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Abstract

Concurrency has an important role in modern systems and programming. It reveals
the phenomenon that multiple computations run simultaneously. These interleaved ex-

ecutions cause the so-called “state explosion problem”.

In this thesis, we aim at constructing a probabilistic framework on the executions
of concurrent systems for the purpose of random generation. The uniform measure of
executions is inspired by trace monoids defined on infinite traces. Trace theory has
a strong combinatorial foundation around the M&bius polynomial. The irreducibility
of trace monoids implies the strong connectivity of the digraph of cliques. Hence, a

dominant eigenvalue exists and determines the growth rate of trace monoids.

In our work, we view the abstract concurrent systems as monoid actions on a finite set
of states. This setting encompasses 1-bounded Petri nets. We give two interpretations
to a uniform measure of executions for concurrent systems. One is constructed by the
elementary cylinders in trace monoids. This uniform measure is realized a Markov chain
of states-and-cliques. The other is to study the Parry measure on the digraph of states-

and-cliques.

The difficulty to extend to concurrent systems is that the Perron-Frobenius theorem
is not applicable. To resolve this problem, we found the spectral property of the irre-
ducible concurrent systems. This allows us to distinguish the main components which
determine the characteristic root of the system. We also prove the uniqueness of this
uniform measure. The transition matrix can be obtained either from the Markov chain
of states-and-cliques or from the Parry measure with the spectral radius of the dominant

components.






Resumé

La concurrence joue un role important dans les systemes et la programmation mod-
ernes. Il révele le phénomene selon lequel plusieurs calculs s’exécutent simultanément.

Ces exécutions entrelacées entrainent le “probléeme d’explosion d’états”.

Dans cette these, nous visons a construire un cadre probabiliste sur les exécutions
de systemes concurrents a des fins de génération aléatoire. La mesure uniforme des
exécutions s’inspire des monoides de traces définis sur des traces infinies. La théorie des
traces a une solide base combinatoire autour du polynome de Mobius. L’irréductibilité
des monoides de traces implique la forte connectivité du digraphe des cliques. Par
conséquent, une valeur propre dominante existe et détermine le taux de croissance des

monoldes de traces.

Dans notre travail, nous considérons les systemes concurrents abstraits comme des
actions de monoides sur un ensemble fini d’états. Ce parametre englobe les réseaux de
Petri & 1-bornés. Nous donnons deux interprétations a la mesure uniforme des exécutions
pour les systemes concurrents. La premiere interprétation donne la valeur de la measure
uniforme sur les cylindres élémentaires du point de vue algébrique sur le monoide de
traces. Cette mesure uniforme est réalisée par une chaine de Markov d’états-et-cliques.

L’autre interprétation s’intéresse a la mesure de Parry sur le digraphe des états-et-cliques.

La difficulté a étendre aux systémes concurrents est que le théoréme de Perron-
Frobenius n’est pas applicable. Pour résoudre ce probleme, nous avons trouvé la pro-
priété spectrale des systemes concurrents irréductibles. Cela nous permet de distinguer
les principaux composants qui déterminent la racine caractéristique du systeme. Nous
prouvons également 'unicité de cette mesure uniforme. La matrice de transition peut
étre obtenue soit a partir de la chaine de Markov d’états-et-cliques, soit a partir de la

mesure de Parry avec le rayon spectral des composantes dominantes.
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Introduction

Concurrency [47, 33, 38] has an important role in modern systems and programming,.
It reveals the phenomenon that multiple computations run simultaneously. These in-
terleaved executions cause non-deterministic problems which are hard to detect and
increase the complexity. This is the so-called state explosion problem [43]. The size of
a state space of a concurrent system may grow exponentially, whereas the number of
states grows linearly for sequential systems.

In reality, few computational systems are sequential. Despite the rich theory for
sequential systems, most techniques are inadequate for concurrent systems. Therefore,
several mathematical formalisms of concurrency have been developed, see the survey in
[47]. Depending on the purpose, a suitable model is needed.

Models of concurrency

One of the classifications of these models is between that interleaving models and non-
interleaving models .

The interleaving semantics describe all the atomic actions by non-determinism (see
Figure 0.1) and ignore the asynchronous behaviors. For example, the transition systems
[24, 5] and acceptance trees [22]. Further, Bodini, Genitrini and Peschanski [8] studied
the related combinatorics and the uniform generation for a non-deterministic process.

SN
N

Figure 0.1: Interleaving semantics alb

However, not all states caused by interleaving are significant in the modelization.
One of useful technique is to adopt partial order reduction. Instead of exploring all
possible states and keep all the orderings, we consider only one ordering for each set of
concurrent actions. We called it the noninterleaving semantics [41] or the true concur-
rency semantics, such as Mazukiewicz traces [32] and event structures [46].
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2 INTRODUCTION

In order to do the manipulations of actions and observe the behavior of the system,
Petri nets [37, 33, 35, 14, 18] are created as the graphical representation for concurrency.
Some typical problems like conflit, concurrency and causality are inherently described
in Petri nets. Both semantics mentioned above could be the interpretation of executions
in Petri nets [12]. In this thesis, we chose the non-interleaving semantics.

Random generation and statistical model checking

The model checking algorithms [5, 28] help us to ensure the correctness of the system
and to convince us that the systems are reliable. The standard numerical methods are
based on an exhaustive visit to all reachable states of the specification that we want to
check. As the system becomes larger in size, the cost of verification increases and the
“combinatorial explosion problem” occurs.

Another approach is to adopt a probabilistic point of view to simulate the system
for finitely many trials. That is the motivation to study the random generation on the
desired combinatorial structures, where a uniform measure defined on the structure and
an appropriate sampling techniques are required.

Trace theory and probabilistic framework

In the literature, trace theory [32, 16] has a rich combinatorial structure, which was
first considered as free partially commutative monoids by Cartier and Foata [10]. Later,
Mazukiewicz [31] introduced the name of "trace” and applied to study the behavior of
safe Petri nets. Using the same partial order semantics, Diekert [15] extend to more
general nets and the synchronizations of nets.

For accomplishing the probabilistic model checking, we need to construct a uniform
measure on trace monoids, where we lacked a standard framework until the work of
Abbes and Mairesse [2, 3]. Due to the effect of the partial order, the uniform measure
on trace monoids was hard to define on finite traces in order to be consistent and
memoryless. The alternative choice is to build the uniform measure on infinite traces,
and then consider the weak convergence of finite distributions on trace monoids.

One approach to construct a uniform measure followed the similar idea of the prob-
ability measure defined on automata (See overview in Section 1.4). The parameter of a
uniform measure is related to the root of M&bius polynomial. By means of the canonical
normal form of traces on irreducible trace monoids, the sequence of cliques on infinite
traces gives rise to an irreducible and aperiodic Markov chain. This leads to the study
of the digraph of cliques, which is strongly connected and aperiodic for irreducible trace
monoids. According to the Perron-Frobenius theorem, its adjacency matrix has a domi-
nant eigenvalue, which uniquely defines the uniform measure in a sense of Parry measure
[34, 30, 25], and determines the growth rate of the trace monoids with fixed length n.

Hence, the random sampling based on the Markov chain defined on the uniform
measure of infinite traces is a good estimate for the larger size of trace monoids. These
fundamental results help us to extend the theory to more realistic concurrent systems.
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Abstract concurrent systems

Trace monoids model the concurrency in the form of independence between actions, but
lack the feature of the states for real life models. Abbes [1] enrich the trace monoid
models by considering a monoid action on a finite set of states to define the abstract
concurrent systems. This theoretical model encompasses safe (1-bounded) Petri nets.
With the setting combining the concurrency and the state, we are able to analyze the
future dynamics of the system influenced by the current state. A sink state is adopted
by this approach in order to avoid all the trajectories. In other words, a forbidden action
in the current state leads to the sink state.

Inherited from trace monoids, the growth series of the executions of concurrent sys-
tems could be calculated from the Mdbius formula in a matrix form. Fix an initial state
a and a final state 3, all growth series G 5(2) have the same radius of convergence r
if the system is irreducible. Moreover, with the tools in analytic combinatorics [17], we
could deduce that r is the positive root of the smallest modulus of det u(z) where p(2)
is the M6bius matrix of the system.

Digraph of states-and-cliques and spectral property

The extension of trace monoids to the concurrent system also realize a Markov chain.
Instead of analyzing the digraph of cliques, the Markov chain of executions of the concur-
rent systems is built on the digraph of states-and-cliques (DSC). However, the DSC is not
necessarily strongly connected. Therefore, the results for trace monoids and the Perron-
Frobenius theorem can’t be applied directly. This causes the difficulties to develop th
similar framework for concurrent systems.

First, we need to find an adequate notion of irreducibility [4] for concurrent systems
to understand the dynamics of the system. Then, we analyze the relation between the
structure of DSC and the irreducibility of the system. Even though the Perron-Frobenius
theorem is not applicable, this allows us to retrieve the dominant eigenvalue of the
adjacency matrix of DSC, The result requests some properties for reducible nonnegative
matrices [23].

On the other hand, we investigate the spectral radius of the certain submatrices of
the system and introduce the spectral property. A concurrent system regarded as the
action of a trace monoid M(X, I) on a set of states X has the spectral property, if : for
any action a € ¥, the new concurrent system obtained from removing a is significantly
smaller than the original system. We proved in Theorem 6.2.2 that the spectral property
is equivalent to the irreducibility of the concurrent system.

Probabilistic theory of concurrent systems

With the aid of the spectral property, we prove the uniqueness of the uniform measure
defined on the concurrent system. The Markov chain of states-and-cliques goes through
only positive nodes, that is to say the node with positive probability. The algorithmic
tool are needed in order to compute effectively the probabilistic parameters of the MCSC.



4 INTRODUCTION

We also have another approach to obtain the transition matrix via the Parry measure
on ADSC.

Resume of chapter and contribution of the thesis

Chapter 1 recalls some background in graph theory and the Perron-Frobenius Theo-
rem for primitive matrices and reducible matrices. We also present how to define the
probability measure on the words of a finite deterministic automaton. Especially with
the Perron right eigenvector, we could obtain a Markovian measure called the Parry
measure.

Chapter 2 covers the combinatorics for trace monoids, such as the canonical normal
form, the graphical interpretation, the generating series and the Mobius polynomial.
We study the augmented digraph of cliques (ADC) where the paths bijects to the traces
of fixed-length. We give another point of view to define a uniform measure on trace
monoids via the Parry measure on ADC.

Chapter 3 provides a theoretical probabilistic foundation for trace monoids. The
results are mainly from [2], but we describes in another way. Some proofs are different
from the original article. The probabilistic framework for trace monoids is complete. We
define the unique uniform measure on infinite traces and prove the weak convergence of
the finite distributions to this uniform measure.

Chapter 4 defines the abstract concurrent systems. The pilot study can be found in
[1]. We finish with some interesting examples of the concurrent systems.

Chapter 5 focuses on the digraph of states-and-cliques (DSC). The nodes in DSC are
distinguished between positive nodes and null nodes. According to several concurrent
models, we find that the DSC are in general not strongly connected and thus the Perron-
Frobenius theorem is not applicable.

Chapter 6 introduces the spectral property for concurrent systems. We prove the
main theorem in this thesis that a concurrent system with the spectral property is
equivalent to the irreducibility of the system. This helps us to retrieve the subgraph
which determines the structure.

Chapter 7 defines a uniform measure on concurrent systems previously introduced
in [1]. We prove the uniqueness of the uniform measure, which is left open in previous
article. This uniform measure can be realized a Markov chain of states-and-cliques.

Chapter 8 gives the effective algorithms to compute the parameters of the uniform
measure. We also provides another approach to compute the transition matrix via the
Parry measure on ADSC.

At the end of this thesis, we summarize the thesis and indicate several directions for
the future work. We also add Appendix for the implementation code in Python and for
the output of the random generation with our approach.



Chapter 1

Preliminaries on graph theory

Our approach highly depends on the analysis of certain graphs of our mathematical
models. In first section, we recall the Perron-Frobenius theorem and the concept of
spectral radius. Then we introduce the related notions in graph theory. With the aid
of the matrix representation of a graph, the manipulations in linear algebra can be
applied. In last section, a uniform measure on the paths of a graph is given by the
Perron eigenvalue.

1.1 Perron-Frobenius theorem

A matrix or a vector is positive (nonnegative) if all its entries are positive (nonnegative).
Consider a square matrix A, the maximal modulus of its eigenvalues is called the spectral
radius of A, denoted by p(A).

The Perron-Frobenius theorem can provide us the asymptotic behavior of the powers
of a matrix, with exponentially good estimates. The original condition of Perron theorem
is for positive matrices. The principal result is that the spectral radius of a positive
square matrix is exactly the maximal eigenvalue corresponding to a positive eigenvector.

In this thesis, we will deal with either the adjacency matrices or the probability
matrices which are nonnegative in most cases. We restate in Theorem 1.1.3 the main
properties of Perron-Frobenius theorem for nonnegative matrices. Some sufficient con-
ditions are needed for this extension in order to get the unique dominant eigenvalue.

A nonnegative square matrix A is called irreducible if for every pair of indices ¢ and
j, there exists a positive integer k such that (Ak)i,j > 0. A nonnegative square matrix
A is called primitive if there exists a positive integer k such that A* > 0.

Proposition 1.1.1. A nonnegative matriz A is irreducible if the related digraph G 4 is
strongly connected.

Let A be a nonnegative matrix. Fix an index ¢. Define the period of index i be the
g.c.d. of all natural numbers m such that (A™);; > 0. We called A is aperiodic if the
period of index 7 equals 1 for some 1.
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Proposition 1.1.2. A nonnegative matriz is primitive if and only if it is irreducible
and aperiodic.

Theorem 1.1.3 (Perron-Frobenius). Let A be a nonnegative matriz with spectral radius
p(A). If A is primitive, the following statements hold:

1. The spectral radius p(A) is an eigenvalue of the matrix A. And furthermore, |A| <
p(A) for all other eigenvalues A € C of A.

2. p(A) is a simple root of the characteristic polynomial of A.

3. The left (right) eigenvector associated with p(A) is the only eigenvector which is
strictly positive (up to a scalar factor).

4. The eigenvector corresponding to eigenvalues other than p(A) is not positive.

lim =
m ———— =T
n=o0 p(A)"

where T and | are the right and the left eigenvector associated with p(A) and lr = 1.

6. Let B be a nonnegative matriz with 0 < A < B. Then p(A) < p(B). Especially if
B s irreducible, then p(A) < p(B).

The maximal eigenvalue p(A) is called Perron eigenvalue and the corresponding eigen-
vector is called Perron eigenvector. The fifth statement in Perron-Frobenius theorem is
useful to estimate the behavior of the powers of the matrix A.

1.2 Notions of graph theory

A digraph or a directed graph is a pair G = (N, E) of disjoint finite sets where E C N x N.
The elements of N are called nodes and the elements of E are called edges. A path in a
digraph G is a sequence x1z3...x, such that (z;,x,41) € E fori=1,2,...,n—1. The
positive integer n is called the length of the path. For z,y € N, we denote by = = y if
there exists a path from z to y.

A digraph G is strongly connected if there exists a path for each ordered pair of
nodes in N. A subgraph of G is a digraph induced by (N’, E’) where N’ C N and
E' C En(N' x N'). A strongly connected component of G is a maximal strongly
connected subgraph with the maximality in the sense of set inclusion.

An arbitrary digraph can be decomposed into its strongly connected components.
Let the collection of sets S = {Gi,---,Gp} be the partition of strongly connected
components of a digraph G. For ¢ € {1,---p}, a component G; in S is a terminal
strongly connected component if there does not exist an edge pointing to a node outside
the component itself.
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A digraph G = (N, E) can be represented by a 0-1 square matrix A over N defined
by:

1, if (xz,y) € E

Ve,y e N Ap, =
Y oy {0, otherwise

The matrix A is called the adjacency matriz of the digraph G. The spectral radius p
of a digraph is defined to be the spectral radius of its adjacency matrix. A strongly
connected component of G is called basic if its own spectral radius equals to the spectral
radius of G.

For x,y € N, the number of paths of length n from z to y is (A"),,. This entry can
be calculated with the following formula :

n T An—
(A™)py =1, A1,

where 1, is the vector indexed by N, and defined by 1,(u) =1 if u = z and 1,(u) =0
otherwise. Let

Gyy(2) = Z(An)%y 2"

n>0

be the generating series of the paths from x to y with the radius of convergence r;, €

(0,00]. Define r = min r;,. This positive number 7 equals the radius of conver-
(z,y)eNXN
gence of the matrix series >, A™ z".
n>0

The next proposition describes how to get the radius of convergence of the matrix
series Y A™2™. The first approach comes from the spectral radius of an operator A;
whereas the second one is obtained after transforming the series into a rational function.

Proposition 1.2.1. Let G be a digraph with adjacency matriz A. Then the radius of

convergence r of the series Y. A™ 2™ counting the paths in the graph is:
n>0

1) r=p(A)~" if p(A) # 0;
2) the smallest positive root of det(I — zA) = 0.

Remark 1.2.2. The radius of convergence r of > A™ 2™ is its pole. Recall Pringshiem’s
theorem in [17], the radius of convergence of a series . an 2" with non negative coeffi-
cients is its singularity. Moreover, the matriz series is rational which implies that the
stngularities are poles.

The framework of paths in graphs have some crucial properties combining graph
theory and Perron-Frobenius theorem, see in [17]:

e The strongly-connectedness of the graph corresponds to the irreducibility of its
adjacency matrix, which implies that all generating series of paths with fixed initial
and final states have the same radius of convergence.
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e The irreducibility and aperiodicity of the adjacency matrix implies a dominant
eigenvalue, which determines the asymptotics of the coefficients of the generating
series of paths.

If the digraph is not strongly connected, we focus on one of its strongly connected
component with the largest spectral radius. Then its related submatrix is irreducible and
all nodes in this component have the same period. Moreover, the power of irreducible
cyclic matrix is of the form of primitive matrix, see in [40]. Hence, we have the following
proposition which considers certain submatrix as a primitive matrix.

Proposition 1.2.3. Let G be a digraph with adjacency matriz A and let r be the radius
of convergence of >, A™z"™. Then there exists a node x and a positive integer d such
that, for any multiple k of d, the series ), > (Ak")x,x z" has the radius of convergence
k.

Remark 1.2.4. The integer d in Proposition 1.2.3 is actually the period of the node x,
and therefore the period of the strongly connected component including x.

1.3 Properties for reducible matrices

A nonnegative matrix A is reducible if the related digraph G 4 is not strongly connected.
We recall some properties for non negative reducible matrices which is useful for later
proofs.

Proposition 1.3.1. Let A be a nonnegative matrix with spectral radius p(A). The
following statements hold:

1. [23, Fact 12(b)] A has a positive right eigenvector corresponding to p(A) if and
only if the terminal components of G are precisely its basic components.

2. [23, Fact 6a] For some positive vector u and for some nonnegative scalar T, such
that Au = Tu, then 7 = p(A).

1.4 Probability measures on the words of a finite
deterministic automaton

This section gives an idea of the proper construction of the uniform measure of words
in an automata. We start by defining a probability measure of fixed-length words on a
finite automaton in a natural way.

A probability measure on infinite words can be induced by a Markov chain which is
consistent and is easy to perform random sampling.

After the introduction of concurrent models in next section, we use similar construc-
tion to extend this uniform measure to a general concurrent system. The details are
discussed in chapter 7. Our approach will combine the feature of “states” in automata
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and the feature of “concurrency” in concurrent models which is more applicable in real
systems.

1.4.1 Automaton measure

The basics on words can be found in [6].

Let ¥ be a finite alphabet. A one-letter finite automaton </ over ¥ is a quadruple
(X, E, ¢, f) where the elements in ¥ are called states, the pair (X, F) is a digraph, ¢t C X
is the set of initial states and f C X is the set of final states. A word x = x1x9--- 2y
over ¥ is accepted by < if and only if 1) 1 € ¢; 2) (x5, xi41) € Efori=1,...n—1;
3) zp € f.

Here the labeled edges are not specified as usual since they only depend on the leaving
states. The adjacency matriz of the finite automaton is defined as the adjacency matrix
of the digraph (X, E).

For x € ¥, let §, be the initial vector or the indicator vector of ¢+ where 6,(z) = 1 if
z € vand §,(x) =0if ¢ ¢, for x € ¥ and let ¢ be the final vector or the indicator
vector of f where §,(x) =1ifx € fand 0,(z) =0if z ¢ f,

The set of all finite words and the set of words with length n over ¥ are denoted
by ¥* and ¥". Let x = x129-- -z, € X* be a word accepted by the automaton &7, we
define a valuation v : ¥* — R by:

v(x) = 0,(21) - Azyay - Avgas - Azp_y, - 5f(wn)

where (Agy)zyex is the adjacency matrix of the automaton .o7.
By renormalization, define a family of probability measure (v,),>0 on the (X%),:

Ve e X" vy(z) =v(z)/v(E").

We say that (vy,), is a family of automaton measures associated with the automaton .o

However, we can not apply the Kolmogorov extension theorem to define a probabil-
ity measure Vo, on infinite words. In general, the probability measures (), are not
consistent. That is to say that the equality

vn(x) =Y vn(za)

acx
does not hold. In the following two subsections, we construct a subclass of automaton
measures which are consistent.
1.4.2 Markov measure

A Markov chain [29, 9, 21] is a sequence of random variables (X,,), with finite state
space X and transition matriz P = (P; ;) if for all n, for all z; € X, we have

P(Xn+1:xj|X0:x07X1:aj17~- ,Xn:«??i):P(Xn+1:xj‘Xn:xi):})7L7j-
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The transition matrix P is stochastic satisfying F; ; > 0 for all 4,7 and > P ; = 1
J

for all 4. The initial distribution of a Markov chain is represented by a vector v = (v;)
with v; = P(Xo =14) and Y v; = 1.
i

Let XN be the set of all infinite words over ¥. The natural prefix ordering z < y
between two finite words x and y has a natural extension if y is an inifinite word starting
with z, which we still denote by z < y. Let x = x129 - - - x,, € X* be a sequence read by
the automaton 7, the elementary cylinder of base x on & is

Cll={y=wmyo- - XNy =a; i=1,2,...n}={yexN|z <yl
The Markov measure [45] induced on XN is defined on the cylinder sets by
Voo (Clz]) = vay Poay -+ Poy_ran

where v = (v;) is the initial distribution of the Markov chain.

1.4.3 Parry measure

The original Parry measure is given in [34] which is defined for a shift space or for
symbolic dynamic systems. The importance of Parry measure is that it’s automatically
Markovian.

Definition 1.4.1 (Parry measure). Let o7 = (X, E,(, f) be a finite automaton with

adjacency matriz A and initial vector 0,. If A is primitive, let p = p(A) be the Perron

eigenvalue of A corresponding to the right eigenvector r = (r;) such that > r; = 1. The
n

Parry matriz P is the stochastic matrix defined by :
rj
pri

Pij=Aij-

The Parry measure on the finite automaton <7 is a Markov chain with Parry matriz and
initial distribution

. T - 61,(2)
Viey v=-——-"—
> 15 0.()
JjEX

where 9, is the initial vector.

Lemma 1.4.2. Let &/ be a finite automaton with primitive adjacency matriz. Let voo
be the Parry measure on & and let x = x1x9-- 2 € X* be a sequence read by the
automaton </ . Define

Vn>k Cylz]={yex" |z <y}

The conditional probability v,(Cylz]| X1 = x1) where v, is defined in Section 1.4.1
converges weakly to the conditional probability veo(Clx] | X1 = x1).
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Proof. Let A be the adjacency matrix of & and let © = x125 - - - 1 € ¥*. The conditional
probability depending on the first letter is

Un(Cnlz] | X1 = 1)
1
. v wy=x-zand ¥ =n—k
lyl=n:z<y

- v(Xn| X1 =) Z 6.(21) - Azyzs * Awows * Awy_yap - Agzs Az 2 05 (21)
| |=k'
5L(~T1) Aw T9 * " :E T
AT )ljln 1 5; . ||Z 0u(@k) - Az = Ay iz - O (2w)
z|=k'
) Ao
Tk—1Tk 5L(x1) . An—1. 6f

:Amm...A

As n — oo and applying the property 5 of Theorem 1.1,

5.(an) " v (L 5p)
Un(Cplz] | X1 = 21) ~ Agyay - Ay yay, - Su(zy)-pLor-(1- 5;)
_ Tx
~p T Ay Any e TJ
1

On the other hand,

VOO(C[xHXl :xl) :Pﬂvl,mpwz,:vs ’ Pwn 1,Tn
1 T 1 r 1 T
= = Agg, 2. = Ay B Az oy Tk
1 p T2 IO T:kal
_ T
=p L A9E1w2AI2I3 T Awk—lxk s
Tay
which completes the proof. O

Proposition 1.4.3. Let @/be a finite automaton with primitive adjacency matriz. Let
Voo be the Parry measure on the finite automaton </ and let © = x1x9---x), € X* be a
sequence read by the automaton <. Define

Vn>k Cylz]={yeX" |z <y}
The automaton measure vy, (Cy[x]) defined in Section 1.4.1 converges weakly to voo(C|[z]).

Proof. The proof follows the similar argument as the proof of Lemma 1.4.2. Let A be
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the adjacency matrix of &/ and let x = x129-- -2 € X7,

1
mlCale]) = e Y w(w)
v(xn) e
ly|=n:x<y
1 _
= ST ATy, e A (6. (k) - A" - 5p)
L
Su(wg) - p" R (1-6y)
~ Agyay  Azy g L5;F.pn—1.r.(l.5f) Asn — 00
T —k+1 T
~ ﬁ.p + 'A$1$2"'Amk71£k'ﬁ‘
On the other hand,
VOO(C[:E]) = Ugy - le,mez,m T Pxnflzfvn
1 r 1 r 1 T
= Vg, - ; Ay f - Aggzs - i . ; Ay rxi:
_ r
=Ugy - p L Azoy Azoay - Al'kflrk ’ Txk :
1
By the definition, the initial distribution
7Ty - 0(T1) Ty

P = Zry'(SL(y) B (5L—|—T
Yy

which concludes the week convergence of the automaton measure v,. O



Chapter 2

Trace monoids

This chapter is dedicated to the background of trace monoids. Trace monoids were
first introduced by Cartier and Foata [10] for proving the MacMahon Master theorem.
Later, the trace theory [15, 32] is developed for modeling the parallel operations in the
concurrent system.

2.1 Definitions

Let X be a finite alphabet. Elements of X are called letters or pieces. Let I C X x X be an
irreflexive and symmetric relation, called an independence relation. Let D = (X x X)\ I
be the associated dependence relation, which is reflexive and symmetric on X.

Two letters a,b € ¥ are said to be parallel if (a,b) € I and denoted by a || b.

Definition 2.1.1 (Trace monoid). The trace monoid M = M(X,I) is defined as the
quotient monoid of the smallest congruence relation on the free monoid X* generated by
(ab,ba) for (a,b) ranging over I, presented as follows:

M = (X]ab=ba for all (a,b) € I).

The elements of M are called traces which can be viewed as the congruence classes
of ¥*. We called the identity element in a trace monoid the empty trace, denoted by e.
The concatenation of traces is denoted with the dot “-”. The length of a trace x € M is
the length of any word in its congruence class, denoted by |z|.

For a subset H of X, we denote by (H) the submonoid of M generated by H. In
other words, (H) = M(H,Ig) with Iy = (H x H)N 1.

The left divisibility relation on M is defined by x < y if and only if there is ©u € M
such that y = x - u for z,y € M. The relation < is reflexive, anti-symmetric and
transitive, therefore (M, <) is a partial order set.

Next, we introduce the Coxeter graph which gives us direct information on what
letters are parallel, together with the notion of irreducibility which is crucial for the
simplification of concurrent systems.

13
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Definition 2.1.2 (Coxeter graph). The Coxeter graph of the trace monoid M is defined
to be the graph of the associated dependence relation (X, D).

b

Figure 2.1: Coxeter graph of My = (a,b,cla-b=10-a)

Definition 2.1.3 (Irreducibility). The trace monoid M = M(X, 1) is said to be irre-
ducible if the Coxeter graph of M is connected.

Heap of pieces is a natural and intuitive graphical interpretation of a trace monoid
given by Viennot [44]. A trace is represented by a heap with pieces labeled by letters in
Y. In other words, the elements of the same congruence class of ¥* will be represented
by the same heap. A piece in the heap is blocked by all the letters that are not parallel
with it. Otherwise, this piece falls vertically to the ground. The interpretation of a trace
in the monoid Mgy = (a,b,c|a-b =1b- a) is illustrated in Figure 2.3. In this example,
the trace abca and the trace baca are the same in M presented by a unique heap.

a b c

t T T T T t T t T

Figure 2.2: Basic pieces of M according to the associated dependence relation

a ¢ 1 b a b

t T T T T t t t

Figure 2.3: Example of the heap interpretation in My. Left : Two congruent words
a-b-c-a="b-a-c-a. Right : The resulting heap abca.

2.2 Normal form

A clique c¢ is an element in M if ¢ = ajas...a, for all a; € ¥ such that i # j] =
(ai,a;) € I. Let € denote the set of cliques, including the empty element e. Two
cliques ¢, ¢ are said to be parallel if ¢- ¢ € € and denoted by ¢ || ¢. In other words,
clld <= cxd CI. A clique cis called maximal if fa € ¥\ {c} such that a x ¢ C I.

We say that a pair of non-empty cliques (¢, ') is Cartier-Foata admissible if Vb €
d,3a € c such that (a,b) ¢ I, denoted by ¢ — . For every non-empty z € M,
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there exists a unique sequence of non-empty cliques with a positive integer n such that
x = c1c...¢, and ¢ — ¢ipq for all ¢ in {1,...,n — 1}. This unique sequence of
cliques is called the Cartier-Foata normal form of z defined in [10]. The integer n
is called the height of the trace, denoted by 7(x) = n. We introduce the notation
T =c] — ¢y — -+ — ¢, to denote that (c1,co,...,cp) is the Cartier-Foata normal form
of x.

Definition 2.2.1 (Digraph of cliques). Let C be the sets of nonempty cliques on a trace
monoid. The Cartier-Foata acceptor graph or the digraph of cliques is the directed graph
(C,—). The edges are constructed by the relation of Cartier-Foata admissible.

For positive integer k, the paths of length k& in the graph (C, —) are in bijection with
the Cartier-Foata decomposition of traces with height k.

Figure 2.4 shows the Cartier-Foata acceptor graph of the monoid Mgy = (a,b,c|a-b =
b-a). Starting from the clique a, the choices of the next clique are the ones dependent
of a—the clique c or a itself. It is straightforward to imagine as the heap interpretation.
A letter which is independent of the current clique is not allowed, since it falls down to
the ground and has an impact on the current clique. In this case, letter b is not allowed
after the clique a. The rest of the graph is constructed in a similar way. Moreover, we
also observe that after a maximal clique ( the clique ab in this example ), all letters are
executable.

Figure 2.4: Digraph of cliques of Mg = (a,b,c|a-b=">-a)

The following result is known for irreducible trace monoids.
Proposition 2.2.2. [2] A trace monoid is irreducible if and only if its Cartier-Foata
acceptor graph is strongly connected.
2.3 Boundary and visual cylinders

We would like to extend M to infinite traces. In the heap representation, infinite traces
can be imagined as a heap with a countably infinite number of pieces.
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By construction, we define a generalized trace as an infinite sequence of cliques (¢;)i>1
such that ¢; € ¢ and ¢; — ¢;41 for all i. Note that ¢; = € is allowed, but then ¢; = € for
all j > 4. For each trace z € M, if (¢1,ca,...,cy) is the normal form of z, its associated
generalized trace is obtained by putting ¢; = € for ¢ > n. The set of generalized traces

form a compactification M of M with the topology induced by the product topology on
C%>1,

Let € M given by z = (C;)i>1. We define C; : M — ¢ by Ci(x) = ¢;. We obtain
the natural projection (C;);>1 of mappings C; : M — €.
We equip the set M with the partial order <, which is extended from the partial
order on M and defined as follows:
Ve,ye M x =2y < Vk Ci(z) < Ci(y).
Proposition 2.3.1. Let M be a trace monoid. If x,y € M, then
<y < r=xy.
The boundary of M is defined as OM = M \ M. The elements in OM are called
infinite traces. For x € M, the visual cylinder of base x is defined by
trz={ye oMz <y}

The visual cylinders form a semi-algebra which generates the Borel o-algebra on OM.

2.4 Combinatorial properties

2.4.1 Generating series and Mobius polynomial
Let G(z) be the growth series associated with M which is defined by:
G(z) = Z 2l = Z #M,, "
ueM n>0
where M,, = {x € M : |z| = n}. The Mébius polynomial pa(z) of M is defined by:
() = 30 (~1)Flall.
cE?

On the basis of combinatorial results [10, 44], we know that G(x) is rational and

Gla)ua(@) = 1. (2.1)

Furthermore, the M6bius polynomial [19, 27, 13] has a unique root of smallest mod-

ulus if ¥ # (). This root is real and lies in (0, 1]. Since the root of smallest modulus of

tam is the dominant singularity [17] of G(z) by the inversion formula (2.1), we obtain
the following asymptotic relation for the number of traces of length n.

Proposition 2.4.1 ([2], Thm 4.7). Let M be a trace monoid and let p be the root of
smallest modulus of its Mébius polynomial. The radius convergence of the growth series
associated with M is p. Moreover, the following statement satisfies, for some constant
C>0:

H#M,, ~Cp™".
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2.4.2 Mobius transform and the inversion formula

Some classical results of Mobius formula [39, 42] for trace monoids are introduced.

Definition 2.4.2. Let M = M(X,I) be a trace monoid. Let f : € — R be a function.
The Mobius transform of f is the function h : € — R defined by:

Ve€ €, hic)= Y. (~D)FIFEg().

c€€:c<c
In particular, if f is of the form f(z) = plel

h(g) = > (=1 f(e) = pm(p).

cE?

Proposition 2.4.3 (Mobius inversion formula [2]). Let M be a trace monoid. Let
f,h € — R be two functions. Then h is the Mdbius transform of f if and only if

Vee € f(c)= Z h(c). (2.2)

dE€E <!

Proposition 2.4.4. Let h : € — R be the Mobius transform of a valuation f : M — Ry.
Let g(c)= > h(d) forallce €. If h(e) =0, then:

€6 c—c
Vee € g(c)f(c) = h(c).

The formulae introduced previously in this section are defined on the set of cliques
%. We can extend the domain of f and h to the whole trace monoid. These results will
be applied in Section 3.3 while constructing the Markov chain.

Definition 2.4.5 (Graded Méobius transform). Let M be a trace monoid and let x =
c1 — cg — -+ — ¢y € M be the Cartier-Foata normal form. If f : M — R is a function,
then the graded Mobius transform of f is the function h : M — R defined by:

Vee M h(x)= Z (=))ll=lenl £ ey eg v eny - ). (2.3)

e cn <
In particular, if f is of the form f(x) = pl*l,
h(z) = f(c1) - fle2) - fen—1) - h(cn). (2.4)

Proposition 2.4.6 (Second Mobius inversion formula [2]). Let M be a trace monoid.
Let f,h : € — R be two functions. Then h is the graded Mébius transform of f if and
only if

Vee M f(z)= Z h(y). (2.5)

yeM:z<y,7(x)=7(y)
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2.4.3 Paths in ADC and Parry measure on trace monoids

We attempt to build a uniform measure on traces as we did for free monoids in Section
1.4. With the aid of the canonical normal form of the traces, there exists a bijection
between the traces with height k& for £ > 1 and the admissible paths of length k in the
digraph of cliques. In other words, the traces with k layers in heap interpretation.

However, what we desire to do is to generate the trace in length k, with exactly k&
letters. Here we introduce a new graph ADC adjusted by the digraph of cliques. For the
clique of length greater than 1, we replace the state by the same amount of the states
as the length of the clique. The rigorous definition is given as follows.

Definition 2.4.7 (ADC). Let M = (M, ) be a trace monoid. The augmented digraph
of cliques (ADC) of M is the digraph whose nodes are all pairs of (c,i) for ¢ € C and
i=1,...,]|c|, and whose edges are all pairs of ((c,i),(d,j)) satisfying:

e c—dyi=|cland j=1 or
ec=dandj=1+1.

We demonstrate the ADC of Mgy = (a,b,c|a-b=b-a) in Figure 2.5.

O=0
S0==0==0=

Figure 2.5: The ADC of My

Let ¢ be the set of the initial states in ADC with « = {(¢,1) |c € C} and let f be the
set of the final states in ADC with f = {(¢,|c|)|c € C}. Consider A be the adjacency
matrix of ADC. The number of the traces with length n can obtained by (Notion in Sec.
1.2):

H#M, =1 A" 11

where 15 denote the vector indexed by N and defined by 1y(xz) = 1ifx € N, 1y(z) =0
otherwise.

If a trace monoid M is irreducible, then the matrix A is primitive. By the Perron-
Frobenius theorem (Theorem 1.1), there exists a unique maximal eigenvalue p = p(A)
with corresponding strictly positive right and left eigenvectors. It allows us to define the
Parry measure on trace monoids.
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Definition 2.4.8 (Parry measure on trace monoids). Let M be an irreducible trace
monoid. The Parry measure on M is the Parry measure associated with the adjacency
matriz A of ADC. That is :

V(e i) (d )€ ADC  Proo oo = Aoy o )
(c,),(d,j) € (e,i),(dyj) = Alcyi),(d,g) PR
where p is the Perron eigenvalue of A and v = (r(.;)) is the corresponding right eigen-
vector. The initial distribution is represented as a vector (V(cs))(c,iyeADC given by:
T(ed) " O(es)
E ”” d . . 6 d .
@ (d.5) " “(d.)

Yeq) =

where § is the initial vector with 6(.; =1 if i =1 and 0(. ;) = 0 otherwise.

The Parry measure is defined on cliques. In Chapter 3, we will construct the uniform
measure based on the visual cylinders from another point of view and figure out how to
transform between two probability measures.

In the rest of this subsection, we would like to find the spectral radius and Perron
eigenvector of ADC.

Theorem 2.4.9. Let M be an irreducible trace monoid and p be the spectral radius of
its ADC. Then p = % where p is the root of smallest modulus of the Mdébius polynomial.
Let h : € — R be the Mébius transform of f : M — R with f(z) = pl®l. For i ¢
{1,2,--+ ,|c|}, put

T(ei) = I

Then the vector v is a Perron eigenvector of the adjacency matriz of ADC.

Proof. Let A be the adjacency matrix of ADC and G(z) be the generating series associ-
ated with M. By definition,

Gz) =Y #Mpa"=> (1] A" 1y)a".

n>0 n>0

According to Prop.2.4.1, the radius of convergence of G(x) is p which is the root of
smallest modulus of . Therefore, p = 1/p is the spectral radius of A.
Next, we show that r is an eigenvector associated with p. That is,

1
(Ar)(c,i) =~ T(ei) (2.6)
p
If 7 < |e|, then
1 1 1 1
AT) ety = T(eir1) = — - h(c) = = - (—= - h(c)) = — - 1
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If i = |¢|, then
(Ar)ejey = D Twny = D h(d)=g(0).
c:c—c! cic—c!

On the right hand side of (2.6), we have

1 11 h(c)
;WM$=§QE:M®=ﬂ@=ﬂ@
where the last equality is according to Proposition 2.4.4.

Since A is primitive and p is the spectral radius of A, by Perron-Frobenius Theorem
(Theorem 1.1), its associated eigenvector has three possibilities — strictly positive, strictly
negative or 0.

Choose a maximal clique ¢ € €, then

he) = > (=) f () = f(e) = p¥ > 0.

c<c

Hence, r is strictly positive and we conclude that r is a Perron eigenvector. O

2.4.4 Spectral property

The next proposition which is useful for the recursive algorithm in later chapters shows
the property of radii of convergence between a trace monoid and its submonoid.

Proposition 2.4.10. Let M be an irreducible trace monoid and let p be the radius
of convergence of its growth series. If M is irreducible, then: for every by C ¥ and
M = (i), the radius of convergence p of the growth series associated with M satisfies
p>p and ,u/q(p) > 0.

Proof. For every £ C %, let M = (2) be a submonoid of M. Let G(x) be the growth
series of M with radius convergence p and G(z) be the growth series of M with radius
convergence p. By definition, we have:

é(m) = Z HM,, a" < Z H#M, 2" < +o0

n>0 n>0

if x € [0,p). Hence p > p.
For x € [0,p), we can obtain:

1
~(z) = = > 0.
pi (@) &)
To show that pﬂ(p) > 0, it is enough to show that p > p.

Let A and A’ be the adjacency matrix of the ADC of M and M , respectively. The
matrix A is indexed by (c,4) for c € Cand ¢ = 1,...,|c|. Replacing the elements of A by
0 if Va ¢ ¥ and a € ¢, we get another matrix A”. By construction, the matrix A” has
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the same size as A and A” < A. Since A is irreducible, by Perron-Frobenius theorem,
we have p(A”) < p(A) = %. Moreover, A” is identical to A" after reducing the zero rows

and the zero columns. So, p(A") = p(A”) = %. We conclude that % < % and therefore
p>p-

O






Chapter 3

Probabilistic framework on trace
monoids

This chapter is dedicated to the construction of probability measure on trace monoids.
The main idea in this chapter is the starting point to extend to the concurrent systems.

3.1 Uniform measure

Let OM be the boundary of monoid M. We wish to transpose to trace monoids the
usual notion of uniform measure on infinite words easily constructed for free monoids
(given in Sec.1.4). This yields the following definition.

Definition 3.1.1. Let M be a trace monoid. A uniform measure on OM is a probability
measure such that:

VueM v(tz)= pl?!
for some fized real p.

Contrary to free monoids, the existence of a uniform measure is non obvious. The
question is to decide for which values of p there exists indeed a corresponding uniform
measure. The answer is given by Section 3.3.

3.2 Elementary cylinders and law of the first clique

Let (C;)i>1 be the sequence of cliques for a trace. For z € €, the elementary cylinder
of base x is defined as

[z] ={y € IM|C1(y) = x}.

I general, let & = 1 — ¢ = -+~ ¢ € M, the elementary cylinder of base x is
[-T] = [617627 . .7C'n,] = {y € 8M ‘ Cl(y) = Cl,CQ(y) =cC9, - 7C’I’L(y) — CTL}'

23
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The construction of a uniform measure defined in previous section is based on the
visual cylinders on M. Inspired from the finite cases, we know that the infinite paths in
digraph of cliques are in bijection with the points of the boundary of the trace monoid [2].
In order to build a Markov chain in digraph of cliques, we would like to know the prob-
ability of elementary cylinders. The following Proposition shows that this probability
can be calculated by the Mdbius transform of the valuation f(z) = pl®.

Proposition 3.2.1. [2] Assume that v is a uniform measure on OM with v(T ) = pl*l.
Put f(z) = v(1 z) = pl*l. Then the law of the first clique Cy is the Mébius transform
h:4 >R off.

Proof. Put f(z) =pl*land h(c) = >3 (=1)€I=lelple’l, Let 2 € M and let Cy(z) = .
cet:c<c

The visual cylinder of base ¢ can be decomposed into a disjoint union of elementary

cylinders depending on the first clique. That is,

te={UJ > ld.
ceb:c<d
Then the probability measure of 1 ¢ is calculated by:
v(to=v( |J )= > v(d).
de€:c<d de€:c<d
On the other hand, we have

v(te)=Fflo= > hd)

de€:c<d

where the last equality is according to Mobius inversion formula (Proposition 2.4.3).
Therefore, the law of the first clique is v([¢]) = h(c) for all ¢ € ¥
O

3.3 Existence, uniqueness and realization of the uniform
measure

We prove in this section that there is only one candidate for a uniform measure on oM.
The first observation is that the parameter of a uniform measure is a root of Mobius
polynomial of M.

Lemma 3.3.1. Let M be a trace monoid. If v(T x) = pl*l is a uniform measure on OM
for some real p > 0, then p is a root of the Mébius polynomial ppg = > (—1)Ca:|6|.
cEY

Proof. Put f(z) = v(t z) = pl*l and h(c) = 33 (=D)¢I=lelpldl. Tt suffices to show
cdet:c'>c

he) = Y (~1)p =0

ce®

that
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where € is the empty trace. According to Proposition 3.2.1, h(c) is the probability
distribution of the first clique. By the total probability summing all ¢ € C, we obtain:

Zh(c) =1

ceC

On the other hand, by th Md&bius inversion formula, we get:

1=f(e)=>_ h(c)=h(e)+>_h(c)

cEC ceC

This implies that h(e) = 0 and therefore p is a root of pa.
O

The next lemma shows that the probability of elementary cylinders is always positive.

Lemma 3.3.2. Let M be an irreducible trace monoid and v(1 x) = plel be a uniform
measure on OM. Let f(x) = pl*l and h is the Mébius transform of f. Then h(c) > 0,
for c #e.

Proof. According to Proposition 3.2.1, h(c) is equivalent to the law of first clique v([c]).
The idea is to show that there exists at least one trace in the elementary cylinder of base
c. Therefore, its probability is always positive.

Since M is irreducible, by Proposition 2.2.2, we know that the associated digraph of
cliques is strongly connected. Then there exists a sequence of cliques ¢y = co — + -+ = ¢
such that ¢; = ¢ and ¢ is a maximal clique.

Put £ = cic - - - . We have

Then

which implies that h(c) > 0. O

Now, with the aid of the unique canonical normal form for traces, we would like
to construct a Markov chain on the trajectories of a trace monoid. By extending the
similar argument of the law of first clique, we can get the transition matrix of the chain
of cliques. The details of the construction can be found in [2].

Theorem 3.3.3. [2, Theorem 2.5, 2.6] Let M be an irreducible trace monoid. There
exists a unique uniform measure v on OM. The real p such that v(T x) = plel is the root
of smallest modulus of the Mdébius polynomial of M.

Let f(z) = pl*l and let h be the Mébius transform of f associated with v. Furthermore,
under the probability v, the sequence (Cy)n>1 of cliques of a random infinite trace x €
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OM is an irreducible and aperiodic Markov chain, with initial distribution h and with
the transition matriz P = (Peo)(c.e)ecxe given by:

h(cd)/g(c), ifc—c

P = { (DO e g = 3 ).
0, Zf c—=cC dE€C c—c

In addition, for any integer n > 1, if c1,...,c, are non-empty cliques such that c; —

co -+ — cp holds, then

v(lei, ey yen)]) = fler) - flen—1)h(cn).

Proof. First, we prove the uniqueness of the uniform measure. Suppose that there exists
a uniform measure v of the form v(1 z) = pl*l. We need the next lemma in order to
apply Perron-Frobenius theorem.

Lemma 3.3.4. Let M be an irreducible trace monoid. Assume that v(1 z) = pl*l is a
uniform measure on OM. Let C be the set of nonempty cliques and B = (Bcq)(c.d)ecxc
given by:

Bc,d = lc,d : p‘d‘

where 1.4 =1 if c — d, otherwise 1.4 = 0. Then:
1. B is nonnegative and primitive.
2. The spectral radius of B is 1.

Proof of Lemma 3.5.4. 1t is clear that the matrix B is nonnegative by the definition.
Because ¢ — ¢ for all ¢ € C, we have B.. > 0 and therefore B is nonzero and aperiodic.
The matrix B can be viewed as the weighted adjacency matrix of digraph of cliques. So
the irreducibility of M implies the irreducibility of matrix B. Since B is irreducible and
aperiodic, B is primitive.

Next, we want to find an eigenvector v with respect to eigenvalue 1. Put f(c) =
pll h(c) is the Mébius transform of f and g(c) = Y. h(¢/). Choose v, = g(c) for

cEC :c—c
c € C and put v = (v¢)cec. Then:

(BU)C = Z Bc,d Vd
deC

= Z lea - pld - g(d)

deC
= > f(d)-g(d)
deC:c—d
= Z h(d) By Proposition 2.4.4
deC:c—d
=g(c) = .
According to Lemma 3.3.2, h(c) > 0 and therefore g(c) > 0. Since the eigenvector
v = (Ve)eec = (9(¢))cec is strictly positive and B is primitive, by Perron-Frobenius
theorem, we conclude that its associated eigenvalue 1 is the spectral radius. O
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Going back to the proof of the uniqueness of the uniform measure, assume that
v(1 z) = pl*l and V(1 x) = ¢/ are two uniform measures with p < ¢. Let B and B’ be
the matrices as in Lemma 3.3.4, associated with the parameter p and with the parameter
q. Then B < B'.

But B and B’ are primitive and they have the same spectral radius. By Perron-
Frobenius Theorem (Theorem 1.1, property 6), we have B = B’. Hence, p = ¢ is the
unique parameter of the uniform measure.

Let P = (P ) (c)ecxc be the matrix as in the statement where f(z) = pl*l and A is
the Mobius transform of f. Next, we prove that P is well-defined as a stochastic matrix.
It suffices to show that 1) g(c) # 0, 2) P, >0,3) > P = 1.

Cl

According to Proposition 3.4.5, we have the following relation:

h(e) = f(e) - parr (p)

where p is the root of smallest modulus of py and M’ = (') is the submonoid of M
with ¥/ = {b € ¥|b || ¢}. Since gy (p) > 0 by Prop. 2.4.10 and f(c¢) > 0 for ¢ € C, we
obtain that h > 0 for c € C. Hence g(c) = > h(d) >0and P.» > 0.
E€C : c—c
The function g is actually the normalization factor such that P, » = > };((CC)) =
4 c'eC:c—c!

ﬁ > h(d) = 1. Hence, P is indeed well-defined and stochastic. Moreover, we have

ceC:c—c
seen in the proof of Lemma 3.3.1 that > h(c) = 1. Hence, the initial distribution A is

ceC

a probability vector.
Let t = ¢y = ¢co--+ — ¢, € M, the probability of elementary cylinder of base x is
given by:

v([a]) = v(ler---eal)
— hiey). Me2) hles) - Dlen) ¢ definition o
= h(c1) a9 gl by the definit f P
= f(e1) - f(c2) -+ fen—1) - h(cy) since h(c) = f(c) - g(c) (Prop. 2.4.4)
= h(z). (3.1)

Finally, we prove the existence of the uniform measure of the form v(1 z) = plel,
From the construction of the Markov chain on a trace monoid as above (3.1), we have
v([z]) = h(x). With the aid of the second Mébius inversion formula, the uniform measure
defined on the visual cylinder of base x is obtained by:

v(tz) = > v([y])

yeM : <y, m(x)=7(y)
= > h(y) by (3.1)
yeM 1 2<y,(z)="7(y)
= f(x) by Prop. 2.4.6

|z

=P
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which completes the proof. O

Remark 3.3.5. From the observation in Section 3.2, we know that the relation between
the probability measure of the elementary cylinders and the visual cylinders depending
on the first clique is via the Médbius transform. Thank for the canonical decomposition
of traces and the graded Mdbius transform, this relation can be extended to the cylinders
of a trace. We see in the last part of the proof of Theorem 8.3.3. Starting from the
probability measure of an elementary cylinder via the Markov chain, finally we get the
probability measure on a visual cylinder as we desired.

3.4 Realization of random generation

Following the framework of previous sections, we start with a simple example to demon-
strate the calculation of the transition matrix of the Markov chain on a trace monoid.
Example 3.4.1. Let Mg = (a,b,c|a-b = b-a) be the trace monoid. The Mobius
3-v5
22
Put f(z) = pl*l. The Mdobius transform h of f and its normalization function ¢ are
as follows:

polynomial is 1 — 32 + 22 and the characteristic root p is

h(a) = f( ) =h(a) +h(c)=2p—p
h(b) = f(b) = f(ab) =p—p°,  g(b) = h(b) + h(c) = 2p — p°

h(c) = f(c) = p, 9(c) = h(a) + h(b) + h(c) + h(ab) = 3p — p* =
h(ab) = f(ab) = p?, g(ab) = h(a) + h(b) + h(c) + h(ab) = 3p —p* =1
The transition matrix of the Markov chain of cliques is

a 0.382 0 0.618 0
b 0 0.382 0.618 0
c 0.236 0.236 0.382 0.146
ab 0.236 0.236 0.382 0.146

P:

Sometimes there exists two roots of the Mébius polynomial in (0, 1]. Here we present

an example to show that the root of smallest modulus is the unique parameter to obtain
the uniform measure.
Example 3.4.2. Let M; = (a,b,¢c,d,ela-b=b-a,b-c=c-bc-d=d-c,d-e=
e-d,e-a = a-e) be the trace monoid. The Mobius polynomial is 1 — 5z + 522, Two roots
of ppa, lie in (0, 1] which are 5_1(\)/5 and 5"1(\)/5
can get a well-defined uniform measure....

. But only the root of smallest modulus

We aim at uniformly generating traces in larger models. In application, the recursive
formulae are more useful. Some notations are needed here.

Let ¥ be a finite alphabet. For every H C 3, we denote by (H) the submonoid of
M generated by H. We define : M\¢ = (£\ {¢}), Mllc = (B)e) with X, ={b € Xfc=
aj ---ap with a; € ¥, (a;,b) € I} for every clique c € €.
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Lemma 3.4.3. Let M = M(X,1) be a trace monoid. The Mébius polynomial g
satisfies the following recursive formula:

Va€X  pm(z) = ppapal(®) — 2 fipqa(T)

where fiyna and fiya are the Mdébius polynomials of the trace monoid M\® and the
trace monoid M@, respectively.

Proof. For a € 3,
() = Y (1)l

ce?

= Z (—=1)lelglel 4 Z (=1)lelgl
CcE? :adc c€C :a€c
=npa(@)+ 30 (el

C1€F :cilla
= HUpap\a () —z- MMHa(x)-
]

Based on the result of Lemma 3.4.3, the following recursive algorithm (Algorithm 1)
computes the Mobius polynomial of a trace monoid. The efficiency of Algorithm 1 is
showed in Proposition 3.4.4.

Algorithm 1 Computes the M6bius polynomial paq of a trace monoid M
Require: Trace monoid M = M(X, )

1 A+X > initialization
2. if A = @ then

3: pam =1 > initialization of paq
4: else

5: Choose a € ¥

6: A+ ¥\ {a}

7 A+ EHG

8: f < Call Algorithm 1 on A

9: 7 < Call Algorithm 1 on A

10: pm=0—z-7 > Lemma 3.4.3
11: end if

12: return pg

Proposition 3.4.4. Let M = M(X,I) be a trace monoid with || = n. Let k be the
length of a mazimal clique of M. The efficiency of Algorithm 1 is

Sn < Sn—l + Sk

where Sy, 1s the calculation of the Mébius polynomial of M.
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Next, we give the recursive formula to compute the Mobius transform h. The tran-
sition matrix of the Markov chain of a trace monoid is obtained after the normalization
of the Mobius transform. The associated algorithms are followed immediately.

Lemma 3.4.5. Let p be a real number. Let f(x) = pl#l be a function. Then the Mébius
transform h of f satisfies the following formula:

Vee € hic)= plel “ Ppqlie ()

Proof. For ¢ € €, we compute h from the definition:

he)= > (=DlIf()

cEC : c<c
= Z (_1)‘Cll .plc'cl| put c/ =c-C
C1EC : ci|c
= pl . Z (=1)lelpler]
C1€F : ci|c
=l g ().
O
Algorithm 2 Computes the Mobius transform A of f for all c € ¥
Require: M = M(X, ) and the clique ¢
1: pp + Call Algorithm 1 on X > the Mobius polynomial of M
2: p < The smallest positive root of g
3 A+ ZHC
4: 0 + Call Algorithm 1 on A > the Mébius polynomial of Me
5: return pl°l - 6(p)
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Algorithm 3 Computes the transition matrix of the Markov chain of M

Require: M = M(3, )

: for all ¢,d € € do
if ¢ — d then > the normal form relation
M, 4 < Call Algorithm 2 on d
end if
end for
[+ |¥]
U <— (1,“' 31)1><l

—_
@

for all c,d € ¢ do

— =
N =

Ne
. end for

: return M

—
w

: M <+ 0 > Initialization of the transition matrix

_>

n<—M-u > the parameters of normalization

M .
M.q= =22 > normalization

3.5 From Parry measure to the uniform measure

3.5.1 Transition matrix of two probability measures

Let us put aside the construction of the unique uniform measure in previous sections.
We demonstrate here how to calculate the Parry measure on a trace monoid by a simple

example.

Example 3.5.1. For the example monoid My = (a,b,c|a-b=b-a), the ADC of M,

is depicted on Figure 2.5. The adjacency matrix of the ADC is the following:

(1) (1 010 0
(,1) | 0110 0
A= (1) [ 11110
(ab,1) | 0 0 0 0 1
(@,2) \'1 111 0

The spectral radius p(A) is % ~ 2.618 with respect to its right eigenvector r
(1,1,1.618,0.618,1.618). By Definition 2.4.8 , the Parry matrix is given by

(a,1) 0.382 0 0.618 0 0
(b,1) 0 0382 0618 0
P= (q1)

(ab, 1) 0 0 0 0

0
0.236 0.236 0.382 0.146 O

1 1
(ab,2) 0.236 0.236 0.382 0.146 O

with initial distribution (0.236,0.236,0.382,0.146,0).

Proposition 3.5.2. The Parry measure on trace monoids in Definition 2.4.8 coincides

to the uniform measure defined in Theorem 3.3.3.
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Proof. Let P be the the transition matrix of Parry measure as in Definition 2.4.8 and let
P’ be the the transition matrix of the Markov chain define in Theorem 3.3.3. Replacing
the eigenvector that we found in Theorem 2.4.9, we have:

"(d,)
1% 7ﬁ(c,i)
-
= A(ci),(dy) - ffﬁ%hw)
p~t-pt=i-h(c)
h(d)
o)

Ple,i) (dg) = Alei) (dg) -

7—7+1
= Acayag P

Ifc—d,i=|cland j =1,

h(d hd)  h(d ,

Ifc=dand j=1i+1,
Plegyag) =1
which represents the transition between the extended states of a multiple clique.
Otherwise, P(c,i),(d,j) = 0.
Moreover, the initial distribution is

T(ed) Ocd)
2. T(dy) " O(dg)
d.j)

Ulei) =
(
Ifi=1,
)
VTS w(d)

deC

= h(c).

Otherwise, vz = 0.
O

Remark 3.5.3. Until now, we have seen two methods to find the uniform measure.
One is to construct step by step with the aid of the uniform measure and its Mdbius
transform. The other is via the graph of ADC and the Parry measure. Both of them are
able to prove the existence of the uniform measure on a trace monoid. Nevertheless, it
is not clear to have an insight how we build the Markov chain of cliques via the second
method. We will see in later chapters the advantage of spectral theory.

3.5.2 'Weak convergence of uniform distributions on M,

Let v, be the uniform distribution of the finite set M,, = {x € M : |z| = n}. For
T € My,
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Theorem 3.5.4. Let (v,)n>0 be a sequence of uniform distributions on M,,. Then v,
converges weakly to the uniform measure v on OM.

Proof. Consider v,, as a probability distribution on M = M U M. We define that
ffz={yeM:x <y} Let x € My, for all k > 1. Then, for n > k, we have :

#HyeM, x<y #M,,_
~ C,C;:l_k by Proposition 2.4.1

=" =pF =v(12)







Chapter 4

Abstract concurrent systems

In this chapter, we introduce the mathematical models of concurrent systems that we
mainly use. The last subsection is dedicated to the examples of concurrent systems.

4.1 Notions and monoid actions

Define an action of a monoid M = M(3, I') over a finite set X as a mapping ¢ : X x M —
X, denoted by ¢(a,z) = a-x such that: fora € X, 1) a-e=a;2) a-(z-y) = (a-z)-y
Ve, y € M.

We adopt the trace models or partial order models of concurrency in [15, 32]. The
concurrency of actions is encoded into the independent relation I in a trace monoid M.
In other words, two actions x and y are said to be concurrent if and only if (z,y) € I.
Under this framework, the abstract concurrent systems are introduced as the actions on
a trace monoid.

Definition 4.1.1. A concurrent system is a triple (M, X, L), where X is a finite set of
states, 1 is a distinguished symbol not in X and M is a trace monoid acting on X U{ L}
such that 1L -x = 1 for all z € M.

A trace x € M such that a -z #1 for some state « is called an ezxecution of the
system from a. We could also say that the execution z leads from the state « to the
state a - x. The symbol L represents a sink state where all invalid executions go.

To understand more about the structure of concurrent systems, the state graph is a
natural object to study sequential executions.

Definition 4.1.2 (State graph). Let S = (M, X, L) be a concurrent system, with ¥ the
associated alphabet of M. The state graph of S is the labeled multigraph whose nodes are
the elements in X, and with an edge from « to [ for every triple (a,a,8) € X x ¥ x X
such that o - a = 3. This edge is labeled by a.

We adapt some terminology from group actions and from Petri nets (for more details
see in Section 4.3.2) to general concurrent systems.

35
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Definition 4.1.3. A concurrent system (M, X, L) with M = M(X, 1) is:

1) trivial: if V(a,z) € X X M «a-x = L; it is non trivial otherwise.

2) homogeneous: if its state graph is strongly connected.

3) alive: if for every pair (a,a) € X x X, there exists x € M, such that a € x.

4) irreducible: if M is an irreducible trace monoid, and if the system is homogeneous
and alive.

Remark 4.1.4. In our article [4], the terminology of "homogeneous” is written as ac-
cessible”. In fact, two concepts are totally the same.

4.2 Combinatorics for monoid actions

Given a concurrent system S = (M, X, 1), we use the following notations defined for
the sets of executable traces and cliques. For o, 5 € X, for nonnegative integer n:

Mo={zeM:a-x#l} Maopg={reMy: a-z=p}
Mqy(n) ={x e M, : |z|=n} Map(n) ={x e Myp : x| =n}
Co = MaNE Cop=MupNE Co = 6o\ {e}.

Let G, 3(2) be the generating series associated with M, 3 given by:

Gaplz) = > 27l = > #Map(n) 2"

zEMq 8 n>0

where #M,, g(n) is the number of valid executions of length n leading from the state «
to the state 5.
Define the Md&bius polynomial leading from « to 8 as

Pa,p(2) = Z (—1)|C|z|c|. (4.1)

CE(Zvﬁaﬁ

The matrix p = (la,8)(a,8)ex xx 18 called the Mébius matriz of the concurrent system;
and the matrix G = (Ga,)(a,8)ex xx 18 its growth matriz.

In trace theory, we have the fundamental combinatorial result (2.1) between generat-
ing series and the Mébius polynomial. This formula can be extended to the concurrent
system in a matrix form. The result of Prop. 4.2.1 can be found in [1]. Here we provide
an alternative proof.

Proposition 4.2.1. Let (M, X, 1) be a concurrent system. Consider the growth matriz
G = (Ga,)(a,p)exxx and the Mébius matriz g = (ja,p)(a,8)exxx- Then the following
identity holds:

uG =Gu=1.
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Proof. For (a,8) € X x X, suppose that G, g(z) is the growth series associated with
M, p and pg g(2) is its related Mobius polynomial.
By definition, we have:

(HG>(a,5) = Z oy Gry,p
yeX

=Y ST (—1)lelgltl (4.2)

YEX c€ECa,~ uEM~,B

Our goal is to prove that
1, ifa=p
(LG)(a,8) = . :
0, fa#p

We revise the bijective proof of trace monoids in Krattenthaler’s paper [26] to fit in with
the concurrent system.

Let K = |J %a, X M, 3. We construct a bijection ¢, g from K to itself. The idea
veX
is to move one piece from %, to M, g or reversely. Then most terms cancel each other

pairwise in (4.2). Consider a pair (¢,u) € K. Let E be the set of pieces formed by the
pieces of ¢ and the minimal pieces of u which are parallel with the pieces in c.

Let a be the minimal piece of F depending on an arbitrary given total order on the
alphabet Y. For all pairs (¢,u) € K, such that E # (). We put:

c\a,a-u), ifa€ec
Pa,pc,u) = (e ) . ~
(c-a,ul\a), ifacu

With this construction, the bijection ¢, g is an involution. Moreover, the only nonvan-
ishing term is that £ = () which implies that empty clique in %, 3 and empty heap in
M 5. This completes the proof. ]

Remark 4.2.2. Let (M, X, 1) be a concurrent system with M = (M,I). Let ¥ =
Y1 + Xy be a non trivial partition of ¥ such that (a,b) € I for all (a,b) € X1 x Xg.
So, any two actions of X1 and of Xo are concurrent. Put M = M1 x My with My =
(31) and Mo = (32). Let ui1(z) and pa(z) be the Mébius matrices of the concurrent
systems(My, X, L) and (Ma, X, L), where the actions of My and My is obtained from
the restriction of the action of M on X U{L}. Then for any state o, 5 € X,

Cog = Y (Capy N M1) X (€50 Ma),
yeX

and thus

Hap(z) = Y (DI =3 (w1 4 (22, 5(2))-

€ p veX

Therefore, the Mdbius matriz u(z) can be calculated as: p(z) = 1 (2)pa(z) = pe(z)pi(2).
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Next, we discuss about the radius of convergence of the growth series.

Definition 4.2.3. Let (M, X, L) be a concurrent system. For (o, 8) in X x X, let ro g be
the radius of convergence of the growth series G, g(2). We define that the characteristic
root r of the concurrent system as min{ry g : (o, ) € X x X}.

Proposition 4.2.4. Let S = (M, X, L) be a non trivial and homogeneous concurrent
system. Then its characteristic root r satisfies r < oco.

Proof. Since the system S is non trivial, there exists a state « € X and a trace z such
that a-x #1. Let § = a - z. Since S is homogeneous, there exists a trace y such that
a=pf-y. Put k = |zy]. Then #Mg,(kn) > 1 for every integers k > 0 and we can
deduce that

Z #Mqo(kn)z" > Z 2"

n>0 n>0

Therefore, rfjm <1 and thus r <7, < 00. O

The following proposition shows that the characteristic root can be obtained by
solving the Mobius matrix of the system with the aid of the technique in analytic com-
binatorics.

Proposition 4.2.5. Let S = (M, X, L) be a non trivial and homogeneous concurrent
system with characteristic root r. Then all growth series G g(z) are rational with the
same radius convergence r where 1 is the positive root of smallest modulus of the poly-
nomial det p(2).

Proof. Let (o, 8) and (o, f') € X x X. Since the system S is homogeneous, there exists
x,y € M such that -z =o' and -y = f'. Put k = |z + y|. Then for n > 0,

Mopgn+k) D {zuy : ue My g}

and thus
#Ma’ﬁ(n -+ k) 2 #Ma/ﬁ/(n)

by cancellation. So the following relation for growth series holds:
1
7 Gap(2) < Garp(2)

and therefore 7o 3 > 7o g. Exchanging the roles of («, 8) and of (o, 5’), we get rop =
ros g = 1 which implies that all radii of convergence 7, g are equal.

By definition, all growth series G, (2) are rational functions with non negative
coefficients. According to Remark 1.2.2, r = r, 3 is a pole of all series G, g(z) which
implies that r is a pole of G(z). Since the formula G(z) = (u(2))~! holds for |z| < r, r
is a root of smallest modulus of det p(z). O
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4.3 Examples of abstract concurrent systems

4.3.1 Trace monoids

The first natural example is trace monoids, which could be considered as the concur-
rent systems with one state. The properties of combinatorics in previous sections for
concurrent systems coincide with the properties for trace monoids discussed in Chapter
2.

For example, the smallest irreducible trace monoid My = (a,b,c|a-b="b-a). The
set of its cliques is ¥ = {e,a,b,c,ab}. The Mobius matrix of the system is exactly the
Mébius polynomial of the trace monoid, which is u(z) = 1 — 3z + 22. The characteristic
root r is 3;5/5 Moreover, the irreducibility of the trace monoid implies the irreducibility
of the system.

4.3.2 Safe Petri nets

Petri nets are one of the formalisms for concurrent systems, where its graphical rep-
resentation intrinsically includes the phenomena of concurrency, causality and non-
determinism choices. Moreover, it is easier to understand the behavior of the system
and test the performance.

We give the rigorous definition as follows: A net [37] is a triple N' = (P, T, F),
satisfying:

1. P and T are two finite disjoint sets of places and of transitions, respectively.
2. FC(PxT)U(T x P) is a set of edges.

The set F is called the flow relation of N'. The elements of N' = P UT are called
nodes. Given a node x of A/, the preset *x, the postset x® of x and the subset ®z*® are
defined by:

‘r={yeN : (y,z)e F} z2*={yeN : (z,y)eF} *2*°={z}U’zUz*

In convention, a net is depicted as a bipartite multigraph where places are represented
by circles and transitions are represented by rectangles.

Places can contain tokens. A marking of a net is a mapping o : P — Z>( where a(p)
is represented the number of tokens assigned in the place p € P.

A transition ¢ is enabled at a marking « if a(p) > 0 for all p € *t. In other words, a
transition is enable if all places of its preset contain at least one token. If a transition
t is enabled at «, the firing rule leading to the successor marking 8 (written o EN B) is
defined as follows:

a(p)—1, ifpe®tandp¢t,
Vpe P B(p)=(alp)+1, ifpé¢*tandpet®,

a(p), otherwise.
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In this thesis, we assume that *¢t # () and t* # 0 for every transition ¢t € T

A marking S is reachable from « if there exists a sequence s = tits...t, € T™ such
that o 2 ... toy $ (or simply a = £). The sequence s is called the firing sequence from
a. Let € be the empty sequence. In particular, a = « for every marking a.

A marking « is safe if a(p) <1 for all p € P.

Definition 4.3.1 (Safe Petri net). A safe Petri net is a quadruple N = (P, T, F, )
where (P, T, F) is a net, ag s the initial marking, and all markings of N reachable from
g are safe.

Let R(N) be all reachable markings of A from its initial marking and % be the
transition relation for all ¢ € T. The marking graph of a safe Petri net N is the graph
of (R(N),5).

Note that the execution of Petri nets is nondeterministic, since multiple transitions
could be enabled at the same time and there is no priority over the firing orders. Due to
this property, Petri nets are well suited to model the concurrent behavior in distributed
systems.

To cohere with the general concurrent system, we consider the executions understood
up to traces, instead of the firing sequences in the following example.

Example 4.3.2. The Petri net depicted in Figure 4.1 is a concurrent system (M, X, 1)
with X = {My, M1} and M = (a,b,c,d,e|ad = da,ae = ea,bd = db, be = eb, ce = ec).

L L7
RV &ﬁﬁ

Figure 4.1: Safe Petri nets with two states (Left: The state My. Right: The state Mj.)

@ a,d,e
)
d,e

g

Figure 4.2: Left : Coxeter graph of M. Right: Marking graph of the Petri net in Figure
4.1
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The Coxeter graph and the marking graph are strongly connected which implies that
M is irreducible and the system is homogeneous. It is obvious that the Petri net is alive.
So, the concurrent system is irreducible.

Mobius matrix and characteristic root The Mdbius matrix is

(2) = My (1—32+4222 —z+222
A= 2 22 1-22 )

The determinant of p(z) is (1—2)- (22 —1)- (22 +22z — 1) with characteristic root v/2 — 1.

4.3.3 Tip-top actions

Consider a concurrent system (M, X, 1) with M = M(X,I). Let X = ¥, the set of
cliques of M. We define the tip-top action of the first kind as an action ¢ : (¢ U{L}) x
M — (¢ U{L}) satistying :

v a, lfCLH’}/
Vye€ VYaeX Y(v,a)=qv\{a}, ifa<ry

1, otherwise

The action 1 has the property that €-a-a =¢ for all a € 2.

Let ¥ = {a|la € ¥} and let I’ = TU {(a,b)|(a,b) € I} U{(a,b)|(a,b) € I} U
{(a,b)|(a,b) € I}. Put ¥ = SUT and M’ = M/(¥', I’). Consider a concurrent system
(M, €, L). Define the tip-top action of the second kind as an action 9 : (¢ U {L1}) x
M’ — € satisfying :

_ .a. if
Vy€e€ VYaeX 1/}(7,@):{’y a ifally

1, otherwise

v\ {a}, ifally

et Vaer y(na) {J_, otherwise
The action 1 has the property that ¢ -a-a = ¢ for all a € X.

In the concurrent systems of tip-top action, the state space is the same as the set of
cliques. Next, we present two different examples where the domino tiling model is of the
tip-top action of the first kind, and the dining philosopher model is of the tip-top action
of the first kind. For these kinds of models, we have the reduction method to quickly
get the characteristic root without the cumbersome calculation of the determinant. The
demonstration will give in Section 7.5.2.

4.3.3.1 The domino tiling model

The domino tilings are classical combinatorial models for the purpose of filling a surface
with the dominoes of the size 1 x 2 or 2 x 1.
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The n-Rabati tilings fix the surface in a strip of size n x 2. We start with using only
the dominoes of the size 2 x 1 as in Figure 4.3 (The case for n = 4 ). Two consecutive
dominoes are possible to transform into two dominoes of the size 1 x 2. We called it the
action of a flip.

a a2 as

ale eUdo2 ea3 L 4 L 4

€ aias
Figure 4.3: The 5 tilings of the 4-Rabati tiling model

The associated trace monoid can be translated as ¥ = {aj,a2,...,a,—1} where a;
correspond to the i-th position of the flip, and the independent relation

I'={(ai;a5) i = j| = 2}.

Consider the 4-Rabati tiling model. Let M = (aj,as,a3|aias = asa;) with the
tip-top action of the first kind. Then this model is the concurrent system (M, X, 1)
with X = {5,&1,&2, as, alag}.

Mobius matrix and characteristic root The Mdbius matrix is

€ 1 —2z —z —z 22

ai —z 1 0 22 —z

w(z) = ag -z 0 1 0 0
as —z 220 1 —z

aias 22—z 0 —z 1

The determinant of pu(2) is (1—22)%-(1—322+2*) and the characteristic root r is @
obtained from the part of 1 — 322 4 z*; whereas the Mobius polynomial of the associated
monoid is 1 — 3z + 22 and its smallest positive root equals to 2.

4.3.3.2 The dining philosophers model

We apply our theory to the classical problem for concurrency — “The dining philosophers”
which is used as a standard synchronization model in concurrent programming theory.
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[ ] [ [ ]
a1 az ag

Figure 4.4: Left : Coxeter graph of M. Right: State graph of the 4-Rabati tiling

The scenario of the problem is as follows: Five philosophers sit around a circular
table. There is one fork between each pair of two adjacent philosophers. The philosophers
either think or eat. They allow to eat when both forks on their right and left hand sides
are available. After finishing eating, a philosopher should return both two forks on the
table.

The Petri net depicted on Figure 4.5 is a model of this problem. The tokens in the

places 0,...,4 represent the forks. The executions of transitions a,b,...,e, which are
executable when both input places with a token, represent the actions of eating. The
executions of transitions f,g,...,j represent the actions of returning forks.

Figure 4.5: The corresponding Petri net of dining philosophers
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Coxeter graph and marking graph Let X = {a,b,--- ,e} and let I = {ac, ad, bd, be, ce}.
Put M = M(X,I). Consider the concurrent system with the tip-top action of the
second kind on M. The state space X includes the initial state where no one eat,
five possible states where only one philosopher eat and five possible states where ex-
actly two philosophers eat at the same time which corresponds to the set of cliques
{€,a,b,c,d,e,ac,ad,bd, be, ce}. The marking graph of the concurrent system is depicted

on Figure 4.7.

Figure 4.6: Left : Coxeter graph of M. Right: Coxeter graph of M’ of the Petri net in
Figure 4.5

Figure 4.7: Marking graph of the Petri net in Figure 4.5
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Irreducibility The system is alive and homogeneous since the initial state is homoge-
neous and all letters are enabled in the initial state. Moreover , the related trace monoid
is irreducible which implies the system is irreducible.

Mo6bius matrix and characteristic root The Md&bius matrix of five dining philoso-
phers is

1 —2z —2z —2z —z —z 22 22 22 2 2
—2 1 0 22 2 0 -z —2 0 0 0
-2z 0 1 0 22 2 0 0 -z —z 0
-2 22 0 1 0 22 —2 0 0 0 —z
—z 22 22 0 1 0 0 —z —z O 0
pwz)=1-2 0 22 22 0 1 0 0 0 -z —z
22 —2 0 -z 0 0 1 0 0 0 0
22 -z 0 0 —2 0 0O 1 0 0 O
2 0 -z 0 -z 0 O 0O 1 0 O
2 0 -z 0 0 —2 0 0 0 1 0
2 0 0 -2 0 —z 0 0 0 0 1

with determinant 0(z) = —(222 — 1)® - (52* — 522 + 1). The characteristic root r is the
smallest positive root of 0(z), where

/1 Vb
=1/=- — — ~ 0.526.
T 5 10 0.526

Let n > 3 be an odd integer and let Z,, = Z/(nZ). The mosaic model of order n is the
concurrent system (M, X, 1) defined as follows. The trace monoid M = M(X,]) is the
ring dimer monoid on n generators with ¥ = {a; : i € Z,}, [ = (¥ x X)\ D and D is
defined by:

4.3.4 The mosaic models

D:{(ai,aj) 21, € 2y, jE{i,i—l,i+1}}.

Let B = {0, 1} represent a set of two colors, equipped with the mapping — : B — B
defined by 0 = 1 and T = 0. A state = (z;);ez, € X is a mapping z : Z, — B such
that 2(i) = 1 for an odd number of indices i. For i € Z,,, the action z-a; of a; on z € X
isz-a; =L if x(i) #x(i +1). Otherwise, y = = - a; € X is defined by:

. , zi, ifj ¢ {i,i+ 1},
vj €z, y(y)—{J 3¢ tbirl)
z;, ifje{i,i+1}.

Referring to Viennot’s theory of heaps of pieces, we give a graphical interpretation

of the elements of mosaic models of order n as follows. Let Wy,..., W,,_1 be n parallel

infinite wires, hanged on the z-axis. For ¢ € Z,, the piece a; is supported by the
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pair (W;_1,W;). Two pieces are D-related if and only if they share a common wire.
Additionally, each wire is labeled with a color in B. We say that the piece a; can be
played in the state x if z; = x;41. After piling a;, we change the color of x; and x;11
into the other. Figure 4.8 illustrates mosaic model of order 5.

Wo Wi Wy W3z Wy Wo Wi Wo Wi Wy state
\ \ \ \ \ \ \ \ \ \
| | | I I w x T 1 | 11111
| | | | a4 | a1 | a3 |
| | | t t t t f t | 10000
[ [ [ [ [ [ | a2 | [ [
\ \ | a3 | \ \ f f \ \ 10110
\ } } \ \ \ | az | \ \
\ | a | \ \ } } } \ \ 10000
\ J J \ \ | ai | | \ \
\ \ | | | ! ! \ I — 11100
Py \ \ \ ag | | \ | agl
T | [ 4 . : ‘ 00100
\G/O | | | ao\ uo | | CL3 | ao\
| | | | | | | | | | 11111

Figure 4.8: Left: Five basic pieces of the mosaic model of order 5. Right: An execution
of length 9 from the state 11111 in the mosaic model of order 5.

Mosaic models provide non trivial examples of concurrent systems, interesting for
testing the computational methods.

State graph We observe first that since the order n is assumed to be odd, there exists
at least a contiguous pair of identical colors in each state x. In this model, every action
is reversible. Hence, the state graph can be viewed as undirected. Therefore, the state
space X is partitioned into its strongly connected components. The following result
describes the connectedness.

Lemma 4.3.3. Let v be the state in X where v; = 1 for all i in Z, and let v € X.
Then there exists an executable sequence of actions from state x to the state v, denoted
by z —> 1.

Proof. For x € X, we 're going to construct an algorithmic way to reach state ¢ by
reducing the number of the occurrences of color 0 in the state x which is denoted by
|z[o.

Let x # «. Then there exists at least two color 0 in the state x. If this two color
0 are adjacent (including the first and the final since the indices are in Z,), we simply
change this pair of color 0 into the pair of color 1 and reduce the number of color 0 in
the state x. If not, without loss of generality, suppose xg = 0. Then we get x,_1 = 1
and each single color 0 separates consecutive color 1s into two blocks. So the number
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Figure 4.9: State graph of the mosaic model with n=5 (Figure 4.8).

of blocks of color 1 equals |z|p which is even. On the other hand, the number of the
occurrences of color 1 in state x is odd. Hence, there exists at least one block of color
1 with an even number of color 1. Focusing on this block, we have the form 01---10
in a part of the configuration. In this case, we turn all color 1s in this block into color
0 and change again all color 0s (including the two original color 0) into color 1. Then
we reduce the number of color 0 in the state x. Continuing this process, we’ll reach the
state ¢ and completes the proof. ]

Proposition 4.3.4. The state graph of mosaic models of order n odd is strongly con-
nected.

Proof. Let X be the state space of mosaic model of order n odd and S be the strongly
connected component containing the state ¢ where ¢; = 1 for all ¢ in Z,,. Because all
actions keep the parity of occurrences of colors, ¢ is only connected with states in X and
S C X. The other direction is proved by Lemma 4.3.3. Therefore, the state graph is
strongly connected and X = S. 0

Therefore the system of general mosaic model is homogeneous.
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o a
\ /

Figure 4.10: Coxeter graph of M of the mosaic model of order 5 (Figure 4.8).

Irreducibility The ring dimer monoid is irreducible since its Coxeter graph is strongly
connected. In every state, there exists an execution back to the initial state. Moreover,
all letters in X are executable in the initial state. Therefore, the system is alive and
irreducible.



Chapter 5

Digraph of states-and-cliques of a
concurrent system

We see in previous chapter (Def. 4.1.2) that the state graph could be viewed as the
automaton of actions. The paths in the state graph correspond to the valid executions
in the concurrent system. However, with this approach, the concurrency between the
actions in the state graph is not adequately handled. Indeed, we count multiple times the
paths in the same congruence class. Therefore, it is necessary to introduce the digraph
of state-and-cliques of a concurrent system for combinatorics purposes.

The DSC helps us to understand the concurrent executions without losing the infor-
mation of the current state. The nodes in DSC are classified with positive and null ones.
We will revisit this notion in Chapter 7 from a probabilistic point of view.

5.1 Notions of DSC and of its augmented version (ADSC)

Definition 5.1.1 (DSC). Let S = (M, X, L) be a concurrent system. The digraph of
states-and-cliques (DSC) of S is the digraph whose nodes are all pairs of (c,c) for o € X
and ¢ € 6,, and whose edges are all pairs of ((o,¢),(B,d)) such that o-c = and ¢ — d
holds.

The DSC can be seen as the automaton of "traces” where both concurrency and states
are taken into account. Our goal is to generate the executions of the concurrent systems
up to the length rather than traces. So, we need to adjust the DSC into Definition 5.1.2.

Definition 5.1.2 (ADSC). Let S = (M, X, 1) be a concurrent system. The aug-
mented digraph of states-and-cliques (ADSC) of S is the digraph whose nodes are all
triples of (a,c,i) for @« € X,c € €, and i = 1,...,|c|, whose edges are all triples of
(o, ¢,1), (B,d,J)) such that one of the following cases holds:

e av-c=pf,c—dji=]|clandj=1
o (a,c)=(B,d) and j =i+ 1.

49
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Example 5.1.3. An example of 1-safe Petri nets depicted on the left of Figure 5.1. The
associated trace monoid M is equipped with alphabet 3 = {a, b, ¢} and the independence
relation I = {(a,c)}. The state space X has two states My and M; where M is the
initial state and My = My - a.

L
O\//@\\T

b

Figure 5.1: Left: 1-safe nets (state Mp), Right: The ADSC of the nets.

The ADSC depicted on the right of Figure 5.1 has two strongly connected components
which are presented by the dashed boxes. Its associated adjacency matrix A is

My, a 000100

My, acq 001 00O

Moy, acy 00 0110
A= M1,b 110001 (5-1)

My, c 000110

My, c 00 0 001

5.2 Paths in DSC and in ADSC

With the aid of DSC and of ADSC, the executions of concurrent systems could be un-
derstood as the paths in graphs.

Proposition 5.2.1. Let S = (M, X, 1) be a concurrent system. There exists a bijection
between the following correspondences:

o For integer h > 1, the executions of S of height h, and the paths of length h in
DSC.

e For integer n > 1, the executions of S of length n leading from a state o to a state
B, and the paths of length n in ADSC leading from a node of the form (a,c,1) to
a node of the form (,d,|d|).

o For integer n > 1, the executions of S of length n, and the paths of length n in
ADSC leading from a node of the form (a, ¢, 1) to a node of the form (3,d,|d|) for
all o, B € X.
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Proof. Consider an initial state a, and * € M, be an execution of S of height h, for
h > 1. The trace x can be uniquely expressed as the normal form ¢y — ¢co — -+ — ¢p,.
Put g = a and o = a;—1 - ¢; for 1 < i < h. Then (ag,c1) — -+ = (ap—1,¢p) forms a
path of length A in DSC.
Observe that a node («a,c) € DSC corresponds to the definitive path of length |c| in
ADSC as
(o, ¢,1) = (a,¢,2) = -+ = (a, ¢, |c]) (5.2)

for all valid executions in S. Fix an initial state v and a final state 3, a valid execution
of § leading from « to § should start from the first letter of a clique ¢ € C, and end
at the last letter of a clique d € Cg. Therefore, the bijection is based on the length of
executions. O

In Section 1.2, we present the framework of paths in graphs. However, DSC is NOT
strongly connected in most cases for concurrent systems. Therefore, all growth series of
paths in DSC don’t have the consistent radius of convergence (without irreducibility),
and no dominant eigenvalue matters the coefficients of the series of paths (without
aperiodicity). We see more examples in the last section of this chapter.

We still want to figure out similar properties for concurrent systems. In Proposition
4.2.5, we prove that all generating series G, g have the same radius of convergence
which is relied on the accessibility of the concurrent system. Despite the fact that the
constraints of executions for each state are different in the stategraph, we could say the
accessibility of the system is somehow a weak definition of "strong connectivity” of the
stategraph.

From now on, together with next Chapter, we will try to obtain the dominant eigen-
value in a recursive way without adopting the whole ADSC. The following proposition
connects the characteristic root of the concurrent system and the spectral radius of
ADSC.

Proposition 5.2.2. Let S = (M, X, 1) be a concurrent system of the characteristic
root rand let p be the spectral radius of ADSC. Thenr = p~t if p # 0 and r = oo if
p=0.

Proof. Let G(z) = (Ga,8)(a,p)exxx be the growth matrix of the system. Let B be
the adjacency matrix of ADSC with spectral radius p. Consider the matrix series F' =
(Fla,e,i),(8,d,j)) (ac,i),(8,d,)eADsc Of all paths in ADSC where

Flaei) (p.di) = D Blai)p.dg) 2"
n>0

with radius of convergence R(q ) (5,4, Denote the radius of convergence of F' by
R = min{R(a7c7i)7(57d7j) ‘ (Oé, c, i), (ﬂ, d,]) S ADSC}.

By Proposition 1.2.1, we have R = p~'. Then it suffices to show that r = R. In
other words, the radius of convergence r of G(z) associated with executions equals to
the radius of convergence R of F'(z) associated wtih the paths in ADSC.
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Referring to (5.2), all paths in ADSC can be extended to be valid executions in S.
So, we have the following relation, for all integers n > 0:

n et (i=1)+(ld|—5)
Blaei) 8.45) = Blase),(8.d,/d)

and deduce that
R =min{R c1),p.a,a) | (), (8,d) € DSC}.

Next, we focus on the coefficients of G(z) and of F(z). According to point 2 of
Proposition 5.2.1,

#Ma,s(n) = Bl c1),(8,d,)d)-

Therefore, r = o5 < Ra,ci),(8,4,5) Which implies that r < R.
On the other hand, again by point 2 of Proposition 5.2.1,

VO[ € X #Map[(n) = Z BFO&,C,l),(O{,deD'
(6,d)ECa X Car

Since Y- # M o (n)r™ is divergent, there exists at least one of the series ) B?a e1),(ond |d|)r”
which is divergent. Hence, R < r.

5.3 Positive and null nodes of DSC and ADSC

Let x =¢; — -+ — ¢, € M. Define Cy : M — € by C;(z) = c1, the natural projection
of the first clique in the normal form.

Definition 5.3.1. Let (M, X, 1) be a concurrent system and let (c,c) be a node of
DSC. An execution x € M, is an (o, c)-protection if

Yy € Mar Ci(zy) =c.

Definition 5.3.2 (Positive nodes, null nodes). A node («, c) in DSC is called a positive
node, if there exists a («,c)-protection ; a node («,c) is called a null node, otherwise.
We denote the subgraph of DSC including only positive nodes by DSC™ .

A node (a, ¢, i) in ADSC is called a positive node or a null node depending on whether
(e, ¢) is positive or null in DSC. We denote the subgraph of ADSC including only positive
nodes by ADSC™.

Some related properties are discussed.
Proposition 5.3.3. Let (M, X, 1) be a concurrent system with M = M(X,I).

1. Let v be a state such that My # {c}. For all pairs (o, c) € DSC, if ¢ is mazimal
clique of My, then (a,c) is a positive node.

2. Let ((o,¢),(B,d)) be an edge in DSC where (B,d) is a positive node. Then (a,c)
is also a positive node.
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3. Let (a,c) be a null node of DSC. Then for every execution x € M, such that
Ci(x) = ¢, there exists a letter a € ¥ such that x € ./\/l(\la, where M\* = (2 {a}).

Proof. Point 1: A maximal clique ¢ € C, is itself an (a, ¢)-protection. Once c is executed,
the execution of other trace doesn’t change the first clique. Hence, (a,c) is a positive
node.

Point 2: Since (f,d) is a positive node, there exists y € Mg such that y is a (53, d)-
protection. Take an execution x = ¢ -y, then z is a (¢, ¢)-protection which implies that
(a, ¢) is a positive node.

Point 3: Seeking for contradiction, suppose that there exists an execution z € M,
such that C(z) = c and x contains every letter in ¥. Then for every execution y € M.,
the first clique of the execution xy is still ¢. Therefore, x is an (a, ¢)-protection, which
contradicts that = is a null node. O

Example 5.3.4 (Example 5.1.3 continued). On the right of Figure 4.2, the positive
nodes are filled with purple and the null node is filled with pink. The node (My,c) is
the only null node since no (My, ¢)-protection exists. After the execution of (M, c), we
always stay in My. Moreover, all executions including letter a € My, have an influence
on the first clique.

5.4 Examples of different configurations of DSC

For simplicity, we only discuss the DSC of the concurrent systems without losing the sight
of the big picture. It is clear to get an ADSC from a DSC as we did in Example 5.1.3. Both
the DSC and the ADSC have the same number of strongly connected components. The
advantage of ADSC is especially for the random generation of a fixed-length execution,
instead of a fixed-height execution.

5.4.1 Example of trace monoids

The examples of trace monoids are rare cases in concurrent systems where the DSC
is strongly connected. For the trace monoid My = (a,b,c|a-b = b- a), the DSC is
isomorphic to the digraph of cliques of My (See Figure 2.4).

5.4.2 4-Rabati tiling model

The settings of the domino tiling model as a concurrent system are discussed in Section
4.3.3.1. For instance in 4-Rabati tiling, the associated monoid is M = (a1, az, a3 |ajaz =
aszaq) with tip-top action of the first kind.

The DSC in Figure 5.2 has 14 nodes as follows: the state € can be followed by all
cliques; the state a1, a3 and ajas can be followed by the cliques a1, a3 and ajas; whereas
the state ao can be followed by the clique ao. Its edges between nodes are constructed
according to the Cartier-Foata decomposition.
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The four strongly connected components in the DSC are presented in dashed boxes.
The positive nodes are filled with blue or purple, where the purple nodes are the ones
related to a terminal strongly connected component.

On the other hand, the null nodes are filled with pink. Consider the null node
(a1,a3), which means that the current state is a; and the following clique is az. This
choice restricts to play a letter a1 in the following firing sequence due to the Cartier-
Foata decomposition. Thus, it is impossible to have an (a1, ag)-protection, which implies
that (a1,as3)is a null node and the system will stay infinitely in this component. The
other null nodes can be explained in a similar way.

(aras, a1as3)

Figure 5.2: The DSC of 4-Rabati tiling

5.4.3 The dining philosophers model

The description of the dining philosophers model can be found in Sec 4.3.3.2. For the case
of five philosophers, the DSC of the system is not strongly connected which contains seven
strongly connected components of size 20, 10, 4,4,4,4 and 4, separately. Figure 5.3 shows
the condensation of DSC where each node represents a strongly connected component of
the size indicated in the node. The components of size 20 and of size 10 contain positive
nodes, and the rest of the components contain null nodes.
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A

Figure 5.3: The condensation of DSC of 5 dining philosophers model

5.4.4 The mosaic model

The mosaic model is introduced in Section 4.3.4. We show in Figure 5.4 the condensation
of the DSC for the case of n = 9. Each node represents a strongly connected component
of the size indicated in the node. The only terminal component is filled with purple.
This model shows an example where the DSC has only positive nodes. That is,
DSC = DSC™. In the following proposition, we prove this property for all mosaic models.

Figure 5.4: The condensation of DSC of the mosaic model with n =9

Proposition 5.4.1. Consider the mosaic model of order n defined as in Section 4.3.4.
Then all mosaic models of order n contain only positive nodes in its DSC.

Proof. For each node («,c) € DSC, it suffices to show that there exists an (a,c)-

protection x € M,,.
We shall construct the execution x as a sequence of cliques (cy, -, ¢x) such that:

e xr=c—>Ccy— - cp € Mg,
® C1 =¢,

e ¢; is a maximal clique.
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Then (a, ¢1) — (a-¢p ... cp_1,¢;) is a valid path in the DSC.

We assume first that |c¢| = 1. Then c is a single piece, say ¢ = a;. Let = « - a;, and
put 8= (B1, -+ ,Bn). Then B = - a; implies a; = ;41 = B; = Bir1. We analyze two
disjoint cases according to two colors of 8;_1 and [;4o.

o Case 1: 31 = Biyo

— If Bi—1 = Bi, we have 8;—1 = B; = Bi+1 = Bit2. Since a; — a;—1 - a;+1, we get
the valid path (a,a;) — (5, ai—1 - @it1)-

— If B;_1 # B;, then ;1 = a; = ;11 = @;10. Indeed, we know that a;11 =
a; = B = Bi-1 = aj—1and o1 = Bi—1 = Biy2 = ;2 by assumption. Hence,
we get the valid path (o, a;) — (8,a;) = (@, a1 - @j41)-

o Case 2: 31 # Biy2

The color f; equals either ;1 or B;12, say [+ without loss of generality. Hence
Bi = Bi+1 = Biy2 and thus a;41 € €3. Let v = - a;41, corresponding to the
state reached by the execution of the valid path (a,a;) — (8,ai+1), and put
v = (7,---,7). Observe that the colors in positions (i — 1,7,i + 1) of ~ are
alternating. Then, checking the color ~;3:

— If viy3 = 4, we apply the same technique as above in Case 1 to obtain the
valid path (a, a;) = (B,ai+1) = (7, ai+1) = (B, a; - a;12).

— Otherwise, we may extend the valid path already obtained to (a,a;) —
(8,ai+1) — (7, ai+2), reaching a state § = 7 - a;12 with alternating colors
in positions (i — 1,4, 4+ 1,7 + 2). We continue this process, which will nec-
essarily end due to the fact that the number n is odd, at which point the
technique of Case 1 may be applied.

Now, we consider |¢| > 2.

e Assume |c| = k. If all pieces in ¢ are adjacent to each other, say ¢ = a;-. .. a;1x, we
observe the colors of the positions i — 1 and i+ k + 1 and check if these two colors
are the same. Then we can follow a similar procedure of single piece to extend the
length of clique piece by piece. Finally, we will arrive the state of configuration
0---01 understood mod n and followed by a maximal clique.

e If the pieces in ¢ are not adjacent, we can first execute one of these pieces and
continue the process with adjacent pieces.

Therefore, we construct a way to execute a maximal clique no matter we start from an
arbitrary clique.

According to Point 1 of Proposition 5.3.3, ¢ is a maximal clique implies that (« -
€1 ... Ck—1,Ck) is a positive node. Then by Point 2 of Proposition 5.3.3, (a,¢1) is a
positive node following the reversed path, which completes the proof. O

Remark 5.4.2. There exists a unique terminal component which contains the node of
state of configuration 0---01 followed by a mazimal clique.
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5.4.5 An example with serveral terminal components of DSC*

All previous examples show that there exists only one terminal component in DSC.
However, this may not always be the case. We see in the following example.

Let S = (M, X, L) be the concurrent system defined as the state graph in Figure
5.5 with M = (a,b,¢,d,e|ab = ba,ad = da,bf = fb,cd = dc,ce = ec,ef = fe) and
X ={0,1,...11}.

We claim that the system S is well-defined and irreducible. The action of M defined
on X U{L} fits with the independence relation. The monoid M is irreducible according
to its Coxeter graph. Moreover, it is clear that the system is homogeneous and alive.

.| oo
s offofoto
A @’@E@?@

c &:0:@

Figure 5.5: Left: Coxeter graph of M. Right: State graph of a concurrent system. Two
states 0 (1) in double circles are identical.

Figure 5.6: The DSC™ of the concurrent system in Figure 5.5

The DSC™ illustrated in Figure 5.6 has two terminal strongly connected components
presented by dashed boxes.






Chapter 6

Spectral property for concurrent
systems

The spectral property is related to the characteristic root of certain submonoid. For trace
monoids, a direct result from the Perron-Frobenius Theorem shows that the irreducibility
implies the spectral property.

However, we see in previous chapter that the DSC of most concurrent systems are
not strongly connected. Instead, we focus on a component of ADSC where its adjacency
matrix has the property like a primitive matrix. This allows us to retrieve the main
components in ADSC which determine the characteristic root of the system.

6.1 Definitions and the case of trace monoids

Let (M, X, 1) be a concurrent system with M = M(X, ). Let a be a letter in X, define
M\ = (2\ {a}) as the submonoid of M. Restricting the action of M on X U {L} to
M\ then (M\?, X, 1) is still a concurrent system.

Definition 6.1.1. Let S = (M, X, L) be a concurrent system with M = M(X,I). For
every letter a € 3, let r\% be the characteristic root of the concurrent system (/\/l\a, X,1).
We say that S has the spectral property if r\* > r for every a € X.

Let a, 5 € X. In general case, we have r;?ﬁ > 1o, > T since M;aﬁ(n) C M, 3(n) for
all integers n. The spectral property describes the phenomenon of the strict inequality.

Before getting into the case for concurrent systems, we first take a look at the case
for trace monoids. For a trace monoid, the irreducibility of a trace monoid is equivalent
to the spectral property. This result is directly from the Perron-Frobenius theorem,
where the irreducibility of the adjacency matrix implies the existence of the dominant
eigenvalue (Ref. proof of Proposition 2.4.10).

Here we give another proof, which is original in our paper [4] without applying the
Perron-Frobenius Theorem. We use the property of the root of the Mobius polynomial.
The advantage of this method is that we could retrieve the dominant eigenvalue even

99
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though we don’t know the structure of digraph of cliques. This inspires us to extend to
the case for concurrent systems

Proposition 6.1.2. Let M = (M,I) be a trace monoid with Mobius polynomial p(z)
and characteristic root v. Then M has the spectral property if and only if M is irre-
ducible.

Proof. Suppose that M doesn’t have the spectral property. Let ua(z) be the Mobius
polynomial of M. Then, for a € ¥, we have r\% = r where r\* is the characteristic root
of the submonoid M\?, which implies that

faga(r) = pppa (r'?) = 0. (6.1)

Recall the recursive formula for the Mébius polynomial in Lemma 3.4.3:

pm(2) = papa(2) = 2 ppqa(2)

where Mlle = (B)q) with Xy, = {b € ¥[(a,b) ¢ I}. By (6.1), we can deduce that
Ppqla(r) = 0. Hence, the characteristic root of Ml g . Repeating the same reasoning
until the subset Y only containing the letters dependent with a. Let M = (i‘,> We
obtain that the characteristic root of M is r. Since % # (), M is not irreducible.

On the other hand, assume that M is not irreducible. We want to show that M
doesn’t have the spectral property. Let ¥ = 31 + 32 be a non trivial partition of ¥ such
that X1 x 3o C I and put M = Mj x Mg with My = (£1) and Mg = (39). Let u(z),
p1(z) and pa(z) be the Mébius polynomials of M, M; and My with the characteristic
roots 7, r1 and ro. According to Remark 4.2.2, as a special case for trace monoids, we
know p(z) = p1(2)p2(z). Then r = min{ry,ro}. Without loss of the generality, assume
that ro > r1. Choose a letter a € Xy and let M\* = M; x M;a. Then its characteristic
root r\¢ = min{rl,r;a}. Since r;a > ro > 11, hence r\e = r1 = r, which completes the
proof. O

Next, we introduce the linking sequences and the linking executions. The linking ex-
ecutions will use for the propose of proving the spectral property for concurrent systems.

Definition 6.1.3. Let (M, X, L) be a concurrent system with M = M(X, I) irreducible,
and let o € X. A linking sequence from « is a sequence of letters aq, ..., ay, satisfying,
for some sequence of integers 1 < j1 < -+ < jpm < M2

o a-(aran) AL
o (aj,,aj,,,) €D fork=1,...,m—1, where D = (£ x )\ I;
o cach letter of ¥ has at least one occurrence in the sequence (aj,,...,a;,,).

Let a € ¥ be a letter. If the sequence ji,...,Jjm can be chosen such that aj, = a, the
linking sequence s called a-rooted.
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A linking execution from « is an execution which is the image in M of a linking
sequence from «. It is a-rooted if it is the image in M of an a-rooted sequence.

An example of an a-rooted linking execution of a concurrent system is depicted in
Figure 6.1. The system is defined as the stategraph in the middle of the figure with
the associated monoid M = (a, b, ¢,d|ab = ba,bc = ¢b,cd = dc,ad = da). In the heap
interpretation of this linking execution, the blue pieces mark the occurrences of each
letter.

state
B — 5
a b d d
[ ] [ ] 3
a @
® ® d b d ’
d c
3
a c
0

Figure 6.1: Left: Coxeter graph of M. Middle: State graph of a concurrent system.
Two state 0 in double circles are identical. Right: a-rooted linking execution from the
state O of this system.

Proposition 6.1.4. Let S = (M, X, 1) be an homogeneous concurrent system with
M= M(X,I). Then S is irreducible if and only if, for every state a € X and for every
letter a € X, there exists an a-rooted linking execution from «.

Proof. Assume that the concurrent system S is irreducible. Then the associated trace
monoid M is irreducible which guarantees the existence of the linking sequence (a1, ..., ax).
Since S is alive, it is possible to insert some traces into (ay,...,ax) in order to obtain a
valid execution.

On the other hand, if the linking execution exists for & € X and for a € X, we
can deduce that M is irreducible. The accessibility of S and the existence of linking
execution implies that S is alive and therefore S is irreducible. O

Lemma 6.1.5. Let (M, X, 1) be a concurrent system with M = M(X,I). Let a be

a letter in X and let x be an a-rooted linking execution from some state «. Define
M\ = (2\ {a}). Fiz two integers i and j and a state (3, then the mapping

Mg o (i) % /\/lyx(j) — Mg, (u,v) = uzv

18 injective.
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Proof. Suppose that uzv = w'zv’ for u,u’ € Mg (i) and for v,v" € My%(j). Imagine
these two identical executions uzv = v/xv’ as a heap interpretation. If u # v’ and v # v/,
then a letter from v must cross x to u. However, it is impossible since the letter will be
blocked by the piece of letter a in the linking execution x. Therefore, u = v’ and v = v’
which implies that the mapping is injective. O

With the aid of the a-rooted linking execution, we define a class of executions uniquely
determined by a trace including a and the other trace without a. This technique will be
used in the proof of Theorem 6.2.2.

6.2 Spectral property for concurrent systems

The discussion in Section 1.2 shows that the generating series of paths in a strongly
connected graph have the common radius of convergence and there exists a dominant
eigenvalue of its adjacency matrix. These two properties are useful to get the asymptotics
of the counting of paths.

However, DSC in concurrent systems are not strongly connected in general. Thanks
to the structure of concurrent systems, the common radius of convergence is proved
in Proposition 4.2.5. Concerning the dominant eigenvalue, we want to prove the spec-
tral property, which helps us to retrieve the dominant eigenvalue in a crucial strongly
connected component. We would adopt the weaker property for a general graph as in
Proposition 1.2.3. Before getting into the theorem, we prove that this property can be
extended from paths in ADSC to the generating series of concurrent systems.

Lemma 6.2.1. Let (M, X, 1) be a concurrent system with characteristic root r. Then
there exists a state o € X and an integer d such that, for every multiple k of d, the

series Y. Ma.o(kn)z" has the radius of convergence r*.

n>0

Proof. Let B be the adjacency matrix of ADSC with spectral radius p = p(B). By
Proposition 5.2.2, we know that p = 7~!. According to Proposition 1.2.3, there exists a
node u = (a, ¢, i) and an integer d > 0 such that, for every multiple k of d, the series

ﬁ(z) = Z qu”{:z"
n>0

has the radius of convergence r*.

Consider the series

Gaalz) =Y #Maa(kn)2".

n>0

Let R be the radius of convergence of @Z(z) . It suffices to show that R = r*. Let

Gaa(2) =Y #Maa(n)z"

n>0
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with radius of convergence 74 q. By the deﬁnition of the radius of convergence and the
characteristic root, we have R =% > rk

On the other hand, since B/, S ./\/la,a(lm), then
F(z) < Ga.a(2)
which implies that ¥ > R. This completes the proof. O

The following theorem is the main result of this chapter.

Theorem 6.2.2 ([4]). Let S = (M, X, L) be a non trivial and homogeneous concurrent
system with characteristic root v. Then S is irreducible if and only if S has the spectral

property.

Proof. Let S = (M, X, 1) be a non trivial and homogeneous concurrent system of the
characteristic root r. By Proposition 4.2.4, r < cc.

Suppose the system S is irreducible. Let a be an arbitrary letter in ¥ and let 7\* be
the characteristic root of the concurrent system (M\“, X, 1). Our goal is to prove that

P\ sy

According to Lemma 6.2.1, there exists a state ag € X and an integer d > 0 such that,
for every multiple k of d, the series

=D #MY o (kn)2"

n>0

has the radius of convergence (r\“)k. To apply this property, we turn to show that
(r\)F > rk,

For this integer d, we claim that there exists a family (yo)acx of a-rooted linking
executions satisfying:

® Yo € Ma,a;
e |yo| = k where k is a multiple of d and is independent of «.

First, by Proposition 6.1.4, there exists an a-rooted linking execution u, for every
state o € X. Since S is homogeneous, there exists v, € Ma.uy,o- Put 2o = uqvq, then

Za € Mg, is an a-rooted linking execution and |zo| > |ua| > 0. Let mq =[] 25|
SEX.04a

Choose Yo = (2a Then y, € Mgy is also an a-rooted linking execution and
|Ya| = dmal|za| = d - 1 |2s] which is a multiple of d and is independent of .
oeX

)dma .

Together with this family (ya)acx of a-rooted linking executions, we would like to
construct an auxiliary family (Ha g(kn))n>0,(a,8)exxx Of sets of executions such that

M5 (kn) C Hap(kn) © Mas(kn). (6.2)
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The construction of (H, g(kn)) defines inductively as follows:

Ha,5(0) = M5(0),

¥n >0 Hap(k(n+1)) = (Hap(kn) - ys) U | Han(kn) - MY (K) (6.3)
yeX

= (Hap(kn) -ys) + | Han(kn) MYG(R).  (64)
yeX

In (6.3), we denote U x V = {u-v| (u,v) € UxV} for U,V C M and we get (6.4) by
using the symbols 4+ and > to denote unions of pairwise disjoint families of sets. Next,
we claim that, for all integers n and for all (o, 8) € X x X:

n—1

Hoos (k1) = S (| Hoy(b(n— 1= 1)) -y - MY (ki) ) + MY (kn). (6.5)

=0 ~eX

Property (6.2) is obvious by induction on the integer n. For formula (6.5), it is true
for n = 0. Suppose that (6.5) holds for n > 0 and we want to show for n + 1.
Replacing Hq~(kn) in (6.4) by the induction hypothesis, we obtain:

Hap(k(n+1)) = (Ha,p(kn) - ys)

n—1
+ S (U Haslk(n —1—14)) - ys - M2 (ki) 'Myfg(k))

Notice that the following relation holds in every concurrent system, for every state
«, B and every integers i, j > O:

Map(i+37) = |J Man( 7.58(7)- (6.6)

veX

Applying (6.6) and rearranging the terms in the summation, we get:

Hop(k(n+1)) = Has(kn) - ys) + > (1 Has(k(n — 1)) - ys - My (ki) + M5 (k(n + 1))

i=1 deX

-3 (U Haslbtn =) -y M) + MU0 £ 1) (6

1=0 ~

We finish the induction proof for (6.5).
Consider the series

H,p(z) = Z #Ho p(kn)z"

n>0
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Let pqa,g be the radius of convergence of H, g(2). Since Hq g(kn) € Mgy g(kn), one has
for non negative real z < r¥:

Hop(2) < 3 #Mas(kn)(zF)F < +oo.
n>0
Hence,
V(a,B) € X X X pap > (rapg) =1k (6.8)

where the last inequality is by the definition of the characteristic root 7.
According to Lemma 6.1.5, we can conclude that

H#(Hon(kn) - gy - MY (ki) = #(Hay (k) - #(ML, (ki) (6.9)

since y, is an a-rooted linking execution. Focusing on (g, ) € X x X, the counting
of (6.7) has the following relation by (6.9):

#Hag,ao(k(n+1)) > i(#ﬂao,%(k(n — @) M o (K1) + H#MY L (k(n+ 1))
1=0

Multiplying by 2™ and summing over n > 0, the series converge for non negative real z
and we obtain:
L (Hagool2) 1) 2 Hapeo()Q() + 2(Q() 1),

and thus:

Qz) < Hag,a0(2) .

142z Hqpa(2)

Therefore, Q(z) is bounded on the interval (0, pag.a0), and on the interval (0,7%) by
(6.8).

On the other hand, since Q(z) is rational series with non negative coefficients, its
radius of convergence (\%)¥ is one of its poles. Hence, (7\*)¥ > r¥ which implies S has
the spectral property.

For the other direction, suppose that the concurrent system S = (M, X, 1) is not
irreducible. Our goal is to prove that S doesn’t have the spectral property. Since the
system is homogeneous, we discuss two cases as follows:

First Case: the trace monoid M is not irreducible. The proof is similar to the proof
of Proposition 6.1.2 for trace monoids. Let 3 = ¥; + X9 be a non trivial partition of X
such that ¥ x 39 C I and put M = M; x My with M; = (£1) and Mg = (¥3). Let
w(z), p1(z) and pa(z) be the Mobius matrices of S, (Mj, X, 1) and (My, X, L) with
characteristic roots r, r1 and rp. According to Remark 4.2.2, p(z) = p1(2)p2(z). Then
r = min{ry,ro}. Without loss of the generality, assume that ro > r1. Choose a letter
a € By and let M\ = M x M;a. Then its characteristic root 7\* = min{ry, r%a}. Since

\

r2a > r9 > 11, hence r\e = ry = r and S doesn’t have the spectral property.
Second Case: the system is not alive. Then there exists a state ag € X and a letter

a € ¥ such that a is not executable in the following steps and thus M,, = Mag. Since

S is homogeneous, M, = ./\/lt\f for every state o € X. Therefore, r = r\® and S doesn’t
have the spectral property. O
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6.3 Applications of the spectral property

6.3.1 Spectral radius of ADSC*

Corollary 6.3.1. Let (M, X, 1) be a non trivial and irreducible concurrent system with
characteristic root r. Then the spectral radius of ADSCT equals r—' which is the spectral
radius of ADSC.

Proof. Let B be the adjacency matrix of ADSC with spectral radius p = p(B). By
Proposition 5.2.2, we know that p = r~1. After renumbering the positive nodes in ADSC
in order to keep positive nodes in upper left corner of B, the matrix B can be written

as:
Bt J
where Bt and B are the adjacency matrices of the digraph ADSCT and ADSC? =
ADSC \ ADSC™. The block 0 in the matrix B is because no null nodes are accessible to
positive nodes in DSC according to Point 2 of Proposition 5.3.3.
Then p = max(p*, p°) where p* = p(BT) and p° = p(B®). Consider an execution
starting from a null node in DSC. By Point 3 of Proposition 5.3.3, there exists a letter

a such that 2 € M\%. Since the concurrent system satisfies the spectral property from
Theorem 6.2.2, we have p® < p. Therefore, p = pT, which completes the proof. ]

Remark 6.3.2. From the proof of Corollary 6.3.1, we know that the spectral radius of
the submatriz BY including null nodes is less than r—t. Therefore, every component of

null nodes has the spectral radius < r~".

Example 6.3.3 (Example 5.1.3 continued). The Md&bius matrix of the system is

() = My (1—2z —z+22
A= =2 1-2 )

The characteristic root r is %\/5
(1—2)(1—2—22).

Its associated adjacency matrix A is

which is the root of smallest modulus of det u(z) =

Mo,a [0 0 0 1 00
My,ac; | 0 0 1 0 0]0
A_ Moac; [ 000 1 10
ML,b | 1100 01
Mi,e | 0001 T1]0
Mo,c \0 0 0 0 0|1

The adjacency matrix AT of ADSC" is identified with the upper left corner in the
matrix A. Both spectral radii of A and AT are H—Q‘/g According to Proposition 5.2.2
and Corollary 6.3.1, we can also calculate the characteristic root by p(A4)~! or p(AT)~L.



Chapter 7

Probabilistic framework for
concurrent systems

As we did in Chapter 3 for trace monoids, we would like to define a uniform measure
on a concurrent system. A cocycle function is introduced in order to interpret the
state change inherent in a concurrent system. This uniform measure defined on infinite
executions induces a Markov chain of states-and-cliques. Based on the combinatorics
of the abstract concurrent systems and the analysis of the DSC, we also prove the
uniqueness of the uniform measure in this form. With this probabilistic framework at
hand, we present again the ADSC in a schematic way and discuss the spectral radius of
its different components.

7.1 Existence of a uniform measure

Our goal is the random generation of larger executions of the concurrent systems. For
a € X and for a non-negative integer n, let v4(n) be the uniform distribution of the
finite set My (n) = {z € My, : |z| = n}. In order to obtain arbitrary large executions, it
is natural to consider the weak limit v, of the sequence (v4(n))n>0.

We will not complete the study of this weak limit. However, in Section 7.1.2, we will
study a regularized version of this sequence. At the end, the form obtained for the weak
limit of the regularized version justifies to introduce the following definition of a uniform
measure.

Definition 7.1.1 (uniform measure). Let S = (M, X, L) be a concurrent system. A
uniform measure on S is a family of probability measures (Vo)acx such that v, is defined
on OM, for every a € X, satisfying the chain condition:

Vaoe X VzeM, Yye Moz va(t(2y)) = va(t 2)Vaz(Ty),

and such that,
VaeX VzeMy vo(ta)=tltlA(q,a-2) (7.1)

for some positive real t and for some positive function A : X x X — Rsg.

67
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7.1.1 Case of a trace monoid

If the system is a trace monoid, then it has a unique state. In the above definition of
a uniform measure writes, the function A reduces to a constant k, and the measure
satisfies:

v(t z) =tk

Hence £ = 1 and Definition 7.1.1 yields back the notion of uniform measure for trace
monoids.

7.1.2 Parry cocycle and construction of the uniform measure

Definition 7.1.2 (uniform valuation). Let S = (M, X, 1) be a concurrent system.
Assume that (Va)aex s a uniform measure on S as defined in Definition 7.1.1. Then
its induced uniform valuation is the family of functions f = (fo)aex with fo : € — R,
defined by:

Vae X Vre My folr)=va(tx).

Define a cocycle on a finite set X as a real-valued positive function A : X x X — Ry
such that A(a,vy) = A(a, B)A(B, ) for all a, 5,7 € X.

Assume that (M, X, 1) is an homogeneous concurrent system and f = (fq)acx is
the induced valuation of a uniform measure. Then the function A in (7.1) should be a
cocycle. Let o, B,y € X, and let x € M, and y € M., such that 8 = «a-z and v = (-y.
Then fo(xy) = falz)fs(y) implies that r®. A(a, y) = rl#l. A(a, B)-r¥I- A(B,~). Hence,
Ala,7) = Ala, B)AGB, 7).

We follow the construction of a Markov measure over a concurrent system in [1].
The existence of a uniform measure for a concurrent system (M, X, 1) is inspired by
the Patterson-Sullivan construction (ref. [11]).

Let r be the characteristic root of the concurrent system. For each state a € X, and
for each real t € (0,7), let v, + denote the probability measure on M C M defined by:

1
Vat = 5 7~ Z 5{x}t|x‘ (7.2)
Ga(t) TEMa
where Go(t) = Y tI*l and d{z} denotes the Dirac measure on z.

rEMy
Let 1t = denote the full visual cylinder defined by:

to={yeMlz <y}
Then the v, ¢-probability is given by:
1
Var(h @) = Z i
Ga( ) YEMqy 1 x<y

1
Z tle-2l put y =z -z with 2 € Mg,
Go(t) i

_ 4ol . Gaa(t)
Gal(t)
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Applying the Portmanteau theorem [7], then for each o € X, the family of probability
measures (Va’t)te(om) converges weakly, as ¢ — r towards a probability measure v, only
on OM,, whereas v,(M,) = 0, such that (v4)aecx is a uniform measure.

Therefore, we deduce:

, Goalt)
va(t @) = lim_rll 20,

and the associated cocycle is called the Parry cocycle, given by:

Galt
(o, B) = o ir ngt;.

(7.3)

In Section 7.4, we will prove that there exists the unique uniform measure for irre-
ducible concurrent systems.

7.2 Markov chain of states-and-cliques (MCSC)

In previous sections, we study a uniform measure v = (V4 )qecx at infinity on the system.
For each «, the probability measure v, is entirely characterized by its values v, (T x) on
visual cylinders 1 .

Taking account of concurrency, we’d like to know the probability measure on elemen-
tary cylinders [x], for z ranging over M,. We adopt the same approach — the Mdbius
transform as we did for trace monoids.

Definition 7.2.1 (Mobius transform). Let S = (M, X, L) be a concurrent system.
Let (fo)acx be the fibred valuation induced by a uniform measure (Vo)acx on S. Put
falz) = vo(T ) for all « € X and for all x € M. The Mdébius transform of f, is the
function hy, : € — R, defined by:

VaeX VYee€€ ha(c)= Y. (=DIIllf ().

cd€C:c<c

By the second Mobius inversion formula in (2.5) and the graded Mdobius transform
in (2.3), the probability measure of elementary cylinders satisfies:

Ve € 60 vallc]) = halc). (7.4)

In order to obtain a Markov measure from the fibred valuation f, [1], the following
conditions for the Mdbius transform h, hold:

Va e X ha(e) =0, (7.5)

Vae X Veel, haolc) >0, (7.6)
where (7.5) is obtained by looking at the total probability law for the first clique

Z ha(c) =1

ceC
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and by the Mobius inversion formula (2.2)

fal(€) = ha(e) + Z ha(c).

ceC

We recall a property of h, related to normalized conditions for later proof, which
could be deduced from (7.5).

Proposition 7.2.2. [1, Lemma 4.7] Let (M, X, L) be a concurrent system. Let (fo)acx
be the fibred valuation induced by a uniform measure (Vo)acx on the system. For each

a € X, let hg : Co — R be the Mébius transform of fo, and let go(c) = 3. hg(d)
deCs - c—d

where f = « - c. Assume that ho(e) =0 for all « € X. Then:
Vae X VeeCy halc) = falc)galc). (7.7)

The Markov chain on a concurrent system can be found in [1]. The study of the
probability of elementary cylinders provides us to determine the probability process
(Ck(&))k>1 where ¢ is an infinite execution drawn at random according to the probability
measure V,. By considering the random process of states-and-cliques rather than the
process of cliques only, it has the structure of a Markov chain, where the initial measure
and the transition matrix are entirely determined by a Markov measure.

For an effective computation of the Markov chain and its simulation, we need to
restrict to irreducible concurrent systems.

Theorem 7.2.3 (Markov chain of states-and-cliques (MCSC), [1]). Let (M, X, L) be an
irreducible concurrent system equipped with the uniform measure v = (Vo)acx on OM.
Fiz an initial state o« € X. Let & € OM,, and let (a;)i>0 be the sequence of states defined
by: ai(§) = a- (C1(§)-) -+ - Ci(§)) fori > 0. Then the process (Y;)i>o = ((evi, Ci+1))i>0
is a homogeneous Markov chain with values in DSC under v,.

For every initial state a« € X, the initial distribution of the Markov chain (Y;)i>o is
0fa} @ ho. The transition matrix of the Markov chain (Y;)i>o is given by:

hg(d .
M(a,c),(ﬂ,d) = lﬁza.c N B 955037 if ga(c) #0, (7.8)

where gq(c) is the normalization factor defined by :

Vae X VYeely galc) = Z hg(d), with f=a-c. (7.9)
deCg:c—d

If go(c) = 0, then the expression (7.8) is replaced by:
Ma,c), 8,0 = 0-
Proof. Let ap = « be the initial state. According to (7.4) and (7.6),

Ve € Cq vo(Cr=c)=ha(c) >0.
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Hence, the law of (ag, C1) under the uniform measure v, is dqy @ hq-
Let M be the square matrix indexed by (X,C)? and defined by (7.8). For any
sequence (ag,c1), ..., (Qp—1,¢,) in X x C with n > 1, let

Pn = la=ag * hay (Cl) : M(a0701)7(a1102) T M(an72ycn71)7(04n7175n)

denote the probability of the sequence calculated by the transition matrix M.
If the following statements hold: 1) g = «; 2) a1 = a4 - ¢i41 and gq, (ci+1) # 0 for
i€{0,...,n—2}; 3) ¢; = ciy1 fori € {1,...,n — 1}, we have :
ha, (c2) R (Cn)
p — h c e
n Pl ) Ganalen)

= fao(c1) - fai(€2) -+ fan_o(cn-1) - ha,_,(cn)  using (7.7)

= h(cica...cp) using (2.4) and the chain rule of f,

= V(X([CICQ oo Cn])

== VO[(}/O - (CKO,Cl), T ;Yn—l = (an—17cn))

which implies the probability of a Markov chain in DSC. Otherwise, p, = 0. O

Remark 7.2.4. In previous proof, the nodes («,c) such that go(c) = 0 corresponds to
those nodes such that ho(c) = 0. Therefore, they are not reached by the MCSC and the
probability vanishes.

7.3 Properties related to DSC and ADSC

The trajectories of the Markov chain of states-and-cliques correspond to the infinite
paths in DSC. The following lemma shows the probabilistic interpretation of a positive
node in DSC.

Lemma 7.3.1. Let (M, X, L) be a concurrent system. Assume that (fo)acx s the fibred
valuation induced by some uniform measure (Vo )aecx- Let hg be the Mébius transform
of fa. Then hq(c) > 0 for every positive node (a,c) € DSCT.

Proof. Let (o, ¢) be a positive node. By Definition 5.3.2, there exists an («, ¢)-protection,
say an execution x. Consider the infinite trace 1 x, we have the following relation:

{y € OMy | Ci(y) =c} D1 .

Therefore,
vallel) = va(t z) > 0.

According to the initial measure of the MCSC with initial state o (Th. 7.2.3), one has:

Hence, hq(c) > 0. O



72 CHAPTER 7. PROBABILISTIC FRAMEWORK

We try to imitate the Parry measure on trace monoids in Section 2.4.3. Since ADSC*
is not strongly connected, we couldn’t deduce the existence of the dominant eigenvalue
of its adjacency matrix. With the aid of previous lemma, we could still prove the
eigenvector corresponding to the parameter t of a uniform measure is strictly positive.

Lemma 7.3.2. Let (M, X, 1) be a non trivial concurrent system, and let B be the
adjacency matriz of its ADSCT. Assume that (fo)acx is the fibred valuation induced by
some uniform measure (Vo)acx. For all o € X, for some real positive t and for some
cocycle A, define fo(x) = t*IA(a, a - ). Let hy be the Mébius transform of fa. Fiz an
arbitrary state ag € X, let u be the vector defined by:

1
U(a,c,i) = Fi-1

- A, @) - ho(c),

for alla € X,c € Cy and i € {1,--- ,|c|} such that (o, c,i) € ADSCT. Then t~! is an
etgenvalue of B and u is its associated positive right eigenvector.

Proof. Let (a,c,i) € ADSCt. According to Lemma 7.3.1, ho(c) > 0 for every (a,c) €
DSC*. Therefore, u is a positive vector.
It suffices to show that

Bu = -u.

According to the definition of ADSC, we discuss two cases as follows.
If i < |c|, the row Ba,c,iy is identically zero, except for the entry of the column
indexed by («, ¢, + 1). Therefore,

1 1
(B)(a,c) = Waeit1) = 7 A@0, )hale) = - Ugac).
If i = |c],
(Bu)(a,e,i) = Z U(B,d,1) where f =« - ¢

deCg:c—d

= Z A, B)hg(c) let go(c) as defined in (7.9)
deCg:c—d

= A(ao, B)galc)

ha(c) )

A(ao’ﬁ)tldA(a, ) using (7.7)
1 1

=1 WA((XQ, a)he(c) using the cocycle property of A
1

=--u .
£ Uaselel)

Hence, u is the positive right eigenvector associated with ¢~1. O
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7.4 Uniqueness of the uniform measure

The existence of a uniform measure for concurrent systems is proved in Section 7.1. A
uniform measure v = (Vq)acx of the system is defined by: v, (1 z) = t/*IA(a, o - z) for
some real t and some cocycle A : X x X — Rsg. The next theorem states the uniqueness
of the uniform measure of this form. Our goal is to prove that t = r and A =T where r
is the characteristic root of the system and I' is the Parry cocycle given in (7.3), under
the hypothesis that the system is irreducible.

Theorem 7.4.1 (uniqueness of the uniform measure). Let (M, X, L) be an irreducible
concurrent system. Then there exists a unique uniform measure v = (Vy)aecx associated
to the system, which is determined by:

Vaoe X VreM, va(tz)=rT(a,a- )

where T is the characteristic root of the concurrent system and I' : X x X — Ry is the
Parry cocycle introduced in (7.3).

Proof. Assume that v = (vV4)aecx is a uniform measure for the concurrent system. Let
(fa)aex be its induced fibred valuation defined by:

VaeX VreMy falz)=t"A(a,a )

where t > 0 and A : X x X — Ryg is a cocycle function. For @ € X, let hy : € — R

be the Mdébius transform of f,, and let g, be defined by go(c) = > hg(d) with
deCg:c—d
8=aw-c

First, we show that ¢t = r. Let B be the adjacency matrix of ADSCt. According to
Corollary 6.3.1, the spectral radius of B is »—!. Fix an arbitrary state ag € X, suppose
that u is a vector defined as in Lemma 7.3.2. Then Bu = t~'u and u is the associated
positive right eigenvector. Therefore, by Proposition 1.3.1 for reducible matrices, one
has t~' = r~!, and thus t = r.

It remains to prove that A = T', where T is the Parry cocycle. Let v/ = (V) )aex be
the uniform measure associated with f/ (z) = r*ID(a,a - ) for & € X and = € M,,
where T' is the Parry cocycle. Let h., be the Mobius transform of f/. Both uniform
measures v and v/ induce Markov chains of states-and-cliques on the nodes of DSC.

Consider a terminal component 7' of ADSCT. Then it corresponds to a terminal
component T of DSCt. We want to claim that :

The transition matrices of the Markov measures v and V' are equal on the nodes of
T.

Let v’ be a vector defined as in Lemma 7.3.2, relatively to the uniform measure v/.
Since the adjacency matrix of T is irreducible, both the restriction of u to T and the
restriction of v/ to T' are Perron eigenvectors, up to a scalar factor. Therefore, u and o’
are proportional on the nodes of T', and thus for some positive constant k,

V(a,e) €T Alag, a)ha(c) = kT (ag, a)hl,(c). (7.10)
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Since the state «y is arbitrary, there exists a clique ¢ such that («g, c) € T. In particular,
by A(ag, ap) = I'(a, ap) = 1, one has:

Y(ag,c) €T = haylc) = khly (c). (7.11)

Let M and M’ be the transition matrices of the MCSC associated with v and with
V. For every (ag,c),(8,d) € T,

hs(d)
M = 1gpoe Losg - 2
(O‘O’c)v(ﬁvd) ﬁ_ 0 —d gao(c)
hg(d .
= 15:a0-c “lesa - T|C| : A(QOa B) : hﬂ((c using (77)
o
y W)
=1g—agc lesa ' -T'(ag, B) - B (o) using (7.10) and (7.11)
[e70)]

o /
= M(ag,0),(8,d)

Since a was arbitrary chosen such that (ag,c) € T, we prove the claim.

Fix (ag,¢) € T. Let z be an (ag, ¢)-protection such that the last clique of z is maxi-
mal, and let n = 7(z) be the height of z. Put 8 = ag-z and let ((ag,d1), ..., (n—1,dy))
be the path in DSC corresponding to z. According to Proposition 5.3.3, point 1 and 2,
the last node (ay,—1,d,) is positive, and thus the path in DSC corresponding to z goes
through only positive nodes. Let (Y;)i>o denote the Markov chain of states-and-cliques,
with Y; = (a;, Ci+1). Then the maximality of z implies:

T = {5 € Mao | (Yb(ﬁ), .. 'aYnfl(‘S)) = ((a()vdl)a ) (anfladn))}

Consider an arbitrary state € X and pick z € Mg such that 8 -2 = a. Let
m = 7(z) be the height of x. Then, for any & € OM,,, one has zz < £ if and only if
the truncation of £ at height n + m satisfies zz < C1(§) - - - Cppin(§). Therefore, 1 (zx)
decomposes as the following disjoint unions:

T (22) = U {§ € OMay | C1L(E) - - Crnpn(§) =y}

YEMag i T(y)=n-+mA(za<y)

As a matter of fact, each of subsets {{ € OMy, | C1(§) - Crnin(§) = y} is an ele-
mentary cylinder of the Markov chain of states-and-cliques. Recall the previous claim,
the probabilities with respect to v4, and with respect to v, are the same, and thus
Vao (T (22)) = 4, (T (22)). Then we could deduce that A(ap,a) = I'(ag, ). Since « is
arbitrary, the cocycle property of A and of I" implies that A =T'. O

With this uniform measure of the concurrent system, some properties between the
vectors of the Parry cocycle and the Mobius matrix are given as follows.

Proposition 7.4.2. Let (M, X, 1) be a concurrent system. For some positive real r
and some cocycle T : X x X — Rsg, assume that ve(1 z) = 71T (a, a - ) defines the
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uniform measure. Let j(z) be the Mobius matrix of the system. Fiz an arbitrary state
ap € X. Consider a positive vector u = (uq)aecx defined by uo = I'(ag, ). Then one
has:

u € ker(pu(r)).

Proof. Fix ag € X, let u = (up)acx = (I'(ap, @))aex be a positive vector. Let (fo)acx
be the fibred valuation induced by (v )acx, and let h, be the Mébius transform of f,
for all @ € X. We know that hy(g) = 0 from (7.5), which yields

Z (=D)llrlr(a, - ¢) = 0. (7.12)

CE%’Q

Rewriting the equation (7.12) depending on the reaching states, we obtain:

S ()0, 8) = 3 ptap(r)T(a, B) = 0. (7.13)

BEX c€Cup BeEX

Put the vector v = u(r) - u, where:

Va = D fap(r) - ug =Y pias(r)T(ao, B).

peX peEX
Since I'(ap, )I'(av, B) = I'(avo, ), vq is proportional to the middle part of (7.13). There-
fore, v = 0 which completes the proof. O

Corollary 7.4.3. Let (M, X, L) be an irreducible concurrent system of characteristic
root r. Let u(z) be the Mobius matrix of the system. Then:

dim(ker(pu(r))) = 1.

Proof. Since det(u(r)) = 0 by Proposition 4.2.5, we know that dim(ker(u(r))) > 1.

Seeking a contradiction. Assume that dim(ker(u(r))) > 1. Let I' : X x X — Rs¢ be
the Parry cocycle, and let fo(x) = r*Il(a,a - 2) for a € X and z € M,. Fix ap € X
and define the positive vector u = (uq)acx by ua = I'(ap,«). By Proposition 7.4.2,
u € ker(pu(r)).

Let v € ker(u(r)) \ {0}, non proportional to u. Choose arbitrary e > 0 such that
w=1u+ev>0. Let A: X x X — Ry be the cocycle defined by:

V(e,B) € X x X Ao, 8) = 2.

Wey
Then (I'(ap, @))aex is proportional to w, and thus is not proportional to u. So, one has:
A#T.

Let h, be the Mobius transform of f,, and let hl, be the Mobius transform of f7,.
The formula for b, can be computed as follows, for & € X and for ¢ € €,:

h/Oé(c) — Z (_1)|c/‘_|CIT‘CIIA(a’ - C,)
€ <!
1 ! /
- . (ua ha(e) e S (=1)lellelyle |vm,), (7.14)

€ <!
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In particular,

B () = U}a (ta- hale) + € (u(r) - v)a). (7.15)

Since hq(e) = 0 and since v € ker(u(r)), we have hl () = 0, which is sufficient for
the relation A/, (c) = f(c)g.(c) as in (7.7).

Fix an arbitrary positive node (a, ¢), then hq(c) > 0 by Lemma 7.3.1. Moreover, for
arbitrary small € > 0, we obtain that h. (c) > 0 from (7.14). Following the idea as in the
proof of Theorem 7.4.1, we focus on the related terminal strongly connected component
of (a,¢). Both h, and h!, could give a positive eigenvector of the adjacency matrix of
ADSC™. However, the adjacency matrix of the terminal component is irreducible, and
thus there exists a unique Perron eigenvector defined on the nodes of this component.
Hence, h,(c) is proportional to k. (¢) for all (a,¢) in this component.

Consider two uniform measure v and v/ with respect to f, and f/,. We adopt the
same technique as in the proof of Theorem 7.4.1. After analyzing the transition matrix
of the MCSC starting from («,¢) of this terminal component, we obtain that f, = f),
for all & € X. This implies that I' = A, which contradicts the result derived from the
assumption. O

7.5 Applications of spectral property

Within our probabilistic framework, we are able to prove some interesting properties by
applying the spectral property. According to Theorem 6.2.2, a concurrent system which
has the spectral property is equivalent to its irreducibility. Therefore, all results in this
section are required an irreducible system.

7.5.1 Positive nodes and null nodes of DSC from a probabilistic point
of view

In Section 5.3, the definition of positive nodes and of null nodes is depended on the
existence of (a,c)-protection, for & € X and for ¢ € M,. The aim of the following
theorem is to give an alternative, probabilistic characterization of positive and of null
nodes of DSC.

Theorem 7.5.1. Let (M, X, L) be an irreducible concurrent system. Assume that
(fa)aex is the fibred valuation induced by the uniform measure (Vo)acx. Let ho be the
Mobius transform of fo. Let (a,c) € DSC. Then the following statements are equivalent:

1. (a,c¢) is a positive node
2. ha(c) > 0.

Furthermore, for every a € X, the MCSC under v, only goes through the positive
nodes of the DSC.
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Proof. 1. = 2. follows from Lemma 7.3.1. For the other direction, we prove by
contrapositive. Suppose that (o, c) is a null node, we want to show that hy(c) = 0.
Applying Proposition 5.3.3, point 3 for infinite traces on dM, we can deduce that

{£€OMa|CL(E) =c} C | oMy (7.16)

a€y

where M\* = (X \ {a}). Then the probability of (7.16) on v, has the relation:
va(ld]) < D7 va(OMy?).

a€y
Since vy ([c]) = ha(c), it is enough to show that ua(ﬁ./\/lééa) =0, for every a € X.
We consider the following relation on OM:

Yn >0 OM\C U (1 z)
zeEMY (n)

where the right hand side constraints only n first letters in X \ {a}. So, we have:

Va(OMY) < 3 vla(t @) < Kr'#(MY(n)
MY (n)
where K is a bound of the Parry cocycle.

Let r be the characteristic root of the concurrent system (M, X, 1). According to
Theorem 6.2.2, the irreducible concurrent system has the spectral property and thus
r\@ > r. Hence,

\a (r\a)n
Va(aMa)NKT—)O as m — 0o
which completes the proof. O

Retelling the contraposition of Theorem 7.5.1, we obtain the following corollary.

Corollary 7.5.2. Let (M, X, L) be an irreducible concurrent system. Assume that
(fa)aex is the fibred valuation induced by the uniform measure (Vo)acx. Let hy be the
Mébius transform of fo. Let (a,c) € DSC. Then the following statements are equivalent:

1. (ay¢) is a null node

2. hao(c) =0.

7.5.2 Property of tip-top action

In our theory for concurrent systems, the characteristic root r is crucial, which requires
us to calculate the spectral radius of ADSCt (Ref. Cor. 6.3.1). As the system becomes
larger in size, the complexity increases rapidly. Thanks for the structure of a tip-top
action, we have the following lemma, which leads us to prove that the characteristic root
of a concurrent system of a tip-top action could simply determined by the root of the
Moébius polynomial of its associated trace monoid, instead of the Mébius matrix of the
system.
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Lemma 7.5.3. Let (M, X, L) be an irreducible concurrent system of a tip-top action.
For every state a € X, the uniform valuation f, satisfies:

fala) =1.

Proof. For a € X, let £ € OM,, such that £ ¢1 «. That is to say that certain letter of
a isn’t executed for the first clique of £. Then there exists a € « such that £ ¢ 1 a. By
induction, the letter a is parallel to every clique of £ and thus

We can deduce that
OMa\ (Ta)C | oMy (7.17)
aEX

Using again the spectral property as the proof of Theorem 7.5.1, we know that
Va €Y va(OMY) =0.
Therefore, the probability of (7.17) is
1—v4(ta)<0

which implies that f,(a) = vo(T a) = 1.
O

Theorem 7.5.4. Let (M, X, L) be an irreducible concurrent system of a tip-top action,
and let p be the root of smallest modulus of the Mdébius polynomial pua(z). Then the
characteristic root v of the system is given by r = \/p.

Proof. By Lemma 7.5.3, we have:
Va e X fal) =71"T(a,e) =1,

which implies that I'(e, a) = T'(a, €)1 = rlel.
Then by (7.5) one has:

0="he(e) = Y (1) fe(a)

ae%s

= Z(_l)la\ﬂlal
a€E?

_ 2

= pum(re).

which implies that 72 is a root of ya.

Since he(e) = h(e) = 0 and ho(c) = h(c) > 0 for all ¢ € X, the Mébius conditions
hold. According to [2, Theorem 1.6], the only candidate is the root of smallest modulus.
This completes the proof. O

We refer to two concrete models in Section 4.3.3 to verify the theorem proved above.
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7.6 ADSC and the spectral radii of its components

We refer to some known results related to the spectral radius for reducible matrices, and
obtain a more clear picture how the Markov chain works on ADSC.

Proposition 7.6.1. Let (M, X, L) be an irreducible concurrent system of characteristic
root r. Then, among the strongly connected components of ADSC™T, those of spectral

radius 7~ are exactly the terminal components.

Proof. Let B be the adjacency matrix of ADSCt. According to Corollary 6.3.1, the
spectral radius of B is r~!. By the existence of the uniform measure and Lemma 7.3.2,
there exists a positive right eigenvector of B corresponding to r—!. Therefore, according
to Proposition 1.3.1, point 1, we obtain the desired result. ]

In other words, the basic components of ADSC™ are exactly the terminal components.

Corollary 7.6.2. Let (M, X, 1) be an irreducible and non trivial concurrent system.
Let (o, ¢,i) be a null node of the ADSC. Then the irreducible component of («,c,i) can
be reached from at least one basic components of the ADSC.

Following the results of Remark 6.3.2, Proposition 7.6.1 and Corollary 7.6.2, we show
a schematic diagram of the condensation of ADSC in Figure 7.1. Each node represent the
irreducible component in ADSC, where the purple one with double lines are represented
as the basic components. The Markov chain under the uniform measure defined on
infinite traces does not cross the dashed line in this figure, which means only stay on
the components of positive nodes.

components with positive nodes
before the basic components,
of spectral radius < r~*

basic components with positive nodes,
of spectral radius = r~!

components with null nodes
Ny after the basic components,
of spectral radius < r~"

Figure 7.1: Schematic condensation of ADSC.

Example 7.6.3 (Example 5.1.3 continued). The node (My,c) in ADSC (Fig. 5.1) is a
null node which never go through under the uniform measure v. With the aid of spectral
property, the null nodes can be detected by comparing the spectral radii between the



80 CHAPTER 7. PROBABILISTIC FRAMEWORK

strongly connected components. This helps us reduce the state space of the Markov
chains and improve the efficiency and the accuracy of the random generation (more
details in next chapter).



Chapter 8

Realization of random generation
for concurrent systems

The probabilistic model of executions of concurrent systems constructed in Chapter 7
highly depends on the combinatorics of trace monoids. For practical application, two
approaches are presented in this chapter. One is via the MCSC with some efficient
algorithms for the initial distribution and for the transition matrix. Another approach
is via the Parry measure on ADSC. At the end of this chapter, we finish with some
examples.

8.1 Computation of the parameters of the uniform
measure for concurrent systems

In this entire section, we fix an irreducible concurrent system (M, X, 1) with M =
M(E,1). Let p(z) = (uaﬁ(z))(aﬂ)eXxX denote the Mobius matrix of the system
(M, X, 1). We introduce the following notations.
As a particular case, we define : M\ = (X \ {c}), Mllc = (Z)e) with Xy = {b €
Y|lc=ai---a, with a; € X, (a;,b) € I} for every clique ¢ € €. And we put:
\e g\ e — aqll
Cyy=MygNE and €, =My ,N%E.

«

8.1.1 Computation of the Mobius matrix

Let M" = (H) for some subset H C X. The restriction to M’ of the action (X U
{1}) x M — X U{L} is still an action (X U {L}) x M" — X U {L} defining a
concurrent system (M’, X, 1). In particular, we denote by p\%(z) = (M;C,/g(z))(a,ﬁ)eXxX
and plle(z) = (Mﬂfﬁ(z))(a,ﬁ)eXxX the Mobius matrices corresponding to the induced

concurrent systems (M\¢, X, L) and (Mllc, X, 1) for every clique ¢ € €.
To compute the Mobius matrix effectively, we use the following formulae.
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Lemma 8.1.1. Let (M, X, 1) be an irreducible concurrent system with Mobius matriz
w(z). Let a € ¥ and let p\*(2) and ple(2) be the Mibius matrices introduced above.
Then:

Va € ¥, ,uoa,,é’(z) = ﬂ}yaﬁ(z) -z :uova,ﬂ(z)

Va ¢ q Nozﬁ(z) = M})fﬂ(z) 5

V(a,f) € X x X {

Proof. For a ¢ %, it is obvious that the formula holds.
For a € ¥, we compute [, 5(2) according to (4.1):

Hap(z) = D (~1)l2l

Cefa”g
- Z (=1)lellel 4 Z (=1)lellel
CECy 3 ac c€Cq,p:akC

=)+ Y (el "
Cle(gma’gtcﬂ‘a

lla

= lu’(\)fﬁ(z) -z Moraﬁ(z)'

(*) The set {c € €n3,a € c} bijects to the set {a - ci1]c1 € ‘K(J'JGJ,}. O

‘a

Based on the result of Lemma 8.1.1, the following recursive algorithm computes
the Mobius matrix of a concurrent system. The algorithm computes recursively the

Mobius matrices of the successive concurrent system (X9, X, L), ..., (2, X, L) with ¥ =
{at,...,a}, Xo=0and X; = {ay,...,a;} fori € {1,... k}.
To compute more effectively, one can adopt the standard technique — “memoization”

for recording the results of the Mobius matrix on a subset of X. We omit this part in
Algorithm 4 in order to focus on the main idea of the algorithm.

8.1.2 Computation of the Mobius transform

Let v = (Vq)aecx be the uniform measure of an irreducible concurrent system S. Let
f = (fa)aex be the fibred valuation induced by v. It satisfies:

Ve € My folz) =rP*I0(a, a - 2)

Va e X
{Vaj ¢ My fa(x)=0

where r is the characteristic root of the system and I' is its Parry cocycle. The Mdébius
transform of f, is the function h, : € — R defined by:

Ve€bo hale)= Y (—D)IIFFf(c).

' €ECn : c<!

One way to effectively compute the Mdbius transform h, is to relate it with the
Mobius matrix of the system.
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Algorithm 4 Computes the Mébius matrix p of a concurrent system (M, X, 1)
Require: Concurrent system (M, X, L) where M = M(3, 1)

1: A+ X > initialization
2: if A = then

3: w<—1d > initialization of y with the identity matrix
4: else

5: Choose a € %

6: A+ ¥\ {a}

7 A+~ E”a

8: 0 < Call Algorithm 4 on A

9: 7 < Call Algorithm 4 on A

10: for all (o, ) € X x X do

11: if a € M, then

12: Hag = 00 — 2 Taap > Lemma 8.1.1
13: else

14: Ha,p = Hoéﬁ

15: end if

16: end for

17: end if

18: return p

Lemma 8.1.2. Let (M, X, 1) be a concurrent system. Let f = (fo)acx be the fibred
valuation induced by the uniform measure. The Mébius transform he of fo satisfies the
following formula:

Ve € Ga hale) =7 S ul° L(r) - T(a,B)
BEX ’

Ved Ga ha(c) =0

Va e X

where r is the characteristic root of the system and I is its Parry cocycle.

Proof. For o € X and ¢ € %,, we compute h,, from the definition:

hale) = >, (=) ()

€y : <!

= > (D fal©) facler)

c1 G((O”L! ACC

= falc) - Z (=Dlelplel. Do e,a- e e)

c1 E(Ioﬂ(ﬂ.cc
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Collect according to the arriving state,

ha(e) = falc)- D2 | 2 (=nlalrlal . T(a ¢, p)

peX 016%0“‘?

= (r|c| a o - c) Z Miccﬁ a C,ﬁ)

BeX

Z M![cc,g a, B )

BeX

d

We perform the computation of h,(c) in Algorithm 5. In this algorithm, the com-
putation of the Parry cocycle I' is according to the vector in Proposition 7.4.2 instead
of the theoretical definition (7.3).

Algorithm 5 Computes the Mébius transform h(c) of f, for all ¢ € 6,
Require: Concurrent system S = (M, X, L) where M = M(X,I), the state o and the

clique ¢
1: pu < Call Algorithm 4 on X > the M6bius matrix of S
2: r < The smallest positive root of det u > the characteristic root of S
3: Choose u € ker(p(r)) > Proposition 7.4.2
4: for all (« B)EXdeo
5: I(a, B) «+ u(a) > Parry cocycle
6: end for
A+ ZHC
8: 0 < Call Algorithm 4 on A > the Mobius matrix of (M, X 1)
9: sum < 0
10: for g € X do
11: sum = sum + Gq..(r) - I'(a, B) > the part of summation in Lemma 8.1.2
12: end for
13: return 7. sum

8.1.3 Computation of the parameters of Markov chain of
states-and-cliques (MCSC)

Let (M, X, 1) be an irreducible concurrent system and let (v4)aecx be the associated
uniform measure at infinity. Let & = (¢;)i>1 € OM be an infinite trace. Fix an initial
state @« € X and define recursively ag = o and a;41 = «; - ¢4 for all ¢ > 0. Put
Yi(§) = (a4, ciq1) for all @ > 0. According to Theorem 7.2.3, the process (Y;)i>o is a
discrete homogeneous Markov chain with values under v,. The transition matrix M of
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the Markov chain (Y;);>o is:

)
M(a,c),(ﬁ,d) = 1B:a~c 3 PEVE ga(C) .

The following algorithm computes the transition matrix of the MCSC.

Algorithm 6 Computes the parameters of the MCSC for the nodes in DSC™

Require: Concurrent system (M, X, 1) where M = M(3,1)
M+ 0 > Initialization of the transition matrix
: for all (a,c¢), (B,d) € X x¥€ do
if c>dand a-c=f then > the normal form relation —
Mq),8,0) < Call Algorithm 5 on § and d
end if
end for
[+ |X x 7|
w+ (1, 1)1y
n<—M-u > the parameters of normalization

for all (o, c¢), (B,d) € X x € do

M
M — (20),(8,d) s
(@,0),(B:d) = "m0 > normalization

—_ =
== O

. end for
: return M

—_ =
[GCI V]

Depending on the chosen initial state of the concurrent system, the initial law of the
MCSC is 44 ® ha. The computation of h, can be found in Section 8.1.2. So, we get all
parameters we need for random generation via MCSC.

8.2 Parry measure on concurrent systems

The approach in previous section relies on the calculation of the determinant of the
Mobius matrix to get the characteristic root of the concurrent system. For large models,
this requires the cumbersome calculation.

With the aid of spectral property (See in Chapter 6) and the discussion in Section
7.6), we know that the characteristic root of the system equals to the spectral radius of
one of the terminal components in ADSC'. By comparing the spectral radii between the
components of the ADSC, we could focus on ADSC™ and calculate the transition matrix
via the Parry measure on concurrent systems defined as follows.

Definition 8.2.1 (Parry measure on concurrent systems). Let (M, X, 1) be an irre-
ducible concurrent system. Define the Parry measure on the concurrent system as the
Parry measure on ADSC, given by:

. . U(a,d,j
V(a,¢,i),(B,d,5) € ADSC  Pro i) (8.dj) = Alase,i),(B,d.j) ° —Bhi)

P U(a,c,i)
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where A is the adjacency matriz of ADSC with spectral radius p, and u = (U(q,c.i)) (a,c,i)cADSC
is a positive right eigenvector respect to p. The initial distribution is represented as a
vector v = (V(a,c,i)) given by

U(a,c,i) 6(&,0,1’)

> Ug.dy) 08
(5,d,j)( J) " 9(B.d.5)

Y(a,c i) =

where § is the initial vector with 6(qc) =1 if i =1 and §(q, ¢4 = 0 otherwise.

Proposition 8.2.2. Let (M, X, L) be an irreducible concurrent system with character-
istic root r. Define the Parry measure on the concurrent system as in Definition 8.2.1.
Then its related transition matriz restricted to ADSCT coincides the transition matriz

of MCSC.

Proof. Let A be the adjacency matrix of the ADSC™. Fix an arbitrary state ag € X.
According to Corollary 6.3.1 and Lemma 7.3.2, the spectral radius of A is 7~! associated
with a positive eigenvector given by:

V(v ¢,i) € ADSCT w(y ) = s ', @) - ha(c).

Let P be the the transition matrix of the Parry measure restricted on ADSC™ and let
M be the the transition matrix of MCSC as in (7.8). Then, for («, ¢, 1), (3,d,5) € ADSC*:

U(B,d.j)
Ploe,i)(8.dg) = Alesei),(8,dg) P Waei)
. F(OZOaﬁ)h’ﬁ(d)
= . N et '7+1 T NL (N
Alaei) (B,dg) " T T(ao, @)ha(c)”
lfacmf, e di=|d and j =1,
) hs(d)
P(O‘707|C|)7(B7d71) = 1 ' T‘ I ) F(avﬁ) ' hOé(C)
SACR e
= M(mc),(ﬁ,d)‘

If (a,c) = (B,d) and j =i + 1,

Ploc,i)(aeitr) =1

which represents the transition between the extended states of a multiple clique.
Otherwise, Py c),(8,4.5) = 0-
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8.3 Examples of random generation for concurrent
systems
8.3.1 Safe Petri nets

Let (M, X, 1) be the irreducible concurrent system depicted in Figure 5.1. The charac-
teristic root r ~ 0.618 is the positive root of smallest modulus of 22 + z — 1 = 0.

8.3.1.1 Direct method via the MCSC

In this example, we could calculate all parameters of MCSC in symbolic computation.
According to Proposition 7.4.2, the Parry cocycle I is in the kernel of the Mobius matrix
evaluated at r, which is:

The following table presents the values of all fibred valuations f, and its Mobius
transform h,,.

==

r

I'=(I'(a, 8))apex = ]\J\i) ( !

clique a b c ac
Io rel=1 0 r~0.618 r*-1~0.618
ha, 1 —1r~0.382 0 r—r=0 r=~0618
fan 0 r? 2~ 0.382 r~0.618 0
B, 0 r? ~0.382 r~0.618 0

We see that (M, c) is a node in DSC with hpy, (¢) = 0. Then, by Corollary 7.5.2, we
deduce that (Mo, ¢) is a null node where the MCSC doesn’t go through.

The difference between faz,(c) and hps,(c) can be interpreted as follows. The value
of far,(c) ~ 0.618 represents the probability of an infinite execution ¢ starting from the
state My such that ¢ < C1(§). On the other hand, the value of hjps,(c) represents the
probability of an infinite execution £ starting from the state My such that C1(&) = e.
Since letter ¢ and letter a are concurrent in this example, we wouldn’t have the chance
to execute b. Once we fix the first clique to be ¢, the only possibility is to execute
& = (cc...), which is an event of probability 0.

The transition matrix of the MCSC on DSC* in numerical way is given by:

(Mo, a) 0 0 1 0
(Mo, ac) 0 0  0.382 0.618
(My,b) | 0382 0618 0 0
(M, ¢) 0 0  0.382 0.618

M =
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8.3.1.2 Alternative method via the Parry measure

The adjacency matrix of ADSC of the system is present in Example 6.3.3. The Perron
eigenvector restricted to ADSC™ is:

(Mo, a) r

(Mo, acy) 1
u= (My,acs) 1+7r

(My,b) 1

(My,c) 1+7r

Then the transition matrix via Parry measure is:

(Mg,a) (00 10
p_ (Myac) | 00 w5 7
= (My,b) 2 r 0 0|’

(My,c) 0 0 ¢ r

which coincides with (8.2). Notice that

acy u
7U(M07 _) and P(M1,b),(M0,ac) =17r.: 7(M1’b) .

P, =7T-
(Mo,ac),(M1,b) U(M7,b) U(Mo,ac1)

The probabilities occur at the moment when the state changes, instead of between the
extended states of a multiple clique.

8.3.2 The dining philosopher model

In Section 4.3.3.2, we present the dinning philosopher model which is an irreducible
concurrent system of the tip-top action. Thanks to Theorem 7.5.4, the characteristic
root of the system is the square root of the smallest modulus of the M&bius polynomial
of the associated monoid M, given by:

/1 Vb

By the discussion in Section 7.6, we could calculate the spectral radius of each com-
ponent and compare with r—! ~ 1.902. The condensation of DSC is depicted in Figure
5.3. For the ADSC, it keeps the same number of the strongly connected components of
size 30, 20, 4,4,4,4 and 4. The one with 30 elements has the spectral radius close to
1.902, which determines the structure. The rest components have the spectral radius
close to 1.414. Hence, we could remove the nodes after the components of size 30 and
reduce the state space.



Conclusion and future work

Conclusion In this thesis, we cover the uniform measure defined on free monoids,
on trace monoids and on concurrent systems. All this uniform measures have two ap-
proaches — directly from a Markov chain or via the Parry measure.

The theory of trace monoids has the strong combinatorial foundation around the
Moébius polynomial. The irreducibility of trace monoids implies the strong connectivity
of the ADC. Hence, a dominant eigenvalue exists and determines the growth rate of trace
monoids. This completes the probabilistic theory and proves that the finite distributions
on trace monoids converge weakly to the uniform measure defined on infinite traces.

The structure of concurrent systems keeps similar combinatorial properties to trace
monoids, but is more complicated. The difficulty to extend to concurrent systems is
that the Perron-Frobenius theorem is not applicable. Therefore, we need the results on
nonnegative reducible matrices. To resolve this problem, we found the spectral property
of irreducible concurrent system, which allows us to distinguish the main components
determined by the characteristic root of the system. The transition matrix can be
obtained either from the MCSC with the algorithmic tool or from the Parry measure
with the spectral radius of the dominant components.

In the following paragraphs, we present three possible directions to improve our
theory.

Limit of finite uniform distributions Let (M, X, 1) be a non trivial irreducible
concurrent system. For each state a € X and for each integer n > 0, let v, (n) denote
the uniform distribution on My (n). To generate larger executions of fixed-length for
concurrent systems, one piece is missing to complete the theory. The question is to clarify
whether the finite distributions (v (n)),>0 converge weakly to the uniform measure v,
on OM,, as defined in Chapter 7.

Let us recall the case of trace monoids. Due to the problem of commutativity, we are
obligated to define the uniform measure on infinite traces. When considering the finite
distributions on trace monoids, we first view each finite distribution as a probability
measure on the compact space M. The uniqueness of the uniform measure guarantees
a dominant eigenvalue of the adjacency matrix of ADC, and determines the asymptotic
approximations of M(n). This implies the week convergence of the finite distributions
on trace monoids (See in Section 3.5.2).

Back to concurrent systems, the finite executions in M, (n) correspond to the paths

89
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of length n in the ADSC with some constraints on the initial node and the final node,
as the bijection mentioned in Proposition 5.2.1. Therefore, the finite distribution v, (n)
on concurrent systems is equivalent to the finite distribution on a subset of the paths of
length n in the ADSC, say Uy (n).

With the aid of the spectral property for irreducible concurrent systems, we could
retrieve the dominant eigenvalue of ADSC. However, this doesn’t allow us to claim that
the growth of the subset of the paths of length n is determined by the spectral radius
of the ADSC. Since the ADSC is not strongly connected in general, we need more work
together with the literature on reducible nonnegative matrices.

Rephrasing the original question, it suffices to show that the finite distributions
(Ta(n))n>0 converges weakly as n — oo toward the uniform measure on infinite paths in
ADSC, corresponding to a Markov chain on ADSC. According to Proposition 7.6.1, the
digraph has the property that its basic components coincides the terminal components,
restricted to the positive nodes by this Markov chain.

The study of (V4 (n))n>0 inspires us to study the convergence of finite uniform distri-
butions on general finite graphs. We present in next paragraph an initial study to define
a uniform measure on general finite graphs.

Generalized Parry measure on a finite graph Let 3 be a finite alphabet. Consider
a digraph G = (N, E') whose edges are labeled by letters of 3. Define an action of the free
monoid ¥* over the finite set N as a mapping ¢ : N xX* — N, denoted by ¢(«, z) = a-z.

Imitating the uniform measure defined on the executions of concurrent systems, we
define a family of uniform measures on the words read from the paths in the digraph G.
The graph is not necessarily strongly connected. Therefore, it is not clear how to choose
an appropriate Perron eigenvector in the sense of Parry measure.

Definition (Generalized Parry measure). Let G = (N, E) be a digraph. A generalized
Parry measure on G is defined as a family of probability measure v = (vy)aen such that,
for ¢ > 0 and for some cocycle 0:

Vae N VeeX v,(Clz]) =" 0(a,a- )
where Clz| is the elementary cylinder of base x on G.

Observation. Let G = (N, E) be a digraph with spectral radius p. For o € N, let
Go = (Nga, Ey) be the accessible subgraph of G from «, assume that its terminal com-
ponents coincide its basic components. Then, for each Perron eigenvector of G, there is
a generalized Parry measure v, as defined in previous definition, given by:

g=p' and Va,BEN e(a,ff)::—ﬁ,

where (ro)acn @s any right Perron eigenvector of G.

For instance, a general finite graph is given in the following figure.
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Its adjacency matrix is:

s

Il
T W N+~
OO OO
O O = =
=0 O =
_ =0 O O

1
1
1
0
0

The spectral radius of A is 2. There are two terminal components which are basic.
Hence, we have to decide which Perron eigenvector we choose for generalized Parry
measure.

Once we get a well-defined Parry measure, can we claim that the finite distributions
on paths converges weakly to this generalized Parry measure?

Detecting null nodes Since the MCSC goes through only positive nodes, the detec-
tion of the null nodes in application could effectively reduce the state space and simplify
the computation.

In Section 5.3, we introduced a theoretical definition for null nodes, which is not prac-
tical for implementation. An alternative way is to apply Corollary 7.5.2 by calculating
the probability hq(c) for (e, c) € ADSC. The node (a, ¢) is null if and only if h,(c) = 0.
This approach requires an exact computation for all parameters, which is doable with
the aid of symbolic computation software. However, the exhaustion of computational
resources leads soon as the size of the systems grow.

Instead, we calculate the parameters numerically in order to deal with larger systems.
This improves the efficiency, but we lose the information of the probability identical to
zero. In other words, we couldn’t distinguish a probability between relatively small and
asymptotic to zero via numerical computation.

The last approach is to apply Corollary 7.6.2 by comparing the spectral radius of
different components (refer to the schematic diagram of ADSC in Section 7.6). We
first determine the spectral radius ! of ADSC, then compute numerically the spectral
radius of all components and compare with r~'. When the system has only one basic
component, it can be determined by computing numerically, and thus the null nodes can
be found. Otherwise, the same computation errors take arise.
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In our study, we have observed that most systems have only one basic component,
that is to say that its spectral radius equals the spectral radius of the digraph. Therefore,
it is useful to develop the sufficient conditions on th models for this property to hold.
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Appendix

Implementation of safe Petri nets

To test the model of our concurrent systems and generate its executions, part of our
experiments focus on 1-safe Petri nets. We adapt the Python library — SNAKES [36] to
fit better with our model. We keep the data structure in data.py and rewrite net.py
for safe Petri nets. The original script of Petri nets allows to add the conditions for
transitions. We simplify this part and replace by the simple firing rule. Since the nets
are 1-bounded, a place can be added at most one token.

The following shows the main objects that we use and emphasizes the new functions
or classes which are not in the original library.

I from snakes.data import =
2 class Place:

3 [...]

1 class Transition:

5

[...]

6  class Marking:

8 class PetriNet:

9 def enabled_clique (self, clique):

10 # check the concurrency of transitions

11 for trans in clique:

12 if not trans.enabled():

13 return False

14 return True

15 def dependent(self, transl, trans2):

16 tl = transl._input|transl._output

17 t2 = trans2._input|trans2._output

18 if tl&t2 = set():

19 return False

20 else:

21 return True

22 def dependent_set(self, net): #dependency relation on transitions

23 | = set()

24 for transl in net.transition():

25 for trans2 in net.transition():

26 if self.dependent(transl, trans2) and transl!= trans2:

27 | .add((transl, trans2))

28 Il = [tuple(element) for element in set(frozenset(i) for
iin 1)]

29 return |l

30 [.

2

)] ..

31 class StateGraph: # build the marking graph of the nets
32

[...]
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Implementation of trace monoids

Given a trace monoid with its alphabet and its dependence relation. We record it as the
adjacency dictionary of its Coxeter graph. The key point is to find all possible cliques
and able to build the traces in Cartier-Foata normal form. Then we could construct the
edges in the ADC and in the ADSC. The main functions for trace monoids are presented

as follows.

1 from copy import deepcopy

2 class DictionnaireAdjacence(object):

3 # an adjcency dictionary for an undirected graph

4

5 class Monoid(object):

6 def __init__(self, alphabet = [], dependences = []):

7 # a trace monoid is recorded as the dictionary of its Coxeter
9 def dependencies(self, e):

10 # find the nodes connected with e in Coxeter graph

11

12 def layerDependencies(self, s):

13 # find the dependencies with the current clique

14 res = set()

15 for e in s:

16 for a in self.dependencies(e):

17 res.add(a)

18 return res

19 def findAllPossibleLayers(self, alphabet): # all possible cliques
20 return self.findAllPossibleLayersAux ([], alphabet)

21 def findAllPossibleLayersAux(self, prec, possible):

22 res = set()

23 for e in possible:

24 layer = set()

25 for el in prec:

26 layer.add(el)

27 layer.add(e)

28 nextPossible = set ()

29 for old in possible:

30 if not e in self.dependencies(old):

31 nextPossible.add(old)

32 res.add(frozenset(layer))

33 for | in self.findAllPossibleLayersAux(layer, nextPossible):
34 res.add ()

35 return res

36 def clique_dict(self):

37 # a numbering dictionary for all possible cliques

38

39 def dictPossibleCliques(self, alphabet):

40 # a dictionary storing (clique, next possible cliques)
A1 d = dict ()

A2 for clique in self.findAllIPossibleLayers(alphabet):

43 nextClique = list ()

44 possible = self.layerDependencies(clique)

45 possibleClique = self.findAllPossibleLayersAux ([], possible)
46 nextClique = [[y for y in x] for x in possibleClique]
47 clique = tuple(clique)

48 d[clique]=nextClique

49 return d
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Implementation of the Mobius matrix with SageMath

With previous data structures, we are able to define our concurrent system. First, we
calculate the necessary parameters for the system.

net = PetriNet( mynet’)

trans_set = set(net.transition()) # alphabet
dependency = net.dependent_set () # dependence relation
monoid = Monoid(trans_set , dependency) # related monoid
stategraph = StateGraph(net) # state space
stategraph . build ()

dim = len(stategraph._done) # size of the state space

S UL W N

~

The calculation of the Mobius matrix is crucial, which allows us to obtain the char-
acteristic root and the parameters of the transition matrix via the MCSC.

The following function for the M6bius matrix is based on the Algorithm 4 in Chapter
8. To compute more effectively, we record all visited M&bius matrices on the subset of
the alphabet during the recursive process of (8.1). We use SageMath which is a software
of computer algebra written in Python to handle the symbolic computation.

1 # recording the results of the Mobius matrix on a subset
2 record_-mobius=dict ()
3 x = var('x")
4 def mobius_matrix(trans_set):
5 global record_mobius, x

M = matrix (SR, dim, dim) # empty symbolic matrix
7 M1l = matrix (SR, dim, dim)

8 if frozenset(trans_set) in record_mobius:

9 return record_mobius|[frozenset(trans_set)]

10 else:

11 if not trans_set:

12 M = matrix.identity (dim) # identity matrix

13 record_mobius[frozenset (trans_set)] =M

14 else:

15 trans_subset = trans_set.copy()

16 letter = trans_subset.pop()

17 dependent_set = monoid.graphe.dictionnaire[letter]
18 parallel_set = trans_set—dependent_set

19 if frozenset(trans_subset) in record_mobius:

20 M1l = record_mobius|[frozenset (trans_subset)]

21 else:

22 M1l = mobius_matrix(trans_subset)

23 record_mobius|[frozenset (trans_subset)] = Ml

24 for i in range(dim):

25 for j in range(dim):

26 marking_i = stategraph._marking[i]

27 net.set_marking(marking_i) #assign marking to net
28 if letter.enabled():

29 net.set_marking(marking_i)

30 letter. fire ()

31 il = stategraph._state[n.get_marking()]
32 M[i,j] = M1[i,j]—x*mobius_matrix(parallel_set)[il,]]
33 else:

34 M[i,j] = M1[i,]]

35 record_mobius[frozenset(trans_set)] =M

36 return record_mobius|[frozenset(trans_set)]
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Implementation of DSC and its spectral radius with
SageMath

In this thesis, the analysis of the DSC and the ADSC of different concurrent systems help
us to understand the structure of the system. Moreover, the characteristic root of the
system can be calculated by the inverse of the spectral radius of a terminal component
of the ADSC™.

For simplicity, we present the function for the construction of the DSC. We start
from the initial state and check all possible cliques. If one clique is enabled, add (state,
clique) to the state space and add the new arriving state to the stack. Follow the same
process until we go through all states in the stack. Then we get all edges in the DSC.
Following the similar idea, we obtain the function for the edges of the ADSC.

I net = PetriNet( 'mynet’)
2 trans_set = set(net.transition()) # alphabet
3 dependency = net.dependent_set () # dependence relation
4 monoid = Monoid(trans_set , dependency) # related monoid
5 next_possible_cliques = monoid.dictPossibleCliques(trans_set)
6 def DSC_edge(net, possible_cliques):
7 res = list ()
8 stack =list () # state
9 visited = list () # state, clique
10 stack.append(net.get_marking()) # add the initial state
11 while len(stack)!=0:
12 marking=stack .pop(0)
13 net.set_marking(marking) #assign marking to net
14 marking_label=net.marking ()
15 trans_set = possible_cliques.keys()
16 for clique in trans_set:
17 net.set_marking(marking) # back to the original marking!
18 if (marking, clique) in visited:
19 continue
20 if enabled_clique(net, clique):
21 for trans in clique:
22 trans. fire ()
23 marking2 = net.get_marking()
24 stack .append(marking2)
25 state=(marking, clique)
26 visited .append(state)
27 for clique2 in possible_cliques[clique]:
28 if enabled_clique(net, clique2):
29 state2 = (marking2, clique2)
30 res.append ((state ,state2))
31 return res

32 def ADSC_edge(net, possible_cliques):
33 .

Once we have the edges of the ADSC in hand, we import the Python package Net-
workx [20], which includes the functions to deal with the strongly connectivity, strongly
connected components and the adjacency matrix. Finally, the spectral radius can be
computed by SageMath.

import networkx as nx

G=nx.DiGraph ()

G.add_edges_from (ADSC_edge(net, next_possible_cliques))
Adj = matrix(nx.adjacency_matrix(G).todense())
spectral_radius = max([abs(i) for i in Adj.eigenvalues()])

T W N =
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Examples of random generation

With previous tools, we are able to randomly generate the executions of the concurrent
systems. We presents the outputs of two models here.

The dining philosopher model

trajectory(trans_matrix, h_init, 100)

(e,d), (d,i), (g,¢), (¢, h), (e, d), (d, 1), (g, ¢), (¢, h), (e, D), (b, g)
a, f), (e;e), (e, §), (e, d), (d,i), (g,¢), (¢, h), (e, ¢), (¢, h),
,(Eybd , (bd, gi), (¢, be), (be, gj), (¢, €), (e, j),
g,d), (d, ), (¢, ce), (ae, hj), (¢,d), (d, 1),
, 1), (e,0), (¢, h), (¢,d), (d, i), (¢,d), (d, 1),
g, ce), (ag, hj), (g, ¢), (¢, h), (g,¢), (¢, h), (g, ¢), (¢, h), (¢, ¢), (¢, h),
d, i), (¢,d), (d, ), (¢, €), (e, ), (¢, ad), (ad, fi), (¢,d), (d, ),
¢, h), (e,bd), (bd, gi), (¢, ¢), (¢, h), (¢, bd), (bd, gi), (¢, €), (e, 5),
,(a, f), (g,a), (a, f), (g, ), (e, 4), (¢,d), (d, 1), (¢,d), (d, 1),
(d,4), (¢,d), (d, ), (e, d), (d, ), (e, ¢), (¢, h), (¢, ¢), (¢, h))

Y

®

The mosaic model
trajectory(trans_matrix, h_init, 50)

>> ((11111,02), (00001, 02), (11111, 03), (00100, 0), (11100, 1), (10000, 2), (10110, 2),
(10000, 13), (11111, 03), (00100, 3), (00111, 2), (00001, 1), (01101, 1), (00001, 02),
(11111,0), (00111, 0), (11111, 0), (00111, 0), (11111, 14), (00010, 0), (11010, 0),
(00010, 14), (11111, 13), (10000, 13), (11111, 3), (11100, 3), (11111, 3), (11100, 3),
(11111,4), (01110, 4), (11111, 3), (11100, 3), (11111, 24), (01000, 24), (11111, 1),
(10011,1), (11111, 1), (10011, 1), (11111,2), (11001,2), (11111, 1), (10011, 1),

(

11111,02), (00001, 1), (01101, 1), (00001, 02), (11111,1), (10011, 1), (11111, 2), (11001, 2))



