- % MBE, 16(6): 6386-6405.
AIMS DOI: 10.3934/mbe.2019319
@ Received: 30 December 2018
Accepted: 20 June 2019
http://www.aimspress.com/journal/ MBE Published: 10 July 2019

Research article

Probabilistic analysis of systems alternating for state-dependent
dichotomous noise

Antonio Di Crescenzo*and Fabio Travaglino

Dipartimento di Matematica, Universita degli Studi di Salerno, Via Giovanni Paolo I n. 132, 84084
Fisciano (SA), Italy

* Correspondence: Email: adicrescenzo@unisa.it; Tel: +039-089-963349.

Abstract: Aiming to construct a simple stochastic model able to describe systems alternating due to
state-dependent dichotomous noise, we consider a generalized telegraph process whose sample-paths
fluctuates around the zero state. Indeed, the latter process describes the motion of a particle on the real
line, which is characterized by constant velocities and state-dependent intensities that vanish when the
motion is toward the origin. This assumption allows to adopt an approach based on renewal theory
to obtain formal expressions of the forward and backward transition densities of the process. The
special case when certain random times of the motion possess gamma distribution leads to closed-form
expressions of the transition densities, given in terms of the generalized Mittag-Leffler function. We
also analyze a first-passage-time problem for the considered process in the presence of two constant
boundaries.
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1. Introduction

Formal models in Neuroscience and Physics are often based on stochastic processes subject to fluc-
tuating behavior due to dichotomous noise. See, for instance, the review given in Bena [1] where some
prototypical examples are treated with an emphasis on analytically-solvable cases. An interesting ex-
ample can be found in Li ef al. [2], where a detailed analysis is performed on the effect of correlated
dichotomous noises on stochastic resonance in linear systems. See also Jin ef al. [3] where a peri-
odic potential driven by multiplicative dichotomous and additive white noise is studied, with special
attention to the analysis of coherence resonance and stochastic resonance.

In Theoretical Neuroscience wide interest is devoted to stochastic neuron models driven by dichoto-
mous noise, which constitutes a Markov process that jumps between two states and is characterized by
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nonvanishing temporal correlations. Recently, various advances have been obtained in this area thanks
to the contributions by Miiller-Hansen et al. [4] (on the exact derivation of expressions for the prob-
ability density and the serial correlation coefficient of the interspike interval in the perfect integrate-
and-fire neuron driven by dichotomous noise), by Droste and Lindner [S5] (on a thorough analysis of
the firing activity of a general integrate-and-fire neuron driven by asymmetric dichotomous noise), and
by Mankin and Lumi [6] (on the study of the behavior of a stochastic leaky integrate-and-fire neuron
model with temporally correlated input modeled as a colored two-level dichotomous Markovian noise).

A landmark among stochastic processes driven by dichotomous noise is the (integrated) telegraph
process. It is also known as Goldstein-Kac telegraph process after Goldstein [7] and Kac [8]. These
initial contributions were finalized to construct a stochastic model for the motion of a particle that runs
on the real line with constant speed and alternates between two possible directions of motion at random
homogeneous Poisson-paced time instants (see Kolesnik and Ratanov [9], and references therein).
Typical approaches to the determination of the probability distribution of the telegraph process are
analytical or based on transformations (see, e.g. Orsingher [10], Beghin ez al. [11], L6épez and Ratanov
[12]). Among the various generalizations proposed in the recent literature we recall the alternating
motion with random delays (cf. Bshouty et al. [13]), and the alternating damped motion studied by
Di Crescenzo and Martinucci [14], and De Gregorio and Macci [15]. Other recent investigations have
been devoted to suitable functionals of telegraph processes (cf. Kolesnik [16] and [17], Martinucci and
Meoli [18]), to dynamics in the presence of an elastic boundary (see Di Crescenzo et al. [19]), and
to level-crossings problems (cf. Pogorui et al. [20]). Moreover, applications of telegraph processes
are found to be useful in the area of financial mathematics, especially when jumps are allowed at the
switching instants (cf. Ratanov [21], for instance). Further studies have been oriented to modeling
random phenomena by means of Brownian motion with drift following the telegraph process (see Di
Crescenzo and Zacks [22] for a case of interest in environmental sciences, and Travaglino et al. [23]
for an application in mathematical geosciences). Recent developments show that a multi-dimensional
version of the telegraph process can be used to construct new efficient and flexible families of Monte
Carlo methods (see Bierkens et al. [24]).

The analysis of the telegraph process and its modifications often involves hyperbolic equations with
constant coefficients. More general instances concerning parameters varying in space and time are
more difficult to be treated. A first contribution in this field is a case of time-dependent rates (cf. lacus
[25]). Recent advances on state-dependent generalizations of the telegraph process have been provided
by Garra and Orsingher [26]. Nevertheless, state-dependent stochastic processes deserve interest in
neuronal modeling, as for diffusion neuronal models with multiplicative noise (D’Onofrio et al. [27])
and for processes with exponential decay subject to excitatory inputs with state-dependent effects (Di
Crescenzo and Martinucci [28]).

Stimulated by the above investigations, hereafter we analyze a modified telegraph process describ-
ing fluctuating behavior with variable trend, where the fluctuations follow a state-dependent alterna-
tion. Specifically, we consider a state-dependent telegraph process with constant opposite velocities,
and with switching intensities that vanish when the motion is directed toward the zero state. In other
terms, if the motion has positive (negative) velocity, then the switch to negative (positive) velocity
may occur -depending on the state- only if the state is positive (negative). This ensures that con-
secutive velocity changes are separated by passages through the zero state. The resulting motion is
thus describing particles that move with alternating constant velocities and fluctuate around the ori-
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gin. Clearly, the considered random motion is governed by the hazard rates of the interarrival times
between consecutive velocity changes. When the hazard rates are not constant, obtaining the solutions
of the resulting partial differential equations for the transition densities becomes difficult. However in
our case, in which the hazard rates depend on both the position and the velocity of the motion, we
adopt a different approach. This is based on renewal theory which has turned out to be useful in some
instances considered in the past (see, e.g., Di Crescenzo [29] for the case of Erlang-distributed random
times separating velocity reversals). The renewal-based approach allows us to determine the formal
expressions of the probability density functions of the motion during suitable time intervals. We also
investigate a special case, in which the interarrival times are related to the gamma distribution so that
the probability density functions can be expressed in closed form. A first-passage-time problem is also
treated when the process is constrained between two boundaries, with an analysis based on a suitable
index taking values in [0, 1], and defined as a ratio of mean values.

It is worth mentioning that the results obtained in this paper can be used in various applied fields,
especially in Biomathematics. Indeed, stochastic processes describing finite-velocity random motions
constitute a valide alternative to diffusion processes since the latter processes exhibit certain features,
such as the unboundedness of the first variation, that are not appropriate to describe real phenomena.
For instance, various stochastic models based on telegraph equations, such as persistent random walks,
are finalized to describe appropriate population dynamics or individual animal movement (for instance,
cf. Alharbi and Petrovskii [30], Angelani and Garra [31], Garcia et al. [32]).

This is the plan of the paper. In Section 2 we describe in detail the state-dependent telegraph
process. We also introduce the forward and backward transition densities of the motion, and the random
variables describing the time intervals during which the motion is forward or backward. Section 3
is centered on the determination of the formal expressions of the transition densities of the process.
In Section 4 we deal with a special case when the interarrival times have gamma distribution. This
instance corresponds to suitable monotonic intensity functions which allow to obtain the transition
densities of the motion in closed form, expressed in terms of the generalized (two-parameter) Mittag-
Leffler function. Section 5 is concerning a first-passage-time problem for the considered process in the
presence of two boundaries. Finally, some concluding remarks are given in Section 6.

2. The stochastic process

We consider a state-dependent telegraph process {X(¢),¢ > 0}, which describes the alternating be-
havior of a suitable stochastic system, such as the motion of a particle running on the real line. The
particle velocity, say V(t), alternates randomly between the fixed values ¢ > 0 and —v < 0. We assume
that the initial position is X(0) = 0 and the initial velocity is V(0) = c.

Let f(x, ) and b(x, t) denote respectively the forward and backward transition densities of the mo-
tion, defined as

f(x, 1) = 2IP’{X(t) <x, V() =c},
0x 2.1)

b(x,t) = %P{X(r) <x, V() =-v}.
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For ¢ > 0 and —vt < x < ct, densities (2.1) satisfy the following partial differential equations:

2f(x, 1+ cﬁf(x, 1) ==A"(X)f(x, 1) + - (X)b(x, 1),
ot ox 2.2)

2b(x, ) — vib(x, ) = —-A"(X)b(x, 1) + 7 (x)f(x,1),
ot Ox

where A" (x) and A7 (x) are nonnegative functions, for all x € R. The function A*(x) represents the
intensity of velocity changes when the particle occupies state x with current forward motion, and sim-
ilarly A7 (x) represents the same intensity for the backward motion. Clearly, for the classical telegraph
process the intensity functions A*(x) and A™(x) are constant, leading to exponentially distributed inter-
arrival times between consecutive velocity changes. Instead, herein we assume that they depend on the
position x and satisfy the following assumptions:

Ax)=0 if x<0,
_ . (2.3)
A (x)=0 if x>0,
and
+00
f A (£x)dx = +oo. (2.4)
0

The conditions (2.3) express that each instant a velocity change occurs, then the process is forced to
return to the O state prior to the subsequent velocity change (see the sample path of X(#) shown in
Figure 1). Specifically, changes from positive to negative velocity occur only if the particle occupies a
positive state x, whereas the opposite velocity changes occur only at negative states. The assumption
(2.4) provide a bona fide condition, whose role will be clarified in the following. Clearly, the given
assumptions imply that consecutive velocity changes of the motion are separated by passages through
the zero state. The resulting state-dependent telegraph process is then useful to describe systems that
alternate randomly around the O level.

We remark that other stochastic processes describing alternating motions governed by non-constant
parameters have been treated recently by Garra and Orsingher [26]. Specifically, some cases of space-
varying velocities and time-varying intensity are treated by means of suitable space-time transforma-
tions.

We point out that performing a transformation analogous to Eq. (2.3) of Beghin et al. [11], the
equations (2.2) lead to a system of partial differential equations for the transition density p(x, f) and the
flow function w(x, t) of the process X(f), defined respectively as

p(x,t) := %P{X(t) < x} = f(x,t) + b(x, 1),
w(x, 1) := f(x, 1) — b(x,1).

(2.5)

According to Orsingher [10], in a large ensemble of particles moving as specified, the function w(x, 1)
can be viewed as a measure of the excess of particles moving forward with respect to those moving
backward near point x at time ¢.
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Figure 1. A sample path of X(¢) with indications of the relevant random variables and the
velocities of the motion.

2.1. Probabilistic structure of the process

In this section we analyze the probabilistic structure of the random variables that describe the up-
ward and downward particle motion.

For every i € N, we denote by U, (respectively D;) the random duration of the i-th time interval
in which the motion has positive (negative) velocity. For any i € N, we express U; as the sum of the
random time length U during which X(#) < 0, and the random time length U;" during which X(#) > 0.
Clearly, since the initial velocity is positive, one has

U/ =0 and U, =Uj.

Similarly we have (see Figure 1)
D;=D! + D;, ieN.

From the assumptions (2.3) and (2.4) it follows that the passages of X(7) through the O state are regen-
erative alternating events, and the dynamics of the velocity changes do not depend on time. Hence, the
sequence {U;; i € N} is formed by independent and identically distributed random variables. The same
conclusion holds for the independent sequence {D; ;i € N}.

We denote with Z; the i-th random instant in which the process is equal to 0, and with P; (resp. N;)
the duration of the i-th time interval in which X(7) is positive (negative), as shown in Figure 1. It is
easy to verify that, for every i € N,

{Pl- = 2sio1 — Loz, (2.6)

N; = 2y — Zyiy,

where Z, := 0. From the assumptions on the motion, the following relationships are straightforward
(as shown in Figure 1)

cU —vD! =0, —vD; +cU;,, =0,
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so that ctv
P;=U; + D! = U;,
@)
Ni=D; +U,, = —D;.
c

Thus, the sequences {P;;i € N} and {N;;i € N} are independent and, clearly, they are formed by
independent and identically distributed random variables.

Since the motion proceeds with constant velocities, and the instants {Z,;;i € N} and {Zy;_;;i € N}
are regenerative, a linear time-transformation allows the functions A*(x) and A7(x) in Egs. (2.2) to
represent the intensities of occurrence of velocity changes along the time axes. Hence, from classical
arguments of renewal theory, it follows that A*(x) and A~(—x), for x > 0, are respectively the hazard
rate functions of cU; and vD; at x > 0, i.e.

1
AT (x) = hlir(r)1+ ZP{CU;' <x+h|cUS > x},

1
A (=x) = hlgg ZP{VD; <x+h|vD; > x}.

Here and throughout the paper, we denote by Fy(x) = P{Y > x} the complementary distribution
function of a random variable Y. We can thus introduce the following expressions, for x > 0,

Fey+(x) = exp{ - fo ) /l+(y)dy} = N,
(2.8)

Furo=ewp(- [ dyirf=ee,
0
where .
A*(x) = f A (xy)dy, x>0, (2.9)
0

constitute the corresponding cumulative hazard rates. Hence, we immediately obtain the probability
density functions of U;" and D7, namely

fur(x) = cA* (cx)e™™ @, fo-(x) = VA (—vx)e ™™ ), x> 0.

Consequently, the random variables U;" and D; are nonnegative, absolutely continuous, for all i € N,
with distribution functions

Fyr(x)=1-e™@, Fp(x)=1-e™ 0, x>0, (2.10)

respectively. Moreover, due to assumption (2.4), they are honest random variables, in the sense that
they take values over R with probability 1. Finally, the relations (2.7) permit us to express the comple-
mentary distribution functions of P; and N;, i € N, as follows, for x > 0,

Fp(x) = exp{ - A+( ld x)}, Fy(x) = exp{ - A‘( d x)}

c+v c+v

On the ground of the above results, we are now able to express the dependence of the process X(¢)
on the regenerative random times Z;. Indeed, if k velocity changes occurred in [0, 7], > O, then

X(0) = Vit = Zo), (2.11)
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where

¢, keven
Vie = { —v, kodd.

Consequently, the process X(7) can be expressed as

X(1) = Z Licy=iy Vi (t = Zy), t>0,
=0

where 1, is the indicator function of A, i.e. 14, = 1 if A is true, and 1, = O otherwise, and where C(¢) is
the alternating counting process that counts the number of velocity changes in [0, 7], whose interarrival
times are U, Dy, U,, Ds, ...

3. Transition densities

In this section we determine the formal expressions of the probability density functions that de-
scribe the motion during suitable time intervals. Specifically, with reference to the random variables
introduced in Section 2.1, we deal with the following densities, for n € N,

0
f,,(x, t) = —P{X(t) < x,ZZ(n—l) - U; <tr< ZZ(n—l) + U;},
o 3.1)
b,(x,1t) := a—P{X(I) < x,Z-1 — D; <t<Zy+ D;}
X

Clearly, for eachn € N, f,(x, t) (resp. b,(x, 1)) represents the forward (backward) density of the particle
position at time ¢, during the n-th period in which the motion has positive (negative) velocity. Hence,
the densities defined in (2.1) can be expressed by

foan =Y fxn,  bln =) byx), (3.2)
n=1 n=1

provided that the above series are convergent. Before determining the forward densities given in the
first of (3.1) we recall that, since the initial velocity is positive, the state space of the particle position
at time 7 is (—vt, ct], and the probability law of X(7) has a discrete component at point ct, so that the
density fi(x, 1) is degenerate.

Theorem 3.1. The forward probability densities defined in the first of (3.1) can be expressed as follows:
filx.0) = Fy:(08(ct —x),  x€R, 120, (3.3)

where 3(x) denotes the Dirac delta function, and, forn = 2,3, ...,

1 _
_fzz("'”(t - f)FU;()_C)’ 0<x<ct,
) C c C (3.4)
(X, 1) = x '
Ja(x 1 vaf (M)f ()dz, —vi<x<0
c+v 0 D;’l c+v Zon-3 <) azg, 1% X .

Mathematical Biosciences and Engineering Volume 16, Issue 6, 6386—6405.



6393

Proof. If t < UY, then no changes of velocity have occurred up to time ¢, and so X(¢) = ct. Thus,
equation (3.3) follows immediately since the relevant distribution has an atom at the point x = ct. Note
that the density fi(x,f) must be intended as a generalized function. It is clear that in the n-th period
in which the velocity is positive X(¢) = c¢(t — Zy(,-1)), as stated in equation (2.11) for k = 2n — 1, and
confirmed by Figure 1. So that, forn > 1 and 0 < x < ¢t we have

P{X(f) <X, ZZ(n—l) <t< ZZ(n—l) + U:z—}
= Plc(t = Zyp-1)) < x, Uy >t- Zon-1ys Zon—1y < t}

!
= f Plc(t — Zou-1)) < X, Uy, > t = Zo-1)|Zau-1y) = 2P{Zon-1 € dz}
0 (3.5)
= f Plc(t —z) < x, U, >t — 2}P{Zy-1) € dz}
0

= f ﬁU;{ (t - Z)fZZ(n—l)(Z) dz.

Differentiating with respect to x we thus obtain the density (3.4) for 0 < x < ct. Furthermore, for
n=2,3,... and —vt < x < 0, in the n-th period in which the velocity is positive one has

X(t) = —VD;_I + C(t —Zop3 — D;—l)
=ct—cZy-3—(c+Vv)D,_,.

So that, similarly to (3.5), we have

P{X(t) < X’ZZ(n—l) - U; <r< ZZ(n—l)}

_ c+v___
= P{X(I) < x,Zru_3+ Dn—l <t<Zpyz+ D }
C

n—1

+
= P{ct — Zos — (c+ VD <X, D <t~ Zoys < —2D- }
C

n-1 = n—1

+
< VD;_I}P{ZZn_3 € dz)

! r—27)— -
- f P{D;_] L UZD=x e 2D t—z}P{Z2n_3 € dz)
0 c+v c+v

1 t— _
= f P{D;_l Z M’ Dr_l—l S - Z}P{ZZn—3 € dZ}
0

c+v

!
:‘fIP{c(t—z)—(c+v)D;_1 <x,D,_,<t-z<
0

! c(t—2)—x
- f ]1{6(,z>7x§_z}}?{¥ <D <t- z}P{Zz,,_3 € dz)
0 ctv c+v

= foﬁi [FD;_I(t—z)—FD- (M)} b @z

n-l c+v

Differentiating with respect to x we finally get the density (3.4) for —v < x < 0. O

A similar result can be obtained for the densities introduced in the second line of (3.1).
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Theorem 3.2. For n € N, the backward probability densities defined in the second of (3.1) can be
expressed as

1 _
_fZ2nl(t + f)FD,;( - f)’ —Vf <x< O,
b,(x,t) = ' ' ' (3.6)
A 1 - x+v(t—-2) :
v j(; fU;(T)fzz(nl)(z) dz, 0<x<ct.
Proof. The proof is omitted, being very similar to that of the previous theorem. O

Let us define the ‘n-th cycle’ as the random interval formed by the n-th period when the particle has
positive velocity and the n-th period when the particle has negative velocity. Clearly,

0
pn(x, 1) = aP{X(l) < X,Zz(n_1) - U; <t<Zy+ D;} (3.7)

is the density of the particle position at time ¢ during the n-th cycle. Due to (3.1), the density (3.7) can
be easily obtained from Theorem 3.1 and Theorem 3.2, being

Pu(x, 1) = fu(X, 1) + bu(x, 7).

As a consequence, the transition density introduced in the first of (2.5) can be also expressed as

Pl = ) palx1),
n=1

provided that the above series is convergent.
4. Interarrival times with gamma distribution

The aim of this section is to analyze in detail the case in which the upward and downward dis-
placements performed by the particle after passages though the zero state have gamma distribution.
Specifically, we assume that the random variables cU;" and vD;, i € N, are gamma distributed with
shape parameters a and a”, respectively, and equal rate parameters S, say

cU; ~ Gamma(a, B), vD; ~ Gamma(a", ), 4.1)

where a, ", > 0. We recall that the telegraph process with gamma-distributed intertimes between
velocity changes has been analyzed in Di Crescenzo and Martinucci [33], whereas some suitable mul-
tidimensional random motions with step lengths having gamma distribution have been investigated in
Le Caér [34] and Pogorui and Rodriguez-Dagnino [35], for instance.

Clearly, the assumptions (4.1) correspond to the case in which the intensity functions A*(x) and
A" (x) are given by

ﬁa/x(x—le—ﬁx ﬁa* xa*—le—ﬁx

YO=TFem YT Tem

x>0, 4.2)

Mathematical Biosciences and Engineering Volume 16, Issue 6, 6386—6405.
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Figure 2. Intensity function A*(x) given in (4.2), with§ = 1 and @ = 0.1, 0.5, 1, 2, 3, 4, 5,
from top to bottom (left plot), @ = 0.5 and 8 = 1, 2, 3, 4, 5, from bottom to top (central plot),
a=2and B =1,2,3,4,5, from bottom to top (right plot).

where I'(:,-) denotes the upper incomplete gamma function. We remark that such intensity functions
are strictly decreasing (increasing) in |x| if O < @ < 1 (a > 1), and are constant if @ = 1, with

+o0, O<a<l,
lim A*(x)={ B, a=1, lim A" (x) = B,
x—0* X—+00
0, a>1,
with analogous limits holding for A7 (x). See Figure 2 for some plots of 1*(x). We remark that, from
the assumptions given in (4.1), one also has

U ~ Gamma(a, cf), D; ~ Gamma(a", vp). 4.3)

In the following theorems we obtain the forward and backward transition densities (2.1) in a special
case. Such densities will be expressed in terms of the generalized (two-parameter) Mittag-Leffler
function, defined as

. —_ N Zn
Eop(2) = Z; Fan 1B (4.4)

Properties and results on such Mittag-Lefller function can be found, for instance, in Gorenflo et al.
[36], Haubold et al. [37] and references therein. We recall that function (4.4) has been used recently
in the analysis of probability distributions of some birth-death type processes in Alipour et al. [38], D1
Crescenzo et al. [39] and Orsingher and Polito [40].

Theorem 4.1. Let {X(t),t > O} be the state-dependent telegraph process with intensity functions spec-
ified in (4.2). For t > 0, the forward transition density is given by

= w _ r(a',,BX) 1 (ct — X)V,B a+a’
Jeen = (@) olet = x) + IN'a) ct- x( c+v )

t— f— a+a®
X exp{ - M}E(lﬂl*,aﬁy*((w) )]l{x<ct}’ O<x<ect,
c+v c+v

4.5)

fxn =

rfaa*)(cva)w exp { B Vﬁici_v X)} (4.6)

X
1+

X (C(t - Z) - x)a*_lza_lEaHt*,a((
0

cvBz
c+v

a+a*
) )dz, -t <x<0.

Mathematical Biosciences and Engineering Volume 16, Issue 6, 6386—6405.
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Proof. From (3.2), (3.3), the first case of (3.4) and (4.3) we easily obtain, for 0 < x < ct,

_ (e, Bct) F(a Bx) 1 x
SOt = =gy 0 (@) chZw (-3) *7)

In order to analyze the distribution of Z,(,_;, we note that, from the relationships (2.7), one has

P, ~ Gamma(a, iﬁ), N; ~ Gamma(a/*, v B),
c+v c+v

and thus

- cv - ., CV
Z P; ~ Gamma(na, = v’B)’ Z N; ~ Gamma(na , mﬁ) 4.8)

i=1 i=1

We point out that, due to (2.6), for the regenerative random times Z; one has

Hence, since the gamma-distributed random variables in (4.8) have identical rates, we get
cy
Zop ~ Gamma(n(a +a), —ﬁ),
c+v
. cv
Zont ~ Gamma((n ) a+a)+a —,8).
c+v
Such relations, thanks to (4.4), allow to compute the following sum:

1 — X
e 2 sl =)

(n=2)(a+a*)+(a+a*)
( cvf )

c+v

1 (ct = x)vB x\(=Dla+a)+at+a)-1
- EeXp{_ cHv }Z (-2 (a+a)+(@+a ))( __)

49
1 (ct — B\ ((ct — DB\ ((M) )
_ct—xeXp{_ c+v }( c+v ) ;F(n(a+a*)+(a+a*))
e Y (2

Substituting (4.9) in (4.7) we finally obtain (4.5). Similarly, from (3.2) and the second of (3.4) we
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obtain, for —vt < x < 0,

fonn =—— f Z or c“ )fzz,, [(@)dz
O e (o
LB (™ (clt=2) —x\*! vB(c(t ~ 2) = x)
c+vF(0/) ( c+v ) exp{— c+v }
IB ( ﬁ)n(a+a*)+a
cvpz o n(a+a*)+a—
X exp {_C+v};r(n(a/+a/)+a)z( e 4.10)
1 vB(ct — x)
F(a/)(c+v) { c+v }
1+3 i evBz N\ 0 ((Lc‘ff )a+a*)n
x ), @t-2=» (c+v) LT +a)+a)
c VB vB(ct — x)
F(a/)(c+v) exp{— c+v }
X OH(c(t -2) - x)"*_lz“_lE(,W,a(( z‘fi )Omx )dz,
which finally gives Eq. (4.6). |

The following theorem is a companion of Theorem 4.1.

Theorem 4.2. Let {X(¢),t > 0} be the state-dependent telegraph process with intensity functions spec-
ified in (4.2). For t > 0, the backward transition density is:

b(x,1) =

I'(e*,—Bx) 1 (c(vt + x)6 )"

I'la*) vt+x\ c+v

X exp{ - M}EQW,Q((M)MM), C<x <o, (4.11)

c+v c+v

pare’ ( B )20(+a* exp{ B+ vt)}

b(x’t):F(a) c+v c+v

(4.12)

X
=%

X (X + V(t - Z))a_lza+a*_]Ea+a*,a+a* ((
0

cvpz
c+v

a+a”
) )dz, O<x<ct.

Proof. The proof is omitted, being similar to that of Theorem 4.1. O

Combining the results of the previous theorems with relationships (2.5) one can easily calculate the
transition density and the flow function of the process X(¢).

As example, in Figure 3 and 4 we show some plots of the (absolutely continuous component) of
densities f(x, ) and b(x, 1).
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0.15 f=

L L X
-4 -2 0 2 4

Figure 3. Absolutely continuous component of the densities obtained in Theorem 4.1 for
—-vt<x<ct,witht=2,a=2,a"=1,=1,c=2,v=2.

f(x,)

0.15 -

Figure 4. As for Figure 3, with o = 2.

Unfortunately, obtaining approximate results from Theorems 4.1 and 4.2 by means of asymptotic
expansions of the Mittag-Lefller function seems to be not fruitful, since the available expressions are
quite cumbersome (see, for instance, Haubold et al. [37]).

If @« = a® = 1, then the intensity rates (4.2) are constants and thus the corresponding cumulative
hazard rates (2.9) are linear in x, i.e. the random times U;” and D; are exponentially distributed. This
special case leads to simpler closed-form results, as shown hereafter.

Corollary 4.1. Let {X(t),t > O} be the state-dependent telegraph process with intensity functions
AT (x) = A7 (=x) =B, x > 0. Fort > 0, the forward and backward transition density are:

2 —
ePU5(ct — x) + %e‘ﬁxi(l - exp{ = M})ﬂ{x«z}’ 0<x<et,
c+v c+v
_e,Bx Vﬁ (1_exp{_u}), -t < x<0,
2 c+v c+v
_ 2
%e‘ﬁx—cﬁ (1 - exp{ _ (=B x)vﬁ}) , O0<x<ect,
b(x.1) = 1 c+v , c+v 4.14)
_eﬁxi(l + exp{ — M}), —vt < x<0.
2 c+v c+v

Proof. The proof follows from Theorems 4.1 and 4.2 after some calculations, and noting that E; ;(z) =

cosh( /) and E,,(z) = sinh(~z)/ V(z). O
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We remark that the results obtained so far are concerning the case with positive initial velocity,
i.e. V(0) = c¢. However, the case V(0) = —v can be treated in a similar way, by exploting suitable
symmetries. Specifically, the probability law of X(#) conditional on V(0) = —v can be obtained from
the above results by interchanging the forward density with the backward one, the distribution of U
with that of D7, ¢ with v, and x with —x. Clearly, this allows us to analyze more general situations, in
which the initial velocity is random, i.e. P{V(0) = ¢} = § and P{V(0) = —v} = 1-6,0 < 6 < 1, when
the distributions of interest are expressed as suitable mixtures.

5. A first-passage-time problem

This section is devoted to a first-passage-time problem for the process X(f), assuming the presence
of two boundaries, say n > 0 and —¢ < 0. Hereafter we thoroughly assume that, in addition to
assumptions (2.3) and (2.4), the intensity functions A*(x) and A~ (x) satisfy the following condition:

t
f A (xx)dx < +oo  for any 1 > 0. (5.1)
0

With reference with the notions introduced in Section 2.1, we denote by

M*(t) = Z Liz,,<n
n=0
the right-continuous counting process whose increments occur at the random instants 0 = Zy, Z,, Zy, . . .,
so that
M (Zy) =n+1, n € Ny.

We denote by
T, =inf{t > 0: X(1) = {}, {#0

the first-passage time of X(f) through the boundary ¢ # 0. Then we introduce the integer-valued
random variable M*(T,). Recalling that the i-th time interval in which the motion has positive velocity
(upward period, say) has random duration U;, i € N, let M*(T,) denote the ordinal number of the first
of such upward periods in which X(#) crosses the boundary n > 0. Clearly, due to the first of (2.10) we
have

k-1
B(M*(T,) = k} = PlcU} <n.....cUL, <meUf =n) =] | FU;(g)FUZ(g)
i=1 (5.2)
k-1
= (1 - e"w’”) e N0, keN.
Hence, M*(T,) has geometric distribution with parameter ¢~* ™, where A*(x) is defined in (2.9). It

thus follows that
E[M*(T,)] = X" ™. (5.3)

Similarly,

M(1) = Z Lizypr<0)
n=0

Mathematical Biosciences and Engineering Volume 16, Issue 6, 6386—6405.
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is the right-continuous counting process whose increments occur at the random instants Z;, Z3, Zs, . . .,
and thus
M_(Zzn+]):n+1, n € Nj.

For & > 0, we can thus introduce the integer-valued random variable M~ (7T_;). In analogy with M*(T),
we assume that M~ (T_,) gives the ordinal number of the first downward period in which X(7) crosses
the boundary —¢ < 0. Similarly as in (5.2), M~(T_;) has geometric distribution with parameter e™* ©,
so that its expectation is

E[M™(T_¢)] = & ©. (5.4)

Let us now consider the first-passage-time problem in the presence of two boundaries. We consider the
random variable
M(=¢,1) := min{M™(T,)), M (T_¢)}. (5.5

Since, for k € N,
P{M(=¢,n) = k} = P{cUy <n,vDy <&,...,cU_, <n,vD,_, <&,cU; > n}
+P{cU} <n,vD] <¢,...,cU_, <n,vD,_, <& cUl <n,vD; > ¢}
k-1 k-1
_ (1 _ e—A*(n)) (1 _ e—A-(;,-‘)) {e—mn) + (1 _ e—A+(n))e—A‘(§)}

k-1
_ (1 e N0 _ N @ N oA <§>) {e—N(n) 4o N O A oA (5)}’

it follows that M(—¢, i) has geometric distribution with parameter e™»"® 4 ¢=A"©) _ e=A" =27 gpd

expectation
1
E[M(=¢.m)] = e N 1 oA © — o NgA @

(5.6)

We remark that the assumption (5.1) ensures that the expectations given in (5.3), (5.4) and (5.6) are
finite.

Let us now consider the special case of interarrival times having gamma distribution like in Section
4.

Proposition 5.1. Let {X(?),t > 0} be the state-dependent telegraph process with intensity functions
specified in (4.2). Then, the expectations of M*(T,)) and M~(T_;) are expressed as

r (e’
E[M*(T,)] = F(a(—‘;)ﬁ) E[M~(T_¢)] = F(cy(;“f)ﬁ) (5.7)

Hence, the expectation of (5.5) is

I'(a)I'(a")
C(a, nBT(a*) + T(a*, P (@) — T(a, nB) (a*, £B)
Proof. The results immediately follow from Egs. (5.3), (5.4), (5.6), and (2.8), by taking into account

that for a Gamma(a, 8)-distributed random variable the complementary distribution function at x > 0
is ['(a, Bx) /T (). O

E[M(_é:’ 77)] =

(5.8)
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Figure 5. Plots of the ratio of mean values (5.10) forO <np < 14, withg=1,6=1,2,3,4,5
(from bottom to top) and () @ =2, " =1, (i) a =2,a" =5, (i) a=5,a" =1, (iv) a = 5,
a* =5.

Recalling Egs. (5.3) and (5.6), we can now introduce the following function:

_ BM(£.m)] _ 1
RED = Zhrr] = T1 e e i@ = v @ (5.9)

Clearly, since M(—¢,n) is stochastically smaller than M*(T),), and both such random variables have
finite means, from (5.9) we have

0<R(-&m) < 1.

For the first-passage-time problem in the presence of the boundaries 7 and —£, the ratio of mean values
introduced in (5.9) is a measure of the relevance of the boundary 7 with respect to the boundary —¢, in
the sense that R(=¢£,n) is close to 1 (0) if the first passage through the upper boundary 7 is expected
much more (less) earlier than the first passage through —¢£.

Under the assumptions of Proposition 5.1, the ratio of mean values (5.9) becomes

['(a, nB)I'(a")
I(@,nBT (@) + T(a*, §P)(e) — (e, nB)L (e, €B)

R(=€.m) = (5.10)

In Figures 5 and 6 some plots of R(—¢, n7) are shown for 8 equal to 1 and 2, respectively, for & = 5 and
for different choices of the parameters a and a*. As can be expected, the plots shows that R(=¢,n) is
decreasing in 17 and ¢, increasing in & and a. Recall that the mean of U;" and D; is proportional to «
and a”, respectively.
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(ii)

=N

L L L L L
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Figure 6. Plots of the ratio (5.10) for 0 < n < 14, with 8 = 2 and the same values of the
other parameters of Figure 5.

6. Conclusion

Among the generalizations of the classical telegraph process, the state-dependent versions are quite
difficult to be treated. Differently from the analytical or transformation-based approaches adopted by
various authors in the recent past, in this paper we exploited arguments of renewal theory to study the
transition densities of a suitable family of state-dependent telegraph processes. We treated in detail
the special case when certain random times of the motion have gamma distribution. This leads to
an effective and treatable stochastic model. A specific feature is that consecutive velocity changes
are separated by passages through the zero state. Such property yields that the considered process
is suitable to describe fluctuating phenomena, such as the motion of particles that have alternating
constant velocities and fluctuate around the origin. This can be a starting point toward the construction
of more sophisticated models of interest in Neuroscience and in Biomathematics, which are based on
stochastic processes whose sample-paths fluctuate around a time-varying signal or trend. Namely, a
prototype stochastic model in this area can be expressed as

Y(@) = s(t) + X(2), t>0,

where s(f) describes a suitable trend, such as a deterministic mean population growth, and X(z) is the
stochastic component of the model that accounts for the fluctuations around the trend. The model of
state-dependent fluctuations described in this paper can be adopted to deal with cases in which the
system under investigation depends on the distance from the time-varying trend. Specific applications
of this family of models will be the object of future investigation. Furthermore, possible future de-
velopments will be oriented to the construction of suitable tractable models in this area, also aiming
to investigate the optimum signal determination with respect to the noise characteristics, by adopting
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suitable criteria as those exploited by Lansky et al. [41].
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