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Abstract

We consider various theoretical and practical problems in which (long) products
of matrices are involved. A major tool for the analysis of such problems is
the joint spectral radius, characterizing the maximum asymptotic growth of
products of matrices taken in a given set. The joint spectral radius has been
an active area of research in linear algebra during the last decades.

The first part of this thesis is dedicated to theoretical results. In the first
two chapters, a survey of the literature on the joint spectral radius is given. Its
minimum-growth counterpart, the lower spectral radius, is also considered. The
next two chapters point out two specific theoretical topics, that are important
in practical applications, and that have motivated our own research during this
thesis: the particular case of nonnegative matrices, and the Finiteness Property.

The second part of this work considers applications involving products of
matrices. We first study the problem of the capacity of codes submitted to for-
bidden difference constraints. Then we go to the notion of overlap-free words,
a problem that arises in combinatorics on words. We then present the problem
of trackability of sensor networks, and show how the theoretical results devel-
opped in the first part allow to solve this problem efficiently. All these notions
are related with the computation of a joint spectral radius. We end by intro-
ducing and studying a problem that is less tightly related to the joint spectral
radius, even though it also studies matrix products: observable graphs.
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Introduction

The joint spectral radius characterizes the maximal asymptotic growth rate of
a point submitted to a switching linear system. In the last decades it has been
the subject of intense research due to its role in the study of wavelets, switching
systems, approximation algorithms, curve design, and many other topics. In
parallel with these practical engineering applications, beautiful theoretical chal-
lenges have arisen in the effort to understand the joint spectral radius. These
two facts make the study of the joint spectral radius a dream of a subject for
a Ph.D. thesis, but perhaps a not so easy task.

Indeed by its natural essence, this notion appears in a number of very
different fields of mathematics. For instance, since its definition uses norms
and eigenvalues, the joint spectral radius is undoubtly a linear algebra concept,
but not only. It has been defined for purposes of analysis of dynamical systems,
and the boost of research on this topic came in the middle 90’s from its use in
numerical analysis: the joint spectral radius appeared to be the concept needed
to determine the continuity of wavelets, a tool of high practical importance
nowadays. But the range of applications in which the joint spectral radius has
proved useful is much wider; it goes from number theory to network security
management, from combinatorics on words to signal processing, etc...

Also, the spectrum of theoretical problems one has to cope with when ana-
lyzing the joint spectral radius is wide. In order to solve these problems, results
from very different disciplines have been put together: Dynamical systems the-
ory, numerical analysis, theoretical computer science and computability the-
ory, abstract algebra and group theory, graph theory, convex optimization and
semidefinite programming (SDP), combinatorics, are a few examples of fields
of mathematics that have proved helpful for improving our understanding of
problems related to the joint spectral radius. A beautiful example is the contri-
bution of SDP-programming whose usefulness to approximate a joint spectral
radius has been progressively understood in the last ten years. This particular
contribution is still a subject of research on itself, and seems by now not only
to be a state-of-the-art way of approximating the joint spectral radius, but also
to bring very interesting insight on the very nature of the joint spectral radius.

Undoubtly, this profusion of different fields of mathematics that have been
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INTRODUCTION

involved in “the joint spectral radius conquest” does not make its understanding
easy. Many researchers with they own (very) personal background, conventions,
motivations, notations and definitions have made progress that one who wants
to properly understand the joint spectral radius cannot honestly ignore. How-
ever, the ideas behind the mathematical constructions are sometimes simpler
than they look at first sight. In view of this, we tried to provide in the first
part of this thesis a survey on the subject, that would be as exhaustive and self-
contained as possible. It would be unfair to pass to silence the work of Jacques
Theys here, that has been of invaluable help for us. His Ph.D. Thesis [112] is a
very readable account on many results on the joint spectral radius. Yet, we felt
the need of writing a survey on this topic for mainly two reasons: first, some
very interesting results have arisen since the writing of Jacques Theys’s thesis,
and also that reference was not exactly meant to be a survey.

The theoretical survey, which constitutes the first two chapters of this the-
sis was not an easy job; we tried to be exhaustive, self-contained, and easily
readable at the same time. In order to do that, some proofs differ from the
ones given in the literature. Also, the order of presentation of the results does
not follow their chronological apparition in the literature, because it allowed
sometimes to simplify the proofs. Finally, we decided to split the survey in two
parts: the first chapter is intended to help the reader to understand the notion
of joint spectral radius, by describing its behaviour without confusing him with
long proofs and theoretical developments, while the second chapter brings the
mathematical study of advanced results, and the rigorous demonstrations.

Let us add a word about the title. A thesis on matrix products could
look provoking. Indeed, on the one hand, the present thesis is clearly not an
exhaustive survey on problems related to matrix products, and on the other
hand, the multiplication of two matrices, which is simply the composition of
two linear operators, is a simple operation that at first sight could not conceal
much mystery. But that is precisely the goal of this title: to emphasize the fact
that such a simple operation, that underlies so many phenomena in engineering,
can present tremendous difficulties. NP-hardness, Turing undecidability, non
algebraicity, are words that will resound in the whole thesis, showing how some
problems related to matrix products can be extremely complex.

Outline and main contributions. This thesis is separated in two parts,
the first one is dedicated to theoretical and general problems on the joint spec-
tral radius, while the second part is applications-oriented.

The first two chapters form the above mentioned survey: Chapter 1 presents
elementary and fundamental results, while Chapter 2 is more involved, and
brings the theory necessary to prove the fundamental theorems. In Chapter 1,
we compare the results available for the joint spectral radius to its minimum-
growth counterpart: the joint spectral subradius. Though very interesting and
useful in practice, this latter quantity has received far less attention in the
literature, perhaps because it has been introduced later. We had the feeling

14



INTRODUCTION

that a rigorous analysis of the basic behaviour of this notion was missing in the
literature.

The remainder of the thesis presents our personal research. We start with two
particular theoretical questions: In chapter 3 we analyze the case of nonnegative
integer matrices. We show that for these particular sets, it is possible to decide
in polynomial time whether the joint spectral radius is exactly equal to zero,
exactly equal to one, or larger than one. Moreover it is possible to precisely
characterize the growth of the products in the case where the joint spectral
radius is exactly equal to one.

In Chapter 4, we analyse the finiteness property. We show that this property
holds for nonnegative rational matrices if and only if it holds for pairs of binary
matrices. We give a similar result for matrices with negative entries, and we
show that the property holds for pairs of 2 x 2 binary matrices.

The second part of this thesis presents applications of the joint spectral
radius, or more generally, of long products of matrices, to which we have added
a contribution during this thesis. We first present in Chapter 5 the capacity
of codes submitted to forbidden differences constraints, that can be expressed
in terms of a joint spectral radius. We propose two approximation algorithms
for the capacity, we show how to efficiently decide whether the capacity is zero,
and exhibit a closely related problem that we prove to be NP-hard.

We then turn to a problem in combinatorics on words: estimating the asymp-
totic growth of the overlap-free language (Chapter 6). We show how this prob-
lem is related with the joint spectral radius and related quantities. Thanks
to this, we provide accurate estimates for the rate of growth of the number
of overlap-free words, a classical problem in combinatorics on words. We also
provide algorithms to estimate the joint spectral subradius and the Lyapunov
exponent that appear to perform extremely well in practice.

We then analyze two problems related to graph theory and network manage-
ment: we present the trackability of sensor networks (Chapter 7) and show how
this problem is efficiently tractable. In Chapter 8 we introduce and analyze the
observability of sensor networks. We show that it is possible to recognize ob-
servable graphs in polynomial time, but that the design of observable graphs
is hard. This latter concept does not directly involve the joint spectral radius,
but is also a problem of (long) products of matrices.

The aim of this thesis was to be readable as a whole, but also to rapidly
provide an information needed by the reader. For this reason we have tried to
remain as concise as possible. Finally, and for the same reason, some of the re-
search performed during this Ph.D., that has led to publication, is not reported
in this thesis, because it is not related with the central subject. Nevertheless a
complete list of publications follows this introduction.

15
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Chapter 1

Basics

A switched linear system in discrete time is characterized by the equation

Ti41 = Ay : A; € >, (11)
ro € R"

where ¥ is a set of real n x n matrices. We would like to estimate the evolution
of the vector z, and more particularly (if it exists) the asymptotic growth rate
of its norm:
A= lim ||xt||1/t.
t—oo

Clearly, one cannot expect that this limit would exist in general. Indeed, even
in dimension one, it is easy to design a dynamical system and a trajectory such
that the limit above does not exist. Thus a typical relevant question for such
a system is the extremal rate of growth: given a set of matrices 3, what is the
maximal value for A, over all initial vectors zy and all sequences of matrices A;?
In the case of dynamical systems for instance, such an analysis makes a lot of
sense. Indeed we will see that by computing the maximal growth rate one can
ensure the stability of the system, provided that this growth rate is less than
one. The quantity characterizing this maximal rate of growth of a switched
linear discrete time system is the joint spectral radius, introduced in 1960 by
Rota and Strang [107]. Thanks to its interpretation in terms of dynamical
systems, and for many other reasons that we will see in this thesis, it has been
widely studied during the last decades.

When the set of matrices consists in a single matrix A, the problem is
simple: the maximal growth rate is the largest magnitude of the eigenvalues
of A. As a consequence, a matrix is stable if and only if the magnitudes of its
eigenvalues are less than one. However, if the set of matrices consists in more
than just one matrix, the problem is far more complex: the matrices could

21



CHAPTER 1. BASICS
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Figure 1.2: Unstable behavior by combining two stable matrices

well all be stable, while the system itself could be unstable! This phenomenon,
which motivates the study of the joint spectral radius, is illustrated by the next
example. Consider the set of matrices

5 {Ao _ 2 < cos 1.5 sin1.5 > A, = 2 (2005 1.5 251n1.5>}
3 \—2sinl.5 2coslH)’ 3 \—sinl.b cosl.b '

The dynamics of these matrices are illustrated in Figure 1.1(a) and (b), with
the initial point xy = (1,1). Since both matrices are stable (p(Ag) = p(A;) =
0.9428, where p(A), the spectral radius of A, is the largest magnitude of its
eigenvalues) the trajectories go to the origin. But if one combines the action
of Ap and A; alternatively, a diverging behavior occurs (Figure 1.2). The
explanation is straightforward: the spectral radius of AgA; is equal to 1.751 >
1.

In practical applications, some other quantities can be of importance, as for
instance the minimal rate of growth. This concept corresponds to the notion

of joint spectral subradius. In this introductory chapter, we give definitions for
these concepts, as well as some basic results. For the sake of conciseness, and

22



1.1. DEFINITIONS

to save time for the reader, we decided not to recall too many basic facts or
definitions from linear algebra. We instead refer the reader to classical reference
books [47,74].

In this chapter we first present precise definitions of the concepts presented

above (Section 1.1). In Section 1.2 we show that these definitions are well
posed, and we present some basic properties on the joint spectral radius and
the joint spectral subradius. In the last section, we show that these notions are
“useful”, in the sense that they actually characterize the maximal and minimal
growth rates of a switched dynamical system of the type (1.1). As the reader
will discover, this is not so obvious.
Some of the results presented in this chapter require rather involved proofs. For
this reason this chapter is not self-contained, and some proofs are postponed
to Chapter 2. Nevertheless we had the feeling that a small chapter with all
the basic results could be useful for the reader in order to summarize the basic
properties of the joint spectral radius and the joint spectral subradius.

1.1 Definitions

The joint spectral radius characterizes the maximal asymptotic growth rate of
the norms of long products of matrices taken in a set . By a norm, we mean a
function that to any matrix A € R™*™ associates a real number || A|| such that

o [|A]| >0, [[A][ =0« A=0,
o Vk € R: [|kA|| = [K|||All,

o [|[A+ Bl < [|A]l+1IBll,

o [|AB]| < [|A[|]IB].

The latter condition, called submultiplicativity is not required in classical def-
initions of a norm, but in this thesis we will restrict our attention to them, so
that all results involving norms have to be understood in terms of submulti-
plicative norms. Many norms are submultiplicative, and it is for instance the
case of any norm induced by a vector norm. Also, we restrict our attention
to real matrices, unless otherwise stated. So, let || - || be a matrix norm, and
A € R™™™ be a real matrix. It is well known that the spectral radius of A, that
is, the maximal modulus of its eigenvalues, represents the asymptotic growth
rate of the norm of the successive powers of A:

pl(A) = Jim [ 47", (1.2)

This quantity does provably not depend on the norm used, and one can see
that it characterizes the maximal rate of growth for the norm of a point x;

23



CHAPTER 1. BASICS

subject to a Linear Time Invariant dynamical system. In order to generalize
this notion to a set of matrices 3, let us introduce the following notation:

Eté{AlAtAZGZ}

Also, it is a common practice to denote by AT the transpose of A. It will always
be clear from the context whether AT denotes the transpose of A of the classical
exponentiation.

We define the two following quantities that are good candidates to quantify the
“maximal size” of products of length ¢:

A1) = sup{[A]'": Aexty,
pe(B) £ sup{p(A)Y': Aext)

For a matrix A € X, we call ||A||'/* and p(A)'/* respectively the averaged norm
and the averaged spectral radius of the matrix, in the sense that it is averaged
with respect to the length of the product. Rota and Strang introduced the joint
spectral radius as the limit [107]:

P £ dim (S| ) (13)

This definition is independent of the norm used by the equivalence of the norms
in R™. Daubechies and Lagarias introduced the generalised spectral radius
as [34]

p(X) £ limsup p;.
t—o0
We will see in the next chapter that for bounded sets of matrices these two
quantities are equal. Based on this equivalence, we use the following definition:

Definition 1.1. The joint spectral radius of a bounded set of matrices ¥ is
defined by:

p(X) = limsup py(X) = lim p¢(X).
t—o0 t—o0

As the reader will see, the proof of the equivalence between the joint spectral
radius and the generalized spectral radius necessitates some preliminary work
S0 as to be presented in a natural way. Before to reach this proof, we continue to
make the distinction between the joint spectral radius p(X) and the generalized
spectral radius p(X).

Let us now interest ourself to the minimal rate of growth. We can still
define similar quantities, describing the minimal rate of growth of the spectral
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1.2. BASIC RESULTS

radius and of the norms of products in X*. These notions were introduced later
than the joint spectral radius ( [52], see also [17]).

A 01 & inf AT A€ 21,
p,(2) 2 inf{p(A)Yt: Aext).

Then, the joint spectral subradius is defined as the limit:
) 2 lm pi(S ), (1.4)

Which is still independent of the norm used by equivalence of the norms in R".
We define the generalised spectral subradius as

p(¥) = lim p,.

- t—o0 —t
Again, we will see that for bounded sets of matrices these two quantities are
equal, and we use the following definition:
Definition 1.2. The joint spectral subradius of a set of matrices ¥ is defined
by:

pE) = lig o= i oy

1.2 Basic results

In this section, we review basic results on the joint spectral quantities, that
allow to understand what they are and what they are not. We first present the
fundamental theorems, proving the equality for the joint and generalized spec-
tral radii (resp. subradii). We then present basic properties of the joint spectral
quantities, some of which had to our knowledge not yet been formalized.

1.2.1 Fundamental theorems

The joint spectral radius

First, recall that we defined p as a limit, and not as a limsup. This is due to a
classical result, known as Fekete’s Lemma:

Lemma 1.1. [{4] Let {a,} : n > 1 be a sequence of real numbers such that
Qm+n S am + Q.

Then the limit

exists and is equal to inf { = }.



CHAPTER 1. BASICS

In the above lemma, the limit can be equal to —oo, but this is not possible
in our case since the sequence is nonnegative. We are now in position to prove
the convergence:

Lemma 1.2. For any bounded set XX C R™*" the function t — p(X) converges
when t — oo. Moreover,

Jim py(%) = inf {p(3)}-
Proof. Since the norms considered are submultiplicative, the sequence
log (sup {||4]| : 4 € £*}) = log |
is subadditive. That is,
log p) < log plt + log pl.
If for all ¢, p; # 0, then by Fekete’s lemma,

1 . .
—log pt = log py
converges and is equal to inf log p;.

If there is an integer ¢ such that p; = 0, then clearly, for all ¢’ > ¢, py = 0,
and the proof is done. O

Unlike the maximal norm, the behaviour of the maximal spectral radius, p;
is not as simple, and in general the limsup in the definition of p(X) cannot be
replaced by a simple limit. In the following simple example, lim sup p; = 1, but

lim p; does not exist:
5 0 1 0 0
1\ 0/°\1 0/["

Indeed, for any t, pa:(X) = 1, but par41(Z) = 0.

The Joint Spectral Radius Theorem. It is well known that the spec-
tral radius of a matrix satisfies p(A*) = p(A)*, p(A) = lim || A*||*/*. One would
like to generalize these relations to “inhomogeneous” products of matrices, that
is, products where factors are not all equal to a same matrix A. This is pos-
sible, as has been proved in 1992 by Berger and Wang [7] in the so-called
Joint Spectral Radius Theorem: for bounded sets, the values p(X) and p(X)
are equal. No elementary proof is known for this theorem. Elsner [41] provides
a self-contained proof that is somewhat simpler than (though inspired by) the
original one from [7]. Since both proofs use rather involved results on the joint
spectral radius, we postpone an exposition of the proof to the next chapter.
The reader can check that the elementary facts presented in the remainder of
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this chapter do not make use of this result.
Observe that the joint spectral radius theorem cannot be generalized to un-
bounded sets of matrices, as can be seen on the following example:

{6 )6 )

Indeed for this set we have p(3) = 1, while p(X) = oc.

The joint spectral subradius

Let us now consider the joint spectral subradius. It appears that now both P,
and p,, converge:

Proposition 1.1. For any set ¥ C R"*", the function t — p,(X) converges
when t — oo, and

lim p¢ (%) = t1r>1£ pr(3).

Moreover, the function t — Bt(E) converges when t — oo, and
limp (¥) = ggg&(Z).

Proof. Again the sequence log (p,,) is subadditive, which proves the first part.
Let us now prove the second assertion. We define p = liminf p, and we will
show that the limit actually exists. Fix an € > 0. For any sufficiently long t,
we will construct a product of matrices B € ¥t such that ||B||'/* < p + ¢, and

thus p(B)Y/* < p+e. Indeed, for any norm || - || and any matrix A, the relation
p(A) <|lA]|

always holds. In order to do that, we will pick a matrix A whose spectral radius
is small enough, and we define B = A*C, where C' is a short product that does
not perturb too much the norm of B.

By the definition of p, there exist T € N, A € £7 such that p(4)Y/7 < p+€/4.
Since p(A) = lim ||A*||'/*, one gets lim || A*||'/*T < p+¢/4 and there exists an
integer ko such that for all k > ko, ||A*||"*T < p+¢/2.

Let us first define a real number M such that for each length ¢’ < T, there is a
product C' of length ' such that ||C|| < M. Next, there is an integer Tp large
enough so that MY/ < (p+€)/(p +¢€/2).

Now, for any length ¢ > max {koT', Ty}, we define t' < T such that t = kT + ¢/,
and we construct a product of length ¢ : B = A*C, such that C € ¥t and
||C|| < M. Finally

+ €
L <B+€'

B 1/t< 2
B < (ot 2 275 <
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We also have the equality between p and p; moreover in this case the set
need not be bounded,;

Theorem 1.1. [112] For any set of matrices 3,
Jim inf {p(A)V/t: Aext) = Jim. inf {||A||**: A e Xt} £ 5(D).
Proof. Clearly,
Jim inf {p(AVt: Aext} < Jim. inf {||A||*/t: A e £}

because for any matrix A, p(A) < ||4]|.
Now, for any matrix A € ¥ with averaged spectral radius 7 close to p(X), the

product A* € ¥t is such that ||A*||'/** — r so that

Jim inf{||A||}/* . A e ZF} <

O
1.2.2 Basic properties
Scaling property
Proposition 1.2. For any set ¥ € R™*™ and for any real number a,
plax) = lalp(%),
PaX) = |ala(D).
Proof. This is a simple consequence of the relation ||aA|| = |« ||4]]- O

Complex matrices vs. real matrices

In this thesis, all matrices are supposed to be real-valued. This is not a re-
striction as we can consider complex matrices acting on C"*" as real operators
acting on R2x2n,

Invariance under similarity

Proposition 1.3. For any bounded set of matrices 3, and any invertible matriz
T

)

p(2) = p(TET™H).
p(E) = p(TET™H).
Proof. This is due to the fact that for any product A;...A4; € X, the cor-

responding product in TYXT ! is TA;...A,T~', and has equal spectral ra-
dius. O
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The joint spectral radius as an infimum over all possible norms

The following result has been known for long, since it was already present in the
seminal paper of Rota and Strang [107]. Nevertheless, it is very interesting, as
it characterizes the joint spectral radius in terms of the matrices in X, without
considering any product of these matrices. We give here a simple self-contained
proof due to Berger and Wang [7].

Proposition 1.4. For any bounded set . such that p(X) # 0, the joint spectral
radius can be defined as

A(E) = inf sup {[]Al[}.
[I]l Aex
From now on, and for the rest of the thesis, we denote by X* the monoid
generated by X
TF & UR Y,

With £0 £ J. If we exclude X° from the above definition, we obtain X%, the
semigroup generated by 3
2 U, xth

Proof. Let us fix ¢ > 0, and consider the set ¥ = (1/(p + €))%. Then, all
products of matrices in £* are uniformly bounded, and one can define a norm
| -| on R™ in the following way: |z| = max {|Az|, : A € *}, where | - |5 is the
Euclidean vector norm. Remark that in the above definition, the maximum can

be used instead of the supremum, because p(X) < 1. The matrix norm induced
by this latter vector norm, that is, the norm defined by

[[Al} = max {|Az[},
clearly satisfies sup 4.5 {||A[|} < 1, and so sup s {||A]|} < p+e. O

Common reducibility

We will say that a set of matrices is commonly reducible, or simply reducible
if there is a nontrivial linear subspace (i.e. different from {0} and R™) that is
invariant under all matrices in 3. This property is equivalent to the existence of
an invertible matrix 7" that “block-triangularizes simultaneously” all matrices
inX:

B, C;

Y reducible < 3T, 0’ :VA; € B, TAT ' = (0 D

) . D; € R">
We will say that a set of matrices is commonly irreducible, or simply irreducible
if it is not commonly reducible.
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Proposition 1.5. With the notations defined above, if ¥ is bounded and re-
ducible,

p(X) = max{p({Bi}), p({Di})},
p(%) = max {p({Bi}), p({Di})}, (1.5)
p(X) = max {p({Bi}), p({Di})}-

Proof. For the first two equalities it follows from the invariance under similarity
(Proposition 1.3), together with the following elementary facts:

Bl Cl BQ CQ _ B1B2 31C2+01D2
0 DiJ°\0 Dy 0 DD,y ’

o((5 5)) = maxtote) o0,

The third inequality is more technical, and is proved by showing that extradi-
agonal blocks cannot increase the exponent of growth. We can suppose A; € &
block-triangular, still by invariance under similarity. Let us denote M the
maximal joint spectral radius among the diagonal blocks:

M = max {p({Bi}), p({D:})}.

We define the norm ||-|| as the sum of the absolute values of the entries. Clearly
p(X) > M, and we now prove the reverse inequality.

Writing
0 C B 0
Ai_(o o>+<o Di)’

t
|Ar... Ayl =||By... Bl + ||Ds ... Dal| + 11D Bi... BCrDyy ... D]
r=1

we have

Now for any e there is a natural 7" such that for all ¢ > T

pe({Bi}), pe({Di}) < (M +e)".

Thus, for ¢ large enough we can bound each term in the summation above by
O((M +¢)t):
if T <r<t—1T,then

|By ... BrCDy_1D1]| < ||Cy||(M + €)',
and in the other case (say, » < T, the other case is similar),
1Br... BeCy D Dy < (|Gl (1) (M + €)1 = O((M + €)").

Recall that p; is the supremum of the norms of the matrices in 3. Finally,
[|As ... A1]] <2(M +€)t +tO((M + €)t), and p(X) < M +e. O
30



1.2. BASIC RESULTS

It is straightforward that the above proposition generalizes inductively to
the case where there are more than two blocks on the diagonal.

In the above proposition, Equation (1.5) enlights a fundamental difference
between the joint spectral radius and the joint spectral subradius. For this
latter quantity, the inequality cannot be replaced by an equality. This is due to
the fact that the joint spectral subradius is the minimum growth of a quantity
(the spectral radius) which is by essence a mazimum (over all eigenvalues of a
matrix). Consider the next example:

{96 )

The joint spectral subradius of the first diagonal entries is 2, and this is also
the case for the set of the second diagonal entries. However, the joint spectral
subradius of ¥ is equal to v/8 > 2.

Three members inequalities

Proposition 1.6. For any bounded set > € R™"*"™ and for any natural t,

(S) < p(3) < u(E). (1.6)
Proof. The left hand side inequality is due to the fact that p(A*) = p(A)*. The
right hand side is from Fekete’s lemma (Lemma 1.1). O

Let us add that this has been generalized to unbounded sets to what is
called the four members inequality [34, 36]:

pe(3) < p(E) < p(X) < pu(X).

For the joint spectral subradius, it appears that both quantities P, and p;
are in fact upper bounds:

Proposition 1.7. For any bounded set > € R™*"™ and for any natural t,

P(E) < p,(2) < (D).

Proof. The left hand side inequality is due to the fact that p(A¥) = p(A)*,
implying that pg; < p;. The right hand side is a straightforward consequence
of the property p(A) < ||A]l. O

Closure and convex hull

Taking the closure or the convex hull of a set does not change its joint spectral
radius. For the closure, we also prove the result for the generalized spectral
radius, since it will be needed in further developments.
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Proposition 1.8. [112] For any bounded set ¥ € R™*™

p(X) = p(econvX) = p(cly).

p(E) = plel).

Proof. For the convex hull, observe that for all ¢t > 0 : pi(convy) = 5(%).
Indeed, all products in (convY)? are convex combinations of products in X,
and are thus less or equally normed. The equalities for the closure hold because
for all ¢, pi(clX) = pi(X), and pi(cl X) = p¢(X), by continuity of the norm and
the eigenvalues. O

We now show the counterpart for the joint spectral subradius. The property
still holds for the closure, but not for the convex hull:

Proposition 1.9. For any bounded set . € R"*"

H) = pes),
but the equality p(X) = p(convX) does not hold in general.

Proof. The equality p:(clX) = p:(X) still holds for all ¢ by continuity of the
norm and the matrix multiplication.

Ou the other hands, consider the simple example ¥ = {1, —1} C R. All products
have norm one, and so p = p = 1, but 0 € conv 3, and so p(conv X) = 0. O

Continuity

We show here that the joint spectral radius of bounded sets of matrices is
continuous in their entries. Recall that the Hausdorff distance measures the
distance between sets of points in a metric space:

n A . : v : Al
d(E,E)—maX{Zlég{Al,gg,\lA A||}7AS/1;1;/{1}‘%§HA A'l[}}

Proposition 1.10. The joint spectral radius of bounded sets of matrices is
continuous with respect to the Hausdorff distance in R™*"™,

That is, for any bounded set of matrices ¥ € R"*"  and for any € > 0, there is
a § > 0 such that

d(,X) <6 = |p(X) — p(3)| <e.
Proof. Let us fix € > 0. By Proposition 1.4, there exists a norm || - || such that

pL(E) = sup {|A]] : A € T} < (D) + ¢/2.
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Let us now pick a set X' close enough to ¥ : d(X,¥') < ¢/2. By definition of
the Hausdorff distance, we have

VA €Y, JAe D ||A — Al| <e€/2,
and we can bound the norm of any matrix in ¥’ :
AT =lA+ (A" = A < p(2) +€/2+¢/2=p(2) +e.

By applying the same argument to X, we obtain |5(X) — p(X)] < e.
O

Let us note that this proposition does not generalize to unbounded sets, as
shown by the next example:

{0 D{C ene)

Indeed for e = 0 we have 5(3) = 0, while for any € > 0 we have p(X) = co.
Wirth has proved that the joint spectral radius is even locally Lipschitz con-
tinuous on the space of compact irreducible sets of matrices endowed with the
Hausdorff topology [118,120].

Surprisingly, a similar continuity result for the joint spectral subradius is
not possible. It appears that this quantity is only lower semicontinuous:

Proposition 1.11. The joint spectral subradius of bounded sets of matrices is
lower semicontinuous with respect to the Hausdorff distance in R™*",
That is, for any bounded set of matrices ¥ € R"*™  and for any € > 0, there is
a § > 0 such that

d(Z,Y) <8 = pX) < p(E) +e.

Proof. Let us fix ¢ > 0. By Proposition 1.1, there exists a ¢ and a product
A € ¥ such that
p(A) < p(T) + /2.

Let us now pick a set ¥/ close enough to X. By continuity of the eigenvalues there
exists a product A’ € X't with averaged spectral radius p(A")'/* < p(A)Y/*+¢/2,
and p(¥') < p(X) +e. O

To prove that the joint spectral subradius is not continuous, we introduce
the following example.

Example 1.1. Consider the set

== {1 (5 D)
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Where k € N. When k — oo, the joint spectral subradius of these sets is equal
to zero (the product (A1 A%)? is the zero matriz). However these sets tend to

{0026 )p

whose joint spectral subradius is equal to 1. Indeed any matriz in the semigroup
is nonnegative, and has the lower right entry equal to one.

Zero spectral radius

The case where the joint spectral radius (resp. joint spectral subradius) is
equal to zero is of practical importance for obvious reasons. In order to state
them, following to [45], we introduce the following definition, which holds for
the rest of this thesis, unless specified otherwise. A polynomial time algorithm
is an algorithm that takes an instance and delivers an answer “yes” or “no”,
after having performed a number of elementary operations that is bounded by
a fixed polynomial in the size of the instance, where the size of the instance is
its “bit size”, that is, the number of bits necessary to encode it.

The following two results are not trivial. Their proofs are to be found in
Chapter 2:

Proposition 1.12. There is a polynomial time algorithm allowing to decide
whether the joint spectral radius of a set of matrices is zero.

Proposition 1.13. There is no algorithm allowing to decide whether the joint
spectral subradius of a set of matrices is zero, that is, this problem is undecid-
able.

1.3 Stability of dynamical systems

As explained in the introduction, one possible use of the joint spectral radius
is to characterize the maximal asymptotic behaviour of a dynamical system.
But is this exactly what we are doing, when we compute a joint spectral ra-
dius? The notion of stability of a dynamical system (like the system defined in
Equation (1.1)) is somewhat fuzzy in the literature, and many different (and
not equivalent) definitions appear. According to the natural intuition, and to
the more commonly used definition, we introduce the next definition:

Definition 1.3. A switched dynamical system
Tyl = At.lit : At €3 (17)
ro € R"”

is stable if for any initial condition vy € R™, and any sequence of matrices
{At}a hmt_,oo Tt = 0.
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Clearly, if p(X) < 1, then the dynamical system is stable, because z; = Az,
with A € X', and so |x¢| < [|4]]|zo| — 0. But the converse statement is less
obvious: could the condition p < 1 be too strong for stability? Could it be
that for any length, one is able to provide a product of this length that is not
too small, but yet that any actual trajectory, defined by an infinite sequence of
matrices, is bound to tend to zero? The next example shows that such a case
appears with unbounded sets:

Example 1.2. Let

(o2 D)ol aea}

For any length t, p, = oo, but one can check easily that every infinite product
tends to zero. To see this, observe that a left-infinite product must be of one of
these three forms, each of which tends to zero

[|... 44| ~ (1/2),
||...A...AByA|| ~ k(1/2)"7,
||...A...AByA...ABp A|| = 0.

The following theorem ensures that such a pathological situation does not
appear with bounded sets:

Theorem 1.2. [7] For any bounded set of matrices X, there exists a left-infinite
product ... As Ay that does not converge to zero if and only if p(¥) > 1.

The proof of this theorem is not trivial, and makes use of results developped
in the next chapter. The reader will find a proof of this important result in
Section 2.1.

This proves that the joint spectral radius rules the stability of dynamical
systems:

Corollary 1.1. For any bounded set of matrices 33, the corresponding switched
dynamical system is stable if and only if p(X) < 1.

In the above theorem, the boundedness assumption cannot be removed, as
shown by Example 1.2.

The equivalent problem for the joint spectral subradius is obvious: For any
bounded set of matrices ¥, the corresponding switched dynamical system is
stabilizable (i.e. there exists an infinite product of matrices whose norm tends
to zero) if and only if p(3) < 1. Indeed, if p < 1, there exists a real 7, and a
finite product A € Xt such that ||A|| < v < 1, and limg_o, A¥ = 0. On the
other hand, if p > 1, then for all A € %! : ||A]| > 1, and so no long product of
matrices tends to zero. There is however a nontrivial counterpart to Corollary
1.1. To see this, let us rephrase Theorem 1.2 in the following corollary:
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Corollary 1.2. For any bounded set of matrices %, there is an infinite product
of these matrices reaching the joint spectral radius. More precisely, there is a
sequence of matrices Ag, A1, ... of ¥ such that

lim [|A; ... AV = p(D).
t—oo

Proof. Simply apply Theorem 1.2 to X/p(X). O

The idea of this corollary can be transposed to the following result on the
joint, spectral subradius:

Theorem 1.3. For any (even unbounded) set of matrices ¥, there is an infinite
product of these matrices reaching the joint spectral subradius:

a&ez%mumh”mwﬂ:mm.

Proof. Let ¥ be a set of matrices. Thanks to the definition and Theorem 1.1,
for every natural k£ there exists a product By € %™ of a certain length ny such
that

1Bl < o+ o
Now the sequence ||B; ... By||"/ 2 1<k<¢™ tends to p. However, this only pro-
vides a product . .. Ay A; such that liminf || A, ... A;||*/* = p. In order to replace
the liminf by a limit, for all £ we define ¢; to be the maximal norm of all the
suffixes of By, and one can raise the matrix By to a sufficiently large power py
such that for any suffix C of By41,

1/t . _
ICBEH|ME < e/FIIBEA|IVE < p+ (1/257Y),

and finally the sequence ||II;|| converges, where II; is the suffix of length ¢ of
the left infinite product ... BY? B, O

1.4 Conclusion

The goal of this chapter was to understand properly the notions of joint spectral
radius and joint spectral subradius in a glance. As the reader has seen, even
some basic facts, such as the equivalence between the joint and generalized
spectral radii, require some advanced results. We have thus decided to postpone
this proof to Chapter 2. There, the result will naturally follow from a careful
study of a particular problem related to the joint spectral radius, namely the
defectiveness of a set of matrices.

Further elementary properties of the joint spectral radius of sets of matrices
can be found in [20,98,118,119].
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Chapter 2

Classical results and problems

In this chapter we review major results on the joint spectral radius. Our goal is
to remain concise, but at the same time exhaustive. We begin by analyzing in
detail the growth of matrix products, and by presenting the concept of extremal
norms. Existence of extremal norms is an encouraging result, since it is easier
to evaluate the joint spectral radius when an extremal norm is available. We
found it natural to follow with calculability /complexity theorems, which are
on the other hand discouraging. In a subsequent section, we present methods
of computation and approximation of the joint spectral radius. In view of the
negative results of the second section, the reader shall not be surprised to find
algorithms whose efficiency is often rather poor (at least theoretically). We
finish this chapter by a fascinating question: the finiteness property.

2.1 Defectivity and extremal norms

2.1.1 Defectivity

We begin with a first result that sheds light on the growth of long matrix
products. From the basic results in the previous chapter, we know that p; goes
to p as t goes to infinity, or more precisely:

Jim max {[|A||*/t: A e Bt} = .

However, in some applications, one is interested in a more precise definition of
the asymptotic growth: how does the quantity p!/p’ evolve with ¢? Another
way to ask this question is: How does the maximal norm p; evolve when the
joint, spectral radius is equal to one?

37



CHAPTER 2. CLASSICAL RESULTS AND PROBLEMS

Definition 2.1. [50,51] A set of matrices ¥ is nondefective if there exists
K € R such that for all t,

sup {||A]| : A € '} < Kp'.

Defectivity appears to be a problem of crucial importance, as we will see all
along this section. A first result states that X is nondefective if it is irreducible.
This has been known for long, and several proofs are available in the literature
[4,41,118]. We present here a new proof that is somewhat simpler and more
intuitive. In the proof of the theorem, the notation X=* represents the products
of length less than ¢ in the semigroup ¥*.

Theorem 2.1. Let a bounded set ¥ be irreducible, and p(X) # 0. Then X is
nondefective; that is, there is a constant K such that for all A € ¥t

Al < Kp".

Proof. We suppose without loss of generality that p(X) = 1 (nondefectivity is
clearly conserved under scalar multiplication). Let us define

V={zeR"| sup |Azx| < co}.
AeX*

By construction, V is a linear subspace, invariant under the matrices in X.
Since ¥ is irreducible, we have V' =R", or V = {0}.

If V = {0}, then for each vector € R", there exists a product A € 3! such
that |Az| > 2|z|.
We claim that this length ¢ is bounded uniformly from above by a constant T’
over all x. Indeed, if it is not the case, we can define an increasing sequence
{t.}, and a sequence x;, of norm 1 such that for all A € XSt |Azy| < 2. A
subsequence of the zj converges thus to a vector x of norm 1 such that for all
Ae¥* |Az| <2 and so V # {0}.
Finally if for all = there exists a matrix A € X=7T such that |Az| > 2|z|, then
p>2"T > 1, and we have a contradiction.

So, V. =R"™, but this implies that ¥* is bounded.

O

Theorem 2.1 tells us that if a set of matrices is irreducible, then the quantity
pt/pt is bounded from above by a constant. Remark that the equivalent lower
bound clearly always holds, by the three members inequality (1.6): For any set
of matrices, and for all ¢,

1< p/p".
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2.1.2 Extremal norms

The nondefectivity of ¥ allows for a powerful construction, known as extremal
norm, that we now describe.
We know that the joint spectral radius can be defined as follows (Proposition
1.4):

H(Z) = inf sup {]1A]]}.

[l Aex

So the natural question arises to know whether there is a norm that actually
realizes this infimum. This is exactly the concept of an extremal norm.

Definition 2.2. A norm || - || on R™*" is extremal for a set of matrices ¥ if
for all A e X,

Al < ().

Let us note that the above definition, together with the three members
inequality 1.6 implies that for an extremal norm we have

sup || A]| = 5.
Aex

Also, following Wirth [120], we introduce two similar notions for vector norms:

Definition 2.3. A wvector norm | - | is extremal for X if for all x € R", and
forall Ae X,
|Ag| < pla].

A wvector norm |-| is a Barabanov norm for X if it is extremal, and if moreover
for any vector x € R™, there exists an A in the closure of ¥ such that

|Ax| = plal.

One can directly see that the norm induced by an extremal vector norm
would be an extremal matrix norm for X. So the first question is: “Does there
always exist an extremal matrix norm?” Unfortunately, the answer to this
question is negative in general, as can be shown with the following simple
example:

Example 2.1. Let us consider the following set:

{0 )}

The joint spectral radius of this set is the spectral radius of the matriz, that is,
one. But there is no norm that takes the value one for such a matriz. Indeed,
by submultiplicativity it would imply that

1 k
(g 1)<t
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for any k, which is impossible, by the equivalence between the norms in any
finite dimensional vector space.

Note that the set 3 in the above example is defective. When it is not the
case, the construction of an extremal norm appears to be possible. The follow-
ing theorem is mainly due to Barabanov [4] for the existence of a Barabanov
norm, and to Kozyakin [72] for the existence of an extremal norm.

Theorem 2.2. [/, 72] A bounded set ¥ € R™"*™ admits an extremal norm if
and only if it is nondefective.
If ¥ is moreover compact and irreducible, then it admits a Barabanov norm.

Proof. If p(3) = 0 the theorem is clear, since the existence of an extremal norm,
or the nondefectivity, are both equivalent to the fact that 3 only contains the
zero matrix. We thus restrict our attention without loss of generality to sets of
matrices ¥ such that p(X) = 1.

First if ¥ admits an extremal norm then it is nondefective: indeed all the
products are bounded by the submultiplicativity property.

We now suppose that ¥ is nondefective and we prove the existence of an
extremal norm in a constructive way. Let us take an arbitrary vector norm |- |
in R™. For any = € R", we define a new norm in the following way:

|z|« = sup |Az|.
Aex
Recall that by convention, the identity matrix I is in X*. Taking this into
account, one can verify that |- |, is a norm, and, since by its definition |Az|, <
|z|« holds for all z € R™, this is an extremal vector norm. So it induces an
extremal matrix norm || - ||, in R™*".

We now turn to the second part of the theorem, and suppose that X is
compact and irreducible. We provide a Barabanov norm in a constructive way.
Let us take an arbitrary vector norm |- | in R™. For any x € R", we define a
new norm as follows:

|z|. = limsupsup {|Az| : A € X}, (2.1)
t—o0

Again it is not difficult to prove that |- |, is a norm. The critical point is that
it is definite: |z|, =0 =2 = 0. Indeed, if |z|. = 0, z # 0, then the linear space
generated by the set {Az : A € ¥*} is a nontrivial linear subspace, invariant
under all the matrices in X. Moreover this subspace is not R™, for otherwise we
would have p(X) < 1. Indeed, by compacity of the unit ball, if for all z : |z| = 1,

limsupsup {|Az|: A € '} =0, (2.2)
t—o0
then there must exist a T € N such that for all A € ©7 |Az| < 1, and the
induced matrix norm provides

p<pr <l
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Finally we have a contradiction since ¥ is assumed to be irreducible.
Now this is clear that for all z € R™, and A € X, |Az|. < |z|., and that, by
compacity of X, for all = there exists an A € ¥ such that |Az|, = |z].. O

Clearly, the interest of the above theorem is rather theoretical. Indeed, the
construction of the norm is not possible in general, as it requires for instance
the knowledge of the joint spectral radius itself. However, the knowledge of the
existence of an extremal norm can be useful in several cases: some algorithms
have for instance been constructed that allow to approximate this extremal
norm when it exists, in order to evaluate the joint spectral radius (see Section
2.3). Also, these very concepts allow to prove two fundamental results that we
now present: the existence of an infinite product reaching the joint spectral
radius, and the joint spectral radius theorem.

2.1.3 Proofs of the fundamental theorems
We start with the first one:

Theorem. (Theorem 1.2) [7] For any bounded set of matrices 3, all left-infinite
products ... As A1 converge to zero if and only if H(X) < 1.

Recall that this theorem provides as a corollary the existence of a left-infinite
product that reaches the joint spectral radius (Corollary 1.2).

Proof. <:If p < 1, then sup {||A||, A € £t} — 0 when t — oo, and A4;... A} —
0.

=-: Let us suppose that p > 1, and show that the system is not stable. The
statement is easy to prove if there exists a Barabanov norm. Indeed, for any
xo € R™, there exists a matrix A € ¥ such that |Azg| = |xo|. By iterating
the construction one gets a trajectory satisfying |z;| = |xo| and the system is
not stable. So, in view of Theorem 2.2, the proof is done if ¥ is compact and
irreducible.

Let us now suppose that ¥ is only bounded and irreducible. The closure cl X is
compact, and has the same joint spectral radius as X (Proposition 1.8). So for
any x € R, there exists an A € cl ¥ such that |Ax| = |z|. We will approximate
each matrix A; closer and closer with matrices flz € X so that the norm of the
whole approximated product z, = A, ... Ajzg is larger than 1/2. To do that,
we define a sequence 0 < §; < 1 such that [];° d; = 1/2. Let us pick an z( € R{.
For all ¢t > 1, we define A; € c1X such that |A;x¢—1| = |x4—1|. We approximate
each A, with 4, € ¥ such that ||/L — A¢]] < 1 —6;. By induction, one can
see that |z;| > Hg 0; . Indeed, |z;| = |f~ltxt,1\ = |Axi—1 — (A — flt)xt,ﬂ >
|ze—1|(1 = (1 —61)).

Finally, if ¥ is commonly reducible, and 5(3) > 1, we know that there exists a
transformation 7' such that the matrices TAT ! : A € ¥ are block-triangular,
with each block irreducible, and the restriction of these matrices to the first
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block has a joint spectral radius greater than or equal to one. We can then
apply the above result to this block. O

We are now almost in position to prove the joint spectral radius theorem. No
elementary proof is known for this theorem. We will present a self-contained
proof strongly inspired by the former proof of Berger and Wang [7], and by
another published proof due to Elsner [41]. Before presenting it, we begin with
a small technical lemma of linear algebra, that states that if a matrix A maps
a unitary vector close to itself, then it has an eigenvalue close to 1.

Lemma 2.1. [/1] Let || - || be a matriz norm in R™*™ induced by the vector
norm |-|. There is an absolute constant C(n) > 0 such that for all z € R", |z| =
1, and all A € R"*" ||A|| <1, there is an eigenvalue \ of A such that

11—\ < CJAz — z|V/™,

Theorem 2.3. ( Joint Spectral Radius Theorem.)
For any bounded set of matrices X2,

lim sup sup {p(A)l/t cAeXxt} = tlim sup{HAHl/t A EXY 2 (D).
t—00 — 00

Proof. We suppose without loss of generality that 3 is closed (taking the closure
does not change p(X) nor p(X) by Proposition 1.8) and that p = 1. Clearly,
p(X) < 1. Let us first suppose that ¥ is irreducible. Then, by Theorem 2.2,
there exists a Barabanov norm.

Let us pick an zg € R™, |zo| = 1. By the definition of the Barabanov norm,
there exists a sequence of matrices Ay, As, ... such that for all ¢, |z;| = 1, where
Ty = At .. .All'().

By using the compacity of the unit ball, we know that there exists a subsequence
x4, converging to a vector y of norm one. So we have two lengths ¢; > t; such
that

‘Ati -~-Atj+1Atj LAz _Atj ...A1$0| < €, |Atj ...A1I0| =1,

for any e.
Setting z = Ay, ... A1wo, we get a matrix A € ¥* such that
|Az — z| <,
and we can conclude by Lemma 2.1 that A has an eigenvalue A such that

|1 — Al = O(e'/™), which implies that
sup{p(4): Ae X"} > 1.

Now, if ¥ is not irreducible, since the joint spectral radius is the maximum over
the joint spectral radii of each diagonal block (Proposition 1.5), one just has to
apply the result to each irreducible block separately. O
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This ends the first section of this chapter. We have now a fair insight on
the behaviour of the joint spectral radius: Given a set of matrices, there is
always a set of submatrices that is irreducible, and whose joint spectral radius
has the same value. Remark that since the conditions for a set of matrices to
be commonly reducible can be expressed as quantified polynomial equalities,
the problem of finding irreducible components is computable with quantifier
elimination methods (see [27]). So in some sense we could restrict our attention
to irreducible matrices, for which there exists an extremal norm. However, even
if one is able to find the irreducible component of a set of matrices leading to
the joint spectral radius, this would not be sufficient to compute its value.
Indeed, no constructive method is known for computing the extremal norm
of an irreducible sets of matrices. We finally mention that Guglielmi et al.
provides sufficient conditions for a set of matrices to admit an extremal norm
which is a complex polytope [49]. These conditions are rather strong and are
not checkable in practice.

2.2 Complexity

In view of the results in the previous section, the joint spectral radius could seem
rather easy to compute: if the set of matrices is reducible it can be decomposed
in smaller irreducible matrices without changing the joint spectral radius. And
if the matrices are irreducible, there exists a norm for which all the matrices in
> have a norm smaller than p, trivially providing a tight upper bound on p, via
the three members inequality (1.6). The reality is unfortunately not so easy.
In this section we present not less than three results that show that the joint
spectral radius is (at least theoretically) extremely hard to compute. These
results explore three of the most discouraging arguments: NP-hardness, Turing-
undecidability, and non algebraicity. As usually, the proof of these unfeasability
results are somewhat artificial, and (to our opinion) the details of the proofs
are of little interest for a common reader. Nevertheless, the ideas behind the
proofs may give some insight on what is actually difficult in computing a joint
spectral radius, and where is the limit between feasability and unfeasability.
For these reasons we limit ourselves to present the main ideas of the theorems,
and we give precise bibliography references for the interested reader.

We add that for now on and unless explicitly stated we restrict our attention
to finite sets of matrices.

2.2.1 NP-hardness

The first theorem we present is on the NP-hardness of the joint spectral radius
approximation, and is valid even for binary matrices. In the following we call
the size of a number € its bit size, that is, for instance, if ¢ = p/q, its size is
equal to log(pq).
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Theorem 2.4. [17] Unless P = NP, there is no algorithm that, given a set of
matrices ¥ and a relative accuracy €, returns an estimate p of p(X) such that
|p—pl < ep in a number of steps that is polynomial in the size of ¥ and €. This
is true even if the matrices in ¥ have binary entries.

Proof. The proof proceeds by reduction of SAT whose NP-completeness is well-
known [45]. O

2.2.2 Non algebraicity

The next theorem, due to Kozyakin [72]!, states that there is no algebraic
criterion allowing to decide stability of a switched linear system. To state
this theorem properly, we consider a finite set of m n X n matrices as a point
z € R™”. So we can talk about the joint spectral radius of the point x as the
joint spectral radius of the associated set of matrices. We are interested in the
set of all such points corresponding, for instance, to p(x) < 1. For these sets to
be easily recognizable, one would like them to be expressed in terms of simple
constraints, and for instance, polynomial constraints. That is the notion of
semi-algebraic sets.

Definition 2.4. A subset of R™ is semi-algebraic if it is a finite union of sets
that can be expressed by a finite list of polynomial equalities and inequalities.

Theorem 2.5. [72,112] For all m,n > 2, the set of points x € R for which
p(x) <1 is not semi-algebraic.

For all m,n > 2, the set of points = € R’ corresponding to a bounded semi-
group (i.e. ¥*(x) bounded) is not semi-algebraic.

Proof. Kozyakin exhibits a set of matrices depending on the parameter ¢ €]0, 1]
and shows that the set of admissible values for ¢ (that involve stability of the
corresponding set of matrices) is not a finite number of intervals:

Gt) = (1—t4) ((1) —%%) H(t) = (1 %) (ﬂt_it2 \/1‘_%2)(2.3)

The set X(t) = {G(t), H(t)} is unstable for all t = sin(27/(2k)), while it is
stable for all ¢t = sin(2w/(2k + 1)) (see [112] for a proof). Since W = {X(t)}
is an algebraic set in R®, the intersection W N E should be made of a finite
number of connected component, if E is semi-algebraic. Taking E the set of
points corresponding to stable sets, or to sets generating a bounded semigroup,

we have a contradiction.
O

IThere is actually a flaw in the first version of the proof in [72]. A corrected proof can be
found in [112].
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2.2.3 Undecidability

The results that we now present are in a sense even worse than the previous
ones, since they teach us that there does not exist in general any algorithm
allowing to compute a joint spectral radius in finite time:

Theorem 2.6. [11,19] The problem of determining, given a set of matrices
Y., if the semigroup generated by X is bounded is Turing-undecidable.

The problem of determining, given a set of matrices X, if p(X) < 1 is Turing-
undecidable.

These two results remain true even if ¥ contains only nonnegative rational
entries.

Proof. The proof proceeds by reduction from the PFA EMPTINESS problem
(Probabilistic Finite state Automaton Emptyness problem), which is known to
be undecidable [96]. In this problem, one is given a set of nonnegative rational
matrices ¥ and two nonnegative rational vectors vi,ve. The entries of these
matrices and vectors, between zero and one, are interpreted as probabilities. A
character is associated to each matrix in ¥; and to a word w (i.e. a sequence
of characters) is associated the corresponding product A4, € ¥*. A word w is
accepted if its corresponding probability v{ A, vy is more than a certain given
treshold A. The problem to decide, given X, v1,vs, A\, whether there exists a
word that is accepted is undecidable.

O

We end this section with an open problem of great practical iterest:

Open question 1. Is there an algorithm that, given a finite set of matrices
3, decides whether p < 17

This question is important in practice, since it is equivalent to ask for the
stability of the dynamical system ruled by the set 3, in the sense of definition
1.3. We show in Section 2.4 a link between this problem and the famous
finiteness property.

2.2.4 Similar results for the joint spectral subradius

For the sake of completeness, and because we have the feeling that it is worth
to have in mind the different borders between feasability and unfeasability, we
briefly cite the classical unfeasability results on the joint spectral subradius.
They are based on a famous old result by Paterson on the mortality problem.
In this problem, one is given a set of matrices X, and it is asked whether there
exists a product of matrices in ¥* that is equal to zero.

Theorem 2.7. [95] The mortality problem is undecidable. This is true even
for sets of 2(n, + 1) 3 x 3 matrices, where n, is any number for which Post’s
correspondence problem is undecidable.
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Corollary 2.1. The mortality problem is undecidable for sets of 16 3 x 3 ma-
trices.

Proof. Matiyasevitch and Sénizergues have shown that Post’s correspondance
problem is undecidable even for 7 pairs of words [82]. O

Corollary 2.2. [18] The mortality problem is undecidable for pairs of 48 x 48
matrices.

Proof. Given a set of m n x n matrices, Blondel and Tsitsiklis show how to
construct a pair of mn x mn matrices that is mortal if and only if the former
set is (see [18] for details). O

This latter corollary allows us to prove the following theorem on the approx-
imation of the joint spectral subradius. In order to derive a result as strong as
possible, the authors of [17] define a wide class of approximation algorithms,
and show that they do not exist for approximating the joint spectral subradius.
An algorithm providing the value p as an approximation of the joint spectral
subradius p of a given set is said to be a (K, L)-approximation algorithm if
Ip—pl < K+ Lp.

Theorem 2.8. [17, Theorem 2] Let n, be a number of pairs of words for which
Post’s correspondance problem is undecidable. Fiz any K >0 and 0 < L < 1.

o There exists no (K, L)-approzimation algorithm for computing the joint
spectral subradius of an arbitrary set . This is true even for the special
case where ¥ consists of one (6n, +7) x (6n,+7) integer matriz and one
(6n, +7) x (6ny, + 7) integer diagonal matriz.

e For the special cases where X consists of two integer matrices with binary
entries, there exists no polynomial time (K, L)-approxzimation algorithm
for computing the joint spectral subradius unless P = NP.

2.3 Methods of computation

The results in the previous section are in no way good news. However, far
from discouraging researchers of trying to approximate the joint spectral ra-
dius, it seems that it has attracted a wealth of motivation in order to cope with
these theoretical limitations. In the last decade, many different methods, of
very different natures, have been proposed to evaluate the joint spectral radius.
Some are heuristics, others rely on brute force methods, others are converg-
ing algorithms based on powerful theoretical results. The consequence of this
abundance is twofold:

Firstly, the joint spectral radius appears to be easier to handle than one could
think in view of the above results. Indeed, we do not have knowledge of a
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practical problem that is unsolved due to the hardness of a joint spectral ra-
dius computation. We will see in the next chapters that in some practical case
where this computation is needed, the results of approximation algorithms are
of remarkable accuracy.

Secondly, this abundance of available algorithms, each with their own (dis)-
advantages , might trouble the pratician, so that there is some need of classify-
ing the different methods. This part of the research on the joint spectral radius
is in our opinion not yet mature, and an exhaustive and precise classification
would require a huge amount of work, of implementation and computation,
as well as of theoretical investigations. Nevertheless, we try in this section to
give a summary of some families of methods that have proved useful in prac-
tical applications. We first show how to decide if the joint spectral radius
is exactly equal to zero, which is an important particular case; we then give
direct arguments that allow in some situations to compute the joint spectral
radius exactly. We next present general methods: branch-and-bound methods,
the simple convex combinations method, a geometric method, and Lyapunov
methods. Before this last important method, we present a lifting procedure
that, combined with other algorithms, allows to reach an arbitrary accuracy.

2.3.1 Zero spectral radius

A special case, important in practice, is when joint spectral quantities are
exactly equal to zero. There is a polynomial time algorithm to decide whether
the joint spectral radius of a set of matrices is zero. This algorithm, mentioned
in [53] without proof, is a corollary of the following proposition:

Proposition 2.1. Let ¥ = {A;,..., A} CR™ ™ Then p(X) = 0 if and only
if
" ={0}.

This proposition delivers a polynomial time algorithm to check whether a
joint spectral radius is zero. Indeed, by defining iteratively:

Xo = I (2.4)

Xy = ZAzTXk—lAia (2.5)
1

one has X, = Y v AT A, and this matrix is computable in polynomial time.
Moreover X, is equal to zero if and only if £" = {0}.
The proof of Proposition 2.1 is based on the following lemma:

Lemma 2.2. If ¥ is irreducible, then p(%) > 0.

Proof. If 3 is irreducible, there exists a real number 5 > 0 such that for all
of norm 1, there exists a matrix A € ¥ such that |Az| > (. Indeed if it is not
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the case by compacity of the unit ball there must exist a vector z € R", |z| =1
such that for all A € ¥, Az =0, and ¥ is not irreducible. Now chose zy € Rf,
and pick A; € ¥ such that |z;| = |A;2,-1] > B|z;—1|. This implies that for any
t>0,||Ar... A1]| > B and p > 3 > 0. O

We are now in position to prove Proposition 2.1

Proof. The if part is trivial.

The proof of the only if part is by induction on the dimension n: it is true for
scalar matrices. Now suppose it is true for sets of matrices of dimension less
than n. Let ¥ € R™"*" p(X) = 0. By the previous lemma, we can suppose %
reducible, and for all A; € X,

_ Bz C’L . . n'xn’
Az—<0 D1>D16R R

where p({B;}) = p({D;}) = 0. Now, consider a product of length n. By applying
twice the induction hypothesis on n’ and n — n’/, we have:

0 C\ (/B
bt = (0 S) (29,

for some (potentially zero) matrices C,C’, B’, D and this latter product van-
ishes.
O

2.3.2 Direct arguments

In some cases, a direct argument allows one to compute the joint spectral
radius exactly. We present some of these cases here. Other cases can be found
in Section 4.3. Recall that a matrix A is said normal if ATA = AAT.

Proposition 2.2. If ¥ is a set of normal matrices, the joint spectral radius is
equal to the largest spectral radius of the matrices in 3.

Proof. The matrix norm induced by the euclidean vector norm is given by
the largest singular value of the matrix. For normal matrices the largest sin-
gular value is also equal to the largest magnitude of the eigenvalues. Thus,
max {||A||: A € £} = max{p(4): A€ X} and from the three members in-
equality it follows that p(X) = max {p(4) : A € X}. O

Corollary 2.3. [112, Proposition 6.13] If ¥ is a set of symmetric matrices,
the joint spectral radius is equal to the largest spectral radius of the matrices in
3.

Proof. Symmetric matrices are a particular case of normal matrices. O
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Proposition 2.3. [112, Proposition 6.13] If ¥ is a set of upper triangular
matrices, the joint spectral radius is equal to the largest spectral radius of the
matrices, that is, the largest absolute value of the diagonal entries.

The proposition obviously also holds for lower triangular matrices.

Proof. We have seen (Proposition 1.5) that if every matrix A in ¥ is block-
diagonal with diagonal blocks [4; ;], the joint spectral radius is given by

m?Xp({[Ai7i] :AeXx}.

Now, for triangular matrices, these blocks are just 1 x 1, and the joint spectral
radius is the maximum of the diagonal entries of the matrices, that is, the
largest spectral radius of the matrices. O

Corollary 2.4. If the matrices in % are commonly upper triangularizable,
that is, if there exists an invertible matriz T such that for all A € ¥, TAT !
is upper triangular, then p(X) = p1(X).

Recall that p;(X) denotes the maximal spectral radius of the matrices in X.

Proof. This is due to the fact that the joint spectral radius is invariant under
similarity transformations. U

We now present another corollary of Proposition 2.3 that is based on a
famous result in algebra. We recall that the commutator [A, B] of two matrices
A and B is equal to AB — BA, and that the linear span of a set of vectors is
span{vy,..., v} = {D_ ajv; : oy € R}. We also need the following definitions:

Definition 2.5. Let ¥ be a set of matrices, the Lie Algebra associated to %,
that we denote by {3} 4 is the linear span of the set of all the combinations of
commutators of matrices in X :

{X}ra =g =span{[A, B],[A,[B,C]],---: A,B,C € ©}.

The descending sequence of ideals g'¥) of a Lie algebra g is defined inductively:
g =g, g+t = [0 g0)] c gk,

If there exists a k > 0 such that g®) = {0}, then the Lie Algebra is said to be
solvable.

We have the following theorem, known as Lie’s Theorem (see [108]):

Theorem 2.9. Let X be a finite set of matrices. If the Lie Algebra associated
to X is solvable, then X is commonly upper triangularizable.

Corollary 2.5. Let ¥ be a set of matrices. If ¥ generates a solvable Lie
algebra, then p(X) = p1(X).
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2.3.3 Branch and bound methods

The first method that comes to mind when one wants to compute the joint
spectral radius is to apply the three-members inequality (1.6):

pe(E) < p(X) < pe(X),

remembering that the successive bounds given by the left hand side as well as
the right hand side tend to p when ¢ — oco. So an immediate algorithm would
be to fix a t, compute all products of length ¢, take the maximal spectral radius
as a lower bound, and the maximal norm (for a fixed norm) as an upper bound.
This algorithm can be iterated for increasing values of ¢, and will converge to
the desired value.

The main problem in the previous algorithm is clearly the explosion of the
number of products of length ¢ that one needs to compute: there are m! of
them (m is the number of matrices in X).

Some ideas have been proposed to attenuate this exponential growth: Mae-
sumi [79] observes that since the spectral radius of a product is invariant under
cyclic permutations of the factors, one has to compute only O(m!/t) products.
Gripenberg [48] proposes a branch and bound algorithm that allows to approx-
imate asymptotically the joint spectral radius up to an a priori fixed absolute
error. More precisely, given a set ¥ and a desired precision J, the algorithm
computes iteratively successive bounds a; and f; such that ay < p < ; and
lim 8; — a¢ < 6. The algorithm is a branch and bound algorithm in the sense
that it builds longer and longer products, based on the ones previously con-
structed, but removing at each step unnecessary products, that is, products
that are provably not necessary to reach the required accuracy.

Also, if the matrices in ¥ have nonnegative entries, there is an obvious way
of disregarding some products: if A, B are products of length ¢t and A < B
(where the inequality has to be understood componentwise), then one does not
have to keep A in order to have better and better approximations of the joint
spectral radius. Indeed, in any product of length T' > ¢, one can always replace
the subproduct A with B, and by doing this the approximation of the joint
spectral radius will be at least as good as with the other product.

As a matter of fact, it is clear that none of these algorithms provide approxi-
mations of the joint spectral radius in polynomial time, since this is N P-hard,
even for nonnegative matrices. However, it is worth mentioning that in prac-
tice, these simple algorithms can sometimes provide good approximations of
the joint spectral radius, especially if the number and the size of the matrices
are not too large.

2.3.4 Convex combination method

The following result provides rapidly a lower bound on the joint spectral radius.
Recall that a cone is said proper if it is closed, solid, convex and pointed.
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Proposition 2.4. [1j] Let ¥ = {A1,..., A} € R™ ™ be an arbitrary set of
matrices; the following simple lower bound on the joint spectral radius holds:

p(AL+ -+ Ap)/m < p().
If moreover the matrices in X leave a proper cone invariant, then
p(X) < p(Ar + -+ Ap).

Proof. The first inequality comes from the fact that (4;+---+A,,)/m € conv X.
The second inequality comes from the fact that associated to an invariant cone
K, there exists a norm || - ||k, depending on K, such that for all A,B € ¥,
[|Al|x < ||A+ B||k. This norm is given by

[|Al|k = max wt Av,
vEK weK*|[v|],|lw||=1

where K* denotes the dual of the cone K (see [14] for details). O

2.3.5 A geometric algorithm

If the set of matrices is nondefective it is possible to apply a specific algorithm
due to Protasov [98]. The computation time of this algorithm is exponential in
the dimension of the matrices, but it has some advantages: it provides a clear
geometric interpretation in terms of the construction of an extremal norm, and
in particular applications, it has been reported to converge remarkably fast [12].
Finally, in some cases it gives a criterion that allows stopping the algorithm
and to compute exactly the joint spectral radius. The idea of the algorithm is
to compute iteratively an approximation of the unit ball of the extremal norm,
beginning with an arbitrary polytope which is symmetric with respect to the
origin.

We now briefly describe this algorithm. For all technical details we refer the
reader to [98]. For the sake of simplicity we consider the case of two matrices,
the case of an arbitrary number of matrices is treated in the same way.
Suppose Ag, A7 € R™ possess an extremal norm; one needs to find a number
p* such that |p* — p|/p < g, where € > 0 is a given accuracy. Consider a

sequence of convex polytopes {P;} produced as follows. Py = {(1;1, coyXp) €

R™ S x| < 1}. For any k > 0 the polytope Py is an arbitrary polytope
possessing the following properties: it is symmetric with respect to the origin,
has at most ¢g(¢) = C), et vertices, where (), is an effective constant depend-
ing only on n, and (1—€)XP, C Pyry C X Py, where ¥X = Conv{AoX,A;X}.

3y/nln 22
After T = {g} steps the algorithm terminates. The value

€

*

p = (vT+1
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gives the desirable approximation of the joint spectral radius. Here vy is the
largest distance from the origin to the vertices of the polytope Py, c1,co are
such that ¢; < p~tp; < cp. Each step requires to take the convex hull of two
polytopes having at most ¢(g) vertices and requires the approximation of one
polytope with 2¢(e) vertices by a polytope with ¢(e) vertices with accuracy e.
Both operations are known to be polynomial w.r.t. 1 [98] (the dimension n is

fixed). The computational complexity of this algorithm is C' - 5’#, where C
is some constant.

In addition, suppose that by numerical observations we conjecture that
p is attained by some product Iy = A;, ...A;., ie. p = p(lp)V/T. If
during the calculations we find a polytope P such that AP C p(Ily)"TP,
then it occurs that p = p(II7)"/”. For the polytope P we take P = P}, =
Conv{¥Jv, —¥Jv, j=0,...,k} for some integer k, where v is the eigenvector
of IIy corresponding to the largest by modulo eigenvalue (assuming that this
is real and unique).

2.3.6 Lifting methods to improve the accuracy

As we will see in subsection 2.3.7, it can be useful, given a set of matrices X
to “lift” this set into another set ', that is to represent it with matrices acting
in a higher dimensional space, such that the joint spectral radius is raised to a
certain power d :
p(X) = p(£)7.

A first method consists in using so-called Kronecker powers of matrices. This
method has been recently improved with the so-called symmetric algebras. We
will focus on this last (more efficient) method, but we give hereafter definitions
of the Kronecker powers, for sake of completeness, and because they give an
interesting insight to the symmetric algebra method.

Definition 2.6. Kronecker pro:!ucg. Let A, B € R*"*", The Kronecker prod-
uct of A and B is a matriz in R™ <™ defined as

A.B ... A.B
(AeB)=| 1
Ap1B ... A,.B

The k-th Kronecker power of A, denoted A®*, is defined inductively as
A®F = AR A®HETD 491 = 4,

We now introduce symmetric algebras, which requires some definitions. Cor-
responding to an nuple o € N”, we introduce the “« monomial” of a vector
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z € R™ as the real number:

(e

=z,

n

The degree of the monomial is d = > «;. We denote by «! the multinomial

coefficient
d!

ol o
We denote by N the number of different monomials of degree d :

_(n+d-1
v=("TaY).

Definition 2.7. Symmetric algebra. Let x € R™. The d-lift of x, denoted
zl4 | is the vector in RY, indezed by all the possible exponents o of degree d

zld = Vol
The d-lift of the matriz A is the matriz A9 € RN associated to the linear map
Al gl (Ag)ld,
The matriz AlY can be obtained via the following formula [93]:
[ _ perA(a, 5)
P ulen(B)’

where perM denotes the permanent of the matriz M, and pu(«) is the product
of the factorials of the entries of a.

Denoting %%? = {A4%? : A € ¥} and B = {44 : A € ¥}, we have the
following properties for the Kronecker products and the d-lifts:

Proposition 2.5. [1/,93] Let ¥ € R™*™ and d € Ny,
p(2)* = p(=4) = p(=7) = p(z1). (2.6)

Proof. The first inequality is well known, while the two others come from the
well known properties:

al =

(AB)®? = A®dped
(AB)[d] — Ald gldl.
Together with:

1A% = [14]1%,

1AM = JlA]1,
that hold when || - || is the spectral norm (i.e. the matrix norm induced by the
standard euclidean norm). 0

We will see in the next subsection how the above theorem is useful to obtain
sharp approximations of the joint spectral radius.
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2.3.7 Lyapunov methods

Let us recall a fundamental result presented in the previous chapter:

Proposition 2.6. [107] For any bounded set ¥ such that p(X) # 0, the joint
spectral radius can be defined as

p(£) = inf sup {[[Al[}.
Il Aes

This result is very strong, as it tells that in order to compute a joint spectral
radius, one is not bounded to compute long products of matrices. It is sufficient
to find a good norm to obtain an arbitrary close estimate of p via the formula

< All.
p < max||Al

So an alternative way to estimate the joint spectral radius is to look over all
norms (or a sufficiently wide set of norms) the one that provides the tightest
bound on p.

A family of norms that is well understood and classically used in engineering
is the family of ellipsoidal norms:

Definition 2.8. Let P be a symmetric positive definite matriz, the quantity
[-:R*" =R z— |z|p=VaTPx

is called the ellipsoidal (vector) norm associated to P.
The induced matriz norm
A— Il"laX |Az|p

|z|p=

is called the ellipsoidal (matrix) norm associated to P.

One can check that these quantities are indeed norms, and since the matrix
norm is induced by a vector norm, it is submultiplicative. The denomination
“ellipsoidal” comes from the fact that the unit ball E = {z € R" : |z|p < 1} is
an ellipsoid. Ellipsoidal norms are well understood, and easy to use in practice,
thanks to the following well known result:

Proposition 2.7. Given a symmetric positive definite matriz P, the norm
l|Allp of a matriz A is the smallest v € R such that the following equation
has a solution:

ATPA < 4°P. (2.7)
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The computation of the minimal v in (2.7) is easy. Indeed, it can be ex-
pressed as follows:
72 = max zTATPAz.
zT Pz=1
This problem can be solved by computing the Choleski factorization of the
matrix P = LLT, and then by posing y = LTz, = L™ 'Ty. One gets the
following expression:

72 = max (L7'Ty)TATPA(L™Ty).

yTy=1

This problem just amounts to compute the spectral radius of a matrix: % =
p(L7YATPA(L'T), which can be done easily with classical methods, like the
power method.

In case such a norm exists for which ||A||p < 1, we naturally speak of a
quadratic Lypunov function, where the term quadratic refers to the fact that the
norm |z|p is a quadratic function in the entries of z. A Lyapunov function for a
dynamical system is a function f such that f(z;) provably tends to zero when
t tends to infinity, and such that f(z;) — 0 implies ; — 0. For a dynamical
system ruled by the matrix A, this norm || - ||p is thus a Lyapunov function,
ensuring that z; tends to zero. Now the next proposition is straightforward,
and allows one to derive an upper bound on the joint spectral radius of an
arbitrary set of matrices.

Proposition 2.8. For any set of matrices X, if there is a solution P to the
following SDP program:

ATPA;

P

< ~’P VA, ex (2.8)
- 0,

then p(X) <.

Proof. The above SDP program can be rewritten as ||A||p < v for all A €
z. O

SDP programming has become a classical topic in mathematical engineer-
ing, and we do not provide here a survey on this technique. Let us just mention
that this family of problems are well understood and that it is possible to find
a solution to these in polynomial time. For more information on SDP program-
ming, we refer the reader to classical textbooks [6,9,10,22,88]. In case such a
norm exists such that ||A||p < 1 for all A € X, we speak of a common quadratic
Lyapunov function. It is not difficult in practice to compute the minimal ~
such that the SDP program (2.8) has a solution. Indeed, even though the first
line of this program is not a linear matrix inequality because of the term 2P,
the minimum ~ can be found by bisection.

How tight is such an approximation? That is, since we know (Proposition 2.6)
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that there exists a norm giving arbitrarily tight upper bounds on p, how accu-
rately can we approximate this norm with an ellipsoidal norm? The answer is
given by the following classical result:

Theorem 2.10. (“John’s ellipsoid theorem” [56])

Let K € R" be a compact convex set with nonempty interior. Then there is an
ellipsoid E with center ¢ such that the inclusions E C K C n(E — ¢) + ¢ hold.
If K is symmetric about the origin (K = —K ), the constant n can be changed

into \/n.

We are now able to present an important result, that provides two certifi-
cations of accuracy for a joint spectral radius estimation:

Theorem 2.11. [3,15] For an arbitrary set of m matrices ¥ C R™*™, the best
ellipsoidal norm approzimation p* of its joint spectral radius p satisfies

1
N

——p* < p < pt
Nl
Proof. The first part is a simple application of John’s ellipsoid theorem.
For the second part, consider the set X of linear operators acting on sym-
metric matrices: R ~
Y= {A: S—ATSA:Acy}.

Clearly, p(X) = p(X)2. This set of linear operators leaves the cone of semidefi-
nite positive symmetric matrices invariant. So defining

B=)Y A4,
Aex
we can apply Proposition 2.4:

Lo(B) < p(5) < p(B).

Observe that the spectral radius of the linear operator B can be represented
as:

inf {+2: ATPA, <~?P P }
Jinf { AZE:Z TPA; <~+?P,P » 0}

And a feasible pair (P,~) for the above expression provides a solution to the
SDP program (2.8). Finally,
1 1

ﬁp* < ﬁ/’(B)l/2 < p(%).
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Theorem 2.11 provides an efficient method for estimating the joint spectral
radius within a fixed ratio (that cannot be chosen) of its actual value. This
is a good step forward, but this method seems to fail if we want to compute
more accurate estimates. Actually there is a way to do this, by using the lifting
procedure defined in Subsection 2.3.6.

Putting Theorem 2.11 together with Proposition 2.5, we obtain:

Theorem 2.12. [93] Let ¥ = {A;,...,An} € R™™. For any d € Ny, de-
noting pgll,d the best ellipsoidal approximation of the joint spectral radius of
¥l obtained by applying the SDP-program (2.8) to ¥l we have the following
convergence properties:

1

n+d-—1\
< d > peitd < p(X) < per,d, (2.9)
m_ﬁpezl,d < p(®) < peitda- (2.10)

It appears that this method can still be improved by the following recent
theorem due to Parrilo and Jadbabaie [92,93].

Theorem 2.13. [93] Let p(x) be a strictly positive homogeneous multivariate
polynomial in the n variables x1,...,x,, of degree 2d, and let X C R™ "™ be a
set of matrices. If for all A; € X,

p(Aiz) < +*p(a),
then p(X) < 7.

Proof. Let us fix an arbitrary norm | - |. By compactness of the unit ball, and
because p(x) is strictly positive on this ball, there exist two real numbers «, 8
such that for all z € R", a|z|> < p(z) < B|z|*¢. So, for an arbitrary product
of length ¢t : A; ... A; € Xt one has:

alAy . AP < p(Ar .. Agr) < APp(x) < BP0z,

Finally,

Pt < sup  |A;p... Az|/|x] < (E)I/deyt'

Tz€eR™ A; €D [0
O

Unfortunately, no algorithm is known to optimize efficiently over sets of
positive polynomials in general. However, a subclass of positive polynomials is
easy to handle: sums of squares. This is due to the following theorem, that
has led to a by now classical way of relaxing optimization problems on positive
polynomials: the Sum Of Squares relaxation (SOS relaxation) [30,87,94,109]:
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Theorem 2.14. A homogeneous multivariate polynomial p(z) of degree 2d is
a sum of squares if and only if p(z) = 29T QY| where !9 is a vector whose
entries are (possibly scaled) monomials of degree d in the variables x;, and Q
is a symmetric positive semidefinite matriz.

Putting Theorem 2.13 and Theorem 2.14 together, one obtains an SOS
relaxation providing an upper bound on the joint spectral radius:

Theorem 2.15. [93] Let ¥ C R™*™ be a finite set of matrices, and let v > 0.
If there exist P, Qs such that the following polynomial equality holds:

T (y2p — AT pAldlyld) = 2T 2l vA ex  (2.11)
P? QS >_ 07

then p(X) < .
Moreover the above condition can be stated as an SDP program.

Proof. Since P > 0, the polynomial p(z) = z[47 Pzl is a strictly positive sum
of squares. Hence, Equation (2.11) asks for the polynomial 42%p(z) — p(A.x) to
be a sum of squares, and this can be expressed as an SDP program, as it only
consists in linear relations between entries of the matrices P and @. Finally,
since a sum of squares is a positive polynomial, the hypotheses of Theorem 2.13
are satisfied, and the proof is done. O

The above theorem provides an upper bound that is at least as good as
the ellipsoidal approximation of Theorem 2.8, since a solution P for the SDP
program (2.8) provides a solution to the SDP program (2.11) by defining Q; =
v2P — ATPA,. We have thus the following result, where we put the SOS-
approximations in comparison with the convex combination technique:

Theorem 2.16. [93] Let ¥ = {Ay,...,An} € R™™". For any d € Ny, let us
denote Pdsos,d the best SOS approzimation of the joint spectral radius of %17,

obtained by applying the SDP-program (2.11) to X4, and

pgonv,d - P( Z Al)?

A;exd

We have the following convergence properties:

mfﬁpsos,d < p(¥) < psos,a, (2.12)

1

nt+d—1\ 2
( d ) psos,d < p(X) < psos.d, (2.13)
miipconvad <pX) < Peonv,2d- (2.14)
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Proof. Formulas (2.12) and (2.13) are straightforward consequences of the above
theorems. See [93] for a proof of Formula 2.14. O

The computational cost of the different approximations obtained in the
above theorem is O(mn®*log1/e), where € = % logd/d in the estimate (2.13),
and € = 1 —m™ 24 in the estimate (2.12).

Is the bound of the SOS relaxation (2.11) better than the bound of the
common quadratic Lyapunov function (2.8)? That is, is it possible that

2P — ATPAS # 0,
but yet

2T (n2dp — AT pgldygldl - = ZldTQ gldl vA e n
PQs > 0,

for some @5 = 0?7 Recent numerical experiments ( [93, table 2]) indicate that
it is indeed the case for some sets of matrices. The question whether it is
possible to have better bounds than (2.12) and (2.13) on the accuracy for the
SOS approximation, is still open.

Open question 2. Does the SOS approzimation of the joint spectral radius
guarantee more accurate bounds than presented in Theorem 2.167

2.3.8 Similar results for the joint spectral subradius and
the Lyapunov exponent

Compared to the interest for the joint spectral radius estimation, very few exists
in the literature on the estimation of the joint spectral subradius. In Chapter 6,
we propose algorithms for approximating the joint spectral subradius, and the
Lyapunov exponent. These algorithms appear to perform very well in practice.
See Chapter 6, Theorems 6.7, 6.8, and 6.9 for more information.

Conclusion and discussion

This section on approximation algorithms is not intended to be exhaustive,
but tries to present the main trends in the attempts to approximate the joint
spectral radius, in such a way that the reader could easily implement the most
efficient algorithms known by now.

An exhaustive analysis of the existing algorithms would be much longer. For
instance, it is possible to interpret the symmetric algebra lifting in (at least)
two other ways: First, it can be viewed as an application of another approxi-
mation algorithm developped by Protasov [99]. This algorithm had appeared
previously in the literature, but we have preferred to introduce the point of
view of symmetric algebras for several reasons: it is simple to apply and is
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based on well known algebraic constructions, thus allowing to focus easily on
computational aspects, and it does not need additional assumptions (such as
irreducibility).

Secondly, it can be shown (see [93]) that the symmetric algebra lifting is sim-
ply a symmetry-reduced version of the Kronecker liftings presented in [14], and
that is why we decided not to expose this Kronecker method here.

All these considerations make use of advanced results; we have the feeling that
some more clarity is needed in the understanding of these algorithms, and that
perhaps beautiful results could emerge from a further analysis of the links be-
tween these different, but similar looking methods.

2.4 The finiteness property

As we have seen, the three members inequality (1.6) provides a straightforward
way to approximate the joint spectral radius to any desired accuracy: evaluate
the upper and lower bounds on p for products of increasing length ¢, until p
is squeezed in a sufficiently small interval and the desired accuracy is reached.
Unfortunately, this method, and in fact any other general method for computing
or approximating the joint spectral radius, is bound to be inefficient. Indeed,
we know that, unless P = NP, there is no algorithm that even approximates
with a priori guaranteed accuracy the joint spectral radius of a set of matrices
in a time that is polynomial in the size of the matrices and the accuracy. And
this is true even if the matrices have binary entries.

For some sets X, the right hand side inequality in the three members inequality
is strict for all ¢. This is the case for example for the set consisting of just one

matrix
1 1
0 1/°

Thus, there is no hope to reach the exact value of the joint spectral radius by
simply evaluating the right hand side in the three members inequality. On the
other hand, since p(A*) = p(A)* the left hand side always provides the exact
value when the set ¥ consists of only one matrix and one can thus hope to
reach the exact value of the joint spectral radius by evaluating the maximal
spectral radii of products of increasing length. If for some t and A € ¥t we
have p(A)Y/* = p(¥), then the value of the joint spectral radius is reached.
Sets of matrices for which such a product exists are said to have the finiteness

property.
Definition 2.9. A set X of matrices is said to have the finiteness property if
there exists some product A = Ay ... Ay with A; € ¥ for which p(X) = p(A)/1.

One of the interests of the finiteness property arises from its connection
with the stability question for a set of matrices which is a problem of practical
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interest in a number of contexts. Recall from Definition 1.3 that a set of
matrices X is stable if all long products of matrices taken from > converge to
zero. As mentioned in Section 2.2, there are no known algorithms for deciding
stability of a set of matrices and it is unknown if this problem is algorithmically
decidable. We have also seen that stability of the set % is equivalent to the
condition p(X) < 1 and we may therefore hope to decide stability as follows:
for increasing values of ¢ evaluate p; = max{p(A4)"/* : A € ¥'} and p; =
max{||A||'/* : A € ©'}. Since we know that p, < p < j;, as soon as a t
is reached for which p; < 1 we stop and declare the set stable, and if a t is
reached for which p; > 1 we stop and declare the set unstable. This procedure
will always stop unless p = 1 and p; < 1 for all ¢. But this last situation
never occurs for sets of matrices that satisfy the finiteness property and so we
conclude:

Proposition 2.9. Stability is algorithmically decidable for sets of matrices that
have the finiteness property.

It was first conjectured in 1995 by Lagarias and Wang that all sets of real

matrices have the finiteness property [73]. This conjecture, known as the finite-
ness conjecture, has attracted intense attention and several counterproofs have
been provided in recent years [16,21,71]. So far all proofs provided are noncon-
structive, and all sets of matrices whose joint spectral radius is known exactly
satisfy the finiteness property. In fact, all counterproofs describe sets of ma-
trices in which there are counterexamples, but no such counterexamples have
been exhibited yet.
The finiteness property is also known to hold in a number of particular cases
including the case where the matrices are symmetric, or if the Lie algebra as-
sociated with the set of matrices is solvable, since in this case the joint spectral
radius is simply equal to the maximum of the spectral radii of the matrices
(Corollary 2.5; see [52,76] for more information). The finiteness property also
holds if the set of matrices admits a complex polytope extremal norm [49].

The definition of the finiteness property leads to a number of natural ques-
tions: When does the finiteness property holds? Is it decidable to determine
if a given set of matrices satisfies the finiteness property? Do matrices with
rational entries satisfy the finiteness property? Do matrices with binary entries
satisfy the finiteness property? Some of these questions are studied in Chapter
4.

2.5 Conclusion

This closes the survey on the joint spectral radius. We have seen that, even
though results in Section 2.1 were encouraging since they assure the existence
of an extremal norm (at least on a set of commonly irreducible submatrices),

61



CHAPTER 2. CLASSICAL RESULTS AND PROBLEMS

the joint spectral radius is hard to compute or approximate in theory. We have
however presented algorithms that enable one to compute the joint spectral
radius to arbitrary accuracy, but at the cost of an exponential time of com-
putation. We have finally mentioned the finiteness property, that will be the
central subject of a subsequent chapter.
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Chapter 3

Nonnegative integer matrices

In this chapter, for a given finite set ¥ of matrices with nonnegative integer
entries we study the growth of

pt=max{||A;... A]| - 4; € ).

We show how to determine in polynomial time whether the growth with ¢ is
bounded, polynomial, or exponential, and we characterize precisely all possible
behaviors.

The chapter presents personal research that has been published in [63, 66].

3.1 Introduction

In this chapter, we focus on the case of nonnegative integer matrices and con-
sider questions related to the growth of pi with . When the matrices have
nonnegative integer entries, we will see that the following cases can possibly
occur:

1. p(X) = 0. Then pi(X) takes the value 0 for all values of ¢ larger than
some ty and so all products of length at least ¢ are equal to zero.

2. p(¥) = 1 and the products of matrices in ¥ are bounded, that is, there
is a constant K such that ||A;... A < K for all 4; € 3.

3. p(X£) =1 and the products of matrices in ¥ are unbounded. We will show
that in this case the growth of p{(X) is polynomial.

4. p(X) > 1. In this case the growth of pi(¥) is exponential.

In the sequel we will mostly use the norm given by the sum of the magnitudes
of all matrix entries. Of course, for nonnegative matrices this norm is simply
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given by the sum of all entries. Note that the situation 0 < p(X) < 1 is not
possible because the norm of a nonzero integer matrix is always larger than
one. The four cases already occur when there is only one matrix in the set X.
Particular examples for each of these four cases are given by the matrices:

(0o) (ot)Gon) (i)

The problem of distinguishing between the different cases has a long history.
The polynomial-time decidability of the equality p(X) = 0 is shown in [54]. As
mentioned by Blondel and Canterini [11], the decidability of the boundedness
of products of nonnegative integer matrices follows from results proved in the
1970’s. Indeed, the finiteness of a semigroup generated by a finite set of matri-
ces has been proved to be decidable independently by Jacob [55] and by Mandel
and Simon [80]. It is clear that for integer matrices, finiteness of the semigroup
is equivalent to its boundedness, and so boundedness is decidable for integer
matrices. The decision algorithms proposed in [55] and [80] are based on the
fact that if the semigroup is finite, then every matrix in the semigroup can be
expressed as a product of length at most B of the generators, and the bound B
only depends on the dimension of the matrices n and on the number of genera-
tors. The proposed algorithms consist in generating all products of length less
than B; and checking whether new matrices are obtained by considering prod-
ucts of length B+1. The high value of the bound B does however lead to highly
nonpolynomial algorithms and is therefore not practical. A sufficient condition
for the unboundedness of p¢(X) has been derived recently for the case of binary
matrices by Crespi et al. [32]. We will show in this chapter that the condition
given there is also necessary. Moreover, we provide a polynomial algorithm that
checks this condition, and thus we prove that boundedness of semigroups of in-
teger matrices is decidable in polynomial time. Crespi et al. [32] also provide
a criterion to verify the inequality p(¥) > 1 for binary matrices and an algo-
rithm based on that criterion. However, their algorithm is not polynomial. In
this chapter, we present a polynomial algorithm for checking p(X) > 1 for sets
of nonnegative integer matrices. Observe that it is not in contradiction with
NP-hardness results of Chapter 2 since our algorithm allows only to check if p
is larger than the particular value one. Let us recall that the same problem for
other joint spectral characteristics (such as the lower spectral radius) is proved
to be NP-hard even for binary matrices. Therefore, the polynomial solvability
of this question for the joint spectral radius is somewhat surprising.

The main results of this chapter can be summarized as follows. For any
finite set of nonnegative integer n xn matrices X there is a polynomial algorithm
that decides between the four cases p = 0, p = 1 and bounded growth, p =1
and polynomial growth, p > 1 (see Theorem 1 and Theorem 2). Moreover, if
p(X) = 1, then there exist constants Cy, Ca, k, such that C1t* < pi(X) < CotF
for all ¢; the rate of growth £ is an integer such that 0 < k < n—1, and there is
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a polynomial time algorithm for computing k (see Theorem 3). This sharpens
previously known results on the asymptotic behaviour of the value pi(X) for
nonnegative integer matrices. We discuss this aspect in Section 3.6. Thus,
for nonnegative integer matrices, the only case for which we cannot decide the
exact value of the joint spectral radius is p > 1. Once more, it is most likely
that the joint spectral radius cannot be polynomially approximated in this case
since it was proved that its computation is NP-hard, even for binary matrices.

The chapter is organized as follows. Section 3.2 contains some notation and
auxiliary facts from graph theory. In Section 3.3 we establish a criterion for
separating the three main cases p(X) < 1,p(X) = 1 and p(X) > 1. Applying
this criterion we derive a polynomial algorithm that decides each of these cases.
In Section 3.4 we present a criterion for deciding product boundedness and
provide a polynomial time implementation of this criterion. In Section 3.5 we
find the asymptotic behavior of the value p¢(X) as ¢ — oo for the case p = 1.
We prove that this value is asymptotically equivalent to t* for a certain integer
k with 0 < k <n —1 and show how to find the rate of growth & in polynomial
time. Finally, in Section 3.6 we formulate several open problems on possible
generalizations of those results to arbitrary matrices.

3.2 Auxiliary facts and notations

For two nonnegative functions f(t),g(t) we use the standard notation f(t) =
O(g(t)), which means that there is a positive constant C' such that f(t) < Cg(t)
for all ¢t. The functions f and g are said to be asymptotically equivalent, which
we denote f(t) < g(t) if f(¢t) = O(g(t)) and g(t) = O(f(t))-

We shall consider each nonnegative n x n matrix A as the adjacency matrix
of a directed weighted graph G(A). This graph has n nodes enumerated from
1 to n. There is an edge from node i to node j if the (i,j) entry of the matrix
is positive and the weight of this edge is then equal to the corresponding entry.
This graph may have loops, i.e., edges from a node to itself, which correspond
to diagonal entries. If we are given a family 3 of nonnegative integer matrices,
then we have several weighted graphs on the same set of nodes {1,...,n}. In
addition we define the graph G(X) associated to our family 3 as follows: There
exists an edge in G(X) from node i to node j if and only if there is a matrix
A € ¥ such that A; ; > 0. The weight of this edge is equal to max A; ;. We

shall also use the graph G?, whose n? nodes represent the ordered pairs of our
initial n nodes, and whose edges are defined as follows: there is an edge from a
node (4,4) to (j,j') if and only if there is a matrix A € ¥ such that both A4, ;
and A, j are positive for the same matriz. The edges of G? are not weighted.

Products of matrices from X can be represented by cascade graphs. We now
present this tool that will enable us to clarify many reasonings in subsequent
proofs. In a cascade graph, a matrix A € ¥ is represented by a bipartite graph
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3 .—». 3

Figure 3.1: A bipartite graph representing a binary matrix
‘e I\. .\m
2 L] L] L B

i ] [ o

Figure 3.2: A typical cascade graph

with a left and a right set of nodes. The sets have identical size and there is an
edge between the ¢th left node and the jth right node if A; ; > 0. The weight
of this edge is equal to the entry A; ;. For instance, the non-weighted bipartite
graph on Figure 3.1 represents the matrix

1 10
0 0 1
0 0 1

Now, for a given product of matrices Ay, ... Aq, we construct a cascade
graph as follows: we concatenate the corresponding bipartite graphs in the
order in which they appear in the product, with the right side of each bipartite
graph directly connected to the left side of the following graph. For example,
Figure 3.2 shows a cascade graph representing the product AgA; AgA; of length
four, with

0
7A1: 0
0

—_ o

0
0
0

We say that the bipartite graph at the extreme left side begins at level
t = 0 and the one at the extreme right side ends at the last level. We note
(i,t) to refer to the node i at level t. We say that there is a path from node
i to node j if one is able to construct a cascade graph with a path from some
node (4,t) to some node (j,t') for some t < ¢’ (that is, if there is a product with
the (i, 7)—entry larger than zero). A path is to be understood as a succession
of edges from a level to the next level, i.e. always from left to right. One can
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check that the (7, j) entry of a matrix product of length ¢ is equal to the number
of directed paths from the node (i,0) to the node (j,¢) in the corresponding
cascade graph. We thus have a way of representing pi(X) as the maximal total
number of paths from extreme left nodes to extreme right nodes in cascade
graphs of length ¢.

Two nodes of a graph are called connected if they are connected by a path
(not necessarily by an edge). A directed graph is strongly connected if for any
pair of nodes (7, ), ¢ is connected to j. The following well known result states
that we can partition the set of nodes of a directed graph in a unique way in
strongly connected components, and that the links between those components
form a tree [111].

Lemma 3.1. For any directed weakly connected graph G there is a partition
of its nodes in nonempty disjoint sets Vi,...,Vr that are strongly connected
and such that no two nodes belonging to different partitions are connected by
directed paths in both directions. Such a mazimal decomposition is unique up
to renumbering of the nodes. Moreover there exists a (non necessarily unique)
ordering of the subsets Vs such that any node i € Vi, cannot be connected to any
node j € Vi, whenever k > 1. There is an algorithm to obtain this partition in
O(n) operations (with n the number of nodes).

In this lemma, we suppose by convention that a node that is not strongly
connected to any other node is itself a strongly connected subset, even if it does
not have a self-loop. In such a case we will say that the corresponding set is
a trivial strongly connected subset. Consider the graph G(X) corresponding to
a family of matrices ¥, as defined above. After possible renumbering, it can
be assumed that the set of nodes is ordered, that is, for all nodes ¢ € V; and
jeV,if k> 1[then ¢ > j. In that case all the matrices of ¥ have block
upper-triangular form with I blocks corresponding to the sets V4, ..., V; (I can
be equal to one).

3.3 Deciding p<1, p=1, and p>1

The goal of this section is to prove the following result.

Theorem 3.1. For matrices with nonnegative integer entries there is a poly-
nomial algorithm that decides the cases p < 1,p =1 and p > 1.

Proof. The proof will be split into several lemmas. The inequality p < 1 means
that p!, the maximum number of paths in a cascade graph of length ¢ tends to
zero as t — oo. Now pt is integer-valued, and this implies that for sufficiently
large t there are no paths of this length in the graph G(X) corresponding to
the whole family ¥. This means that G(X) has no cycle. So we get our first
lemma, :
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Lemma 3.2. For a finite set of nonnegative integer matrices 3, we have p(X) >
0 if and only if the graph G(X) has a cycle. In this case p > 1.

This condition can be checked in O(n) operations : one just has to find
the strongly connected components of the graph G(X) (a task that can be per-
formed in O(n) operations [111]); a cycle will be possible iff one of the subsets is
nontrivial. The problem of deciding between p = 1 and p > 1 is more difficult.
Let us start with the following lemma.

Lemma 3.3. Let ¥ be an arbitrary finite set of real matrices. If p(¥) > 1,
then there is a product A € ¥*, for which A;; > 1 for some i. If the matrices
are nonnegative, then the converse is also true.

Proof. Necessity. Since p(X) > 1 it follows that there is a product B € ¥*
such that p(B) > 1. Let A; be one eigenvalue of B of largest magnitude,
so |[A1] = p(B) > 1 and let Ag,..., A, be the other eigenvalues. Since these
eigenvalues rotate at different speeds when one takes the successive powers of
B, there must be large values of ¢ for which arg(\) a~ 0 for all eigenvalues A
of Bt,, where arg(z) is the argument of the complex number z. More precisely,
there exists a sufﬁciently large t such that [A\1|* > 2n and arg(\}) € [—5, Z] for
all k=1,. (for a rigorous proof, see [116]) Therefore Re(}) > 3|AL| for

all k. We have Z(Bt)kk =trB' = Z AL = Z Re !, > 2|A{| > n. Since the

sum of the n numbers (BY)k.k exceeds n, one of them must exceed 1.

Sufficiency. Since A € %! has nonnegative elements, it follows that || AF|| >
(A%); ., hence p(A) > A;; > 1. Now, by the three members inequality p(X) >
[p(A)]/* > 1. O

Corollary 3.1. For any finite set of nonnegative integer matrices 3, we have
p(X) > 1 if and only if there is a product A € ¥* such that A; ; > 2 for some i.

Thus, the problem is reduced to testing if there is a product A € ¥* that has
a diagonal element larger or equal to 2. This is equivalent to the requirement
that at least one of the following conditions is satisfied:

1. There is a cycle in the graph G(X) containing at least one edge of weight
greater than 2.

2. There is a cycle in the graph G? containing at least one node (i,4) (with
equal entries) and at least one node (p, q) with p # q.

Indeed, if A;; > 2 for some A € ¥*, then either there is a path on the graph
G(X) from 4 to i that goes through an edge of weight > 2 (first condition), or
there are two different paths from ¢ to ¢ in the cascade graph corresponding
to the product A, this is equivalent to the second condition. The converse is
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obvious. To verify Condition 1 one needs to look over all edges of G(X) of
weight > 2 and to check the existence of a cycle containing this edge. This
requires at most O(n3) operations. To verify Condition 2 one needs to look
over all %nz(n — 1) triples (i,p,q) with p > ¢ and for each of them check the
existence in the graph G2 of paths from (i,4) to (p, q) and from (p,q) to (i,1),
which requires at most O(n?) operations. Thus, to test Condition 2 one needs
to perform at most O(n®) operations. This completes the proof of Theorem
3.1. U

Figure 3.2 shows a cascade graph with the condition 2 of Corollary 1 sat-
isfied: there are two paths from node 2 to node 2, and for every even t, the
number of paths is multiplied by two.

The shortest cycle in the graph G? with the required properties has at most
n? edges. It therefore follows that whenever p > 1, there is a product A of
length less than n? such that A;; > 2 for some i. From this we deduce the
following corollary.

Corollary 3.2. Let X be a finite set 02f nonnegative integer matrices of dimen-
sionn. If p(X) > 1, then p(X) > 21/,

3.4 Deciding product boundedness

If p = 1, two different cases are possible: either the maximum norm of products
of length t is bounded by a constant, or it grows less than exponentially with
t. Deciding between these two cases is not trivial. Indeed, we have seen in
Chapter 2 that this problem is undecidable for general matrices. In this section
we present a simple criterion that allows us to decide whether the products are
bounded, in the particular case of nonnegative integer matrices. Our reasoning
will be split into several lemmas. We begin with a simple but crucial observa-
tion.

Lemma 3.4. Let X be a finite set of nonnegative integer matrices with p(X) = 1.
If there is a product A € ¥* that has an entry larger than 1, then the graph
G(X) is not strongly connected.

Proof. Let A; ; > 2, that is, counting with weights, there are two paths from
i to j in the same cascade graph. If there is another cascade graph with a
path from j to ¢, then, concatenating the two cascade graphs, we can find
two different paths from ¢ to itself, and by corollary 3.1 p(X) > 1, which is a
contradiction. Hence G(X) is not strongly connected. O
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Consider the partition of the nodes of G(X) into strongly connected sets
Vi,..., Vi (¢fr. Lemma 3.1). Applying Lemma 3.4 we get the following corol-
laries.

Corollary 3.3. Let X be a finite set of nonnegative integer matrices. If p(X) =
1, but the products of these matrices are not uniformly bounded, then there exists
a permutation matriz P such that for all matrices A in X, PT AP is block upper
triangular with at least two blocks.

Proof. A graph is strongly connected if and only if no permutation puts the
adjacency matrix in block triangular form. O

Corollary 3.4. Let X be a finite set of nonnegative integer matrices with
joint spectral radius one. Then all products of those matrices restricted to any
strongly connected set Vi, are binary matrices.

We are now able to prove the main result of this section. We first provide a
result for the case of one matrix and then consider the case of several matrices.

Proposition 3.1. Let A be a nonnegative integer matriz with p(A) = 1. The
set {||At|| : t > 1} is unbounded if and only if there exists some k > 1, and a
pair of indices (i,7) such that

AF A AN > 1 (3.1)
Proof. Sufficiency is easy: One can check that (A*!); ; > ¢ for any ¢, and hence
pi(X) is unbounded. Let us prove the necessity : Consider the partition in
strongly connected subsets Vi, ..., V. By Corollary 3.3 we have I > 2.
We claim that there are two nontrivial sets V, and V3, a < b that are connected
by a path (there is a path from an element of V, to an element of ;). In
order to prove this, we show that if any path in G(X) intersects at most one
nontrivial set, then their number must be bounded.
Let a path start from a set V,,, then go to V,, etc., until it terminates in V.
We associate the sequence of indices a; < --- < a;, I < I to this path. As
supposed, this sequence contains at most one nontrivial set, say V,, . There
are at most K! paths, counting with weights, corresponding to this sequence,
where K is the largest number of edges between two given sets (still counting
with weights). Indeed, each path of length ¢ > [ begins with the only edge
connecting V,, to V,, (since V,, is trivial), etc. until it arrives in V,_ after
s — 1 steps (for each of the previous steps we had at most K variants), and
the reasoning is the same if one begins by the end of the path, while, given
a starting node in V,_, and a last node in the same set, there is at most one
path between these two nodes, by Corollary 3.4. Since there are finitely many
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sequences {a; }221, I < I, we see that the total number of paths of length ¢ is

bounded by a constant independent of ¢, which contradicts the assumption.

Hence there are two nontrivial sets V, and V;, a < b connected by a path.
Let this path go from a node i; € V, to j; € V;, and have length [. Since
both graphs V, and V, are strongly connected, it follows that there is a cycle
i1—...— i, —1in Vg, and apath j; — ... = j;, = j1in Vp, p,q > 1. Take
now a number s € {1,...,p} such that [+ s is divisible by p: I+s=wvp, v € N.
Take a nonnegative integer x such that v+ is divisible by ¢ : v+x = uq, u € N.
Let us show that the matrix A“P? and the indices ¢ = ip_s41,j = j1 possess
property 3.2. Indeed, a path of length upg along the first cycle, beginning at
node i,_,41 terminates in the same node, hence A7™ ;> 1. Similarly
(Avrg); . > 1. On the other hand, the path going from i, .1 — ... — iy,
then going x times around the first cycle from ¢; to itself, and then going from i
to j1, has a total length s+xp+1 = vp+xp = upq, therefore A;Lfiﬂ’jl >1. O

The fact that there must be two nontrivial sets connected by a path had
already been proved by Mandel and Simon [80, Lemma 2.6]. We now provide
a generalization of this result to the case of several matrices.

Proposition 3.2. Let ¥ be a finite set of integer nonnegative matrices with
p(X) = 1. The set of norms {||A| : A € £*} is unbounded if and only if there
exists a product A € ¥*, and indices i and j (i # j) such that

Ai,i7 Ai,j; Aj,j > 1. (32)
Proof. The sufficiency is obvious by the previous proposition. Let us prove the
necessity. We have a set 3 of nonnegative integer matrices, and their products
in ¥* are unbounded. Consider again the partition of the nodes in strongly
connected sets Vip,...,Vy for 3. Our proof proceeds by induction on I. For
I = 1 the products are bounded by corollary 3.4, and there is nothing to
prove. Let I > 2 and the theorem holds for any smaller number of sets in the
partition. If the value p!(%, U) is unbounded on the set U = U!_,Vj, then the
theorem follows by induction. Suppose then that the products are bounded
on this subset of nodes, by some constant M. Let us consider a product of ¢
matrices, and count the paths from any leftmost node to any rightmost node.
First, there are less than n? paths beginning in V; and ending in Vj, since
the corresponding adjacency matrix must have {0,1} entries (recall that n is
the total number of nodes). Second, there are at most Mn? paths beginning
and ending in U, since each entry is bounded by M. Let us count the paths
beginning in V; and ending in U : Let i9 — --- — 4; be one of these paths.
The nodes ig,...i,_1 are in Vq, the nodes i,,...,4; are in U and i,_14, is an
edge connecting V7 and U. The number r will be called a switching level. For
any switching level there are at most K Mn? different paths connecting V; with
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U, where K is the maximum number of edges jumping from V; to U at the
same level, counting with weights. Indeed for one switching edge 4, _14,, the
total number of paths from 7, to any node at the last level is bounded by M,
and there are less than n nodes in U. By the same way of thinking, there is
maximum one path from each node in V; to 4,_1, and there are less than n
nodes in Vi. The number of switching levels is thus not bounded, because so
would be the number of paths. To a given switching level r we associate a triple
(AI7AN7d)’ where A’ = Ach .. 'Adr—1|v1 and A" = Adr+1 » 'Adr,|U are matrices
and d = d, is the index of the rth matrix. The notation A}y, means the square
submatrix of A corresponding to the nodes in V. Since A’ is a binary matrix
(Corollary 3.4), A” is an integer matrix with entries less than M, and d can take
finitely many values, it follows that there exist finitely many, say N, different
triples (A’, A”,d). Taking ¢ large enough, it can be assumed that the number
of switching levels r € {2,...,¢t — 1} exceeds N, since for any switching level
there are at most K Mn? different paths. Thus, there are two switching levels
rand r + s, s > 1 with the same triple. Define d = d,. = d,s and

B = A;... A4 r e A Ag, (3.3)

(if s = 1, then D is the identity matrix). Thus, Ag, ... Aq, = BAgDALE. Since
A" = By, = BAyDyy, it follows that By, = B(AdD)|kV1 for any k. Similarly
A" = Ejy = DAgE|y implies that By = (DAd)kEw. Therefore for any k
the cascade graph corresponding to the product B(A4D)*A4E has at least
k + 1 paths of length ¢ 4+ (k — 1)s starting at ig. Those paths have switching
levels r,7 + s,...,r + (k — 1)s respectively. Indeed, for any [ € {0,...,k}
there is a path from iy to 4,_11ys = i._1, because B(AdD)‘lV1 = Bjy,; there
is an edge from i,_14s t0 ip1;s = i, because Ag, _, = Agq, = Ag; finally
there is a path from i, = i, t0 i44(k_1)s = i¢, because (DAG)* By = Ejp.
Therefore, |B(A4D)*A4E| > k + 1 for any k, hence ||B(A¢D)*A4E|| — oo
as k — oo, and so [(A¢D)*|| — oco. Now we apply Proposition 3.1 for the
matrix AyD; since the powers of this matrix are unbounded it follows that
some power A = (A4D)*, which is (A, ... Aq,,, ,)* possesses the property
Aii, Ajj, A j > 1 for suitable ¢ and j. O

., D=Ay ey E=Agq ..

In the last proof, we find a matrix A4D € ¥* such that ||(AqD)*|| — oo.
There is a different way to prove the existence of such a matrix that is based
on the generic theorem of McNaughton and Zalcstein, which states that every
torsion semigroup of matrices over a field is locally finite [86]. We have given
here a self-contained proof that uses the combinatorics for nonnegative integer
matrices.

The meaning of the condition (3.2) in terms of cascade graphs can be seen
from the following simple example. If one matrix in 3 has those three entries
(and no other) equal to one, then we have two infinite and separate paths: one
is a circuit passing through the node ¢, the other is a circuit passing through
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AV

Figure 3.3: A cascade graph with linear growth

the node j. Those cycles are linked in a unique direction, so that the first one
is a source and the second one is a sink, that eventually collects all these paths,
as shown on Figure 3.3.

We now prove that the criterion of Proposition 3.2 can be checked in poly-
nomial time.

Theorem 3.2. There is a polynomial time algorithm for verifying product
boundedness of families of nonnegative integer matrices.

Proof. Assume we are given a finite set of nonnegative integer matrices . First,
we decide between the cases p =0, p =1 and p > 1 with the algorithm provided
in the previous section. In the first case pt(X) is bounded, in the latter it is not.
The main problem is to check boundedness for the case p = 1. By Proposition
3.2 it suffices to check if there exists a product A € ¥* possessing the property
of equation 3.2 for some indices 7, 5. Consider the product graph G with n?
nodes defined as follows. The nodes of G* are ordered triples (4, j, k), where
i,j,k € {1,...,n}. There is an edge from a vertex (¢, j, k) to a vertex (i’,j’, k)
if and only if there is a matrix A € Z, for which (A)i,i’7 (A)j7,j'7 (A)k:,k’ > 1. (The
adjacency matrix of G2 is obtained by taking the 3-th Kronecker power of each
matrix in ¥, and by taking the maximum of these matrices componentwise.)
The above condition means that there are indices i # j such that there is a
path in G? from the node (i,i, ) to the node (i, j, ). The algorithm involves
checking n(n — 1) pairs, and for each pair at most O(n?) operations to verify
the existence of a path from (i,4, ) to (i,7,7). In total one needs to perform
O(n®) operations to check boundedness. O

3.5 The rate of polynomial growth

We have provided in the previous section a polynomial time algorithm for check-
ing product boundedness of sets of nonnegative integer matrices. In this section
we consider sets of matrices that are not product bounded and we analyze the
rate of growth of the value p!(X) when ¢t grows. When the set consists of only
one matrix A with spectral radius equal to one, the norm of A increases poly-
nomially with k and the degree of the polynomial is given by the size of the
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Figure 3.4: A cascade graph with polynomial growth

largest Jordan block of eigenvalue one. A generalization of this for several ma-
trices is given in the following theorem.

Theorem 3.3. For any finite set of nonnegative integer matrices with joint
spectral radius equal to one, there are positive constants C7; and Co and an
integer k > 0 (the rate of growth) such that

Cith < pUE) < Cyt* (3.4)

for all t. The rate of growth k is the largest integer possessing the following
property: there exist k different ordered pairs of indices (i1, j1), - . ., (ik, jr) such
that for every pair (is, js) there is a product A € ¥*, for which

Aiigs Aigjes Ajoge = 1, (3.5)

and for each 1 < s < k — 1, there exists B € ¥* such that B;_, > 1.

Ts41

The idea behind this theorem is the following: if we have a polynomial
growth of degree k, we must have a combination of k linear growths that com-
bine themselves successively to create a growth of degree k. This can be illus-
trated by the cascade graph in Figure 3.4.

Before we give a proof of Theorem 3.3 let us observe one of its corollaries.
Consider the ordered chain of maximal strongly connected subsets Vi,...,V;
for our set . By Corollary 3.4 the elements i, js of each pair (is, js) belong
to different sets and are such that

i56%57j56%5:>j8>i8'

This implies that there are fewer such couples than strongly connected subsets,
and then:

Corollary 3.5. The rate of growth k does not exceed I — 1, where I is the
number of strongly connected sets of the family X. In particular, k <n — 1.

We may now provide the proof of Theorem 3.3.
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Proof. We shall say that a node i is O(t*) if there is a constant C' > 0 such

that max  A; ; < Ct* for all t. Suppose that for some k we have k pairs
Aext1<j<n

(i1,41),- -, (i, ji) satisfying the assumption of the theorem. We construct a
cascade graph similar to the one represented in Figure 3.4: Let As, s=1,...,k
and Bg, s =1,...,k — 1 be the corresponding products and m be their maxi-
mal length. Then for any s and any p € N one has (A?);_;, > p, and therefore
(A B ASB; . ..AZ)ihjk > pk for any p. Denote this product by D, and its
length by I,. Obviously !, < (pk + k — 1)m. For an arbitrary ¢t > (2k — 1)m
take the largest p such that [, < t. It follows that I, > t — km, and therefore

p > kl—f’m — 14+ >+ -2+ 1. In order to complete the product, take for
instance A?l‘”. Then the product DpAﬁ;lp has length ¢ and its (i1 )-entry is

bigger than p*F > (& — 2+ %)k, which is bigger than Ct* for some positive
constant C. This proves sufficiency.

It remains to establish the converse: if for some k there is a node that is not
O(t*=1), then there exist k required pairs of indices. We prove this by induction
on the dimension n (number of nodes). For n = 2 and k = 1 it follows from
Proposition 3.2. For n = 2 and k > 2 this is impossible, since one node (say,
node 1) is an invariant by Corollary 3.3, then the edge (1,2) is forbidden, and
there are at most ¢ + 2 paths of length ¢ (if all other edges occur at each level).
Suppose the theorem holds for all n’ < n—1. Let a node ig be not O(t*~1). As-
sume first that there are two nodes i, j of the graph G(X) that are not connected
by any path. Therefore there are no paths containing these nodes. Hence one
can remove one of these nodes (with all corresponding edges) so that i is still
not O(t*~1). Now by induction the theorem follows. It remains to consider the
case when any pair of nodes is (weakly) connected. Take the decomposition in
strongly connected subsets Vi, ..., V; for ¥. The nodes are ordered so that all
the matrices in ¥ are in block upper triangular form. Let p be the smallest
integer such that all nodes in G, = ngst are O(1), i.e., G, is the biggest in-
variant on which the number of paths is bounded. By Corollary 3.4 such p does
exist. On the other hand, by the assumption we have p > 2. Since the prod-
ucts in X* restricted to the subspace corresponding to Gp—1 = G, U V,,_; are
unbounded, it follows from Proposition 3.2 that there is a pair (ix, ji) € Gp—1
realizing equation 3.2. Observe that i, € V,_1 and j, € G),. Otherwise these
nodes are either in V,_; (hence the restriction of £* to V,_1 is unbounded,
which violates Corollary 3.4) or in G, (contradicts the boundedness of £* on
G)p). Now consider the products restricted on the set Ui’;le. We claim that
at least one node is not O(t*~2) in this restriction: For any product in ¥* of
length t consider the corresponding cascade graph. Any path of length ¢ start-
ing at a node i € uf;;ivs consists of 3 parts (some of them may be empty): a
pathi — v € U’;;%Vs of some length I, an edge v — u € G, and a path from
u inside G, of length ¢t — [ — 1. Suppose that each entry in the restriction of
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the products to UPZ]V, is O(t*~2), then for a given [ there are at most C7%~2
paths for the first part (C' > 0 is a constant), for each of them the number of
different edges v — u (counting with edges) is bounded by a constant K, and
the number of paths from u to the end is bounded by Cy by the assumption.
Taking the sum over all [ we obtain at most Zf:o CKCyl*=2 = O(tF~1) paths,
which contradicts our assumption.

Hence there is a node in Uf;iVS that is not O(t*~2). Applying now the induc-
tive assumption to this set of nodes we obtain k—1 pairs (is,js), s =1,...,k—1
with the required properties. Note that they are different from (i, jx), because
Jji € Gp. It remains to show that there is a path in G(X) from ji_; to i. Let
us remember that iy € V1. If ji_1 € V,,_1 as well, then such a path exists,
because V),_1 is strongly connected. Otherwise, if j,_; € V; for some j < p—1,
then there is no path from i, to ji_i, which yields that there is a path from
jr—_1 to i, since each pair of nodes is weakly connected. O

Let us note that the products of maximal growth constructed in the proof
of Theorem 3.3 are not periodic, that is, the optimal asymptotic product is not
the power of one product. Indeed, we multiply the first matrix A; p times, and
then the second one p times, etc. This leads to a family of products of length
t that are not the repetition of a period. In general, those aperiodic products
can be the optimal ones, as illustrated by the following simple example.

1 10 0 00
Y = 010}, (0 11
0 00 0 01

Any finite product of these matrices has spectral radius equal to one and has
at most linear growth. Indeed, every A € ¥ has rank at most two, therefore
the condition of Theorem 3.3 for any k = 2 is not satisfied for the product A.
Nevertheless, the aperiodic sequence of products of the type Ai/ 2A;/ 2 gives a
quadratic growth in ¢. It is interesting to compare this phenomenon with the
finiteness property (see Section 2.4 and Chapter 4): for this set of matrices, the
maximal behavior is a quadratic growth, which is possible only for aperiodic
products. On the other hand, considering the boundedness of the products
such phenomenon is impossible: by Proposition 3.2 if p{(X) is unbounded, this
unbounded growth can always be obtained by a periodic sequence. This fact is
not true for general matrices, since the following example gives a set of complex
matrices for which the products are unbounded while all periodic products are

bounded: ) )
67,9277 1 e1027r 0
== {0 ) (0 DF

If 0 < 0 <1 is irrational, then the powers of any A € ¥* are bounded, while
pL(X) grows linearly in ¢.

76



3.6. POLYNOMIAL GROWTH FOR ARBITRARY MATRICES

Proposition 3.3. The rate of growth of a set of nonnegative integer matrices
with joint spectral radius equal to one can be found in polynomial time.

Proof. For each pair (i, 7) of vertices one can check in polynomial time whether
there is a product A such that A;; > 1, A;; = A;; = 1. For each couple
of those pairs (i1, 1), (i2,72), we can check in polynomial time whether there
is a path from j; to is, or from js to ;. Finally we are left with a directed
graph whose nodes are the couples (7, ) satisfying equation 3.2 and with an
edge between the nodes (i1,j1), (i2,j2) if there is a path from j; to ip. This
graph is acyclic (because if there is also a path from jo to i; then there are
two paths from 4 to itself, and p > 1 by Lemma 3.3), and it is known that the
problem of finding a longest path in a directed acyclic graph can be solved in
linear time. U

3.6 Polynomial growth for arbitrary matrices

Theorem 3.3 shows that for a finite family > of nonnegative integer matrices
with joint spectral radius equal to one the value p!(X) is asymptotically equiv-
alent to t*, where k is an integer. Moreover, we have shown that the exponent
k can be computed in polynomial time. A natural question arises: do these
properties hold for all sets of matrices (without the constraint of nonnegative
integer entries)?

Open question 3. Is this true that for any family of matrices ¥ (real or
complex) with p(X) = 1 one has pL(X) <tk for some integer k ?

In other words, is the asymptotic behavior of the value pi(3) really polyno-
mial with an integer rate of growth? This property can obviously be reformu-
lated without the restriction p(X) = 1 as follows: is it true that for any family
of matrices ¥ we have

D) = pit, (3.6)

where p = p(X) and k is an integer 7 A more general problem arises if we
remove the strict requirements of asymptotic equivalence up to a positive con-
stant:

Open question 4. Is this true that for any family of matrices ¥ the following
limat
In p~tpt(2
lim 2P (%)
t—o0 Int

: (3.7)

exists and is always an integer?
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In particular, does property (3.6) or, more generally, property (3.7) hold for
nonnegative integer matrices ? If the answer is positive, can the rate of growth
be computed? We have solved these problems only for the case p = 1. Thus, is it
possible to obtain a sharper information on the asymptotic behavior of the value
pi(X) as t — oo than the well-known relation Jim In pi(X)/t = Inp(X)? The

question is reduced to the study of the value 7(t) = p~¢p{(X). For some special

families of matrices this question has appeared in the literature many times.
S. Dubuc in 1986 studied it for a special pair of 2 x 2 matrices in connection
with the rate of convergence of some approximation algorithm [40]. In 1991 I.
Daubechies and J. Lagarias [35] estimated the value r(t) for special pairs of nxn
matrices to get a sharp information on the continuity of wavelets and refinable
functions, and their technique was developed in many later works (see [121] for
references). In 1990 B. Reznik [105] formulated several open problems on the
asymptotics of binary partition functions (combinatorial number theory) that
were actually reduced to computing the value r(t) for special binary matrices
[100]. This value also appeared in other works, in the study of various problems
[31,38,106]. For general families of matrices very little is known about the
asymptotic behavior of r(t), although some estimations are available. First, if
the matrices from ¥ do not have a nontrivial common invariant subspace, then
r(t) < 1, i.e., the set is nondefective (see Chapter 2 Section 2.1). So, in this
case the answer to Open Question 3 is positive with k& = 0. This assumption
was relaxed for nonnegative matrices in [100]. It was shown that if a family of
nonnegative matrices is irreducible (has no common invariant subspaces among
the coordinate planes), then we still have r(t) < 1. For all other cases, if the
matrices are arbitrary and may have common invariant subspaces, we have
only rough estimations. For the lower bound we always have r(t) > C by the
three members inequality. For the upper bound, as it is shown in [35], we have
r(t) < Ct"~1. This upper bound was sharpened in the following way [31]. Let [
be the maximal integer such that there is a basis in R™, in which all the matrices
from % get a block upper-triangular form with [ blocks. Then r(t) < Ct'~L.
The next improvement was obtained in [102] (see also Proposition 1.5). Let
¥ ={A4,...,An} and each matrix Ay € ¥ are in upper triangular form, with
diagonal blocks BJ, ..., Bfi. Let s be the total number of indices j € {1,...,1}
such that p(BY,..., B%) = p(2). Then r(t) < Ct*~'. Thus, for an arbitrary
family of matrices we have C; < p~pi(X) < Cat*~!. To the best of our
knowledge this is the sharpest information about the asymptotic behavior of
r(t) available thus far.

3.7 Conclusion and remarks

The results presented in this chapter completely characterize finite sets of non-
negative integer matrices with bounded products and with polynomially grow-

78



3.7. CONCLUSION AND REMARKS

ing products. Without any change the results can be applied to general sets
of nonnegative matrices that have no entries between zero and one. Unlike
the proofs, which are quite technical, the results are easily implementable in
algorithms. One question we have not addressed here is that of the exact com-
putation of the joint spectral radius when p > 1; but this problem is known
to be NP-hard even for binary matrices. We also provide an example of two
matrices whose joint spectral radius is equal to one but for which the optimal
asymptotic behavior (quadratic growth) is not periodic. All periodic products
have indeed a linear growth. This example may possibly help for the analy-
sis of the finiteness property (see Chapter 4). Finally, in the last section we
leave several open problems on possible generalizations of these results for more
general sets of matrices.
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Chapter 4

On the finiteness property for
rational matrices

In this chapter we analyse a recent conjecture stating that the finiteness prop-
erty holds for pairs of binary matrices. We show that the finiteness property
holds for all pairs of binary matrices if and only if it holds for all sets of nonneg-
ative rational matrices. We provide a similar result for matrices with positive
and negative entries. We finally prove the conjecture for 2 x 2 matrices.

The chapter presents personal research that has been published in [59,60].

4.1 Introduction

Let us recall from previous chapters the definition of the finiteness property:

Definition 4.1. A set ¥ of matrices is said to have the finiteness property if
there exists some product A = Ay ... A; with A; € ¥ for which p(X) = p'/t(A).

This property is of importance in practice, because of the following propo-
sition, proved in Section 2.4:

Proposition 4.1. Stability is algorithmically decidable for sets of matrices that
have the finiteness property.

In that section we have shown that the finiteness property does not hold
in general, but its definition leads to a number of natural questions: When
does the finiteness property holds? Is it decidable to determine if a given
set of matrices satisfies the finiteness property? Do matrices with rational
entries satisfy the finiteness property? Do matrices with binary entries satisfy
the finiteness property? These questions have a natural justification. First,
we are interested in rational matrices because for engineering purposes, the
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matrices that one handles (or enters in a computer) are rational-valued. So, in
some sense, a proof of the finiteness property for rational matrices would be
satisfactory in practice. Moreover, the case of binary matrices appears to be
important in a number of applications. For instance, the rate of growth of the
binary partition function in combinatorial number theory is expressed in terms
of the joint spectral radius of binary matrices, that is, matrices whose entries are
zeros and ones [100,105]. Moision et al. [83-85] have shown how to compute the
capacity of a code under certain constraints (caused by the noise in a channel)
by using the joint spectral radius of binary matrices. Recently the joint spectral
radius of binary matrices has also been used to express trackability of mobiles in
a sensor network [33]. These applications (some of which are presented in Part
IT of this thesis) have led to a number of numerical computations [57,83,84]. The
results obtained so far seem to indicate that for binary matrices the finiteness
property holds. When the matrices have binary entries they can be interpreted
as adjacency matrices of graphs on an identical set of nodes and in this context
it seems natural to expect optimality to be obtained for periodic products.
Motivated by these observations, the following conjecture appears in [12]:

Conjecture 4.1. Pairs of binary matrices have the finiteness property.

In the first theorem in this chapter we prove a connection between rational
and binary matrices:

Theorem 4.1. The finiteness property holds for all sets of nonnegative rational
matrices if and only if it holds for all pairs of binary matrices.

If Conjecture 4.1 is correct then nonnegative rational matrices also satisfy
the finiteness property and this in turn implies that stability, that is, the ques-
tion p < 1, is decidable for sets of matrices with nonnegative rational entries.
From a decidability perspective this last result would be somewhat surprising
since it is known that the closely related question p < 1 is not algorithmically
decidable for such sets of matrices (see Section 2.2).

Motivated by the relation between binary and rational matrices, we prove
in a subsequent theorem that sets of 2 x 2 binary matrices satisfy the finiteness
property. We have not been able to find a unique argument for all possible
pairs and we therefore proceed by enumerating a number of cases and by pro-
viding separate proofs for each of them. This somewhat unsatisfactory proof is
nevertheless encouraging in that it could possibly be representative of the diffi-
culties arising for pairs of binary matrices of arbitrary dimension. In particular,
some of the techniques we use for the 2 x 2 case can be applied to matrices of
arbitrary dimension.
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(a) (b)

Figure 4.1: The cascade graph (see Chapter 3) of a nonnegative integer matrix
A (a) and its binary representation A (b).

4.2 Rational vs. binary matrices

In this section, we prove that the finiteness property holds for nonnegative
rational matrices if and only if it holds for pairs of binary matrices. The
proof proceeds in three steps. First we reduce the nonnegative rational case
to the nonnegative integer case, we then reduce this case to the binary case,
and finally we show how to reduce the number of matrices to two. In the last
theorem we give an analogous result for matrices with arbitrary rational entries:
the finiteness property holds for matrices with rational entries if and only if it
holds for matrices with entries in {—1,0,1}.

Proposition 4.2. The finiteness property holds for finite sets of nonnegative
rational matrices if and only if it holds for finite sets of nonnegative integer
matrices.

Proof. Recall that for any o > 0, p(2) = (1/a)p(aX). Now, for any set X
of matrices with nonnegative rational entries, let us pick an o # 0 € N such
that X C N™X"_ If there exists a positive integer ¢ and a matrix A € (aX)?
such that p(aX) = pt(A), then p(X) = (1/a)p'/*(A) = p'/*(A/at), where
Alal € 31, O

We now turn to the reduction from the integer to the binary case. Figure
4.1 represents the reduction for a particular example.

Theorem 4.2. The finiteness property holds for finite sets of nonnegative in-
teger matrices if and only if it holds for finite sets of binary matrices.

Proof. Consider a finite set of nonnegative integer matrices ¥ C N"*". We
think of the matrices in 3 as adjacency matrices of weighted graphs on a set
of n nodes and we construct auxiliary graphs such that paths of weight w
in the original weighted graphs are replaced by w paths of weight one in the
auxiliary graphs. For every matrix A € 3 C N®*" we introduce a new matrix
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A e {0,1}mmxmm a5 follows (see Figure 4.1). We define m as the largest
entry of the matrices in ¥ (m = 2 in Figure 4.1). Then, for every node v;
(¢ =1,...,n) in the original graphs, we introduce m nodes ¥; 1,. .., ¥; » in the
auxiliary graphs. The auxiliary graphs have nm nodes; we now define their
edges. For all A € ¥ and A; ; = k # 0, we define km edges in A from nodes
Vis 1 1 <5 < k to the nodes 05, : 1 <t < m.

Now, we claim that for all ¢, and for all A € X!, the corresponding product
A € Xt is such that ||A||; = ||A]|1, where ||-||; represents the maximum sum of
the absolute values of all entries of any column in a matrix. This implies that
p(i) = p(X¥), and Y has the finiteness property if and only if so does . This
proves the theorem, since ¥ has binary entries. The following reasoning leads
to this claim:

1. For any product A € X', and for any indices 0,778, 8, Af,im@jﬁs =
fl,;imf,j .- This is due to the fact that for every matrix in %, the columns
corresponding to v; s and ¥; ¢ are equal.

2. For any product A € X!, and any couple of indices (i,75), the corre-
sponding product A € 3 has the following property: for all s, A;; =
o flf,m,,;j’s. We show this by induction on the length of the product:
First, this is true by construction for every matrix in ¥. Now suppose
that it is true for every product of length ¢, and consider a product of
length t+1: AB € t*! and its corresponding product AB € S+, with
A e ¥t and B € 3. We have the following implications:

(AB)i; = Z A; k. By ;

1<k<n

= Z Z Aﬁfz,mﬁk.s Bk,j

1<k<n \1<r<m

1<r<m \1<k<n,1<s<m

3 (AB)

1<r<m

ﬁi,"‘#ij,s’
In the first implication we used the induction hypothesis for products of
length ¢, in the second implication we reverse the order of summation,
while for the third implication we use both the induction hypothesis for
products of length 1 to transform By, ;, and moreover we use the item 1.
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of this proof in order to let the index s of the matrix flgm.j“ vary. Since
s’ can be chosen arbitrarily between 1 and m, the proof is done.

3. For all ¢, and for all A € ¥, the corresponding product A € 3t is such
that ||A||1 = ||A]|]1, where || - ||1 represents the maximum sum of the
absolute values of all entries of any column in a matrix.

4. p(2) = p(), and if p(X) = pY/T(A) : A € £T, then p(X) = p/T(A),
where A is the product in X7 corresponding to A.

O

We finally consider the last reduction: we are given a set of matrices and
we reformulate the finiteness property for this set into the finiteness property
for two particular matrices constructed from the set. The construction is such
that all the entries of the two matrices have values identical to those of the
original matrices, except for some entries that are equal to zero or one.

More specifically, assume that we are given m matrices A4y, ..., A, of dimen-
sion n. From these m matrices we construct two matrices [10, 1211 of dimension
(2m — 1)n. The matrices Ay, A; consist of (2m — 1) x (2m — 1) square blocks
of dimension n that are either equal to 0, I or to one of the matrices A;. The
explicit construction of these two matrices is best illustrated with a graph.

Consider the graph Gg on a set of 2m — 1 nodes s; (i =1,...,2m — 1) and
whose edges are given by (4,7 4+ 1) for ¢ = 1,...,2m — 2. We also consider a
graph G defined on the same set of nodes and whose edges of weight a; are
given by (m+14 —1,7) for ¢ = 1,...,m. These two graphs are represented on
Figure 4.2 for m = 5. In this construction a directed path that leaves the node
m returns there after m steps and whenever it does so, the path passes exactly
once through an edge of graph G;. Let us now describe how to construct
the matrices flo, Ay. The matrices are obtained by constructing the adjacency
matrices of the graphs Gy and GG; and by replacing the entries 1 and 0 by the
matrices I and 0 of dimension n, and the weights a; by the matrices A;. For
m = 5 the matrices Ay, A; are thus given by:

g>
Il
O OO OO OO oo
OO OO OO O MN
OO OO OO O N~NO
OO OO OO NOO
OO OO O NO OO
OO OO ~NO OO O
O OO ~NODODO O OO
OO NODODO O OO
ONODOODOoO OO o

0]
(S
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89

Figure 4.2: Schematic representation of the macro transitions between sub-
spaces. The full edges represent transitions in A and the dashed edges transi-
tions in Aj.

0 0 0 0 0 0000
0 0 0 0 0 0000
0 0 0 0 0 0000
0O 0 0 0 0 0000
Ai=]l4 0 0 0 0 000 O
0 A, 0 0 0 0 0 0 0
0 0 A3 0 0 0 0 0 0
0 0 0 Ay 0 0 0 0 0
0 0 0 0 As 0 0 0 0

The two matrices so constructed inherit some of the properties of the graphs
Gp and G : loosely speaking, in a product of length m, one is forced to use
m—1 times the matrix Ay and one time A;, and this product represents the use
of one particular matrix in ¥. The moment one uses A; determines uniquely
the matrix in . These ideas are formalized in the following theorem.

Theorem 4.3. Consider a set of m > 1 matrices
Y= {Al, .. .,Am : Az S Rnxn}

and ¥ = {Ag, A1} with the matrices Ay and A, as defined above. Then p(X) =
p(X)Y™ . Moreover, the finiteness property holds for ¥ if and only if it holds

for X.

Proof. The crucial observation for the proof is the following. Consider a path
in Gy and G;. Edges in Gy and Gy have outdegree at most equal to one. So if
a sequence of graphs among G and G is given, there is only one path leaving
1 that follows that particular sequence. This fact ensures that any block in any
product of matrices in 3 is a pure product of blocks of the matrices in 3, and
not a sum of such products. Moreover, any path leaving from ¢ and of length
km either returns to 4 after passing through k edges of GG, or ends at node
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i+ m after passing through k — 1 edges of G1, or ends at node 7 +m (mod 2m)
after passing through k + 1 edges of GG;. From this it follows that in a product
of length km of the matrices Ay and A; there is exactly one nonzero block in
every line of blocks, and this block is a product of length k — 1, k, or k + 1 of
matrices from Y.

We now show that p( ) > p()/m by proving that for any matrix A € ¥,
there is a matrix A € ™ such that ||A|| > ||A||. Define B, = AS ' A, A7 €
Y™ for i = 1,...,m so that the block in position (m,m) in B;is simply equal to
A;. Con51der now some product of length t, A= A; ---A;, € X' and construct
the corresponding matrix product A= B, ... B € 5tm, The block in position
(m,m) in A is equal to A, ... A;, and so ||A]| > [|A]] and p(X) > p(X)V/™.

Let us now show that p(¥) < p(E)l/m Consider therefore an arbitrary
product A € 2! and decompose A = CA’ with C a product of at most m
factors and A’ € ©*™_ By the observation above we know that there is at most
one nonzero block in every line of blocks of A’, and this block is a product of
length k—1, k, or k+ 1 of matrices from X.. Therefore, if the norm is chosen to
be the maximum line sum, we have ||A|| < K1 K>||A|| where A is some product
of length k& — 1 of matrices from ¥, K7 is the maximal norm of a product of at
most m matrices in 3, and K> is the maximal norm of a product of at most 2
matrices in X. Using this inequality, we arrive at

|‘A||1/(k71) < (Kle)l/(k—l)||AH1/(;€,1).

The initial product A is an arbitrary product of length { = km + r and so by
letting k tend to infinity and using the definition of the joint spectral radius we
conclude that p(X) < p(X)V/™.

We have thus proved that p(X) = p(£)Y/™. It remains to prove the equiv-
alence of the finiteness property. If ¥ satisfies the finiteness property then
p(Z) = p(Ar... A", then p(X) = p(Z)V/™ = p(By...B,)Y ™ and so %
also satisfies the finiteness property. In the opposite dlrectlon if the finiteness
property holds for %, then we must have p(3) = p(B; .. Bt)l/t because every
other product of matrices in ¥ has its spectral radius equal to zero, and then
p(X) = p(X)™ = p(Ay ... AL O

Combining the results obtained so far we now state the main result of this
section.

Theorem 4.4. The finiteness property holds for all sets of nonnegative rational
matrices if and only if it holds for all pairs of binary matrices.

The finiteness property holds for all sets of rational matrices if and only if
it holds for all pairs of matrices with entries in {0,1,—1}.

Proof. The proof for the nonnegative case is a direct consequence of Proposi-
tion 4.2, Theorem 4.2 and Theorem 4.3.
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For the case of arbitrary rational entries, the statements and proofs of Proposi-
tion 4.2 and Theorem 4.3 can easily be adapted. We now show how to modify
Theorem 4.2 so as to prove that the finiteness property holds for all sets of in-
teger matrices if and only if it holds for matrices with entries in {0, —1,1}. The
value m in the proof of Theorem 4.2 is now given by the largest magnitude of
the entries of the matrices in X, and we weight the edges of the auxiliary graphs
by —1 whenever they correspond to a negative entry. Then, the arguments for
proving items 1 and 2 in the above proof do not need any modification since
they rely on equalities that are also valid for matrices with entries in {0, 1, —1}.
From this we deduce that

A=Al <145, 5,
[ 1,7

<[4,

and so p(2) > p(%). Now, let us decompose any product A= BC: Be %, C €
Y*~1. and consider the corresponding product A = BC € ¥*. Remark that

|A'Ui,7‘7'uj,s| = Z Slgn(Bzyk) Z CN'vlc,q;'uj,s S Z |Ck7.7|'
q k

k:‘Bi,klzT

So, we have ||A|| < mn||C||.

Finally, if ¥ has the finiteness property, there exists A € Xt : p(X) = p(A)'/?,
and, taking the same decomposition A = BC as above, we have the following
relations:

pE) < p(E)= lim [[(BO)||V*
< klim (mnHC(BC)kflﬂ)l/(kt) < p(A)l/t < p(2),
and p(X) = p(A)Y/*. -

Let us finally remark that for the purpose of reducing the finiteness property
of rational matrices to pairs of binary matrices, we have provided a construction
that, given a set ¥ of m matrices with nonnegative rational entries, produces
a pair of matrices ¥ with binary entries and an integer k& > 0 such that p(¥) =
p(f])k . The joint spectral radius of a set of nonnegative rational matrices can
thus be captured as the power of the joint spectral radius of two binary matrices.
In the same way of thinking, the joint spectral radius of a set of arbitrary
rational matrices can be captured as the power of the joint spectral radius of
two matrices with entries in {0,1, —1}.
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4.3 The finiteness property for pairs of 2 x 2 bi-
nary matrices

In this section, we prove that the finiteness property holds for pairs of binary
matrices of size 2 x 2. We will see that, even for this 2 x 2 case, nontrivial
behaviours occur. As an illustration, the set of matrices

11 0 1
to )0 o))
whose behaviour could at first sight seem very simple, happens to have a joint
spectral radius equal to ((3 + +/13)/2)'/4, and this value is only reached by
products of length at least four. Another interest of this section is to intro-
duce techniques that may prove useful to establish the finiteness property for
matrices of larger dimension.

There are 256 ordered pairs of binary matrices. Since we are only interested
in unordered sets we can lower this number to (24(2% — 1))/2 = 120. We first
present or recall a series of simple properties that allow us to handle most of
these cases and we then give a complete analysis of the few remaining cases.
In the following, we note A < B if the matrix B — A has nonnegative entries.

Proposition 4.3. For any set of matrices ¥ = {Ag, A1} C R**2, we have

o p({Ao, Ar}) = p({AT, ATY}), where AT is the transpose of A,

o p({A0, A1}) = p({S A0S, SA,SY), where S = ((1) (1))

Moreover, in both cases the finiteness property holds for one of the sets if and
only if it holds for the other.

Proposition 4.4. The finiteness property holds for sets of symmetric matrices.
Proof. Cfr. Corollary 2.3 in Chapter 1. O

Proposition 4.5. Let ¥ = {4y, A1} € N**™. The finiteness property holds in
any of the following situations:

1. p(¥) <1,
2. AQSI (O’I"Algl).

Proof. (1) We know that for sets of nonnegative integer matrices, if p < 1, then
either p = 0 and the finiteness property holds, or p = 1, and there is a product
of matrices in ¥ with a diagonal entry equal to one (see Chapter 3). Such a
product A € Xt satisfies p(X) = p(A)/* = 1 and so the finiteness property
holds when p(X2) < 1.
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(2) Suppose first p(A1) < 1; then p(A) < 1 for all A € X because Ag < [
and thus p(¥) < 1 and the result follows from (1). Now if p(A;) > 1 then
p(X) = p(A;) and so the finiteness property holds. O

Proposition 4.6. Let ¥ = {Ag, A1} € N"*™. The finiteness property holds in
the following situations:

1. A()SAl (OT’AléAo),
2. A()Al S A% (O’I‘ A1A0 S A%),
3. AgA; < A A,.

Proof. (1) Any product of length ¢ is bounded by A%{. Hence the joint spectral
radius of ¥ is given by limy_ o ||A%]|Y/* = p(4y).

(2) and (3). Let A € X be some product of length t. If AgA; < A? or
ApA; < AjAg we have A < AP A% for some to + t; = t. The joint spectral
radius is thus given by

IN

B H t1 pto 1/t : t1 l/t to 1/t
p=Jim max (A0 AY| Jim e (1401145 |

< max (p(Ao), p(A1))-

A

Hence the joint spectral radius is given by max (p(Ayp), p(A41))- O

In order to analyse all possible sets of matrices, we consider all possible
couples (ng, n1), where n; is the number of nonzero entries in A;. From Propo-
sition 4.6, we can suppose n; = 1,2, or 3 and without loss of generality we take
ng < nq.

e ng=1:

— If ny =1 or n; = 2, the maximum row sum or the maximum column
sum is equal to one for both matrices, and since these quantities are
norms it follows from the three members inequality that the joint
spectral radius is less than one and from Proposition 4.5 that the
finiteness property holds.

— If ny = 3, it follows from Proposition 4.6 that the only interesting
cases are:

1 0 0 1 0 1 10
2= {0) 0 e {(0)- G 1)}
In the first case the matrices are symmetric and so the finiteness

property holds. We keep ¥y for later analysis.

e ng=2:
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— n1 = 2: The only interesting cases are:

{0 o) G )} em = {60)- G o))

Indeed in all the other cases either the maximum row sum or the
maximum column sum is equal to one and the finiteness property
follows from Proposition 4.5. The joint spectral radius of the first
set is equal to one. Indeed, the matrices are upper triangular. We
keep ¥ for further analysis.

— ny = 3 : If the zero entry of A; is on the diagonal (say, the second
diagonal entry), then, by Proposition 4.5 we only need to consider

the following case:
0 1 11
0 1)°\1 0)["

These matrices are such that AgA; < A% and so the finiteness prop-
erty follows from Proposition 4.6.

If the zero entry of A; is not a diagonal entry, we have to consider
the following cases:

1 0 1 1 0 1 1 1
== {(00) (1)} mem={00) 60}
We will handle 5 and X3 later on.

e ng,n; = 3: It has already been noticed by several authors (see, e.g., [112,
Proposition 5.17]) that

(R R (AR R

After excluding the case of symmetric matrices and using the symmetry
argument of Proposition 4.3, the only remaining case is:

1 1 1 1

0 1/’\1 0/ ("
but again these matrices are such that AgA; < A? and so the finiteness
property follows from Proposition 4.6.

We now analyse the cases Yo, 31, Yo, X3 that we have identified above. For
Yo, notice that A2 < AgA;. Therefore, any product of length ¢ is dominated
(that is, is entrywise smaller) by a product of the form A% Ag A2 Ag ... AY for
some t1,t; > 0and t; > 1 (i = 2,...,1 —1). The norm of such a product is
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equal to (t1+1)(¢;+ 1)t ... t;—1. It is not difficult to see that the maximal rate
of growth of this quantity with the product length is given by /4 and so the
joint spectral radius is equal to V4 = p(A‘i‘Ao)l/s, and the finiteness property
holds.

For ¥, simply notice that maxsex2 p(4) = maxgex? ||Alloc = 2, where
[| - ||l denotes the maximum row sum norm. Hence by the three members
inequality we have p(X) = p(AgA;)"/? = /2.

Consider now Y5. These matrices are such that A2 < ApA; and so any
product of length ¢ is dominated by a product of the form A} AgA2 Ay ... Al
for some t1,t; > 0and ¢; >1 (i =2,...,l —1). We have

t1 t — (t1+1)"'(tl+1) 0
A1A0-~-A1AO_<(t2+1)-~(tl+1) 0/

Again it is not difficult to show that the maximum rate of growth of the norm
of such a product is equal to /2. This rate is obtained for ¢; = 3 and p =
p(AT AV = V2.

The last case, X3, is more complex and we give an independent proof for it.

Proposition 4.7. The finiteness property holds for the set

o) b 1)f

Proof. Because A2 = I we can assume the existence of a sequence of maximal-
normed products

11,

of length L;, of the form B, ...B;, with By, = A?T'Ao7 Sty +1 = L;, and
lim ||TL;||/% = p(¥). We show that actually any maximal-normed product
only has factors Bjs, except a bounded number of factors that are equal to
Bi, By, or By and so the finiteness property holds.

Let us analyse one of these products II. We suppose without loss of generality
that II begins with a factor B3 (premultiplying by Bs does not change the
asymptotic growth). First, it does not contain any factor B, : t > 4 because for
such ¢, B;_3Bs > B; and we can replace these factors without changing the
length.

Now, our product II has less than 8 factors By, because replacing the first seven
factors By with Bs, and the eighth one with (B3)? we get a product of the same
length but with larger norm (this is because B > (3/4)By, (B3)® > (33/4) By,
and (3/4)7(33/4) > 1). We remove these (at most) seven factors By and by
doing this, we just divide the norm by at most a constant K.

We now construct a product II” of larger norm by replacing the left hand sides of
the following inequalities by the respective right hand sides, which are products
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of the same length:

BB\ B\ B; < B,BsB,
By;B1By < B3B3
B3B1By < BaB2Bo
BoByBs < ByByBs.

If the factor B3 B; B3 appears eight times, we replace it seven times with B3 >
(4/5)B3B1B; and the last time with B3B3 which is greater than 7B3. By
repeating this we get a new product II” > 7(4/5)81I'(1/Ky) > I1'(1/Ky) that
has a bounded number of factors B;. We remove these factors from the product
and by doing this we only divide by at most a constant K.

If there are more than four factors B, in the product, we replace the first
three ones with Bs, and remove the fourth one. It appears that for any X €
{Bs, B3}, B3X > 1.35B3B, X, and on the other hand, BX > BZByX 5t
Then each time we replace four factors By we get a new product: II"" >
21.43;:8 "(1/K;) > 1I"(1/K;). Finally we can remove the (at most) last three
factors Bs and by doing this, we only divide the product by at most a constant
K. By doing these operations to every II;, we get a sequence of products II,

of length at most L;. Now, introducing K = KqK1 K>, we compute

p = lian [T || /50 > Tim || (1/ FOTL ||/ = .

Hence p = lim |[(A340)!||"/(*) = p(A3A40)Y* = ((3 + V13)/2)"/%, and the
finiteness property holds. O

This concludes the proof of the main theorem of this section:

Theorem 4.5. The finiteness property holds for any pair of 2 X 2 binary ma-
trices.

4.4 Conclusion

In this Chapter we have provided a contribution to the analysis of the finite-
ness property for matrices that have rational entries. We have shown that the
finiteness property holds for matrices with nonnegative rational entries if and
only if it holds for pairs of matrices with binary entries. For pairs of binary
matrices of dimension 2 x 2 we have shown that the property holds true and
we conjecture that it holds for binary matrices of arbitrary dimension:

Open question 5. Does the finiteness property hold for pairs of binary ma-
trices?

We also ask the equivalent question for matrices with negative entries:
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Open question 6. Does the finiteness property hold for pairs of matrices with
entries in {0,1,—1}7

Let us notice that in all the numerical computations that we have performed
on binary matrices not only the finiteness property always seemed to hold but
the period length of optimal products was always very short. The computation
of the joint spectral radius is known to be NP-hard for binary matrices but
this does not exclude the possibility of a bound on the period length that is
linear, or polynomial, in the dimensions of the matrices. In the case of matrices
characterizing the capacity of codes avoiding forbidden difference patterns, the
length of the period is even suspected to be sublinear (see Conjecture 1 in [57]).

A natural way to prove the conjecture for pairs of binary matrices would
be to use induction on the size of the matrices, but this does not seem to be
eagy. If the conjecture is true, it follows that the stability question for matrices
with nonnegative rational entries is algorithmically decidable. If the conjecture
is false, then the results and techniques developed in this paper could possibly
help for constructing a counterexample.

Another problem, related to the finiteness property, seems interesting to
us: the algebraicity of the joint spectral radius for rational matrices. Clearly,
sets of rational matrices for which the finiteness property holds have a joint
spectral radius which is an algebraic number. Indeed, it is the root of the
characteristic polynomial of a finite product of rational matrices. The question
is: is it always the case? Can this fact be put in relation with Kozyakin’s
theorem (Theorem 2.5 in Section 2.2), that tells us about non algebraicity of
stable sets of matrices? Could it lead to a constructive counterexample to the
finiteness property?

Open question 7. Is the joint spectral radius of rational matrices always an
algebraic number? Can the algebraicity of the joint spectral radius be put in
relation with Kozyakin’s non algebraicity result?

Finally let us add that the constructions provided in this chapter have the
additional interest that they can be used to transform the computation of
the joint spectral radius of matrices with nonnegative rational entries into the
computation of the joint spectral radius of two binary matrices.
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Chapter 5

Capacity of codes

This chapter presents personal research on an application of the joint spectral
radius to a particular problem in constrained coding: the computation of the
capacity of codes submitted to forbidden differences constraints. This work has
been presented in [13] and published in [12].

We first present how the joint spectral radius appears to be the good tool to
compute the capacity in this particular problem. We show how the quantity p;
provides bounds on the joint spectral radius that are tighter than in the general
case. We show how the situation is even better in some particular situations.
We then provide a polynomial time algorithm that decides if the capacity is
positive. We introduce a closely related problem that we prove to be NP-hard.
We then prove the existence of extremal norms for sets of matrices arising in
this coding problem.

5.1 Introduction

In certain coding applications one is interested in binary codes whose elements
avoid a set of forbidden patterns. This problem is rather classical and has been
widely studied in the past century [77]. In order to minimize the error proba-
bility of some particular magnetic-recording systems (see for instance [83]), a
more complicated problem arises when it is desirable to find code words whose
differences avoid forbidden patterns. We now describe this problem formally.
Let {0,1}" denote the set of words of length ¢ over {0,1} and let u,v €
{0,1}!. The difference u — v is a word of length ¢ over {—1,0,+1} (as a short-
hand we shall use {—,0,+} instead of {—1,0,+1}). The difference v — v is
obtained from u and v by symbol-by-symbol subtraction so that, for example,
0110 — 1011 = — 4+ 0—. Consider now a finite set D of words over {—, 0, +}; we
think of D as a set of forbidden difference patterns. A set (or code) C C {0,1}
is said to awvoid the set D if none of the differences of words in C' contain a
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word from D as subword, that is, none of the differences u — v with u,v € C
can be written as u — v = zdy for d € D and some (possibly empty) words x
and y over {—,0,+}.

We are interested in the largest cardinality, which we denote by (D), of
sets of words of length ¢ whose differences avoid the forbidden patterns in D.

0:(D) = max |W].
wc{0,1}t:w avoids D

If the set D is empty, then there are no forbidden patterns and (D) = 2°.
We will see that when D is nonempty, §;(D) grows exponentially with the
word length ¢ and is asymptotically equal to 2°4P(P)t where the scalar 0 <
cap(D) < 1 is the capacity of the set D. The capacity is thus a measure of
how constraining a set D is; the smaller the capacity, the more constraining
the forbidden difference patterns are.

As an illustration consider the set of forbidden patterns D = {+—,++}.
Differences between two words in C' = {u10u20---Oug : u; € {0,1}} will have
a ”0” in any succession of two characters and will therefore not contain any of
the forbidden patterns. From this it follows that §; > 2/*/? and so cap(D) >
1/2. One can show that in fact cap(D) = 1/2. This follows from the next
proposition combined with the simple observation that the capacity of the set
D = {+—,++} is identical to the capacity of the set D = {+—, ++, —+, ——},
that we denote D = {+, —}? as usual.

Proposition 5.1. The capacity of the set {4+, —}™ is given by (m — 1)/m.

Proof. Let Cyy, be a code of length km avoiding D. In any given window of
length m, the set of words appearing cannot contain both u and @ (we use @
to denote the word obtained by inverting the ones and the zeros in u). This
implies that there are at most 2! different words in any given window of size
m. Let us now consider words in Cy,, as a concatenation of k words of length
m. There are at most 2(™~V* words in Cy,, and so cap(D) < (m — 1)/m.
Now consider the code

Crm = {21020+ -0z, : z; € {0,1} 71}, (5.1)
This code satisfies the constraints, and the bound (m — 1)/m is reached. O

The computation of the capacity is not always that easy. As an example
it is proved in [84] that the capacity of {+ + +} is given by log,((1 + (19 +
3v/33)1/3 4 (19 — 3v/33)1/3)/3) = .8791... and the same reference provides
numerical bounds for the capacity of {0 + —+} for which no explicit expression
is known.

The capacity of codes that avoid forbidden difference patterns was first
introduced and studied by Moision, Orlitsky and Siegel. In [84], these authors
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provide explicit values for the capacity of particular sets of forbidden patterns
and they prove that, in general, the capacity of a forbidden set D can be
obtained as the logarithm of the joint spectral radius of a set of matrices that
have binary entries. The size of the matrices constructed in [84] for computing
the capacity is not polynomial in the size of the forbidden set D and so even the
construction of the set of matrices is an operation that cannot be performed in
polynomial time. Since moreover the computation of the joint spectral radius
is NP-hard even if the matrices have binary entries, computing the capacity of
codes seems at first sight to be a challenging task. However, as pointed out
in [84], the matrices that arise in the context of capacity computation have
a particular structure and so the capacity could very well be computable in
polynomial time.

We provide several results in this chapter; all are related to the capacity
computation and its complexity.

We first provide new bounds that relate the capacity of a set of forbidden
patterns D with the values §;(D), the maximum size of a code of length ¢
avoiding D. These bounds depend on parameters that express the number and
positions of zeros in the patterns of D. These new bounds allow us to compute
the capacity of any set to any given degree of accuracy by numerically evalu-
ating 0;(D) for some value of ¢. The approximation algorithm resulting from
these bounds has exponential complexity but provides an a-priori guaranteed
precision, and so the computational effort required to compute the capacity to
a given degree of accuracy can be evaluated before the calculations are actu-
ally performed. As an example, it follows from the bounds we provide that the
capacity of a set of forbidden patterns that does not contain any 0s can be com-
puted with an accuracy of 90% by evaluating J;(D) for ¢ = 10 (see Corollary
5.3 below).

In a subsequent section, we provide explicit necessary and sufficient condi-
tions for a set to have positive capacity and we use this condition for producing
a polynomial time algorithm that decides whether or not the capacity of a set
is positive. These conditions are directly based on theoretical results presented
in Chapter 3.

We then consider the situation where in addition to the forbidden symbols
—, 0 and + the forbidden patterns in D may also include the symbol 4, where £+
stands for both the symbols + and —. We prove that in this case the problem
of computing the capacity, or even determining if this capacity is positive,
becomes NP-hard.

Finally, we show that sets of matrices constructed in order to compute the
capacity always have an extremal norm.

These results allow us to better delineate the capacity computation problems
that are polynomial time solvable from those that are not. We do however not
provide an answer to the question, which was the original motivation for the
research reported here, as to whether or not one can compute the capacity of
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sets of forbidden patterns over {—,0,+} in polynomial time. This interesting
question that was already raised in [84], remains unsettled.

5.2 Capacity and joint spectral radius

Let D be a set of forbidden patterns over the alphabet {—,0,4} and consider
for any ¢ > 1 the largest cardinality, denoted by 6;(D), of sets of words of length
t whose pairwise differences avoid the forbidden patterns in D. The capacity

of D is defined by

cap(D) = lim 710& 6t(D).

Jm (5.2)
The existence of this limit is a simple consequence of Fekete’s Lemma (Lemma
1.1). We skip the formal proof, since it will be clear after the formulation of
the problem with a joint spectral radius.

Moision et al. show in [84] how to represent codes submitted to a set of con-
straints D as products of matrices taken in a finite set X(D). The idea of the
proof is to make use of De Bruijn graphs. De Bruijn graphs were introduced
in [37]; for an introduction, see for instance [77]. Let us construct the De
Bruijn graph of binary words of length T" equal to the lengths of the forbidden
patterns. Edges in these graphs represent words of length T, and since some
pairs of words cannot appear together, a subgraph of the De Bruijn graph is
said admissible if it does not contain two edges that represent words of length
T whose difference is forbidden. Figure 5.1 (a) represents a De Bruijn graph
that is admissible for the forbidden pattern D = {+ 4+ —}. An efficient way of
drawing these graphs is to represent them as cascade graphs (see Chapter 3) as
in Figure 5.1 (b). In order to construct longer codes, one just has to juxtapose
admissible cascade graphs, such that each path from left to right represents an
admissible word.

In such a construction, the edges in the leftmost cascade graph represent
words of length T, and each subsequent edge represents the addition of one
letter to the word. A cascade graph for words of length 5 that are admissible
for D = {+ + —} is represented in Figure 5.2. Since we have a bijection
between the paths of length ¢ in an admissible cascade graph and the words in
an admissible code of length T+ ¢ — 1, the maximal size of a code of length
T+t —1is given by the cascade graph of length T that maximizes the number
of paths from left to right. We have seen in Chapter 3 how the joint spectral
radius of binary matrices represents the asymptotics of the maximum number
of paths in long cascade graphs. This reasoning leads to the following theorem:

Theorem 5.1. Associated to any set D of forbidden patterns of length at most
m, there exists a finite set X(D) of binary matrices for which

Sm_14t = PL(D(D)) = max{||A; ... A|| : A; € 2(D)}. (5.3)
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Figure 5.1: An admissible De Bruijn graph for D = {++ —} (a), and the same
graph under its cascade graph form (b)

Figure 5.2: An admissible cascade graph that represents a maximal set of
admissible words of length 5 for D = {+ + —}. For example, the path on the
top represents the word 00000 and the dashed path represents the word 01010.
The graph is maximal in the sense that no word can be added to this code,
but perhaps another choice of elementary cascade graphs would generate more
paths.
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In this expression, the matrix norm used is the sum of the absolute values of
the matrix entries. The main result of this section is then a direct consequence
of the definition of the joint spectral radius:

Corollary 5.1. Let D be a set of forbidden patterns and (D) be the set of
binary matrices constructed as described above, then

cap(D) = log, (p(X(D)))-

Example 5.1. Let D = {4+ + —}. The set X(D) contains two matrices :

Ay = Al =

O = O
O~ O
o O = O
= O = O
O = O
o OO
= O = O
_= o = O

One can check that the cascade graph in Figure 5.2 represents the product
ApAogA; (the sum of the entries equals the number of paths).

The joint spectral radius of the set ¥ is p(X) = 1.75... [84], and the product
that ensures this value is AgAg A1 Ay, that is, p(X) = p(AZA})Y4, and cap(D) =
log, 1.75... = 0.8113. ...

Example 5.2. Let D = {+ + +—}. The set 3(D) contains two matrices :

110 0 0 0 0 O
00110000
0 00011O0O0
A0:00000011
110 0 0 0 0 0}°
00110000
00001100
0 000 O0O0TO01
100 0 0 0 0O
00110000
00001100
A1:00000011
110 0 0 0 0 O
00110000
00001100
0 000 O0O0OT171

We will see that cap(D) = 0.9005... and that the product that ensures this
value is AgAj.
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Let us comment here on the number and size of the matrices in X(D); these
issues are relevant for the questions raised hereafter: If the forbidden patterns in
D have identical length m, then the number of matrices in (D) can be doubly
exponential in m and all matrices in ¥(D) have dimension 2™~ x 2m~1, If the
forbidden patterns in D have different lengths, then one can construct a set D’
whose forbidden patterns have equal length and for which cap(D) = cap(D’).
Unfortunately, the number of patterns in D’ can grow exponentially with the
size of D so that the number of matrices in the set X (D) is in fact even worse
than in the former case. Capacity approximation algorithms based on the direct
computation of the set (D) will therefore not be tractable even for small sets
D.

5.3 Upper and lower bounds

In this section, we derive bounds that relate the capacity of a set D with §;(D).
Consider some set D of forbidden patterns and denote by r; (respectively r3)
the maximal k for which 0% is the prefix (respectively suffix) of some pattern
in D: No pattern in D begins with more than r; zeros and no pattern in D
ends with more than ro zeros. We also denote by r the maximal number of
consecutive zeros in any pattern in D; obviously, » > max(ry,72). In the next
theorem we provide upper and lower bounds on the capacity cap(D) in terms

of 5t<D)
Theorem 5.2. For any t > ry + ro we have

10g2 5t(D) - (7’1 + TQ) < cap(D) <

log, 6:(D)
t+r+1—(r1+mra) — ’

t

(5.4)

Proof. Let us first consider the upper bound. The following equation is straight-
forward, given any positive integers k, ¢, and any set of forbidden patterns D :

O < 5f

Indeed, considering any word of length kt as the concatenation of k subwords
of length t, for each of these subwords we have at most §; possibilities. Taking
the %th power of both sides of this inequality and taking the limit k£ — oo, we
obtain :

p(E) =20 < 5t
Pt < o

Now let us consider the lower bound. The optimal code of length ¢ contains at
least [27"7"24,(D)] words that coincide in the first r; bits and in the last 7o
bits (because there are in total 2"1772 different words of length r; +75). Denote
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the set of strings of all these words from (r; + 1)st bit to (¢t — r2)th bit by C”.
This set contains at least [27"7"26,(D)] different words of length ¢ — r; — ra.
Then for any [ > 1 the code

C = {u0" 0™t 07 07w € O k=1, 1} (5.5)

avoids D. The cardinality of this code is at least [27":7"2§,(D)]! and the length
of its words is T'=I(t — 71 — ro + r + 1). Therefore, for any | we have

6r(D) > [277"25,(D)1%
Taking the power 1/T" of both sides of this inequality, we get

]1/T

[5T(D) > (Q—n—rz(gt(D)‘l 1/(t—r1—r2+r+1)’

which as T'— oo yields
p > |’2—7"1—7“25t(D)'| 1/(t=ri—ra+r+1)

Now after elementary simplifications we arrive at the lower bound on cap(D).
O

Both bounds in Theorem 5.2 are sharp in the sense that they are both
attained for particular sets D. The upper bound is attained for the set D = ()
and the lower bound is attained, for instance, for the set D = {0™~+}. Indeed,
in this case r = 11 = m — 1,79 = 0 and cap(D) = 0, because §; = 2™~ ! for
t > m — 1. Here is a direct proof of this equality, drawn from [84]: Clearly,
for all t > m — 1, we can construct a code of size §; = 2™~ 1. It happens that
for any given length ¢ this size is maximum. Otherwise, there must be two
different words u and v whose prefixes of length k coincide. In order to avoid
the forbidden pattern, the k + 1-th symbols must also be equal, and so on. But
then both words are equal, and we have reached a contradiction.

Corollary 5.2. Let D be given and let 7,71 and ro be defined as above. Then
log, 0:(D) it(D) — Ymax(ry +r2, 7+ 1) < cap(D) < log 0:(D) it(D).

Proof. If r{ +re > r + 1 this follows from Theorem 5.2 and from simple calcu-

lations. If vy + ro < r + 1 simply use the fact that the capacity is always less

than one in Theorem 5.2, and

log, 6:(D)

t —(r1+r2) < (t+(r+1)—(r1+r2))cap(D) < teap(D)+(r+1)—(r1+ra).

O
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These bounds can be used to design an approximation algorithm that com-
putes the capacity to any desired accuracy by evaluating ¢; for sufficiently
large values of ¢. In contrast to previously known algorithms this algorithm
has guaranteed computational cost: once the desired accuracy is given, the
corresponding computational cost can easily be computed. As an illustration,
consider the case of a set D for which r; = ro = 2 and r = 4. Then, by
Corollary 5.2,

log, 6:(D)
t

< log, 6:(D)

5
— 2 < cap(D
t_cap()_ ;

(5.6)

and we can use log, §;(D)/t as an estimate for cap(D) and choose a value of ¢
for which (5.6) provides satisfactory accuracy bounds.
The easiest way of computing J; is to apply equation (5.3), by evaluating the
maximum-normed product of length ¢ — m + 1 of matrices taken in the set X.
Moision et al. mention in [85] an improvement of this brute force method, simi-
lar to the ones proposed in Chapter 2: The main idea is to compute successively
some sets of matrices ¥;, [ =1,2..., with £; = X. These are sets of products
of length [, obtained by computing iteratively all products of a matrix in ¥;_;
with a matrix in ¥, and then removing from the set ¥; a matrix A if it is domi-
nated by another matrix B in this set, that is, if each entry of A is less or equal
than the corresponding entry of B. For more information about this algorithm,
we refer the reader to [85]. We propose here an improvement of this method:
given the set ¥, one can directly compute a set Yo by computing the set i]lz
and then removing from this set all matrices that are dominated. This small
modification of the algorithm has dramatically improved the computational
time for all the examples on which we have used it.

We may specialize the general bounds of Theorem 5.2 to sets of particular
interest.

Corollary 5.3. Let D be given and let v,y and ro be defined as above. Then

1. If cap(D) = 0 the size of any code avoiding D is bounded above by the
constant 21172,

2. If the patterns in D contain no zeros, then

t cap(D) < log, 6¢(D) < (¢ + 1) cap(D).

3. If none of the patterns in D start or end with a zero, then

t cap(D) < log, 0:(D) < (t+r + 1) cap(D).
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5.4 Positive capacity can be decided in polyno-
mial time

As previously seen by a direct argument, the capacity of the set {0™~ 14} is
equal to zero. In this section we provide a systematic way of deciding when the
capacity of a set is equal to zero. We first provide a simple positivity criterion
that can be verified in finite time and then exploit this criterion for producing
a positivity checking algorithm that runs in polynomial time. In the sequel we
shall use the notation —D to denote the set of elements that are the opposites to
the elements of D, for example if D = {—+0,0——} then —D = {+—-0,0++}.

Theorem 5.3. Let D be a set of forbidden patterns of lengths at most m. Then
cap(D) > 0 if and only if there exists a word on the alphabet {4, —,0} that does
not contain any word of D U —D as subword and that has a prefiz 0™ and a
suffiz +0™ 1,

Proof. Let us first suppose 0™ ¢ D. The capacity is positive iff p(3(D)) > 1.
We know (see Chapter 3) that for binary matrices this is equivalent to the fact
that there is a product in ¥* that has a diagonal entry larger than one. In
turn, by construction of the set X(D), this is equivalent to the existence of two
words with the same m — 1 first characters, and the same m — 1 last characters,
whose difference avoids the forbidden patterns. Now, this latter fact is possible
iff there is a nontrivial sequence on {0,+,—} of the shape 0™~ 1d0™~! that
avoids DU —D.

Now in order to handle the case 0™ ¢ D, which implies cap(D) = 0, we add
a zero at the beginning and by doing this, we do not change anything to the
admissibility of this word, except that we remove the possibility 0" € D. O

Corollary 5.4. If every word in D contains at least two nonzero symbols, then
cap(D) > 0.

Proof. For any such set the word d = 0™ 40™~! is admissible, and by Theorem
5.3 the capacity is positive. O

Corollary 5.5. If D consists of one forbidden pattern p of length m, then its
capacity is zero if and only if p has at least m — 1 consecutive zeros.

Proof. If a pattern p is 0™ or +0™~!, then obviously there are no admissible
strings, and by Theorem 5.3 the capacity is zero. The same holds for —0™ 1,
since this is the negation of +0™~! and for 0™~ '+ because of the symmetry.
In all the other cases the admissible string exists and so cap(D) > 0. Indeed, if
p has a unique nonzero character, then the word d = 0™ +40™"" is admissible,
if it has at least two nonzero characters, then the proof follows from Corollary
5.4. O
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We now prove the polynomial-time solvability of the problem of determining
whether the capacity of a set D is positive. The proof is constructive and is
based on the so-called Aho-Corasick automaton that checks whether a given
text contains as a subsequence a pattern taken from a given set [2]. Let P be a
set of patterns, that do not have to be of the same length. The transition graph
of the Aho-Corasick automaton for the set P is defined as follows (see Figure
5.3 for an example). First, construct the retrieval tree, or trie, of the set P.
The trie of P is the directed tree of which each vertex has a label representing a
prefix of a pattern in P, and all prefixes are represented, including the patterns
themselves. The label of the root of the tree is the empty string. Edges have
a label too, which is a symbol of the used alphabet. There is an edge labeled
with the symbol a from a vertex s to a vertex t if ¢ is the concatenation sa.
In order to have an automaton, we complete the trie by adding edges so that
for each vertex s, and each symbol a, there is an edge labeled a leaving s. This
edge points to the vertex of the trie of which the label is the longest suffix of
the concatenation sa. Note that this vertex can be the root (that is, the empty
string) if no vertex in the trie is a suffix of sa. Finally, the accepting states of
the automaton are the vertices whose labels are patterns of P. This automaton
accepts words that contain a pattern in P and halts whenever this pattern is a
suffix of the entered text.

If 0¥ € D or +0* € D, then, by Theorem 5.3, cap(D) = 0. If this is not
the case, we construct the graph of the automaton of Aho-Corasick for the set
P = DU(=D)U{+0™~1}. We then remove any vertex whose label is a complete
pattern in P (i.e., a state reached when a suffix of the text entered is in the
set P) except the vertex labeled {+0™~!}. The size of the constructed graph
is polynomial in the size and the number of the forbidden patterns. Moreover,
since we have removed vertices corresponding to forbidden patterns, any path
in the remaining graph is an admissible word. Let us now denote gym the state
reached after entering the word 0™. This state is well defined since 0™ does
not contain any forbidden pattern, and hence no state reached after entering
any prefix of the string 0™ was removed from the primary automaton. We
also denote g, gm-1 the state corresponding to the suffix +0™~! for the entered
text (i.e. the accepting state corresponding to the pattern +0™~! in the Aho-
Corasick automaton). Figure 5.3 presents the graph for D = {0 + 0} that is
obtained from the Aho-Corasick automaton of the set P = {0+ 0,0 —0,400}.

We have the following criterion for zero-capacity:

Theorem 5.4. The capacity of a set D is positive if and only if there is a path
from gom to qiom-1 in the graph constructed above.

Proof. If cap(D) > 0, by Theorem 5.3, there exists a word d, beginning with m
zeros, and ending with +0™~!, that avoids DU —D. Hence, entering this word
in the automaton, the finite state will be (well defined and will be) the vertex
labeled +0™~!, because the vertices removed from the original automaton of
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®
2

Figure 5.3: The graph for D = {0+ 0}. We have constructed the Aho-Corasick
automaton for P = {0 + 0,0 — 0,400}, and then removed the states 0 + 0
and 0 — 0 that are forbidden. The empty word is represented by e. The path
0 — 0— — + — +0 — +00 provides the admissible word 000 — 400.
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Aho-Corasick do not make any problem, since we do not reach the vertices
labeled with forbidden patterns.

On the other hand, a path in the constructed graph represents an acceptable
word, since it does not pass through any removed vertex, and hence no suffix
of any prefix of this word will be in the forbidden set.

Moreover, a shortest path will give the shortest acceptable word, since the
length of the path is equal to the length of the represented word. O

Corollary 5.6. The problem of determining whether or not the capacity of a
given set of forbidden patterns is positive can be solved in polynomial time.

Proof. Aho shows in [2] that the automaton is constructible in polynomial time.
The determination of the state gg= and the computation of the shortest path
are obviously polynomially feasible. O

Corollary 5.7. If for a set D of forbidden patterns there are admissible words,
then the length of a shortest admissible word does not exceed 2M + 2m, where
m is the mazimal length of all patterns in D and M is the sum of the lengths
of each forbidden pattern.

Proof. The number of vertices of the graph does not exceed 2M + m + 1.
Indeed, for each pattern of length [ in D U —D we add to the automaton at
most [ states, since there are no more than [ prefixes of this pattern. We still
add the pattern {+0™~1} (maximum m new states), and the root. If there is a
path connecting two given vertices, this path can be chosen so that its length
(in terms of number of vertices) will not exceed the total number of vertices
(if it does not pass through the same vertex twice). Every edge of this path
adds one bit to the admissible string. The initial length of the string is m (we
start from 0™), therefore the total length of the admissible word is at most
2M + 2m. O

Proposition 5.2. If the capacity is positive, then cap(D) > 1/(2M + m),
where m is the maximal length of all patterns in D and M is the sum of the
lengths of each forbidden pattern.

Proof. If cap(D) > 0, then there is an admissible string of length ¢ < 2M + 2m
(Corollary 5.7). Consider a code as given by equation (5.5). Its size is 2! and
the length of its words is at most

T, = 1(2M +2m —m) =1(2M + m).

Therefore los. &
cap(D) = lim 2220
ll~>oo 1
. log, 2 1
> lim 2 = .
T l—oo l(2M+m) 2M+m
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5.5 Positive capacity is NP-hard for extended
sets

We now consider the situation where forbidden patterns are allowed to contain
the &+ symbol. The symbol =+ is to be understood in the following sense: when-
ever it occurs in a forbidden pattern, both the occurrences of + and of — are
forbidden at that particular location. So, for example, avoiding the forbidden
set {0+ 4=} is equivalent to avoiding the set {0+++,04++—,0—++,0—+—}.
All results obtained for forbidden patterns over {—,0,+} have therefore their
natural counterparts in the situation where the forbidden patterns are defined
over the alphabet {—,0,+,4}. In particular, the results of Section 5.3 do
transfer verbatim and the bounds derived in Theorem 5.2 are valid exactly as
stated there. However, the symbol + allows us to compress the number of for-
bidden patterns so that the new instance is exponentially smaller. Thus, the
polynomial time algorithm described above for normal sets could well not be
polynomial in the size of the compressed instance. We now prove that unless
P = NP, there is no polynomial time algorithm to decide zero capacity when
the symbol + is allowed.

Theorem 5.5. The problem of determining if the capacity of a set of forbidden
patterns over {0,4, —, +} is equal to zero is NP-hard.

Proof. The proof proceeds by reduction from the Not-All-Equal 3SAT problem
that is known to be NP-complete (see [45]). In the Not-All-Equal 3SAT prob-
lem, we are given m binary variables x4, ..., x,, and ¢ clauses that each contain
three literals (a literal can be a variable or its negation), and we search a truth
assignment for the variables such that each clause has at least one true literal
and one false literal.

Suppose that we are given a set of clauses. We construct a set of forbidden
patterns D such that cap(D) > 0 if and only if the instance of Not-All-Equal
3SAT has a solution. The first part of D is given by:

{(0£0),(0£=£0),...,(0+™"10)}. (5.7)

Words over {—,0,+} that avoid these patterns are exactly those words for
which any two consecutive zeros are either adjacent or have at least m symbols
on {+, —} between them. We use these m symbols as a way of encoding possible
truth assignments for the variables (the first one is “+” if z; = 1, etc...).

We then add to D two patterns for every clause: they will force a sequence
of m nonzero symbols to encode a satisfying assignement for the instance of
Not-All-Equal 3SAT. These patterns are of length m and are entirely composed
of symbols =+, except for the positions corresponding to the three variables of
the clause, which we set to + if the clause contains the variable itself, or to —
if the clause contains the negation of the variable. We also add the opposite of
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this pattern; this last pattern is not necessary for the proof but preserves the
symmetry and simplifies the construction.

For example, if the instance of Not-All-Equal 3SAT consists of the two
clauses (x1,Z3,24) and (T2, x4, Ts5), the corresponding set D will be D = {(0 £
0),0+£+0),(0££+0),0++++0),(+x—+%),(—F+—F), (£ -+
), (£ 4+ — )}

Such a set D has always a length polynomial in the number of clauses and the
number of variables.

We now prove that there is a solution to the instance of Not-All-Equal 3SAT
if and only if cap(D) > 0. First, suppose that there exists a satisfying truth
assignment for z and denote it by (w1,...,wn) € {0,1}™. Associated to any
k > 1 we construct a code of length k(m -+ 1) containing 2¥ words as follows:

Crim+1) = {0w0w0wO - - - 0wlw, 0w0w0wO - - - Ow0w,
0w0w0w0 - - - 050w, . . ., 05000 - - - 000},

where w = wy - - wWyy,.
Any difference between two words in this code is a word of the form

0210220 cee OZk

where for every 1 < i < k, z; is either a sequence of m 0’s or a word of length
m over {—, +}. Because w satisfies the instance of Not-All-Equal 3SAT, these
words avoid the set D constructed above. Moreover, the cardinality of Cy(,41)
is 2% and hence

1
m+1

cap(D) > lim log, QR = > 0. (5.8)
For the converse implication, assume now that cap(D) > 0. The capacity is
positive, and so one can find two words whose differences contain a 0 and a
+. But then since this difference must avoid the first part of the forbidden
pattern, for a code C large enough, there must exist two words in the code
whose difference contains a word over {—, +} of length m. But this sequence
avoids also the second part of D, and thus it represents an acceptable solution
to our instance of Not-All-Equal 3SAT. O

Note that a similar proof can be given if we replace the symbol ”+” in the
statement of the theorem by a symbol that represents either 4+, —, or 0.

5.6 Extremal norms and computing the capacity

As we have seen in previous chapters, the existence of an extremal norm can
simplify many problems related to the joint spectral radius: it allows for in-
stance to apply the geometrical algorithm exposed in Section 2.3. Recall that
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an extremal norm is a norm || - || such that

All = p(2).

max || Al = p(2)

It turns out that in the case of capacity computation, the matrices do in fact
always possess an extremal norm:

Theorem 5.6. For any set D of forbidden patterns the set X(D) possesses an
extremal norm.

Proof. Corollary 5.2 implies that X(D) is not defective. To see this, replace
cap(D) by log, p in Corollary 5.2 and recall that §; is, by definition of the set
¥, the maximal norm of products of length ¢ — (m — 1) of matrices taken in X.
We have seen in Section 2.1 that the nondefectiveness implies the existence of
an extremal norm. O

The existence of an extremal norm for a set of matrices makes it possible
to apply the geometric algorithm described in Section 2.3 for computing the
capacity with a given relative accuracy.

The complexity of this algorithm is exponential with respect to m, as the
one proposed in Section 5.3 that approximates the capacity by successive es-
timations of §;. The advantages of one algorithm over the other appear in
numerical computation of the capacity. Moreover, in many cases the approx-
imation of invariant bodies by polytopes can lead to the exact value of the
joint spectral radius, as mentioned in Section 2.3. Let us illustrate this method
by computing the exact values of the capacity for several codes. In Examples
5.3 and 5.4 we find the values of capacities that were approximated in [84].
Example 5.5 deals with a code with m = 4.

Example 5.3. cap({0++}) = log, p(Ag) = log, (¥3L) = 0.69424191 . ... The

eigenvector is v = (2,v/5 —1,2,v/5 — 1)T. The algorithm terminates after five
steps, the polytope P = Ps has 32 vertices.

Example 5.4. cap({0 + —}) = log, p(4o) = logQ(‘/g;l). The algorithm ter-
minates after four steps, v = (2,v/5 —1,v/5 —1,2)T, P = Py, the polytope has

40 vertices.

Example 5.5. cap({+++—}) = log, (Y2F251) = log, \/p(Ag A7) = 0.90053676 . ...
The algorithm terminates after eleven steps, the polytope P = Py1 has 528 ver-
tices.

5.7 Conclusion

One way to compute the capacity of a set of forbidden patterns is to compute
the joint spectral radius of a set of matrices. In practice, this leads to a number
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of difficulties : first, the size of the matrices is exponential in the size of the
set of forbidden patterns. Second, their number can also be exponential in the
size of the instance. Third, the joint spectral radius is in general NP-hard to
compute.

We have shown here that, in spite of these discouraging results, the simpler
problem of checking the positivity of the capacity of a set defined on {+, —, 0}
is polynomially decidable. However the same problem becomes NP-hard when
defined over the alphabet {+, —, 0, =}, so that we see a threshold between poly-
nomial time and exponential time feasability. We have also provided bounds
that allow faster computation of the capacity. Finally we have proved the
existence of extremal norms for the sets of matrices arising in the capacity
computation, which is the only “good news” that we see concerning the possi-
ble feasability of the capacity computation. Our personal guess is that there is
no polynomial algorithm to approximate the capacity, but the problem is open
for the moment:

Open question 8. Is the capacity computation/approzimation NP-hard?

For instance, one has to keep in mind that the approach that consists in
computing a joint spectral radius cannot lead to a polynomial algorithm because
of the exponential size of the sets of matrices. Nevertheless, we have conjectured
in [12] that the sets of matrices with binary entries, and, in particular, those
constructed in order to compute a capacity do always possess the finiteness

property:

Open question 9. Do matrices that arise in the context of capacity computa-
tion satisfy the finiteness property?

Numerical results in [84], [57], and in this chapter seem to support this
conjecture, and moreover the length of the period seems to be very short: it
seems to be of the order of the size of the forbidden patterns, which would be
surprising, because this length would be logarithmic in the size of the matrices.

We end this chapter by mentionning another question that has not been
solved yet. We have seen that if the capacity is positive, one is able to exhibit
an admissible word of the shape 0™d0™~!. This word has moreover a size which
is polynomial in the size of D since it is represented by a path in the auxiliary
graph constructed from the Aho-Corasick automaton. Now if we allow the use
of “4” characters, since the problem can be translated in a classical instance
D’ with characters in {0,+,—}, a positive capacity also implies the existence
of a certificate of the shape 0™d0™ 1. But what about the length of this word?
Since this length is only polynomial in the new instance D', we cannot conclude
that there exists a certificate whose size is polynomial in the former instance.
If this was the case, we would have that the problem with “4” characters would
be in NP. This motivates our last open question:
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Open question 10. Is the problem of determining if the capacity of a set of
forbidden patterns D over {0,+, —, +} is equal to zero in NP? Is there, for any
set D € {0,+, —, &}*, an admissible word of the shape 0™d0™ ! whose length
is polynomial in the size of D?
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Chapter 6

Overlap-free words

In this chapter we present personal research that has been submitted to publi-
cation [64] and presented in [65].

We present the notion of overlap-free words and show how the number u,, of
overlap-free words of length n is ruled by joint spectral quantities. We use these
results to provide tight estimates on the asymptotic growth of u,,. We provide
new algorithms to estimate the joint spectral subradius and the Lyapunov ex-
ponent, that appear to be very efficient in practice.

This chapter uses classical results from combinatorics on words. For a survey
on this branch of theoretical computer science, we refer the reader to [78].

6.1 Introduction

Binary overlap-free words have been studied for more than a century. These
are words over the binary alphabet A = {a,b} that do not contain factors of
the form zvavx, where z € A and v € A* (A* is the set of all words on the
alphabet A). Such factors are called overlaps, because the word zvz is written
twice, with the two instances of this word overlapping at the middle x.
Perhaps the simplest way to understand overlap-free words is the following: In
combinatorics on words, a square is the repetition of twice the same word, as
for instance the french word bobo. A cube is the repetition of three times the
same word, like bobobo. Now, an overlap is any repetition that is more than a
square. For instance, the word baabaa is overlap-free (it is a square), but the
word baabaab is an overlap, because baa is repeated “more than twice” (one
could say that it is repeated 7/3 times). This word satisfies the definition of
an overlap, since it can be written zuzuxr with x = b and u = aa. See [8] for a
recent survey.

Thue [113,114] proved in 1906 that there are infinitely many overlap-free
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words. Indeed, the well-known Thue-Morse sequence’ is overlap-free, and so the
set, of its factors provides an infinite number of different overlap-free words. The
asymptotics of the number wu,, of such words of a given length n was analyzed
in a number of subsequent contributions®. The number of factors of length n in
the Thue-Morse sequence is proved in [23] to be larger than 3n, thus providing
a linear lower bound on u,,:

Up > 3N

The next improvement was obtained by Restivo and Salemi [104]. By using
a certain decomposition result, they showed that the number of overlap-free
words grows at most polynomially:

u, < Cn',

where 7 = log(15) ~ 3.906. This bound has been sharpened successively by
Kfoury [69], Kobayashi [70], and finally by Lepistd [75] to the value r =
1.37. One could then suspect that the sequence u,, grows linearly. However,
Kobayashi proved that this is not the case [70]. By enumerating the subset of
overlap-free words of length n that can be infinitely extended to the right he
showed that u,, > Cn1% and so we have

Cln1.155 < u, < an1'37.

Carpi showed that there is a finite automaton allowing to compute u, (the
sequence u, is 2-regular [25]). On Figure 6.1(a) we show the values of the
sequence u, for 1 < n < 200 and on Figure 6.1(b) we show the behavior of
logu, /logn for larger values of n. One can see that the sequence u,, is not
monotonic, but is globally increasing with n. Moreover the sequence does not
appear to have a polynomial growth since the value log u,, / logn does not seem
to converge. In view of this, a natural question arises: is the sequence wu,
asymptotically equivalent to n” for some r ? Cassaigne proved in [26] that
the answer is negative. He introduced the lower and the upper exponents of
growth:

sup{r ‘HC > 0,u, >Cn"}, (6.1)
B = inf{r|3C>0,u, <Cn"},

(07

and showed that o < (. Cassaigne made a real breakthrough in the study
of overlap-free words by characterizing in a constructive way the whole set of
overlap-free words. By improving the decomposition theorem of Restivo and

! The Thue-Morse sequence is the infinite word obtained as the limit of " (a) for n — oo
with 6(a) = ab, 0(b) = ba; see [26].

2The number of overlap-free words of length n is referenced in the On-Line Encyclopedia
of Integer Sequences under the code A007777; see [110]. The sequence starts 1, 2, 4, 6, 10,
14, 20, 24, 30, 36, 44, 48, 60, 60, 62, 72,...
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Figure 6.1: The values of u,, for 1 <n <200 (a) and logu,/logn for 1 <n <
10000 (b).

Salemi he showed that the numbers u,, can be computed as sums of variables
that are obtained by certain recurrence relations. These relations are explicitly
given in the next section and all numerical values can be found in Appendix
A.1. As aresult of this description, the number of overlap-free words of length
n can be computed in logarithmic time. For the exponents of growth Cassaigne
also obtained the following bounds: « < 1.276 and > 1.332. Thus, combining
this with the earlier results described above, one has the following inequalities:

1155 < o < 1.276  and 1332 < 8 < 1.37. (6.2)

In this chapter we develop a linear algebraic approach to study the asymp-
totic behavior of the number of overlap-free words of length n. Using the results
of Cassaigne we show in Theorem 6.2 that wu,, is asymptotically equivalent to
the norm of a long product of two particular matrices Ag and A; of dimension
20 x 20. This product corresponds to the binary expansion of the number n—1.
Using this result we express the values of o and § by means of certain joint
spectral characteristics of these matrices. We prove that a = log, p(Ag, A1)
and 8 = log, p(Ag, A1), where p and p denote as usual the joint spectral sub-
radius and the joint spectral radius of the matrices Ay, A;. In Section 6.3, we
estimate these values and we obtain the following improved bounds for o and
G:

1.2690 < a < 1.2736 and 1.3322 < B8 < 1.3326. (6.3)

Our estimates are, respectively, within 0.4% and 0.03% of the exact values. In
addition, we show in Theorem 6.3 that the smallest and the largest rates of
growth of wu,, are effectively attained, and there exist positive constants Cy, Co
such that Cin® < wu, < Cyn® for alln € N.

Although the sequence wu, does not exhibit an asymptotic polynomial
growth, we then show in Theorem 6.5 that for “almost all” values of n the

117



CHAPTER 6. OVERLAP-FREE WORDS

rate of growth is actually equal to o = log, p(Ap, A1), where g is the Lya-
punov exponent of the matrices. For almost all values of n the number of
overlap-free words does not grow as n®, nor as n”, but in an intermediary way,
as n?. This means in particular that the value % converges to o as n — oo
along a subset of density 1. We obtain the following bounds for the limit o,

which provides an estimation within 0.8% of the exact value:
1.3005 < o < 1.3098.

These bounds clearly show that o < o < .

To compute the exponents o and o we introduce new efficient algorithms
for estimating the joint spectral subradius p and the Lyapunov exponent p of
matrices. These algorithms are both of independent interest as they can be
applied to arbitrary matrices.

Our linear algebraic approach not only allows us to improve the estimates of
the asymptotics of the number of overlap-free words, but also clarifies some as-
pects of the nature of these words. For instance, we show that the “non purely
overlap-free words” used in [26] to compute u,, are asymptotically negligible
when considering the total number of overlap-free words.

The chapter is organized as follows. In the next section we formulate and
prove the main theorems (except for Theorem 6.2, whose proof is quite technical
and is given in Appendix A.2). Then in Section 6.3 we present new algorithms
for estimating the joint spectral subradius and the Lyapunov exponent of a
given set of matrices. Applying them to those special matrices we obtain the
estimations for «, 3 and 0. In the appendices we write explicit forms of the
matrices and initial vectors used to compute u,,, we give a proof of Theorem 6.2
and present the results of our numerical algorithms.

6.2 The asymptotics of overlap-free words

To compute the number u,, of overlap-free words of length n we use several
results from [26] that we summarize in the following theorem:

Theorem 6.1. Let Fy, Fi € R39%30 4 g, ... 415 € Rio be as given in Ap-
pendix A.1. For n > 8, let y, be the solution of the following recurrence equa-
tions
Yan = FOyn
6.4
Yon+1 = Fiyn. (6-4)
Then, for any n > 16, the number of overlap-free words of length n is equal to
wTyn—l-
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It follows from this result that the number u,, of overlap-free words of length

n > 16 can be obtained by first computing the binary expansion d; - - - d; of n—1,
ie,n—1= Zz;é dj+127, and then defining

Uy, = ’wTFdl o th_4ym (65)

where m = dy_3 + dp—22 + ds—12% + d;23. To arrive at the results summarized
in Theorem 6.2, Cassaigne builds a system of recurrence equations allowing
the computation of a vector U,, whose entries are the number of overlap-free
words of certain types (there are 16 different types). These recurrence equations
also involve the recursive computation of a vector V,, that counts other words
of length n, the so-called “single overlaps”. The single overlap words are not
overlap-free, but have to be computed, as they generate overlap-free words of
larger lengths. We now present the main result of this section which improves
the above theorem in two directions. First we reduce the dimension of the
matrices from 30 to 20, and second we prove that w,, is given asymptotically
by the norm of a matrix product. The reduction of the dimension to 20 has a
straightforward interpretation: when computing the asymptotic growth of the
number of overlap-free words, one can neglect the number of “single overlaps” V,,
defined by Cassaigne. We call the remaining words purely overlap-free words,
as they can be entirely decomposed in a sequence of overlap-free words via
Cassaigne’s decomposition (see [26] for more details). In the following Theorem,
the notation f(n) < g(n) means that there are two positive constants Ki, Ko
such that for all n, K f(n) < g(n) < Ka2f(n).

Theorem 6.2. Let Ay, A1 € R3_0><20 be the matrices defined in Appendixz A
(Equation A.3), let||-|| be a matriz norm, and let A(n) : N — R3***° be defined
as A(n) = Aq, -+ Aq, with d;...d; the binary expansion of n — 1. Then,

up = || A()]]. (6.6)

Observe that the matrices Fpy, F} in Theorem 6.1 are both nonnegative and
hence possess a common invariant cone K = R:io. We say that a cone K is
invariant for a linear operator B if BK C K. All cones are assumed to be
solid, convex, closed, and pointed. We start with the following simple result
proved in [100].

Lemma 6.1. For any cone K C R%, for any norm |- | in R? and any matriz
norm || - || there is a homogeneous continuous function v : K — R, positive on
int K such that for any z € int K and for any matriz B that leaves K invariant
one has

1

Y(@)|B| - o] < |Bx| < @)

1Bl - |-
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Corollary 6.1. Let two matrices Ay, A1 possess an invariant cone K C R¢.
Then for any x € int K, with the notation A(n) of Theorem 6.2, we have

|A(n)a| = [[A(n)]-

In view of Corollary 6.1 and of Eq. (6.5), Theorem 6.2 may seem obvious,
at least if we consider the matrices F; instead of A;. One can however not
directly apply Lemma 6.1 and Corollary 6.1 to the matrices Ay, A; or to the
matrices Fy, F1 because the vector corresponding to x is not in the interior of
the positive orthant, which is an invariant cone of these matrices. To prove
Theorem 6.2 we construct a wider invariant cone of Ay and A; by using special
properties of these matrices. We detail the construction of this cone in the
proof given in Appendix A.2. Theorem 6.2 allows us to express the rates of
growth of the sequence u,, in terms of norms of products of the matrices Ay, Ay
and then to use joint spectral characteristics of these matrices to estimate the
rates of growth. More explicitly, Theorem 6.2 yields the following corollary:

Corollary 6.2. Let Ag, Ay € Ri()xzo be the matrices defined in Appendiz A
and let A(n) : N — R2°%20 be defined as A(n) = Aqg, -+ Ag, with d;...d, the
binary expansion of n — 1. Then

1 n
lim (°g2” — log, ||A(n)||1/f> = 0. (6.7)

n—oo \ logyn

logyn
t

lim (10g2 Un log, ”Adl'“AdtH)

Proof. Since — 1 as n — oo, we have

n—oo \ logam t
. logy un—log, || Ad, A . logy (un-l|Aay A, | 7"
li Ot lon An Al gy o (e Awl )
n—00 n—oo

By Theorem 6.2 the value log, (u, - ||Aq, - - - Aq,|| ") is bounded uniformly over
n € N. Hence its quotient by ¢ tends to zero when n tends to infinity. O

We first analyze the smallest and the largest exponents of growth o and
defined in Eq. (6.1).

. 1 1
Theorem 6.3. Fort>1, let oy = min T2%n gnd f; = max JEun,
2t—1<n§2t ogmn 2t—1<n§2t og n
Then

o= tlim oy = logy p(Ag, A1) and [ = tlim B =logy p(Ao, A1),  (6.8)

— 00

where the matrices Ay, A1 are defined in Appendiz A.1. Moreover, there are
positive constants Cy,Cy such that

C, < min = u,n ¢ and C; < max u,n ?< Oy (6.9)

2t=1<n<2t 2t—l<n<2t

for allt € N.
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Proof. The equalities in Eq. (6.8) follow immediately from Corollary 6.2 and
the definitions.

The lower bounds in Eq. (6.9) are a consequence of Theorem 6.2 and the fact
that p; > p' and g, > p* always hold (see Chapter 1).

For the upper bound in Eq. (6.9) we note that the matrices Ag, A; have no
common invariant subspaces among the coordinate planes (to see this observe,
for instance, that (A + A1)® has no zero entry). As shown in Chapter 3, this
proves that the set is nondefective, that is,

pr < Cop'.

Corollary 6.3. There are positive constants Cy,Cy such that
Cin® < u, < CynP, neN.

In the next section we show that o < (3. In particular, the sequence u,, does
not have a constant rate of growth, and the value lﬁfﬁ does not converge as
n — oo. This was already noted by Cassaigne in [26]. Nevertheless, it appears
that the value lffg“; actually has a limit as n — oo, not along all the natural
numbers n € N, but along a subsequence of N of density 1. A subset A C N is
said to have density 1 if %Card{r <n,re€e A} — 1 asn — oo. In other terms,
the sequence converges with probability 1. The limit, which differs from both
« and [ can be expressed by the so-called Lyapunov exponent p of the matrices
Agp, A1. To show this we apply the following result proved by Oseledets in 1968.
For the sake of simplicity we formulate it for two matrices, although it can be
easily generalized to any finite set of matrices.

Theorem 6.4. [90] Let Ay, Ay be arbitrary matrices and dy,ds, ... be a se-
quence of independent random variables that take values 0 and 1 with equal prob-
abilities 1/2. Then the value ||Ag, - -- Aqg,||'/t converges to some number p with
probability 1. This means that for any € > 0 we have P(’ |Ag, - Ag, || —ﬁ’ >
5) — 0 ast— oo.

The limit p in Theorem 6.4 is called the Lyapunov exponent of the set
{Ap, A1}. This value is given by the following formula:

1/2°
plAo, A1) = Jim ((TT 14a, - Aa]) (6.10)

1yeensdt

(for the proof see, for instance, [101]). To understand what this gives for the
asymptotics of our sequence u,, we introduce some further notation. Let P be
some property of natural numbers. For a given t € N we denote

P(P)= 27" VCard{n € {2'"' +1,...,2'}, nsatisfiesP }.
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Thus, P; is the probability that the integer n uniformly distributed on the set
{2071 +1,...,2!} satisfies P. Combining Proposition 6.2 and Theorem 6.4 we
obtain

Theorem 6.5. There is a number o such that for any ¢ > 0 we have

P, (’ log u.,

—O">€>—>O as t — oo.
logn

Moreover, o = log, p, where p is the Lyapunov exponent of the matrices { Ao, A1}
defined in Appendiz A.1.

Thus, for almost all n € N the number of overlap-free words w,, has the
same exponent of growth o = log, p. If positive a and b are large enough and
a < b, then for a number n taken randomly from the segment [a,b] the value
logu,/logn is close to 0. We say that a sequence f,, converges to a num-
ber f along a set of density 1 if there is a set A C N of density 1 such that

lim Afn = f. Theorem 6.5 yields

n—oo,ne

Corollary 6.4. The value 1?5;; converges to o along a set of density 1.

Proof. By Theorem 6.5 there exists ¢; € N such that at least half of the natural

numbers n < 2% satisfy the inequality |lfogﬁ -0 } < 1. Denote the set of

2
such numbers n < 2% by A;. Further, there exists t; > t; such that at least %

of the numbers n € {2 + 1,...,2!2} satisfy the inequality % -0 | <1
Denote the set of such numbers by As. The remainder is by induction: having

a number ¢,._1 we take a number ¢, > t,._; such that at least Q;jl of the

numbers n € {20-1 +1,..., 2!} satisfy the inequality ]% -0 | < 3= and
denote the set of such numbers by A,.. The set A = U,cnA, has density 1 and
lffg—“; tends to o along A as n — co. O

6.3 Estimation of the exponents

Theorems 6.2 and 6.5 reduce the problem of estimating the exponents of growth
of u, to computing joint spectral characteristics of the matrices Ay and A;.
In order to estimate the joint spectral radius we use a modified version of the
“ellipsoidal norm algorithm” presented in Chapter 2. For the joint spectral
subradius and for the Lyapunov exponent we present new algorithms, which
seem to be relatively efficient, at least for nonnegative matrices. The results
we obtain can be summarized in the following theorem:

Theorem 6.6.
1.2690 < o < 1.2736

13322 < B < 1.3326 (6.11)
13005 < o < 1.3098.
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In this section we also make (and give arguments for) the following conjec-
ture:

Conjecture 6.1.

ﬂ = 10g2 vV p(AoAl) =1.3322....

6.3.1 Estimation of 3 and the joint spectral radius

By Theorem 6.3 to estimate the exponent 3 one needs to estimate the joint
spectral radius of the set {Ag, A1}. A lower bound for p can be obtained by
applying the three members inequality. Taking ¢t =2 and d; = 0,ds = 1 we get

p > [p(AA))]? =25179. ., (6.12)

and so 8 > log,2.5179 > 1.3322 (this lower bound was already found in [26]).
One could also try to derive an upper bound on p with the three members
inequality, that is:

< Ag, - Ag || 6.13
p < dl,...,dfr»lea{}i,“.,m}H d | (6.13)

This, at least theoretically, gives arbitrarily sharp estimations for p. However,
in our case, due to the size of the matrices Ay, A1, this method leads to compu-
tations that are too expensive even for relatively small values of t. As we have
seen in Chapter 2, faster convergence can be achieved by finding an appropriate
norm. The ellipsoidal norms are good candidates, because the optimum among
these norms can be found via a simple SDP program. In Appendix A.3 we
give an ellipsoidal norm such that each matrix in % has a norm smaller than
2.5186'*. This implies that p < 2.5186, which gives 3 < 1.3326. Combining
this with the inequality 5 > 1.3322 we complete the proof of the bounds for §
in Theorem 6.6.

We have not been able to improve the lower bound of Eq. (6.12). However, the
upper bound we obtain is very close to this lower bound, and the upper bounds
obtained with an ellipsoidal norm for * get closer and closer to this value when
t increases. Moreover, as mentioned in Chapter 4, it has already been observed
that for many sets of matrices for which the joint spectral radius is known ex-
actly, and in particular matrices with nonnegative integer entries, the finiteness
property holds, i.e., there is a product A € X! such that p = p(A)(/Y [62]. For
these reasons, we conjecture that the exponent 3 is actually equal to the lower

bound, that is,
B8 = \/p(ApAy).
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6.3.2 Estimation of o and the joint spectral subradius

An upper bound for p(Ag, A1) can be obtained using the three members in-
equality for ¢t = 1 and d; = 0. We have

a =logy(p) <logy(p(Ag)) = 1.276... (6.14)

This bound for a was first derived in [26]. It is however not optimal. Taking
the product A}°4y (i.e., t = 11), we get a better estimate:

a < log, [(p(A}°Ag)/!] = 1.2735... (6.15)

One can verify numerically that this product gives the best possible upper
bound among all the matrix products of length ¢ < 14.

We now estimate « from below. As we know, the problem of approximating
the joint spectral subradius is NP-hard [17] and to the best of our knowledge,
no algorithm is known to compute this quantity. Here we propose two new
algorithms. We first consider nonnegative matrices. As proved in Chapter 1,
for any t and any set of matrices ¥, we have p(X?) = p*(2). Without loss
of generality it can be assumed that the matrices of the set ¥ do not have a
common zero column. Otherwise, by suppressing this column and the corre-
sponding row we obtain a set of matrices of smaller dimension with the same
joint spectral subradius. The vector of ones is denoted by 1.

Theorem 6.7. Let X be a set of nonnegative matrices that do not have any
common zero column. If for some r € RT,s < t € N, there erists x € R?
satisfying the following system of linear inequalities

B(Ax —rx)

T

0, VBeXs Acxt,

0 (1)=1. (6.16)

IV IV

then p(¥) > r1/t.

Proof. Let x be a solution of (6.16). Let us consider a product of matrices
A,... AL € ¥Ft . A; € ¥t We show by induction on k that A ... Az >
r*=1Apz . For k = 2, we have Ay(Ayz — rx) = CB(Ajx — rz) > 0, with
B € ¥5,C € 7%, For k > 2 we have A ... Az = A A,_1... Az >
r*72 AL A1z > rF1Apz. In the last inequality the case for k = 2 was
reused. Hence, |[Ay...A1|]| = 1TA,... A1 > v* 11T Az > r*C, where
C = (ming 1T Agz)/r > 0. The last inequality holds because Az = 0, to-
gether with the first inequality in (6.16), imply that —rBxz = 0 for all B € ¥*,
which implies that all B € ¥*° have a common zero column. This is in contra-
diction with our assumption because the matrices in ¥° share a common zero
column if and only if the matrices in ¥ do. O
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Clearly, the size of the instance of the linear program 6.16 grows exponen-
tially with ¢ and s. We were able to find a solution to the linear programming
problem (6.16) with r = 241, ¢t = 16, s = 6. Hence we get the following lower
bound: a > logr > 1.2690. The corresponding vector x is given in Appendix
A.4. This completes the proof of Theorem 6.6.

Theorem 6.7 handles nonnegative matrices, and we propose now a way to
generalize this result to arbitrary real matrices. For this purpose, we use the
semidefinite lifting presented in Chapter 2, and we consider the set of linear
operators acting on the cone of positive semidefinite symmetric matrices S as
S — ATSA;. We know that the joint spectral subradius of this new set of
linear operators is equal to p(X)2. We use the notation A = B to denote that
the matrix A — B is positive semidefinite. Recall that A = 0 & Vy,y*Ay > 0.

Theorem 6.8. Let ¥ be a set of matrices in R™? and s <t € N. Suppose that
there are v > 0 and a symmetric matriz S = 0 such that

B*(A*SA—rS)B=0 VAecX! Bexs

ey (6.17)

then p(x) > '/,

Proof. The proof is formally similar to the previous one: Let S be a solution
of (6.17). We denote M; the product A; ... A;. It is easy to show by induction
that M;SM; = r'='(A;SA;). This is obvious for ¢t = 2 for similar reasons as
in the previous theorem, and for ¢t > 2, if, by induction, for all y,

yEM;  SMy_yy > ' TPyt AY S Ay,
then, with y = Az, for all x,

oM SMx > r' 22 AT A; | SA 1 Ave > T lat AT S A,

Thus,
sup x* M} SMx > 1 sup r*AFSAx .
x*Sx x*Sx
Finally, ||M;||s > r*/2C, where C is a constant. O

For a given r > 0 the existence of a solution S can be established by solving
the semidefinite programming problem (6.17), and the optimal r can be found
by bisection in logarithmic time.

6.3.3 Estimation of ¢ and the Lyapunov exponent

The exponent of the average growth o is obviously between « and 3, so 1.2690 <
o < 1.3326. To get better bounds we need to estimate the Lyapunov exponent
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p of the matrices Agp, A;. The first upper bound can be given by the so-called
1-radius p1:
. . 1/t
pr=Jim (27030 g A )

t—o0
Leesdy
For matrices with a common invariant cone we have p; = $p(Ag + A1) [100].
Therefore, in our case p; = 2p(Ag + A1) = 2.479.... This exponent was first
computed in [26], where it was shown that the value Z;:Ol u; is asymptoti-
cally equivalent to n", where n = 1 + log, p1 = 2.310.... It follows immediately
from the inequality between the arithmetic mean and the geometric mean that
p < p1- Thus, 0 < 7. In fact, as we show below, o is strictly smaller than 7.
We are not aware of any approximation algorithm for the Lyapunov exponent,
except by application of Definition (6.10). It follows from submultiplicativity
1

of the norm that for any ¢ the value r, = ( [] [|A4q, "'AdtH) 2t gives an
di,...,d¢
upper bound for p, that is p < ry for any ¢t € N. Since r; — p as t — 0o, we see

that this estimation can be arbitrarily sharp for large t. But for the dimension
20 this leads quickly to prohibitive numerical computations. For example, for
the norm || - ||; we have rop = 2.4865, which is even larger than p;. In order

to obtain a better bound for p we state the following results. For any ¢ and
1

z € R? we denote py(z) = ( [ |Aq, -~-Adtx\) “and my = sup  pela).
dy,...,d¢ z>0,|z|=1
In general, this expression is hard to evaluate, but in the following we will use

a particular norm for which m; is easy to handle.

Proposition 6.1. Let Ay, A, be nonnegative matrices in R:. Then for any
norm | - | and for any t > 1 we have p < (my)'/*.

Proof. For any x > 0 and for any n,t € N we have p;1,,(z) < myp,(x). There-
fore, pri(z) < (my)*. Whence, klingo [pkt(x)]l/kt < (mF)R = (my)'/t, On the
other hand, by Corollary 6.1 for > 0 we have 7,, < [p,(x)]'/", and conse-
quently klijgc [pkt(x)]l/kt — pas k — oo. Thus, p < (my)'/*. O

Proposition 6.2. Let Ay, A; be nonnegative matrices in R? that do not have
common, invariant subspaces among the coordinate planes. If p < p, then p <

P1-

Proof. Let v, be the eigenvector of the matrix  (Aj+ A}) corresponding to its

largest eigenvalue p;. Since the matrices have no common invariant coordinate

planes, it follows from the Perron-Frobenius theorem that v, > 0. Consider the

norm |z| = (z,v.) on R%. Take some t > 1 and y € RY, |y| = (y,v.) =1, such
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that p¢(y) = m¢. We have

me=pi(y) <270 D |Ag - Agyl= 270 Y (Aa, - Ay o)

L‘ll,...,dt dl aaaaa dt

= (y,Tt(AS +A1‘)tv*) = pi(y,v.) = pl.

Thus, m; < pt, and the equality is possible only if all 2! values |Aq, - - - Ag,y| are
equal. Since p < p, there must be a ¢ such that the inequality is strict. Thus,
my < pt for some t, and by Proposition 6.1 we have p < (m;)*/t < p;. O

We are now able to estimate p for the matrices Ag, A;. For the norm
|z| = (z,v.) used in the proof of Proposition 6.2 the value —1 log,m; can
be found as the solution of the following convex minimization problem with
linear constraints:

. 1
min - — 5 > ln(x, A:;l . -Aztv*)
di,...,d:€{0,1}
s.t. x>0, (z,v.)=1

(6.18)

The optimal value of this optimization problem is equal to —(1/t) log, m¢, which
gives un upper bound for o = log, p (Proposition 6.1). Solving this problem for
t = 12 we obtain o < 1.3098. We finally provide a theorem that allows us to
derive a lower bound on o. The idea is identical to the one used in Theorem 6.7,
but transposed to the Lyapunov exponent.

Theorem 6.9. Let X be a set of nonnegative matrices that do not have any
common zero column. If for some r; € Ry,s <t € N, there exists v € Rff_
satisfying the following system of linear inequalities

B(Ajxz — r;x)
T

0, VBecXs A€t

0, (x1)=1, (6.19)

VIV

then p(X) > [T, r:/ (2.

The proof is similar to the proof of Theorem 6.7 and is left to the reader.
Also, a similar theorem can be stated for general matrices (with negative en-
tries), but involving linear matrix inequalities. Due to the number of different
variables r;, one cannot hope to find the optimal x with SDP and bisection
techniques. However, by using the vector z computed for approximating the
joint spectral subradius (given in Appendix A.4), with the values s = 8,t = 16
for the parameters, one gets a good lower bound for ¢ : ¢ > 1.3005.
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6.4 Conclusion

The goal of this chapter is to precisely characterize the asymptotic rate of
growth of the number of overlap-free words. Based on Cassaigne’s description
of these words with products of matrices, we first prove that these matrices
can be simplified, by decreasing the state space dimension from 30 to 20. This
improvement is not only useful for numerical computations, but allows to char-
acterize the overlap-free words that “count” for the asymptotics: we call these
words purely overlap-free, as they can be expressed iteratively as the image of
shorter purely overlap free words.

We have then proved that the lower and upper exponents « and 3 defined by
Cassaigne are effectively reached for an infinite number of lengths, and we have
characterized them respectively as the logarithms of the joint spectral subradius
and the joint spectral radius of the simplified matrices that we constructed. This
characterization, combined with new algorithms that we propose to approxi-
mate the joint spectral subradius, allow us to compute them within 0.4%. The
algorithms we propose can of course be used to reach any degree of accuracy
for B (this seems also to be the case for a and o, but no theoretical result is
known for the approximation of this quantities). The computational results we
report in this chapter have all been obtained in a few minutes of computation
time on a standard PC desktop and can therefore easily be improved.

Finally we have shown that for almost all values of n, the number of overlap-
free words of length n does not grow as n®, nor as n”, but in an intermediary
way as n’, and we have provided sharp bounds for this value of o.

This work opens obvious questions: Can joint spectral characteristics be used
to describe the rate of growth of other languages, such as for instance the more
general repetition free languages ? The generalization does not seem to be
straightforward for several reasons: first, the somewhat technical proofs of the
links between u,, and the norm of a corresponding matrix product take into
account the very structure of these particular matrices, and second, it is known
that a bifurcation occurs for the growth of repetition-free words: for some
members of this class of languages the growth is polynomial, as for overlap-free
words, but for some others the growth is exponential, as shown by karhu-
maki and shallit [67]. In view of this one could wonder how the joint spectral
characteristics developed in this chapter could represent both polynomial and
exponential growths.

128



Chapter 7

Trackable graphs

Imagine you are responsible for a network on which an agent is moving. The
network can be modeled as a (directed) graph, and at each step the agent choses
a node among all neighbors of its current node, and jumps to it. A number
of recent contributions deal with the problem of “tracking” such an agent, that
is, in some sense localize the agent on the network [24,33,89,122,123]|. This
network is endowed with sensors that give you information about the node in
which the agent is. In practical applications however, the information is rarely
sufficient to determine uniquely the current node of the agent: for instance, the
network can be subject to noise, or two nodes that are too close can be activated
together. Also, the sensors data can be transmitted in real time through a
channel that only allows you to receive at each step a limited information
about the sensors activations. Clearly, in general, the longer the experience
lasts, the more trajectories will be possible. How to compute the set of all
possible trajectories, given a sequence of observations? What are the possible
growths of the number of trajectories when the observation length increases?
How to determine the worst growth for a particular network? In Section 7.1
we formalize this problem and present the notion of trackable graphs recently
introduced by Crespi et al. [33], and we give practical motivations for it. In
Section 7.2 we answer to the above questions. We then conclude and raise some
possible future work.

7.1 What is a trackable graph?

Initially motivated by tracking vehicles in noisy sensor networks, the concept of
trackable network has recently been introduced [33] in the framework of Hidden
Markov Models (HMM) (see [42,103] for a survey on HMM’s). We introduce
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here trackable graphs' in a self-contained and general framework, in terms of an
underlying directed graph with colors on edges, but the mathematical reality
behind these two definitions is exactly the same.

Let G = (V,E) be a graph and C a set of colors. To every edge e € E we
associate one (or more) color from C. A word w on C is the concatenation
wp ... wr of symbols taken from C; the length |w| of w is the number of its
symbols. A subword wy; ;1 : 1 <@ < j < |w| of w = wy ... wr is the concate-
nation of the symbols w; ... w;. We say that a path is allowed by a word w if
for all 4 the ith edge of the path has color w;. Finally, for a word w and a set
S C V, we denote by 7,,(S) the set of paths allowed by w beginning in a node
in S; T,(V) is the set of paths in G with the color sequence w. Since we are
interested in the worst case, we introduce the complezity function N(t) that
counts the maximal number of trajectories compatible with an observation of
length t:

N(t) : N — N £ max {|7,(V)] : |w| = t}.

We will say that a graph is trackable if its complexity function grows at most
polynomially:

Definition 7.1. A graph is trackable if there exists a polynomial p(t) such that
for any color sequence of length T, the number of possible trajectories compatible
with this observation is bounded by p(T).

Figure 7.1 presents two similar graphs. The first one (a) is trackable, because
the worst possible observation is DDD ... for which the number of compatible
paths is N, (t) = t. The second graph (b) is not trackable, because a possible
observation is w = DSDSDS ... for which the number of possible trajectories
is asymptotically equal to alsl,

In the seminal article [33], the colors are put on the nodes, rather than on the
edges. This latter situation is a particular case of the one considered here, since
this is equivalent to attribute the same color to each edge pointing to a same
node. This fact is illustrated in Figure 7.2: the first graph (a) has its colors on
the nodes, but one could analyse dynamics on this graph by constructing the
edge-colored graph (b). For any path on the “actual” graph (a) leading to the
color sequence w, the same path on the graph (b) leads to the color sequence
wiy,|w)]- So for all ¢ > 0 the complexity functions of the graphs (a) and (b)
satisfy N, (t + 1) < Np(t) < mN,(t + 1), with m the number of colors in the
graph. So (a) is trackable if and only if (b) is, and all analysis results presented
here are valid for node-colored graphs. Note however that this is only valid for
analysis purposes. In Section 7.3 we will briefly address the design question.
For this sort of questions, the node-colored case and the edge-colored case are

I The property of being trackable is a property of directed graphs that have their edges
colored. For simplicity, we will talk in the sequel about trackable graphs rather than trackable
edge-colored directed graphs.
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Figure 7.1: Two node-colored graphs. The “colors” are dashed (D) or solid (S).
The graph (a) is trackable but (b) is not.
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Figure 7.2: A node-colored graphs (a) and the equivalent edge-colored graph

(b).

not equivalent, since the set of feasible solutions is not the same. Indeed, when
designing a node-colored graph, if one puts colors on edges in the corresponding
edge-colored graph, he is restricted in that all edges going to a same node must
have the same color.

7.2 How to recognize a trackable graph?

In this section, we consider two algorithmic problems. The first problem is
that of counting the possible paths in a graph for a given sequence of color
observations. That problem is easy and we describe a simple solution to it.
The second problem is that of deciding trackability.

Let us consider the first problem: we are given a color sequence and we
would like to count the paths that are compatible with the observed sequence
of colors. A simple algebraic solution is as follows. For every color ¢, there is an
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associated graph G, for which we can construct the corresponding adjacency
matrix A.. This graph is simply the graph on the initial set of vertices, but
keeping only the edges colored in c. To a color sequence w = wi, ..., Wy, We
then associate A,,, the corresponding product of matrices A, = A, ... Aw|w|'
It is easy to verify that the (4, j)th entry of A,, is equal to the number of paths
from 4 to j allowed by w. The total number of compatible paths |7, is there-
fore obtained by taking the sum of all entries of the matrix A,,.

We now turn to the problem of recognizing trackable graphs. We have the
following theorem:

Theorem 7.1. [33] Let G be a colored graph and ¥ = {A.} be the set of
adjacency matrices corresponding to each color. G is trackable if and only if
p(X) <1

Proof. The proof essentially uses the fact that the number of paths compatible
with the color sequence w is the sum of the entries of A,,. Moreover, since A,
is nonnegative, the sum of its entries is actually a norm:

14wl &) 1(Aw)ap)l-
i

Now, applying the definition of the joint spectral radius:

HE) = tlir&max{\|A||}/t cAext} (7.1)
= tlirgomax{Z(Aw)(w) s |w] = ¢}/ (7.2)

,J
= Jim N(t)'1, (7.3)

and this latter quantity is less or equal to one if and only if N(¢) grows less
than exponentially. O

We can now apply all the machinery of Chapter 3 to the adjacency matrices
of a colored graph:

Theorem 7.2. There is a polynomial time algorithm that recognizes trackable
graphs. This algorithm uses at most O(n®) operations, where n is the number
of nodes in the graph. Moreover, only the following cases are possible:

o the length of the paths is bounded, i.e., there exists a T such that for all
t>1T, N(t) =0.

e the function N(t) is bounded,

e the function N(t) grows polynomially, with a degree k between 1 and n—1,
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Figure 7.3: Four sensor networks on which a ground vehicle is moving. Which
ones are trackable?

e the function N(t) grows exponentially,

and the algorithm recognizes these cases (and in case of polynomial growth can
decide the degree of the polynomial).

Proof. This follows from Theorems 3.1 and 3.2 together with Theorem 7.1 [

This theorem answers questions raised in the seminal paper on trackability
[32]. We end this section by providing an example inspired from practical
applications presented in [33].

Example 7.1. Figure 7.3 shows a series of abstracted sensor networks. There
is a ground vehicle moving from cell to cell according to a specified kinematics.
There is a sensor which is activated if and only if the vehicle is in one of the grey
cells. The white cells are not equipped with a sensor (but this is equivalent to
consider that they are all equipped with a sensor that sends the signal NULL ).
The network (a) is trackable because in any (long) observation, a grey flash
means that the vehicle has turned left, and two consecutive flashes mean that
the vehicle has turned right. Now if the vehicle turns right, the number of
NULL flashes before the next grey flash tells how long it stayed in the right
loop. Note however that the function N(t) is not asymptotically equal to one,
because a long sequence of NULL signals at the end of an observation does not
determine exactly the final node (it could be any node lying after the loop and
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before the grey flash).

The network (b) is actually also trackable, even though a right turn is not
indicated by a series of two grey flashes. Indeed, it is indicated by a sequence
of more than seven consecutive NULL signals.

The network (c) is also trackable: the loop which is added is advertised by a
sequence GREY — NULL — GREY.

The network (d) is not trackable, because even the subgraph at the upper right
corner is not (it is a by-product of this chapter that if a subgraph is not trackable,
the whole graph is not trackable either).

7.3 Conclusion and future work

In this chapter we have studied the concept of trackable graphs. We have
shown how it relates to the joint spectral radius of a set of nonnegative integer
matrices, and how to recognize them in polynomial time. We have briefly
described some applications of this concept, in tracking vehicles in a noisy (or
not fully observed) environment, or in remote control of a network via a size-
constrained bandwith. An interesting related question is the design question:

Open question 11. Given a directed graph G, how many colors are necessary
in order to have a trackable graph? Is this minimal number computable in
polynomial time? If one is given a number of colors, how to arrange these colors
in the best way, so as to minimize the asymptotics of the mazximal number of
compatible trajectories N(t)?

Another way of asking this question is the following: given a binary matrix
A, what is the minimal number ¢ of binary matrices A; : 1 < i < ¢ such that
A =3 A; and p({A;}) < 1. We have a straightforward upper bound on this
problem: ¢ < ||A4;1]|c < n. Indeed, one can decompose a matrix A in at most
n matrices such that each line has at most one nonzero entry, and we have
p({A;}) < max [| Ay oo
One could also derive a lower bound on the minimal number of colors ¢ by
using techniques from symbolic dynamics: the entropy of the edge-shift of the
graph must be smaller than the entropy of the free shift on the set of colors (for
comprehensive surveys on symbolic dynamics, see [77,81]). Let us present this
idea in a self-contained way: the number of paths of length ¢ on the graph G is
T:(G) > p(Ag)t, with p(Ag) the spectral radius of the adjacency matrix of G.
If there exists a coloration of G with ¢ colors such that the obtained graph is
trackable, then the number of words of length ¢ on C has to be large enough so
that at most a polynomial number of paths share the same word, and we have
the simple lower bound p < c.
This kind of techniques, though allowing one to quickly derive simple bounds,
can sometimes be relatively inefficient. For instance, we will see that for the de-
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sign of observable graphs, similar bounds cannot allow one to find the minimal
number of colors (unless P = NP).

Open question 12. Are there other (tighter) simple bounds for the minimal
number of colors?

These questions, though interesting, have not been investigated in this the-
sis.
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Chapter 8

Observable graphs

This chapter presents personal research presented in [58,61] and submitted to
publication [60]. The problems developped here are not directly related to a
joint spectral radius computation, but they are best expressed as a combinato-
rial problem on long products of matrices.

8.1 Introduction

In Chapter 7 we have investigated the trackability of colored graph. In some
practical engineering applications, this notion could not reflect exactly one’s
interests. Let us take another look at an example developped in the previous
chapter: Figure 8.1 presents two graphs, the first of which is trackable (a) and
the other is not (b). Indeed, the worst possible observation in (a) is a succession
of dashed flashes, since as soon as a solid flash occurs, the rest of the trajectory is
uniquely determined. For such an observation, the only possibility for the agent
is to stay in the left node, or to jump to the middle node at an arbitrary time (or
to stay in the middle node during the whole observation). These possibilities
do not lead to many different trajectories, as for an observation of length ¢,
there are ¢ + 1 allowed trajectories. For the second graph though, the worst
observation is the only possible one (up to time shift): a succession of dashed
and black flashes. This observation leads to a dramatic loss of information
concerning the trajectory, since every two steps (when the agent jumps to a
black node) we have to multiply by two the number of possible trajectories.

Imagine now that we are not interested in the whole trajectory performed by
the agent, but we would like to determine its position in the graph at the end of
the observation. In the first graph, if we observe a sequence of dashed flashes,
one will never be able to delineate between the left and the middle node, and at
no time will we be able to localize the agent. In the second graph though, every
two observations, one will get a dashed flash, and the position of the agent will
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(a) (b)

Figure 8.1: Two node-colored graphs. (a) is trackable, and (b) is not. However,
for agent-localization purposes, (b) is much more convenient. We say that (b)
is partly observable, while (a) is not.

be unambiguously determined: the agent will be in the middle node. In this
chapter, we call graphs like (b) partly observable because they allow to localize
the agent at least part of the time. Observable graphs will allow to localize the
agent at every time provided the observation is long enough.

Of course, if all edges are of different colors, or if edges with different end-
nodes are of different colors, then one is able to localize the agent after just
one observation. So the interesting situation is when there are fewer colors
than there are nodes. Consider for instance the two graphs on Figure 8.2.
They differ only by the edge between the nodes 1 and 3. We claim that the
graph (a) is observable but that (b) is not. In graph (a), if the observed color
sequence is DDS then the agent is at node 1, while if the sequence is SDD he
is at node 3. Actually, it follows from the results presented in this chapter that
the observation of color sequences of length three always suffices to determine
the exact position of the agent in this graph. Consider now the graph (b)
and assume that the observed sequence is SSDSS; after these observations are
made, the agent may either be at node 1, or at node 3. There are two paths
that produce the color sequence SSDSS and these paths have different end-
nodes. Sequences of arbitrary large length and with the same property can be
constructed and so graph (b) is not observable.

There are of course very natural conditions for a graph to be observable.
A first condition is that no two edges of identical colors may leave the same
node. Indeed, if a node has two outgoing edges with identical colors then an
agent leaving that node and observing that color will not be able to determine
his next position in the graph. So this is clearly a necessary condition. An-
other condition is that the graph may not have two cycles with identical color
sequences, as for example the cycles 2—1—-3—2 and 4 —5—1—4 in graph (b)
of Figure 8.2. If such cycles are present in the graph, then an agent observing
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Figure 8.2: An agent is moving along directed edges. Edges are “colored” solid
(S) or dashed (D). The graph (a) is observable because the observation of the
last three colors suffices to determine the position of the agent in the graph.
The graph (b) is not observable; the sequence SSDSSD. . .SSD can be obtained
from a path ending at node 2 or at node 4.

that repeated particular color sequence is not able to determine if he is moving
on one or the other cycle. So, these two conditions are clearly necessary con-
ditions for a graph to be observable. In our first theorem we prove that these
two conditions together are also sufficient.

In an observable graph there is some T > 1 for which an agent is able to
determine his position in the graph for all observations of length 7', and so he
is also able to do so for all subsequent times. Some graphs are not observable
in this way but in a weaker sense. Consider for example the graph (a) of Figure
8.3. This graph is not observable because there are two dashed edges that leave
the top node and so, whenever the agent passes through that node the next
observed color is D and the position of the agent is then uncertain. This graph
is nevertheless partly observable because, even though the agent is not able to
determine his position at all times, there is a finite window length 7" such that
the agent is able to determine his position at least once every 1" observations.
Indeed, after observing the sequence SD in this graph (and this sequence occurs
in every observation sequence of length 4), the next observation is either S or
D. If it is S, the agent is at the bottom right node; if it is D, he is at the bottom
left node. In both cases the next observed color is S and the agent is then
at the top node. So the agent is able to determine his position at least once
every five observations. In an observable graph, an agent is able to determine
his position at all times beyond a certain limit; in a partly observable graph
the agent is able to determine his position infinitely often (see below for formal
definitions).

Notice that in the graph (a) of Figure 8.3, the agent is able to reconstruct
his entire trajectory a posteriori, except maybe for his last position. This is
however not the case for all partly observable graphs. Consider for example
the star graph (b) of Figure 8.3. The color sequences observed in this graph
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(b)

Figure 8.3: Both graphs are partly observable but none of them is observable.
In graph (a), complete trajectories can always be reconstructed a posteriori;
which is not possible in graph (b).

are SDSDS. .. or DSDSDS. ... When the last observed color is D, the agent is
at the central node. When the last observed color is S, the agent only knows
that he is at one of the extreme nodes. Hence this graph is partly observable
but in this case, contrary to what we have with graph (a), the entire trajectory
cannot be reconstructed a posteriori.

In this chapter, we prove a number of results related to observable and partly
observable graphs. We first prove that the necessary conditions described above
(nonexistence of a pair of cycles with the same color sequence, and of a pair
of edges leaving a same node) are indeed sufficient for observability. From the
proof of this result it follows that in an observable graph an agent can determine
his position in the graph after an observation of length at most n(n—1)/2, where
n is the number of nodes. This quadratic increase of the observation length
cannot be avoided: we provide a family of graphs for which ©(n?) observations
are necessary. Based on some of these properties we also provide polynomial-
time algorithms for checking if a graph is observable or partly observable. We
then consider the question of assigning colors to the edges or nodes of a directed
graph so as to make it observable and we prove that the problem of finding the
minimal number of colors is NP-complete.

The concept of observable graphs is related to a number of concepts in graph
and automata theory, symbolic dynamics, control theory and Markov models
which we now describe.

Perhaps the most natural and direct connection is with the notion of syn-
chronizing automata. In an observable graph we ask the agent to be able to
determine his position after some finite time and require this to be possible
whatever path he chooses in the graph. On the other hand, an automaton is
said to be synchronizing if there is some choice of color sequence for which
the agent is able to determine his position in the graph after having chosen
a path that produces that color sequence (these color sequences are then said
to be “synchronizing"). For this definition to be unambiguous, the notion of
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synchronizing automata only applies to automata for which there is exactly
one outgoing edge of every color leaving from every node. Thus, in observ-
able graphs, the agent strolls in the graphs and wonders where he is, whereas
in synchronizing automata the agent chooses a particular sequence of colors
so as to be able to determine where he is. As we will see, some results on
synchronizing graphs have their exact counterpart for observable graphs: both
kinds of graph can be recognized in polynomial time (see [43] for polynomial
time recognition of synchronizing automata), and it appears that if a graph
is observable, then one is able to localize an agent in a time less than O(n?),
where n is the number of nodes, which is the same order as what is conjectured
for synchronizing word. Nevertheless, we will show that given an observable
graph, it is possible to compute in polynomial time the minimal 7" such that
any trajectory of length more than 7 leads to a unique final node, while it is
known that, given a synchronizing automaton, is is NP-hard to compute the
length of a shortest synchronizing word [43].

Synchronizing automata have been the subject of intense research for more than
forty years and have led to a number of interesting results and conjectures. A
celebrated conjecture due to éerny states that if an automaton is synchroniz-
ing, then it admits a synchronizing color sequence of length less than (n — 1)2,
where n is the number of nodes [28]. Weaker bounds have been obtained and
the conjecture has been proved for some particular cases [29, 39,46, 68,97], but
the original conjecture is still open.

The question of determining if an automaton is synchronizing is an analysis
question. The corresponding design question is the so-called road coloring prob-
lem. In the road coloring problem one is given a directed graph whose nodes
all have the same outgoing degree A and one is asked to color the edges with A
colors so as to make the automaton synchronizing. It is easy to see that for this
to be possible the graph has to be aperiodic. According to the celebrated road
coloring conjecture introduced by Adler and Weiss [1], this condition is also
sufficient. The road coloring conjecture has been proved very recently [115].
One cannot possibly fail to notice the analogy between these questions and
those raised in this chapter for observable graphs. The road coloring problem
is in our context the problem of chosing edge colors that make a given graph
observable and Cerny’s conjecture is the analog to the (much simpler) result
proved in this chapter that in an observable graph the position in the graph
can be determined after at most n? observations.

Unlike what is done in the literature on synchronizing automata, we do not
restrict nodes of observable graphs to have identical out-degrees.

Concepts very similar to observable graphs have been studied in symbolic
dynamics (see [77,81] for surveys on symbolic dynamics). Observable graphs
as defined here are actually a particular case of local automata [5], which are
called definite graphs in [81]. A finite state automaton is said to be (d, k)-
local (with d < k) if any two paths of length & and identical color sequences
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pass through the same state at step d. Hence an observable graph as defined
above is a (T, T)-local automaton. When the corresponding graph is strongly
connected, (k, k)-local automata are called finite memory graphs in [81], and
it is shown in [81] how to recognize finite memory graphs in polynomial time.
In symbolic dynamics, one is interested in the sequences of colors that can be
generated by trajectories on a colored graph, but no attention is given to the
localization of an agent in real time. In view of this, one can understand the
fundamental difference between local automata (or definite graphs) and partly
observable graphs: for a graph to be partly observable there must be a time in
every sufficiently long time interval at which it is possible to localize the agent
by taking into account only the observations made that far. This “real-time”
constraint is not present in the definition of local automata.

Trackable graphs, which are studied in Chapter 7, are clearly related to the
notion of observable graphs. Recall that an edge-colored directed graph is
said to be trackable if the maximum number of trajectories compatible with a
color sequence of length k grows subexponentially with k. So, in the context
of trackability, one cares about the total number of compatible trajectories,
but not about the actual position of the agent in the graph. It is clear that
an observable graph is trackable, but the converse is not true in general. For
example the graph on Figure 8.3 (a) is trackable but not observable. Notice
also that, as shown with the graph on Figure 8.3 (b), partly observable graphs
do not need to be trackable.

Observable graphs are also related to Discrete Event Systems (DES). More
precisely, our notion of partly observable graph is similar to what Oszveren and
Willsky call observable DES [91]. These authors define DES as colored graphs,
except for the fact that they allow transitions to be unobservable: some edges
have no colors. From a colored graph with unobservable transitions we can
easily construct an equivalent fully colored graph by removing all unobservable
transitions and adding an edge (h,j) of color ¢ whenever there is an edge
(h,1) of color ¢ and an unobservable transition (or a sequence of unobservable
transitions) between ¢ and j. Our results are therefore applicable to observable
DES as defined in [91].

Finally, the results presented in this chapter can also be interpreted in
the context of Hidden Markov Processes (HMP) [42,103]. More precisely, the
graphs we consider can be seen as finite alphabet HMPs (also called aggregated
Markov processes), except that no values different from 0 and 1 are given for
the transition probabilities. In our context, a transition is either allowed or
it is not; we do not associate transition probabilities. Also, we can assign to
a given transition several possible colors, but again, without considering their
respective probabilities.

The remainder of this chapter is organized as follows: in Section 8.2 we
formalize the notions presented above and give necessary and sufficient con-
ditions for observability. Section 8.3 deals with algorithmic aspects: we show
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there how to check the conditions derived in Section 8.2 in polynomial time.
In Section 8.4 we prove NP-completeness results for the design of observable
and partly observable graphs. Finally, in Section 8.5 we conclude and describe
some open questions.

8.2 Characterizing observability

The framework of observable graphs is exactly the same as for trackable graphs.
We recall some definitions: Let G = (V, E) be a graph and C a set of colors.
To every edge e € E we associate one (or more) color from C. A word w on C
is the concatenation wy ... wr of symbols taken from C' the length |w| of w is
the number of its symbols. A subword wy; ;1 : 1< < j < |w|of w=w;...wr
is the concatenation of the symbols w; ...w;. We say that a path is allowed by
a word w if for all ¢ the ith edge of the path has color w;. Finally, for a word w
and a set S C V, we denote by d,,(S) the set of nodes ¢ for which there exists
a path allowed by w beginning in a state in S and ending in g; d,,(V') is the set
of nodes that can be reached from a node in V' with the color sequence w.

A graph is observable if there exists an integer T" such that for all words w

of length |w| > T, |6,(V)| < 1. In other words there is at most one possible
end-node after a path of length 7" or more. We shall also say that a graph
is partly observable if there exists an integer T such that for all word w with
|w| > T, there exists a 1 <t < T such that |d,, (V)] < 1.
The theorem below characterizes observable graphs. For a graph to be observ-
able no color sequence w can allow two separated cycles, that is, two cycles
m, 7 1 [0,|w|] — V such that for all 4, w(¢) # 7'(¢), and the edges (7 (i), 7(i+1))
and (7'(i),7'(i + 1) have identical colors. For instance, the graph in Figure
8.2 (b) is not observable because the color sequence “solid-dashed-solid” allows
both the cycle 1 —3 — 2 — 1 and the cycle 5 — 1 —4 — 5. Another condition for
a graph to be observable is that no node may have two outgoing edges of the
same color. This last condition only applies to the nodes of the graph that are
asymptotically reachable, i.e., that can be reached by paths of arbitrary long
lengths. In a strongly connected graph, all nodes are asymptotically reachable.
For graphs that are not strongly connected, asymptotically reachable nodes
are easy to identify in the decomposition of the graph in strongly connected
components. We now prove that these two conditions together are not only
necessary but also sufficient:

Theorem 8.1. An edge-colored graph is observable if and only if no color
sequence allows two separated cycles, and no asymptotically reachable node of
the graph has two outgoing edges that have identical colors.

Proof. =: We prove this part by contraposition. Suppose that the first con-
dition is violated: if we have a word w allowing two separated cycles, then
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ww - --w is an arbitrarily long word that allows two separated paths. Suppose
now that the second condition is violated and let v be an asymptotically reach-
able node. For any T', we can find a path of length T'— 1 ending in v and v has
two outgoing edges of the same color. Let w be a color sequence allowing this
path, and ¢ the color of the two edges. We have then an arbitrarily long word
we such that |§,.(V)| > 2.

<: For each non asymptotically reachable node v there exists a time ¢,, such
that no path of length more than ¢, ends in v. Let us define 77 = maxt,. Thus
every path of length larger than T} has its last node asymptotically reachable.
We consider two arbitrary compatible paths, that is, two paths allowed by the
same color sequence. We will show that they intersect between ¢ = T} and
t = Ty +n'2, with n’ the number of asymptotically reachable nodes. This
will establish observability of the graph, since two paths cannot split once they
intersect (recall that no node has two outgoing edges of the same color), and
so actually all compatible paths pass through the same node after ¢t = T} + n'?
steps. Suppose by contradiction that the two paths 7, 7" allowed by the same
color sequence do not intersect during the last n'? steps, when they only visit
asymptotically reachable nodes. Then by the pigeonhole principle there are two
instants t1,ts such that (w(t1),7'(¢t1)) = (7w(t2), 7’'(t2)), and the first condition
is violated: wy, 4,) is a sequence that allows two separated cycles. O

One could think that the first condition in Theorem 8.1 suffices for the
graph to be partly observable, but this is not the case. Consider indeed the
graph in Figure 8.4. For notational simplicity we have put colors on the nodes
rather than on the edges: one can interpret these node colors as being given
to the edges incoming in the corresponding node. This graph satisfies the
first condition but it is not partly observable. Indeed, the observed sequence
RGGRGG . .. has no subsequence allowing only one ending node.

Actually, the first condition implies a weaker notion of observability: We call
a graph partly a-posteriori observable if for any sufficiently long observation, it
is possible a posteriori (that is, knowing the whole observation) to determine
the state of the agent at at least one previous instant. We do not develop this
concept any further in this chapter but it should be clear that all the proofs
that we provide in this and in the next section can easily be extended to cover
that case as well.

The graph (a) of Figure 8.2 is observable and the agent can be localized after
an observation of length at most 3. The above proof provides an upper bound
on the observation length that is needed to localize an agent in an observable
graph. For strongly connected graphs this corresponds to Corollary 2.20 in [81].

Corollary 8.1. In an observable graph, n(n — 1)/2 observations suffice to
localize an agent (n is the number of nodes in the graph).
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Figure 8.4: A graph that is not partly observable, even though no color sequence
allows two separated cycles. The colors on nodes can be understood as assigned
to the edges incoming in the corresponding nodes.

Proof. Let us suppose by contradiction that there exists a color sequence of
length T'= n(n — 1)/2 that allows two paths I, II' ending in different nodes.
There are thus n(n—1)/2+1 pairs of nodes {II(¢), IT'(¢) } such that II(¢) # II'(¢)
and by the pigeonhole principle, we must have a subsequence of colors that
allows two separated paths of the form vy — wvi,v9 — wva, or of the form
v] — vg, vy — v1. Indeed there are only n(n—1)/2 different such pairs. In both
cases this is in contradiction with the observability of the graph, because it
implies the existence of two separated cycles with the same color sequence. [

One could have expected the maximal value of 7" to be n, and one may
wonder whether the bound n(n — 1)/2 in the corollary is tight. We give in
Section 8.3 a family of observable graphs for which the value of T is larger than
n(n —1)/2 — 1, thus showing that the bound is indeed tight.

8.3 Verifying observability

In this section, we consider two algorithmic problems. The first problem is
that of reconstructing the possible positions of an agent in a graph for a given
sequence of color observations. That problem is easy; we describe a simple
solution to it and give an example that illustrates that the bound in Corollary
8.1 is tight. The second problem is that of deciding observability.

The first problem can be solved with tools presented in the previous chapter:
To every color ¢, there is an associated graph G, for which we can construct the
corresponding adjacency matrix A.. To a color sequence w = wy, ..., Wy, We
then associate A,,, the corresponding product of matrices A, = A, ... Aw|w|'
Tt is easy to verify that the (i, j)th entry of A,, is equal to the number of paths
from ¢ to j allowed by w. The set 0,,(5), is therefore obtained by restricting
the matrix A,, to the lines corresponding to elements in .S, and by taking the
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indices of the nonzero columns (recall that §,,(S) is the set of nodes where
an agent can stop, when starting at a node in S, and following a path whose
color sequence is w). This simple algorithm is actually nothing else than the
well-known Viterbi algorithm for Hidden Markov Processes [103,117], except
that in our context the probabilities are all equal to zero or one.

As an application, let us show that the quadratic dependance for the bound
in Corollary 8.1 cannot be improved. We describe a family of colored graphs
with n nodes by giving the adjacency matrices corresponding to the different
colors. Our set contains 2(n — 2) matrices. For every 1 < i < n — 2 we con-
struct two matrices: the first one, A;, has n — i entries equal to one, which
are the entries (i + 1,4 +2),...,(n — 1,n), and (i,7); the second matrix, B;,
has two entries equal to one: the entries (4,7 + 1) and (n,7 + 2). A colored
graph defined by this set of matrices is observable (the reader can verify this
by using the algorithm given below); but on the other hand the color sequence
A?_2B1A§_3BQ ... Ap_9By_o, of length n(n—1)/2—1, allows paths that have
different end nodes. This is straightforward to check by computing the corre-
sponding product of matrices and check that it has two columns with nonzero
elements.

We now turn to the main question of this section: how can one determine
efficiently if a graph is observable? We have the following result.

Theorem 8.2. The problems of determining whether a colored graph is observ-
able, or partly observable, are solvable in O(n*m), where n is the number of
nodes, and m is the number of colors.

Proof. The algorithm we propose uses the conditions given in Theorem 8.1. We
first check the condition that no color sequence allows two separated cycles. In
order to do that, we construct an auxiliary directed graph that we will denote
G? and whose nodes are couples of distinct nodes in G: {(v1,v2) € V2 : vy #
va}. In G? there is an edge from (vq,v2) to (vf,v}) if there is a color that
allows both edges (vi,v]) and (vg,v}). Note that the same construction has
been used in Chapter 3. This graph can be constructed in O(n*m) operations,
since there are less than n* edges in G? and for each of these edges we have
to check m colors. It is possible to design two separated cycles in G allowed
by the same color sequence if and only if there is one cycle in G?. This we
can test by a simple breadth first search. Now, we can check easily if an
asymptotically reachable node has two outgoing edges of the same color, and
determine whether the network is observable.

We now would like to test whether the graph is partly observable; in order
to do that, we construct a new auxiliary directed graph G2, and once again
we check the existence of cycles in this graph. An easy way to obtain this
new graph is to take G2, and to add some edges: for every couple of nodes
((v1,v2), (v],v5)), we allow an edge if there is a color that allows one edge
from vy or ve to v] and one edge from vy or ve to vh. The graph G? can
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also be constructed in O(n*m) operations. We claim that the graph is partly
observable if and only if this auxiliary graph is acyclic. Indeed, any path in the
auxiliary graph ending in node, say, (v1,v2) corresponds to a color sequence
that allows paths ending in each of the nodes v; and vq. If the auxiliary graph
contains a cycle, consider the path travelling along the cycle during T' steps;
it corresponds to a word of length T such that for any ¢ < T, the subword
obtained by cutting the word at the tth character allows two paths ending in
different nodes, and the definition of partial observability is violated. On the
other hand, if the graph is not partly observable, there exist arbitrarily long
sequences such that every prefix allows at least two paths ending in different
nodes. This implies that G2 has a cycle. Indeed, let us consider such a color
sequence w of length T' > n?. There are two paths 7,7 : [0, 7] — V allowed by
w and ending in two different nodes: 7(T') # 7 (T). If n(T — 1) # m (T — 1),
then there is an edge in G? from (7(T — 1), m (T — 1)) to (7(T), w1 (T)). If
(T —1) = m1(T — 1), then by construction of w there exists a path 7o allowed
by wpi..p—1) that ends in a node vr_y # m(T — 1). Thus we can iteratively
define nodes v; : i € [1,T] of decreasing indices 7 such that there is a path in
G? from (v;_1,m(i — 1)) to (vs,n(7)). Finally this path is of length 7" which is
more than the number of nodes in G2, so this graph is cyclic. Since G2 can be
constructed in O(n*m), the proof is complete. O

This algorithm also allows us to compute the time necessary before local-
ization of the agent:

Theorem 8.3. In an observable graph, it is possible to compute in polynomial
time the minimal length T such that any observation of length T allows to
localize the agent. The same is true for partial observability. In both cases
T <n(n-1)/2.

Proof. Let us consider the graphs G2 and G? in the above proof. The existence
of an observation of length T allowing two different last nodes (respectively,
two paths with at least two different allowed nodes at every time) is equivalent
to the existence of a path of length T in G? (respectively, C:’Q) Since the
auxiliary graphs are directed and acyclic, it is possible to find a longest path
in polynomial time.

Finally, the bound on T for partly observable graphs may be proved in the
same way as in Corollary 8.1 for fully observable graphs. O

8.4 The design of observable graphs is NP-complete

In this section, we prove NP-completeness results for the problem of designing
observable graphs. The problem is this: we are given an (uncolored) graph and
would like to color it with as few colors as possible so as to make it observable.
Unless the graph is trivial, one color never suffices. On the other hand, if we
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have as many colors as there are nodes the problem becomes trivial. A simple
question is thus: “What is the minimal number of colors that are needed to
make the graph observable”? One can think of several ways of approximating
this minimal number: for local automata (definite graphs), it is known that
the minimal number of colors is greater or equal to the spectral radius of the
adjacency matrix of the underlying graph [81]. Actually, for observability we
can say more: since no asymptotically reachable node may have two leaving
edges of the same color, the minimal number of colors is greater or equal to
the maximal outdegree of these nodes. This bound is better than the spectral
radius of the adjacency matrix, but is far from beeing sufficient to compute
the optimum. Indeed, we show below that computing the optimum is NP-
complete in two different situations: If we color the nodes and want to make
the graph observable, or if we color the edges and want to obtain a partly ob-
servable graph. We have not been able to derive similar results for the other
two combinations of node/edges coloring and observability /partial observabil-
ity. In particular, we leave open the natural question of finding the minimal
number of edge colors to make a graph observable. Even though the statements
of our two results are similar, the proofs are different. In particular, we use
reductions from two different NP-complete problems (3-COLORABILITY and
MONOCHROMATIC-TRIANGLE).

Theorem 8.4. The problem of determining, for a given graph G and integer k,
if G can be made observable by coloring its nodes with k colors is NP-complete.
This remains true if k is fizved to 3.

Proof. We have already shown how to check in polynomial time if a colored
graph is observable. So the problem is in NP. In the rest of the proof we
provide a polynomial-time reduction from 3-COLORABILITY to the problem
of determining if a graph can be made observable by coloring its nodes with 3
colors. This will then establish the proof since 3-COLORABILITY is known
to be NP-complete [45].

In 3-COLORABILITY we are given an undirected graph G and the problem
is to color the nodes with at most three different colors so that no two adjacent
nodes have the same color. For the reduction, consider an undirected graph
G = (V,E). From G we construct a directed graph G’ = (V’/, E’) such that
G’ can be made observable by node coloring with 3 colors if and only if G
is 3-colorable. Figure 8.5 illustrates our construction. On the left hand side
we have a 3-colorable undirected graph. The corresponding directed graph G’
is represented on the right hand side. The graph G’ can be made observable
with three colors. Here is how we construct G’ from G: For every node v in
V', we define a corresponding node v’ in V'’ and call these nodes “real nodes”.
For every edge e = (v1,v2) in E, we define a node v, in V' and two outgoing
edges (v.,v]) and (v}, v}). The nodes v, appear with double circles on Figure
8.5. The main idea of the reduction is as follows: If G’ is observable by node
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Figure 8.5: Construction of the graph G’ and its coloration

coloring, then v} and v} cannot possibly have the same color since there are
edges pointing from v/, to both v{ and v}, and so the corresponding nodes in G
do indeed have different colors.

The graph G’ we have constructed so far is rather simple and does not
contain any cycle; in the remainder of our construction we add nodes and edges
to G’ so as to make it strongly connected but without changing the observability
of G'. For every node v, we add a new node v/ and an edge (v/,v.). The nodes
v! are represented by a square on Figure 8.5. We then order the edges in G-
E = {e1,...,es}, and we add edges (v;,,v;,,,) in G’ for every 1 <i < s — 1.
Finally, for every real node v’ in G’ we add two nodes, with an edge from v’ to
the first one, an edge from the first one to the second one, and an edge from
the second one to v, . This latter node is thus a node that collects every path
of length 2 leaving the real nodes. These nodes and edges are represented in
light grey on Figure 8.5. The graph G’ is now strongly connected and we claim
that it can be made observable by node coloring with three colors if and only
if G is 3-colorable. Let us establish this claim.

If G’ can be made observable by node coloring with three colors then clearly
G is 3-colorable. Indeed, whenever two nodes in G are connected by an edge,
their corresponding real nodes in G’ are being pointed by edges emanating from
the same node and so they need to have different colors. So this part is easy.

Assume now that G is 3-colorable and let its nodes be colored in red (R),
blue (B) or green (G). We need to show that the graph G’ can be made observ-
able by coloring its nodes with three colors. We choose the following colors:
every real node is colored by its corresponding color in G, the nodes v/, are all
colored in blue and the nodes v/ are all colored in red. Finally, the remaining
nodes (in light grey on the figure) are colored in green. This colored graph is
clearly observable. Indeed, any sufficiently long directed path (in particular,
any path whose length is larger than the total number of nodes in G') will
eventually reach a succession of two green nodes followed by a red node. At the
end of such a sequence, the agent is at node v, and his position in the graph
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Figure 8.6: The main building block for the reduction.

can then be observed for all subsequent steps since G’ has no two outgoing
edges from a node leading to nodes of identical colors. Thus G’ is observable

and this concludes the proof.
O

The next result deals with partial observability; one can see that the reduc-
tion is quite different.

Theorem 8.5. The problem of determining, for a given graph G and integer
k, if G can be made partly observable by coloring its edges with k colors is
NP-complete. This remains true even if k is fixed to 2.

Proof. We have shown in Section 8.3 how to check in polynomial time if a
colored graph is partly observable. Hence this problem is in P and to complete
the proof it suffices to exhibit a polynomial time reduction from some NP-
complete problem. Our proof proceeds by reduction from the following problem:
In MONOCHROMATIC-TRIANGLE we are given an undirected graph G and
we are asked to assign one of two possible colors to every edge of G so that no
triangle in G (a triangle in a graph is a clique of size three) has its three edges
identically colored. A graph for which this is possible is said to be triangle-
colorable and the problem of determining if a given graph is triangle-colorable
is known to be NP-complete [45].

Our proof proceeds as follows: From an undirected graph G we construct
a directed graph G that can be made partly observable with two colors if and
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Figure 8.7: The complete reduction.

only if G is triangle-colorable. Thus we prove the somewhat stronger result
that the problem of determining if a graph can be made partly observable with
two colors, is NP-complete.

As is often the case for NP-hardness proofs the idea of the reduction is
simple but the construction of the reduction is somewhat involved. For clarity
we construct G in two steps. The first step is illustrated on Figure 8.6. In this
first step we construct an acyclic graph G’ that will be used in the second step.
The encoding of MONOCHROMATIC-TRIANGLE is done at this step. The
second step is illustrated on Figure 8.7 and uses several replica of parts of the
construction given in the first step. This second step is needed in order to make
the final graph G connected.

Let us now consider the first step. The left hand side of Figure 8.6 represents
an undirected graph G. The edges of G are colored but we do not pay attention
to the colors at this stage. At the right hand side of the figure is the graph G’
constructed from G. In order to construct G’, we order the edges of G and for
every edge e; in G we define two nodes in G’ and a directed edge E; between
them; these edges have no nodes in common and we refer to them as “real
edges” because they represent edges in the original graph G. Next, we identify
the triangles {eq, e,, €5 : ¢ < 7 < s} in G, we order them (for example, according
to the lexicographic order), we add a node T; in G’ for every triangle in G, and
we add in G’ edges from the node T; to all three real edges it is composed of, as
illustrated on the second level of the graph on Figure 8.6. Thus the out-degrees
of the nodes T; are all equal to three. Finally, we construct a binary tree whose
leaves are the nodes T;. In the example represented on the figure, the graph
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G has four triangles and so the tree has four leaves T; and has depth 2. (In
general, the tree has depth equal to N = [log, S| where S is the number of
triangles in G.) The reduction will be based on the following observation: Let
the edges of G’ be colored and let us consider the sequences of colors observed
on paths from the root of the tree to the bottom nodes. We claim that the
edges of G' can be colored with two colors so that all color sequences observed
on these paths are different if and only if G can be triangle-colored.

We now establish this claim. Assume first that G cannot be triangle-colored.
Let us consider a coloration of G’; which implies a coloration on G via the
colors of the real edges. Let T; be a node corresponding to a triangle whose
edges are identically colored. There are three outgoing edges from T; and so
two of them must have identical colors. Since these edges lead to real edges of
identical colors, G’ has two paths that have identical color sequences.

Assume now that the graph G can be triangle-colored. We color the real edges
of G’ with their corresponding colors in G and we color the edges of the tree
so that paths from root to leaves define different color sequences. It remains
to color the outgoing edges from the nodes 7;. Every T; has three outgoing
edges u;,v;, w; and these edges lead to real edges that are not all identically
colored. Since there are only two colors, two of the three edges must have
identical colors. Let u; and v; be the outgoing edges from T; that lead to the
two identically colored real edges; we give to u; and v; different colors and
choose an arbitrary color for the third outgoing edge w;. When coloring the
edges of G’ in this way, all paths from the root to the bottom nodes define
different color sequences and so the claim is established.

We now describe the second step of the construction. This step is illus-
trated on Figure 8.7 where we show a graph G (on the left hand side) and the
corresponding graph G (on the right hand side) constructed from G. Notice
that the graph G we consider here is different from the graph used in Figure
8.6. The construction of G consists in repeating a number of times the tree
structure described in the first step and then making the graph connected by
connecting the end nodes of the real edges to the roots of the trees through
a sequence of edges, as represented on the figure. For the sake of clarity we
have represented only two copies of the tree on the figure but the complete
construction has 2S5 + 1 such copies (in the example of the figure, 5 copies);
the reason for having 25 + 1 copies will appear in an argument given below.
In the sequence of edges that make the graph connected there are three nodes
at every level and there are N + 3 levels where IV is the depth of the trees.
The aim of this last construction is to make us able, by appropriately coloring
the edges, to determine when an agent reaches the root of a tree, but without
making us able to determine what particular root the agent has reached.

We are now able to conclude the proof. We want to establish that G can
be made partly observable with two colors iff GG is triangle-colorable.

Assume first that G is triangle-colorable and let the coloration be given with
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the colors dashed (D) and Solid (S). We color G as follows: For the real edges
and for the edges in the trees we choose the colors described in step 1, for the
edges leaving the end nodes of the real edges and for the incoming edges to the
roots we choose S, finally, all the other connecting edges are colored by D. We
claim that the graph G so colored is partly observable. In order to establish
our claim consider an agent moving in G. After some time the agent will hit
a long sequence of IV + 3 connecting edges colored by D. The agent will know
that he is at a root as soon as he observes a S. He will however not be able to
determine what particular root he is at. We then use the argument presented
in step 1 to conclude that, when the agent subsequently arrives at one of the
end node of the real edges, he knows exactly at what node he is. Therefore the
colored graph G is partly observable because, whenever the agent reaches the
end node of a real edge, he knows where he is.
We now establish the other direction: If G is not triangle-colorable then
G cannot be made partly observable with two colors. We establish this by
proving that when G is not triangle-colorable, there exist two separated cycles
in G that have identical color sequences. Since the color sequences are identical
and the cycles are separated an agent observing that particular repeated color
sequence can never determine on what cycle he is and the graph is not partly
observable. Let us assume that some coloration for G has been chosen. Since G
is not triangle-colorable, some triangles have all their edges identically colored.
Choose one such triangle and consider in every tree in G the path that leads
from the root to the node corresponding to that triangle in the tree. Any such
path defines a color sequence and there are at most S such sequences. Since
there are 2541 > S+1 trees, we may conclude by the pigeonhole principle that
there are two separated but identically colored paths that leave from distinct
roots and lead to leaves corresponding to the same triangle. If we require
in addition that both roots have two incoming edges colored with the same
color, then the same result applies since there are 25 + 1 trees. By using the
definition of G and the fact that G cannot be triangle-colored, the construction
of two identically colored distinct cycles can be continued by constructing paths
from the two nodes corresponding to the uni-colored triangle to the roots of
their corresponding trees. In this way one can construct two separated but
identically colored cycles in G that prove that G cannot be made observable
with two colors and the proof is complete.
O

8.5 Conclusion and future work

We have introduced and analyzed a simple notion of observability in graphs.
Observability in graphs is desirable in situations where autonomous agents
move on a network and one wants to localize them; this concept appears in a
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number of different areas. We have characterized various forms of observability
and have shown how they can be checked in polynomial time. We have also
shown that the maximal length of the observation needed to localize an agent
in a graph can be computed in polynomial time. This length is in the worst
case quadratic in the number of nodes in the graph. We have also proved that
the design of observable graphs is NP-complete in two distinct situations. We
leave some open questions and problems:

Open question 13. Is the problem of making a graph observable NP-complete
if colors are assigned to the edges?

Open question 14. How can one approzimate the minimal number of colors?

Open question 15. If a graph can be made observable with a certain number
of colors, how can the colors be assigned so as to minimize the time necessary
to localize the agent?
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At the time of writing these lines, Linear Algebra and its Applications is editing
a special issue devoted to the joint spectral radius. This is another indication
of the growing interest and the increasing number of applications of the joint
spectral radius. The goal of this thesis was twofold: to present a survey on
the joint spectral radius, and to report the research that we have done during
our Ph.D. on this topic. In this conclusion, we quickly recall some points
developped in this thesis. We then try to put this work in perspective. We end
with a personal conclusion.

Summary of this thesis

Chapters 1 and 2 constitute a survey on the joint spectral radius. In Chapter
1 we present elementary or fundamental results. Since it was possible to derive
their counterpart concerning the joint spectral subradius, we have decided to
present them. In Chapter 2 we present more advanced results and try to un-
derstand the very nature of the joint spectral radius. In a first section, we have
seen that the whole behaviour is simple at first sight: The joint spectral radius
is simply reached by commonly irreducible components, and for these com-
ponents there exists an extremal norm, that is, a common norm that bounds
individually the norm of each matrix with the exact value of the joint spectral
radius. Moreover, these irreducible components can effectively be computed by
quantifier elimination.
In Section 2.2 we have seen that the reality is more complex: It is impossible
to compute exactly the joint spectral radius. In Section 2.3 we show that de-
spite these unfeasability results, it is possible to approximate the joint spectral
radius up to an arbitrary accuracy, and that several algorithms exist, whose
usefulness are often complementary. We end by saying a word on the finiteness
property.

Concerning our own research work, two theoretical points were more deeply
analysed: First, the case of nonnegative integer matrices, for which we have
delineated the polynomial time feasible questions, versus the unfeasible ones.
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Second, the fascinating finiteness property: in the course of trying to prove
that it holds for nonnegative rational (resp. rational) matrices, we have shown
that it suffices to prove it for pairs of binary (resp. signed binary) matrices.
We have shown that the property holds for 2 x 2 binary matrices.

We have also studied a number of applications of the joint spectral radius:
The capacity of codes, for which we have proved some convergence results
that are more accurate than for general matrices. We have shown that the
question of zero capacity is solvable in polynomial time, but that this is at the
border of polynomial time feasibility, since adding don’t care characters turns
the problem NP-hard. We have then presented a new application of the joint
spectral radius to the computation of the asymptotics of overlap-free words,
a longstanding question that arises in combinatorics on words. We hope that
our results can be generalized to wider applications in this area, but this needs
further investigations. We studied the trackability of sensor networks, for which
we have shown polynomial time feasibility. Finally, by modifying the concept
of trackable networks, we have introduced the concept of observable graphs.
We showed how this notion relates to a number of concepts in the literature,
and how some related problems are feasible, while others are difficult.

What is next?

To our knowledge, the theoretical questions analysed in Chapter 2 have not
been studied for the joint spectral subradius. Some of them are perhaps not
as deep as for the joint spectral radius. Indeed for instance, it is not difficult
to show that the finiteness property does not hold for the joint spectral subra-
dius: simple counterexamples exist for which the joint spectral subradius is not
reached by a finite product. Nevertheless, we have the feeling that the joint
spectral subradius has not been studied as much as it deserves, for instance for
what concerns approximation algorithms. Perhaps the negative results men-
tioned in Chapter 1 are responsible for this situation, but they should not put
an end to the analysis of this quantity. In this way of thinking, we present
in Chapter 6 new algorithms for estimating the joint spectral subradius, that
exhibit good performance in practice, at least on the particular matrices that
we studied. We think that future research should analyse these algorithms and
their convergence properties.

Research on the joint spectral radius is certainly not an ended story, and
we have tried all along this thesis to emphasize questions that remain unsolved
today. Some of them have been studied by several researchers from different
communities, like for instance the finiteness conjecture for binary matrices (see
Chapter 4). Some others have (to our knowledge) been less studied, like for
instance the maximal growth of the products when the joint spectral radius is
equal to one. In both cases, we felt it was worth to enlight them, because they
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would have important implications in practice. These questions are summa-
rized at the end of each chapter of this thesis, and this is our deepest wish that
they will be analysed (and solved?) by us or others in the future.

An important work that remains to be done, according to us, is a deeper un-
derstanding of the algorithms existing to approximate the joint spectral radius.
One should most probably try to classify these algorithms, looking closely at
their differences and similarities. The presentation of several approximation
algorithms in Chapter 2 is intended to be a first step in this direction, but is
definitely not a completed work. As mentioned in that chapter, it seems that
a fair amount of both theoretical and numerical work is still needed in order
to properly understand the different ways of approximating the joint spectral
radius.

Finally, from the point of view of applications, we are wondering whether or not
the joint spectral radius could be useful for more applied fields of mathematics.
Indeed, as soon as a linear dynamical system is involved, and if the generaliza-
tion to a switched dynamical system makes sense, the use of a joint spectral
radius (and related quantities) is very natural. We have the feeling that some
applications could benefit from the theoretical advances that researchers have
done these last decades on such complex systems.

Personal conclusion

Before ending this thesis, and to summarize this work, we would like to stress
one point: At first sight, and in view of the profusion of negative results on the
joint spectral radius and related quantities (undecidability, NP-hardness, non
algebraicity,... see Chapter 2), one could have the impression that studying the
joint spectral radius is useless. He or she could think that hoping to get an
information on a system via a joint spectral radius computation is an utopia.

This is not the case at all.

On the one hand, despite all the infeasibility results, recent contributions
have provided several approximation algorithms that appear to be very efficient
in practice. Clearly, they require a certain amount of time in order to reach
a high precision, but their flexibility often allows one to reach the precision
needed. Indeed, a number of facts are of great help in practice and allow com-
putations up to a reasonable accuracy. For instance, some algorithms allow to
compute a priori the time needed to reach a given accuracy; also, algorithms of
very different nature exist; finally, some algorithms can be tuned depending on
algebraic properties of the particular set of matrices under study (non-negative
matrices, cone-preserving matrices, commonly irreducible matrices,...). Let us
mention for example the case of overlap-free words: even though the size of the
matrices was relatively large (twenty by twenty), we have been able to reach a
very satisfactory accuracy for the bounds on the joint spectral radius and the
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other related quantities. What is more, the bounds we have derived signifi-
cantly outperform preexisting bounds in the literature, that had been derived
with other tools.

On the other hand, the theoretical study of joint spectral quantities is indis-
pensable to understand the intrinsic behaviour of complex systems such as
switching linear systems. In this more theoretical point of view, the joint spec-
tral radius can be seen as a first step in the understanding of these complex
dynamical systems, leading to a number of questions that remain a source of
beautiful results nowadays.
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Appendix A

Numerical values and proofs

for overlap-free words

A.1 Numerical values of Chapter 6

For the sake of simplicity our

We introduce the following auxiliary matrices.

notations do not follow exactly those of [26].
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By

Now, defining

Cy

O OO OO 0o

00 0 0 0 00 2 4 2
0 01 1 0 1 1 0 0 O0
00 0 0 01 1 110
001 10 0O0O0TO0TDO0
00 0 00 O0OO0O0OTO0TDO0
01 0 0 1 0 0 O0O00O0
1 1.0 0 0 0 0 0 0 O
00 0 0 0 2 0 0 0O
001 0 0 0 0 0 0O
00 0 00 O0OO0OO0OTO0OTFVQO0
00 0 O 00 0 O
00 0 O 00 0 O
0 0 1 1 00 0 O
1 1 0 O 0 0 0 O
0 0 0 O C, — 0 0 0 O
0000”2 10000
00 0 O 00 0 O
00 0 O 0 0 0 2
0 0 0 O 01 0 O
0 0 0 O 0 0 0 O
01 1 1 1
0O 0 0 1 1
Cy=10 1 1 0 O
1 0 0 0 O
1 0 0 0 O
{ 010><10 Cs 010><5\|
O10x5
k05x10 05><10 Cs  Osxs }
Os5x10  Osx10 Os5x5  Osxs
( D, O10x5 \
010x10 O10x5
k05X10 05><10 O5x5 05><5) ’
Os5x10  Osx10 Osx5 Oy

w = (17 27 27 2: ]-7 27 27 ]-7 21 ]-701><20)T7
ys = (2,0,2,0,2,0,0,0,0,2,0,2,2,0,0,0,2,2,0,0,0,0,0,0,0,0,0,0,0,0)",

OO OO OO OO oo

ys = (0,2,2,0,0,0,2,2,0,0,0,0,0,0,0,2,2,0,2,2,2,0,2,0,2,0,0,0,0,0)",
=(2,2,0,2,2,2,0,2,0,2,0,0,0,0,0,4,2,0,2,0,2,2,0,2,0,0,2,0,0,0)",
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ye = (4,2,0,2,0,2,2,0,2,0,0,2,0,0,0,4,2,2,2,4,2,0,0,2,2,0,0,0,0,0)",
yr = (4,2,2,2,4,2,0,0,2,2,0,0,0,0,0,4,4,4,2,0,2,2,0,2,0,0,0,0,0,2),
ys = (4,4,4,2,0,2,2,0,2,0,0,0,0,0,2,6,4,4,2,4,2,0,4,2,2,0,0,0,0,0)",
Yo = (6,4,4,2,4,2,0,4,2,2,0,0,0,0,0,8,4,4,2,0,4,4,4,0,0,0,0,0,0,0)",
Y10 = (8,4,4,2,0,4,4,4,0,0,0,0,0,0,0,8,4,6,4,8,2,0,4,2,4,0,0,0,0,0)T,
y11 = (8,4,6,4,8,2,0,4,2,4,0,0,0,0,0,8,6,6,2,0,2,6,4,2,0,2,0,2,2,0)T
Y12 = (8,6,6,2,0,2,6,4,2,0,2,0,2,2,0,10,6,4,4,8,2,0,4,2,4,0,0,0,0,0)%,
y13 = (10,6,4,4,8,2,0,4,2,4,0,0,0,0,0,12,6,4,4,0,6,6,4,2,0,0,0,0,0,0)7,
y1a = (12,6,4,4,0,6,6,4,2,0,0,0,0,0,0,10,6,8,6,12,4,0,0,4,4,0,0,0,0,0)%,
y15 = (10,6,8,6,12,4,0,0,4,4,0,0,0,0,0,8,10,6,6,0,4,8,4,4,0,2,2,0,0,0)7,

and introducing the recurrence relation
Yon = Foyn, Yons1 = Fiyn, n =8

one has the relation [26]:
Upp1 = W Y. (A.2)

We finally introduce two new matrices in R?°*20 that rule the asymptotics of

Up
C1 0O10x10 Dy B
0 <D1 By ) P <010><10 Cl) (4-3)
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A.2 Proof of Theorem 6.2

In this appendix we give a proof of the following theorem:

Theorem. (Theorem 6.2.)

Let Ag, Ay € R2+O><2O be the matrices defined in Appendiz A (Equation A.3),
let || - || be a matriz norm, and let A(n) : N — R3%*% be defined as A(n) =
Ag, -+ Ag, with dy...dy the binary expansion of n — 1. Then,

up = || A()]. (A.4)

We first find a common invariant cone K for the matrices Ay, A;. We then
show that the products F(n) = Fy, --- Fy, are asymptotically equivalent to
their corresponding product A(n) = Ag, --- Ag,. We then shed some light on
the vectors z,, the restriction of 7, to R?° : their norms can be considered as
norms of the products A(n). We finally show that ||Ag4, -+ Aq,]| is equivalent
to [|Ag, -+ Aa,_,||- We end with the proof of Theorem 6.2 that puts all this
together.

Let us first establish a special property of the matrices Ag, A;. Consider the
following sets:

P= {x ER¥, >0, x;>0forallid {510, 17}},

Q= {x €R2,2>0, ;> 0foralli¢ /{7, 15,20}}.

Let S = PUQ. For any € > 0 let p. € R* (p.); = —¢ for i € {5,10,17}
and (p:); = 1 otherwise, let also ¢ € R, (¢.); = —¢ for i € {7,15,20} and
(g-); = 1 otherwise. This is easy to verify by direct calculation that there is
¢ > O such that Agpe, Aog- € P and Ayq., A1pe € @ (this is the case for instance
for ¢ = 1/4). Take any such ¢ and denote K = {v+1tp. +sq.,v € R2%,¢,5 > 0}.
Clearly, K is a convex closed pointed cone.

Lemma A.1. We have A;K C K and A;S C S for i = 0,1. Moreover,
S CintK.

Proof. Let x € K : © = v+ tpe + sqe,v > 0,t,s > 0. Since A;v > 0, A;p. >0
and A;q. > 0 we see that A;z > 0. Thus, A;K C K.

Further, for an arbitrary x € S let xpmin = mi>r(1J x;. Assume x € P (the proof
X

for the case x € @ is literally the same). Since x > xyinpo we have Agx >
TminAopo = Tminpo € P and A1z > Tmindipo > ZTmingo € Q. Therefore
Ail‘ e s.

Finally, for any « € S and y € R? such that |y|o < min{iezmm, 2} we
have x + y € K. This proves that x € intK.
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Corollary A.1. For any x € S and for any sequence di,...,d; we have
Ad1 "'Adt$ € intK.

Lemma A.2. Suppose n > 1 and consider the binary expansion d; . ..d; of the
number n — 1. We define A(n) = Ag, -+ Aq, and similarly for F(n). Then, for
any matriz norm one has:

[E ()|l < [|A(n)]-
The proof uses Lemma 6.1 presented in Chapter 6:

Lemma. (Lemma 6.1.)

For any cone K C R?, for any norm |- | in R and any matriz norm || - || there
is a homogeneous continuous function v : K — Ry positive on int K such that
for any x € int K and for any matriz B that leaves K invariant one has

1
v(x)

Proof. Since all matrix norms are equivalent, it suffices to consider any norm.
Obviously ||Fy, -+ Fy,|l1 > ||Ad, -+ Aa,ll1 (because the matrices A; are sub-
matrices of F;), hence it remains to prove the opposite inequality: there is a
positive constant C such that ||Agq, -+~ Ag, |1 > C||Fy, -+ Fa, |1 for all t € N
and dy,...,d;. We consider the case where d; = 1; the proof for the other case
is similar. Let m < t — 1 be the biggest number such that d,, = 0. If the
sequence has no zero, we fix m = 0. Let A;, H;, and R; denote respectively
the upper left, the upper right and the lower right corners of the matrix F; in
block representation A.1. Then the product Fy, ... Fy, has the following form:
the left upper block is A4, - -+ Ag,, the left lower block is zero, the right lower
block is Ry, - - - R4, , finally, the right upper block is

Y(@)[B| - o] < |Bx| < 1Bl - [

> (T40) o (I 7). ws
p=1 j=1 j=p+1

By convention, the product over an empty set is one. Since RgR; = 0, the right
t
lower block is zero and block (A.5) becomes (Hf;ll Adj> HdpRi_p, whose
p=m
norm can be estimated from above as

t p—1
my [
j=1

p=m

757

(A.6)

)

1 ‘ 1

where H = max{||Ho||1, || H1||1}. It was shown in [26] that the sum of entries
of the matrix R! does not exceed C2' for any i = 0,1 and [ > 1, where C > 0
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is a constant. Hence ||R:"|, < C2¢~P. Thus,

(A7)

t p—1
1Py -+ Fally < A, -+ Aa, I +H022t‘pH.HlAdﬂ' 1

p=m
On the other hand, for any p > m we have
[Ady -+ Ag, 1| = |Ag, -+ Aa,_, (Ag, AT71)],

where 1 is the vector of ones. By Corollary A.1 the vectors Ay, A71 belong
to intK for all r € N. Moreover, the vector A71/|A71| converges to vy (the
Perron-Frobenius eigenvector of A1) as r — oo and v; € S, hence v; € intK
(Lemma A.1). Therefore there is a constant Cy > 0 such that (A4, A71) > Cy

for all » € N. Applying now Lemma 6.1 for x = Ay, Atfpl, we get

|Ag, - Ag, |l > CalAg, -+ Ag,_,(Aq, ATP1)] (A.8)

> CoChl|Ag, -+ Aa,_, || - |Aq, ATP1] > CaA"P||Ag, -+ Ag

; palls

where A = p(A;) (by the same reasoning we have |44, AT1| > v(A71)[|Aq, ]| -
|AT1| > CA", indeed, A1 € intK, and thus ||A% AT1|| < ||A%||-|A71]). Thus,
| Ag, - Ag, || < C3IAPTE|Ag, - -+ Ag, || for all p < t. Substituting this in (A.7)
and taking into account that 2 < 1 (because A = p(4;) > 2.42) we take the
sum of the geometrical progression and get ||Fy, - -~ Fy, |1 < CallAq, -+ Aa, |1,
where C} is some constant. This concludes the proof. O

Lemma A.3. For any n we have un,+1 < 2uy,.

Proof. If a word of length n + 1 is overlap-free then so is its prefix of length
n. On the other hand, at most two overlap-free words of length n + 1 have the
same prefix of length n. O

Lemma A.4. Let the vectors y,, € R3° be the solution of the recurrence equa-
tion 6.4, and z,, € R?° be the vector with the first 20 entries of y,,. We have
zm € S for each m =64,...,127.

Proof. The proof is by direct calculation. O

Lemma A.5. Suppose n € N and d;...d; is the binary expansion of n — 1;
then || A(n)|| < ||A'(n)||, where A(n) = Aq, -+ Aq, and A'(n) = Ag, -~ Aq,_,.

t

Proof. The inequality HAd1 - Ag, H < C’HAd1 x 'AdH;H is obvious by submul-
tiplicativity of the norm. For the other direction, we have:

||Ad1 s Adt H = |Ad1 s Adf,]" = ’Adl s Adt,4(Ad1,,3 ce Ad,,]-)|~ (Ag)
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Corollary A.1 yields Ag, ... Agq1 € intK for all d;_3,...,d; € {0,1}. Apply-
ing now Lemma 6.1 we get

(Si

= i Ay . ...A;1) > 0.
a3y T s AaL)

Therefore, for some Cy > 0,

Cil|Aa, -+ Aa | < 6| Aa - Agu] - |Adi_s Adr_ Aa 1|
< Ag e Ay, (A.10)
Combining this with (A.9) we get ||Ag, -~ Aq,_, || < Ca||Aq, -~ Aq,||- O

We are now able to prove Theorem 6.2:

Proof of Theorem 6.2. Let g be the vector of R3?, whose first 20 entries are
ones and the last 10 entries are zeros. Let also m = dy_s+dp_22+22d;_1+23d;.
Since w < 2g, we have

Un, 2(yn—1a9) = Q(F(h "’th—4ymag) (A.11)
COHFdl "'th—4” ||Ad1 ”'Adt—4||7

ININA

XN

where Cy does not depend on n (the first two relations are direct from funda-
mental assertions A.2, the third relation comes from the fact that y.,, and g are
bounded, and the last equivalence is by Lemma A.2). Combining Lemma A.5
and (A.11) gives u, < C'3HAd1 ...AdtH'

Let us now prove the opposite inequality. Lemma A.3, together with the
fact that by construction, the first ten entries of y, are equal to the entries
11,...,20 of y,_1, imply that u, > %(un + un+1) > %(yn_l,g). Furthermore,
frl?lz n > 27 we have (yn_l,g) = (Fd1 ---thqyl,g), where [ = Z?:o di—64527.

us,

1
Unp, 2 E(Fdl ~'~th_7yl,g). (A12)

On the other hand, defining z; € R2?° as the vector with the first 20 en-
tries of y; : (Fd1 . --th77yl,g) > (Ad1 ---Adt77zl, 1):|Ad1 -~-Adt77zl|1. By
Lemma A.4 we have z; € intK for all [ € {64,...,127}, and we can define
h= min v(z) > Osuchthat |Aqg, --- Aq, 21|, > hCy||Ag, - -+ Ag,_, ||, where

64<i<127
Cs= min |z];. Combining this with (A.12), we obtain
64<1<127
Up > C5HAd1 ...Adt77||' (A13)

Now, by submultiplicativity of the norm,

Uy > Cg||Agy -+ - Ag, |-
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A.3 The ellipsoidal norm

Define
31.3 75 23 33 —-04 -03 03 04 37 03
7.5 577 10 6.3 184 35 163 —5.8 13.8 5
2.3 10 599 113 04 292 42 101 82 0.8
3.3 6.3 11.3 485 4.6 13.5 10.8 2 6.9 1
P = —-04 184 04 46 364 235 226 44 89 -—-1.2
—-03 35 29.2 135 235 1059 384 95 337 6.1 |’
0.3 163 4.2 108 226 384 59 27 174 9.2
04 —-58 10.1 2 4.4 9.5 2.7 38.6 148 -—1.7
3.7 138 82 6.9 89 337 174 14.8 57.5 8.6
0.3 5 0.8 1 -1.2 6.1 92 —1.7 86 423
104 17 181 4 58 51 49 8 27 9
111 224 82 147 99 303 167 113 169 66
22 164 158 50 & 72 b4 18 35 34
2 136 52 90 107 146 92 16 113 11
P _ ;1 46 170 130 91 6 112 239 70 121 -3
270 59 264 274 174 310 376 280 44 273 T4 |’
14 193 116 108 223 179 117 113 120 98
63 -—-21 —-17 34 -32 76 -2 52 31 14
74 159 47 67 122 173 116 53 68 16
—-13 57 36 32 4 61 90 14 69 -4
291 83 -—-16 48 —-13 —-44 06 1.7 75 1.1
83 473 136 2.8 11.7 198 174 06 10 3.7
—-16 13.6 46.6 104 6.5 249 118 6.5 125 14
4.8 2.8 104 476 5.1 8 76 51 3.7 1.8
P, = -1.3 11.7 65 51 328 195 194 76 6.7 -0.2

—4.4 19.8 249 8 19.5 648 162 114 138 6.8 |’
06 174 118 76 194 16.2 56.7 7.6 122 6.5
17 06 65 51 76 114 76 387 112 -1
7.5 10 125 3.7 6.7 138 122 11.2 55.6 4.2
1.1 37 14 18 -02 6.8 65 -1 42 438

(P P
P(PzT P4)'

Then one has the relations:

A'PA — (2.5186)**P <0, VAe X'

As explained in Chapter 2 Section 2.3, this suffices to prove that p(¥) < 2.5186.
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A.4 The vector x
Define

2 = (153,0,60, 0,50, 56,99, 0, 58, 1,157, 81,0, 113, 0, 72, 0,99, 0, 0)" .
Then, for all B € X6 and A € £!¢, one has the relation

B(Az —rz)

> 0,
N S (A.14)

b

with 7 = 2.4116. This proves that p(X) > 2.41.
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