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PREFACE
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theory and stochastic processes, under the supervision of Professor Anto-
nio Di Crescenzo. My attention focuses on the study of some probability
distributions and their related characteristics, particularly on those of birth
and death processes bilaterally and telegraph processes with underlying ran-
dom walk. Such processes have been largely investigated in several fields of
mathematics, in particular in biologiacal applications and in mathematical
finance. My goal in writing this thesis is to give my little contribution to
the basic theory of stochastic processes continuing to investigate this area to
obtain quantities of interest in mathematical contexts.

I would like to thank Professor Antonio Di Crescenzo for his continuous
support and guidance and Barbara Martinucci for her constant help and
advises. Their encouragement during these years has been fundamental and

always present. I am greatful to them for all they have done for me.

Antonella Iuliano



INTRODUCTION

Stochastic processes play an essential role in various fields of science and en-
gineering. The theory of stochastic processes is based on probability theory
and is widely used in modeling phenomena subject to random perturbations.
In some cases these processes have a deterministic behaviour, such as models
for population growth, competition, predation, and epidemics. One of the
most relevant differences between deterministic and stochastic models is that
deterministic models predict an outcome with absolute certainty, whereas
stochastic models give only the probability of an outcome. More precisely,
in a deterministic model, described for instance by a difference equation or
differential equation with initial conditions at time ¢t = 0, the solution is
given by the trajectory in the solution space. In the stochastic model, the
process is described by a system of difference equations (transition matrix)
or differential equations (forward Kolmogorov equations or stochastic differ-
ential equations). The solution of these equations is more complicated in the
sense that a single solution trajectory does not describe the entire behavior
of the model but represents only a single realization of the processes. In

order to understand the behaviour of a stochastic model, it is important to



know the entire probability distribution of the process over time. If this is
not feasible, the qualitative behaviour of the process is studied by obtaining
other quantities of interest, such as the moments (mean, variance, etc) of
the distribution. In population models, where the population size is large, a
deterministic formulation is used. Instead, when population sizes are small,
and then population extinction can occur, it is more realistic to model the
variation in size by a stochastic formulation. Stochastic models may be used
to analyse the probability of population extinction or the expected duration
of time until population extinction. Random variations associated with de-
mography and environment can be taken into account in stochastic models.

In this thesis some mathematical techniques are introduced and stochastic
models are developed according to the classical theory. In particular, we
focus on analysis of a birth and death process with alternating rates and
of a telegraph process with underlying random walk. The birth and death
processes are special Markov chains involving only countably many states
and depending on a continuous time parameter where changes may occur at
any time. The Markov chains are stochastic processes in which the future
development depends only on the present state, and not on the past history of
the process or the manner in which the present state was reached. Indeed, to
describe the past of the process we must specify the epochs at which changes
have occurred, and this involves probabilities in a continuum. These process
involve only countably many states F1, Fs, ... and depend on a discrete time
parameter, that is, changes occur only at fixed epochs ¢ > 0. The transition
probability pg,(t) is the conditional probability of the state E, at epoch
t + s given that at epoch s < t 4+ s the system was in state Ej. Such

transition probabilities are called stationary or time-homogeneous and satisfy



the Chapman—Kolmogorov equation:
Pralt +7) = prj(7)pjm(t). (1)
J

This relation means that at epoch 0 the system is in state Ey. The j-th term
on the right then represents the probability of the event of finding the system
at epoch 7 in the state E,. But a transition from Fj at epoch 0 to E, at
epoch t 4 7 necessarily occurs through some intermediary state F; at epoch
7 and summing over all possible E; for arbitrary fixed 7 > 0 and ¢ > 0.
Birth and death processes were introduced by Feller in 1939 with the
aim of modeling the growth of biological populations. The wide variety of
dynamic behavior exhibited by plants, insects and animals justifies the great
interest of scientists in the development of mathematical models and the con-
sequent intensive study of BDPs (see Ricciardi [68] for an accurate analysis of
birth and death processes in the context of population dynamics). Further-
more, such processes arise as natural descriptors of time-varying phenomena
in many other applied fields, such as queueing systems, epidemiology, epi-
demics, optics, neurophysiology, etc. An extensive survey text on birth and
death processes has been published by Parthasarathy and Lenin [61]. In
this work the authors adopt standard methods of analysis (such as power
series technique and Laplace transforms) to find explicit expressions for the
transient and stationary distributions of BDPs and provide applications of
such results to specific fields (communication systems, chemical and biologi-
cal models). In particular, in Section 9 they use BDPs to describe the time
changes in the concentrations of the components of a chemical reaction and
discuss the role of BDPs in the study of diatomic molecular chains. The
paper by StockMayer et al. [73] gives an example of application of stochastic
processes in the study of chain molecular diffusion. In this work a molecule is

modeled as a freely-joined chain of two regularly alternating kinds of atoms.



All bonds have the same length but the two kinds of atoms have alternating
jump rates, i.e. the forward and backward jump rates for even labeled beads
are o and (3, respectively, and these rates are reversed for odd labeled beads.
By invoking the master equations for even and odd numbered bonds, the
authors obtain the exact time-dependent average length of bond vectors.
Inspired by this work, Conolly [12]| studies an infinitely long chain of atoms
joined by links of equal length. The links are assumed to be subject to
random shocks, that force the atoms to move and the molecule to diffuse.
The shock mechanism is different according to whether the atom occupies an
odd or an even position on the chain. The originating stochastic model is a
randomized random walk on the integers with an unusual exponential pattern
for the inter-step time intervals. The authors analyze some features of this
process and investigate also its queue counterpart, where the walk is confined
to the non negative integers. Some results concerning this queueing system
with “chemical” rules (the so-called “chemical queue”) have been obtained
also by Tarabia and El-Baz (see [74] and [75]).

Stimulated by the above researches, a birth and death process N(t) on
the integers with a transition rate A from even states and a possibly dif-
ferent rate p from odd states has been studied in Chapter 2 of this thesis.
A detailed description of the model is performed, the probability generat-
ing functions of even and odd states and the transition probabilities of the
process are obtained for arbitrary initial state. Certain symmetry properties
of the transition probabilities are also given. Hence, the birth and death
process obtained by superimposing a reflecting boundary in the zero-state is
analyzed. In particular, by making use of a Laplace transform approach, the
probability of a transition from state 1 to the zero-state is obtained. Formu-

las for mean and variance of both processes are also provided. Furthermore,



some preliminary results on the process under investigation are given in the
case of zero initial state.

The second part of the thesis is dedicated to the study of the telegraph
process. Some aspects of the telegraph process have been analyzed by many
authors in several fields, such as engineering, mathematical finance, queue-
ing and reliability theory etc. This process has been largely investigated in
mathematical physics as a model of finite-velocity random motion with al-
ternating velocities, whose probability density satisfies a hyperbolic partial
differential equation (see Goldstein [39] and Kac [43], for instance). Various
results involving absorption and first passage times problems are given in
Foong et al. [34], Orsingher [55] and Orsingher [56]. Recently, the telegraph
process has been considered also in mathematical finance to describe stochas-
tic volatility and in actuarial problems, for obtaining a telegraph analog of
the Black-Scholes model (see, for instance, Ratanov [65]). The author intro-
duces a new class of financial market models based on generalized telegraph
processes by alternating velocities and jumps occuring at switching veloci-
ties. A further model was studied in Di Crescenzo and Pellerey [30], where a
geometric telegraph process was proposed to describe price evolution of risky
assets of alternating type.

The telegraph process describes the motion of a particle on the real line,
traveling at constant velocity, whose direction is reversed at random times
according to the arrival epochs of a Poisson counting process N(t), with rate
A, during (0,¢). The initial velocity is given by V(0) = +c¢ (¢ > 0), with
equal probability. We assume that at time ¢ = 0 the particle is located at
the origin of the real line and then moves in a positive or negative direction.

The particle position at time ¢ is given by



where N(0) = 0 and V() := V(0) (=1)"® is the particle velocity at time
t. The particle moves on the real line and its speed changes direction at
any epoch. Notice that, in this simple model, the length of the time periods
during which the particle is traveling in the positive or negative direction
are described by independent and identically distributed (i.i.d.) exponential
random variables. In particular, it is interesting to note that the probability
density of the process X (t), say p(z,t), when the particle starts at xo = 0,

at time ¢y = 0, is a solution of the telegraph equation

op  Ip op
27 7 R g
oz = o T P

(see Goldstein [39], for instance). This result is investigated in many papers
and books, see for example Cane [10]|, Orsingher [52], and Orsingher [57].
Other results on the telegraph process are recalled in Chapter 3.
Stimulated by the above results a generalized telegraph process with un-
derlying random walk has been studied in Chapter 4. This process is char-
acterized by random times separating consecutive changes of direction of the
moving particle having a general distribution and forming a non-regular al-
ternating renewal process. Starting from the origin, the particle performs
an alternating motion with velocities ¢ and —v (¢,v > 0). The direction of
the motion (forward and backward) is determined by the velocity sign. The
particle changes the direction according to the outcome of a Bernoulli trial.
Hence, the novelty of this model is the inclusion of an underlying (possibly
asymmetric) random walk governing the choice of the velocity at any epoch.
We determine the general form of probability law and the mean of the
process, and then investigate two instances in which the random intertimes
are exponentially distributed with (i) constant rates and with (i7) linearly
increasing rates. In the first case explicit expressions of the transition den-

sity and of the conditional mean of the process are given as series of Gauss



hypergeometric functions. In the second case, which leads to a damped ran-
dom motion, we obtain the transition density in closed form and a logistic

stationary density.

The thesis is organized in four chapters.

CHAPTER 1. In this chapter we recall some definitions and properties of
birth and death processes.

CHAPTER 2. In this chapter we analyze two birth and death processes
on the set of integers Z and on the set of non-negative integers {0, 1,2,...}
with a reflecting boundary in the zero-state. They are characterized by a
transition rate A from any even state and a different transition rate u from
any odd state. Explicit expressions of the probability densities and moments
are obtained in both cases.

CHAPTER 3. This chapter contains some results and definition on the
telegraph process.

CHAPTER 4. In this chapter, we present a new model of telegraph process
with an underlying random walk. The aim is to determine the closed-form
of probability density and moments in the case in which the random times
are exponentially distributed with constant rates and with linearly increasing

rates.



PART 1

ANALYSIS OF A BIRTH AND DEATH PROCESS
WITH ALTERNATING RATES



CHAPTER 1

BACKGROUND ON STOCHASTIC PROCESSES

1.1 INTRODUCTION

In this chapter we present methods for studying stochastic processes, includ-
ing the forward and backward Kolmogorov equations and generating function—
based techniques. Applications of these methods show that the generating
functions of probabilities of stochastic processes satisfy a partial differential
equation. In some cases, the partial differential equation is linear and of
first order, so that a closed-form solution to the generating function can be
obtained. We consider a stochastic process {X(¢),¢ > 0} for a continuous-
time Markov chain when the state space is (i) the set of nonnegative integers
{0,1,2,...}, or (i7) the set of integers Z.

In Section 1.2, some definitions and notations on stochastic processes are
given in order to introduce the continuous-time Markov chains. The Marko-
vian property may be interpreted as stating that the conditional distribution
of any future state X (¢;41), given the past states X (o), X(t1),..., X (t;—1)

and the present state X (¢;), is independent of the past states and dependes
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only on the present state, for all j > 0.

In Section 1.3, we introduce a class of continuous-time Markov chains
known as birth and death processes. These processes are used to model pop-
ulations whose size changes at any time by a single unit. It is well know
in the literature that the probability distribution of a simple birth process is
negative binomial, whereas it is binomial for a simple death process. For birth
and death processes explicit formulas have been derived in the past using the
generating function technique. First, we discuss the general birth and death
processes with infinite state space Ny = {0,1,2,...}, for which transition
from any state n can only go to either state n — 1 or state n + 1. If the pop-
ulation size is n, then the birth and death rates will be denoted respectively
as A\, and fi,, n > 0 (see Karlin and Taylor [45], [46]). A relevant application
of birth and death processes is in queueing theory, where the state of the
system is the number of customers in the queue. The arrival and departure
processes of a queuing system are analogous to birth and death processes,
respectively. A queueing process involves three components: arrival process,
queue discipline, and service mechanism. The arrival process involves the
arrival of customers for service and specifies the sequence of arrival times for
the customers. The queue discipline is a rule specifying how custumers form
a queue and how they behave while waiting. The service mechanism involves
how customers are serviced and specifies the sequence of service time. When
the arrival process is a Poisson process with parameter A (mean arrival or
birth rate) and the service time is exponentially distributed with parameter
i (mean departure or death rate), the process is a queueing system of type
M/M/1. In this case, if A and p are constant, then the process is a birth
and death process, as is described in Example 1.3.2 (A = p and p = q).

In Section 1.4, we introduce a bilateral birth and death process whose
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space state is the whole set of integers Z. We give same examples of bilateral
birth and death processes, whereas a new stochastic model will be discussed
in Chapter 2.

Finally, in Section 1.5 a classification of states, some definitions and sim-
ple sufficient conditions for boundaries are exhibited. A boundary classifica-
tion at infinity and a recurrent-transient classification are also performed in

the case in which the birth and death process have state space Ny and Z.

1.2 DEFINITIONS AND NOTATIONS

A stochastic process is a collection of random variables. More specifically,

the following definition holds.

Definition 1.2.1. A stochastic process is a collection of random variables
{Xi(s) :t € T,s € S}, where T is the index set and S is the common sample
space of the random variables (finite or infinite). For each fixed s € S, X;(s)
(or X (t)) corresponds to a function defined on 7', and is called sample path

or stochastic realization of the process.

A stochastic model is based on a stochastic process in which specific
relationships among the set of random variables { X ()} are assumed to hold.
There are different methods and techniques for analyzing a stochastic process
that depend on whether the random variables and index set are discrete or
continuous. Generally, the set T represents the time.

In the following chapters, we discuss some continuous-time stochastic
models having discrete state space. We now introduce continuous time
Markov chain models. In particular, these stochastic processes are used to
model many types of phenomena from variety of applied areas, including

biology, physics, chemistry, finance, economics, and engineering.
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Definition 1.2.2. A stochastic process {X (t); ¢t > 0} is a continuous time
Markov chain if for any sequence of real numbers 0 <#; <ty <--- <t; <

tj+1, and nonnegative integers kq, ko, ..., k;j_1, k,n such that
P{X(t;) =k, X(tj-1) =kj_1,...,X(t1) =k} > 0,
one has:
PAX(tjn1) =n| X(t)) = k, X(t;21) = kj1,.. ., X(t) = Fa}
= P{X(tj11) = n| X(t;) = k}.

The latter condition in Definition 1.2.2 is the Markovian property. The
transition to state n at time ¢;;; depends only on the value of the state at the
most recent time ¢; and does not depend on the history of the process. Each
random variable X (¢) has an associated probability distribution {p(t)}x>o0,
where

pr(t) = P{X(t) = k}.
A relation between the random variables X(s) and X(¢), with s < ¢, is

defined by the transition probabilities. Define the transition probabilities of

the process at time ¢ as the functions
Pra(t) = P{X(t) =n|X(s) =k}, t>0,s<t

for k,n = 0,1,2,.... If the transition probabilities do not depend on s or
t but depend only on the lenght ¢t — s of the time interval (s,t), then the
continuous time Markov chain is said to have stationary or homogeneous
transition probabilities. Unless otherwise stated, we shall assume that the

transition probabilities are stationary; that is
Prn(t —s)=P{X(t)=n|X(s) =k} =P{X(t—s)=n|X(0) =k}

for s < t. In general the transition probabilities satisfy the following proper-

ties:
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® ppn(t) >0 for all k,n € S and

D peat) = Y P{X(t) =n|X(0) =k}
nes nes
= P{X(t)eS|X(0)=k}=1
for any k € S,

o pin(0) = P{X(0) =n|X(0) =k} = 6, where dj, is the Kronecker’s
delta;

e for any s,t > 0 and k,n € S, by the Markovian property we have the
following identity:

prn(t+s) = P{X(t+s)=n|X(0)=Ek}

= Y P{X(t+s)=nX(s) =j| X(0) = k}

- ZP{X(Hs)zan(S):j,X(O)Zk}
x P{X(s)=j|X(0) =k}
= Zpk,j(S)Pj,n(t%

that is the Chapman-Kolmogorov equation.

1.3 GENERAL BIRTH AND DEATH PROCESS

Let {X(t);t > 0} be a continuous time Markov chain with X (¢) the random
variable for the total population size at time ¢. Let the initial population size
belong to the set of nonnegative integers Ny and assume that the transition

probabilities of a general birth and death process are:

Pra(t) = P{X(t) = n|X(0) =k}, t>0. (1.1)
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The transition probability py ., (t+ At) can be expressed as follows, by apply-

ing the Chapman—Kolmogorov equations,
Pralt + At) = Zpkj pin(AL).

The transition probability (1.1) satisfies the conditions

(
Ak itn=~%+1,

—(\e + ) ifn==k,
lim ipkn(At) O+ 1)

At—0+ dt " ifn=k—1,
k0 otherwise,
namely,
(
1— (A + ) At +0(At)  if n =k,
pkz,n(At) = (1'2)
i At + o(At) ifn==~FF-—1,
| o(At) otherwise.

for At sufficiently small. We recall that o(At) represents a function ¢(At)
such that ¢(At)/At — 0 as At — 0. The above processes are characterized
by a birth rate A\, > 0 and a possibly different death rate p, > 0, for
n > 0, and pg = 0. The quantities \,, 1, determine respectively the rate of
transition from state n to state n + 1, if a birth occurs, and to state n — 1 if
a death occurs (where n is the population size). In the case in which Ay > 0
and po = 0 we assume a reflecting state at state zero. Such processes are
defined as basic (Callaert and Keilson [9]).

The forward Kolmogorov differential equations for py () can be derived

directly from the assumptions in (1.2). Assume At sufficiently small and



1.3 GENERAL BIRTH AND DEATH PROCESS 16

consider the transition probability py,(t + At). This transition probability

can be expressed in terms of the transition probabilities at time ¢ as follows:

Pt + At) = prp—1(t) [A-1 AL + o(A)] + Prps1(t) [tnr1 AL + 0o(At)]

+ D) [ = A+ ) At +0(AD)] + D prnsm(t)o(Al)

m#—1,0,1
- pk,n—l(t)kn—lAt + pk,n+1(t)un+lAt

+ D (t) [1 = (Mo + ) At] + 0(At), (1.3)
which holds for all k,n in the state space. If n = 0, then
pk,O(t + At) = pk71(t)u1At + Pk,0 (t),ulAt [1 — /\OAt] + O<At) (14)

Hence, subtracting py ,(t) and pgo(t) from Egs. (1.3) and (1.4), respectively,
dividing by At and taking the limit as At — 0, the Kolmogorov differential

equations are obtained for the general birth and death process,

d
apk,n(t) - )\n—l pk,n—l(t) - ()\n + ,un) pk,n(t) + Hn+1 pk,n—i—l (t)
(1.5)
d
Epk,o(t) = —XoPro(t) + 1 pra(t)
with initial condition
lim pk,n(t) = 5k,na (16)

t—0t+

where 9y, is the Kronecker’s delta.

1.3.1 MATRIX FORM

The system of equations (1.5) can be expressed also in matrix form. The

transition probabilities py ,(t) satisfy the following differential equation

dP(t)/dt = QP(t), (1.7)
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/\0 /\1 /\2 )\n—l /\n
Ho 251 K2 Hn

Hn+1

Figure 1.1: The Markov chain of a general birth and death process when
Ao >0and A\, +pp, >0forn=1,2,...

where P(t) = {prn(t)} is the matrix of transition probabilities and @ =
{qkn} is the generator matrix. Matrix () containes information based on the
birth and death rates \,, u, of the process. In particular, we assume that
the transition probabilities py ,(f) are continuous and differentiable for ¢ > 0

and for t = 0, they satisty

Prn(0) =0, k#n, pei(0) =1

Hence, we define the rates g, as following:

n = 1 u ’ — ]. . 9
Tk, Atl_I}(l)Jr At Atl—r>r(l)+ At

When the state space is infinite the generator matrix () has the following

form:
—Xo i 0
Ao —AL— 2 0
Q= 0 A1 —Ao — o 143 0
0 0 Ao A3—puz 0

If the initial distribution X (0) is a fixed value, the state probabilities p(t) =

(Pro(t), pra(t),...)T satisfy the forward Kolmogorov differential equations

dp(t)/dt = Qp(t). (1.8)
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These differential equations can be derived in the same manner as in Egs.
(1.3), (1.4) and (1.5). Denoting by N = {1}, } the transition matrix, from

the generator matrix (), we have:

0 pa/(M+ ) 0 0

1 0 o/ (A2 + pi2) 0
N=10 M/ +m) 0 ps/(As + ps)

0 0 Ao/ (Xg + pi2) 0

It is assumed that A\, + p, > 0 forn =0,1,2,.... If, for any n, A\, + p, = 0,
then the state n is absorbing.

The embedded Markov chain can be thought of as a generalized random
walk model with a reflecting boundary in zero. The probability of moving
right (due to a birth) is vy, 411, = A/ (An + it,) and the probability of moving
left (due to a death) is v,—1, = fn/(An + pin). See the graph in Figure 1.1.

It is possible to verify from the graph that the chain is irreducible! if and
)

1n —

only if A\, > 0 and g1 > 0 forn=1,2,.... If any A\, = 0, then VT(:Z

for all m, and if any u, = 0, then )

n—1n = 0 for all m.

The Kolmogorov differential equations can be used to define a stationary
probability distribution. A constant solution to system (1.5) is a stationary

probability distribution. A formal definition is given next.

Definition 1.3.1. Let {X (¢);¢ > 0} be a continuous-time Markov chain with

generator matrix Q. Suppose ™ = (mg, 71, ...)T is nonnegative and satisfies

Qmr =20 imzl
i=0

LA Markov chain is irreducible if there is only one class, i.e. if all states communicate

with each other. In particular, two states k and n accessible to each other are said to

communicate, and we write k <> n.
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for n = 0,1,2,.... Then 7 is called a stationary probability distribution of

the continuous-time Markov chain.

For birth and death processes, there is an iterative procedure for com-
puting the stationary probability distribution when the state space is finite
or infinite. In this context it is possible to define the potential coefficients of

the process X (t) as follows:

AoAL Ap
=1 m=" 2l (p=1,2,..). (1.9)

Hifho c et
In particular, if the state space is infinite {0,1,2,...}, an unique positive
stationary probability distribution 7 exists if and only if x,, > 0 and A\,_; > 0

forn=1,2,... and

AoAL - A
S A
= ,Ul,u2ﬂn

For ergodic® processes the coefficients 7, are summable and then the ergodic

probabilities are given by

o -1
P = Jim pe(t) =, (Zoﬁ> (n=0,1,...).

Example 1.3.2. Consider a continuous-time birth and death Markov process
such that \, = p > 0, for n > 0 and u, = g > 0, for n > 1 where
p+ q = 1. The embedded Markov chain is a semi-infinite random walk
model with reflecting boundary conditions at zero (see Figure 1.1). We have
D = Unt+1, and ¢ = v,_1,. The chain has a unique stationary probability

distribution if and only if

>(2) <

2When the continuous-time Markov chain is irreducible and p,, = lim;_, oo pg.n(t) > 0

for all n, we say that the chain is ergodic.
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with p < g. The stationary probability distribution is

wn=(1—73)(]3) (n=0,1,...).

q/ \q
In queueing theory, if p = X\ and ¢ = p are costant, the ratio A/ is referred to
as the traffic intensity, with A < p. If A > p, then the queue length will tend
to infinity. The mean of the stationary probability distribution represents
the average number of customers C' in the system (at equilibrium),
[ee) oo n
A A
C= nﬂn:(l——) n(—) )

This summation can be simplified by applying an analytic identity>:

Y
IR EPY/ANTEDY

The average amount of time W a customer spends in the system (at equilib-

rium) is the average number of customers divided by the average arrival rate

Al

1.4 BILATERAL BIRTH AND DEATH PROCESSES

In this section we review some results on bilateral birth and death processes.
Let {X(t);¢t > 0} be a birth and death process whose state-space is the set of
integers Z. Assume that X (¢) has birth and death rates \,, p, for all n € Z,
lLe.

1
Ap = lim = P{X(t+h)=n+1|X(t) = n},
h—0 h

3The summation satisfies

o0
(1—-z)*= Zz A
i=1
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“”:,llif,r(l)%P{X(t+h) =n—1|X() =n}
For every n € Z, the parameters \,, p,, determine respectively the transition
rate from state n to state n + 1, if a birth occurs, and to state n — 1, if a
death occurs. We assume also that the rates \,, u, are positive, so that the
birth and death process has no absorbing or reflecting states. This type of
process is called bilateral birth and death process. We assume that X () is
stmple (it means that the boundary co and —oo are both non-regular), so
that the set of rates uniquely determines the birth and death process. In
particular, according to Callaert e Keilson [9], a bilateral birth and death
process is simple if and only if the two component birth and death processes,
obtained by setting at n = 0 a reflecting boundary in both directions, are
simple. As X (t) is simple, the transition probabilities py,(f) are the unique

solution of the following system of equations:

d
_pk,n(t) - )\n—l pk,n—l(t) - (/\n + Mn) pk’,n(t) + Hn+1 pk,n+1 (t) (7’L S Z)7

dt
(1.10)
with initial condition (1.6).

We remark that a bilateral birth and death process has been introduced
by Pruitt [64] as a continuous parameter Markov process with path function
X (t) assuming integer values and with stationary probabilities (1.1) satis-
fying the relations (1.2). A closed form for the Laplace transform of the
general solution of (1.10) has been obtained by Pruitt [64] in terms of or-
thogonal polynomials. Some results on the associated system of orthogonal
polynomials and their limit functions are given in order to have a careful
examination of the convergence of the sequences of polynomials.

A simplest, possible unit step, linear, unrestricted random-walk in which
the time intervals between steps are negative exponentially distributed has

been analyzed in Conolly [11]. The position of the particle at time ¢ is
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governed by two independent Poisson streams with parameters
An = A, iy = L, nez (1.11)

for motion to the right and left, respectively. A crucial role is played by
the probability density in the queueing context. Removing the barrier at the
origin and allowing departures even when the system state is zero or negative,
a time-dependent random walk with interstep intervals having probability
density function proporzional to e~ **#! has been obtained. This process
identifies with the so-called randomized random walk.

An example of randomized random walk has been given in Baccelli and
Massey [4], in which the closed form solutions for the transient distribution of
a queue lenght and for the busy period of a M /M /1 queue have been provided
in terms of modified Bessel functions. The authors analyse a M/M/1 queue
length process, using an analytical approach based on Laplace transform.

Hence, let {Z(t);t > 0} be a process defined by setting:
Z(t) = Z(0) + Nx(t) = Nu(t),

where N, (t) and N,(t) are two independent Poisson processes with rate A
and p respectively, and Z(0) = m. The transition probability of such process,

for all integers m,n € Z is

A ()2
P A2(0) = n120) = m} =000 (2 1 0y/A),

where I,,() is the modified Bessel function.
An extention of this model has also been given in Di Crescenzo [15] in
which the author shows how to construct a new birth and death process

X (t) having state space Z, whose rates are obtained from those of X (¢) such

that the transition probabilities of the two process are mutually related by a
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product-form relation. The trasformation from X (t) to X (¢) can be viewed
as a method to construct new stochastic models.

The case treated in [15] has been extended to another example of bilat-
eral birth and death process with sigmoidal-type rates in Di Crescenzo and
Martinucci [26]. The authors discuss the bimodality behaviour and symme-
try properties of the transition probabilities when birth and death rates are

respectively

Lee(®™ 0 Le(®)™
TreE T

with A, u > 0 and ¢ > 0. In particular, thanks to certain symmetry properties

ner (1.12)

n

they obtain the avoiding transition probabilities in the presence of a pair of
absorbing boundaries, expressed as a series. Note that when ¢ = 0 and
¢ — 0o the rates in (1.12) became constant in n, and then in both cases the
process identifies with the randomized random walk with birth and death
rates given respectively by A and g (when ¢ = 0) or p and A (when ¢ — o00).
In addition, the rates in (1.12) are equal and constant in n when A = p.

In Chapter 2 we study a new bilateral birth and death process N(t) char-
acterized by a transition rate A from any even state to the two neighboring
states, and by a transition rate p from any odd state to the neighboring

states. Denoting by
1 .
Vi = lim = P{N(t+8) = n | N(t) = j}

the transition rates of N(t) from state j to state n, we assume that the

allowed transitions are characterized by the following rates:
Von,2nd1 = /\7 Vonti1,2n = U, Vn € Z7 (113)

with A, > 0. Note that in the case when A\ = p the process N(t) iden-

tifies with the randomized random walk on the integers with exponentially
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distributed intertimes (see Conolly [11]). We purpose to determine the tran-

sition probabilities of N(t) for arbitrary initial state.

1.5 CLASSIFICATION OF STATES

A boundary classification for birth and death processes based on properties
of a natural scale and a canonical measure associated with these processes is
given in Feller [33]. Feller’s conditions have been reformulated subsequently
in a more suitable form by Callaert and Keilson [9]. Hence, the following
conditions according to Feller’'s boundary classification scheme have been

defined:

A@i)\nlﬂn<oo, B@iﬁn<oo,

n=0
O@iﬂ/\nﬂnzm<oo D@Z Zm<oo

Feller’s boundary classification is given in the second column of the Table

1 HnTn

1.1 in terms of conditions A, B, C' and D, while the third column containes
equivalent conditions proposed by Keilson and Callaert (A denotes negation
of A). In particular, we observe from the third column that every birth and
death process has a boundary at infinity of one of the four listed types. A
reflecting or absorbing character is necessary to complete the characterization
of the process. This may be achieved for example by treating the process
as the limit of a sequence of birth and death processes with reflecting or
absorbing boundaries.

A birth and death process may also be classified in another way. If the
process X (t) leaves state n, one may ask («) whether it returns to state n

with probability one and () whether the mean time to reach state n is finite.

Definition 1.5.1. A process is transient if the return to any state is not a
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Classification Feller’s Callaert and Keilson
of boundary oo | conditions conditions
Regular A B C,D
Exit A B,C C,D
Entrance A,B,D C,D

(_ —

A B

Natural oA B,C C,D

oA B,D

\

Table 1.1: Feller’s conditions and Callaert and Keilson conditions.

certain event; it is null-recurrent if the return is certain in any state and the
mean return is infinity; it is positive recurrent if the return in any state is

certainly with finite mean return time.

If the process is non-regular, then necessary and sufficient conditions are

given by (Karlin and McGregor [44]):

e X(t) transient (@) <« A, B;

e X (t) null-recurrent (e e B) <« A B;
e X (t) positive-recurrent (a e 3) < A B.

The process has a regular boundary if both conditions A and B are satisfied.
For this class of processes, denoted by C;, the recurrent-transient classifi-

cation of such regular processes depends on the conditions imposed on the
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transient | null-recurrent | positive-recurrent
Natural Cy Cy Cs
Exit Cg Q) @
Entrance 0 0 Co

Table 1.2: Classification of states of a birth and death process.

boundary at infinity. If this boundary is a reflecting one, the answer to
(o) and (B) above will be affirmative so that the process will be positive-
recurrent. If the boundary at oo is absorbing (the process stops when it
reaches infinity), the process will be transient.

Note that non-regular birth and death processes are uniquely determined
by the initial condition and the transitions rates A\, and pu,. For these pro-
cesses the boundary classification at infinity and the recurrent-transient clas-
sification are not independent of each other, in the sense that a combination
of two properties (one property of each classification system) can be con-
tradictory. The other classes for birth and death processes are denoted by
Ci, 2 <1 < 6, and listed in Table 1.2. The ) sign means that the class is
empty. It is interesting to observe that for any birth and death process the

implication

lim inf (A, + pn) <00 = natural

n—o0

is true. It follows that if the boundary infinity is non—natural, then

lim A\, = oo or lim p, = cc.
n—oo n—oo

More precisely, one has:
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e entrance = lim,, o ft, = O0;
e exit = lim, .o A, = o0;
e regular = lim, ,,, A\, = oo and lim,, ., pt,, = 00.

We now establish some simple and sufficient conditions for the classifica-
tion of bith and death processes. By setting o, = A/, and of = A\,_1/

forn =1,2,..., one has:

e liminf, ,, 0, > 1, limsup, ., 0, <1 = Ci;

e liminf, ,o0,>1, [{n:o;>1} =00, > 7, ﬁ =00 = Cy;
e liminf, ;o 0f >1, > >0, ﬁ <oo = (s
o {n:on<1}f=o00, [n:g,=1}[=00 = Cy

’{TL ton < 1}| = 00, hmsupn—)oo Q: <1, Zzozl “Ln =00 = C57

© 1

nel oo <00 = Cs.

e limsup, ., o0, <1, >

It is possible to classify also the boundary oo and —oo of bilateral birth
and death processes proceeding in a similar way to the case of basic processes.

Recalling (1.9) the following sequence of positive constants m, are also given:

_ Ao Apog P Hoft—1 -+ H—n+1

T = 1, T n n=1,2,
0 L1l Aid oA, ( ( ))
1.14
Let us introduce the series:
0 1 n 0 n—1 1
+ _ , + _
Sy Z T ;Wm Sy = ZW” N
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Classification | boundary oo boundary —oo

Regular Sf < 00,85 <00 | S] <o00,S8, <
Exit S < 00,85 =00 | S] <00,5, =
Entrance S =00,8 <oo| Sy =00,5, <o0
Natural S =00,8 =00 | S =00,5, =0

Table 1.3: Classification of states of a bilateral birth and death process.

Table 1.3 shows the conditions that classify the boundary oo and —oo for

bilateral birth and death processes.



CHAPTER 2

BIRTH AND DEATH PROCESS WITH
ALTERNATING RATES

2.1 INTRODUCTION

Birth and death processes were introduced to describe random growth (see,
for instance, Ricciardi [68] for an accurate description of birth and death
processes in the context of population dynamics). Furthermore, they arise
as natural descriptors of time-varying phenomena in several applied fields
such as queueing, epidemiology, epidemics, optics, neurophysiology, etc. An
extensive survey has been provided in Parthasarathy and Lenin [61]. In
particular, in Section 9 of such paper certain birth and death processes are
used to describe the time changes in the concentrations of the components of
a chemical reaction, and their role in the study of diatomic molecular chains
is emphasized.

Moreover, Stockmayer et al. |73] gave an example of application of stochas-

tic processes in the study of chain molecular diffusion, by modeling a molecule
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as a freely-joined chain of two regularly alternating kinds of atoms. The two
kinds of atoms have alternating jump rates, and these rates are reversed for
odd labeled beads. By invoking the master equations for even and odd num-
bered bonds, the authors obtained the exact time-dependent average length
of bond vectors.

Inspired by this work, Conolly et al. [12] studied an infinitely long chain
of atoms joined by links of equal length. The links are assumed to be subject
to random shocks, that force the atoms to move and the molecule to diffuse.
The shock mechanism is different according to whether the atom occupies
an odd or an even position on the chain. The originating stochastic model
is a randomized random walk on the integers with an unusual exponential
pattern for the inter-step time intervals. The authors analyze some features
of this process and investigate also its queue counterpart, where the walk
is confined to the non negative integers. Various results concerning such
queueing system with “chemical” rules (the so-called “chemical queue”) were
obtained also by Tarabia and El-Baz [74], [75] and more recently by Tarabia
et al. [76].

Another example arising in a chemical context where the role of parity
is crucial is provided in Lente [49], where the probability of a more stable
enantiomer is different according on whether the number of chiral molecules
is even or odd.

Stimulated by the above investigations, in this chapter we consider a birth
and death process N(t) on the integers with a transition rate A from even
states and a possibly different rate p from odd states. This model arises by
suitably modifying the death rates of the process considered in the above
papers. A detailed description of the model is performed in Section 2.2,

where the probability generating functions of even and odd states and the
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Figure 2.1: Transition rate diagram of N(t).

transition probabilities of the process are obtained for arbitrary initial state.
Certain symmetry properties of the transition probabilities are also given. In
Section 2.3, we study the birth and death process obtained by superimposing
a reflecting boundary in the zero-state. In particular, by making use of a
Laplace transform-based approach, we obtain the probability of a transition
from state 1 to the zero-state. Formulas for mean and variance of both
processes are also provided. We remark that some preliminary results on the
process under investigation are given in Iuliano and Martinucci [42] for the
case of zero initial state.

It should be mentioned that closed-form results on bilateral birth and
death processes have been obtained in the past only in few solvable cases, such
as those in the above mentioned papers, and those given in Di Crescenzo [15],
Di Crescenzo and Martinucci [26], Pollett [63]. Moreover some results on
birth and death processes with alternating rates that will be given in the

following sections have been presented in Di Crescenzo et al. [21].

2.2 TRANSIENT PROBABILITY DISTRIBUTION

We consider a birth and death process {N(t); t > 0} with state-space Z, and

denote by

pen(t) = P{N@t)=n|N(0) =k}, t>0, neZ
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its transition probabilities, where k € Z is the initial state. We assume that
N(t) is characterized by a transition rate A from any even state to the two
neighboring states, and by a possibly different transition rate p from any odd

state to the neighboring states. In other terms, denoting by
1 ,
Vjn = lim - P{N(t +h) =n|N(t) = j}

the time-homogeneous transition rates of N(¢) from state j to state n, we

assume that the allowed transitions are characterized by the following rates:
Vonontl = A, Von+1,2n = I, Vn € Z, (2.1)

with A, ¢ > 0. The associated transition rate diagram of this process is given
in Figure 2.1. We note that rates (2.1) are different from those of the birth
and death model considered in Conolly et al. [12] and Tarabia et al. [76],
where Vo, 9pt+1 = Vopt1,2n = A and Vo, 1.9, = Vap 2n—1 = p for any n € Z.

Due to assumptions (2.1), the transition probabilities of N(t) satisfy the
following system of Kolmogorov differential-difference equations:

d

&pmn(t) = 1Pk 2n—1(t) — 2A P20 (t) + 1Pk 2n41(t),

(2.2)

d

Epk,Qn—&-l(t) = ADkan(t) — 20 Pk 2n41(t) + A Dr2nt2(1),

for any t > 0, n € Z and for any initial state k € Z. The initial condition is

expressed by:
pk,n(o) = (Sn,ka (23)

where 9, is the Kronecker’s delta. We notice that in the special case when
A = p process N(t) identifies with the so-called “randomized random walk”
(see, for instance, Conolly [11]).

In order to obtain the state probabilities of N (), hereafter we develop a
probability generating function-based approach. We recall that this method
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has been used in the past to determine probabilities of interest in several
stochastic models (see, for instance, Giorno and Nobile [36] and Ricciardi
and Sato [69] for the distribution of the range of one-dimensional random
walks). Let us define the probability generating functions of the sets of even
and odd states of N(t), respectively:

—+00 —+00

Fi(z,t) = Z 25 (1), Gi(z,t) = Z P prgjia(t),  (24)

j=—o00 Jj=—00
with z € Z. Note that, due to (2.3), the following initial conditions hold:

2F k even 0 k even

Fiu(2,0) = Gi(z,0) =4 (2.5)
0 & odd, 2k odd.

From system (4.22) we have that the generating functions (2.5) satisfy the

following differential system:

%Fk(z, t) = pzGr(z,t) — 2\ Fi(2,t) + g Gr(z,1),

2Gk(z,t) = AzF(z,t) = 2u Gi(z,t) + A Fi(z,1),
z

ot
so that
22 +1
a Fi(z,t) e Fi(z,t) | A —22)\ n—
Ot \ Gu(z,1) Gilz, 1) ),

z

Hence, by use of standard methods, due to conditions (2.5) we obtain

Fop(z,t 22k
w20 ) , (2.6)
G2k<Z, t) 0
and
E z,t 0
(50 ) _ ar , (2.7)

Gort1(2,1) 22k
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where )
2+ 1
At —2A z ¢
e’ = exp 2.1
)\z + —op
z

To determine the eigenvalues of matrix A, we consider the following equation

2 1 2
det(A—vl)= 2N\ +v)2u+v) — )\M@ =0,
z

whose roots are given by

1
’Ul,UQZ—(/\‘i‘,U/)i;h(Z), V1 < Vs,

with

h(z) = /(a2 + NN + ).

In the sequel we shall denote by

—(A+ ) = h(z)/z 0
0 —(A+p) +h(z)/2

V

(2.8)

the matrix eigenvalues of A, and by

Sll 512
S21 522

S:

the corresponding matrix eigenvectors. By setting

2241
5212522:)\( B )7

the following system holds:

—2)\511 + [L)\(T) = Sll(_)\ - h(Z)/Z),

(2.9)

(22 + 1)2

—2/\512 + [L/\ 22

= Si2(—=A—p+h(2)/2).
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By straightforward calculations we have A =S -V - S=1, where
h(z h(z
p—=A = i) = A+ ) vy 0
S = ) V= . (2.10)
2 2
)\z +1 )\z +1 0 v
z z
A22+1) 2(A—p) —h(z
Gio ) ke
2022+ Dh(z) \ X2 4+1) 2(u—\) — h(2)
If the initial state is even (2k), Egs. (2.6) and (2.10)—(2.11) give
h(z) h(z) S 2k+1
-\ = - vt —
52k a z a * z e 0 2h(2)
At _
e . =
0 NGRS RENCES) 0 et Z2k+1
2 z 2h(z)
and then
h h
h(z) cosh {t ﬁ] + z(p — A) sinh {t ﬁ} ,
2k 2% z z
At < [ O W
e . = e -
0 h(z)

A(z* + 1) sinh {t M}

(2.12)

Hence, from Egs. (2.6) and (2.12) we obtain the explicit expression of the

probability generating functions when the initial state is even:

For(z,t) = e_(/\+“)t% {h(z) cosh {t M} + 2(p — \) sinh {t M} }(2.13)

zZ z

Gar(z,t) = e(”“)t;(—t))\ (2* 4+ 1) sinh {t h (ZZ)} : (2.14)
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Similarly, if the initial state is odd (2k+1), Egs. (2.7) and (2.10)-(2.11) give:

h(z h(z
p=A— ) p— A+ ) et 0 01(2)
0 z z
At _ ’
L2k+1 ) )
e\ Exy 0 e |\ 6y(2)
2 z
where
_[h(z) —2(A = )] appe _[Mz) =2k = N)] appe
W) = Er e ¢ 0 RO S E T e
and then,
u(2* + 1) sinh [t M} :
0 2k+1 o
eAt — (At
2k+1 h(z)

z

h(z) cosh [t hz) } + (A — p)sinh lt @}

Hence, the explicit expression of the probability generating functions are:

Fopiq(z,t) = e_()‘+“)t%,u (2% + 1) sinh {t @} : (2.16)
Gori1(z,t) = e@ﬂﬁig {h(z) cosh {t @} + 2z(XA — p) sinh {t h(j)} } .

We are now able to evaluate the state probabilities of the process.
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2.2.1 ZERO INITIAL STATE

Proposition 2.2.1. For all r € Z and t > 0 the transition probabilities of

N(t), when the initial state is zero, are:

w5 [ (£2) QS 00 ()
oty [ (2)

n=r

X Z ( ) (r N k) (5> _%_T, r>1; (2.18)

400 on41 N —2k—r
_ S S pRuLEEE S (0 VORI N
p0,2r+1(t) = p7(2r+1)(t) =e . Z (2n + 1)! Z E)\r+k L
n=r k=0
. f ()\t)Z’VH-l nil n n é —2k—r—1
. Cn+ 1! = \k)\r+k+1) \p '

=r+1

(2.19)

Proof. Recalling (2.5) we have:

oo |:t M] 2n oo [ h(z):| 2n+1
Fo(z, 1) = —(A+p)t ® _
nlzt) = 222 nz;; 2n +1)]

n)!
oS zéngm. e ey

+ (M—A)§%<1+§z2>n (z%%)"} (2.20)

Consider the following identity:

() A E GG

=0 0

k=
n—1 n— r 1z —x—2k—1
2n+2 2 ) 291
e ()G e
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Po(t)
0.5

025"

Figure 2.2: Plots of po(t) = po,o(t) for (A, ) = (2,1) (solid line), (A, n) = (2,2)
(dashed line) and (A, p) = (1,2) (dotted line).

By substituting (2.21) in (2.20) and by setting n — x = r, with r > 1, we

obtain
oS () B
X:Z;;(Z) (er) (%)_%_T{g%juzzw}. (2.22)

Extracting the coefficients of 2% in (2.22) the even probabilities are given.
Similarly, from (2.5) and (2.16)-(2.17), for r > 0, the odd state probabilities
follow. []

Some plots of the transition probabilities of the process N(t), when initial

state is zero, are given in Figures 2.2, 2.3, 2.4 and 2.5.
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Figure 2.3: Plots of par(t) = poar(t) for (A, u) = (2,1) and r = 0 (solid line),
r =1 (dashed line) and r = 2 (dotted line).

\ \ \ \ g
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Figure 2.4: Plots of par(t) = poar(t) for (A, u) = (1,2) and r = 0 (solid line),
r = 1 (dashed line) and r = 2 (dotted line).
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Figure 2.5: Plots of pa,41(t) = po2r+1(t) for (A, ) = (2,1) and r = 0 (solid line),
r =1 (dashed line) and r = 2 (dotted line).

2.2.2 NON-ZERO INITIAL STATE

Proposition 2.2.2. For all [, € Z and t > 0 the transition probabilities of

N(t), when the initial state is arbitrary, are:

o= 5 [0 (622) b

n—|r—I|

N [N 1 R 229

[r—1

+00 nl —2k—[r—I|
_ ()2l n n A
Dot (t) = e SN ! > -
! (2n+1)! e~ \k)\k+|r— I) \p

)\t ont1 nolr—itl n n \ —2k—|r—1+1|
* Z @2n+1)! g E)\k+r—1+1]) \u ’

z+1|
(2.24)
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+0o 2n+1
_ t
Porrian(t) = € (A+u)t{ E ()™

[
Ty (2n + 1)!
i N n [\ —2k—lr=1-1]
8 kz_% (k) (k+]r—l—1]) (X)

1)+ il BN n {1\ —2k—lr—1|
N Z 2n—|—1 kz_; <k)(k+|r—l|) (5) }

+00 2n 2n+1
t A — t
p21+1,2r+1(t) _ e—()\-‘ru)t Z {(:U' ) + ( :u) (/L ) }

o L) X ) @2n+1)

n—|r—I|

- Z ( )(k‘+|r—l|> 5 (2:25)

Proof. Recalling (2.13) and (2.21), when 2k is even, we consider the following

generating function:

Fop(z,t) = e~ Ot S {W)% N (u -~ A) ()2 ]

| (2n)! A ) (2n+1)!
SESO0 )
x 2 (2 22 k+9), 2.26

By setting k+ j =r and [ = k in (2.26), whenn >1 >0 and [ > n > 0, we

obtain the generating function:

Ful) = o > o (5°) G

n=1

EEO6)0

2 () )
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SrEE)E) T
5o (152) o]
3 l< o))
[ (e52) )
SIS D)0 e

where y = z2. By Fubini’s Theorem, after some calculations, we have:

=y 5 [ (252) b

L0

e )

r

+

+
n=Il+1

+oo )\t 2n )\t 2n+1
{ ) s

x”z”<><k+l+r><;>‘”“”}-

Hence, we analyse the case in which 1 < |I| <n and |l| > n > 0. After some
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calculations we obtain:

rcn=co (S5 3 [+ (557 G

r=l  n=r—l|

SN IR CY
LS [l () e
>N IR CY R
e G (57) e )

=000} 22

with z = 22. Hence, Egs. (2.23) follow by extracting the coefficients of z?" in

X

(2.28) and (2.29). Similarly, when 2k is even, by extracting the coefficients of
n (2.14), Eq.(2.24) follows. Then, when 2k + 1 is odd by extracting the
coefficients of 22" in (2.16)-(2.17), Egs. (2.25) and (2.25) finally follow. O

Figure 2.6 shows some plots of transition probabilities given in Proposi-

tion 2.2.2.

2.2.3 SYMMETRY PROPERTIES

The relevance of symmetry properties of transition functions of birth and
death processes has been emphasized in Anderson and McDunnough [2] and
in Di Crescenzo [16], for instance. We stress that the role of symmetry is
closely connected to the analysis of the first-passage-time problem in Markov
processes. See, for instance, the contributions of Giorno et al. [37], [38] and

Di Crescenzo et al. [18], [19], where some relations involving the transition
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Figure 2.6: Plots of some transition probabilities for (A, u) = (1,2) (solid
line), (A, u) = (2,2) (dotted line), (A, 1) = (2,1) (dashed line).

probability density functions and the first-passage-time density functions of
symmetric diffusion processes in the presence of suitable time-varying bound-
aries.

Hereafter we analyze some symmetry properties of the transition proba-
bilities obtained in Proposition 2.2.1 and Proposition 2.2.2. When necessary
we emphasize the dependence on the parameters by writing py . (t; A, 1) in-

stead of py . (%).

Remark 2.2.3. From Proposition 2.2.1, denoting by pa,11(¢; A, i) the right-
hand-side of (2.19) and , due to Eq. (2.14), the following symmetry property
holds:

A
Po2r1(t; A, p) = ; Po.2r+1(t; 14, A).
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Proposition 2.2.4. For every t > 0 and n,k € Z the following symmetry

relations hold:

(1) PN—kN-n(t) = Drn(t), if N is even
(@)  pN-kN-n(t; A 1) = pen(t; i, ), if N s odd,
(@2)  Paw(t; A 1) = prn(t; 1, A);

(iv)  PN4kN4n(t) = Pra(t), if N is even
(v) PNk N4n (A 1) = Pea(t; s, N),  if N s odd.

Proof. These properties follow from direct analysis of the probabilities (2.18)-
(2.19) and (2.23)-(2.25). In particular, hereafter we prove the property (ii).
If N =2m+1is odd, by setting k = 2s (even) and j = 2¢ (odd) and by
recalling Eq. (2.25) the following relation holds:

PNk, N—j (1) = Pagm—s)41,2(m—q)+1(t) = e~ (Wt

<2 [ (5 el

=[s—q

EOLIO e

whereas, recalling (2.23), we have:

i (1) = Pasag(t) = e T io {(At)gn n (M — )\) (At)2n+! }

Myl (2n)! A (2n + 1)!
n—|g—s| —2k—|q—s|
n n A
X — . 2.31
> (1)) ) )
The other cases can be proved similarly. O]

In Figure 2.6 the plots of p_o1(t) and p; _o(t) illustrate a case in which
property (i) of Proposition 2.2.4 holds.
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2.2.4 MOMENTS

Hereafter we express in closed form the mean and the variance of N(¢). In
particular, we shall obtain that the mean is equal to the initial state. This
result is intuitively justified by the symmetry of the Markov chain. Indeed,
by choosing N = 2k and n = k — r in identity (i) of Proposition 2.2.4 we
have py k+r(t) = prg—r(t) Yk, 7 € Z, and t > 0.

Proposition 2.2.5. Fort > 0 and k € 7Z we have

E[N(#)|N(0) = k] =k, (2.32)

Var[N(t)|N(0) = k] = % t+ (—1)’“?9+—_ﬂ’)‘3 [1— e 2] (2.33)

Proof. The mean (2.32) easily follows from Egs. (4.22) and (2.3). Moreover,
by setting vy (t) := E[N?(t)|N(0) = k] from system (4.22) we obtain:

d +o0 +oo
GV =2 Y Prana () +2X Y pran(t)

n=—0oo n=—oo

ZQIqu(l,t)—FQ)\Fk(l,t), tZO,

where F), and G}, have been defined in (2.5). Hence, recalling Eqs. (2.13)-

(2.17), after some calculations we have

4\ 2N (A —
d g (A= p) e 2 Hm)t k even
dt 4/\,“ + 2”(:“’ - )\> e—2()\+u)t7 Lk odd
A A+
with ¢%(0) = k. Finally, Eq. (2.33) follows. O

2.3 A REFLECTING BOUNDARY

In this section we consider the case in which the state-space is reduced to

the set of non-negative integers. We shall denote by {R(t); ¢ > 0} the birth
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and death process having state-space {0,1,2,...}, with 0 reflecting, whose
rates are identical to those of N(t). This describes, for instance, the number
of customers in a queueing system with alternating rates. Forn =0,1,2, ...,

let us introduce the transition probabilities
QGen(t) = P{R(t) =n|R(0) =k}, t>0.

The related differential-difference equations are, for n =1,2,...,

(d
E%,o(t) = wqea(t) — Aqro(t),

d

&Qk,Qn(t) = W Qkon—-1(t) — 2A @ron(t) + 1 Qront1 (1), (2.34)

d

\ &kan—l(t) = AQron(t) — 20 Qron—1(t) + A Qron—2(),

with

Qe (0) = On g (2.35)

Remark 2.3.1. We point out that the steady-state distribution of R(t) does
not exist. Indeed, from system (2.34) it is not hard to see that

lim gy, ,,(t) =0, Vk,n € Z.
t—o00

2.3.1 MOMENTS
Let us now set, for k € Z,

Py(t) = P {R(t)even | R(0) = k} = +fq,m(t), t>0. (2.36)

Now mean and variance of R(t) will be formally expressed in terms of (2.36).
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Proposition 2.3.2. Fort > 0 we have

EROIRO) =1 = A [ o(D)dr 4k (237

—\? { /0 tqk,o(T)dTl 2 + 2ut, (2.38)

Py(t) = —E 2B a0y / g (dr, (239)
A + % A + 2 0 '

Proof. The mean (2.37) easily follows from system (2.34) and condition
(2.35). Moreover, from Eqs. (2.34) we obtain

d

+00 oo
&E[RQ@NR(O) = k] = 2#; Qr2n1(t) + 20qx1 (t) + Agro(t) + 2)\;%,%@)

= 2p[1 = Pr(t) — qr1(t)] + 20qr,1(t) + Aqro(t) + 2X [Pe(t) — qro(t)]

= 2(A — ) Pe(t) + Aqro(t) + 2p,

where Py (t) satisfies the differential equation

%Pk(t) = =2(u+ A) Be(t) + Aqrolt) +2p. (2.40)

Since the solution of (2.40) is Eq. (2.39), the conditional variance (2.38) easily
follows. O

2.3.2 PROBABILITIES

In the case in which the initial state k is zero, recalling (2.34) and (2.35) and

denoting by

Tn(S) = Lslqrn(t)] = /000 e qa(t)dt, s> 0, (2.41)
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the Laplace transform of the transition probabilities of R(t), we have:

(

(A =+ ) moo(s) =14 pmoa(s),

(2>\ + S) 7T0,2n<3) = /L7T0,2n71(8) + //L7T072n+]_<8), (242)

L (Q,u + 8) 7T072n_1<8) = /\7T072n(8) —f- )\77'072”_2(8).

The solution of system (2.42) involves the roots of the biquadratic equation
Mzt = [N+ p+5)? =X = p?2® + =0,

which are given by

(A+ B)? (A— B)

Vi(s) = TR 3(s) = PR
where
and

A? = (a+5)* — d?, B*=(a+s)? -V

Since 1?(s) > 1 and 0 < 93(s) < 1, from system (2.42) we have

202u+s) [(A—B)?]"
= =0,1,... 2.4
77-0,271(8) S(Q,u + S) + AB [ aQ _ b2 ) n 07 ’ ( 3)
and, similarly,
B 2\ (A—B)2]""! (A— B) B
7T0,2n—1(8) - 8(2/,L n S) + AB |: CL2 N b2 :| CL2 —_ b2 , 1 1727

In particular, from Eq. (2.43) we have

/ / 2\
1 14+ — 2.44
* + 2u + s ( )

7T00
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To obtain the expression of the zero-state probability goo(t), we note that

\/2a—|—s \/a+s—b
s a+s+b

b2
X<1_ (a+ s)( (a+s)2—b2—|—a+s)>.

Hence, by making use of Egs. (19) and (24) of [32], after some calculations,

Eq. (2.44) can be written as

1
a+b

’/Tgyo(S) =

we obtain

e—at

a+b{apdmy+hmoy+qh@w—ngﬂ}
+2?ae+a;) /0; B (%, ;, 92, %) []O(Q(t —s)) + Li(a(t — 5))}ds

+h /0 Py (% o2 %) (bt = 5)) = T(b(t = 9))] s
(2.45)

Qoo(t) =

where

I(z) = kz:; m (g)QHn

is the modified Bessel function of the first kind and

Fy(c1,c9,c x)_f—(cﬂkxk
142 1,¢2,C3, e (Cg)k (Cg)k k"

is the hypergeometric function, with (-); denoting the Pochhammer sym-
bol. The evaluation of the integrals in Eq. (2.45) finally gives the transition
probability (see Section 3 of Iuliano and Martinucci [42]).

o—at +00 (t/2)2k

Goo(t) = (@® ! + 0?1 | F SEE
00 atbi kPR U2t T "4
t(a2k+2 _ b2k+2> 1 3 p22
Bl -2 k+1,k+ =, — t>0
2(1{5+ 1) 1472 27 + ) + 27 4 ) — Y

Some plots of the transition probability ¢o(f) = goo(t) are shown in Figure

2.7 for various choices of A and . Now we analyse the case in which the
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Figure 2.7: Plots of qo(t) = qoo(t) for (A, u) = (2,1) (solid line), (A, u) = (2,2)
(dashed line) and (A, p) = (1,2) (dotted line).

initial state is £ = 1. By using (2.41) the transition probabilities of R(t),
from Eqs. (2.34) we have

[ (A4 8) mo(s) = pmia(s)
(2~ s)m1(s) = 1+ Amya(s) + Amio(s)
(

| (

(2.46)
2X\ + 8) T120(8) = pm12n-1(8) + 1 2n41(S), n>1
2104 5) T 2n-1(8) = AT190(8) 4+ A1 2n—2(5), n>2
After some calculation, we obtain:
(2p+5)(A+ ) [L3(s)]"
Ti2n(8) = . on>1, 2.47
120 8) =38 [T = 03)) — 5 030 (247
and, similarly,
A 2(s)]" 1 2
771,2n—1(5> _ ( + S) [¢2 (8)] [ + ¢2(8)] n Z 1. (248)

Alp(L=93(s)) — s3(s)]
In particular, when the initial state is 1 and the final state is zero, by making

use of Egs. (2.47) and (2.48) and substituting in (2.46), we have

(22X +s8)(2u+s) - AB
7T170(S) = \ [S(Qlu i 8) i AB] . (249)
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By inversion of (2.49), after some calculations, we obtain

_ e T o hb(t—s) 5 hialt - S))
Q1’O(t)_2)\(a+b)/o{_b i—s) ¢ Ta= } Als)ds +

e Y A () (t —5)?
+—2)\(a+b)(a —b )/0 5 1 Fy (2 2,2, : )h(s)ds,

where

h(z) := ally(ax) + I (ax)] + b[Io(bx) — I(bx)],

with I,,(-) denoting the modified Bessel function of the first kind. Evaluating

of the integrals in Eq. (2.50) the following result finally follows.

Proposition 2.3.3. Fort > 0, we have
—at +oo th

© a\ 2n+2 b 2n+2 1
qro(t) = M{ Z nl(n +1)! (5) - (5) ] 13 (57 1,a,b>
400 t2n+1 _CL2 o b2 b 2n+1 5
+ann—l—1) I(2n +1) i 2 (5) ]5(1,5, 75)
. 2t ay 2n+2 b 2n+2 5
+n2%n!(n+1)!(2n+1) (5) - <§> ]n(l,é, a, )

a?— b D\ /3
- 22
S (3) |r(G2aer)

+0o $2n+2

+; nl(n+ 1)!(2n +1)(2n + 2)

1 2¢2 1 b2t?
&(u,v,a,b) = 1 Fy <§;n+u,n+v;a—> — 1 F <§;n+v,n+u; T) ,

1 a’t? 1 22
n(uﬂvaa7b):alF2 St u,n+ v —— +b1F2 onto,nt+u—|.
2 4 2 4
Some illustrative plots of ¢ (¢) are shown in Figure 2.8.
Stimulated by some previous works on the applications of stochastic pro-

cesses to the study of chain molecular diffusion, in this chapter we have
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Figure 2.8: Plots of ¢ o(t) for (A, 1) = (1,2),(2,2), (2, 1), from top to bottom.

analyzed a birth and death process on Z characterized by alternating transi-
tion rates. The probability generating functions of even and odd states and
the transition probabilities of the bilateral process have been obtained in two
special cases: (i) when the initial and final state is zero and (i) when the
initial state is arbitrary. A preliminary investigation on the transient behav-
ior of the birth and death process obtained by superimposing a reflecting
boundary in the zero-state has also been performed in both cases.

In conclusion, the results given in this chapter deserve also special interest
in the fields of chemical queueing processes and two-periodic random walks,
according to the lines traced in various papers, such as Conolly et al. [12]

and Bohm and Hornik [7], for instance.



PART 2

ANALYSIS OF A TELEGRAPH PROCESS WITH
UNDERLYING RANDOM WALK



CHAPTER 3

TELEGRAPH PROCESS

3.1 INTRODUCTION

In this chapter we analyze a random motion governed by the telegraph equa-
tion. Models of random evolution deserve large interest in mathematical
biology, as they naturally appear in many contexts involving biological phe-
nomena. Among those, we recall the telegraph random process, which arises
also in other applied fields, such as engineering, mathematical finance, queue-
ing and reliability theory.

The telegraph random process has been studied in the past by many au-
thors aiming to describe the motion of a particle on the real line, traveling
at constant speed, whose direction is reversed randomly according to the ar-
rival epochs of a Poisson counting process (for instance, see Kac [43]). The
telegraph random process first appeared in the literature in a work of Gold-
stein [39] in fluid dynamics. In this paper, a particle, starting from the origin,
moves in steps of length A = v7 , the duration of each step being 7. At each

time the particle has probability p of maintaining and the probability ¢ = 1—p
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of reversing the direction of the previous step (at 7 = 0 both directions are
equiprobable). The probability distribution of the position is calculated ex-
actly and various asymptotic expressions are found. In particular limit the
solution can be obtained by solving the telegraph equation. This is remark-
able since the equation is hyperbolic and one usually encounters equations
of parabolic type. Some aspects of this process, including absorption and
first-passage-time problems, have been studied in Foong and Kanno [34] and
Orsingher [55]. Several Markovian generalizations of the telegraph random
process have been proposed in the recent literature, in which the reversals of
velocities of the motion are still driven by a homogeneous Poisson process,
and the transition probability density function governing the process is usu-
ally a solution of a hyperbolic partial differential equation. This solution is
very complicated when the number of velocities is high (see Kolesnik [47]),
so that closed-form solutions have been found in the past only in very few
cases. Restricting our attention to one-dimensional models, various kinds of
generalizations of the telegraph process have been proposed towards motion
characterized by random velocities (see Stadje and Zacks [72]); models char-
acterized by more than two directions, for instance, see Orsingher et al. [58|
and by Kolesnik [47]; velocities alternating at gamma or Erlang-distributed
random times (see Di Crescenzo et al. [17], [24] and Pogorui et al. [62]).
The interest for this process has increased with the years and many impor-
tant features obtained from different viewpoints and different techniques have
been proposed. Recently, the telegraph process has been exploited in proba-
bilistic financial fields, such as for stochastic volatility modeling and actuarial
problems based on generalized telegraph process characterized by alternating
velocities and jumps occurring at switching velocities (see Ratanov [65] and

Ratanov [66], for instance). Among other applications these processes have
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been exploited for stochastic volatility models (see Di Masi et al. [31]). A new
model based on a geometric telegraph process to study the price evolution
of risky assets has been analized in Di Crescenzo and Pellerey [30].

In the following sections the standard telegraph process is introduced
and the relative properties are analyzed in order to show the explicit expres-
sions of the transition probabilities of the stochastic process. In Section 3.2,
the telegraph process is formally defined. Some preliminary results of the
transition probabilities of the process V(t) and relative moments are intro-
duced. In Section 3.3 the integrated telegraph process X (t) is analyzed and
the relative probability densities of the process X (t) are defined in order to
introduce the telegraph equation and moments of particle position. Then,
in Section 3.4, the probability law of the process (X (t),V(t)) characterized
by a discrete component on the extremes of the domain [—ct, ct] and by an
absolutely component over the domain is exhibited. Finally, in Section 3.5

moment genarating function of the telegraph process is evaluated.

3.2 TELEGRAPH PROCESS

In this section we give some results on the telegraph process. We consider a
stochastic process {(X (¢),V (t));t > 0}, where X(¢) and V' (¢) denote respec-
tively position and velocity at time ¢ of a particle moving on the real line
with two alternating velocities and opposite directions. The random times
separating consecutive changes of direction of the motion have a general dis-
tribution and perform an alternating renewal process. In the basic model
such random times have exponential distribution with parameter \.
Starting from the origin, the particle moves following an alternating mo-

tion with velocities ¢ and —c¢ (¢ > 0). The direction of the motion (forward
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and backward) is determinated by the sign of the velocity that forces the
particle to change the direction. The telegraph process was introduced to
represent a random motion with finite velocity, in order to superate the seri-
ous limitations of the Brownian motion process in the realistic representation

of real random motions:
e infinite speed with which it travels the trajectories,

e the non-differentiability of trajectory (which implies total absence of

inertia).

The Brownian motion process describes the motion exhibited by a small
particle that is totaly immersed in a liquid or gas. Moreover, it is suitably
defined as the limit of a symmetric random walk.
Let {N(t),t > 0} be a homogeneous Poisson process with parameter A,
so that
e M (A

PIN(t) =k} = ——F—  k=012...

For a finite number of time points
0<ti<tya<tg<...<t,
the increments
N(ty) — N(t1),N(t3) — N(t2),...,N(t,) — N(t,—1)

are independent. If the particle starts with positive velocity, then the velocity
is ¢ (¢ > 0). When there is a collision, the particle velocity changes becoming
negative, i.e. —c. The velocity remains the same until another collision, and
so on. Now we derive the distribution of the velocity of the particle. The
number of collisions at time ¢ is just N(¢) and the sign of velocity changes

at any collision. We assume that at time ¢ = 0 the particle is located at the
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origin and moves in a positive or negative direction. Hence, the velocity of

the particle at time ¢ is
V(t) = VO)(-)¥O, >0, (3.1)

where N (t) is the number of events of an homogeneous Poisson process with
intensity A during (0,¢) and V(0) is a random variable independent from
N(t) such that

P{V(0) =} = PV(0) =~} = 3.
The process V(t) can be interpreted as the velocity at time ¢ of a particle

moving on the real line. It is easy to see that the following theorem holds:

Theorem 3.2.1. The probabilities of the process V (t) conditional on initial
velocity V(0) = ¢ are:

PV() = | V(0) = ¢} = 5(1 + )

P{V(t) = —c|V(0) =c} = %(1 — e ), (3.2)

Proof. The probabilities

pe(t) = P{V(t) = c[V(0) = ¢}

p-e(t) = PV (t) = —c|V(0) = ¢} (3.3)
satisfy the following system:

pe(t + At) = pe(t)(1 — ANAL) + p_o(t)AAL + o(At)

(3.4)
p_e(t + At) = p_o(t)(1 — AAL) + p(t)NAL 4+ o( At).
Hence, the following system of differential equations holds:
9 pe(t) = —3pelt) + dp—elt)
(3.5)
0

gp_c(t) = —Ap_o(t) + Ap.(t)
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From system (3.5) we obtain the equation

o 0

il 2N\— = :
8t2pc(t) + )\atpc(t) 0 (3.6)
with initial conditions:
pe(0) =1
(3.7)
0
2y (0) = —A.
5iP—<(0)
Finally, Egs. (3.2) follow from (3.6) and (3.7). O

Similarly, from the symmetry of the process V' (), it is possible to prove

that the following probabilities conditional on V' (0) = —c¢ hold:

PAV(t) = +¢|V(0) = —c} = %(1 b, (3.8)

3.2.1 MOMENTS OF THE PARTICLE VELOCITY

It is easy to derive, from Egs. (3.2), the conditional mean and the conditional

variance of process V(t)
E[V(#)[V(0) =] = c[pe(t) = p-e(t)] = c e, (3.9)

Var[V(t)|V(0) =c] =¢c* (1 —e ™). (3.10)

The covariance is given by
Cov [V (1), V(s)] = e sl — (¢ e72M . e7229) | (3.11)

with 0 < s < t.

Symilarly, the following relations conditional on V' (0) = —c hold:
E[V(t)|V(0) = - = —c e, (3.12)

Var [V(t)|V(0) = —c] = (1 — ™), (3.13)
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Cov [V (t),V(s)] = Pe 2Mt=sl ¢ (c e ), 0<s<t (3.14)

We note that when ¢ — oo, the means (3.9) and (3.12) tend to 0 and the
variances (3.10) and (3.13) tend to the constant 2.

3.3 INTEGRATED TELEGRAPH PROCESS

The integrated telegraph process is obtained as integral of Eq. (3.1). This
process describes the position of a particle during its motion. Hence, the

istantaneous position of the particle at time ¢ is
t
X(t) = V(O)/ (—1)¥Ods, >0, (3.15)
0

We assume that N(0) = 0. Notice that, in this model, the length of times
at which the particle is traveling in the positive or negative direction are

indipendent and identically distributed (i.i.d.) exponential random variables.

Definition 3.3.1. For ¢t > 0 and —ct < x < ct, we introduce the following

probability densities of X (¢) conditional on initial velocity V' (0) = ¢:
0
flz,t|c)dx = %P {X(@) <z|V(t)=c}, (3.16)
0
b(x,t|c)dx = %P {X(@) <z|V(t)=c}. (3.17)
The densities f(z,t| —¢) and b(z,t| — ¢), conditional on initial velocity
V(0) = —c can be defined similarly.
The functions f and b are defined respectively as the density that the

particle occupies location near x at time ¢t with forward velocity, and that

the particle is located in z at time ¢ with backward velocity.

Definition 3.3.2. Define for ¢t > 0 and —ct < z < ct the forward density
f(x,t) and backward density b(x,t):

Flast) = 51wt + f(et] =),
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b(z,t) = = [b(x,t|c)+ bz, t| —c)].

N | —

Hence, the probability density of X (¢), when the particle stars at zo = 0,

at time ¢ty = 0 is denoted as follows:
0
plz,t) = %P{X(t) <z} = f(z,t)+b(z,1). (3.18)

The probability density p(x,t) introduced in Eq. (3.18) is the solution of the
telegraph equation:
Pp  Pp ) Op

(for istance, see Goldstein [39]). The explicit form of the associated flow
function

w(x,t) = f(x,t) — bz, 1) (3.20)

of a random motion governed by the telegraph equation is also introduced.
This function represents, at each time ¢, the excess of forward moving particle
with respect to backward moving ones near point x.

In the following sections the closed form of the density p(z,t) is given. It
is interesting to note that the solution of the process X (¢) is similar to the

solution of the equation of the vibrating string:
A
e M (—\/ 22 — x2) , lz] < ct
c
G, t) = (3.21)
0, otherwise.
where the time ¢ is replaced by the randomized time [,(—1)¥()ds. The func-

tion G(x,t) represents the instantaneous form of a string perfoming damped

vibration initiated at time ¢ = 0 by a unit impulse at x = 0, where

w30 (1)

k=0
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is the Bessel function with imaginary argument of order zero. An expression
for the probability density p(z,t), based on G(z,t), is obtained in Orsingher
[52]. Finally, the telegraph process has been generalized in many direction for
one-dimensional generalizations (see Orsingher [54|) and for two-dimensional

generalizations (see Orsingher [53]).

3.3.1 MOMENTS OF PARTICLE POSITION

The variance and the covariance of the process X () follow from Eq. (3.15).

These results are contained in the following proposition.

Proposition 3.3.3.

varixol =5 |3 - H5 (322)
min(¢, s — e~ 2Amin(t,s) e—2AIt,s|
Cov[X(t), X (5)] = icz {4 A(t ) (1 A2)(1 + )

(3.23)
Proof. Using Eq. (3.30), we have

ct
EX?(t) = / 2?p(x, t)dx + AtPeM

efAt ' ct )\ a ct )\
= [/\/ 221, (—\/02t2 — xQ) dx} + —/ 221, <—\/02t2 — x2) dz.

2c ' c ot Ju c

Note that

ot A 5t
/ 221 (—\/ 2?2 — mQ) dx = CT (e’\t — G_At) ,
ct c

so that Eq. (3.22) follows. Instead, from Eq. (3.15) we obtain
t gt
EX%(t)=E {V2(O) / / (—1)NE+NE gsdz
0 Jo
t gt
= / / E((—1)N©*NE)dsdz.
0 Jo
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When 2z > s, we obtain

E[(_l)N(s)-‘rN(z)] _ E[(—l)N(z)_N(S)]

= P{N(z) — N(s) = even} — P{N(z) — N(s) = odd}

_ 6—2)\(2_8).
Therefore
t ot t s
EXQ(t)ZCQ/ / 6_2>\|Z_8|d8dz262/ / e P2 dsd 2.
0 Jo 0 Jo
Then, after same calculation Eq. (3.23) is obtained. O

3.3.2 (CONNECTION WITH BROWNIAN MOTION

Kac [43] showed that the wave equation (3.19) becomes the heat equation
when ) tends to co and ¢?/\ tends to o%. Letting A — co means that velocity
changes occur continuously, while ¢?/\ — o2 implies that also the speed of
the particle tends to co. Therefore, the limiting behaviour of the integrated
telegraph process is similar to that of the Brownian motion process. In
particular, the density function p(x,t) defined in (3.18), when A tends to oo
and ¢*/\ tends to 0%, becomes the Gaussian transition function of Brownian

motion:

. (2,1) 1 x?
1m = —
A— o0 PLT, \/271'0‘2'[; Xp 202t ’

2 /A—02
forx e Rand t > 0.
3.4 THE PROBABILITY LAW OF THE PROCESS

The probability law of the stochastic process (X (t),V'(t)), when at time

t > 0 the particle is located in the domain [—ct, ct], has a discrete component
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concentrated on {—ct, ct}, with

PLX() = ot V() = ¢} = P{V(0) = ¢, N(£) = 0} — %e_’\t,
P{X(t) = —ct, V(t) = —c} = P{V(0) = —c, N(£) = 0} — %e"\t,

(3.24)

and an absolutely continuous component over the domain (—ct, ct). This is
expressed given by the densities f(z,t|c) and b(z,t | c), defined in Egs. (3.16)
and (3.17), when the initial velocity is ¢ (resp. f(z,t| — ¢) and b(z,t| — ¢)
when the initial velocity is —c). Hereafter, we provide densities f(x,t) and
b(z,t) in closed-form. We give olso the density f(z,t|c) conditonal on initial
velocity c.

We start by considering the following relations:
flz,t + At) = f(z — cAt, t)(1 — AAL) 4 b(z + cAt, t)\At + o(At), (3.25)

b(z,t+ At) = b(z + cAt, t)(1 — AAt) + f(z — cAt, t)AAt + o(At). (3.26)

Expanding the latter equations up to the second order terms with respect to
x and to the first order terms with respect to ¢, dividing for At and letting

At — 0, the densities f and b are solution of the differential system:

or _ o1

8t = —C% + )\(b — f)
(3.27)
0b ob

The explicit solution of the system (3.27) is proved in Cane [10] and in
Orsingher [52] and [54]. It is easy to see that the latter differential system
can be written in terms of the transition density p = f+b, Eq. (3.18) and the
flow function w = f —b, defined in Eq. (3.20). By adding and subtracting the



3.4 THE PROBABILITY LAW OF THE PROCESS 66

equations in the system (3.27), we have that the density p and the function

w are solution of the system

9 _  Ow
ot cf)x
(3.28)
ow  0Op
E = —C% —2A

Deriving two times equations in (3.28) and substituting the function w in

the first equation of the system, we obtain equation (3.19).

Remark 3.4.1. If A =0 in Eq. (3.19), then the classical wave equation
p _ L 0%p

can be obtained.

Hence, the probability law p(x,t) of the process (X (), V(t)), with ¢t > 0,
is the solution of the telegraph equation. Symilarly, the functions w, f and
b are solutions of Eq. (3.19). It follows directly from system (3.28), deriving
the first equation with respect to t and substituting the second derivative
with respect to z. In the following theorem the density p(z,t) and the flow
function w(z,t) are given (see the proof in Section 2 of Orsingher [55], for

instance).

Theorem 3.4.2. The ezplicit form of p(x,t) is

plz,t) = e {)\IO (ﬁm) + 210 (imﬂ . (3.30)

2¢c c ot c

while w(z,t) is given by

w(z,t) = %e-@ (im) (3.31)

ot \ ¢

when |z| < ct. Furthemore

P{X(t) = et} = P{X(t) = —ct} — %e’\t. (3.32)
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We remark that the forward density is given by:

—At

f(z,t) = e—{)\fo (%\/02252 - :132) + 2[0 (é\/ 22 — 332)

4c ot &
0 A
—C%IO E V c2t? — o2 s (333)

for |z| < ct.

It is interesting to observe that the flow function (3.31) shows that in
(0, ct) the particles moving forward exceed those moving backward in (—ct, 0).
This is in agreement with the fact that the particles diffuse out of the real

line as time proceeds.

Remark 3.4.3. We note that, when ¢t — oo, the discrete component (3.32)
decreases, the interval domain (—ct, ct) increases, and the probability mass
tends to zero:

tlggop(m, t)=0.

Some results suggest that the motion of certain micro-organisms can be
approximated by trajectories which change directions at exponentially dis-
tributed random times. Let U, and D) denote the random duration of the
k-th time period during which the particle moves forward, with velocity ¢ and
backward, with velocity —c¢, respectively. Furthermore, {Ug;k = 1,2,...}
and {Dy; k = 1,2,...} are mutually independent sequences of non-negative
and absolutely continuous independent random variables. This leads to con-
sider the telegraph process with alternating velocity in the case when the
random alternating times Uy and D, are exponentially distributed with pa-
rameters \. We denote by T}, the k-th random epoch at which the motion
changes velocity, To = 0, and the amplitudes of intervals [T,,, T},+1) constitute

a sequence of non-negative random variables (see Figure 3.1). In particular,
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X (1)
TO Tl T2 T3 T4 T5 Tﬁ t
e——————»f — ——>
Uy U, Us
e—————>| } { } {
Dy Dy D3

Figure 3.1: A sample-path of X (¢) with V' (0) = c.
a crucial role is played by the random variables

U(k):U1+U2++Uk, D(k):D1+D2++Dk7 k:1,2,
(3.34)

Following an usual approach within the models of random evolution, it
is possible to show hereafter that the probability densities of the motion are
solution of the differential system (3.27). Conditioning on the number k of
velocity reversals from —c to ¢ in [0, ], and on the last instant s preceding
t in which the particle changes velocity from —c to ¢, by setting V(0) = ¢,
the density f(z,t|c) (resp. b(z,t|c)) can be determined as shown in Di
Crescenzo [17] in the case of Erlang-distributed inter-renewal times.

We consider, for instance, the case in which the random times separat-
ing consecutive velocity reversals are assumed to have Erlang distribution.

Hence, for t > 0, the forward density conditional on initial velocity V(0) = ¢



3.4 THE PROBABILITY LAW OF THE PROCESS 69

can be evaluated by noting that
+o0 t
f(z, t]|e)dz = Z/ P{Ty, € ds, X(s) + c(t — s) = x, Topr1 — Top >t — s}.
0

Recalling V' (0) = ¢, we have Ty, = U + D®) = 5 and X (s) = cU® —vD®),
so that

+o0 t
flz,t]e)dx = Z/ P{U® + D® e ds, cU® —cD® =z — ¢(t — s),
k=170

Torr1 — Top, >t — s}.
We observe that conditions X (s) + ¢(t — s) = x and X (s) > —cs give
s> (ct —x)/2c.
This implies that

oo 5 [0 (-5 9 (252

X P{Tgk_H — Tgk >t — s}ds,

where fyw and fpe are Erlang densities of U® and D® and P{To1 —
Top, >t — s} = erMt=9) - After some calculations we obtain the expression of
the forward density in terms of Bessel function:

e IR A% a—a\"" ot —z\"
t = - d
flatle) == Z [CEIE < 2 ) / ( 20 > ’

k=
IR DyeE— et
ct—x E[(k — 1)1]? [ 2c }
k=1

e At ()\\/ 22 — x2)2 in 1 M 2t? — x? 2
(s+1

ct—zx 2¢ — )[(s)!]? 2¢

—At
_C ()\ ct—i—x) I (é\/CQt2 —xQ) )

2c ct—x c
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Finally, we have the explicit expression of the forward density conditional on
initial velocity! V(0) = ¢
At

flz,t]e) = ¢ {210 (é\/czt2 — :1:2) — c%[o <%\/02t2 — :U2> }

2¢ | Ot c

3.5 MOMENT GENERATING FUNCTION

In the following proposition (see Section 2 of Di Crescenzo and Martinucci
[23], for instance) we give the moment generating function of the integrated

telegraph process.

Proposition 3.5.1. Foralls € R andt > 0 the moment generating function
of X(t) is

M(s,t) :=E [eSX(t)]

A
— oAt 2 2.2 ; 2 2.2
—¢ {cosh(t\/)\ —|—sc>+msmh<t\/)\ —1—30)}.
(3.35)
Proof. From Egs. (3.24) and (3.30) it follows
oMt
M(s,t)= 5 (€% 4 &) (3.36)
e b A 0 A
+— eI N | —VEt2—22 |+ =1y | —VA2—22 || dx
2¢ J_u c ot c
e M 0
=—— (A t — t R t>
- rasn gasn]. serizo
(3.37)

I'We need to know that

N
I <)‘. /242 _xz) _ _uﬁjo <>‘, /242 _ m2> :
C

c AT ox

VT,
I, ()‘,/Czt2$2> _ Vet —w gfo ()\~/02t2x2>.
c

c Act ot
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where we have set

ct

ct A
Q(s,t) = / e* I (—\/02t2 — x2> dz.
_ c
Making use of Eq. (25), from Orsingher [55] we obtain:

ct 2 A ct 2 A
/ esxa_lo (_1 /o242 — ZL’2) dz = / estQa_IO (_1 /c242 — [p2) dx—i—)\? Q(S,t)
C

_e 02 . ox? c

A two-fold integration by parts shows that

2

1w (5,1) = (A* + 5%c¢%) Q(s, 1).
Solving this equation with initial conditions Q(s,0) = 0 and ;—;Q(s, t)|t:0 =

2¢ we have:

Q(S t) _ ¢ et\/k2+5202 . e—t\/)\2+5202
7 VA 4 s2c? ’

Using this formula in the right-hand-side of (3.37), expression (3.35) finally
follows. o

seR, t>0.

It should be noticed that (3.15) could also be obtained from the initial-

value problem for the telegraph equation

( 2 2
%p -+ 2/\%]9 = CZ%p

p(z,0) = do(x) (3.38)

d
Loz, t =0
xatp(’)tzo ’

where 0(x) is the Dirac delta function. Indeed, M is solution of
(

EM + 2034 M = > M

ar?

M(s,0) =1

el
\ ot (8, ) t=0




CHAPTER 4

TELEGRAPH PROCESS WITH UNDERLYING
RANDOM WALK

4.1 INTRODUCTION

The interest for the (integrated) telegraph process as a realistic model of
random motion (see Goldstein [39] and Bartlett [5]) is increased with the
years and many important features are investigated from several authors
since the 1950s. Such process describes a motion of a particle on the real
line characterized by constant speed, the direction being reversed at the ran-
dom epochs of a Poisson process. The probability density of the particle
position satisfies a hyperbolic differential equation, whose probabilistic prop-
erties have been studied for example by Orsingher [55], Orsingher [56], Foong
and Kanno [34], and more recently by Beghin et al. [6]. Other authors pro-
posed one-dimensional generalizations of the telegraph process, where the
intertimes between two consecutive changes of direction have more general

distributions. We recall the papers by Di Crescenzo [17] for the case of Erlang
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distribution, Di Crescenzo and Martinucci [24] for that of gamma distribu-
tion, Di Crescenzo and Martinucci [27] for the case of exponential distribu-
tion with linearly increasing rate. Moreover, Stadje and Zacks [72] studied a
telegraph process with random velocities, as well as De Gregorio [13]| inves-
tigated a motion with finite random velocities that randomly change when
a Poissonian event occurs. A generalized telegraph process governed by an
alternating renewal process was analyzed by Zacks [77]. The time-fractional
telegraph equation was studied by Orsingher and Beghin [59], which in a spe-
cial case leads to the distribution of a telegraph process with Brownian time.
An inhomogeneous telegraph process is investigated in lacus [41], giving a
rare example where an explicit law of the process has been obtained.

The aim of this chapter is to consider a generalized telegraph process with
underlying random walk. This model describes a two-velocity random motion
performed by a particle on the real line, such that the random intertimes
separating consecutive time epochs have a general distribution. Moreover,
differently from the classical telegraph process, whose positive and negative
velocities alternate, we assume that at each time epoch the new velocity is
determined by the outcome of a Bernoulli trial.

Hence, in the following Section 4.2, we present the description of the
mathematical model of the motion giving the formal expression of the po-
sition and velocity of the particle at time ¢, with ¢ > 0. Then, in Section
4.3 we study the position and the velocity of the particle. More precisely, by
exploiting a suitable renewal-based procedure we obtain the general form of
the probability law of stochastic process {(X(¢), V(t));¢t > 0}. Our attention
is also devoted to the means of the motion conditional on the initial velocity.
Specific choices of the distribution of the random intertimes U, and Dy, with

k =0,1,2,..., yield the probability law and the conditional mean of the
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motion. Those are explicitly achieved when the random intertimes are as-
sumed to have exponential distributions with constant rates, in Section 4.4,
and with increasing linear rates, in Section 4.5. We point out that the latter
case produces a kind of damped motion, which in a special case exhibits a

truncated logistic density, yielding a logistic stationary density.

4.2 THE STOCHASTIC MODEL

Let {(X(¢),V(t));t > 0} be a continuous-time stochastic process, where X ()
and V (t) denote respectively position and velocity at time ¢ of the moving
particle. The motion is characterized by two velocities, ¢ and —v, with
¢, v > 0, the direction of the motion being specified by the sign of the velocity.
At time T = 0 the particle starts from the origin, thus X (0) = 0. The initial

velocity V'(0) is determined by a Bernoulli trial, such that
P{V(0)=c}=p,  P{V(0)=—-v}=1-p, (4.1)

for 0 < p < 1. At the random time 77 > 0 the particle is subject to an
event, whose effect possibly changes the velocity according to a Bernoulli
trial independent from the previous one. This behavior is repeated ciclically
at every instant of a sequence of random epochs T3 < Ty < T3 < ---.
We assume that the durations of time intervals [T, T,41), n = 0,1,2,.. .,
constitute a sequence of non-negative random variables. Precisely, let Uy
and D denote the random duration of the k-th time period during which
the particle moves forward, with velocity ¢ and backward, with velocity —wv,
respectively. Furthermore, {Uy;k = 1,2,...} and {Dy;k = 1,2,...} are
mutually independent sequences of non-negative and absolutely continuous
independent random variables. Denoting by Z,, the velocity of the particle

during interval [T},, T,,.1), we assume that {Z,;n = 0,1,...} is a sequence of
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A Xt
T, T, Ty T, Ts T, To Tk t
e—— e— ————>

Uy Uy Us Uy

D, D, Dy Dy
Figure 4.1: A sample-path of X (¢) with V' (0) = c.

i.i.d. random variables identically distributed as the initial velocity V(0) at
time ¢t = 0, and independent from random variables U, and D,. Recalling

Eq. (4.1), iteratively, at the random time 7}, (n =0, 1,2,...) we have:

P{Z,=c}=p, P{Z,=—-vl=1—p, n=01,.... (4.2)

4.2.1 POSITION AND VELOCITY OF THE PARTICLE

Position and velocity of the particle at time ¢ can thus be formally expressed

as:
“+o00

t
V(t) = Z Zk 1{TkSt<Tk+1}7 X(t) = /0 V(S) dS, t > 0. (43)

k=0
Figure 4.1 shows a sample-path of X (¢), with indication of random intertimes
U, and Dy.

The novelty of the present model is the inclusion of a sequence of Bernoulli
trials that requlate the velocity of the particle. This introduces an underlying

(possibly asymmetric) random walk governing the random motion at epochs

T,.
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Indeed, the following stochastic equation holds:

X,

n+1

:XTn_l'Wna n:O,l,...,

where {W,,;n =0,1,...} is a sequence of independent random variables such

that
CU1 if Z(] =C

—?}Dl if Z() = —0,

Wo =q

and, forn=1,2,...,

CUk ion:candBo+Nn_1:k—1
W, =4 (4.4)
—vD,, if Z,=—-vand By+ N,_1 =n—k+1,
with ‘=;" meaning equality in distribution. The random variables appearing
in Eq. (4.4) are defined as follows: By is the Bernoulli variable describing
the first trial outcome, ie. By = 1 if Zy = c and By = 0 if Z; = —v;
moreover N,_; is the binomial variable that counts the number of Bernoulli

trials yielding velocity ¢ among the trials going from the 2-nd to the n-th

one, i.e.

n—1
No=0, Nooi=> liz—g (=23.). (4.5)
i=1
Hence, we have

P{anzj}:(kgl)pj(l—p)klj, j=0,1,...,k—2 (4.6)

Example 4.2.1. Recalling (4.6), in the case in which k£ = 2, we obtain the

following probability density (see Figure 4.2)
. 1\ _ :
P{N, = j} = (j)pj(l -p) 7 =1-p,  j=0.
For k = 3 and then, for £ = 4, we have (see Figure 4.4 and Figure 4.3)

(1_]9)2, ]:0

PNy = j} = <j>pj(1 —p)? =
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Xy

Figure 4.2: A sample-path of X (¢) with £ =2 and j = 0.

5 (1 _p)37 j =0
=)= (D)pPa-m = w1

2p*(1—-p), =2

Figure 4.3: A sample-path of X (¢) with £ =3 and j = 1.

Another generalization of the telegraph process that includes the choice
of velocities by means of random schemes have been proposed by Kolesnik

[47], where the nth-order hyperbolic equation for the partial densities of the
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Xy

Figure 4.4: A sample-path of X (¢) with £ =4 and j = 2.

particle position is obtained. See also the paper by Orsingher and Bassan [58],
where the telegraph process is extended to the case when cyclic changes of n
velocities and changes of the sign velocity are governed by two independent
Poisson processes.

We remark that an example of stochastic processes describing a motion
characterized by randomly chosen directions is given in Leorato and Ors-
ingher [50]. In that paper the authors study the motion of a particle falling
on a Sierpinski gasket, where the particle at each time unit can move down-
wards to the 2 vertices of a triangular atom or can fall on its base with
probability 1/3.

Various recent articles have pinpointed the interest on stochastic mod-
els based on functionals of stationary alternating Poisson renewal processes
within applied fields such as mathematical insurance and finance, reliability
theory, queueing theory, mathematical biology (see, for instance, Lachal [48]).
Indeed, stochastic processes characterized by upward and downward periods
are often employed to describe the evolution of (i) positive incomes and

payments due to claims, (i7) working periods and repair times in repairable
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systems, (7i7) busy-periods and idle-periods in service stations, (iv) growth
periods and loss periods of prices in financial markets (see e.g. Di Crescenzo
and Pellerey [30]), (v) sequence of alternating pauses and runs in the dispersal

of cells and organisms (cf. Othmer et al. [60]| and Garcia et al. [35]).

4.3 GENERAL FORM OF THE PROBABILITY LAW

At time ¢ > 0 the particle is located in the domain [—uvt, ¢t]. The probability
law of X (), ¢t > 0, thus possesses an absolutely continuous component over
(—vt,ct) and a discrete component on the points —vt and ct. Hence, for
y € {—v,c} and t > 0 we define the probability density of X (¢) conditional

on initial velocity y:
0
plo.tly) = 2 PLX(0) < 2| X(0) =0.V(0) =y}, =€ (~otct). (47)
This can be expressed as

p(x,t|y):f(x,t|y)+b(x,t|y), (48)

where f and b denote the densities of particle position when the motion at

time ¢ is characterized by forward and backward velocity, respectively, i.e.

[z tly) = %P{X(t) <z, V() =c]X(0)=0,V(0) =y}, (49

0
bz, t|y) = - PLX(t) <2, V(t) = —v[X(0) =0,V(0) =y} (4.10)
We denote by fy, (resp. Fy,, Fy,) and by fp, (resp. Fp,, Fp,) the prob-
ability densities (resp. distribution functions, survival functions) of Uy and

Dy, respectively.

In the following theorem we obtain the formal probability law of (X (¢), V()
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conditioned by V(0) = ¢. A crucial role is played by the partial sums

UR = U, + Uy + -+ Uy, DW®) = Dy 4+ Dy+ -+ Dy, k=1,2,...,
(4.11)

whose densities will be denoted by fgc) and f g ), respectively.
Theorem 4.3.1. For allt > 0 we have
P{X(t) = ct, V()—c|X( )=0,V(0) =c}
)+ Zp / §)Fu,,,(t —s)ds;  (4.12)

moreover, for —vt < x < ct, the densities (4.9) and (4.10) are given by

et +f2( D

k=2 7=0
x fp 7 / FI (s —t + 1) Fu,.,(t — s)ds,  (4.13)
1 400 Foo k=2 g
ba.t]e) = —— {2(1 — )" Fp, (t — )P () + Z( , )
¢ k=1 j=0 \ 7
X pl (1 —p)k~ Jf]Jrl T*/ Fl=i=l) s—T*)FDk_j(t—s)ds},
(4.14)
where
vt +x

(4.15)

Te = Tu(x,t) = .

Proof. Eq. (4.12) follows by conditioning on the number k of epochs T; oc-
curring before ¢ and on the instant s when the last epoch T} takes place
before t, and by requiring that every Bernoulli trial occurring at epochs
T1, Ty, ..., Ty yields velocity c. Recalling (4.5) and (4.9) with y = ¢, for t > 0

and —vt < z < ¢t we have
+o0 t
f(z, t]|e)dz = Z/ P{T, € ds, Z) = ¢, X(s) + c(t — s) € dx,
0

Too1—Tpe>t—50< Ny <k —2|X(0)=0,7Z =c}.
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Conditioning on N;_1, and taking into account the number of time periods
during which the particle moved upward and backward, we obtain

+oo k—2

flz,t|ec dx_ZZ/P{UJ“ + D%*77D ¢ (s,
k=2 j5=0

U oD 4 ot 5) € dr} P{Ze = o)

XP{Uj+2 >t — S}P{Nk_l = j}
Note that conditions X (s) 4+ ¢(t — s) = x and X (s) > —wvs provide
s> (ct—x)/(c+v)=t—T,.

This inequality and the independence of U*) and D) thus give

+oo k—2

flz.t|c) ZZ/ h(s,z —c(t — s))P{Zx = ¢}

k=2 5=0

X P{Uj+2 >t — S}P{Nk,1 = j}dS,
where h(-,-) is the joint probability density of
(U(j+1) + D(k—j—l)’ UG vD(k_j_l)). (4.16)

Since

1 _ _ e _
h(s,x —c(t —s)) = —— [(]JH) (3 _d $) gﬁ = (—Ct x)

c+v c+v c+ v

and Nj_; is binomial with parameters &k — 1 and p € (0, 1), we have
+oo k—

Z Z/ (]+1) Ct — X (k—j—1) ct—x

Clewrr c+v b c+v

X Fy,.,,(t—s) (k ; >p]+1( p)Fi 1 ds. (4.17)

fz,t]e)

Eq. (4.13) thus follows directly from (4.17). Similarly, recalling (4.5) and
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(4.10) with y = ¢, for t > 0 and —vt < & < ¢t we have

Y

1 = ot + vt +
b(z,t|c)dr = ZP{Tk:C+ Zy = —0,Tjp1 — T >t —

Y
c+v v c+v
v +

Nkl_k—l‘X(O)_O,ZO_C}

+oo t
—|—Z/OP{Tk e€ds, Zr = —v, X(s) —v(t — s) € duz,
k=1
Tk+1—T]€>t—S,O§Nk,2Sk—QlX(O):O,ZOZC}.

Hence, we obtain that

JR—— _
b(z,t|c)dr = 1—p)p" LBV Fp (t — 7,
(z,t]c)dx CH;( p)p" fy (1) Fp, (t — )
+oo k—2 t
+1-p)> Z/ P{UYHD) 4 DH=3-1) ¢ ds,
k=1 j=0 70

cUUHD —yDF=I=1 _y(t — 5) € da}

XP{Dk_j >t — S}P{Nk_l = ]}
Note that conditions X (s) —v(t —s) = x and X (s) > ¢s provide
s> (vt+z)/(c+v) =T

By recalling Eq. (4.16) we have

b t] c)de = — { S0 = o P (1) Fp (¢ — )

c+v Pt
+oo0 k—2 t
41 k—j—1
22 T s =)
k=1 j=0 v T*

xFy, (t— 5) (k ; 1)pj(1 _ p)kjds}. (4.18)

Finally, Eq. (4.14) thus follows directly from (4.18). O
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Remark 4.3.2. The equations in Theorem 4.3.1 are similar to some relation
obtained by Masoliver et al. [51] based on Fourier-Laplace transforms of the

transition law of continuous random walks on the real line.

Remark 4.3.3. Due to symmetry, the probability law of (X (¢), V (¢)) condi-
tional on V(0) = —v follows from Theorem 4.3.1 by interchanging f with b,
Uy with Dy, ¢ with v, x with —z, p with 1 — p. This would allow to evaluate
the density of the particle position

p(z,t) = %P{X(t) <z|X(0)=0}=p(z,t|c)p+plz,t] —v)(1—p).
(4.19)

Remark 4.3.4. Indeed, we note that, from Eq. (4.12),

lim P{X(t) = ct,V(t) = c| X(0) = 0, V(0) = ¢} = 1.

p—1—
It is now essential to show that the probability mass of X (¢) is unity over

[—vt, ct].
Proposition 4.3.5. For allt > 0 we have
P{—vt < X(t) <ct| X(0)=0,V(0) =c} =1, (4.20)
P{—vt < X(t) <ct| X(0)=0,V(0) = —v} =1. (4.21)

Proof. By setting z = (vt + x)/(c + v), from (4.13) and (4.15) we obtain

“ftre) +ZO°Z< D

—vt k=2 5=0

t+x ; vt +x
d FIV (s —t 4 = G0 (4 F d
X/ :c/ ( A c+v b c+uv Uyt = 8)ds
+oo k—2
— (k >p]+1( )kj 1
0 J

k=2 j=
t

t
X dz/ FI (s —t 4 2) fET0 (¢ t—2)Fy,,,(t—s)ds
t—z

S~
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so that, by Fubini’s theorem,

/fa:t| sz( )pf“ p)i!

k=2 j=0

t
X / Fy,.,t —s)P{UU™) + DF7D ¢ ds}. (4.22)
0

Similarly, from (4.14) we have

/_ ib«c, t|e)de = 2(1 — ) / Fonlt— )72
+fz ( ) / / AT = ) Fp, (= )dsdz
::(1_ p)p" /FDl(t—s)P{U Eds}+§§< ) (1-p)*~

k=1 5=0

X
ﬁ

Fp, ,(t— s)P{UUY 4 DE=I=D ¢ (s}

—1 ¢
-1
( ) (1—p)* /FDk (t —s)P{UUHY 4 pt=i-D ¢ (s}
0

(4.23)

Making use of Eqgs. (4.8), (4.12), (4.22) and (4.23), and recalling (4.5), some
calculations finally yield:
ct

P{X(t)=ct,V(t) =c| X(0) =0,V(0) =c} +/ p(x,t]c)de

—vt

— T, () +p / 19 (s) o, (1 — s)ds +
+ 2 k— t_ . ‘

+> < > pPH1 = p)kit / Fy,,,(t —s)P{UY™) + DE-71 € ds}
k=2 5=0 ‘7
+oo k—1 ]C

+ < ; > —p)k- /FDk (t —s)P{UYTY 4 D=1 ¢ s}

=1 j=
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400 k—1

t
=Fu,(t)+pY_ Y P{Ni_1 = j} / Fy, ,(t —s)P{U) + D7D € ds}
k=1 j=0 0
400 k—1 t
+(1=p) Y > P{Ney = j} / Fp, ,(t—s)P{UYY + D71 € ds}
k=1 j=0 0
400 k—1 t
=Fu,()+ YN PNi =34} > P{Z =2} / P{UGY 1 D*=D € ds}
k=1 j=0 ze{—v,c} B
XP{Tk+1 — T >t—8}
+oo k—1

=Fu,(t)+ Y>> P{Z =z}P{Ny_, = j} / tP{Tk € ds}
k=1 j=0 ze{-v,c} 0

% P{Tysr — Ty >t — s} = P{U, > t} + P{T, <t} = 1,

since Uy=4T7 when V(0) = c. Finally, Eq. (4.21) can be obtained similarly.
0

4.3.1 THE MEANS OF PARTICLE VELOCITY AND POSITION

Hereafter, we evaluate the conditional means of he process V(t) and X(t)

when the initial velocity is positive.

Proposition 4.3.6. For allt > 0 we have

E[V(#)|V(0) = = cFy,(t)

Tpe { :2? /0 i (5)ds / :ka@)dx " :XEFUW (t) Fr, (t)}

0 3 [ o[ e+ Y Po 08 0]
. . (4.24)
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and

BX(0)[V(0) = = ¢ | Fu,(s)ds

+pc { Jij/OtdZ/OZfUHl(S)ds/;szk(iﬁ)dl" + i:i /OtFUHl(y)FTk(y)dy}

+a-p)-0) { ff [ [ oas [ smtonar+ f [ FoEntas)
(4.25)

Proof. For every positive integer k the following equations holds:

E[Zy L, <i<ty 03] = ElE[Z) L <i<my 13 Zi]]

=E[Z 1 <ten iy | Ze = ] p + ElZk 1ip <ten, 3 | Ze = —0] (1 — D)

= cp Bl <en iy [ Ze = o] + (1= p)(—v) E[Lin,<ocmy 0y [ 20 = —0]

= cpP{Ty <t <Tpp1|Zr =c} + (1 —p)(—v) P{T}, <t < Tpy1| Zr = —v}.

Hence, we have

Bl tmercn) = pe [ P{t—s < T <0} o (s

F1=p)(0) [ P{t= s < T < b, (910

- pc{ / Pl s < T < 1) fu(s)ds + / " fun(8)ds PITL < t}}
r-peof [ Pit-s << tfo, 0 + [ o Pim <0}
- pc{ / o (5)ds / : fr(2)dz + Fo,., (t)Fr, (t)}

=)o) { [ Joenots [ gnlonie + o, 0P (0]

Eq. (4.24) thus follows by recalling the first identity of (4.3). Moreover, the
conditional mean E[X(t) |V (0) = ¢] can be easily expressed making use of

the second of (4.3) and Eq. (4.24). O
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In the following sections we analyse two special cases arising when the
random intertimes U, and D, have exponential distributions with constant

rates and with linear increasing rates.

4.4 INTERTIMES WITH I.I.D. EXPONENTIAL DISTRI-

BUTIONS

Let us assume that each of the two sequences of intertimes is formed by
i.i.d. exponential random variables with parameters A, u > 0. Therefore, the

survival functions of Uy and Dy, k=1,2,..., are
Fy,(z) =™, Fp,(r) =e x>0, (4.26)

respectively. The above assumptions can be interpreted as follows: the par-
ticle is subject to events arriving according to a Poisson process with alter-
nating rate, where the rate is X if the motion is forward, and g if the motion
is backward. We notice that an example of asymmetric random walk with
exponentially distributed up and down steps is studied in Boutsikas et al. [8].
Some simulations of X (¢) for the case addressed in this section are showed in
Figure 4.5. They illustrate the intuitive result that the motion drifts forward
or backward when p is close to 1 or close to 0, respectively.

Under the assumptions indicated in (4.26) the following theorem gives the

probability law of (X (¢), V(t)) in terms of the Gauss hypergeometric function

> Q) b ka
o Fi(a,b,¢;2) = Z—< zc)(k) R

k=0
We recall that in this case the probability densities of (4.11) are of Erlang

(4.27)

type:
N\F k=1 o=z

,uk Z'k_l e~ HE
= TEr -

By x>0, (4.28)
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X
L p=09
100}
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s0F
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_50F
[ p=03
~100F =0.1

Figure 4.5: Simulated sample-paths of X () for the exponential case (4.26),
with A = u = ¢ = v =1 and different choices of p.

Theorem 4.4.1. Let U and Dy be exponentially distributed with parameter
A and p, respectively, for k =1,2,.... For allt > 0 we have

P{X(t)=ct,V(t) =c| X(0) = 0,V(0) = ¢} = e P}, (4.29)

moreover, for —vt < x < ct,

s
oy (1 ~h2-h2og _?j;@ — n)) , (4.30)
b, t|¢) = E(z, ) A(1 - p) oo sl _j,';)(_t o 2
X o F) (1 —hl=h Lo _?SZ — n)) , (4.31)
where 7, is defined in (4.15) and
E(a,1) = - i S ) (4.32)

Proof. Due to (4.26) and (4.28), from Eq. (4.12), for ¢ > 0 using direct
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calculations

P{X(t) =ct,V(t) = c|X(0) =0,V(0) = c} =M
As—A(t—s)

)\k k— le e
+zp/ s
+o0o k t
Y At (pA) / k-1
=e VY +e ;—(k—l)! 05 ds

+o0
At)k
—e ey ()"

k!
k=1

— e M 4 e M(ePM — 1) = e AP, (4.33)

Eq. (4.29) can be obtained. Moreover, Eq. (4.13) gives

1 =& k- LN (s — 47,
fltle = ——3 ( )pH% | .
crvig e\ .
> e—)\(s—t—l—n):u _J_l(t — T*>k_J_2 e—u(t—n)e—)\(t—s)ds
(k—j—2)
+oo k—2 E—
S>3 D] W IR
k=2 j=0 J
t /\j-‘,—l — ¢ *j k—j— lt— k—j—2
X/ (s. + ) Nt - 1) ds.
- j! (k—j—2)

By making use of Eq. 15.4.1 of Abramowitz and Stegun [1] and recalling
(4.27) Eq. (4.30) follows from

flz,t]e) =&(x,t) . (k:j )p]H( p)Ei-1

0
NHL i Mk—j—l(t_7*>k—j—2

gt g+1 (k—j—2)!
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Similarly, from density (4.14) we have

+o0 L
1 N\eg k—1g=Am
b(z,t|c) = 1— hlgm(t—r) A Te € 7T
(@,t1) Cﬂ{kg o)y p—
+o0 k—2
159 3 (R IRV
k=1 5=0
X N tirle T /tukjl(S— )k =2 n(s=7) o h(t=9) g g
= oo k—2
1 {i b1 (i AT emAT a E—1
L e st 5 3
—1)!
c+wv p (k—1)! o j
. )\]+17-]e—)\7'* uk; ] 1 _M(t ,7_*) '
1 — p)k—J * g
xp’(1—p) il (k—j—2). /T(s ) s
1 Ry k 1>\k7' - e +oo k—2
= — - * _T*) ATx
_C+v{z(1 Pp (k—l)! ("
h=1 k=1 j=0
% p](]_ o )k_] )\j‘i’l’]';z Mk*jfl (t — T, )k Jj— 1e_u(t_’r*)_>\7—*
! glok=7=2 (k—j5—1) :

Hence, after some calculations we obtain

b(x,t]c) = {(x, t){/\ )T +§’§ ( ) g Aj;ﬂ

k=1 j=0
y pEI=t (g )k 1}‘
(k—j—=2)! (k—j—1)!
Finally, as before, Eq. (4.31) follows by making use of Eq. 15.4.1 of Abramowitz

and Stegun [1] and recalling (4.27). O

We remark that, due to Eq. (4.8), the probability density p(z,t|c) can be
immediately obtained from Egs. (4.30) and (4.31). Moreover, as specified in
Remark 4.3.3, the probability law of p(x,t| — v), conditional on V(0) = —wv,

can be determined via Theorem 4.4.1.

Theorem 4.4.2. Under the assumptions of Theorem 4.4.1, fort > 0 and
k=0,1,2,... we have

P{X(t) = ct| X(0) = 0} = pe 1P, (4.34)
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P{X(t) = —vt| X(0) =0} = (1 — p)e ", (4.35)
moreover, for —vt < x < ct,
p(x,t) = &, ) AN (1 = p){ppr®(z,t) + ¥(z,1)}

+n(x,t) pp{ A1 — p)(t — 7.)O(x, 1) + T'(z,1)},

(4.36)
where £(x,t) is defined in (4.32) and
1 t) = —— e {-A(t — 7) — pm}

and

S e =)t — 7)) M.
i D (1-m2 k2 =),

X (1 — p)(t — T )]F T AD Ty

U(z,t) = ; = (]1?(— 1)! . 21 (1 fl=k L (1 —pl;(t —T*)> ’

N~ Pen]t (1-p)(t—7)
O(x,t) ; ) 2F1( k,2—k,2 o >

N~ Dot 1 =p)(t—7)
T(z,t) = ;; Wﬂa <1 —k1—Fk1; o ) .

Proof. From Eq. (4.12) by using direct calculations we obtain Eq. (4.34) and
(4.35), whereas density p(x,t) follows immediately from (4.19). O

Some plots of such density are shown in Figure 4.6.

4.4.1 THE CONDITIONAL MEANS OF V(t) AND X (t)

We evaluate the conditional means of V' (¢) and X (¢) on V(0) = ¢ in this
special case of exponentially distributed intertimes in terms of the confluent

hypergeometric function
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px.t) p(x,t)

Figure 4.6: Density p(z,t) for the exponential case (4.26), with ¢ = 10,

A=c=v=1, u=1 (left) and p = 2 (right), and different choices of p.

and of the Gaussian hypergeometric function defined in (4.27).

Proposition 4.4.3. Under the assumptions of Theorem 4.4.1, fort > 0 and
k=1,2,... we have

cfre S (M) Ot = R =~ L - )
1 =pE0 5 3 (7w - R ke 0= 0

(4.37)
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and
1 — e—)\(l—p)t) +o00
EXt V:C = C - +)\e_/\t )\_ r
X [Vo=d (A(1_p) ;( )
> k4+7r—2 1 thtr+l
{pz( r )W L )]
—\p
><1F1(1,k:+7’—|—2;)\t)2F1(1_k72_k72_k_7,; )
1(1 —p)
= (k+r—1 pp R
(1 - p)( v>Z< , )Wl L ey

Proof. Recalling (4.5), for the probability density of random epoch T}, with
k=1,2,..., we have

k—1
fr.(s)ds = Z P{T} € ds, Ny—1 = j}
§=0
k—1
_ ZP{U(j+1) + DF=i=1) ¢ ds} P{Nk,l — j}.

=0
Thus implies, recalling (4.28), that

k—1

=3 ("7 pa-pr [ s - e

J=0

N %81; ._ (k ; 1) ApY (L =) 7P (G + LK (= N)s) -

(4.39)

From Eq.(4.24), making use of (4.39), of Eq. 7.613.1 of Gradshteyn and
Ryzhik [40] and of Eq. 13.1.27 of Abramowitz and Stegun [1], after some
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calculations we have

E[V(t)|V(0) =c] =ce™

o0 t o0 t
spee Y [ pnlade + (- pcoe S [ e o)
k=170 k=170
Xtk SN (k-1
" —At - j k=1
—ce ™M+ pee ;;ET;:< ; )A(Amquu "

A (k= ~ Lk L= 0
—1

o

+1-p)(= ’fZZ, ( 1>A(Ap)j[u(1—p)]k_j_l

k=1 7=0

X1F1<k_jak+17_( ))

Hence, Eq. (4.37) immediately can be obtained. By expressing the confluent
hypergeometric functions in (4.37) as series, recalling the second of (4.3) we

have

E[X(#)|V(0)=d =c /0 t e APy 4

3 e t o r—
<pe Y OIS e 2] - B2

— = (k+r)! (k—2)!
—\p
F{l1—-Fk2-kK2
S )
+oo r 00 t k+r
(A —p) {/ YT k—1
+(1—=p)(—v Ae Y y| u(l—p
=m0 B [ e g - )
1) _
(k+r )2F1<1—k,1—k,1 k—r: Ap)
(k—1)! n(l—p)
where,
t W YT R
Ae™VW——dy=Ne —-——1F1 (1,k 2; \t) .
/0 U hro ¥ A g LR A
Finally, Eq. (4.38) can be obtained. O

Some plots of E[X () |V (0) = ¢| are shown in Figure 4.7 for various choices

of the involved parameters.



4.5 INTERTIMES EXPONENTIALLY DISTRIBUTED WITH LINEAR RATES 95

EXi|[Vo=c) EX:|Vo=c)

6F 6F

4l 4l

2+ 2+

Figure 4.7: Conditional mean (4.38) on Vo = V(0) = ¢, with A = c=v = 1,
=1 (left) and p = 2 (right), for p = 0.1, 0.3, 0.5, 0.7, 0.9 (from bottom to

top).

Remark 4.4.4. Due to symmetry the conditional mean E[X (¢) | V(0) = —v]

follows from Proposition 4.4.3.

Remark 4.4.5. In the particular case when A = pand p = % it is interesting

to note that Eqgs. (4.37) and (4.38) become
BV [V(0) = d = {(e—0)+(et0)e ™}, X |V(0) = = ()

respectively (see also Eq. (39) of Di Crescenzo et al. [28], with o = f = 0,

for instance).

4.5 INTERTIMES EXPONENTIALLY DISTRIBUTED WITH

LINEAR RATES

Stimulated by previous studies (see Di Crescenzo and Martinucci [27] and Di
Crescenzo et al. [29]) involving random motions with finite velocities char-
acterized by stochastically decreasing random intertimes. In this section we

assume that the random variables U, and D; have exponential distribution
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Figure 4.8: Simulated sample-paths of X (¢) in the exponential damped case,
with A = u = ¢ = v = 1, for different choices of p.

with linear rates Ak and pk. Since the parameters Ak and pk are linear
increasing in k, the process X (¢) exhibits a damped behavior, in the sense
that its sample-paths are composed by line segments that become stochasti-
cally smaller and smaller. The assumption that such parameters are linear
in k implies that the random times separating consecutive velocity reversals
have the same distribution of the intertimes of a simple birth process (see

Ricciardi [68], for instance). Hence, the survival functions are
FUk (%) = e*’\’”, FDk (x) = eﬁukx7 X Z 0, (440)

with A, > 0. Figure 4.8 shows some simulations of X (¢) in the present case,
where the particle exhibits a kind of damped motion. Due to assumption

(4.40), U® and D™, k > 1, have generalized exponential densities

,(]k) (z) = k(1 — e M)k )ee, l(jk)(x) = k(1 —e M) e 2> 0.

(4.41)

Hence, U®) and D™ are distributed as the maximum of k i.i.d. random
variables having exponential distributions with rates A and u, respectively.
By making use of Theorem 4.3.1 hereafter we obtain the conditional prob-

ability law of the process (X (t), V(t)).
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Theorem 4.5.1. Let U, and Dy be esponentially distributed with rates \k

and pk, k=1,2,---, respectively. For allt > 0, we have

oM
P{X({t)=ct,V(t)=c|X(0)=0,V(0) =c} = : 4.42
(X0 = et V) = XO) =0V (0) = e} = 7o (442
moreover, for —vt < x < ct,
1— w(t+7s) )\‘r*_l
flat)e) = LPLZD T 2D (1.4
(c+v) [(L = p)el i 4+ per]
A —pt( A+ ) T« 1—
bz, t|c) = —2 (1=p) 2{1—1—(1—]9)(6’”*—6‘”)
(c+v)[(1 = pler™ + p]

Y

[p e“t(p . (1 i p)GZAT* _ 2pe/\‘r*> _ (1 _ p)e(”‘ﬂ‘)”} }
X
[(1 = peCrtmm 4 penrt)”
(4.44)

where T, is defined in (4.15).

Proof. Since U; and Uy are exponentially distributed with parameters A
and A(k+ 1), respectively, making use of the first of (4.41), Eq. (4.42) follows
from (4.12). Furthermore, due to (4.40) and (4.41), from (4.13) we have

400 k—2
fla.tle) ( DL g e

=2 j=

t .
X |:1 — e_,u'(t—T*):|k i= 2/t )\(] + 1)6—)\(S—t+’7'*) |:1 _ e—)\(S—t+T*):|] e—/\(t—s)(]+2)ds

+oo k-2
M —u(t Te ) — 2T +1 k—1—j _i_1
- >3 (5 rra-p -

k=2 j5=0

X [1 _ e_ﬂ(t_T*)}k7j72 (1 o e—)\'r*) (e)\'r* - 1)

= M e_u(t_T*)—QAT* (e)\'r* _ 1){ p(l — p)e2ﬂt+2>\T* }
c+v [(1 _ p)e(/\+u)‘r* + peut]Q

The latter equation yields density (4.43). Similarly, from (4.14) we obtain
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the following expression

1 /\(1 _ p)e—ut+(z\+u)7*
b(x,t|c) =
(@ t]e) C+U{[U—pk”“ﬂf
+o00 k-2 E—1 ' A A
. ( ; )pfu — )P IAG D (L — e Y
k=1 j=0

t .
. / (k= § = 1)emhe=m) [1 — ghlemm)]FI72 e_“(t_s)(k_j)ds}
t

—Tx

1 )\(1 _ p>e—ut+(>\+u)n
_c+v{

[(1— p)erm + p]?
400 k—2 E—1 ‘ ‘ ‘
+ 23 (MG e ey
k=1 j=0

« e,u(t—n)(l _ e,u(t—n))k—j—l}‘

After some calculations we have

1 N1 — —ptH (A1) T
b(z,t|c) = { (1= pe — + A1 — p)Ze
ctuv [(1—-p)er +p
(eu(nft) . 1) [pe,ut(p i 62/\7'*(1 _ p> _ 2pe)\‘r*) _ (1 _ p)e(2/\+,u)n] }
(1 = p)eX™ + p)* [+ (1 — p) + perr]” ‘
Finally, Eq. (4.44) can be obtained. O

Let us now analyse the behavior of the densities (4.43) and (4.44) when
x tends to the endpoints of the state space [—uvt, ct].

Corollary 4.5.2. Under the assumptions of Theorem 4.5.1, for t > 0 we

have

pp(l —ple (1 —e)

lim f(x,t|c) =0, liTH%f(a:,ﬂc):

i (c+v)[(1—p) +pe
and
. B A1 —p)
xljznvtb(a:’t ) = (c+v)[(1—p)+pet]
limb(z,t|c) = ML= p)e™

wiet (c+v)[(1—p) +pe]”
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Remark 4.5.3. By recalling (4.8), from densities (4.43) and (4.44) we obtain

p(z,t]c) =

1—p [ A1 = p)e+20m 4 perltt) [(X 4 p)er™ — ]
c+wv [(1 _ p)e()\-i—u)n + pe“t]z

(4.45)
Density p(x,t| —v) can be expressed from (4.45) by interchanching = with
—z, ¢ with v, t, with ¢ — 7, A with g, and p with (1 — p).

We are now able to find out the probability law of X (¢) in closed form.

Theorem 4.5.4. Under the assumptions of Theorem 4.5.1, for allt > 0, we

have
oAt
PLX(0) = ct| X(0) =0} = _i) el (4.46)
P{X(t) = —vt| X(0) = 0} = (ﬁ ;)piz‘:tm; (4.47)
moreover, for —vt < x < ct,
plat) = 2L epin= = o)) (4.48)

— 5
I=ps [1+1%pexp{(u—§)t—§x}}

where s = (¢ +v) /(A4 p).

Proof. Probabilities (4.47) and () follow from (4.42) and by symmetry of the
process. From (4.19) and Remark 4.5.3 we have

P(L = p)(A + p) e+ O™
(c+v)[(1 = p) ePtmm 4 pent]?”

plz,t) = —vt < x < ct,

where 7, is defined in (4.15). Eq. (4.48) then follows. O

Plots of density (4.48) are given in Figures 4.9 and 4.10 for various choices
of the parameters.
Let us now evaluate the limits of density (4.48) when = tends to —vt and

x to ct.
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px.0

Figure 4.9: Density p(z,t) for the exponential case with linear rates (4.40),
witht = 10, A = c=v =1, u = 1 (left plot) and u = 2 (right plot), and
p=0.1,0.3, 0.5, 0.7, 0.9 (from left to right in both plots).

Corollary 4.5.5. From Theorem 4.5.4 we have, fort >0,

p 1 eHt p 1 e

lim p(z,t) = - 5 limp(z,t) = - 5.
zl—vt 1—ps [l—i-ﬁe“t} ztet 1—ps [1—1—1%6—”}

The following special case follows by straightforward calculations.

Proposition 4.5.6. Under the assumptions of Theorem 4.5.4, if A\v = pc
then density (4.48) can be expressed as:

ef(xfm)/s
plx,t) = ) —vt <z < ct, 4.49
@0=3 1 4 e~ (@=m)/s)? (4.49)
where
mzsln(%), s:zzg. (4.50)

It is interesting to note that (4.49) is a truncated logistic density. Here-

after we investigate the stationary behavior of density (4.48).

Corollary 4.5.7. Under the assumptions of Theorem 4.5.4, if A\v = pc then

—(z—m)/s

€

I ) = , eR, 451
t%lJrrr})op(I‘ ) S [1 _‘_ef(a:fm)/s]2 t ( )
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px.t) p(x,t)

06
0.5

04

03}

Figure 4.10: Same as Figure 4.6, for p = 0.1 (left plot) and p = 0.5 (right
plot), with p =1, 2, 3, 4 (from left to right in both plots).

where m and s are defined in (4.50); if Av # pc then

lim p(z,t) =0, r € R.

t—+o00

We note that the right-hand-side of Eq. (4.51) is a logistic density with
mean m and variance 72s?/3. In addition, if p = 1/2 then the mean m
vanishes, and the density identifies with the stationary p.d.f. of a damped
telegraph process, as obtained in Corollary 3.3 of Di Crescenzo and Martin-

ucci [27].

4.5.1 THE CONDITIONAL MEANS OF V(t) AND X (t)

For the case under investigation, we express the conditional means of V()

and X (¢) in terms of hypergeometric functions
F(z):=1F(1,2;2), and F(2) := 1 F(2,3;2).

Proposition 4.5.8. Under the assumptions of Theorem 4.5.1, fort > 0 we
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have

EV(#)|[V(0)=c =ce M+ (1—e ) [pce ™!

+
WEE (S (1))
(

X (1)@ MR (= M+ 1)) (pee $ g (1 p)(—u)e )
(4.52)
and
E[X(t)|V(0):c]=§(1 e”)+pct[ﬁ(—2A) ( :m)}
(1= p)(=0)t | P(=2ut) = F(=(2u+ \)1)]
e N N L et A VERVEC £ A W
sz( D= > ("7 e Z()( 1

<{Luimnenin’s [pe P O+ 4 00)1) = (1= o Pl + £+ 1)

sy |t FEAG +E42)0) = F O+ 1)+ 0 0]
+—ﬁ:§)(<r_f)f) [F(= A+ 1) + ke + 1)) 8) = F(—palk + £+ 1)1)| }

(4.53)

Proof. For every positive integer k the following equations holds:

E[Zk Lin <t<ti 1))

_ pc{/otP{t s < Ty <t} (s)ds + /too P{T} < 1} kaH(s)ds}
+(1-p)(~v) { / Pt s < T < 1) o (s)ds + | rm<n fDHl(s)ds}

_ pc{ /D i (s)ds / : fn(@)de + Fo,, (O)Fy, (t)}
1—p)(—v) { /Ot kaH(s)ds /t: fr.(x)dz + FDHI(t)FTk(t)}.

(4.54)
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Recalling (4.5) and (4.41) the probability density and the distribution func-

tion of random times T}, for £ > 2 and ¢t > 0 are given by

k—1 k—l
TACIEES Dl R / £ ) £ s — )da
k—j

k—1—j) ;Q(k—J—Z) (1)

X (j (—1)" e M E (¢ 4 1)~ A(r + 1>>s>}
A

I
M2
&
VRS
E
|
—_
N————
=
—~
—_
=
S
—
<
—
>
=
vy
<
+

r
r=0
—i—pk_l/f e—)\s<1 e—)\s)k—l
and
RS YLE k1—j [ G N lk—i—1)
Fr(s) =) j p'(1—p) v () F’ (s —x)dz
§=0
k—1 . k—j—1 o J
—\s g 1)#(1 PG AL ) (k 2 1)(—1)62(‘;)(—1)’”
=0 =0 r=0

respectively. By recalling Eq. (4.54), we thus obtain that

(

(1—eh) [pce_”‘t +(1- p)(—v)e_z’”} k=1,

k—j—1

Atf(kfl)ﬁa—p)’“*-ﬁ(ﬁn s

<Y (1) et R et = A+ 00

r=0
\ X (pce‘MkH)t + (1 —p)(—v)e —p(k+1) ) k> 2.
(4.55)

Hence, by recalling the first of (4.3) and (4.55), Eqgs. (4.52) can be obtained.

E[Zk'l{Tk§t<Tk+l}] -
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Moreover, making use the second of (4.3) we have

EX(@)|V(0)=¢=c¢c /0 e ods

+ /0 (1—e9) [pce_m +(1 —p)(—v)e_2“s] ds

+>\§ (k ; 1)pﬂ'(l )G+ 1) ki_l (k _‘2 N 1) (—1)* jo (i) (—1)

/=0 r=

t
X / se M F((ul — A(r +1))s) (pee?* D2 4 (1 — p)(—v)e #*FD%) ds
0

where

/0 (1—e™9) [pce_”s + (1 —p)(—v)e ] ds

— pe t[F(=20) = F(=3A1)| + (1= p)(=0)t [F(=2pt) = P(~(2u+ A1)

By analyzing separately the cases p¢ = A(r + 1) and pf # A(r + 1) we can
obtained that

t
/ seHEs (pce_)‘(k“)s + (1 — p)(—v)e_“(kH)S) ds
0
2

= el POk +1) 4 £0)t) + (1 p) () S F(~(utlh + €+ 1)

and
t
/ se M E((ul — N +1))s) (pce_’\(kH)S + (1 - p)(—v)e_“(k“)s) ds
0

pet _ _
B m{ﬂ—W +h+2)t) — F(—=(A\(k+1) + /w)t)}

n %{ﬁ_w +1) + plk + 1)) = F(—p(k + £+ 1)@}’

respectively. Finally, Eq. (4.53) follows.

In conclusion, Figure 4.11 shows some plots of E[X (¢) | V' (0) = ¢].
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Figure 4.11: Conditional mean (4.53) on V=V (0) =cfor \=p=c=v =
1, with p = 0.1, 0.3, 0.5, 0.7, 0.9 (from bottom to top).

4.6 CONCLUDING REMARKS

The telegraph process has attracted the attention of several mathematicians,
including Bartlett [5], Kac [43], Cane [10], and Orsingher [55] just to men-
tion a few. This process describes the motion of a particle on the real line,
traveling at constant speed, whose direction is reversed at the arrival epochs
of a Poisson process. Often the distribution of the process has been derived
by solving Cauchy problems, defined such as in (3.38). In this chapter we
have analyzed a generalized telegraph process characterized by underlying
random walk. The probability law of the process has been obtained in a
general form, and then in two special cases: (i) when the random times have
exponential distribution with constant rates and (i) when the intertimes
have exponential distribution with increasing linear rates. In particular, the
second case exhibits a kind of damped motion, which leads to a stationary
logistic density. Hence, in this chapter we have applied recent results on
the telegraph process to derive new properties of a more general integrated

telegraph process with the inclusion of a sequence of Bernoulli trials that
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regulate the velocity of the particle at any epochs.

The role of the telegraph process in mathematical finance has been pin-
pointed in various articles, where the alternating behaviour of its sample-
paths has been useful to construct suitable models. Recall, for instance,
paper Di Masi et al. [31], where the classical Black-Scholes model is gener-
alized to the case where the price of a stock satisfies a stochastic differential
equation involving a Markov process (independent of the Wiener process)
which can be viewed as the velocity process of a telegraph process. A further
model was studied in Di Crescenzo et al. [30], where a geometric telegraph
process was proposed to describe price evolutions of alternating type. Such
a model has been refined in Ratanov [66] and [67], in which the inclusion of
jumps in a generalized telegraph processes, occurring when the velocities are
switching, allows to construct an arbitrage-free and complete market model
and to obtain explicit formulas for prices of European options using perfect
and quantile hedging. Other recent papers that explore properties and prob-
ability laws of generalized telegraph process with deterministic jumps and
damped geometric telegraph process are Di Crescenzo et al. [27] and [28], re-
spectively. An inhomogeneous telegraph process is investigated in Tacus [41],
giving a rare example where an explicit law has been obtained means of statis-
tical techniques. Moreover, in De Gregorio et al. [14] a parametric estimation
for the standard and geometric telegraph process is observed at equidistant
times in view of financial applications.

On the ground of the above mentioned researches, the future activity
will be finalized to extend some of the previous results to a more general
and flexible model, in which the occurrence of jumps with random ampli-
tudes is included. Precisely, we purpose to obtain closed-form results for the

probability densities of financial models based on the jump-telegraph pro-
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cess characterized by exponentially distributed jumps. Therefore, we aim
to give a rigorous description of the process throught analitical techniques,
simulation algorithms and codes, to obtain quantitative results that are ex-
pected to be of interest especially in financial contexts. Indeed, we purpose

to incorporate different trends and extreme events of market evolution.
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