = 2, then this entry is chosen randomly following a uniform distribution
over supp(j). However if met = 3, the first entry in lexicographical order is chosen.

4.1.3 Pseudocode for algorithm C

The pseudocode for the part of algorithm C relevant to our analysis is given below
(see [11] p.9 for further details). To obtain the numerical results of this chapter we
implemented this algorithm in Matlab.

Algorithm 2: Pseudo-code for algorithm C

Input:

e A seed vector of prime numbers p = [q1, ..., ¢n],
e a value of parameter met = 2 or 3,

e a natural number 7', the max number of attempts to find a compatible
partition.

Output: A perturbed permutation matrix set M = {M, ..., M,,} that, if
primitive, is minimally primitive.

Initialize My, ..., M,, to all-ones matrices ;

Continued on next page...
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for j=1,...,m do
t<—0;B«—0;
while t < T and B =0 do
t «——t+1; B«—1; Choose a g;-partition {/ ;
fork=1,... . mandk # j and B=1do
if Q7 is compatible with M;, then

Ay, <— M, with a compatible g;-permutation structure
imposed over €, the choice of permutation being decided by

met ;
B«—1;

end

else
B<«—0;

end

end
end

if t="1T and B = 0 then
No compatible partition found after T tries ;

end
else
for k=1,....,m and k # j do
My — Ay ;
end
end
end

fork=1...,mdo
M, «<— A permutation matrix dominated by My, chosen according to

met ;
end

Select a matrix in M and change a 0 entry to a 1 while respecting the
block-permutation structures ;

return M:; A8




4.2 Bounding the max cycle lengths as a func-
tion of the prime numbers used

We are interested in analyzing how the distribution of cycle lengths in the au-
tomata generated by C is affected by the choice of p = [q1,...,¢n]. We shall
see that for both possible choices of the parameter met we can expect the cycle
lengths to be smaller relative to the state space dimension n for larger values of

qF = max{ql, o ,qm}.

Let 7 be a permutation in the symmetric group of order ¢, S,. We shall find
bounds on the max cycle lengths of the permutation matrices generated by the
algorithm as a function of the choice of the first prime number in the seed vector
p, written ¢ = ¢;. We remind that according to C, at this step a ¢-permutation
structure is to be imposed over a g-partition €.

For the purposes of this section, we define* the following function of the random
variable 7, and the g-partition {2:

L,(m,Q) = plaax Z.(P)
where P, (7,Q) = {P € P, | P acts as permutation 7 over 2} (we remind that
the notation P,, was defined in Remark 2). Clearly, L, (m, Q) is an upper bound on
the cycle lengths of any permutation matrix acting as permutation 7 over {2, and
therefore provides us with an upper bound on the cycle lengths of the matrices in
the matrix set produced by C.

We shall study the behaviour of L,, separately for the two different cases met =
2 and met = 3.

4.2.1 The case met = 3

If met = 3, the choice of the first block permutation structure is deterministic,
indeed the identity permutation is always chosen, so m ~ Uni form({ids,}), where
idg, is the identity in S;. Imposing an identity block permutation structure over a
g-partition implies that P[L,(7,Q) = n/q] = 1.

4See Definition 16 for the definition of the function .Z.
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4.2.2 The case met = 2

Supposing met = 2, since the first block permutation structure is chosen uniformly
at random, we can find an upper bound on the probability of a particular matrix
in the matrix set generated by C being cyclic® using the following theorem.

Theorem 12. Let Q) be a g-partition of {1,...,n} and let # ~ Uniform(S,). Then
it follows that: P[L,(7,Q) =n] =1/q.

Proof. L,(m,Q) = n iff 7 is a cyclic permutation. There are (¢ — 1)! cyclic
permutations of the set @, hence P[L,(m, Q) =n] = (¢ — 1)!/¢!' = 1/q. O

We note that the probability of obtaining a cyclic letter after imposing a
permutation structure over a g-partition must be less than 1/q, so for large g,
this situation is highly improbable. We can generalize this result to smaller cycle
lengths as well. Letting the notation be as before, we have the following result.

Theorem 13. Let Q be a g-partition of {1,...,n} and let @ ~ Uniform(S,).:
P[Ly (7, Q) = (¢ — 1)n/q] = 1/(q—1).

Proof. L,(7,Q) = (¢ — 1)n/q iff 7w has a cycle of length ¢ — 1. There are q(q — 2)!
such permutations of the set @) (since there are ¢ choices for the element that
must be mapped to itself and (¢ — 2)! cyclic permutations on the ¢ — 1 remaining
elements), hence P[L,(m, Q) =n(q—1)/q] = q(¢ —2)!/q! = 1/(¢ — 1). O

The preceding results suggest that the probability of obtaining letters with large
cycle lengths relative to the dimension of the matrices decreases as the prime num-
bers used get larger. Of course this is unsurprising given that for larger ¢ there are
more possibilities for the cycle lengths of permutations on ¢ elements, so we should
expect all the probabilities to decrease as the probability distribution gets spread
out over {1,...,q}. What is more relevant is the expectation of L, (m, ). We note
however, that for all prime numbers ¢, P[L,(m, Q) = n(¢—1)/q] = P[L,(7,Q) = n]
since P[L,(m, Q) = n(q—1)/q]/P[L.(7,Q) =n] =q/(¢—1) > 1.

Generalizing these results gives the probability distribution of L, (m, Q). The
generalization is not developed here as the problem is equivalent to finding the
probability distribution of the max cycle length of a permutation chosen uniformly
at random from the symmetric group of order ¢, and a recurrence relation for the
number of permutations on n objects with greatest cycle length k was derived by
Golomb and Gaal in [16]. The recurrence is not reproduced here but the relevant

5 A permutation matrix of dimension ¢ x ¢ is cyclic iff its max cycle length is . A permutation
is cyclic iff the associated permutation matrix is.
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interesting results from Golomb and Gaal’s paper are given below.

We define first the normalized max cycle length of a permutation matriz.

Definition 27. The normalized maz cycle length, denoted by .,Z, of a permutation
matriz P of dimensions q X q is the max cycle length of P divided by q. More

formally, Z.(P) = Z.(P)/q.

Naturally, we are interested in the expected value of the normalized max cycle
length of P for P ~ Uniform(P,). Unsurprisingly, it decreases as a function of n.

Theorem 14 (See [16] p.7). Let m, ~ Uniform(S,). The expectation of the
normalized maz cycle length of the permutation matriz Py, associated to m, is a
decreasing sequence in q and tends to \ for large q, where A ~ 0.62432965.... More
formally:

qh}(}o E[Z(Pr,)] = A ~ 0.62432965...
To determine the median normalized max cycle length for large ¢ we cite the
following theorem from the same paper.

Theorem 15 (See [16] p.9). Let 7, ~ Uniform(S,). Letting Py, be the permutation

matriz associated to w4, we have that, for large q, P[.L(Px,) > a| = In(1/a) for
a€[1/2,1].

It follows that, asymptotically for large ¢, the probability that the normalized
max cycle length is larger than 1/2 is given by In(2) ~ 0.69315 and also that there
is a one-in-two chance of a permutation on ¢ elements having a normalized max cy-
cle length larger than 1/4/e &~ 0.60653 (or in other words, the median value is 1/4/e).

To conclude, Theorem 14 gives us reason to expect that the normalized max
cycle length of the permutation matrices in the matrix set produced by C should
decrease as the prime numbers used in the seed vector p get larger. The least
restrictive case would then seem to be the case where p = [q1,...,qm] = [2,...,2].
This case is analyzed in greater detail in Section 4.5. It is important to note however,
that all the preceding results depend crucially on the choice of the probability
distribution according to which permutations are chosen, it may well be possible
to find a distribution such that the expectation of the normalized max cycle length
does not decrease as the prime numbers grow larger, this was not attempted.
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4.3 Bounding the max cycle lengths as a func-
tion of the number of block permutation struc-
tures imposed

We would like to establish bounds in this section on the max cycle length of
a permutation matrix that acts as permutation o; over the g;-partition €2; for
all j = 1,...,m — 1. These bounds will then be used to study the perturbed
permutation matrix sets produced by C in Section 4.5. We begin by proving
the following lemma, which is a generalization of the well-known bipartite graph

theorem®.

Lemma 19. Let M be a permutation matriz, G({M}) = (V, E) its associated
graph, and Q = {Qy,...,Q,} a partition of V. If the matrizt M acts as a cyclic
permutation over the partition ), then the length of the cycle, q, divides the length

of any cycle in G({M}).

Proof. Let vy — vy — -++ — v, = vg be a cycle (of length 1) in G({M}). WLOG,
we may relabel the sets in Q such that vy € Qp and Vi = 0,...,¢ — 1 all the edges
from €2; g0 to i1 1(mod ¢)- Since vy € gy, then v1 € Qy(mod q), and vy € Qapmod ), and
more generally:

Uy € Qr(mod Q) Vr = 0,... ,l (41)

But vy = v; and by (4.1), vo € Qo and v; € Qy(mod )- Since 2 is a partition, it
follows that Qo = Qmoed ) = | = 0 (mod ¢) = ¢ | [, that is to say that ¢
divides [.

n

We can also study the sequence of nodes in the cycles of a permutation matrix
with a more general block permutation structure. Recalling that any permutation’s
graph is a union of disjoint cycles (see Lemma 5), we develop a notation for
partitions over which a matrix acts as a permutation. The fact that the following
renumbering of sets of a partition is always possible follows trivially from the
definition of a matrix acting as a permutation over a partition.

Definition 28. Let o € S, be a permutation with k cycles’ of lengths cy, . .., cx.
Also let n be an integer such that n = q, and let Q = {Qy,...,Q,} be a partition of

6The bipartite graph theorem states that a graph is bipartite if and only if every cycle in the
graph is of even length.

“That is to say such that the graph associated to the matrix associated to ¢ is made of k
disjoint cycles.
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{1,...,n}. Finally letve {1,...,n}. We say that ' is Q numbered according to v
and o iff v € Qg and for allr = 1,...,k: all the edges from €., go to Q. o1 1(mod ;)
foralls=0,....,c, —1and ¥ ={Q,. s |re{l,...,k},s€{0,...,c, —1}} = Q.

Generalizing the result of Lemma 19, we get the following lemma on cycles in a
permutation matrix satisfying m — 1 block permutation structures.

Lemma 20. Let M be a permutation matriz, G({M}) = (V, E) its associated
graph, and ¥ = {Q{, . "ng} be partitions of V' for j = 1,...,m — 1. Also let
vg — vy — -+ — v = vy be a cycle in G({M}). Foreveryj=1,....m—1,if M
acts as permutation o; over Q7 then assuming® Q7 to be numbered according to vy
and o;, we have the following constraint:

USEQiS(mOdC{-) foralls=0,...,c] —1. (4.2)
Proof. Follows trivially from Definition 28. O

This immediately gives a bound on the maximal cycle length of the permutation
matrices in the perturbed permutation matrix set produced by C, as stated in the
following corollary.

Corollary 2. Let M be a permutation matriz, G({M}) = (V, E) its associated
graph, and Y = {4, .. .,ng} be partitions of V for j = 1,....,m — 1. Also let
vg = vy — - — v =g be a cycle in G({M}). Foreveryj=1,....m—1,if M
acts as permutation o; over O, then assuming Q0 to be numbered according to vg
and o;, we have that:

[ < min
se{l,...lem(ct,....c" 1)}

Proof. Let ¢ = lem(cl, ..., ¢ 1) so ¢} | ¢ for all j =1,...,m — 1. By equation
(4.2) in Lemma 20, we have that vy, € ﬂj:I Y for all k e Ny. Since a cycle

ﬂ Qi,s(mod )

j=1,...,m—1

) lem(cf, ..., )

can only visit each element once, it follows that [ < ‘msz..,,m—l Q{"O‘c.

Now renaming the partition §2 according to vy, we can reapply the same reasoning
to deduce that:

[ < cforalls=1,...,c.

ﬂ Q{,s(mod )

j=1,...m—1

The conclusion follows. O]
SWLOG of course.
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Remark 8. It also follows from this reasoning that any cycle in the associated
graph of M must have a length of at least c.

Since the expected value of the parameter ¢ for a random sequence of permuta-
tions seems to be difficult to calculate, we obtain also the following bound, which
is easier to apply in the general case.

Corollary 3. Let M be a permutation matriz, G({M}) = (V, E) its associated
graph, and Y = {Q3, .. .,ng} be partitions of V for j = 1,...,m — 1. Also let
vg —> vy — - — v =g be a cycle in G({M}). Foreveryj=1,....m—1,if M
acts as permutation o; over O, then assuming Q7 to be numbered according to vg
and o;, we have that:

m—lC{*1
r< | U 9l
j=1 s=0
Proof. Let j € {1,...,m}. By Definition 28 and Lemma 20, vy € Q{O and if
v; € Q7 ; then v, € le,i+1( mod )’ Therefore:

J_
c—1

-1
v; € UQ{S foralli =0,...,0—1 = {vo,...,u_1} S UQ{S
s=0 5=0

Since j was arbitrary, it follows that {vg,...,v_1} S ;n:_ll Ui_ol Qf,. And
the conclusion follows by noting that the vy, ..., v;_; are distinct since they form a

cycle, and so the set {vg,...,v,_1} has cardinality [. O

These corollaries seems to suggest an intuitive reason for why the cycle lengths
of the permutation matrices diminish as a function of m. Indeed the intersections
of the various partitions can be expected to contain fewer and fewer elements as m
increases, so if the rate of decrease of the cardinality of these intersections exceeds
the rate of increase of n as a function of m, the maximal cycle length can be
expected to diminish as well. We shall study the issue further in section 4.5.

4.4 A result on compatible block permutation
structures

In this section we investigate in greater detail the notion of compatibility. We shall
do so by studying how a matrix acts over its intersection partitions.
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Definition 29. Let a square binary matriz M of dimension n = qi...q, act
as permutation o; € Sy, over q;-partition v = {le, e ,ng} of {1,...,n} for
7=1,....m—1. Forallk =1,...,m—1, letting ny, = ¢ ...q we define the k-th
intersection partition as :

r={rf,....r}
={Qlﬂﬂ9’1

e
Where TF(QY, ..., %) = Q1) mod a1 [ ) <ﬂj:2 Y i mea qj)+1>’ Clearly

91951

z’je{1,...,qj}forallje{l,...,k}}.

™! forms a partition of {1,...,n}.

Lemma 21. Let a square binary matriz M of dimension n = q1...¢q,, act as
permutation o; € Sy, over q;-partition Q7 = (..., ng} of {1,...,n} forj =
1,...,m —1. Then M acts as a permutation over the (m — 1)-th intersection
partition of {1,...,n}, T™ ! = {F{”’l, RN N S

Proof. We prove this lemma by induction, for m = 1, this is trivial.

We now suppose the theorem true for all m = 1,...,m’ and show that it
holds also for m = m’ + 1 when we impose a new permutation o,, 1 over a
¢y +1-partition Q™' 1. Letting nu,y = ¢1 ... ¢mw, we have by the inductive hypoth-
esis that M acts as some permutation 7 over {I'7" ... "™ }. To this end, we
consider the submatrices My v fori =1,...,n,, as all the other blocks are zero.

i o)

Let i € {1,...,n,,}. Since M acts as a permutation 7 on '™ if M acts also as

a permutation o™ 1 on Q™+ then if M;; > 0 there exist ky € {1, ..., 0}, ko €
. 4 / 1 . / . ’ 1

{1,...,¢m11} such that i € L7 and Q7 5 € I,y and j € Q;”mtl(m. The

conclusion follows. O]

We shall see that the submatrices we just considered turn out to hold the key
to the notion of compatibility. We have the following result.

Theorem 16. Let a square binary matriz M of dimension n = qi...qn act
as permutation o; € S, over q;-partition o= {N,... ,ng} of {1,...,n} for
7=1,....k, k <m—1. Let q1...q = ng and let m be the permutation such
that M acts as m over ¥, the k-th intersection partition of {1,...,n}. Then a
Qur1-partition QF is compatible with M iff there exists a permutation oy, in
Sarsr and a matriz M’ dominated by M such that for all i = 1...,ny, and all
ki ko€ {1,...,qri1} such that T¥ ﬂ Qﬁfl, I‘fr(i) ﬂ Q’,::l are not empty the following
holds:
! —
Opr1(ky) # by = Ml—‘?nﬂzrl7rk<i)mgl]:;rl =0, (4.3)

™
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and Mfy p  dominates a permutation.
i

(1)

Proof. The forward direction follows trivially from Lemma 21 and Definition 26.

For the reverse direction it suffices to note that since M acts as 7 over ['* and
M' < M, for all iy,iy € {1,... 0}, w(iy) # ia = M, = 0. Condition (4.3)

k Tk
then ensures that M’ acts as oj41 over 2¥*1. Now clearly if each of the submatrices

1177 19
Mlik r+ dominates a permutation, then M " does too. The conclusion follows. O
i (4

The preceding theorem is applied in the next section to study the compatibility
of 2-partitions.

4.5 Analysis of a particular case

We consider the behaviour of C in the case where p = [2,...,2] and met = 2. We
shall see that in this case there are two ways to arrive at the same result.

Let P be a matrix belonging to the perturbed permutation set produced by C.
By Corollary 2, we know that:

E[.%.(P)] < 2E UFT‘IH (4.4)

where ['{"~! is an arbitrary element of ™!, the (m—1)-th intersection partition
of {1,...,2m}.

The other way to come to the same conclusion is to note that following the
reasoning of Lemma 21, we can prove that P must act as an involution® over ™1,
So the expected max length of a cycle in P is bounded by twice the expectation of
the cardinality of an aribtrary element of I'"™~!. The proof that P must act as an
involution is given below.

Theorem 17. Let M be the perturbed permutation matrix set produced by C with
inputs p = [q1,-..,qm] = [2,...,2] and met = 2 or 3. Also let ™! be the
(m — 1)-th intersection partition of {1,...,2™}. Then any P € M acts on T™!
as an involution.

Proof. The theorem is proved by induction on the I'V for j = 1,...,m — 1. The
case 7 = 1 is trivial since any permutation on 2 elements is an involution.

9An involution is a permutation that is its own inverse.
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We now suppose that P acts as an involution 7 on IV=! and show that if we
impose a 2-permutation ¢ over a 2-partition {/, then P will act as an involution
over IV. Let ny—1 = q1...Gm—1 and let vg — v; — -+ — v; = vy be a cycle in
G({P}). then, numbering Q7 according to o and vy, we have that if vy € I ' [ Q1
for some i € {1,...,ny_1}, then v; € Fira ﬂQ{’l(mod o) = V2 € Fgfl ﬂQ{O. It
follows that P acts as an involution over V. O]

We note 77 the cardinality of an arbitrary element of IV for j = 1,...,m — 1.
Trivially, E[y'] = n/2. Now if the partitions were chosen without regard to compat-
ibility, we would have that /™' ~ Hypergeometric(n,+,n/2) forj =1,...,m—1.
We easily obtain then, by noting that the mean of a random variable distributed
hypergeometrically with population n, number of success states v and draw size n/2

is7/2, that: B[y*1] = Y2 B[+ | 49 = iRl = 1] = (1/2) S73 B[ = i] =
E[y7]/2. Tt follows that E UFTIH = 2, and so equation (4.4) gives E[.Z.(P)] < 4,

regardless of the value of m.

However, if we take into account the fact that the partitions chosen must be
compatible, the analysis becomes a lot more complicated. We have the following
theorem on compatibility of 2-partitions.

Theorem 18. Let M be an n x n binary matriz acting as an involution m € S,
over some partition T' = {T'y,. .. ,Fnj} of {1,...,n} such that for alli=1,...,n;,
Mr, v, s either empty if I'i or I'zqy is, or else is an all-ones matriz. Then
a 2-partition Q = {Q1,Q} of {1,...,n} is incompatible with M iff there erist
i1,19 € {1, . ,nj},z'l # iy, such that Iy, Tz, Uiy, Dy # & and there exists
ke {1,2}:

<Fi1 U I, U Fw(il)) m Qy = &, Trgin) m Q= ey (4.5)

Proof. Let iy,i2 € {1,...,n5},i1 # i2, Diy, Drgin)s Tiny Drin) # &, k € {1,2} such
that (4.5) is satisfied and consider the submatrices of M:

Loy (10 T (192
INN AN . .
M; 1
L VR B F 0

Pr(in) (121 Tagin) [0

=
Il
1
D)
=
A/~

)
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Then, letting ¥ = 2 if k = 1 and &/ = 1 if £ = 2, compatibility implies that
the second block in the k’-th row of M;, must dominate a permutation, but also
that the first block in the k'-th row of M;, must dominate a permutation. But
then, if M is to act as a permutation over €2, the first condition implies that the
permutation must be the identity, and the second implies that the permutation

must be cyclic. But no such permutation exists. Therefore €2 is incompatible with
M.

In the reverse direction, let us suppose that €2 is not compatible with M. By
hypothesis all non-empty M; = My, r_, for i€ {1,...,n;} are all-ones matrices.
Clearly if all the I'; Q4 for i € {1,...,n;}, k = 1,2 are non-empty, there exists
M’ < M and o € S, such that M’ acts as o over 2 and dominates a permutation
matrix. The same is true if in each M, at most one of the block rows or columns is
empty. If both rows or both columns are empty then the submatrix is empty. We
note then that we only have incompatibility if either (4.5) is satisfied, or the following
is satisfied for some i,y € {1,...,n;}, such that T;, Loy Ligy Trgin) # I, and
some k € {1,2}.

(Fﬁ(m T Ule) % = @ and T, [\ % = T, (4.6)

However, since 7 is an involution, (4.5) is satisfied for some value of iy, iy iff
(4.6) is satisfied by (i), 7(i2). Therefore (4.5) is necessarily satisfied. O

By using condition (4.5), we should be able to count the number of partitions
compatible with a given matrix M using combinatorial methods (indeed finding the
number of partitions satisfying (4.5) for fixed iy, iy turns out to be identical to a
standard problem of drawing colored balls from an urn without replacement). And
since the number of 2-partitions of {1,...,n} is given by (1/2)(,],), we can then
also compute the probability of finding a compatible partition. However as the
same partition can satsify (4.5) for different values of iy, is, it is not clear how to use
this equation to count the number of incompatible partitions without overcounting.
This problem has yet to be solved.

4.6 Numerical validation of the conjecture

In this section, we aim to show that numerical simulations support the hypothesis
that the normalized cycle lengths of the permutation matrices produced by the
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algorithm C decrease on average as a function of m. We implemented the algorithm
C in Matlab, and a function that computes the maximum normalized cycle length of
an arbitrary matrix set consisting of permutation matrices. We produced 15 sets for
each of the values of m, for met=2, and met=3, using the seed vector p = [2,...,2]
(p is a vector of length m).
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Figure 4.1: Graphs showing the decrease of the mean normalized cycle length as a
function of m.

As expected, the maximum normalized cycle length of the matrices in the
primitive perturbed permutation sets produced by C is seen to decrease as a func-
tion of m. We also note that when using met=3, the decrease is a lot more rapid
than with met=2, which is unsurprising given the results of section 4.2. Indeed,
it seems quite plausible that the higher average pair digraph diameter of the au-
tomata produced by C using met=3 as opposed to met=2 observed in [11] can be
explained by the fact that the cycle lengths are a lot smaller in the former case,
thereby raising the likelihood of the algorithm producing the families of slowly syn-
chronizing automata (which all have a max cycle length of 2) presented in this paper.

We note also that in the case met = 3, we seem to have the bound 1/2™~!
on the expectation of the max normalized cycle length, the proof of this fact for
arbitrary m has yet to be attempted!?.

10This is easy to prove for m = 2,3 since all 2-partitions are compatible and therefore the

partitions are chosen according to the hypergeometric distribution, as described in the previous
section.
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Chapter 5

Heuristic algorithms for the
approximation of reset thresholds
and exponents

In the literature, there exist several heuristic methods for approximating the k-RT
of automata. Since computing the true reset threshold is NP hard, these heuristics
are very useful in practice, since they allow us to find a synchronizing word of an
automaton (the reset threshold being equal to the n-RT of an automaton) in a
reasonably short amount of time. These heuristics can be easily extended for the
purposes of approximating the £-RT of matrix sets. One of the most widely used
heuristics is the Eppstein heuristic, that will be described in the first section. In the
second section, we present a new heuristic: the transpose graph heuristic. In the
third section, we show how we can use these heuristics in order to approximate the
exponent of a primitive matrix set. Heuristics for approximating the exponent of a
primitive matrix set are, to the best of our knowledge, unknown in the literature.
In the last section, we compare both heuristics on the automata generated by the
randomized algorithm (C) for generating extremal automata which was presented
in the preceding chapter. We shall see that our new heuristic outperforms the
Eppstein heuristic in this case, though it is somewhat slower.

5.1 Eppstein heuristic

In [13], Eppstein proposed an algorithm for finding short reset words of a synchro-
nizing automaton. The idea is simple, given an automaton and its set of states @,
we produce the reset word 7 in the following manner: at each iteration we pick two
distinct states ¢q, ¢ in @, find a word 7/ that sends them to the same state, and
finally set 7 to 77" and @ to the image of Q by 7’.
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At each iteration, there are of course different ways to choose the two distinct
states ¢; and ¢o, and different ways of choosing the word 7/. A simple strategy in
each case is the greedy strategy. The greedy strategy for choosing 7’ is to pick the
shortest 7/ such that 6(q;,7") = (g2, 7’), and the greedy strategy for the choice
of q1 and ¢y consists in choosing whatever pair of distinct states in () gives the
shortest 7/, the latter being chosen according to the greedy strategy for choosing
7'. In order to evaluate the quality of this strategy as a method for approximating
the reset threshold, we introduce the notion of the approzimation ratio.

Definition 30 (See [3], Section 1). Let Z be an algorithm giving the length of
a (short) reset word for any synchronizing automaton so that for an arbitrary
synchronizing automaton A, Z(A) = rt(A) . The approzimation ratio of Z is the
following function of n:

Rz(n) = sup{Z(A)/rt(A) | A is a synchronizing automaton with n states}

It was shown in [3], Theorem 3.4 that the approximation ratio of the greedy
Eppstein heuristic is at least n/6 for n > 6. Nevertheless, the reset words found by
this heuristic are upper bounded by a cubic function of n (see [13], Theorem 7).

We extend the algorithm to binary n X n matrix sets with non zero rows that
have a product with a positive column (we know from Lemma 5 that for those kind
of matrix sets, there is a path from every non singleton to some singleton in the
pair digraph) as follows. The idea is to use the greedy strategies for the Eppstein
heuristic to find products with successively larger column weight at each iteration
using the result of Lemma 6 until we arrive finally at a product with a positive
column. Given a matrix set M, for any nodes (4,7) and (k,1) in SG(M) (see
Definition 17), let us denote by dsgan[(4,7), (k,1)] the length of the shortest path
from (i, 7) to (k,1) in SG(M). We also denote the set {1,...,n} by the convenient
shorthand [n]. The Eppstein heuristic for primitive sets is formalized by Algorithm
1.

Now since this algorithm increases the weight of the column ¢ at each iteration
of the while loop, it also provides us with an upper bound on the the k-RT of
the corresponding matrix set for all & by producing a (short) product whose i-th
column is of weight greater than or equal to k. So at each iteration we also check
the weights of the rows of A in case the algorithm happens to produce a larger
row weight than the maximal column weight, thus improving the bound on the k-RT.

61



Algorithm 3: Pseudo-code algorithm for the Eppstein heuristic

Input: A matrix set M which has a product with a positive column
Output: A matrix M € M* with a positive column

A «— arg maxyep MaXie[n) ‘SUPP(X*i)‘3
I < arg max;e[n) |supp(A.;)|;
S «— supp(Asi);

while S # [n] do
C ——{jen]:supp(Ay;) & S}
j* «—arg minjec dsg[(4,7), (s, 5)] for s € {1,...,n} arbitrary;
Ay, ..., A, < labels of shortest path from (i, j) to (s, s);
1 <— S;
A A4y, - Ay
S «— supp(A.);

end

return A;

5.2 A new heuristic: the transpose graph heuris-
tic

We propose here another heuristic for finding short reset words of an automaton, or
more generally a method of solving the following problem: given a matrix set M
of m binary matrices satisfying the conditions of Lemma 5, to find a short product
of matrices from M which gives a matrix that has a positive column. To the best
of our knowledge, the heuristic presented in this section is new, we could not find
it anywhere in the literature. Our heuristic is based on the simple idea stated in
the lemma below.

Lemma 22. The matriz M = M ... M, has a positive column iff M™T = MT ... MT
has a positive row.

Proof. Trivial. O]

In light of the preceding lemma, instead of finding a product of matrices in M
which gives a matrix with a positive column, we search for a product of matrices
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in M? which gives a matrix with a positive row. Then we can solve the original
problem simply by reversing the order of this product and replacing the matrices
by their transposes.

The advantage of using the transpose graph is that it allows us to build the
synchronizing word in reverse. So we can use information about the end of our
synchronizing word to make better decisions at the beginning of our synchronizing
word. There is evidence suggesting that methods that build synchronizing words
in reverse work better on average, see [24].

By Lemma 3, we know that the product MT = M{ ... MT has a positive
row if and only if there exists 7 € {1,...,n} such that there is a path labelled by
ML, ... MT from i to j in G(MT), for all j € {1,...,n}. Now in order to find
such paths, we introduce some supplementary notions.

Definition 31. Let M be a set of binary matrices, G(MT) = (V, ET) its associated
graph and let 2V be the powerset of V. For ease of notation we define the function
#:2V x MT =2V (UMY) > {veV |JuelU: (uv) e ETwith label MT}.
We write (U, M™T) as U = MT. We also extend the notation so that for all U <
V., ML, M} € M, we have: U = M MT = (U = MT') = M.

Definition 32. Let G(MT) = (V,ET). We call w € V a branching node if and
only if there exist v,w € V, MT € MT such that the following three conditions are
fulfilled:

oV F W,
o ve {ulxMT,
o we {u}x M.
M7 is then called a branching letter for u.

The following lemma shows the relevance of these notions to the construction
of the required paths.

Lemma 23. Let MT = M{ ... M have a row i of weight k, k € {1,...,n},
where M{,...,.MI € M*. Let U = {uy,...,ur} = supp((M7)i). Now if
MTME ... ML, has rowi of weight > k, then there exists some x € {0,...t — 1},
some branching node v, € V and some branching letter MI € MT for v, such that
ve €U ML, ... ML and ML = Ml

s+x s+z+1

Tt is to be noted that the algorithm they present is similar to the transpose graph heuristic,
but not quite the same.

63



Proof. Straightforward by contradiction. Indeed, unless you apply a branching
letter to a branching node, the cardinality of the image set is always less than or
equal to that of the set. n

This suggests a simple strategy for solving our problem. Start with a matrix
that has a row, say row i, of weight at least 2, see what nodes the (at least two)
corresponding edges lead to, and let S be the set of these nodes. Now for each
node in S, find the shortest path sending it to a branching node, if the labels
corresponding to this path give a matrix product that increases the maximum row
weight then proceed to the next step, otherwise try again with some other node in
S. If all nodes in S have been tried with no success, then we apply one step of the
Eppstein algorithm to increase the weight and we set S to be the set of all nodes
reached by the paths found so far. Now for each node in S we find the shortest
paths sending it to a branching node ... and so until we finally have a positive row.
This idea is captured by the following pseudocode algorithm.

Algorithm 4: Pseudo-code algorithm for the Transpose-graph heuristic

Input: A matrix set M which has a product with a positive column
Output: A matrix M € M* with a positive column

A «—— arg maxxe MaXiepy) [supp(Xa)|;
i «— arg maxje[,] [supp(A«;)|;

S «— supp(As:);

T <« {v € V | v is a branching node};

Continued on the next page...
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while S # [n] do

B «—0;
dists «— pairwise distances from S to 7" in G(MT);
paths «— the corresponding paths;

while B = 0 and paths not empty do

Ay, ..., A, < apath from s € S to t € T in paths of shortest
distance in dists;
A* «— a branching letter for .
if |Sx A, -+ A, A*| > |S| then
%,

«—

p1 "y )
S «— supp(Ai);
B «—1;
end
else

remove this path from paths;

if no more paths corresponding to this distance then
remove this distance from dists;

end
end
end
if B =0 then

apply a step of the Eppstein heuristic to increase row weight;
update S accordingly;

end

end

return A;
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Clearly, at each iteration, if a successful path is found without recourse to an
Eppstein step, then the length of this path is bounded by n (because it takes at
most n — 1 steps to reach a branching node, and then we multiply the matrix
corresponding to the labels of the two branching edges of the branching node).
Therefore if the algorithm never uses Eppstein, the length of the final synchronizing
word found is bounded quadratically, by n(n —2) + 1 = (n — 1)

5.3 Approximating the exponent

In the previous sections of this chapter, we presented some heuristics that allow us
to find a product with a positive column. In what follows, we explain how we can
use those heuristics in order to approximate the exponent of a primitive matrix set.
Borrowing an idea from [7], Theorem 17, given a primitive matrix set M we can
construct a positive matrix in the following manner. Let H stand for any of the
preceding heuristics, we then apply H to M and M7 to obtain a matrix M € M
with a positive j-th column and another matrix M’ € M” with a positive j-th
column as well, for some index j. Then (M’)T € M, and it has a positive j-th
row. We then have that M (M’')T € M* is positive, and the length of the product
M (M')T gives an upper bound on the exponent of M.

5.4 Comparisons

In this section, we compare the Eppstein heuristic and the transpose graph one.
For this goal we use the randomized algorithm for generating extremal automata
described in the previous chapter for multiple values of n. For all couples of prime
numbers ¢, 7 such that 17 < n,,.. = 57, we generate 5 primitive sets using this
algorithm. For each different value of n Figure 5.1 shows the mean of the value
of the length of the product that gives a positive column of those 5 primitive sets
(left) and the mean of the execution time (right), for both techniques. Figure 5.2
gives the mean of the approximation of the exponent for both techniques.

As we can see, the transpose graph heuristic gives a smaller upper bound on
the n-RT than the Eppstein one. But the computation time needed to compute it
grows a lot faster than the Eppstein’s heuristic.

However, it seems that in some special cases, the transpose graph heuristic
does not give a smaller bound than the Eppstein heuristic. Indeed, we tested both
heuristics on a family of primitive matrix sets based on a slowly synchronizing
automaton (we just change one of its zero entries to a 1, in order to make the set
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Figure 5.1: Mean of the value of the length of the product that gives a positive
column of 5 primitive sets generated from the randomized algorithm for generating
extremal automata (left) and the mean of the execution time (right), for the
Eppstein’s heuristic and the transpose graph one.
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Figure 5.2: Mean of the approximation of the exponent of 5 primitive sets generated
from the randomized algorithm for generating extremal automata for the Eppstein’s
heuristic and the transpose graph one.

N Z and primitive). The following family of matrices is as follows: M = {4, B},
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where:

y {1 if j =i(modn)+1 Vie{l, ..n}ori=n,j=2
ij = :

0 otherwise.

And,

1 ifj=i(modn)+1 Vie{l, .. n}
Bi,j - . .
0 otherwise.

In this case, both heuristics seem to give the same bound for any value of n.
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Conclusion

At the end of this manuscript we would like to point out that the theory of primitive
matrix sets seems to be quite closely related to the theory of synchronizing automata,
and allows us to leverage results from one theory to attack problems in the other
theory. This was seen for example in the exploitation of the Protasov-Voynov
theorem in the conception of algorithm C to generate slowly synchronizing automata,
or in the use of synchronization algorithms like Eppstein’s to find positive products
of primitive sets. Studying the two simultaneously seems therefore to be a profitable
endeavour, and we hope that some of the results developed here, notably those
of Chapter 3 can be used in this fashion. We conclude our thesis with a short
summary of our results.

e In Chapter 3 we proved a link between the k-rendezvous times of primitive
matrix sets and associated automata. We also showed how the study of the
pair digraph of NZ primitive matrix sets allows us to prove bounds on the
E-RT of these sets. We believe our results in this section may serve to shed
light on the synchronization process by analyzing what classes of automata
satisfy the conditions required in proofs of the kind we present (based on
the pair digraph) of an asymptotic linear bound on the k-RT for fixed k.
Moreover, in the two last sections, we proposed some methods of improving
the bound on the k-RT we found and the arguments we presented there can
be developed further, and we proposed some ways to do so.

e In Chapter 4 we showed how a graph-theoretical analysis of the associated
graphs of the primitive matrix sets produced by algorithm C could be used to
prove nontrivial results about the kind of matrices these sets may contain. We
also showed how a matrix-oriented approach studying the structure of these
matrices over the intersection partitions elucidates the notion of compatibility,
and enables us to derive necessary and sufficient conditions on partitions
compatible with these matrices. Finally, we note that combinatorial analysis
and probability theory allowed us to derive results on the expected behaviour
of these matrices.
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Although we only inspected the problem in detail for a particular case, we
believe that these same methods can be employed to study the behaviour of
C in more general scenarios. It may be possible that a more in-depth analysis
would allow us to derive a better method of choosing permutations than the
ones we investigated. In any case, sampling from a distribution other than
the uniform distribution indeed seems advisable given the results of Section
4.2.

Finally, in Chapter 5 we developed a new heuristic for approximating the
k-RT of NZ primitive sets, and showed that it works quite well, at least
for the sets produced by C. Our new heuristic is slower than the Eppstein
heuristic, but this is to be expected, given that it does, in general seem to
give a better approximation. Indeed, for large n the difference can be fairly
significant.

Based on these heuristics, we also presented a new heuristic for approximating
the exponent of NZ primitive sets. Heuristics for approximating the exponent
of a primitive matrix set are, to the best of our knowledge, unknown in the
literature.

We note however that it is unlikely that the transpose-graph heuristic would
perform as well for more general classes of automata/matrix sets than the
ones tested, for three reasons:

— The method is to some extent based on trial-and-error, and this seems
(based on some preliminary numerical experiments not included here)
to be less costly (in terms of the length of the final reset word found)
for such sets than in the general case.

— For automata, where one of the transition matrices (say M) contains
a zero column, we have nodes in the transpose graph that do not map
to any node under M reducing the number of ways to increase the row
weight of the transposed product we’re working with at a given iteration.

— For matrix sets with multiple similar letters, there can be exponentially
many labelled sequences corresponding to the same path in the transpose
graph, and since the algorithm checks each of them until it finds a path
that increases the weight of the row it’s working on, this can be very
slow. This problem is easily avoided however by imposing a limit on
the maximum number of labelled sequences tried corresponding to a
given path, making the algorithm resort to using an Eppstein step at
this iteration.
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It seems likely that by incorporating some sort of statistical heuristic governing
the order in which labelled sequences corresponding to a given path are chosen
(say by giving lesser preference to sequences containing a transition matrix
with fewer 1s) the behaviour of our heuristic could be improved as regards
both time complexity and accuracy of estimation, this is left for future
work. Another direction worth exploring is to use the transpose square-graph
rather than the transpose graph, this heuristic can be expected to be slow,
but preliminary numerical investigations suggest that this approach is quite
promising with regards to estimation quality. We could not, regrettably,
include those results here.

We hope that both our presentation of these exciting problems and our results
will have been of interest to our readers, and are extremely grateful to the latter
for their patience in the reading of this manuscript. We also apologize for any
accidental mistakes/lack of clarity/dryness in the quality of our writing, and look
forward to the opportunity to learn from any comments and criticism on their part.
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