N

N

Properties of words and competing risk processes under
semi-Markov hypothesis
Brenda Ivette Garcia Maya

» To cite this version:

Brenda Ivette Garcia Maya. Properties of words and competing risk processes under semi-Markov
hypothesis. Probability [math.PR]. Université de Technologie de Compiegne, 2020. English. NNT:
2020COMP2569 . tel-03530823

HAL Id: tel-03530823
https://theses.hal.science/tel-03530823

Submitted on 17 Jan 2022

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


https://theses.hal.science/tel-03530823
https://hal.archives-ouvertes.fr

= Utc

Universit_é‘ de Technologie
Compiegne

Par Brenda lvette GARCIA MAYA

Properties of words and competing risk processes
under semi-Markov hypothesis

These presentée
pour l'obtention du grade
de Docteur de 'UTC

Enzyme Smal semi-Markov

+ Finding Smal by W_1=CCCGGG
Finding Smal by W_2=GGGCCC

0 2 000 4 000 6 000 8000 10000 12000 14000 16000 18000 20000 22000 24000 26000 28000 30000
Time k

Soutenue le 29 septembre 2020
Spécialité : Mathématiques Appliquées et Statistique : Laboratoire de
Mathématiques Appliquées de Compiégne (Unité de recherche EA-

2222) D2569




<« UlC

Recherche
&J SORBONNE UNIVERSITES

SORBONNE UNIVERSITES, UNIVERSITE DE
TECHNOLOGIE DE COMPIEGNE

LABORATOIRE DE MATHEMATIQUES APPLIQUEES DE COMPIEGNE (LMAC)

EcOLE DOCTORALE “SCIENCES POUR L’INGENIEUR”

Properties of words and competing risk

processes under semi-Markov hypothesis

T HESE
présentée par
BRENDA IVETTE GARCIA MAYA

pour l'obtention du grade de Docteur
Spécialité : Mathématiques Appliquées et Statistique

Sous la direction de:

NIKOLAOS LIMNIOS,

Compiegne, France. 29 septembre 2020


https://www.utc.fr/
https://www.utc.fr/
https://www.utc.fr/
http://lmac.utc.fr/
mailto:brgarcia@utc.fr
mailto:castillo@hds.utc.fr
mailto:acorreav@utc.fr




<« UlC

Recherche
E SORBONNE UNIVERSITES

SORBONNE UNIVERSITES, UNIVERSITE DE
TECHNOLOGIE DE COMPIEGNE

LABORATOIRE DE MATHEMATIQUES APPLIQUEES DE COMPIEGNE (LMAC)

ECOLE DOCTORALE “SCIENCES POUR L INGENIEUR”

Propriétés des mots et problémes de risques

compétitifs dans I'hypothése de semi-Markov

THESTIS

presented by

BrRENDA IVETTE GARCIA MAYA

to obtain the degree of Doctor

Spécialité : Mathématiques Appliquées et Statistique
Under de direction of:

NIKOLAOS LIMNIOS,

Compiegne, France. 29 septembre 2020


https://www.utc.fr/
https://www.utc.fr/
https://www.utc.fr/
http://lmac.utc.fr/
mailto:brgarcia@utc.fr
mailto:castillo@hds.utc.fr
mailto:acorreav@utc.fr




Acknowledgements

I want to give a big thank you to the institutions that supported this work from the
begining......

il






Contents

Acknowledgements

Contents

Résumé

Summary

1 Introduction

1.1 Semi-Markov models in continuous time . . . . . . . . .. ... ...
1.1.1 continuous-time semi-Markov framework . . . . . . .. .. ..

1.1.2  Backward and forward recurrence times processes in continuous
time . . . . . e
1.1.3 Nature of different statesof a MRP . . . . . . . .. ... ...
1.1.4 Continuous time Markov renewal theory . . . .. ... .. ..
1.2 Discrete time semi-Markov processes . . . . . . . .. .. ... .. ..
1.2.1 Semi-Markov framework at discrete time . . . . . . . ... ..

iii
iv

vii

ix

1.2.2  Discrete time backward and forward recurrence times processes 10

1.2.3 Classification for states in SMC . . . . . . . .. .. ... ...
1.2.4 Discrete-time Markov renewal theory . . . . . .. ... .. ..
1.2.5 Construction of the Estimators . . . . . . . . .. . . ... ..

1.3 Properties of words through a sequence . . . . . . .. ... ... ...
1.4 Competing risk (CR) . . . . ... ... . o

2 Identification of Words in Biological Sequences Under the semi-

Markov Hypothesis

2.1 Prefix chain of a single word . . . . . . .. ... ...
2.2 Prefix process in the semi-Markov case . . . . . ... ... ... ...
2.3 The hitting time of the word . . . . . . . . .. .. ... ...
2.4 A genomic application . . . . ... oL
2.5 Concluding remarks . . . . . .. ... oL

3 Asymptotic properties of words in Markov and semi-Markov se-

quences

11

49



Contents vi

3.1 The prefix chain of a set of words . . . . . .. ... ... ... .... 50
3.2 Properties of words in Semi-Markov sequences . . . . . . . . .. ... 57
3.3 Example . . . . . 63
3.4 Concluding remarks . . . . . .. ... L oo 65

4 Phase-type Semi-Markov Distributions and Competing Risks 67
4.1 Introduction . . . . . . . . ... 67

4.2  Semi-Markov process and extended ph-type distributions . . . . . . . 68
4.3 Semi-Markov process and competing risks . . . .. ... .0 69
4.4 The discrete-time competing risk . . . . .. ..o 72
4.5 Concluding remarks . . . . . .. ... oo 75

5 Using semi-Markov chains to solve semi-Markov processes 77
5.1 Imtroduction . . . . . . . ... ... 7

5.2 Continuous-time MRE solution given by discrete-time method . . . . 78
5.3 Numerical examples in reliability problem . . . . .. ... ... ... 80
5.3.1  Exponentially distributed sojourn times - Markov case . . . . 82

5.3.2  Weibull distributed sojourn times - semi-Markov case . . . . . 84

5.4 Conclusions . . . . . . . . .. 85

6 Conclusions and Perspectives 87
6.1 Perspectives for extension of the present work . . . . . . . ... ... 88

A Publications 91
A1 Book Chapters . . . . . . . . . . . . . . ... 91
A.2 Published articles . . . . .. . ... ... . 91
A.3 Submitted articles. . . . ... ... 91
A.4 International conferences . . . . . . . .. ... ... L. 91

B Algorithm 93
C Notation and abbreviations 97

Bibliography 101



Résumé

Notre these est dédiée, en grande partie, a certains problemes de biologie (séquences
biologiques et analyse de la durée de vie avec risks compétitifs) sous I’hypothese
semi-markovienne.

Au cours des années récentes, calculer les propriétés des mots dans les séquences
stochastiques a été un sujet d’'intérét a l'intersection de mathématiques appliquées
et de biologie. Dans la littérature, un grand nombre de méthodes ont abordé cette
problématique sous I'hypothese que la séquence des symboles soit modélisée par un
processus de Markov. Cependant, I’hypothese markovienne a quelques inconvénients.
Dans un processus de Markov, le temps de séjour dans un état est modélisé par la
loi exponentielle (géométrique) en temps continu (discret). Au contraire, dans un
processus de semi-Markov le temps de séjour peut étre modélisé par n’importe quelle
loi de probabilité. Donc, pour calculer les propriétés des mots dans des séquences
aléatoires d’'une facon plus générale, dans cette these, on a considéré que la séquence
biologique est modélisé par un processus semi-markovien. On a calculé la loi et le
nombre moyen des fois que les éléments d’un ensemble spécifique apparaissent dans
une séquence des lettres. En suit, nous avons obtenu la loi des grandes nombres
et nous avons aussi présenté le théoreme de la limite central pour la fréquence
d’apparition des mots. Pour montrer 'applicabilité de notre modele, on a cherché
une enzyme spécifique dans une séquence d’ADN provenant d’un bactériophage.

Les problemes de risques compétitives forment un autre sujet d’intérét en durée de vie.
En général, les probléemes de risques compétitives ont été abordés a partir d’'un point
de vu statistique. Dans cette these, on présente les problemes de risques compétitives
dans le cadre de semi-Markov. On considere des processus de semi-Markov en temps
continu et discret avec un nombre fini d’états transitoires et absorbants. Chaque
état absorbant représente un mode de défaillance (dans la fiabilité d’un systeme)
ou la cause de mort d’un individu (dans le cadre d’analyse de survie). On exprime
la probabilité qu’'une défaillance apparaisse au temps donné en raison d’une cause
spécifique. On donne la loi jointe de la durée de vie et de la cause de défaillance en
utilisant la fonction de transition d’un processus semi-markovien en temps continu
et en temps discret, respectivement. Quelques exemples sont donnés pour illustration.

Nous présentons également une méthode de résolution des équations de renouvelle-
ment markovien en temps continu, en se basant sur les algorithmes bien établis
des équations correspondantes en temps discret. Le grand avantage tiré par cette
approche est que la série infinie de la fonction de renouvellement, en temps continu,
est remplacée, en temps discret, par une série finie. Des résultats pour 'estimation
de l'erreur sont également établis. Pour illustrer cette approche nous proposons une
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application numérique concernant les cyber-attaques ou les fonctions de transitions
conditionnelles sont de lois de Weibull.

Mots clés. Processus semi-markovien, premier temps d’arrivée, théoreme de la
limite central, loi forte des grands nombres, théoreme ergodique, fonction de renou-
vellement markovien, méthode de discrétisation, risques compétitives, analyse de
survie.

Organisation de la these.

La these est organisée comme suit: dans le chapitre 1 on présente une introduction aux
processus de semi-Markov en temps continu et discret, on donne une bref description
des principaux travaux ou les propriétés des mots dans une séquence stochastique
sont abordées et on présente la théorie classique des risques compétitives. Dans
le chapitre 2, on calcule la loi du temps (position) de la premiere occurrence d’un
mot a travers d’une séquence semi-markovienne, on présente également la variance
de cette variable aléatoire. Dans le chapitre 3 on étend les résultats présentés au
deuxieme chapitre, et on donne le théoreme de la limite centrale, la loi forte des
grandes nombres et le théoreme ergodique pour un sous-ensemble de mots tirés d’un
alphabet fini. Dans le chapitre 4 on abord le sujet des risques compétitives a partir
du point de vu des processus semi-markoviens. Dans le chapitre 5 on présente une
méthode de discrétisation pour calculer les fonctions de renouvellement markovien
au temps continu, et on donne quelques exemples numériques. Finalement dans le
chapitre 6 on présente quelques générales conclusions et perspectives.
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Our thesis is dedicated in big part, to solving certain problems in biology (biologic
sequences and lifespan using the competing risk framework) under semi-Markovian
hypothesis.

In recent years, computing the properties of words through random sequences has
become a topic of interest in the intersection between mathematics and biology. In
the literature, a vast number of methods have tackled this problem under the assump-
tion that sequences of symbols are modeled by Markov processes. Nevertheless, the
markovian hypothesis has some disadvantages. In Markov processes, the sojourn time
is modeled by the exponential (geometric) distribution in continuous (discrete) time.
By contrast, in semi-Markov processes the sojourn time in a state can be modeled
by any probability law. Therefore, in order to propose a more general approach to
compute the properties of words through a random sequence, in this PhD work we
consider that biological sequences are modeled by semi-Markovian discrete processes.
We also compute the average number of times that the elements from a specific set of
words appear through a sequence of letters. To achieve our goal, we use the strong law
of large numbers and we provide the central limit theorem. To prove the application
of our proposed model, we find a particular enzyme in a bacteriophage DNA sequence.

Competing risk problems conform another interesting topic in the lifespan domain.
In general, competing risk problems have been dealt with a statistic approach. In
this thesis, we present competing risk models within a semi-Markov framework. We
consider continuous and discrete time semi-Markov processes with a finite number of
transient and absorbing states. Each absorbing state represents a failure mode (in
reliability of a system) or a cause of death of an individual (in survival analysis). We
express the probability that a failure occurs at a given time due to a unique cause.
We give the joint distribution of the lifetime and the failure cause via the transition
function of the semi-Markov process in continuous and discrete-time respectively.
Some examples are given for illustration.

We also present a method for solving continuous time Markovian renewal equations,
based on well-established algorithms in their discrete time corresponding counterparts.
The great advantage drawn by this approach is that the infinite series of the renewal
function, in continuous time, is replaced, in discrete time, by a finite series. Results
for error estimation are also established. To illustrate this approach we propose
a digital application concerning cyber-attacks where the functions of conditional
transitions are of the Weibull type.

Key Words. semi-markovian process, first hitting time, central limit theorem, strong
law of large numbers, ergodic theorem, continuous time markovian renewal function,
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discretization method, competing risk, extended semi-Markov Ph-distributions, sur-
vival analysis.

Theses organization.

This thesis is organized as follows: In chapter 1 we give an introduction of continuous
and discrete time semi-Markov processes, we present a brief description of the main
works which tackle properties of words in stochastic sequences and we present the
classical theory of competing risk processes. In chapter 2 we compute the first hitting
time (position) of the first apparition of a word through a semi-Markov sequence,
we also present the variance of this random variable. In chapter 3 we extend the
results presented in the second chapter, and we also provide the central limit theorem,
strong law of large numbers and the ergodic theorem for a set of words taken from a
fine alphabet. In chapter 4 we present competing risk problems from the point of
view of semi-Markov processes. In chapter 5 we present a discretization method to
handle discrete time Markov renewal functions and we give some numerical examples.
Finally in chapter 6 we present some general conclusions and perspectives.



Chapter 1

Introduction

In this chapter we present the main models used and developed in the present thesis,
as well the corresponding bibliography.

1.1 Semi-Markov models in continuous time

The most suited mathematical models for describing the stochastic behaviors of a
system along time are based on stochastic processes. The most popular stochastic
process to model a system is the Markov process. In the Markov theory, the systems
have different states, the probability to go from one state to another only depends
on the present state. The time spent by the system in each state has an exponential
distribution function in a continuous time process (geometric distribution in a discrete
sequence). In real life, this hypothesis not always holds true. This is the reason
why semi-Markov processes fit better than the Markov hypothesis. They offer the
possibility of any distribution function to model the sojourn time between states.

The Semi-Markov processes (SMPs) have an extensive history. They were simulta-
neously introduced by Levy [1954], Smith [1955], and Takacs [1954]. Feller [1964]
generalized the classic renewal theory to semi-Markovian processes. Limit theorems
were proposed by Yackel [1966], Grigorescu and Oprigan [1976], Athreya and Ney
[1978], Nummelin [1978] and Malinovskii [1987]. Other complementary theories were
proposed by Cinlar [1969], Kaplan and Sil’vestrov [1980] and Shurenkov and Eleiko
[1979]. These processes have been highly used by engineers in mechanics, informatics,
communication, etc. SMPs offer the possibility of any distribution function to model
the sojourn time between states. This is the main feature of SMPs in fact, a process
which conserves the Markov hypothesis at jump points and where the sojourn time
in a state can be modeled by any distribution function is a SMP. In the sequel we
shall formally define continuous-time semi-Markov processes.
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1.1.1 continuous-time semi-Markov framework

In this subsection, we shall introduce the basic definitions for continuous-time semi-
Markov processes.

Consider a (finite) set, say £, and an E-valued jump stochastic process Z = (Z)icr, -
Let 0 =: 5y < 5 <... <85, < 5,11 < ... be the jump times of Z, and Jy, Ji, Jo, ...
the successive visited states of Z at jump points. Let N :={0,1,2,...} be the set of
nonnegative integers.

DEFINITION 1. (Limnios and Oprigan [2001]). The stochastic process (Jy,, Sp)nen
is said to be a Markov renewal process (MRP), with state space E, if it satisfies
almost sure (a.s.), the following equality

P(Jus1 =7, Sne1 — Sn <t | Joy ey In; S1y 00y Sn) = P(Jps1 = J, Sper — S <t | Jn)
forall j€ F/,allt € Ry and all n € N.

We assume that the above probability is independent of n and S,,. In this case
the MRP is called time homogeneous. The MRP (J,, S, )nen is determined by its
transition kernel

and its initial distribution «, where a(i) :=P(Jy =), i € E. It is worth noting here
that Q;(t) =0, for all ¢ € E.
Let us define also the counting process N(t), t > 0, of the number of jumps, i.e.,

N(t) =sup{n >0:S, <t} (1.2)
The SMP Z is connected to (J,,, Sp)nen by
Zi = Jnw), and J, = Zg,, n>0.
Therefore (J,) is called the embedded Markov chain (EMC) of process (Z;).

The distribution function of the sojourn time in state ¢ € F is given by

Hi(t) =Y Qi(t), t>0.

jEE

It defines the distribution function of the sojourn time spent by (Z;) ini € E. Let
Fii(t) :=P(Sp41 — S < t| J, =1, Jns1 = J) be the conditional distribution function
of the holding time in state ¢ before visiting state j. Let

Pij ‘= ]P)(Jn—H =7 ‘ In :Z)v i,j€E, neN,

be the transition probability of the EMC (.J,,). The semi-Markov kernel is also a
function of the transition probability matrix of process (J,), and the conditional
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distribution Fj;(t) as we can observe in the following equation:

Fi(t) = P(Sup1 = Sp <t | Jpsr = J, Jn =)
Qi;(t)

Dij ’
then Q”(t) = p”.FZJ(t)
Another important function is the semi-Markov transition function at continuous
time P(t) = (P;(t);4,j € E,t € R,) defined by

Py(t):=P(Z =j | Zo=1), i,j € E,t>0, (1.3)

which is the conditional marginal law of the process. We shall study this function in
the next subsection.

The mean sojourn time of Z in state ¢ is denoted by m;. If the EMC (J,) is ergodic,
i.e., irreducible and positive recurrent, with stationary probability v = (v;,i € E),
and the mean sojourn time in every state is finite, i.e., for every ¢ € E,

m; = / (1 — H;(t))dt < oo, and m := Zyimi >0, m < oo.
0 i€E
Therefore, it can be proved, see e.g., Limnios and Oprigan [2001], that
Vi

fim () = =i

where 7 is the stationary distribution of process Z.
It is worth noticing that, in general, the stationary distribution 7 of the SMP Z is
not equal to the stationary distribution v of the embedded Markov chain (.J,,).

1.1.2 Backward and forward recurrence times processes in
continuous time

Other processes of interest for the SMPs are the backward and forward recurrence
time processes. In the following we shall introduce these important processes.

DEFINITION 2. (Limnios and Oprisan [2001]). Given the MRP (.J,,,S,,), for t € Ry
we define the following recurrence times processes

B, =t — Syw and V; = Sy@)+1 — t,

where N(t) is defined in Equation (1.2). The process (B;)cr, is called the backward
recurrence time process of process (Z;) and (V};)ser, is the forward recurrence time
process of process (Z;). Figure 1.1 presents a SM trajectory in which we observe the
recurrence times processes. At time Sy = 0 the process (Z;) starts at state ¢, then
the process (Z;) makes its first jump at time S; to state j. At time S,, the process
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(Z;) arrives to state k. At time ¢ the process (Z;) has spend u times in x therefore
the value for the backward process at ¢ is By = u. The process (Z;) will change its
state at time S, 1 therefore, the value for the forward process at ¢t is V; = v. We
can notice that the total sojourn time in a state at time ¢ is the sum between the
backward and the forward recurrence time in a state.

-
J >~

K 2

So S cee Sy t Spv1 RT

FIGURE 1.1: Sample path of a semi-Markov process where we can observe the
backward and forward recurrence time at time ¢.

1.1.3 Nature of different states of a MRP

Let us now discuss the nature of different states of a MRP.

e A MRP is irreducible, if and only if, its EMC (.J,,) is irreducible.

A state i is recurrent (transient) in the MRP, if and only if, it is recur-
rent(transient) in the EMC.

e For an irreducible finite MRP, a state ¢ is positive recurrent in the MRP, if,
and only if, it is recurrent in the EMC, and if for all j € E, m; < oo.

e If the EMC of a MRP is irreducible and recurrent, then all the states are posi-
tive recurrent, if and only if, m := vm := 3, . v;m; < 0o, and null-recurrent,
if and only if, m = oo (where v is the stationary probability of EMC (.J,)).

e A state i is said to be periodic with a > 0 if G;;(-) (the distribution function
of the random variable Si — S%) is discrete concentrated on {ka : k € N},
where process (S?),>o represents the successive times of visit to state i. Such
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a distribution is said to be periodic. In the opposite case it is called aperiodic.
We can notice that the term period has a completely different meaning from
the corresponding one of the classic Markov chain theory.

1.1.4 Continuous time Markov renewal theory

In the following, we shall define the Markov renewal equations (MREs) and give
some elements of the Markov renewal theory.

Let us consider a real-valued measurable function ¢ : £ x R, — R, and define its
Stieltjes” convolution by Q(t) as follows

Q* (i, t) = /szds (k,t—s), (1.4)
keE

see Limnios [2012b]. Now, for any ¢,j € E the n-fold Stieltjes’ convolution of Q;;(t)
by itself is

0ij if n =0,
Q1) = Qi) ifn =1,
> ker f(f Qz’k(ds)@;(g_l)(t —s) ifn>2.

We can observe that we have also the following fundamental equality

QW (1) = Pi(Jy = 4, S, < 1),

see e.g., Limnios and Oprigan [2001]. Here P; means the conditional probability on
the event {Z, = i}.
Let us define the Markov renewal function v;;(t),4,j € E,t > 0, by

Vi) = B> Li—js.<h

n=0

— imun —j, 8, < 1)

n=0
= ZQE;L)(t)’ (1‘5)
n=0

we can observe that ; means the conditional expected value on the event {Zy = i}.
Let us write the Markov renewal function, see Equation (1.5), in matrix form

W(t) = (1) =)V = "), (1.6)
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where the notation A1 means the inverse matrix function in the convolution sense.
This can also be written as

W(t) = I(t) + Q = ¥(1), (1.7)

where [(t) = I, is the identity matrix for ¢ > 0 and I(¢) =0, for t < 0.
Equation (1.7) is a special case of a MRE. A general MRE is as follows

O(t) = L(t) + Q + O(t),

where O(t) = (0;5(t))ijer, L(t) = (L;(t))i jer are matrix-valued measurable func-
tions, with ©,;(t) = L;;(t) = 0 for ¢ < 0. The function L(¢) is a given matrix-valued
function and O(t) is an unknown matrix-valued function.

PROPOSITION 1. (Limnios and Oprisan [2001]). The transition function P(t) =
(Pi;(t);i,5 € E,t € Ry) satisfies the following MRE

P(t) = I(t) — H(t) + Q = P(t), (1.8)

where H(t) = diag(H;(t)) is a diagonal matrix. Last Equation (1.8) has the unique
solution

P(t) = ¢ (I(t) = H(t)).

In the next subsection, we shall give the equivalent definition for a discrete time
SMP.

1.2 Discrete time semi-Markov processes

There are some processes which are observed in fixed periods of time. For instance,
the profit of a company in a month, the number of car accidents per week, the
number of infections of a certain disease per semester. These processes can be
considered like stochastic processes at discrete-time. i.e., if the events are modeled by
a stochastic process Zj, they will be observed at discrete time points £k = 0,1, 2, ....
In the semi-Markov domain many authors have proposed these kind of models for
different applications, see e.g., Janssen [2013], Ross [2013], Rachelson et al. [2008],
Limnios and Oprigan [2001], etc. In this thesis we are specially interested in modeling
DNA sequences, where every nucleotide in the DNA can be considered as a time
unit. Before presenting this model in next subsection, we shall introduce the basic
definitions for the semi-Markov chains.

1.2.1 Semi-Markov framework at discrete time

Let us formally define discrete time SMPes (as we have written before, we shall use
the term chain for a discrete-time stochastic process). Let us consider a random
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system (Zx)ren with finite state space E = {1,2,...,s}. Let us denote by (S,)nen
the successive time points when a state changes in (Zy), i.e., by definition let Sy := 0,
and

Spy1:=inf{k > S, : Zp # Zs, }, n >0,

with the convention inf ) = +o0o. Process (S,) is also called renewal points or jump
points of process (Zy). Let (J,)nen be the chain which records (Z;) at points (.S,,),
ie., J, = Zg,. Let (X,)nen be the successive sojourn times in the visited states. By
convention Xy := Sy := 0 and X,,41 := Sp11 — Su, n € N. The relation between
process (Zy) and process (J) is given by

Zr, = Jn@m), or equivalently, J,, = Zg,, n,k €N,

where N (k) := max{n € N: S, < k} is the counting process of the number of jumps
in [1, k] C N. If the following relation holds true a.s.

P(Jn+1 == j, Sn+1 - Sn =k | JO =ty eny Jn = i;SO =, ,Sn == )
- P(Jn+1 = j, Sn+1 - Sn - k' | Jn == Z) (19)

The process (J,,,Sy,) is called the Markov renewal chain (MRC) of process (Z). In
other words, if process (Z;) has entered to state i € F at its last jump n € N, the
probability that the process passes k € N units of time in ¢ € F, after passing to state
j € E, is independent of process up to the nth jump. In other words, we basically
have the Markovian property with the difference that the memoryless property does
not act on the calendar points k. The memoryless property acts at visited states
(Jo, 1y ey Iny Ity --.). This is what we called before as a more flexible Markovian
hypothesis. Noticing that we use index k € N for the calendar time, and index n € N
for the number of jumps of (Z;). Therefore if Equation (1.9) holds true, then (Zy) is
called semi-Markov chain (SMC). Moreover, if the rigth-hand-side term of Equation
(1.9) is independent of n, then (Z;) and (.J,, S,) are said to be (time homogeneous)
and we define the discrete-time semi-Markov kernel q = (¢;;(k);4,j € E, k € N) by

Gij(k) == P(Jos1 = §,Spi1 = Su =k | J, =), n>0,k €N (1.10)

The semi-Markov kernel satisfies the following three properties:

0<gqy(k), i,jeEkeEN,
2qﬂ®:0 i,j€E,
3. quij(k;)zL icE.
k=0 jeFE

The semi Markov chain is defined by its semi-Markov kernel and its initial distribution
a(t) :=P(Zy=1i) =P(Jy=1),i € E.
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We define the cumulative semi-Markov kernel by

k
sz(k) = ]P)(Jn-‘rl = j7 Xn+1 <k | Ip = 1) = Z(]Z‘j(l), ’L,j c E,]C € N.
=0

It is worth noticing that the semi-Markov kernel considered here is independent
of n, which means that the SMC is homogeneous in time. If semi-Markov kernel
is time homogeneous then (.J,,) is an homogeneous Markov chain. We denote by
P = (pij)ijer its transition probability matrix, i.e.,

pij =Py =j | Jo=1), i,jE€E, neN. (1.11)

We do not allow transitions to the same state, i.e., p; = 0 for any ¢ € E. Note that
pi; can be expressed in terms of the semi-Markov kernel by p;; = > .- ¢;;(k). Let
us denote by

fij(B) = P(Xppy =k [ o =1, Jps1 = j) (1.12)

the conditional sojourn time distribution, conditioned by the next state to be visited.
We want the chain spends at least one time unit in a state, that is, f;;(0) = 0, for
any states i, j € E. Obviously, for any states ¢, 7 € E and non-negative integer k£ we
have

ai; (k) = pij fi; (k).
The sojourn time distribution in state ¢ is
hi(k) :=P(Xpp1 =k | J, =i) = q;(k), k€N
JEE

The cumulative distribution function of sojourn time in state ¢ € F is

Hi(k) :=P(Xps1 < k| J, =) =Y hi(k), keN. (1.13)

1=0
The conditional cumulative distribution of the waiting time X, 1, n € N, is

Qij (k) :
. . == it p; #0
Fi(k) =P X, <k|J,=4,Jp1=7) = pij ' J ’
i (k) (Xnt1 <k | b Jns1 = J) { 1o(k), if py = 0.

(1.14)
The main difference between Markov and semi-Markov discrete time processes is
the distribution function Fj;(k). In a Markov chain this function is geometric with
parameter 1 — p;;, where p is the transition probability matrix; on the other hand, in
the SMP the distribution function F;;(k) can be of any type.

Let us define the support of A; and the maximum sojourn time in i € F.
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DEFINITION 3. (Garcia-Maya et al. [Submitted in 2020]). For any i € F the
smallest subset C; in N such that

Z hz(k) =

keC;

is the support of h;. By consequence
r; == sup C;. (1.15)
is the maximum sojourn time in state .

Other important quantity for investigating the evolution of SMCs is the probability
that starting from state ¢ € E at time zero, the SMC will do the nth jump at time k
to state j, i.e.,

P(J,=j,9 =k|Jo=1i), i,j€E; kneN. (1.16)

After giving an expression for this last probability, we shall introduce the definition of
the convolution between two functions. Let ¢(i, k), i,j € E,k € N, be a measurable
function and define the convolution of ¢ by ¢ as

(g% p)ij(k ZZ% (D ik —1).

rel [=0

The n-fold convolution of ¢ by itself is defined recursively by

¢\ (k) := 651 oy,

1
a5 (k) = gy (k),
and
Qz] Z Z er qi‘? 1) l)) n Z 2
reF 1=0

The following proposition computes an expression for probability Equation (1.16)

PROPOSITION 2. (Barbu and Limnios [2008]). For all 4, j € E, for all n, k € N, we
have
P(Jn = j, Sn =k | Jo = 1) = q;]" (k). (1.17)

Proof. We prove the result by induction. For n = 0, we have

P(Jo=17,S =k|Jy=1i)= Qf?)(k)-
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Obviously, for k& # 0 or i # j, this probability is zero. On the other hand, if i = j
and k = 0, the probability is one, thus the result follows.

For n = 1, the result obviously holds true, by definition.

For n > 2

k—1

= SN P = Sa =k i =18 =1 | Jy =)
relb =1
k-1

= S S P = Sa=k| A =rSi=LJy= OB =18 =1]Jy=1)

reFE =1

k—1
= Y Y P(Jar =54, Ser =k =1 Jo=r)P(Ji =7 X; =1] Jo =)

rek =1
k—1

= >3k = Dai(l) = ¢ (k). ™
rel =1

As a direct application of the previous proposition, we have the following lemma.

LEMMA 1. (Barbu and Limnios [2008]). Let Mg be the set of real matrices on
E x E and let M g(N) be the set of real matrices on E x E which evolves in a discrete
time k € N. Let us consider the Markov renewal chain (J,, S;)neny and q € Mg(N)
its associated semi-Markov kernel. Then, for all n,k € N such that n > k + 1 we
have ¢™ (k) = 0.

Proof. Tt is clear that the jump time process (S, ),en verifies the relation S,, > n,
n € N. Writting Equation (1.17) for n and k € N such that n > k + 1, we obtain the
desired result. B

1.2.2 Discrete time backward and forward recurrence times
processes

Now, let (By) be the backward recurrence times process for the SMC (Zj) (also
called the current life or age), defined by

By =k —max{S,, : S, <k} and By :=k if S > k. (1.18)

In essence, the backward time at position k is the number of steps spent in state Zj
since the last jump. Notice that, if k coincides with a renewal point, the value of By
is zero. After a renewal point, By grows one by one until another renewal point, and
SO on.

Let 7; be the maximum sojourn time in state i, see Equation (1.15), then the
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maximum value for the backward time in state ¢ € F, is

Let (V%) be the forward recurrence time of the SMC (Z) (also called the residual or
excess lifetime), defined by
Vi = SN(k)H —k

In essence, the forward time at position k is the number of steps the sequence (Zy)
will spend in state Z; until next jump.

1.2.3 Classification for states in SMC

Until this point we are prepared to define the basic characteristics of the associated
Markov renewal chain (MRC) (J,, S,): communication between classes, transitivity,
recurrence and periodicity. After introducing these points we shall define the first
passage time in state j € E.
For any j € E, let '

S[J) = inf{k: e N*: JN(k) = j} (120)

be a random variable which represents the first hitting time of state j.

We consider v;;(-) its distribution function i.e.,
vy (k) = Py(S) = k), k > 1. (1.21)

We set V,;(k) := Z’;zl v;;(€) for the corresponding cumulative distribution function
and p;; for the mean first passage time from state i to state j for the SMC (Zy), i.e.,
ftij = Ei(S}) = > 4o vij(k). Observe that if i = j, v;(-) represents the return time
to state i. Observe that the sojourn time in state ¢ € E is also a random variable,
we shall define its mean by

mi =E[S) | Jo=1i] =Y (1— Hy(k)). (1.22)

k>0

We shall give the classification for states in SMC (Z;). For this purpose, note that
V;;(00) is the probability that the SMC will go from state i to j at some k£ € N.
If V;;(00) = 0 that means that there is zero probability that the SMC will arrive
at state j starting from ¢. Using this two remarks for V;;(-) we have the following
definition.

DEFINITION 4. (Barbu and Limnios [2008]). Let (Zx)ren be a SMC with state
space E and (J,, Sp)nen the associated MRC.

1. If V;;(00)V;j(00) > 0, we shall say that i and j communicate and it is denoted
by the symbol i <+ j. The communication is an equivalent relation on E. The
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elements which communicates between them belongs to the same communica-
tion class. All classes are closed.

2. The SMC (MRC) is said to be irreducible if there is only one class.

3. A state 7 is said to be recurrent if V;;(co) = 1 and transient if V;;(c0) < 1. A
recurrent state ¢ is positive recurrent if 11;; < oo and null recurrent if ;; = oo.
If all the states are (positive/null) recurrent, the SMC (MRC) is said to be
(positive/null) recurrent.

4. The SMC (MRC) is said to be ergodic if it is irreducible and positive recurrent.

5. Let d > 1 be a positive integer. A state i € E is said to be d-periodic (aperiodic)
if the distribution v;;(-) is d-periodic (aperiodic).

6. The SMC is d-periodic, d > 1, if all states are d-periodic. Otherwise, it is
called aperiodic.

We can also define the limit distribution of a SMC

DEFINITION 5. (Barbu and Limnios [2008]). For a SMC (Z)ken, the limit distri-
bution m = (71, ..., mp)" is defined, when it exits, by 7; = limy_. P;;(k), for every
i,j€E.

Note that in the case where the EMC (J,,) is ergodic (recurrent positive, irreducible
and aperiodic), for any state i € E we have the following relation between the mean
recurrence time of ¢ in the Markov chain (J,) denoted by pf; and the stationary
distribution

. 1
iy = 1/(2')’

see Barbu and Limnios [2008].

1.2.4 Discrete-time Markov renewal theory

In this section, we shall study Markov Renewal Equations (MRE). Our objective is
to investigate the existence and the uniqueness of solution for this type of equations.
We also find an explicit form of the transition function P of the SMC (Zj), written
in terms of the semi-Markov kernel q. First we shall present some important results
in the sense of the convolution functions.
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DEFINITION 6. (Barbu and Limnios [2008]). Let A € Mg(N) be a matrix function.
If there exist a matrix function B € Mg(N) such that

BxA=1 (1.23)

then B is called the left inverse of A, in the convolution sense, and it is denoted by
B =AY,

The left inverse of a matrix not always exists, next proposition gives the necessary
conditions to guarantee its existence.

PROPOSITION 3. (Barbu and Limnios [2008]). The left inverse of a matrix A €
Mp(N) exists and is unique iff detA(0) # 0. If we denoted by B the partial inverse
of A, ie., B=AY ¢ Mg(N). The partial inverse is given by the recursive formula

— [A(O)]il ifn= 0,
B { ~(X1 BIOA M~ 1)[A0)] ™ ifn> 1. (1.24)

Proof. To compute the left inverse of A we have to solve Equation (1.23), where
B € Mg(N) is an unknown matrix function. Equation (1.23) is equivalent to

i B(n—0)A(l) =1I(n),n € N,

where for n = 0 we have B(0)A(0) = I(0) = I, which holds iff A(0) is invertible.
Therefore B(0) = [A(0)] 7! and for n > 1 we have

> B(n—-1A(l) =I(n) =0,

which yields B(n) = — (3 B()A(n —1)) [A(0)]!. W
Let us write the Markov renewal function (MRF)

p(k) == (T—aq) (k) (1.25)

where I is the identity matrix of dimension |F| x |E|. The following result provides
the mathematical expression of (k).

PROPOSITION 4. (Barbu and Limnios [2008]). The matrix-valued function ¢ =
(¢(k); k € N) is given by

k
Y(k) =Y q"(k), keN. (1.26)

Proof. Applying Proposition 3, we obtain that the left inverse of the matrix-valued
function (I — q) exist and is unique.
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For all n, k € N, we have
<Z q“”) «(I—q)(k) = (Z q(”’) (k) — <Z qm)) «q(k)

= S 0 -3 a0
— O k) = (k). (1.27)

As the left inverse of (I — q)(k) is unique, see Proposition 3, we obtain that
U(k) = a"(k).
n=0

Applying Lemma 1, we have q™ (k) = 0, for n > k hence we obtain that v is given
by

U(k) =3 (k). (1.28)

We would like to obtain another expression for . For any states i¢,7 € E (not
necessary distinct) and any positive integer k£ € N, from Proposition 2 and Lemma 1
we get

k
Vij(k) =P <U{Jn =7, S =k} | Jo= 2) <1
n=0

In other words, v; ;(k) represents the probability that starting at time 0 in state
1 € F, the SMC will do a jump to state 7 at time k.

Using ¢, j(k) the following proposition computes the probability that SMP (Zj) stays
in state j € E at time k € N with backward time v knowing that it started at initial
time in state ¢ € F.

PROPOSITION 5. (Barbu and Limnios [2008]). For all 4, j € E and k € N we have

' . L =Hj(w)ij(k—w), foru=0,1,.. k
Pi(Zk =3, By =u) = { 0 elsewhere

therefore
P(Zy = j, By = u) = ¥j(k — u)[1 — H;(u)).
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Proof. For all u = 0,1, ..., k we have

k—u
IF’Z(Zk:],Bk:u) = P(Jn:j,Sn:k—u,Sn+1>k|ngi)
n=0
k—u
= SO P(Spir > k| Ty =4, S0 =k —u, Jo = i)
n=0
P(J, = 5,8 =k —ul| Jy=1)
k—u

= S P(Spsr = Sp>u | Jy =Py =4, Su =k —u| Jo =)

]

— 3

— Hj(u)lij(k —u). B
The chain (Zy, By)ren is a Markov chain with state F x N, see e.g., Barbu and
Limnios [2008]. The following theorem provides its transition probability matrix.

THEOREM 1. (Barbu and Limnios [2008]). For every i,j € E and k € N such
that P(Zy, = i, By = u) > 0 the transition probability matrix of the Markov chain
(Zk, By)ken is

P(Zy41 = j, Biy1 = | Zy = i, By, = u)
ai(utl) if W' =0 and i # j

linéu)’
= T, v =u+ 1 andi=j
0, elsewhere.

Proof. see Chryssaphinou et al. [2008].

Another point of interest, strictly related to v, it is the Markov renewal function,
defined as the expected number of visits to a certain state, up to a given time. More
precisely, we have the following definition.

DEFINITION 7. (Barbu and Limnios [2008]). Markov Renewal Function (MRF).
Let us define the Markov renewal function ¥ = (U, ;(k),4,5 € E,k > 0) by

J

where N7 (k) is the number of visits of (Z;) to state j € E in the interval [0, k]. To
be specif,

N(k) k
Ni(k) == gy =Y {Jo =4S < k}.
n=0 n=0

It is easy to see that the Markov renewal function can be expressed as follows:

U(k) = w(0). (1.29)
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Indeed, we have

- E,

k
> ]1{Jnj,sns1c}]
n=0

k
= > P(J,=5.Sa<k|Jy=1)

n=0

k k

n=0 =0

Remark. One can check that a state is recurrent iff W(oco) = oo and transient iff
U(o0) < o0.

DEFINITION 8. (Barbu and Limnios [2008]). Discrete-time Markov renewal
equation.

Let L = (L;j(k);i,j € E,k € N) € Mg(N) be an unknown matrix-valued function
and G = (Gyj(k);i,j € E.k € N) € Mg(N) be a known matrix-valued function.

The equation
L(k) = G(k) +q*L(k), k€N, (1.30)

is called a discrete-time Markov renewal equation (DTMRE).

In the sequel, we shall see that ¢ and ¥ are solutions of MRE. With the above defini-
tion, we shall compute an easy expression for P(k), see Equation (1.37). Observing
Equation (1.27) it is clear that (I — q) * ¥(k) = I(k), so ¢ = (¢¥(k); k € N) is the
solution of the MRE

(k) =1(k) +q=*(k), keN. (1.31)

Second, writing the previous equation for £ € N, 0 < £ < v, v € N fixed, and taking
the sum, we obtain

D k) = T(k)+ Y aip(k). (1.32)
k=0 k=0 k=0
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This means that the matrix renewal function ¥ = (¥(k); k € N) is the solution of
the MRE
U(v)=I4+q*x¥(v), veN. (1.33)

The next theorem shows that DTMRE, see definition (8), has a unique solution.

THEOREM 2. (Barbu and Limnios [2008]). The DTMRE, see Equation (1.30), has
a unique solution L = (L;;(k);i,j € E, k € N) € Mp(N), where

L(k) = ¢ * G(k).

Proof. By Equation (1.30), for k € N

L(k) = (I-q)"Y«G(k).
Therefore by definition of v, see Equation (1.25), we have
L(k) = ¢« G(k). (1.34)

Then, we show that ¢ * G(k) is the unique solution of the renewal equation. Let L’
be another solution of Equation (1.30). We obtain

(L-L)(k)=q™ « (L-L)(k), k€N, (1.35)

with n an arbitrary positive integer. Taking n > k in Equation (1.30) and recalling
that q™ (k) = 0 for n > k, see Lemma 1, we get L(k) = L'(k),k € N. B

DEFINITION 9. (Barbu and Limnios [2008]). The transition function of the SMC
(Zy) is the matrix-valued function P = (P, ;(k);i,j € E,k € N) € Mpg(N) defined by

Pz(k) = ]P(Zk:j ’ Zozi)7 i,J € EakEN'

The following result consists in a recursive formula for computing the transition
function P of the SMC (Z;) which is an example of a MRE.

PROPOSITION 6. (Barbu and Limnios [2008]). For all i,j € E and for all k € N,

we have
Py(hk) = [1 = Hi(0)o; + 32 3 a )Pyl = 1), (1.36)

where for all k € N, let us define H(k) := diag(H;(k);i € E), H := (H(k); k € N),
where H;(+) is the sojourn time cumulative distribution function in state i € E, see
definition. In matrix-valued function, Equation (1.36) becomes,

P(k) = (I— H)(k) + q = P(k), k € N. (1.37)
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Proof. For all 4,7 € E and for all £ € N, we have

Py(k) = PB(Zy=j| % =1)

= (1 - Hy( ”+ZZIP> —j, Zs, =18 = 1| Zy = i)

rel =0

k
= (L=Hi(k)oi+ > > P(Zi=3| Zs, =75 =1, Zg = i)P(Jy =1, 81 = 1| Jo = i)

relk =0

= (1— H( U+ZZPZ;”—]|ZO—T) (Ji=rX =1]Jy=1)
reE =0

- (1_ i ’L]+ZZPT‘] er)
reE [=0

Observe the last equation is a DTMRE, see Definition 8, where L(k) = P(k) and
G(k) = (I — H), therefore by Theorem 2 we have

P(k) = (I—H)(k) = (I —q)"V« (I—-H(k)), keN.

1.2.5 Construction of the Estimators

Let us consider an estimator for the semi-Markov kernel ¢;;(k), see Equation (1.10);
the conditional sojourn time distribution f;;(k), see Equation (1.12); and the transi-
tion probability p;;, see Equation (1.11). Let M € N* be a fixed arbitrary time and
N(M) the discrete-time counting process of the number of jumps in [1, M]. For any
states 7,7 € F and positive integer k € N, k < M, we define the following empirical
estimators

Pij (M) := ];[\;:é]]\\j)), (1.38)
Fulle, M) = % (1.39)
(jij(/{:,M) = %, (1.40)

where N;;(k, M) is the number of transitions of the EMC from ¢ to j, up to time M,
with sojourn time in state ¢ equal to k, 1 < k < M, i.e.,

N(M)
U k M Z ]l{Jn 1=1,Jn=7, Xn—k} Z]I{Jn 1=4,Jn=5,Xn=k,Sn <M}
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Therefore .
N (M) =" Ni;(k, M)
k=1
and
Ni(M) = » Nj(M)
JEE

Note that the proposed estimators are natural estimators. For instance, the proba-
bility p;; that the system goes from state 7 to state j is estimated by the number of
transitions from state ¢ to 7, up to time M divided by the total number of transitions
from state i to any state j up to time M. Estimators (1.38), (1.39) and (1.40) verify
nice asymptotic properties as consistency and asymptotic normality, see Barbu and
Limnios [2008].

1.3 Properties of words through a sequence

Looking for a specific word (pattern or motif) through a sequence of symbols is
useful in many areas. For instance, in digital transactions lots of patterns have
to be compared and identified to make possible a particular operation, see e.g.,
Jungck and Helms [2013], de Haan and Rotmans [2011], Jansen et al. [2007]; in web
navigation identification of patterns is useful for determining particular behaviors in
web customers see e.g., Papadopoulou [2013], Bobbitt et al. [1969], Paraskevopoulos
et al. [2013]; in communications, identifying a particular pattern is useful to mediate
the spread of information see e.g., Jaffe et al. [1999], Bailey et al. [2018]; in databases
it could be the keyword for certain research see e.g., Pederson [2016]; in biology a
word can determine a particular instruction for a given biology function, or it can
be the responsible for a particular illness see e.g., Willett [1995], Farré et al. [2003],
Kitano [2002], etc. In one hand, searching a particular word over a chain formed by
a big quantity of symbols is a very cumbersome task and in most cases it can not be
achieved by simple inspection. In the other hand, it is of interest to know general
properties of words in a sequence, i.e., frequency, mean number of words, mean
number of symbols between two successive words, etc. There are different approaches
to study the searching problem, for instance one of them is using probabilistic models.
In probabilistic models the efficiency and precision depend chiefly on the kind of
dependency between symbols. For example independently and identically distributed
Bernoulli trials or Markovian sequences. Whatever be the distribution of symbols in
a stochastic sequence, there are different techniques to study the searching problem,
for instance some algorithms propose an automatic treatment. To mention one of
them, in the article Crochemore and Stefanov [2003], the authors computed the
probability of the first hitting time of a word in a binary alphabet using a finite
deterministic automata. In the following we shall describe this model.
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Crochemore and Stefanov [2003] used a binary alphabet A = {a,b}. Any infinite
sequence formed by the elements of A is denoted by X = AY. In this article, the
authors considered the symbols in the sequence to be independent and identically
distributed (i.i.d.) Bernoulli trials. They searched the word w = abaabab. To achieve
their goal, the authors used the prefixes of the word which consist in writing the
word symbol by symbol from its first letter until the word is completed, i.e., the
prefixes set is {a, ab, aba, abaa, abaab, abaaba, abaabab}. The idea of computing the
first hitting time of the word in the sequence of symbols X is to embed a Markov
prefix sequence through the sequence of symbols. To arrive until this point they used
a deterministic finite automata, which is defined as follows

DEFINITION 10. (Hopcroft et al. [2001]). Deterministic finite automata
We call a deterministic finite automata (DFA) a five tuple (A, Q, s, F,§) where

1. A is a finite set of symbols (in particular cases A is a finite alphabet),

2. Q is a finite set of states,

3. s € Q is an initial state,

4. F C Q is a non empty set of final or accepted states,

5.0: 09 x A— Q is a transition function that takes like an input a state and a
symbol and returns a state.

For every sequence of symbols X = ajas---aq € A%, d > 2 and ¢ € Q, we recursively
define 6(q, aras---aq) = 6(0(q, a1 -+~ ag—1),aq). A word w = wy - - - wy, is accepted (or
recognized) by a DFA if 6(s,w) € F. The set of all words accepted by a DFA is
called its language.

Crochemore and Stefanov [2003] worked with a DFA: (A, Q, s, F,d), where they
make the following considerations

Considerations for a DFA 1.

1. A is the alphabet. For this particular work A = {a, b},

2. Q is the prefix set. For this particular work Q@ = {¢ = 1,a = 2,ab = 3, aba =
4, abaa = 5, abaab = 6, abaaba = 7, abaabab = 8}. The prefixes are enumerated
to make the distinction between a simple letter and a prefix, where the symbol
is used in case of non one of the symbols a, ab, aba, abaa, abaab, abaaba, abaabab
appear in the sequence X,
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3. s = ¢ is the initial state,

4. F = {w} is the final state,

5. the function ¢ : @ x A — Q is defined as the longest prefix that can be formed
with the concatenation between a symbol and a prefix.

Figure 1.2 shows a graphical representation of DFA previously described.

b

FIGURE 1.2: Graphical representation of the DFA with A = {a, b} for computing
the first hitting time of w = abaabab.

In Crochemore and Stefanov [2003] it is shown that even if the sequences of letters
X is formed by i.i.d. Bernoulli trails, the sequence of prefixes is a Markov sequence
where the probability to pass from prefix ¢ to prefix ¢’ is the probability to pass from
the last letter of ¢ to the last letter of ¢, if there is a € A such that §(¢,a) =¢. In
other words, if X = X;X5---X;--- is an i.i.d. sequence formed by the elements of A,
then the sequence Y = YyY] - - - Y, defined by

YE):S and }/i:(s(}/i—laxi)a [ 2 1

is a Markov chain with transition matrix

n_ f P(Xi=a) if 6(p,a) =),
P(p,p) _{ 0 if p’];é 5(p,ﬁ)~
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Therefore the transition matrix has the expression

S
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where the letter p denotes the probability to have a success. Of course we can notice
that p+ ¢ = 1. It is not difficult to see that the time to absorption at state eight can
be viewed as the waiting time until reaching the word abaabab in an independent
Bernoulli trial. The authors define the time to abortion in state eight as follows

7:=inf{n € N: X, = 8}. (1.41)

Therefore they obtained the following table for the cumulative distribution function
(cdf) F(x) of the first hitting time of the word abaabab

x F(x) x F(x)
6 0.00000000 7 0.00781250
8 0.01171875 9 0.01757812
15 0.04943848 16 0.05516052
24 0.09879988 25 0.10415334
44 0.19994631 45 0.20469458
66 0.29815051 67 0.30231602
92 0.39878769 93 0.40235591 .
122 0.49711254 123 0.50009720
160  0.59891921 161 0.60129964
208 0.69860187 209 0.70039068
276 0.79893126 277 0.80012461
393 0.89979901 394 0.90039371
509 0.94976751 510 0.95006564
780 0.98999111 781 0.99005051

In the model described above we can observe that Crochemore and Stefanove com-
puted in an easy way the first hitting time of a word in a sequences of letters.
Nevertheless they considered a binary alphabet and they used the hypothesis that
the sequence of letters is modeled by i.i.d. Bernoulli trails, but in most of real
applications this hypothesis does not hold true. For this reason Chryssaphinou et al.
[2008], proposed a mathematical model where the sequence of symbols is modeled by
a semi-Markov sequence. In this work, for v, h € N, the authors consider a finite set



Introduction 23

of words W = {w!, w?,...,w"} of equal length h. They focus on the waiting time for
the first word occurrence from set W through a semi-Markov sequence (7). The
corresponding probability distribution as well as the mean waiting time and the
variance were obtained. In the following we shall describe some details of this last
work.

Chryssaphinou et al. [2008] consider a semi-Markov sequence (Z)reny with EMC
(Jns Sn)nen and semi-Markov kernel q = (¢;;(k);4,j € A, k € N) where the alphabet
A= {ay,as,...,a;}, 1 > 2, is the state space of SMC (7). They take into account
that if (Zy) is a semi-Markov sequence therefore the chain (Z, By) is a Markov chain
(MC) with transition probability matrix p, i.e.,

P((3,u), (4,v)) = P(Zy41 = J, Brsr = v | Z, = 1, By = u)

where
‘{&;*Ei; if i # j and v =0,
P(Zys1 =, Brr1i=v | Zpy =1,By =u) = % if i=75 and v=u+1,
0 elsewhere.

see Proposition 5. In this article the authors proposed an h-dimensional Markov
process (?kagk)kGN; where Zk = (Z]ﬁ..?ZkJrh,l) and Ek = (Bka---aBk+h71) to
compute the first hitting time of words taken form a subset W C A" where A"
represents the set of all words of size h formed by the letters in the alphabet A. For
every z; € A", let K; be a subset of A" x N where

Kj = {(z;,0) € A" x N:p((ar’,01), (a7, b2)) -+ B((az_y, bnr), (@), b)) > O}

In other words, the set K; represents the word z; and all possible backwards time
for each letter in the word. Clearly for all 4,5 = 1,...,1 we have, K; N;+; K; = O.
Therefore the set which contains all words of size h and the corresponding backward
time for each word is denoted by K := U;Zl K, this is the state space of MC
(Zy, Bi,). Tt can be noticed that K C A" x N,

The initial distribution of MC (Ek, Ek) ren 1s a function of Markov discrete process
(Zk, Br). This initial distribution is denoted by « and has the following expression

CY(E, B) = [P((207 BO) = (CLT, ul))]ﬁ((ai bl)’ (CL;? bQ)) e 'ﬁ((aZ—lv bh—l)v (aza bh))

where Z = a%a3 - --a? and b = byby - - - b,. The transition probability of MC (Zy, B},)
is given by

~ _/

P((EZ) b)v (Ejv b )) = ﬁ((affa bh)v (aZju b,h)) ' ]l{azjzaz‘_l;szl 77777 h—1} ' ]l{b/s:b5+1;s:1 ..... h—1}-
It will be said that w = wiwy - - wy occurs at time k in the sequence (Z) if and
only if Zy_pi1 = wi,.... 2 = wp, Le, Zypy1 = w. Let Ty = min{k > 0 :
(Zk—n+1, Br—n+1) = (w7, -),w? € W} be the random variable which determines the
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first hitting time of an element w? € W in the sequence (Zy, By). To give the
law, the expected value and the variance of the random variable T)y the authors
proposed a partition of the state space K according with the elements in WW. Let
Ky = Uyiew K be the elements in K which contains an element from W.

Now, the probability function, the mean and the variance of T}y can be computed .
PROPOSITION 7. (Chryssaphinou et al. [2008]). The hitting time to W is given by

0 for k <h—1,
P(Tw =k) = aKw'lLle o k=h-—1,
O{Kf/\; ’ (PKWCK\C/V) B PK1C/\;KW : 1‘K13V‘ for k 2 h’

its mean waiting time is
E(Tyw) = h— 1+ akg, - (I — Prg xs,) " e, |,
and its variance
Var(Ty) = Pr,[2(1—Preg, k) —I/(I—Pre,x5,) Vs, —[Pres, (I—Prg s, ) e, 1%,

where the set K7, = K \ K,y are the elements in K which do not contain an element
from W, the vector 1k | is a column vector of ones with dimension the cardinal
of K7, the initial distribution o = (s, , o, ) is the initial distribution of process
(Zk, Bi), where g, represents the initial distribution of states ¢ € K3, and oy,
represents the initial distribution of states ¢ € Kyy, matrix Pge r 1s the restriction
of matrix P on Kj,, X Kj),. Since K73, is a proper subset of the state space K of an
irreducible and aperiodic Markov chain (Zy, By) the matrix (I — ﬁK%K%)*l exists.

The inconvenience with the model proposed by Chryssaphinou et al. is its imple-
mentation. If the length of the sequence of symbols is huge, it is almost impossible
to compute the transition matrix P. In this thesis we shall improve this part. But
identifying a word through a sequence of symbols is not the only point in which
we are interested. It is well know that words are not always uniformly distributed
through a random sequence, some words are more frequent than others. Therefore we
are also interested in identifying how many times a word appears through a random
sequence, i.e., we are interested in the frequency of a word. Statistical distribution
of word counts in a Markovian sequence of letters, see Schbath [2000], and optimal
Markov chain embedding through deterministic finite automata, see Nuel [2008], are
used to compute the frequency. In the following we shall describe these two last
mentioned works.

Schbath [2000] considered the number of overlapping occurrence of an h-letter word
w = wyws - - - wy, on the alphabet A, through a Markov sequence (Xj)ren with state
space A, transition probability matrix

IP(ai,aj) = ]P)<Xk+1 = a; | Xk = CLZ') ai, aj c A.
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and stationary distribution: 7(a;), a; € A. For instance, in the sequence
ACGAATAATAAATAAGGCAAT AA,

there are four occurrences of AAT AA (starting at positions 4,7,11 and 19).
Before computing the probability that the word w appears ¢ € N times in the MC
(X}) it is necessary to introduce the period of a word which is defined as follows

DEFINITION 11. (Schbath [2000]). A period of a word w = wyws - - - wy, is denoted by
¢(w) and it is an integer p € {1, ..., h—1} such that w; = w;4,, foralli € {1,...,h—1};
a period then corresponds to a possible lag between two overlapping occurrences of
w.

Schbat denoted by N(w) the number of occurrences of w through the MC (Xj). The
random variable which determines if an occurrence of w starts at position k in the
sequence (Xj) is defined as follows

Yk: = IL{an occurence of w starts at position k in the sequence} s

the count N(w) is given by

Therefore the probability that the word appears at certain position through the
sequence and its stationary distribution is

h—1

#(w) = #(w) [ Plwy, wisa).

j=i
The mean and the variance of the count N(w) are given by the following expressions

E[N(w)] = (n — h+ 1)7(w),

and

Var[N(w)] = (n—h+1)m(w)+2 Z(n —h—p+ Di(w - wpwy - - - wp)
p € p(w)
p<h-2

n—2h+1
+72(w) (—(n —h+1)7%+ % Z (n—2h+2— d)]Pd(wh,wl))
d=1

where ¢(w) is the period set of w, see Definition 11.

Another way to compute the number of times that a word w appears through a MC
is presented by Nuel [2008]. He considers a finite alphabet A := {ay,as, ..., a;}, 1 > 2
and a word w formed by the elements of A. As Crochemore and Stefanov [2003], he
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embedded a Markov prefix sequence through the sequence of symbols using a DFA:
(A, Q,s,F,0), which accepts or recognizes the word w, see definition 10. Nuel made
the same considerations as Crochemore and Stefanov for the DFA, see consideration
for the DFA 1.

In Nuel’s work the sequence of letters X is modeled by an m-order Markov sequence.
He introduced the definition of ambiguity as follows.

DEFINITION 12. (Nuel [2008]). A DFA (A, Q,F,s,0) in which there exist ¢ € Q
and a,b € A™ such that a # b and §(q,a) = §(q,b) is called m-ambiguos. A DFA

which is not m-ambiguous is called m-unambiguos.

He also defined the partial m-inverse of a prefix p € Q.
DEFINITION 13. (Nuel [2008]). For any DFA (A, Q,s,F,0), we define for any

q € Q, and m > 1, its partial m-inverse as follows

0" "(q) :={a € A™ there exists p € Q,d(p,a) = q}

Hence, such a DFA is m-unambiguous if for all 7 (g) are singletons. Next theorem
shows how to embed a pattern through an m-order MC.

THEOREM 3. (Nuel [2008]). If X = X ---X,, is an m-order Markov sequence,
m > 1, on A with transition probability P, if w is a pattern, and if (A, Q, s, F,0)
is an m-unambiguos DFA which recognizes a w, then the sequence Y* =Y --- Y},
n > m, defined by

Yo=sand Y/ =06(Y ,,X;) forall 1 <i<n
is an 1-order Markov chain of prefixes with transition matrix

% o IP)(ermtl =0b ‘ Xl e Xm = (5—m(p)>7 if 5(]7, b) =dq,
Poa=1{; if ¢ 5(p, A).

and such that occurrences of w in X correspond to occurrences of a subset of letters
in Y*.

(1.42)

Nicodeme et al. [2002] showed that it is possible to build an m-unambiguous DFA
starting from a DFA m-ambiguousby duplicating states until the ambiguities are
removed.

Let w be a word and let (A, Q, s, F,d) be a DFA which recognizes w. The transition
probability matrix of the chain Y is P* = 2 + 2, where 2 contains all transitions
towards final state w and &2 contains all transitions toward regular states. To
compute the probability that a word w appears ¢ € N times through the m-order
Markov sequence: X, Nuel defined a Finite Markov Chain Embedding (FMCE): Z,

as follows
DEFINITION 14. (Nuel [2008]). For any ¢ € N, we define the FMCE Z by

o (5N iNi<e
T f if N; > ¢,
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where NN; is the number of pattern occurrences of w in X ---X;.

PROPOSITION 8. (Nuel [2008]). Ordering the cL + 1 states of Z as
{(1,0),...,(L,0),(1,1), ..., (L, 1), ... (L,e = 1), ..., (L,c = 1), f = (w,c)}, the corre-

sponding transition matrix is given by

P, 1) ity #w, ji # w,ia = Ja,

.. L. . Q(il,j1> ifil#w,jlzw,j2:i2+1
P((Zlaz2>(]17]2)) - 1 if (il,ig) — (jl,jQ) — f
0 otherwise.

The next proposition computes the probability that the word w is repeated ¢ times
until position n through the Markov sequence X.

PROPOSITION 9. (Nuel [2008]). Let us consider a partition of the state space of
FMCE, Z. Such that

U= {(1,0), ..., (L,0), (1,1), ... (L, 1), ..(1,c — 1), ..(L,c — 1)}

and
D = {(w,c)}.

Therefore, for i € U

where Py, is the restriction of P in states U x U and 1)y, is a vector of ones of size
U]

Even if Markov chains describe a sequence of symbols better than Bernoulli trials,
the main drawback in Markov hypothesis is that it can not take into account general
distributions in the sojourn time in a state. The sojourn time in a state must
be governed by the geometric distribution. In contrast discrete-time semi-Markov
processes generalize the Markov hypothesis, they allow the distribution function in
a state to be of any type. For this reason in this thesis we shall focus on counting
the number of times that a biological sequence is repeated through a DNA sequence
by any one of its configurations. We provide the strong law of large numbers for
a word sequence. To achieve our goal, we consider two cases: DNA is modeled by
an ergodic Markov sequence, and DNA is modeled by a SMC. For both hypothesis
we also present the Central Limit Theorem. Even more we are also interested in
computing the number of times that the elements from a specific set of words appear
through the DNA sequence. But these are not the only problems that we tackle in
this theses. Likewise we are also interested in competing risk problems. Competing
risk analysis refers to a special type of survival analysis that aims to calculate the
probability of an event in the presence of competing events. In next subsection we
shall introduce competing risk analysis.
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1.4 Competing risk (CR)

In standard survival data, subjects are supposed to experience only one type of
event over follow-up, that means in standard survival analysis we are interested in
only one cause of failure. But, in real life, individuals (or machines) can experiment
more than one cause of death (or more than one cause of failure). For instance,
patients could die from a heart attack or breast cancer, or even a traffic accident.
There are more than one pathway that can cause the death of a person, but finally
the death occurs by one specific cause. Figure 1.3 exemplifies these three causes
of death. In engineering, competing risks refer to the cause of breakdown for a
machine. For instance if we consider a computer, it can stop working for different
reasons, for instance, hardware problems, computational virus or software problems.
Figure 1.4 represents these three causes of failure. When we are interested in de-
termining the cause of death (or the cause of failure) in presence of many possible
causes, we refer to these events as “competing events”. Competing risk analysis
refers to a special type of survival analysis that aims to correctly calculate the
probability of an event in presence of competing events. In competing risks there
are two random variables of interest T is the time to failure, and C' the cause of failure.

Cause of death 1:
heart attack

Healthy state Cause of death 2:
(Initial state) breast cancer

Cause of death 3:
traffic accident

FIiGURE 1.3: Example of three competing risk of death

Cause of failure 1:
Hardware problems

Funtional state Cause of failure 2:
(Initial State) Computational virus

Cause of failure 3:
Software problems

FIGURE 1.4: Example of three competing risk of failure
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There are mainly three different ways to specify the distribution function of the time
to failure T: the survivor function, the probability function, and the hazard function.
The survivor function stands for the probability that the event occurs after a fixed
time ¢, that is,

F(t) :=P(T >t), 0<t<o0.

We can notice that if F denotes the cumulative distribution function (cdf) of the

random variable T, therefore we also have F(t) =1 — F(t) for 0 <t < co. When T is
a continuous variable, the probability function is defined as
d(1—F(t)) dF(t)

f(t) = = < .
(t) o dt,O_t<oo

Obviously, it holds that F(t) = [ f(u)du. Finally, the hazard rate function stands
for the rate of that event occurs instantaneously after the time ¢ when it is known
that it does not happen before ¢; that is,

Pt<T<t+At|T>1)

) = Aliglo At
_ft)  —d, =
= % = %log(F(t)), 0<t<o0.

Integrating with respect to ¢ and taking into account that F(0) = 1, it holds the
equality

F(t) = exp { — t)\(u)du — exp{—A(t)}, 0< ¢t < oo,
(- [ o}

where A(t) = f(f A(u)du is known as the cumulative hazard function.

Traditional methods for competing risk estimate the function of interest. The Kaplan
Meier (KM) method is one of the most popular, see, e.g., Pintilie [2011], Austin
et al. [2016], Lacny et al. [2018], etc. KM method allows one to estimate the survival
function. The typical formula for the KM estimator is

Fo=TI"

i<t

where t; < ty < t3 < ... are the ordered time points at which an event was observed,
n; represents the number of patients at risk at time ¢; and d; is the number of events
at time ¢;. This formula can be transformed through algebraic manipulation to
express the probability of event as:

F)=1-F) =3 “Ft ). (1.43)

In the presence of CR there are at least 2 types of events: event of interest, identified
with the subscript e, and the competing risk event, identified with the subscript
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c. Prentice et al. [1978] introduced the formula for the probability of an event of
interest in the presence of CR

~

P(t)=) @‘(ti_l), (1.44)

tt Vi
where d.; is the number of events of interest. It is of interest to point out the relation
between Equations (1.43) and (1.44). Since d; is the number of all events at t;, it
can be conceived as the sum of the number of events of interest d.; and the number
of CR events d.; at time ¢;. As such, the probability of any type of event can be
decomposed as follows:

Probability of all events = P.(t) 4+ P.(t)

_ Z (dei + ds?F(ti_l) _ Z ﬁﬁ(ti—l)'

n
<t v <t

Thus the probability of all events can be decomposed in the probabilities for each
type of event.

Another important method for competing risk is Nelson-Aalen (NA), see e.g. Tsiatis
[2005], Njamen [2017]. The NA estimator, as the KM estimator, is a non-parametric
estimator. It is used in survival theory, reliability engineering and life insurance to
estimate the failure time of an event. For that method the standard mathematical
formulation is as follows: let T = {Ty,..., Ty} be the times to event and let T =
{Ti,...,Tn} be the censor times. Let F and G be the cdfs for the time to event
and the censor time, respectively. The observed times are Z = {Z,...,Zy} where
Z; = min{7};,7;}, 1 < j < N. In addition, it is also known what time is really
observed; i.e., the final available information are the pairs {(Zy,61), ..., (Zn,0n)},
where §; = 1(7,<7;}, i.e., 0; takes the value 1 if the time to an event is observed and
0 otherwise. Therefore the Nelson-Aalen (NA) Estimator for the cumulative hazard
function is

Alt) = dien(Ri) Lz, <y,
i=1

where R; is the rank of Z; among Z;,Z, ..., Zx and cy(i) = (

1 .
m, for i = 1,2,...,N.

Competing risk are a natural extension of (Markov) phase-type distribution (Ph-
distribution), see, e.g., Lindqvist and Kjelen [2018]. In the sequence, we shall describe
this last reference. Lindqvist and Kjelen [2018] presented an extension of the phase-
type methodology for modeling lifetime distributions to include the case of competing
risk. This is done by considering finite state Markov processes in continuous time
with more than one absorbing state, letting each absorbing state correspond to a
particular risk or cause of failure. First Lindqvist and Kjglen introduce the classical
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phase-type distribution. The authors state that a phase-type distribution can be
described in terms of a Markov process {X(¢); ¢ > 0}, where the system moves
through some or all K transient states, or phases, before moving to a single absorbing
state K+ 1. The time of absorption, T, is then said to have a phase-type distribution.
The infinitesimal generator G of the Markov process is a (K + 1) x (K + 1) matrix

given on blocks form as
O /¢
g = 0 0 ) (1.45)

where © is the K x K matrix corresponding to the transitions between the transient
states, £ is the K x 1 vector defining direct transition from the transient states to the
absorbing state, while 0 is a 1 x K vector of zeros. The authors define P(¢) as the
matrix of transition probabilities, i.e., P;;(t) = P(X(¢) = j | X(0) = i) where

P(H)=¢"=3 G
i=0 '

It can be shown that this implies that

- (57 &7

From this last equation, an expression for the cumulative distribution function of T,
Fit) =P(T<t) =P(X(t) = K+1) = a0 (),

where « is the initial distribution of the Markov process, i.e., a(i) = P(X(0) = ),
fori=1,...,K+ 1. In standard phase-type distributions, it is considered the time
to failure T by a unique cause. In competing risk, it is supposed that the system
can experience m > 1 competing failure causes. To clarify the idea, suppose the
Markov process {X(t); ¢ > 0} has K transient states and m > 1 absorbing states,
named K+ 1,K+2, ..., K+ m. Letting T be the time of absorption (in any one of the
absorbing states), and let C' be the cause of failure, which is represented by the state
where absorption occurs, i.e., C =K+ j if X(T) = K+ j;7 = 1,2,...,m. The pair
(T,C') can be viewed as an observation from a classical competing risk process with
causes K + 1, ..., K+ m. By extending the matrix (1.45) to encompass m absorbing
states, we obtain the infinitesimal generating matrix of Markov process to be the
(K+m) x (K+m) matrix given on block form as

g:(g)1 52) (1.46)

where as before, © is the K x K matrix corresponding to the transition between the
transient states. The vector ¢ is now replaced by the K x m matrix L which contains
transitions from the transient states to the absorbing states. Furthermore, 0; and 0,
are, respectively, m x K and m X m matrices of zeros.

It can shown that matrix (1.46) implies that the matrix of transition probabilities
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P;;(t) is given by

P(t) = < fft ?1(6& - DL > , (1.47)

where [ is the K x K identity matrix. From (1.47) the authors obtained expressions
for the subdistribution functions, given by

Fi(t) =P(T <t,C=j)=P(X(t) = j) = aO ' (e®" ") Ly,
for j = 1,...,m. By differentiation, the authors got the sub-densities

f.

j(t) = F;(t) = ae® Ly,

where « is the initial distribution of the Markov chain and v; is the m-vector with
j-th element equal to 1 and the rest equal to 0. Therefore, the cause-specific hazard
rate is given by

P(T<t+At,C=3j|T>t) F(t) Ot

Ai(t) = 1i = =
i(t) At At P(T>t) «ae®1y’

where 1; is a k-vector of ones.
One of the aims in this thesis is to extend these results to semi-Markov models which
are the generalization of Markov processes see Limnios and Oprisan [2001].



Chapter 2

Identification of Words in
Biological Sequences Under the
semi-Markov Hypothesis

Genomic sequences ! are likely to be the most sophisticated information databases
created by nature through the evolution process. For this reason, model DNA
sequences via mathematical tools are challenged questions for mathematicians and
biologists. In most cases DNA sequences are compared to a stochastic process
governed by four nitrogenous bases: Adenine (A), Cytosine (C), Thymine (T) and
Guanine (G). In probabilistic models the efficiency and precision depend chiefly on
the kind of dependency between symbols. For instance, Stefanov et al. [1997], Robin
and Daudin [1999] and Chadjiconstantinidis et al. [2000] model DNA sequences
derived from independently and identically distributed Bernoulli trials; Antzoulakos
[2001], Fu and Chang [2002] between others authors consider DNA sequences are
modeled by a Markov chain.

Given a genome sequence it is interesting to recognize a word (pattern), counting
the number of or determine the first position that this appears, see, e.g., Abadi and
Vergne [2008], Li et al. [2016], Li et al. [2018], Sigwart and Garbett [2018], Hebert
et al. [2003] and Robin et al. [2007].

Seek a particular word over a chain formed by a big quantity of nucleotides is a very
cumbersome task and in most cases it can not be achieved by simple inspection.
There are a number of models and algorithms which propose an automatic treatment
for the searching problem in a few seconds see, e.g., Aboluion [2011], Srivastava
and Baptista [2016], Stefanov et al. [2011], Picard et al. [2011], Codish et al. [2017],
Montemanni [2015], Glaz et al. [2006], Crochemore and Stefanov [2003] and Nuel
[2008], Touyar et al. [2008].

!This chapter develops the content of an article which appears in the journal ’Computational
Biology’ put in shape to be inserted in this thesis.
Garcia-Maya, B. 1., and Limnios, N. (2020). Identification of Words in Biological Sequences Under
the Semi-Markov Hypothesis. Journal of Computational Biology, 27(5), 683-697.
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In this chapter we find a pattern in a DNA sequence under the hypothesis that DNA
is modeled by a semi-Markov chain. The semi-Markov hypothesis allows us to take
into account general distributions in the sojourn time in a state. To achieve our goal
we use the prefixes chain. Suppose we search the word (pattern) w = ACCT in a
DNA sequence. We construct the word step by step from its first symbol to its last
one. The elements of this construction are called prefixes, i.e., consider the following
DNA sequence from a bacteriophage:

GGGCGGCGACCTCGCGGGTTTTCGCTATTTATGAAAATTTTCCGGTTTAAG
TTCTTCTTCGTCATAACTTAATGTTTTTATTTAAAATACCCTCTGAAAAG...

and suppose we want to compute the first position of w = ACCT, i.e., we want to
compute how many nucleotides have to appear in the DNA before w. To do this,
we use the prefixes of w, which is the set {A, AC, ACC, ACCT}. For this example,
it is clear that the first appearance of w occurs at position (starting from zero) 11.
Using the chain of the longest prefix of the word and all possible backwards times
for each prefix, it is computed the distribution for the (first) hitting position of the
word in a sequence of letters. To show the applicability of our proposed model, we
test it in a bacteriophage DNA sequence. We present, the distribution function,
the expected value, the variance and the standard deviation of the random variable
which represents the (first) hitting position of the word. The word occurrence rate is
also presented.

2.1 Prefix chain of a single word

Let us consider a finite alphabet, say A = {aq,...,a;}, 2 <1 < 0o. A word formed
by the elements of A is represented by w := wjws - - - wy where wy, ws, ..., w, € A.
The length of the word is expressed by |w| and represents its number of letters, in
this case |w| = h, where h € N*. We shall denote the set of all words of size h € N*
formed by the elements of A by A". As an example, suppose the set of letters is
A = {a,b} and h = 2 therefore A" = {aa, ab,ba,bb}. Based on the structure of a
word w € A", we shall define its prefix set

Ew = {E,wl,wlwg,...,wlwz---wh_l,w}, (21)

where symbol € denotes the empty prefix which is used in case of none of the symbols
{wy, wywy, ..., wyws - - - wp_1,w} appears in the sequence. Observe that |¢| = 0.
Let

og, : Ew x A— E, (2.2)

be a mapping such that for a prefix ¢ € E,, and a letter a € A, g, (q,a) is defined
as the longest suffix of ga (concatenation of ¢ and a) in the prefix set F,,. To clarify
this definition observe the follow examples.
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EXAMPLE 1. if A= {a,b}, w = ba, the prefix set is E,, = {&,b,ba}, then

op,(e,a) =¢, Op,(e,b) =0,
5Ew (b, CL) = ba, 5Ew (b, b) = b,
op,(ba,a) =¢, 0g,(ba,b) =0,

In Figure 2.1 we can observe the graphic representation of example 1, where to not

confuse letters with prefixes, the prefix set is numerated as follows {1 =¢,2 =b,3 =
ba}.

b a

a

FIGURE 2.1: Graphic representation of example 1

EXAMPLE 2. Suppose we add one letter to the alphabet and we search the same
word as in example 1, i.e., A = {a,b,c} and w = ba. The prefix set does not change
E, = {e,b,ba} due to w is the same, nevertheless the results for dg, are different
due to the alphabet has one letter more. The results for dp, are:

In Figure 2.2 we can observe the graphic representation of example 2, where the
prefixes are numerate as in Figure 2.1.
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FIGURE 2.2

Observe that, for p € E,, the set {i € A: dg,(p,?7) = €} has more than one element
if | A| > 2. Therefore dg, (p,7) is not a one-to-one mapping in general. According to
Nicodeme et al. [2002], new elements can be added to E,, such that dg, (p, i) becomes
a one-to-one mapping for p fixed. If p and ¢ are two prefixes such that ¢ is different
from prefix €, i.e., ¢ = wywsy - - - w; for wy,wsy, -+ ,w; € A where 1 <[ < h and, if
there is some i € A such that g, (p,i) = g, therefore i is the last letter of ¢, i.e.,
i = w, for this reason for p fixed only when dp, results in ¢, i.e., dg,(p,i) = ¢, the
function dg, is not one to one. The empty prefix € will be labeled according to the
letter which is added to p to obtain e, that means, instead of writing

6Ew (pu ?') =g,
it will be written
6Ew <p7 Z) = 87:'
Let
E = Uica\fu &} U {w, wiws, ..., wws - - - wp—1, w}, (2.3)

be the extended state space of E,, in which for p € E and i € A, §(p,i) is now
a one-to-one mapping. The previous definition of dg, can be extended as follows,
0 : E x A — E. Henceforth, this last definition will be considered.

The partial inverse of dg is the function dg ' E — A and it is defined as follows:
for all p € E,
6 (p) == {i € A where there exist ¢ € E, such that §(q,i) = p}. (2.4)

Roughly speaking, the partial inverse of prefix p gives the last letter of p, i.e., if
p = ba, 6z'(p) = a. Observe that the partial inverse defined in E is one-to-one.
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2.2 Prefix process in the semi-Markov case

In the considering problem: computing the first hitting position of a word (pattern)
in a biological sequence. The biological sequence is modeled by a semi-Markov chain
(Z), see subsection 1.2, the state space A is the genomic alphabet: Adenine (A),
Cytosine (C), Thymine (T) and Guanine (G); the maximum sojourn time in a state
i € A, see Equation (1.19), represents the maximal number of nucleotides that can
be found together through the DNA sequence. The general idea is to compute the
first hitting position of the word using the prefix process. In the sequel of this section
we shall define the embedded prefix chain in the semi-Markov process.

Let us consider a stochastic process (Zy)reny Which models a sequence of letters taken
from a finite alphabet A. If w is a word from A, the embedded prefix chain is defined
as follows.

DEFINITION 15. (Garcia-Maya and Limnios [2020]). The prefix chain of w =
wy -+~ wy, € A" embedded in the SMC (Z,) and defined in E, see Equation (2.3), is
denoted by Y := (Y})ren where

Y, — w1 if Z():’wl,
07 & if Zy=14, i€ A\ {w},

and
Yk’ = 6E(}/’€—17Zk>a k Z 1.

EXAMPLE 3. If the alphabet is A = {a, b, ¢} and the word is w = ba then, if the
elements of the prefix set E are listed as follows E = {¢, = 0,e. = 1,b = 2,ba = 3}.
For the following sample

Z . aaaccha...

we have as result
Y : 0001123...

We shall say that a word w = wyws - - - wy, € A" occurs at time k in the sequence
(Zy) iff

Zk—h+1 = Wy, Zk—h+2 = Waq, ..., Zk = Wk.

Observe that w € W has positive probability to appear in the sequence (Zy) if
P(Zk_h+2 = W2 | Zk—h+1 = wl) s P(Zk = Wy, | Ly 1= wh_l) > 0. (25)

To avoid trivialities we shall consider Equation (2.5) is always positive.

The number of positions we have to wait for an occurrence of w in (Zy) correspond
to the number of positions we have to wait for an occurrence of w in (Y%), see Nuel
[2008]. Therefore w has positive probability to appear in (Z) iff w has positive
probability to appear in (Yj) and the number of positions we have to wait for an
occurrence of w in (Zy) correspond to the number of positions we have to wait for
an occurrence of w in (Yy).
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Observe that to embed a prefix process in a semi-Markov chain it is necessary to
add the backward recurrence time corresponding to each prefix. Let (Yj, By) be the
process of prefixes and backward times. To define the state space of (Y, By), let us
introduce the blocks of the word. If w = u, 1 € A and, h € N*, we shall say that

h
w is a block of 7’s of length h and it will be denoted

w=i", ic A heN1<h< .

If w is not a block, it can be obtained by concatenating words which are blocks, see
Karaliopoulou [2009]. That is, w can be expressed as

w=w(l)w(2) - wn), (2.6)

where w(1) = 1™, w(2) = ;™) . w(n) = 2',7(”"), for i1,149,...,7, € A and
ni, N, ...,y € N*, such that ny +ny + - -+ +n, = |w|. Noticing that a prefix is also
a word, therefore it can be represented by the concatenation of blocks. We shall
introduce the backward time for each prefix

DEFINITION 16. (Garcia-Maya and Limnios [2020]). We shall define the backward
position time of a prefix p = wiwsy - --w;_qw; for 1 < [ < h, as the size of its last
block minus one. This definition comes from the time (the number of positions) we
have stayed in the last letter of the prefix since the last jump (renewal point). Notice
that, in general the backward time of a prefix is different from the backward time
By, of the letters, see Equation (1.18). The backward time of a prefix will be denoted
by B(p).

EXAMPLE 4. Let w = bbaab be a word from the alphabet A = {a,b}, and let
p = bba be a prefix of w. Then, it is clear that, the backward time of p is, B(p) = 0.

Now, we are ready to introduce the backward times for each prefix through the
semi-Markov process. Let [7, be the set of backward times which correspond to prefix
p. If i € A is the partial inverse of p, i.e., i = 6z '(p), see Equation (2.4), and n; is
the size of the first block of w, see Equation (2.6), then

=4 Bp),  if |p|#m and |p| #0, (2.7)
[B(p),L], if |p|=mn..

where [a,b] denotes an interval of integers, i.e., a subset of N. Let
Ky(E) :=={(p,n) :p€En e} (2.8)
be the set which represents the prefix p € E and its backward times, by consequence

the set
K(E) := | J K,(E) (2.9)

peE
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represents all prefixes in E and their corresponding backward times. Clearly we have:
K,(E)N K,(E) = O, if p # ¢q. The set K(E) is the state space of process (Y}, By).
Algorithm 1 proposed here (see Appendix) provide the state space K (E).
PROPOSITION 10. (Garcia-Maya and Limnios [2020]). The process (Y, Bi)ken
is a Markov chain with state space K (E) and initial distribution «(i) = P(Z, = i),
i € A. Let us consider p € E, i = dg'(p). Then the initial distribution of the process
(Y, By) is formally defined by

Oé(w1)]1{u:0} if p=w,
P(Yb =D, BO = U) = Oé(Z)]l{u:()} if P =&, 1€ A \ {U)l},
0 otherwise,

and its transition probabilities are

ia +1 . .
(i—(fj;igu))ﬂ{‘sE(pya):(J} if 4 7& a, v= 0;
PYer1 = ¢, Brri =v | Y =p, Be = u) = —lfﬁiz')l—)]l{ag(m:q} ifi=a, v=u+1,
0 otherwise.

(2.10)

Proof. The initial distribution comes from the definition of Yj, see Definition 15, and
the backward position time at starting time, see Equation (1.18). We shall use here
the fact that (Zx, Uy) is a Markov chain with known transition probability, see e.g.,
Barbu and Limnios [2008]. Let p € E be a prefix and suppose that there exists a € A
such that §(p,a) = ¢, for some ¢ € E. If p = wywy - - -w;_w; for 1 <1 < h, then

]P)<Yk+1 =q,Bri1 =0 ’ Ye =p, By = u)
= P(Zyy1=0a,Byy1=v | Zy=w;, By =u,Zy_1 =w_1,Br_1 =+, ...,
Zg—141 = w1, Br_41 = '),
= P(Zyi1 =a,Brr1 =0 | Zy = wy, By = u). (2.11)

If p=c¢; for j € A\ {w}, then

P(Yis1 = ¢, Bt =v | Yy = p, By, = u)
=P(Zys1=0a,Br1=v|Zk =4, Beo1 =+, .o, Zj—iz1 = -, Br—iz1 = ),
= ]P)(Zk-Jrl = a’BkJrl =0 | Zk = j, Bk = u) (212)

To denote in a general the transition probability, let i = d¢ '(p) be the partial inverse
of p. Therefore in Equations (3.4) and (3.5) Z; = 1, thus

P(Yis1 = ¢, Bipa = v | Yo = p, By = u) = P(Zps1 = a, Bpn = v | Zp = i, By = u).
(2.13)
If k£ + 1 is a renewal time for (Z;) then v = 0 and i # a, yields

. ia u+1
P(Zy1 = a,Byy1 =v | Z, =i, By = u) = (i—(—H-(u;’ (2.14)
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if £+ 1 is not a renewal time for (Z;) then v = u + 1 and a = i, yields

P(Zks1 = @, Bpy1 =v | Zy, =4, B, = u) = = H(u)

(2.15)

see Barbu and Limnios [2008], so, the proposition is proved . B

To simplify the notation, let P be the transition probability matrix and 3 the initial
distribution of process (Y}, By) respectively, such that

P<<p7 u)7 (qav)) = P<Yk+1 - q7Bk+1 = | Yk =D, Bk - U) (216)

and
B(p,u) == P(Yo = p, By = u). (2.17)

Algorithm 2 proposed here (see appendix B) computes the transition probability
matrix P.

If (Jn, Sn)nen is irreducible, then Markov chain (Z, By) is irreducible too, see
Chryssaphinou et al. [2008]. We shall prove, in the next proposition, the same
properties for (Yy, By), i.e., the irreducibility and aperiodicity.

PROPOSITION 11. (Garcia-Maya and Limnios [2020]). Let A be an alphabet,
such that |A] > 2. If the Markov renewal process (J,,,S,,) with state space A x N
is irreducible and aperiodic, then process (Yj, By) with state space K(E) is also
irreducible and aperiodic.

Proof. Let be (p,u),(¢,v) € K(E) and i = 6g'(p). If ¢ = w, or ¢ = ¢, with
a € A\ {w} the proof is a direct consequence of the irreducibility of (Zx, By). If
q = wiwsg - -wp, with 1 < £ < h. Let ¢4 = w1, ¢ = wiwo,...,q = wiws - - - wy, be
the consecutive prefixes from w; to ¢ = wyws - - - wy and (q1,u1), (g2, u2), ..., (q,v) the
consecutive couples in E x N, such that for 1 <i </ —1

Uii1 = { 0 if w; # wip

u; +1 elsewhere

due to the irreducibility of (Z, By), for (i,u) € A x N there exist n € N* such that,
for m e N
P(Zpin = w1, Bpin = w1 | Zm =i, By = u) > 0,

by Proposition 10
P((wl,ul)7 (w1w27 U2)) X oo X P((w1w2 . 'w€—17u€—1)7 (w1w2 " 'wé7uz)) > 0.

Therefore there exist ny = n + ¢ — 1 such that

]P)(Ym—Hu =4dq, Bm+n1 =v | Ym =D, Bm = u) > 0.
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The aperiodicity of (Y}) is a direct consequence of the aperiodicity of (Z;). Let
q = wy € E be a prefix formed by one letter and let d be its period, by the aperiodicity
of (Z) it is clear that d = 1. Therefore (Y) is aperiodic. W

2.3 The hitting time of the word

Let N, be the number of elements in the sequence of letters before the first hitting
position of w, to define the random variable N, we use the prefix chain and its
backward time i.e.,

N, = min{k > 0: (Y, By) = (w,) € K(E)}. (2.18)

As it has been noted in Section 2.2, an occurrence of w in (Z;) corresponds to an
occurrence of w in (Y%). The following proposition gives the probability law of NN,,.

PROPOSITION 12. (Garcia-Maya and Limnios [2020]). Let {IW¢, W} be a partition
of the state space K (E) such that W := {(w,-) € K(E)} and W°:= K(E) \ W. Let
1 be a column vector of ones with size |IW¢|. Let P, = P|yexwe and S, be the
restrictions respectively, on W¢ x W¢ and W of the transition matrix P and the
initial distribution . Then

0 if no<h—1,

P(Ny, =n) =<{ Bu(P,)" 11 if n=h-—1,
BuwP? I — P,J1 if n > h.

Proof. For n < h — 1 it is obvious. For n = h — 1, let p; = wy, p2s = wyws,...,
Ph_1 = WiW7 - - Wh_1, W = WW1 -+ - Wp_1Wy, be the consecutive prefixes from w; to
w, then

P(Ny=h—=1) = > > > 3" P(pa, 1), (w,up))

Up €l up—1€lp, Uu2€lpy u1€lp,

p((pl,ul), (p2, u2))P(Yo = p1, By = wy),

where the set [, is the set of backward times which corresponds to the prefix p, see
Equation (2.7). Forn > h

P(N, >n) = P((Yi,By) € W ke{0,1,...n})

- ¥ Y P01, Uune1), (G )

(qnsun)EWE (gn—1,un, JEW® (go,uo)EW®

P((qo, uo), (a1, )) (Yo = qo, Bo = uo)

- Z ((0, 1), (qn, un))P(Yo = o, By = u),
(qn,un)EWe® (qo,up)eW
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and therefore

5w(pw)n_11 - 6w(pw)n1
Bu(P)" I — P,]1. &

PROPOSITION 13. (Garcia-Maya and Limnios [2020]). Under the same hypothesis,

as in Proposition 3.9, where f(h — 1) = P(N,, = h — 1). The generating function of
Ny, i.e., G(s) :== E(sV*), for |s] <1 is

G(s) = " f(h— Dlgs1y + 8Bu(sPy)" (I — sP,) (I — P) syl
Proof. By definition of the generating function and Proposition 3.9, we write:

G(s) > PN,

k>h—1

k)s"

ST (h = Dty + Y s*BuPE I — P (2.19)
k>h

Due to the fact that W is a proper subset of the state space K(E) of an irreducible
and aperiodic Markov chain, we write

> (sPy)f = (I —sP,)™"

(2.20)
k>0
see Neuts [1981b].
Therefore
SOEB P - BL = $, P S (PR — Pt
k>h h>0

§Bu(sPu)" NI — sP,) Y (I — Py) 1o 1,

G(s) =

sh_lf(h — Dl + sﬁw(spw)h_l(f — spw)_l(f — Pw)]l{hzl}l. [ |

LEMMA 2. (Garcia-Maya and Limnios [2020]). The n derivate of (I — sP,) holds
the follow property

y (I —sP,)™ =n(I —sP,) " VP, =nP,(I — sP,)~ ",
s
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PROPOSITION 14. (Garcia-Maya and Limnios [2020]). The mean and variance of
N,, are respectively

E(Ny) = (h = 1) f(h = Dlsoy + 8,]Q + hPy %P1 (2.21)
and for h > 3
Var(N,) =2(h—1)f(h—1)+a+b+c+d— (E(Ny,))? (2.22)
where:
a = 20,P.Q%
b = QﬁwaQ]-
c = hﬁwP£Q1
d = R*P)'1
Q (I-P,)"
Proof. Using the generating function of N,, G(s), and Lemma 2, we get

dG(s)
ds

= (h—=1)s"f(h - D1nsa (2.23)

B0 [(I = sPy) ™" + h(sP,)"?](sP)(I — sP,) (I — Py)1,

which yields
dG(s)

ds s=1

=E(Ny) = (h—1)f(h— D)Lz + Bu[( — Pu) " + h(P,)" %] P1.

For the variance of N, the derivate of Equation (2.23) will be computed as follows:

d

=D = 1) = (b= (h =2 (b= Dz, (224

%[(I - Spw)_l + h(spw)h_2] = (] - Spw)_pr + h(h - 2)(Spw>h_3pwﬂ{h23}a (225)
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Then, using Equations (2.25) and (2.26) and simplifying terms, it yields for A > 3

d

ds[(I — sP,)  + h(sP)" P (sPy) (I — sPy) Tt = {2(sPy)(I — sP,)7? (2.27)

+[1+h( P ) NI - st)—l
+(h = 1Dh(sP,)"?}(I — sP,) ' P,.

Therefore, using Equations (2.24) and (2.27) for h > 3:

dzigs) = (h=1(h=2)s"f(h—1) + B {2(sP)(I — sP,)
[1+h( Py)" (I = sPy) ™!
Ll — Dh(sPY2 (I — sB,)"P(I - P)1. (2.28)

Therefore for h > 3,

£G(s) =(h=1)(h=2) f(h=1)+Bu, {25 (I Py) *+[Py+hPy](I—P,) " +(h—1)h P}~ }1.

ds?  ls=1
 (dG(s) 2
s=1 ds ls=1) "’

Var(N,) = (h—1)2f(h—1)+a+b+c+d— (E(N,))?,

Using the expression

d*G(s)

G
ot L 4G(s)

s=1 ds

Var(N,) =

we get for h > 3,

where:

= 2Bwpvi@217
= hB,PLQ1,
h*pPh—11

([ - pw)_l

(QQ.O > R
Il

2.4 A genomic application

The mathematical model proposed in this theses can be implemented in any irre-
ducible semi-Markov chain with finite state space, to show one of its applications, in
this section we present a genomic example.

Let us consider the DNA sequence of bacteriophage. This DNA includes 48502
nucleotides. In this case the genomic alphabet is A = {A,T,G,C} and consider the
pattern w = CCCGGG which is the enzyme Smal. The Smal enzyme is a DNA
cutter. That is, when it finds the 'CCCGGG’ fragment it applies and cuts the DNA
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in the middle of this fragment, i.e., into ’...C’C'C" and 'GGG... .

The semi-Markov kernel is estimated according with Equation (1.40). The probability
that the Smal enzyme appears after k£ nucleotides is observed in figure 2.3. The
random variable N,, counts the numbers of nucleotides before the apparition of the
enzyme and it is defined according with Equation (2.18). The probability function of
N, is denoted f,, (k) := P(N,, = k), this probability is computed using Preposition
3.9.

In figure 2.4 we can observe that the Smal enzyme does not appears frequently in
the DNA. The word occurrence rate for k > 1 is given by the rate function

X(k):{ TR (’f(k))’ Fu(k—1) #0

0, otherwise,

where F, (k) =1 — F,(k) and F, (k) := Zf:o fw(l). Figure 2.5 gives the values for
the distribution function F,, (k). In the continuous time, the rate function takes
values also greater than one, in the discrete-time case it takes values only in the
interval [0, 1]. For this reason, in an other context Roy and Gupta [1992] proposed
another rate function as follows:

r(k) = —In(1 — A(k)). (2.29)

Nevertheless, when A(k) is close to 0, we have obviously

r(k)

In the case of the present example, the values S\(k) are very small, so, Figure 2.4
represents also the function r(k).

I

k).

Considering that DNA sequence has 48502 nucleotides, i.e., it has size M = 48502
and using the expressions:

M
E(T2 - Ly, <ary) = Z k2 fu (k)
k=h—1

where f, (k) :=P(N,, = k) is obtaining according with Proposition 3.9, the expected
value E(N,, - 1{n,<wm}) and the standard deviation o (N, - L, <) are computed.
Hence, we obtain :

E(Ny - Tin,<ay) = 6335.9,
U(Nw']l{Nu,gM}) = 6266.7.
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Considering different lengths for the DNA sequence, i.e., considering different values
for M, the mean value of N, for each M are observed in Figure 2.6. If we take into
account that DNA sequence has infinity length, the mean value of N, is computed
according with Equation (2.21). The variance is computed using Equation (2.22),
therefore for the bacteriophage DNA sequence we have the values:

E(N,) = 6367.6,
o(N,) = 6354.9.

Notice in Figure 2.6, the value E(N,, - 1{n,<umy) reach E(NN,) as M becomes large
enough, as it was expected by the dominated converge theorem. It is worth noticing
that the standard deviation here is high. This is due to the fact that the evolution
of the rate of occurrence of the word is small. After position 9, it becomes geometric,
as we can see in Figure 2.4. According with Geometric distribution with success
probability p, the variance is given by formula

1—p
p?

Var(X) =

Observing that variance grows if p decrease. In our model the rate of occurrence
of the word is tiny, we can see in same Figure 2.4 that after position 9, we have
p= 5\(9) = 1.6 x 10~* which means that the probability to have a success is small,
this gives the big value for the standard deviation.

0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000
Number of nucleotides k
Figure 1: Probability law of Ny

FIGURE 2.3: Probability law of N, i.e., fy,(k) :=P(Ny, = k)
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Figure 2 : Rate of occurrence of the word w

F1GURE 2.4: Rate of occurrence of the word w in the DNA sequence

1

0.9
0.8
0.7
TN 06

~— o5

Qq 0.4

0.3
0.2

0.1

0

0 5000 10 000 15 000 20 000 25000 30 000 35000 40 000 45 000 50 000
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Figure 3 : Cumulative distribution function of N,

FIGURE 2.5: Cumulative distribution function of Ny, i.e., Fy,(k) := P(Ny < k)
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Figure 4 : Expected value of N,

FIGURE 2.6: Expected value of N, for different values of M in the DNA

2.5 Concluding remarks

In this chapter we proposed a new model and algorithm that can be implemented in
real applications to compute the first hitting position (time) of a word (pattern) in
a semi-Markov sequence. Although Chryssaphinou et al. [2008] proposed the only
theoretical model before this work, for words occurrence in discrete time semi-Markov
chains, the Chryssaphinou method’s cannot be implemented because the cardinality
of the state space is huge. It has |A|" x (M — h) elements, where M represents the
length of the semi-Markov chain (Zy), |A| is the alphabet cardinality and h is the
length of the pattern. Notice that, if the values of h and/or M grow, the cardinality
of the state space becomes enormous, this makes difficult the implementation. By
contrast, the model proposed here needs less memory space than the one proposed
by Chryssaphinou et al. [2008]. This model is based on prefixes and its extended
state space, with these assumptions process (Yj, Bx) becomes a Markov chain where
its transition matrix P is easily written. For a word w with length |w| = h and
maximum value for the backward time of a prefix: v = maX{l; :p € E}, we need a
state space of cardinality (h + |A| — 1) x v at most.

Moreover, we proposed results for the (first) position time to w, its law, its mean,
its variance and its generating function. As we can see in Figure 2.6, the value
E(Ny - Ly, <) reach E(N,), as M becomes large enough, as it was expected by
the dominated converge theorem.

It is worth noticing that for words of length one, i.e., a letter, our algorithm recovers
the Markov process (Zx, Bi). Of course, this work (algorithm) could be used for
any irreducible semi-Markov sequence with finite state space and any finite word
(pattern).



Chapter 3

Asymptotic properties of words in
Markov and semi-Markov
sequences

Biomolecules ! have a wide range of sizes and structures and perform a big number
of functions. They play a crucial role in bio-informatics and modern biology. Similar
to the way the order of letters in an alphabet is used to form a word, the order
of nitrogen bases in a DNA sequence forms biomolecules, which in the language of
biology, tells cells to do a specific function. In most cases biomolecules have more
than one form to be encrypted. For instance, restrictions enzymes that cleaves DNA
into fragments are recognized by more than one particular pattern. For instance, the
EcoRI enzyme is recognized by the sequences GAATTC and CTTAAG; the BamHI
enzyme is recognized by the sequences GGATCC and CCTAGG, etc.

In this chapter we compute the average number of times that a biomolecule appears
through the DNA by any of its configurations, in other words, we compute the
average number of times that the elements from a specific set of words VW appear
through a sequence of letters (Z;). Where the sequence of letters (Z) represents the
DNA sequence and the biomolecule is represented by the set of words W. To achieve
our goal we use the strong law of large numbers. We also provide the central limit
theorem for a sequence of patterns. Additionally, we treat the problem of finding a
specific biomolecule by any of its configurations. We also compute which of those
configurations is more probable to occur at first. In other words, we identify the first
hitting time in which the elements from a specific set of words W appear through
a sequence of letters (Z;). To resolve the problem, we consider two cases: DNA is
modeled by an ergodic Markov sequence and DNA is modeled by a semi-Markov

!This chapter develops the content of an article submitted in 2020 put in shape to be inserted in
this thesis.
Garcia-Maya, B.I., Karaliopoulou, M., and Limnios, N. (2020) Asymptotic properties of words in
Markov and semi-Markov sequences.
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chain. Even if Markov sequences model properly sequences of letters, see e.g., Nur
et al. [2009], Wheeler et al. [2012], Jddskinen et al. [2014], etc. The semi-Markov case
is more general, see e.g., Barbu and Limnios [2008], D’Amico et al. [2013], Janssen
[2013]. It considers general probabilities laws on N instead of the geometric only law
in the Markov case.

3.1 The prefix chain of a set of words

In Chapter 2 we presented the prefixes of a single word, in this chapter we shall
introduce the prefixes of a set of words. First we shall consider that the sequence of
letters is modeled by a Markov chain (Xj) after this, we shall give the analogous
results for a semi-Markov chain (Z).

Let us consider a particular set of words taken from A", we shall denote this set by
W. As we can observe in Section 2.1, the set of prefixes for a single word is denoted
by E., see Equation (2.1), therefore the prefixes of a set of words W C AP denoted

by E* is the union E* := = Upew Euw-

Let 0z. . E* x A — E* be a function analogously defined as Equation (2.2), i.e., it
is the longest suffix of ga € E* (concatenation of ¢ € E*and a € A) in the preﬁx set
E*. Observe the following examples for ¢ .

EXAMPLE 5. If A = {a,b,c}, W = {ab,aa} the prefix set is E* = {e,a,ab,aa},
then

dpe(e,a) = dpe(e,b) =€ 0p.(e,c) =

Ofn (a,a): dpe(a,b) =ab  dp.(a, c):

dp(ab,a) = dpe(ab,b) =¢  dp.(ab,c) =
dpe(aa,a) = aa dp.(aa,b) =ab d0p.(aa,c) =

Observe that, for p € E* the set {i € A : 05+ (p,1) = €} has more than one element.
For the same reasons explained in Section 2.1 the prefix ¢ will be tagged according
to the letter which is concatenated to p to results in . After redefining the prefix
we shall introduce the set .%#. Let us consider a set .% which contains the letters in
A that are different from the first letter of any word w = wyws - - - wy, € W, i.e.,

F o ={ie A:i#w, forall w=wwy- - w, € W}. (3.1)
For p € E* and i € A instead of having
dp(pyi) =€

we will have

5E* (pa Z) = &j,
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where i € 7.
Therefore,

E* = (UuewEw) | (Uiese:) (3.2)

is the prefix set of W in which dg- : E* x A — E* is a one to one mapping. Observe
that the partial inverse of dg-, defined in E*, i.e., 05! : E* — A, see Equation(2.4),
it is one-to-one. We can notice that W C A" and W C E*.

From now we shall denote by ¢ the cardinality of E*, i.e., £ := |E*|. Next definition
presents the generalization of Definition 15. It introduces the prefix process of a set
of words W.

DEFINITION 17. The prefix chain of YW embedded in the Markov chain (Xj) and
defined in E*, see Equation (3.2), is denoted by Y* := (Y}*)ren where

yr._ § W if Xy = wy, for some w = wywsy, - - - wy, € W,
0 & if Xg=1 with i € .Z,

and
Yk‘* = (SE* (Yk*_l,Xk), k Z ]_
where .# is defined in Equation (3.1).

PROPOSITION 15. (Nuel [2008]). If the sequence of letters is modeled by a Markov
chain (X}), the prefix process (Y,") defined in E* is a Markov chain too with initial
distribution

a*(wy) if p=w; for some w = wyws -+ wy, €W,
o (p) =P(Yg =p)=4q a'(i) ifp=c, ic€Z,
0 otherwise.

and transition probability matrix

P(p> Q) = P(Yk*—i-l =dq | Yk* :p)a q,p € E*a

where P(X X = 6(p) if 8- (pra)
= . k+1 = @ k=0 "(p I Op=(p,a) =q
P(p.a) = { 0 elsewhere. (33)

Proof. The initial distribution comes from the definition of Y, see Definition 17.
For the transition probability matrix. Consider a prefix p € E* and suppose that
there exists a € A such that dg«(p,a) = ¢, for some ¢ € E*. If p = wywy - - - w_wy;
for 1 <1 < h, then

PYiq=a¢ Y =p) = PXoq1=a | X =wp, Zp—1 = Wiy, .o, Xppgp1 = w1),
P(Xk—f—l =a | Xk = wl). (34)

If p=¢j for j € F, then

PYii=qlYy=p) = PXpp=0a,| Xy =4, Xpm1 =, ., Xggy1 = ),
= P(Xi1 =0a,| X = ). (3.5)
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To denote in general the transition probability, let ¢ = 55} (p) be the partial inverse
of p. Therefore in Equations (3.4) and (3.5) X} = i, thus

PV =¢ 1Y, =p) =PXyp1 =a| Xy =1),

which proves the proposition. Bl
Next Proposition proves that if the sequences of letters (Xj) is an irreducible and
aperiodic Markov chain, then prefix chain (Y}*) has also the same properties.

PROPOSITION 16. If process of letters (Xy) is modeled by an irreducible and
aperiodic Markov chain then the prefix chain (Y}*) described in Definition 17 has the
same properties.

Proof. Let be p,q € E* and i = 6, (p). Suppose Yz = p, m € N. If ¢ = w; or
q = €4, a € F the proof is a direct consequence of the irreducibility of (Xj). If
q = wiws---wy, with 1 <l < h. Let ¢ = wy, g2 = wyws, ..., q = wyws - - - wy, be the
consecutive prefixes from w} to ¢ = wyw, - - -w;. Due to the irreducibility of (Xj),
for w; € A there exist n € N* such that

P(Xogn = wy | X, =4) > 0.
Therefore

P =a | Vo =PV =@ [ YVon =a) PNy =a | Yo =aa) >0

Hence there exist n; = n + £ such that

P(Y;:

m—+ny

=q|Y, =p)>0.

The aperiodicity of (Y}") is a direct consequence of the aperiodicity of (Xj). Let
q = wy, w € W be a prefix formed only by one letter and let d be its period, by the
aperiodicity of (Xy) it is clear that d = 1. Therefore (Y}) is aperiodic. W

By Proposition 16 we have shown that if the sequence of letters is an ergodic Markov
chain then the sequence of prefixes has the same properties. Next Proposition
provides the stationary distribution of the prefix process (Y;*). We can notice that
if P and 7 are the transition probability matrix and the stationary distribution
(respectively) of the process of letters (Xy), i.e.,

P*(i,7) — 7(j), i, €A, n— o0 (3.6)

then, the stationary distribution of the prefix process is a function of the stationary
distribution of the sequence of letters.

PROPOSITION 17. The stationary distribution of prefix process (Y;*) denoted by 7
is a function of the stationary distribution of the sequence of letters (Xj) where
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#p) = § T) it j =67 (p) and [p| = Oor |p| =1,
7(wy)P(wy, we) X -+ X P(w_1,w;) if p=wiwy---w; for 1 <1< h.
(3.7)

¢

Proof: If p is a prefix formed by only one letter or it has not letters, i.e., if p = j,
j €A\ ZF or p=c¢j, je€ F then, the stationary distribution of p is a direct
consequence of the stationary distribution of process (Xj). In the other hand,
if p is formed by more than one letter, i.e., p = wiwy---w; for 1 < [ < h and
P = Wi, P2 = WWa, ..., p = wiWs - - - w; are the consecutive prefixes from p; = w; to
p = wyws - - - wy, then it is clear that the stationary distribution of prefix p is

T(p) = ﬁ'(pl)p<p1;p2) X X P(plA,pz)
= ﬁ(wl)]P(wl,wg) X oo X ]P(wl_l,wl). |

The number of times that the elements from W are repeated in the sequence (Xj)
correspond to the average number of times that the elements from W are repeated
in prefix process (Y,) see Nuel [2008]. This average number is a function of the
transition probability of process (X}) as we can observe in the following proposition.

PROPOSITION 18. For the ergodic Markov chain of prefixes (Y;*) with stationary
distribution 7 (see Equation 3.7), the frequency of words from the set W is

AN as N -
- Z Tivrewy — Z 7t(wy)P(wy, wy) X -+ x Plw_y,w;), n — oo.
k=0 weWw

where w = wywy - - - wy, € A"

Proof: The proof is a direct consequence of the strong law of large numbers for an
ergodic Markov chain, see e.g., Barbu and Limnios [2008]. H

The central limit theorem (CLT), for an ergodic Markov chain, establishes the average
of the sum of its terms tends toward a normal distribution even if the original variables
are not normally distributed, see e.g., Limnios and Oprisan [2001]. The goal of the
following Proposition is to describe the central limit theorem for the prefix process.

PROPOSITION 19. For an ergodic Markov chain (Y}*) with stationary distribution
7, we have

1 — d
ﬁ(ﬁ%ﬂ{YI:GW} —S> %N(O,Ug/\;), n — oo
where

012/\; = Z <7~T<p1)[5p1pi — 7 (pi)]; ""7~T(p|E*‘)[5p\E*\pi N ﬁ(p,)])

piEW

x(22 - 1) (8(), ...,§<pE*|))T.
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such that S =} ), 7(p), S(p) :=1ypewy — S, for p€ E* and Z := (I — P + H)_1

is the fundamental matrix of P and II is defined as follows

Ap) ®(p2) oo Fpim)
I = T@ﬂ w(p2) - T(pe)
w(p1) 7(p2) - 7(pm)

Proof:
For an ergodic Markov chain (Y}*) with stationary distribution 7 by the CLT, we
have

1 n
\/ﬁ(gZﬂ{y]gew} —S) i)N(O,Ug/V), n — oo
k=0

where the variance is expressed by o3, = Sdiag(7)[2Z — I]ST, see Trevezas and
Limnios [2009]. The matrix Z is the fundamental matrix of process (V;*) and it is
defined by Z := (I — P +1I)~", such that I is the identity matrix of size | E*| x | E*|,
P is the transition matrix of process (Yy*). Therefore

~ B w(p1) -+ 0 ) S(p1)
o = (801, S0im) ez-n| :
0 ﬁ-<p\E"‘|> S(p|E*‘)
~ 5 3 g(pl)
= (S(Pl)ﬁ(pl)a e S(p|E*|)7~T<p\E*|)> (22 —1) '~
S(pe+)
) <ﬂ{plew}ﬁ(pl) = D TP)TPL); o Ly ey T (Pie) = D ﬁ(Piﬁ(PE*Q)
piEW DiEW
g<p1
2Z-1 | :
S(py-)
= (Z ﬁ-(plﬂ(splpi - ﬁ<pi)]7 sy Z 77'(]7|E*|)[(5;;“15*‘pi - 77'(]%)])
piEW DiEW
g(pl)
(272 —1I)
S(pii-)
— z:@@M%ﬂ—ﬁmmmﬁ@Wm%mm_ﬂﬁm
DiEW
S(Fl)
2Z-1)]| : u
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Additionally in this chapter we compute the first hitting position in which an element
from W appears in the sequence (Xy). We consider the words w € W like absorbing
states. To achieve this goal we make a partition of the state space E*, such that
E* = Ej U Ef where EY are the prefixes which belong to the set W and £ are the
elements of E* which are different from the set W, i.e., Ef = E* \ W and E} =W,
it is clear that Ef N Ef = . We also decompose the initial distribution o*, see
Proposition 15, where af and «j are the restrictions of the initial distributions in
states £ and £} and receptively. Let (Y3,) be a prefix process defined as the prefix
process (Y;'), see Definition 17, but with transition probability matrix

D POO pOl
R—(O ; ) (3.8)

where ]51-]- is the restiction of P in states E* x E% for 4,5 € {0,1}. Observe that 0 is
the zero matrix of size £} x Ej and [ is the identity matrix of size £} x EY.

The time that process (Y}) has to wait until an element from W arrives is a random
variable and it is defined as follows

T :=inf{k > 0:Y; € W}. (3.9)

We are interested in computing the distribution function of 7" and also the probability
that (Y}) reaches W by a specific element w? € W. Therefore, let us denote the
random variable

W={w e W:Yp=uwl (3.10)

The random variable W takes Ehe value w’ if w’ is the first element from W that
appears in the prefixes chain (Y}). For the bi-dimensional random variable (7', W)
we define its distribution function as

Gj(k) :=P(T <k, W =)

and its law by '
gj(k) =P(T =k, W =u’). (3.11)

Last Equation represents the probability that process (f/k) reaches the set VW at time
k by the element w’ € W. It is easy to observe that for every w’ € W, Equation
(3.11) can be written as

gi(k) =P(Yy, =w’,Y, € Eg;l=0,....k —1).

The following result expresses the probability law and the distribution function of
(T, W).
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PROPOSITION 20. The law and the distribution function of (7', W) for the above
Markov chain (Y%) are

0, o - k<h-1
gi(k) =P(T =k W =w’) =4 a(w )P(pl,pz) P(p_1,m3), k=h—1;
Oé()POO P()lej, k>h—1.
and A ) o
Gj(k) :=P(T < k,W = w’) = ao(I — Poo) (I — Pg,) Pore;, (3.12)

respectively where e; is a column vector of size |Ej| where all its entries are zeros,
except the entry which corresponds to w’ which takes the value one.

Proof. For k < h — 1 is obvious. For k = h — 1 suppose w! = w1w2 w,jL with
wl,wh,--- ,w) € A and let us consider p} := w?, pj := wiw), ..., p) = wlw? cewy
the consecutive prefixes of w’. Therefore

gi(h—1) = P(T=h—-1,W =u’)
= P(Y, —p{,ﬁ—pé,-. Vi1 =pl),
= 5‘(“&) (p{,p%) (ph 1:%)

For k > h — 1, we have

gi(k) = P(T =k,W =uw)
= P(Y,=w,Y,€ Ey;l=0,....k—1),

_ Z Z P(Yy = )P (i, v) Poy (v, w?).

veEy jeEy

Expressing the last equation in matrix form, we have
_ 5 Pk-1p
g](k’) = Q{()POO Pmej.
For the distribution function, we have
k
Gi(k) = Y P(T=1W=u)
1=0
k
_ 5 Pl P
= ZOZQPOO POlej.

=1

The sum of the above series is

Zpéol (I = Poo) (1 = Byy),
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where [ is the identity matrix of size |Ey| X |Ep|, therefore we have

Gj(k?> = ONé()(I - Poo)_l(] - Pé"o).ﬁ’mej. |

Even if Markov processes model properly sequences of symbols. The main drawback
of Markov hypothesis is that they cannot take into account general distributions in
the sojourn time in a state by contrast discrete-time semi-Markov processes generalize
discrete time Markov chains. In semi-Markov processes the distribution function of
the sojourn time in a state can be any one. In next section we shall provide the
analogues properties if the sequence of letters is modeled by a semi-Markov chain.

3.2 Properties of words in Semi-Markov sequences

Similarly to the Markov case we shall embed the prefix chain in a semi-Markov
sequence to present the central limit theorem, the strong law of large numbers and
to compute the first hitting position of the elements in VW through the sequence of
letters.

Consider the sequence of letters is modeled by a semi-Markov chain (Z;). Let (Yy)
be the prefix process defined as in Definition 17 but embedded in the SMC (Zj) i.e.,

N B if Zy = w,for some w = wyws, - --wy € W,
07\ & if Zy=1i with i € .7,

and
Yk = 5E* (Yk—la Zk), k 2 1.

If we use a semi-Markov sequence (Z;) we need to introduce the backward time
process for each prefix, let us denote by (Y, By) this process. In the sequel we shall
introduce the state space of this process.

Consider the prefixes of the set of words W: E*, see Equation (3.2). Let
Ky(E*) :={(p,n):nel}, pel” (3.13)

be the set which represents the prefix p € £ and its backward times where [} is
defined according with Equation (2.7). The set

K(E") = | J K,(E") (3.14)

peEE*

represents all prefixes in E* and their corresponding backward times. Clearly we
have: K,(E*) N K, (E*) = O, if p # q. The set K(E*) is the state space of process
(Y, Bg).
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PROPOSITION 21. (Garcia-Maya et al. [Submitted in 2020]). The process (Y4, Bx)ren
is a Markov chain with state space K(E*). Let us consider p € E*, i = §,!(p) and
a(i) = P(Zy =i). Then the initial distribution of the process (Y, Bg) is

o (wy)Lpyu=oy if p=wy, for some w = wywy---wy, €W
P(YO =Dp, BO = 'Ll,) = a*(l)]]_{uzo} if D = &, = ﬁ)

0 otherwise,

and its transition probabilities are

e Lo =y i i# @, 0=0,

P(Yip1 = ¢, B =v | Yy =p, By = u) = 1;—(“(;31)11{513*(])7(1):,1} if i=a, v=u+1,
0 otherwise,
(3.15)
where 85! (p) is the partial inverse of prefix p, .Z is a set defined as in Equation (3.1)

and 1 4 is the indicator function of A.

Proof. The proof is analogous to the proof in Proposition 10.

To simplify the notation let us denote by P the transition probability matrix of
process (Y, By), i.e

P((q,'U), (p7 U)) = P(YkJrl =D, Bk:+1 =v ‘ Yk =D Bk = U) (316>

and
a(p,u) :==P((Yo, Bo) = (p,u)) (3.17)

its initial distribution.

It has been proved in Proposition 11 that if (Z, B) is an irreducible and aperiodic
Markov chain, then the sequence (Y, By) has the same properties. If 7 is the
stationary distribution of Markov process (Zx, By). Then the stationary distribution
of (Yi, Bi) denoted by 7 is a function of 7, where for m € [

(6~ (p), m) if [p| = 0or |p| = 1;

f(p, m) = ;“elp Zuzflelmq o Zuflp2 Zulelm
P((proy. ). (pw)) -~ P((pr. 1), (pa, ua) m(prwr) i p = 1wy -y,
1<t<h.
(3.18)

If preﬁx p has the expressmn p=wiwsy - -wy, 1 < £ < h then the prefixes p; = w
P2 = w1w2, ...,p = wjw} - - -wy are the consecutive prefixes from p; = w; to

P = wiwsy - - - wp and (pl,ul) (p2, u2), ..., (p,u) are the consecutive couples in E* x [,
suchthatfor1§j§€—1

ws . 0 if W 7é Wij+t1,
AR u; + 1 elsewhere .
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The average number of times that the elements {(p,u) : (p,u) € (W, )} are repeated
through the sequence (Y, By) is a function of the transition probability matrix of
process (Zy, By) as we observe in the following proposition.

PROPOSITION 22. (Garcia-Maya et al. [Submitted in 2020]). For an ergodic Markov
chain (Y, By) with stationary distribution 7 (see Equation 3.18) the average number
of times that the elements from W appear through process (Yy, By) is

%Zﬂ{m,Bk)e(w»} NI D Y Pl wea), (pow)

PEW u€lp u—1€lp;_, u2€lpy u1€lp,

- P((p1,u1), (p2, u2))m(p1, u1),n — oo.

where p; = wq, Py = wWws, ...,p = W = wWyiws - - - Wy, are the consecutive prefixes from
p1 = wy to w = wywy - - - wy,.

Proof: By the strong law of large numbers for an ergodic Markov chain

1 & oo _
- > Wwesoewoy —= > T D W) pueow.)
k=0 (pu)eK(E*)

where
Z T, W) l{puwew,)y = Z 7(p, u)
(pu)EK(E*) (puw)e(W,)

= ZZ Z Z Z ?((pl_l,ul—l)a(pau))

PEW u€lp ui—1€lp,_; u2€lp, ui1€lp,

- P((p1,u1), (p2, u2))m(p1, uy).

The following proposition describes the word frequencies using prefix and backward
process.

PROPOSITION 23. (Garcia-Maya et al. [Submitted in 2020]). For an ergodic Markov
chain (Y}, By) with stationary distribution 7, we have

1 d
ﬁ(ﬁ Z ]l{(Yk,Bk)e(W,-)} — S) — N(O, 0'12/\;), n — 00
k=0

(piui)EW,)

(f(pla ul)[(s(phul)(pi,ui) - ﬁ(ph uz)]a “vﬁ(p\K(E*)\a U\K(E*)|)[(5(p‘K<E*)|,u‘K(E*”)(pi,ui) - ﬁ(pia uz)])

S(p1,u1)
x(2Z —1)

S(Pir () K (B+)])

(3.19)
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such that S(p,u) := Lipwew,y — S and S = Z(p7u)€(w7.) 7(p, u).

Proof: For an ergodic Markov chain (Y, By) with state space K (E*) and stationary
distribution 7 by the CLT, we have

1 - — n— 00 .
‘/ﬁ(g Y Lwseovy — ) Tp, U)) 12 N(0,72),
k=0

(pu)e(Wy)

where o2 = Sdiag(7)[2Z — I]gT such that S(p,u) == Lpuwew,)y — S and
S = Z(p,u)G(W,~) 7(p,u). The matrix Z is the fundamental matrix of process (Y, By)

and it is defined by_7 := (I — P +1I)7%, such that I is the identity “matrix of size
|K(E*)| x |K(E*)|, P is the transition matrix of process (Y, By) and 1T = lim,,_,, P.
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Therefore
ﬁ(pla ul) e O
53\; = (S(th)a ey S(p|K(E*)| UK (E* )\)) '
TPk ()], UK (57)))
S(pla ul
2Z-1)| :
S(pu( U|K E*)|
= (S(pv, u)(pr, w), -, SOy (o) Wi ) VTPlr (50)) UK (5)])
S(p17 ul
(2Z — 1)
S(p|K(E* y WK (E*)]
= ]1{(p17u1) e(w )}ﬂ-(plvul) (pzauz) (pbul)"'-a
(piui)e(W,-)
Loy secem e VN TP (B Wi (en) = D (D w) T (Pl ()]s Ui (1))
(pi,us)e(W,-)
g(pla ul)
2Z-1) | :

S(pik (B, Ui (E))

= Z %(pb Ul)[(s(phm)(pi,uz’) - f(p,-, uz)]v P

(pisui)EW,)

> i WK ED O i o) o) — TP )]
(pi,u;)e(W,")
§(pla ul)

(22 —1)

- ¥

(Piui) EW,)

S(pix (o) Wk ()

(7(P1= W) 0o ) i) = T(Pis )], o, TP ()]s W () DO ey s oy ) — TPy )
g(pla ul)

22-1)| : N
S(pir ), vk (ze))
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Let (Yk, By,) be a process defined as process (Y}, By) but with transition probability
matrix R where

b L op. =gy M i F 0, V=0,

B B B 117(1?—5)]1{519*(1)@):(1} if 1= a, v=u-+ 1,
R=P(Ygt1 =q¢,Bry1 =v | Y =p, B =u) = q#p
if p=gq
otherwise.

(3.20)
The time that process (Y}, By) has to wait until an element from W arrives is a random
variable and it is defined as follows

S =

=inf{k > 0: (Y, By) € W, )} (3.21)

We are interested in computing the distribution function of T and also the probability that
(Yk., By,) reaches (W, -) by a specific element w’ € W. Therefore, let us denote the random
variable

We={w eW:Yr=uwl,B, =} (3.22)

The random variable W takes the value w? if w? is the first element from W that appears
in the chain (Yy, By,). To provide the distribution function of (7', W) we shall decompose
the state space K(E*) according with states Ko and K where Ko := {(Yk, By) € K(E*):
Yy ¢ WY and K := {(Yy, Br) € K(E*) : Y}, € W}. We shall consider R the transition
probability matrix of process (Yk, By,), where R is defined as follows

u+1 . .
1_( (( ))]1{513*(1) a)=q} if i £ a, v=0,
~ ~ ~ W’L(u))ﬂ{éE*(pva):q} lf T1=a, V=1 _|_ 1
R=P(Yr41 =¢,Bpr1=v| Yy =p,Br =u) = e
L b=4q
0 otherwise.
(3.23)

PROPOSITION 24. The law and the distribution function of (T, W) for the Markov chain
(Y, By) are:

g;(k) = P(T=FkW=u
0, k<h-—1;
= a(wivo)?((pilvul)a(pévu2))"'?((pﬁz—l?uh*l)a(p;'z’uh)’ k=h-1
a()?galpolei, k>h-—1;

therefore its distribution function is
Gi(k) =P(T < k,W = w') = @y(I — Poo) (I — Ply)Proe;, (3.24)

where ¢e; is a column vector of size |K7| where all its entries are zeros, except the entry
which corresponds to w® which takes the value one.

Proof. For k < h — 1 it is obvious. For k = h —1, let Pt o= wl, ph = wiwd, '
Dj_q = wiwy - wp_q, pj, = w' = wijw] - - - wj,_,w; be the consecutive prefixes from wj to
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w', then

Gik=h—-1) = P(T=h-1,W =u)
= P(Yo = pi, Bo = 0)P(Y1 = pj, B1 = uz | Yo = pi, By = 0),
- P(Yp—1 =P}y, Bh1 = up | Ya—2 = ply_1, B2 = up_1)
= a(w], OR((p},0), (P, u2)) - R((Ph—1, un-1), (Ph, un)),

where for 1 < j < h — 1, ujy;1 are the elements in l; such that for p} = wli . w; and
p§'+1 :w’i---wj-ﬂ we have

s — 0 ifw;.#wjﬂ
AEE uj +1 elsewhere .

For k > h — 1, we have

gi(k) = P(T =k W =u) (3.25)
= P(Y, = w’, By = - such that (Y;, B)) € Ko;1 =0, ...,k — 1),

= > > P(Yo=p,Bo = u)

uhel;j (pl,_ 1, un—1)€Ko (psuo)EKo
XIRIS()_l((pa u0)7 (P?L_l, uh*l))ROl((piL_l, uh71)7 (w37 uh))

Expressing the last equation in matrix form, we have

gj(k:) = d0R861R016j.
For the distribution function, we have

k
Gi(k) = Y P(T=1W=u)
=0

k

_ AR R e

= @0Rgp H01€5-
1=1

The sum of the above series is
k ~ ~ ~
D Ri' = (I —Roo) (I — Reyp),
=1
where I is the identity matrix of size |Ky| x |Ky|, therefore we have
éj(k') = do(] - Iﬁoo)_l(l - IRISO)IR(HGJ'. |
3.3 Example

To show one of the implementations of the proposed model, in this section we present a
genomic example where DNA is modeled by a Markov and semi-Markov process and we
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present the number of times that the word C'G is repeated through the DNA sequence.
We also searched the enzyme Smal by its two possible configurations.

Let us consider a bacteriophage DNA sequence. The genomic alphabet is A = {A,T,G,C}
where the letters A, T, G, C represent the nucleotides adenine, thymine, guanine and
cytosine respectively. In this application, we count the average number of times that
the word CG is repeated through the DNA. For this word in the Markov case the main
and variance computed according with Propositions 18 and 19 are 0.0869 and 0.0709
respectively. The analogous results for the semi-Markov case according with Propositions
22 and 23 are 0.0500723 and 0.052394. Additionally we search the Smal enzyme by any of
its two configuration, i.e., 'CCCGGG’ and 'GGGCCC". Considering DNA is modeled by
a Markov chain, the distribution function of the first hitting position of the Smal enzyme
is computing using Equation (3.12). In figure 3.1 we can observe the results for both words.
Similarly, we also consider DNA sequence is modeled by a semi-Markov chain. Under
this hypothesis the distribution function of the first hitting position of the Smal enzyme
is computing using Equation (3.24). In figure 3.2 we can observe which pattern of the
enzyme is more probable to appear at first under the semi-Markov hypothesis. Analyzing
figures 3.1 and 3.2 we can observe that the configuration CCCGGG has a big probability
to appear at first time even if DNA is modeled by Markov or semi-Markov chain.

Enzyme Smal Markov

+ Finding Smal by W_1=CCCGGG. |
0.8 «——— Finding Smal by W_2=GGGCCC.

>ff 0.5

0 10000 20000 30000 40000 50000 60000 70000 80000 90000 100000 110000 120000

Time k

F1cURE 3.1: Probability to reach Smal by any of its configuration under Markov
hypothesis
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Enzyme Smal semi-Markov

+ Finding Smal by W_1=CCCGGG
0.55 -+ Finding Smal by W_2=GGGCCC

0
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000 24000 26000 28000 30000

Time k

FIGURE 3.2: Probability to reach Smal by any of its configuration under semi-
Markov hypothesis

3.4 Concluding remarks

In this chapter we count the number of times that the elements from a set VW are repeated
through the DNA, i.e., we provide the strong law of large numbers for a set W. We
considered two possibilities to model DNA sequences. We consider DNA is modeled by
an ergodic Markov sequence and DNA is modeled by a semi-Markov chain. For both
hypothesis the Central Limit Theorem has been presented. The results that appear in
the semi-Markov case can be deduced to the results in the Markov case when we have a
geometric distribution. We also computed the first hitting position of the elements from the
set of words W through the DNA sequence. To show one of its applications we computed
the first hitting position of an enzyme through a DNA sequence.






Chapter 4

Phase-type Semi-Markov
Distributions and Competing
Risks

We present ! here competing risks models within a semi-Markov process framework via the
semi-Markov phase-type distribution. We consider semi-Markov processes in continuous
and discrete time with a finite number of transient states and a finite number of absorbing
states. Each absorbing state represents a failure mode (in reliability of a system) or a
cause of death of an individual (in survival analysis). We express the probability a failure
occurs at a certain time due to a unique cause. This is an extension of the continuous-time
Markov competing risks model presented in Lindqvist and Kjglen [2018]. We give the joint
distribution of the lifetime and the failure cause via the transition function of semi-Markov
process in continuous and discrete-time cases. Some examples are given for illustration.

4.1 Introduction

In competing risks there are two random variables of interest T is the time to failure, and C
is the cause of failure, see, e.g., Crowder [2001], Aalen [1995], Lindqvist and Kjglen [2018].
For instance, we can consider that a person could die for different causes, lung cancer,
heart attack, HIV, etc. If we are interested in knowing the time to death and the cause of
death, the model therefore has to include more than one absorbing state (failure state), see
e.g., Crowder [2001],Crowder [2012]. Thus, if the interest is focused on a specific cause of
failure in presence of different causes, we are in the case of a competing risks models. In
engineering, competing risks refer to the lifetime of a machine and its cause of breakdown.
For instance, if we consider a car, it can stop working because of electrical problems, dead
battery, malfunctioning sensors, etc. The idea of competing risks is to model a process

!This chapter develops the content of an article submitted in 2020 put in shape to be inserted in
this thesis.
Garcia-Maya, B.I., Limnios, and N., Lindqvist, B. (2019). Competing Risks Modeling by Extended
Phase-type Semi-Markov Distributions.
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where the system is exposed to several causes of failure and its eventual failure is attributed
exactly to only one of them.

A natural extension of (Markov) phase-type distribution (Ph-distribution), see, e.g., Neuts
[1981a], Aalen [1995], Asmussen and O’Cinneide [2006], is the semi-Markov Ph-distribution
in continuous or discrete-time. See, e.g., Limnios [2012a], where the Ph-distribution is
defined in semi-Markov processes for both continuous and discrete time. The aim here
is to extend semi-Markov processes to competing risks models (see, e.g., Crowder [2001],
Beyersmann et al. [2011], Crowder [2012]).

4.2 Semi-Markov process and extended ph-type
distributions

Let us consider a semi-Markov process Z = (Z)ren with state space E = {1,2,...,r + 1},
where states Ey := {1,2,...,7} are the transient states and state {r + 1} is an absorbing
state. Let (Jy, Sn),n > 0, be the (embedded) Markov Renewal Process (MRP) of Z. Let
i,7 be two elements of E. Then the semi-Markov kernel Q(t) is defined as follows,

Qij(t) = ]P)(JnJrl =7, Sn+1 — S, <t ’ Jn = i), n>0,teR;,. (41)

Let a be the initial distribution of the semi-Markov process Z, i.e., a(i) := P(Zy =
Z) = ]P(J() = i), 1 € E. Let Pij(t) = P(Zt =7 ’ Zy = i), for 7 € Ey, j € FE be the
transition function of the semi-Markov (Zj). Of course, we have P,41,;(t) =0, j € Ep and
Pr1y41(t) =1, for t > 0, see section 1.2.

Consider now a partition of the semi-Markov kernel and the initial law, following sets Ejq
and {r + 1}, as follows:

Q(t) = [ leOX(f) OL(t) } (4.2)

and a = (g, 0), where o is the sub-vector corresponding to transient states Ey. The
matrix Qo(t) is the restriction of the semi-Markov kernel over the transient states Ey x Ej,
an 7 X r matrix function, and L(¢) is an r x 1 column vector function.

Consider also the matrix

— Ho(t) 0
H := — 4.
[ 0 H(t) ] (43)
where Hy(t) := diag(H;(t),i = 1,...,7) is the restriction of the sojourn times survival

functions on thitransient states, i.e., H;(t) :=1 — > jer Qij(t) and
Hi(t) := diag(H;(t),i =7+ 1,...,7 + m) is the restriction of the sojourn times survival
functions on the absorbing states.

The closed form solution of a semi-Markov phase-type distribution, say F' on [0, 00), is (see,
e.g., TLimnios [2012a]),

F(t) =1 - F(t) = ao(I — Qo))" » Hot) (4.4)
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where [ is the identity matrix for ¢ > 0, and the zero matrix for ¢t < 0, and
(I - Qo(t))(_l) = ano Qén) (t) where Qén) is the n-fold convolution of Qg (see, e.g., 7),
ie.,
0i71(1>0 n=0
Qo (1) = { Qo) 1 n=1 (4.5)
t e
> ker Jo Qoik(dS)Q[);gj Jt—s) n>2.

For the non singularity of this matrix see Section 4.3.

It is worth noticing here that the semi-Markov Ph-distributions on [0, o), given by (4.4),
is a dense class for the weak topology, in the set of all probability distributions on [0, c0),
since this class includes as a particular case the dense class of Markov Ph-distributions
(e.g., Neuts [1981a]).

4.3 Semi-Markov process and competing risks

In this section we are going to extend the semi-Markov Ph-distributions to the competing
risks setting, as it has been done for the Markov case by Lindqvist and Kjglen [2018].
Let us consider a continuous-time semi-Markov process (Z;,t € R, ), with state space
E = {1,2,...,7 + 1}, where states Ey := {1,2,...,7} are the transient states and state
{r+1} is an absorbing state and initial distribution a. We shall decompose the state space
E in transient Ey (good performance states) and absorbing states F; (failures states), i.e.,
FE = EyU F;. We shall consider r > 1 transient states and m > 2 absorbing states. Under
these conditions, we shall give the main results for the extended semi-Markov continuous
time Ph-distribution. The time that the process has to wait until it arrives to a failure
state (an absorbing state) is a random variable. It is known as time to absorption T. We

define this time as follows,
T:= inf{k: >0: Zk (S El}. (46)

The lifetime T and the cause of failure, C', with values in the set {1,...,m}, depend on Z;.
More precisely, we have {T < ¢,C = j} = {Z; = r + j}. This is the key relation of the
connection between competing risks and the extended Semi-Markov Ph-distributions.

Consider now the partition of the semi-Markov kernel (), and the initial law, in this new
situation following the partition Ey, Fq of E, as follows:

o) - [ Qo) L(1) } (47)

0m><r 0m><m

and a = («ap, 1), notice that, in this particular case «; is the zero vector of dimension
1 x 7. The function L(¢) is now an r X m matrix.

Consider also the diagonal matrix H(t) := diag(H;(t),i = 1,...,r) and Hy(t) = 0, so
H1(t) = I the identity matrix, for ¢t > 0, and 0,,x., otherwise.
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PROPOSITION 25. (Limnios and Oprisan [2001]). For an absorbing semi-Markov process
as described above, the transition function is given by

— oD LT — 0D &
iy = [ (L= QT (-0 e Ly

Proof. For any fixed ¢ > 0, the matrix Qo(t) is sub-stochastic, i.e., there is at least an
index i € Ey such that 3, p Qo(i,7) < 1. So, (Qo(t))" goes to zero, as n goes to infinity
(see, e.g., Theorem 3.65 in Girardin and Limnios [2018]). But, from Lebesgue-Stieltjes
integral and Equation (4.5) we have Q(()") (t) < (Qo(t)™, so Q(()n) (t) goes to zero, as n goes
to infinity. Consequently, the matrix I — Qo(¢) is non-singular.

The transition function P(t) of the semi-Markov process satisfies the following Markov
renewal equation (see, e.g., ?)

P(t) = H(t) + Q= P(t),

where H (t) is defined as in Equation (4.3). Now, for the same reasons as previously, the
matrix I — Q(t) is non singular for any fixed ¢ in the interior of the support of @, and then
via the convolution algebra, we get

P(t) = (I-Q)"V «H().

Let us consider the inversion formula of a bloc matrix, (see Lu and Shiou [2002]), i.e., in
case where A and D are square and non singular matrices, we have

A B\ ' [ Al —AlBD!
0 D L0 D! '
Now, from the partition of the semi-Markov kernel matrix (4.2), and that of the diagonal

matrix H(t), and the non singularity of (I — Qo)(t) and I(t) for any t > 0, and the linearity
of the convolution operation, we get, straightforwardly, the desired results.

Then the probability that the absorbing state is the state j € Fj, starting from a state
i € Ey, is given by the (i, j) entry of the matrix (I — Qo)™ % L(t). B

Let us denote the distribution function of (T, C) (i.e. the cumulative incidence function) by
Fij(t) :=P;(T <t,C = j) and the corresponding failure rate A;;(t), for initial state i € Ey,
and cause j € Fy, conditional on survival up to time ¢, (which is the cause-specific hazard
in the competing risks terminology,)

Pi(t<T<t+hC=j|T>t
Nij(t) = lim (t<Ts< +h0 ilT>

It is worth noticing here that for fixed i € Ey, j € E1, F;;(t) is a sub-distribution function.

Let us define the matrix functions F(t) := (F;;(t);¢ € Ep,j € E1) and

A(t) == (Nij(t);i € Eo, j € En).

PROPOSITION 26. (Limnios and Oprisan [2001]). Suppose that the entries of the matrix
function L, in the semi-Markov (cumulative) kernel (4.2), have Radon-Nikodym derivatives.
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Then the distribution function matrix F(¢) and the conditional, on survival up to time ¢,
failure rate matrix A\(t), are given by

F(t) = (I = Qo) ™" = L(1)

and
ei(I = Qo) ™Y+ ((j)
BZ(I — Qo)(fl) * Ho(t)lr’
where ¢(t) := L'(t), the pointwise derivatives of L with respect to ¢ and
e; = (0,...,0,1,0,...,0) with 1 in the i-th entry.

Aij(t) =

REMARK. In the case when we consider a general initial distribution cg on Fyp, then the
above formula can be written as F;(t) := P(T < t,C = j) = ao(I — Qo) ™Y * L(j) and

< = _ (-1) .
Mit) = lim DS TSR C=j1T>0  aoll = Qo) 1+ j)
hl0 h ao(I — Qo)(‘l) « Ho(t)1,

Proof. We have Fj(t) :== P(T < t,C = j) = P(Z; = j). So, by Proposition 1, we get
F(t) = apPi2(t), and the result follows.

Let us now consider the probabilities R, = P;i(Z1 = r + k) = P;(C = k), for starting in
state i € Fy and being absorbed in state k = 1, ..., m, and define the matrix
R:=(Ry;i=1,...,m;k=1,...,m). Consider also the transition probability matrix P of
the embedded Markov chain (J,,) of the semi-Markov process (Z;) (see, e.g., 7) and its
partition following sets Ey, E1, i.e.,

) Py
P‘[omw 1 }

PROPOSITION 27. (Limnios and Oprigan [2001]). We have

R=(I—-P)'P.

Proof. Since this probability depends only on the transition probabilities of the embedded
Markov chain, the proof of the result is straightforward by Markov chain theory (see, e.g.,
Girardin and Limnios [2018]).

Examples in continuous time Let us consider a four states semi-Markov process, i.e.,
let £ =1{1,2,3,4}, where states 1,2 are transient and states 3,4 are absorbing states, i.e.,
Ep ={1,2} and E; = {3,4}. The semi-Markov kernel of this process is Q(t),

0 Qu2(t) Qu3(t) 0
Qt) = Q2(1)(7f) 8 8 Q2E1)(t)

0 0 0 0

with the following blocks of its partition:

@ = gu 43" 10

[ Qus(t) 0
0 Qa4(t) |-
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Now we have the following block matrix of the transition function

— (I — 0D « — M % Qu3(t) Q12 * Q24(1)
Pio(t) = (I - Qo) ™V L(t) = M Q21 * Q13(1) Q24(t)

where M(t) := (1 — Qa1 * Q13) "D (t) = 1+ 3222 (Qa1 * Q13))(¢). This is a usual renewal
type function.

So, we have
Fi(t) = apPia(t)er = a(1)M x Q13(t) + a(2)M x Qa1 * Q13(t)

and
Fg(t) = Ot()Plg(t)el = Oé(l)M * ng * Q24(t) + a(Q)M * Q24(t).

The primes here mean derivatives with respect to .

We also calculate the cause specific failure rates \;(t), for j = 1,2, as follows:

A (1) a(1)M % Qi5(t) + a(2)M * Qo1 % Q'5(t)

T M [(1)Q13 * Hi(t) + a(1)Q12 * QaaHo(t) + a(2)Q12 * Quz * H1(t) + a(2)Qa4 x Ha(t)]

A2(t) a(1)M * Q12 * Q24(t) + a(2) M * Q24(t)’

T M [a(1)Qus * Hi(t) + a(1)Qrz * QaaHa(t) + a(2)Quz * Qus * Hi(t) + o(2)Qaa * Ha(h)]
where Hy(t) = 1 — (Q12(t) + Q13(t)) and Ha(t) = 1 — (Q21(¢) + Q24(t)), for t > 0, and
a(i) :=P(Zy=1), fori=1,2.

Finally, the matrix R is

R= (1 props)-! [ P13 Pr2paa ]
p21 P24

where p;j := Q;j(00), for 4, j € Ey and p;j := 6;; for i,j € Ey (Kronecker’s §).

It is worth noticing that from pis + p13 = 1 and po; + peq4 = 1, we can see that R is a
stochastic matrix.

4.4 The discrete-time competing risk

Discrete-time semi-Markov setting. Let (Zy), k € N be a semi-Markov discrete-time process,
i.e., a semi-Markov chain (SMC) with state space E, and (J,, Sy,),n € N, its embedded
Markov renewal chain, see section 1.2.

We shall make the same considerations for the semi-Markov chain (Zj)ren as in continuous
time, i.e., we shall decompose the state space in transient (good performance states) and
absorbing states (failures states), i.e., £ = Ey U Ej. We shall consider » > 1 transient
states and m > 2 absorbing states. We shall also make a partition the semi-Markov kernel
following the states Fy and Eq, i.e.,

a(k) = < go(k) gl(k) ) . (4.8)
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Observe that the first zero in the second line is the m X r zero matrix and the second one
is the m x m matrix; go(k) and ¢ (k) are the restriction of ¢(k) on Ey x Ey and Ey x E;
respectively. The next proposition gives the main result for the extended Semi-Markov
Ph-distribution in discrete time.

PROPOSITION 28. (Garcia-Maya et al. [Submitted in 2020]). For a semi-Markov discrete-
time process (Zx), k € N with state space E and initial distribution « as described
above,

. 0, k= 0;
G0 =FT=6C=)={ 0 e ket
Therefore N
Gj(k) =P(T <k, C=5)=> aoll —q)"Vxq(l)e,
=0

where e; is a column vector of size |Ei| where all its coordinates are zero except the
coordinate which correspond to state j.

Proof: Set

gij(k) = P1<T =k, C :j), 1€ Fy,j+re k.

Obviously, we have:

gi(k) = cigij(k). (4.9)

i€Fp

Now, we can write:

= Pi(i=r+5S =K+ > Y P(T=FkZ=j5=1J=p).
I<k—1p€Ey
Then: i
gij (k) = Girri () + D > aip(Degps(k —1). (4.10)
=0 pEeEy

This is a discrete-time Markov renewal equation which in matrix form gives:

g(k) = q1(k) + qo * g(k).

Its solution is
g(k) = (I — q0) "V % qu (k) (4.11)

see e.g., Barbu and Limnios [2008]. Equation (4.11) combined with Equation (4.9) gives
the desired result. W

Examples in discrete time

We present an example of semi-Markov chain with two absorbing states, i.e., we consider
two causes of failure. For these examples the state space is E = {1,2,3,4}, with up states:
1 and 2; and down states: 3 and 4, i.e., the first cause of failure is the state 3, and the
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second cause of failure is the state 4.

As it was mentioned in the previous sections, for a Markov process in discrete time, the
sojourn time in a state, see Equation (1.14), always has geometric distribution on N* i.e.,
for all i,j € F,

fi5(0) :=0
and
fij(k) :==p(L—p)* ', pel0,1],k>1

In a semi-Markov chain, f;;(k) could be any distribution. In this example every f;;(-) is a
discrete-time Weibull distribution, i.e.,

fij(k) == Waipj(k)

where

Wap(0) :=0

and \ \
Wap(k) = ab=D" _ b k>1.

see Nakagawa and Osaki [1975]. For this particular example

0 pi2fi2(k) pisfis(k) prafia(k)
k) O 0 k
a(k) = (k) oy oy = | 2220 0 pubu®) | e,
0 0 0 0

where p;j :=P(Jp41 =J | Jn =1), 1,5 € E, n € N. In the next figure we show the extended
Phase-type distribution of the random pair (T, C) for a semi-Markov chain. In figure 4.1,
the system is modeled by a semi-Markov discrete-time process. In the figure we can observe
that the process enter to the absorbing state three (first cause of failure) and, the absorbing
state four (second cause of failure).
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Extended phase-type distribution for a semi-Markov chain

+ Absorbing state three, (C=1).
Absorbing state four, (C=2).
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FIGURE 4.1: Probability of absorption before time k for states 3 and 4 for a
semi-Markov chain

4.5 Concluding remarks

We have presented competing risks models for semi-Markov process in discrete and contin-
uous time via phase-type distributions. We considered stochastic systems which always
start in a functional state and for which there are a finite number of absorbing states. Each
absorbing state may represents a failure mode in reliability applications and a cause of
death of an individual in survival analysis. We derived expressions for the probability that
failures occur at a certain time due to a given cause. We also gave the joint distribution of
the lifetime and the cause of failure. In further work we aim at using the model as a basis
for statistical estimation problems under semi-Markov assumptions.






Chapter 5

Using semi-Markov chains to solve
semi-Markov processes

5.1 Introduction

Even though SMCs and SMPs ! model properly a vast quantity of real problems most of
them requires the Markov renewal equation (MRE) to be solved. The MRE finds applica-
tions in many areas of applied probability including reliability, queueing systems, inventory
management, risk theory and decision analysis, see e.g., Hou et al. [2017], Asmussen et al.
[2016], Dhulipala and Flint [2020],Wang [2017], etc. When the Markov renewal equation
(MRE) is required in the solution of these problems, the semi-Markov hypothesis generates
some difficulties. This is due to the Markov renewal equation is a function of convolutions
products. The convolution of a function is a recursive method that demands a big com-
putational memory to be implemented and even more in continuous time semi-Markov
process. In a discrete-time semi-Markov process the Markov renewal function is expressed
as a finite series of the semi-Markov kernel convolution product, instead in the continuous
case, it is expressed in terms of an infinite series. This give an important advantage to
discrete-time semi-Markov processes in numerical calculus.

A number of methods have studied the discretization of the MRE. For instance, in Barbu
et al. [2004] the authors proposed a computation procedure for solving the corresponding
Markov renewal equation, necessary for reliability measurements. In Barbu and Limnios
[2006] the authors obtained empirical estimators for the semi-Markov kernel and the
semi-Markov transition function, which allows to present a discretization of then MRE. In
Elkins and Wortman [2001] it was developed tight bounds and an algorithm to compute
the Markov renewal kernel. Knowledge of the kernel allows to solve Markov renewal
equations numerically. In Li and Luo [2005] upper and lower bounds are studied for the
solutions of Markov renewal equations. These bounds are applied to a shock model and an

!This chapter develops the content of an article submitted in 2020 put in shape to be inserted in
this thesis.
Wu, B., Garcia-Maya, B.1., and Limnios, N., (2020). Using semi-Markov chains to solve semi-Markov
processes.
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age-dependent branching process under Markovian environment, etc.

The main idea in this chapter is to use SMCs to handle SMPs, whith this idea MRE can
be expressed as a finite series of semi-Markov kernel convolution product, instead of an
infinite series in SMPs. This good property of SMCs facilitates the computational cost
making possible the implementation of the theoretical models. In order to illustrate our
method, we present an example concerning cyber-attacks where it is evaluated the system
availability.

We want to emphasize that this model and all mathematical results shown in this chapter
were taken from the article Wu et al. [Submitted in 2020].

5.2 Continuous-time MRE solution given by discrete-
time method

In this section we shall present an algorithm which computes the MRE of SMPs, see
Equation (1.6). To achieve our goal first we shall present a discretization of the semi-
Markov kernel.

For a given SMP Z(t) with continuous semi-Markov kernel Q(t) and state space E :=
{1,2,...,s}, we define an SMC Zj(k), where k € N and h > 0, such that the semi-Markov
kernel gy (k) is given by the equation

an(k) := Q(kh) — Q((k —1)h) for k >1, and q(0):=0.

Then, the transition function matrix of the SMP, denoted by P(t), which satisfies Equation
(1.8), has an approximate solution

Pp(k) =« (I —Hy)(k), keN, (5.1)
where 1);, can be calculated by Equation (1.6) based on qp.

In the remainder of this chapter, let h denote the step size of discretization. Note that
the matrix functions which refer to SMC Zp, (k) are denoted with index h, for example,
P},. Instead, matrix functions which refer to SMP Z(t) are denoted without index h, for
example, P.

Let us denote the matrix norm by || - ||, defined as

I ANGk) = max [ 4 (5)],

)

where A is a matrix-valued function. Consider now the function A;;(¢) defined on Mg(N)
such that A;;(t) =0 for all 4,j € F and t < 0, and define the following norm on [0, ¢]:

AJ[(#) = sup [[Al(w).
0<u<t
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Now the continuous-time semi-Markov kernel Q(t) can be approximated by Qp (), which
is defined by

Qu(t) = Qu(k —1)

when (k — 1)h <t < kh. Meanwhile, the transition function matrix of the SMP P(t) can
be correspondingly approximated by Pjy(t), which is stated in the following proposition.

PROPOSITION 29. (Wu et al. [Submitted in 2020]). If for any fixed ¢t > 0, kh — ¢ as
k — oo (h | 0), then )
|Pr—P|[(t) =0, as hlO.

Proof. The cumulative semi-Markov kernel for the SMC Zj,(k) is given by

Qu(k) = > an(l) = Q(kh),

<k

which implies that the cumulative distribution function of the sojourn time for the SMC
Zp(k) can be written as
H; (k) = H(kh).

If we consider a bounded matrix A of dimensions s X s and its corresponding pointwise
discrete version Ay, we get easily that

an * Ap(k) = Q « A(kh). (5.2)
And then, for any n > 1, we get, by induction from Equation (5.2), that
a,” (k) = Q) (kh),

which follows that, for any k£ € N,

Yy (k) = b (kh).

Further, we have
Py (k) = b, + (1— Hy) (k) = 9 » (1 — H)(bh) = P(kh).
And then, if kh — t as k — oo (h | 0), we get by continuity that 1 x (I — H)(kh) —
1 * (I — H)(t), namely,
Pn(k) = P(t) as k—oo (h]0),
element-wise, and then

max ].Bh;ij(t) — Pij(t) = max |Ph;ij(k — 1) — PZ](t)| — 0, as h \L 0. H
i,jEE i€l

In the following, two useful propositions are presented for bounding the error for the
transition function matrix due to discretization.
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Let us define

O = ax h(k),

= m Lo
{i,jeE} {k:kh<t} K

where qp (k) = [qzhj(k)] Obviously, when k — oo or h — 0, 5 — 0.

Recall that Qy(t) = Qu(k — 1) when (k — 1)k < t < kh, which is an extension of the
discrete-time semi-Markov kernel to the continuous-time case. Based on Proposition 4.3
in Limnios and Oprisan (2012), we can obtain the distance between transition function
matrices based on semi-Markov kernels Qy,(¢) and Q(t) in the following proposition.
PROPOSITION 30. (Wu et al. [Submitted in 2020]). The distance between transition
function matrices, Py (t) and P(t), verifies the following inequality

\Hf’h - PH((t) < min{x(Qx, Q) (1), K(Q, Qr) ()},

where

R(Qn Q) = 82 [ (8) - ||| Qi — Q|| 1) - llwll () +1).

Moreover, we have the following proposition which can avoid the inverse in the convolution
seance.

PROPOSITION 31. (Wu et al. [Submitted in 2020]). If for a fixed time ¢ > 0, the matrices
(I —Py(t)) and (I — P(t)) are non-singular, then

B~ P[0 < minr@i. @) M@ @)
where

MQn, Q)(t) = 0y - s> - max(I — Q)] (i, ) - (2max[T — Qu(t)]~'(i,) +1).

1,] 2¥)

Meanwhile, let us denote by Py, ; the probability distribution of the SMC Z;, and P; the
probability distribution of the SMP Z, conditional on starting from state ¢ € E. According
to Karr’s theorem (Karr 1975) (see also Limnios and Oprisan 2012), we get the following
result.

PROPOSITION 32. (Wu et al. [Submitted in 2020]). For any i € E, the following weak
convergence holds true
Ph,i =P, as hlO.

In the following subsection, we shall give some numerical examples to illustrate our proposed
model.

5.3 Numerical examples in reliability problem

In order to illustrate our mathematical model, we consider a reliability application where it
is analyzed the sequential cyber-attacks that was explored in Liu et al. [2019]. In this last
article it was explored the Trojan attacks. A Trojan horse or Trojan is a type of malware
that is often disguised as legitimate software. Trojans are employed by hackers trying to
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get access to users’ systems. The trojan attacks were designed to commit crimes one of the
most important of them is stealing identity. The way trojan horses operate is by tricking
cyber users. Users are typically tricked by some form of social networks into loading and
executing Trojans on their systems. We might think we have received an email from some-
one we know and we click on what looks like a legitimate attachment. But we have been
tricked. Once activated, Trojans cyber-criminals can get access to the computational system.

A system which is exposed to Trojan attack is assumed to evolve according to an homoge-
neous SMP with four states, which are

e state 0: when systems work normally.
e state 1: when users receive Trojan virus links.
e state 2: when malicious links are clicked.

e state 3: when users make payment according to links.

The state transition diagram is illustrated by Figure 5.1.

Clean Acquisition Infection
State 0 State 1 State 2
‘ 0,(1) ! ' >

FIGURE 5.1: State transition diagram of systems subject to Trojan attacks

Hence, the system works when it is in states 0, 1 and 2, and fails due to the completed
fraud in state 3. The initial distribution is assumed tobeax=(1 0 0 0 ).

We aim to calculate the instantaneous availability A(¢) of the system. The instantaneous
availability of a system S at time t € Ry is the probability that the system is in an
operational state at time ¢ (independently that the system has fail or not in [0,¢)). To
compute the availability of the system the state space is partitioned in two groups of states:
the operational or functional states, i.e., the up states which will be denoted by the letter
U and the failure states, i.e., the down states which will be denoted by the letter D. For
this particular example the up states is U = {0,1,2} and the down states are D = {3}.
Therefore the instantaneous availability of a semi-Markov process at time ¢t € R, is

A(t) == P(Z, € U).

It is well-known that if the system state evolution is governed by an SMP, the availability
A(t) is expressed by the following equation

A(t) = aP ()1,

where 1;, is an s-dimensional vector with 1’s as first » components and 0’s as last s —r
ones. In this example, we have s = 4 and r = 3 and P(¢) is the transition matrix of the
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SMP (Z;), see Equation (1.3). Then, we can calculate the point-wise availability of the
system by computing the transition function matrix P(¢).

5.3.1 Exponentially distributed sojourn times - Markov case

In order to verify the effectiveness of the proposed method, let us first consider a Markov
case where the sojourn time in each state is exponentially distributed. As it is well known
the transition matrix of a Markov process at continuous time is a function of its infinitesimal
generator. In this case the infinitesimal generator is given by

-0.2 0.2 0 0

0.01 -0.11 0.1 0

015 03 —-08 04 ’
0 0 0.5 —=0.5

g =

then the transition probability matrix in the Markov process is

0 1 —e 02 0 0
B 1 (1 _ e—O.llt) 0 10 (1 _ e—O.llt)
P(t) = % (1 — e—0851) 1% (1 — e=0850) 1 0 % (1 — e~085)
0 0 1—e 05t 0

Therefore if the state evolution of the system is governed by a Markov process, the system
availability can be calculated by

A(t) = ae¥'1,,. (5.3)

To compute the availability of the continuous system we shall make a discretization of the
time. We shall consider three different approximations where the step time are h = 0.05,
h =0.01 and h = 0.001. We consider the approximate results when ¢t = 1. The exact value
calculated by Equation (5.3) and the three consider approximations are illustrated the
following figure.
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FIGURE 5.2: Exact and approximate values of the availability A(¢) in Markov
case.

It can be seen from Figure 5.2 that the smaller h is, the closer the approximation is to the
exact value, which is consistent with Proposition 29. When h = 0.001, the approximate
value of A(t) nearly coincides with the exact value.

Meanwhile, we can estimate approximation errors based on Propositions 30 and 31, whose
results are shown in Table 5.1. Note that in Table 5.1, A(1) represents the approximate
result of the system availability at time ¢ = 1 obtained by employing the proposed method
in subsection 5.2, where the discretization for the transition probability matrix in the
Markov case is given by the expression

Py(k) = 9% — 9k=Dh 1> 1 and Py(0) := 0.

TABLE 5.1: Computation errors of Markov case.

h 0.1 0.05 0.01 0.001
A(1) 0.999315 | 0.999210 | 0.999124 | 0.999105
A(1) — A1) 0.000212 | 0.000108 | 0.000022 | 0.000002
Estimated error by Proposition 30 | 0.037180 | 0.009013 | 0.000352 | 0.000005
Estimated error by Proposition 31 | 1.34437 | 0.654051 | 0.128003 | 0.01823

From Table 5.1, we can see that a decreased h reduces the estimated errors obtained
by Propositions 30 and 31. Meanwhile, the effect of Proposition 30 is better than the
estimation effect of Proposition 31, which is the penalty of Propositions 31 by reducing the
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computational complexity.

In next subsection we shall apply the mathematic discretization in a semi-Markov process.
For this end, we shall consider sojourn times in a states are governed by a Weibull
distribution function.

5.3.2 Weibull distributed sojourn times - semi-Markov case

In this section, the sojourn time in each state is assumed to follow the Weibull distribution
with scale and shape parameters («;j, 8;;) as Table 5.2 shows, which is identical to those
in Liu et al. (1990). The cumulative distribution function of the Weibull distribution is

Bij
Fi; (t; 0uj, Bij) =1 —exp [— (a—i) J].

TABLE 5.2: Baseline values of model parameters of Weibull distribution.

CDF Parameter values

F01 Qo1 = 1/0034, 501 =0.54
Fio | aip=1/0.0125, 510 = 0.86
iy a2 = 1/0.106, B9 = 2

Foy Qo0 = 1/0'157520 =1
Fy a9 =1/0.2, 85 =1
F23 Qg3 — 1/00023,523 = 0072
Fgg 39 — 1/039,532 =1

Based on Equation (5.3), we set h = 0.1, h = 0.05, h = 0.01 and A = 0.001. We consider
the approximation when ¢t = 2. We can draw the curves of system point-wise availabilities
as Figure 5.3 shows.
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FIGURE 5.3: Approximate values of A(t) under the semi-Markov hypothesis.

5.4 Conclusions

In this chapter, we presented a novel method to solve the continuous-time MRE based
on the algorithm from discrete-time case. This method sheds new light on handling
continuous-time SMPs which has versatility and flexibility in distributions of sojourn times
with good approximate results. The error bounds caused by discretization for transition
function matrices of continuous-time SMPs are studied, which provide an efficient way to
decide the step size of discretization.

The proposed method is applied to any problem modeled by finite state space continuous-
time semi-Markov processes. The proposed model has many applications for instance
in reliability problems (as above) for availability, reliability, maintainability, etc. The
effectiveness of our method is verified under the Markov case where the exact value of
the system availability can be obtained in order to make comparisons with our results.
Meanwhile, the case where sojourn times follow Weibull distributions is considered and
computed to illustrate the applicability of our method in SMPs.






Chapter 6

Conclusions and Perspectives

SMPs have become increasingly important in probability and statistical modeling because
they have a lot of applications. The popularity of SMPs is because they allow to model
the sojourn time in a state by any distribution function. In the Markov context, the
waiting times between states are geometric distributed (in discrete time) or exponentially
distributed (in continuous time). This is the reason why SMPs fit better than Markov
hypothesis for real problems.

In this thesis, we tackled DNA analysis and competing risk problems from a point of
view of SMPs. We proposed a model and an algorithm that can be implemented in real
applications to compute the first hitting position (time) of a set of words (patterns) in
a semi-Markov sequence. This model is based on prefixes and its extended state space.
For a word w with length |w| = h and maximum value for the backward time of a prefix:
v = max{l; : p € E*}, we need a state space of cardinality (h + |A| — 1) x v at most.
We also estimate the number of times that a word w, from a specific set of words W, is
repeated through out the DNA by any of its configurations, i.e., we provide the strong law
of large numbers for a word sequence. To this problem, we consider two cases: DNA is
modeled by an ergodic Markov sequence, and DNA is modeled by a semi-Markov chain.
For both hypothesis we presented the Central Limit Theorem.

We have also tackle competing risks models from the point of view of semi-Markov processes
in discrete and continuous time via phase-type distributions. We considered stochastic
systems which always start in a functional state and for which there are a finite number of
absorbing states. Each absorbing state represents a failure mode in reliability applications
and a cause of death of an individual in survival analysis. We derived expressions for the
probability that failures occur at certain time due to a given cause. We also gave the joint
distribution of the lifetime and the cause of failure.

Continuous-time MRE are difficult to solve because they are expressed in terms of infinite
series of the convolution kernel. In this thesis we presented an algorithm to express MRE at
continous time using SMCs. The error bounds caused by discretization were also obtained.
These bounds provide the efficiency of the proposed algorithm. The proposed method is
applied to any problem modeled by finite state space continuous-time semi-Markov process.
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6.1 Perspectives for extension of the present work

During the development of this thesis many ideas have been appeared which for lacking of
time were not developed through this work but they can be considered as a future work.
In the following paragraphs we would like to mention some of them:

e Firstly, identify how many different patterns of particular length are presented in a
random finite sequence has been of interest in recent years. Trifonov [1990] named
this problem as: the complexity of a sequence. It is well known that patterns are
not always uniformly distributed and not all patterns appear in a finite stochastic
sequence. To mention an example, crowd of scenarios suggest that the number of
patterns of particular length through the DNA sequence is far less than the total
number of patterns, see, e.g., Manfred and Winkler-Oswatitsch [1996]; Kauffman
[1993]; Yockey [1992]. This means that every sub-sequence in the DNA has a specific
function. Identify how many different patterns (words or motifs) of particular length
are presented in a DNA sequence is fundamental to understand the structure and
function of organisms, see, e.g., Badis et al. [2009], Taft et al. [2007], Blin et al.
[2018].

After Trifonov the problem of determining the complexity function for finite sequence
has been considered by several authors. Like a future work we would like to compute
the probability that a stochastic finite sequence reaches ¢ € N different patterns of
size h € N, after k& € N positions (from the beginning of the sequence). We shall
consider the hypothesis that the stochastic sequence is modeled by a semi-Markov
chain. To exemplify the problem we give an example. Considering that genomic
sequences are the result of a certain stochastic process governed by four nucleotides
represented by the following set A = {A, T, G, C'}, until the position 5 (starting from
0) the number of different patterns of size h = 3 in the following DNA sequence
taken from a bacteriophage:
GGGCGGCGACCTCGCGGGTTTTCGCTATTTATGAAAATTTTCCGGTTTAAG
TTTCCGTTCTTCTTCGTCATAACTTAATGTTTTTATTTAAAATACCCTCTG...
is 4 and are the patterns: {GGG, GGC,GCG,CGG}. This problem has been en-
countered in biology, but it can also be encountered in other fields.

e Another point of improvement is in competing risk models. The states of semi-Markov
systems can be divided into three categories: a normal working subset, a defective
working subset and a breakdown subset which contains an absorbing state where
the system cannot escape once entering it. If the number of transitions between
the normal and defective working subsets exceeds a given value, the system will be
abandoned due to the high maintenance costs. So, we are interested in computing
the number of transitions between normal and effective working during a time interval.

e Speech recognition works using algorithms through acoustic and language modeling.
Acoustic modeling represents the relationship between linguistic units of speech
and audio signals; language modeling matches sounds with word sequences to help
distinguish between words that sound similar. It is well known that hidden Markov
models (HMM) are used to make speech recognition. HMM is a stochastic process
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that is not directly observable, but it can be observed through another set of stochas-
tic processes that produce the sequence of observations Van der Hoek and Elliott
[2019]. The five components that characterize Hidden Markov Models are: number
of hidden states in HMM, number of observation symbols per state, state transition
probability distribution, observation symbol probability distribution in each state
and initial state probability distribution. Nevertheless, these models have a number
of limitations. The major of them, is the duration of conversations which should be
exponentially distributed. For this reason we propose a hidden semi-Markov process
for modeling speech recognizing.

e We proposed like a future work to develop a Randomly Stitched System (RSS)
based in a continuous time SMP with discrete state space. The idea is to propose
a controller for a Unmanned Aerial Vehicles (UAV) taking into acount that the
availability of the position is modeled by a switching process where the state space
makes reference to the GPS signal quality and which is modeled by a SMP. The GPS
quality will be classify in: good, bad and fair. Depending of the state of the GPS
signal the UAV determines if its position measure is the real position or the UAV is
lost.
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Appendix B

Algorithm

We present here two algorithms that are needed in order to work with our model (proposed
in the chapter 2) in practical problems. Where A is the alphabet, w is the word, q is the
semi-Markov kernel of the SMC (Zy,), E is the extended state space of E,,, n is the size of
the first block of w and K (E) is the state space of process (Y, By).
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Algorithm

Algorithm 1 State space K(E)

. Require: A, q, E, ny
. Initialization
for every a € A do
. Compute r, according with Equation (1.15)
end for
for every p € E do
if |p| == 0 then
for i =1 until i = 751, do
. add state (p,i — 1) to K(E)
end for
end if
if |p| # 0 and |p| # ny, i.e.,, p=wjwy---w;, [ #ny and 1 <1 < h then
. Let 6z (p) = wy,
L i=1,
. backward-time = 0
while 6;'(p) == w,_; do
.backward-time = backward-time + 1
Li=1+1
end while
. add state (p, backward-time) to K (E)
end if
if |p| = ny then
for i =n, until i = r;-1., do
. add the state (p,7) to K(E)
end for
end if
end for
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Algorithm 2 Transition probability matrix P

. Require: A, q, E, K(E)
. Initialization
for every (p,u), (¢,v) € K(E) do
for every a € A do
if 0g(p,a) == ¢ then
if z'(p) == a and u + 1 = v then
P((p,u), (g,v)) = Equation(2.15)
else if 0:'(p) # a and v == 0 then
P((p,u), (g,v)) = Equation(2.14)
end if

else

P((p,u),(g,v)) =0
end if
end for

end for







Appendix C

Notation and abbreviations

SMPs
MC
MP
MRP
a.s.
EMC
MREs
SMCs
MRC
EMC
MRF
DTMRE
I.V.
iid.
DFA
FMCE
cdf
KM
CR
NA

semi-Markov processes

Markov chain

Markov process

Markov renewal process

almost sure

embedded Markov chain

Markov renewal equations
semi-Markov chains

Markov renewal chain

embedded Markov chain

Markov renewal function

discrete-time Markov renewal equation
random variable

independent and identically distributed
determinism finite automata

finite Markov chain embedding
cumulative distribution function
Kaplan Meier

competing risk

Nelson-Aalen
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E

N

N*

R4

P

(Zt)tery
neN

S = (Sn)nEN
J = (Jn)nEN
(Jm Sn)neN
Qij(t), i,j € Bt € Ry
P(t),teR
N(t)
a(i),i€ E
Hi(-)

H(t)

P = (pij)ijer

P(t) = (P;(t);i,j € E,t € Ry)
1%

m;

143

T

By

Vi

keN

(Zk)ken

(Xn)nGN

q = (gij(k);i,j € E,k €N)
Qm(k), ,je E;keN
fii ()

Y(k), keN
U = (¥;,;(k),i,j € £,k >0)

finite state space of a SMC and/or SMP

natural numbers {0,1,2,..}

set of numbers {1,2,3, ...}

set of positive real numbers

probability measure

continuous time semi-Markov process

renewal time

jump times of process (Z;) or (Zx)

embedded Markov chain (EMC)

Markov renewal process (MRP)

transition kernel of semi-Markov process (Z;)

Y(t) = ZZO:O Q(n) (t)

number of jumps of SMP (Z;) in the interval time [0, ¢]
initial distribution of SMP (Z;) and/or SMC (Zy)
cumulative distribution function of the sojourn time
in state i € £

diagonal matrix H(t) := diag(H;(t))

conditional distribution function of the holding time in state
1 before visiting state j

transition function of EMC (J,,)

transition function of (Z;)

stationary distribution of the EMC (J,,)

mean sojourn time in state ¢ €

mean passage time from state ¢ to state j

stationary distribution of SMP (Z;)

backward recurrence time of SMP (Z;)

forward recurrence time of SMP (Z;)

calendar time

discrete time semi-Markov process i.e., SMC
successive sojourn times between successive jumps
discrete-time semi-Markov kernel

cumulative semi-Markov kernel of SMC (Zy)
conditional sojourn time distribution conditioned by
next state to be visited

sojourn time distribution in state @

support of h;

maximum sojourn time in state ¢

maximum value for the backward time in state ¢
real matrice on £ X E

real matrice on E' x E which evolves in a discrete time k € N
identity matrix in Mpg(N)

discrete-time matrix convolution product of A, B € Mpg(N)
left inverse in the convolution sense of A € Mpg(N)
n-fold convolution of A € Mpg(N)

(k) = 0o a"™ (k)

Markov renewal function

estimator of q
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A

W = wiws -+ - Wh
|w|

Ah

Zj

(Zks Br)ken

(Zk, Br)ken

finite alphabet

word of size h formed by the letters wy,wo, ..,wy € A
number of symbols of the word w

the set of words of size h formed by the elements in A
an element from A"

MC with state £ x N

transition probability matrix of MC (Z, By)
h-dimensional Markov process where

Zk = (Zk, ooy ZkJrh,l) and Bk = (Bk, ...,BkJrh,l)
subset of A" x N" which represents the word Zj and
all possible backwards time for each letter in the word
state space of Markov process (Zy, By)

initial distribution of MC (Zy, By,)

transition probability of Markov process (Zy, By,)
indication function of A

r.v. which determines the first hitting time of an element form the set W

column vector of ones with size cardinality of A
Markov chain (different from the MCE (J,))
transition probability matrix of MC X
stationary distribution function of MC X

determinism finite automata (DFA) where A is a finite set of symbols,
Q is a set of states, s € Q is the initial state, F C Q is a set of accepted

states and § : Q x A — Q is a transition function
empty prefix

prefix set of the word w

function which is defined as the longest prefix in F,,
that can be formed with the concatenation between
a prefix in F,, and an element from A

partial inverse of dg,,

extended state space of E,,

chain of prefixes embedded in a SMC (Z},) and defined in E

1 € N block of the word w

backward times for prefix p through the SMC (Zy)
prefix p € E and its corresponding backward times
all prefixes in E and its backward times

chain of prefixes and backward times defined in E
transition matrix of the Markov chain (Yj, By)
initial distribution of the Markov chain (Y%, Bx)

number of elements in (Z) before the first position of w

expected value of the r.v. T
variance of the r.v. T

standard deviation of the r.v. T
word occurrence rate
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w

Gj(k)

g9;(k)

(Yg)

(Y, Br)ken

,'% Al 9
F
&
z

N 5

gz

= Q¥
— ST
-+ =
o

> 0m QAR
=

M
<.
—~~

o~
N—

subset of A"

set of letters in A that are different from the first letter of any
word w € W

prefix set of W

extended state space of E*

prefix chain of W embedded in MC (X},) and defined in E*
initial distribution of prefix chain Y*

transition probability matrix of prefix chain Y*

stationary distribution of prefix process Y*

prefix process defined as prefix process Y* but where the elements in W
are consider absorbing states

transition probability matrix of prefix process Y

r.v. which represents the time that process (¥}) has to wait until
an element from W arrives

r.v. which takes the value w’ if w/ is the first element from W that
appears in the prefixes chain (Y3)

cdf of the r.v. (T, W)

pdf of the r.v. (T, W)

prefix chain embedded in SMC (Z;) and defined in E*

chain of prefixes and backward times defined in K (E*)

transition probability matrix of process (Yg, Bx)

initial distribution of process (Y, Bx)

stationary distribution of process (Y, By)

process of prefixes and backward times defined as process (Y, By) but where
the elements in VW are considered absorbing states

transition probability matrix of process (Y}, B)

r.v. which represents the time that process (Yk, By) has to wait until
an element from W arrives

r.v. that takes the value w’ if w’ is the first element from W that
appears in the chain (Yk, By)

cdf of the r.v. (T, W)

pdf of the r.v. (T, W)

matrix norm

instantaneous availability of a system

infinitesimal generator of a Markov process

time to failure

cause of failure

pdf of ar.v. (T,C)

cdf of ar.v. (T,C)

hazard function

cumulative hazard function

sub-distribution function F;(t) := P(T <t,C = j)
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