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ABSTRACT. In the last years, several authors studied a class of continuous-time
semi-Markov processes obtained by time-changing Markov processes by hitting
times of independent subordinators. Such processes are governed by integro-
differential convolution equations of generalized fractional type. The aim of
this paper is to develop a discrete-time counterpart of such a theory and to
show relationships and differences with respect to the continuous time case. We
present a class of discrete-time semi-Markov chains which can be constructed as
time-changed Markov chains and we obtain the related governing convolution
type equations. Such processes converge weakly to those in continuous time
under suitable scaling limits.

1. Introduction. It is well-known that the memoryless property of homogeneous
Markov processes imposes restrictions on the waiting time spent in a state, which
must be either exponentially distributed (in the continuous time case) or geo-
metrically distributed (in the discrete time case). Indeed, the exponential and
the geometric distributions are the only to enjoy the lack of memory property.
However, in many applied models it is useful to relax the Markov assumption in
order to allow arbitrarily distributed waiting times in any state. This leads to
semi-Markov processes. The theory of semi-Markov processes was introduced by
Lévy [35] and Smith [62] and was developed in many subsequent works, such as
[13, 17, 22, 27, 30, 32, 53, 54].

Since their introduction, semi-Markov processes have been mostly studied in the
continuous time case, while discrete time processes are rarer in the literature (see
e.g. [2] and the references therein). Time is usually assumed to be continuous, even
if some physical theories claim that it could be discrete; however, it is true that
we observe nature at discrete time instants. Moreover, in many applications the
time scale is intrinsically discrete. For instance, in DNA analysis, any approach is
based on discrete time because one deals with (discrete) sequences of four bases:
A, T, C, G. Also, the techniques of text recognition are based on discrete-time
models. In reliability theory, one could be interested in the number of times (e.g.
days, hours) that a specific event occurs. Thus, discrete-time semi-Markov processes
undoubtedly deserve a more in-depth analysis and the aim of the present paper is
to give a contribution in this direction.
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In this paper we study the large class of semi-Markov chains which is generated
by time-changing a discrete-time Markov chain by discrete-time renewal counting
processes, that is with compositional inverses of increasing random walks with i.i.d.
positive integer jumps. A little variant of such processes is proved to be governed
by equations of the form

o0

Z(p(l’ﬂf) —p(l’,t—T))/J(T) :gm’p(wvt)a te N’ (1)

7=0
where p(x,t) is the probability that the process is in state x at time ¢, p is a
probability mass function supported on the positive integers and G, is related to the
generator of the original Markov chain. In the case in which the waiting times follow
a discrete Mittag—Leffler distribution (see Section 4 for its definition), equation (1)
reduces to

(I — B)*p(z,t) = Gyp(z,t) teN, a € (0,1), (2)

where B is the backward shift operator in the time-variable, that is Bp(z,t) =
p(x,t — 1), while I — B is the discrete-time derivative and (I — B)® is its fractional
power.

By this construction, a class of discrete-time semi-Markov processes arises, which
enjoys interesting statistical properties and is suitable for some types of applications
in which time is intrinsically discrete. For instance, in [2], the authors construct
nonparametric estimators for the main characteristics of discrete-time semi-Markov
systems and study their asymptotic behavior; they also show some applications in
reliability theory and biology. Note that the mathematical techniques in [2] are
specific to discrete time and do not fit well with the continuous time case.

Recently, the theory of semi-Markov processes in continuous time has regained
much interest. The literature concerning this topic is vast: see for example [3, 28,
29, 37, 38, 41, 42, 64]. Consult also [18, 49, 56], where the theory has been extended
to models of motions in heterogeneous media. Following the theory, a semi-Markov
process of this kind can be obtained by time-changing a Markov process by the
inverse hitting time of a subordinator and can be seen as scaling limits of continuous-
time random walks (CTRWSs). Such processes are known to be governed (see the
review in Section 2.2) by integro-differential equations, which, in the most general
form, can be written as

/0 T plant) — plast —T)wldr) = Gupla1),  tERY, (3)

where G, is the generator of the original Markov process, v is the Lévy measure
of the underlying subordinator, while the operator on the left-hand side is usually
called generalized fractional derivative. The reason of this name is that in the case
where the random time is an inverse S-stable subordinator, equation (3) reduces to

o8
o’

where jt—/; is the Caputo fractional derivative of order /5 € (0,1).

Note that, formally, (3) is the continuous version of (1), in the same way as (4)
is the continuous version of (2). Here we prove that a similar but non equivalent
scheme holds in discrete time. In fact our treatise on the discrete-time case goes
actually beyond the classical scheme of the standard CTRW-theory, essentially for
three reasons. First, the class of discrete-time processes studied in this paper is

(x,t) = Gyp(z,t), t e RT, (4)
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not trivially given by sampling continuous-time semi Markov processes at integer
times (see, for example, the discussion in remark 13). Second, this paper includes
the case where the original process X (n) is a generic discrete-time Markov chain
on a general state space, thus without restricting us the to random walks with i.i.d.
jumps in R%. Third, we show that a connection with (generalized) time-fractional
equations also exists in discrete time, and not only after the continuous-time limit.

The structure of the paper is the following. In Section 2, besides a brief liter-
ature overview, we introduce the time change of discrete-time Markov chains and
we present renewal chains and their inverse counting processes; special attention is
devoted to the Bernoulli process (related to identical sequential trials) and to the
Sibuya process (related to sequential trials with memory), which are discrete-time
approximations of the Poisson process and the inverse stable subordinator, respec-
tively. Section 3 contains our main results on discrete-time semi-Markov chains
and generalized fractional difference equations, together with some results on path
space convergence in the continuous time limit. Finally, Section 4 is devoted to
the so-called fractional Bernoulli counting processes, which are discrete-time ap-
proximations of the fractional Poisson process studied in several papers such as
[5, 6, 31, 36, 39].

2. Literature overview and preliminary results.

2.1. Time-change of discrete-time processes. For the sake of clarity, we recall
two important definitions in probability theory: n—divisibility and infinite divisi-
bility. A random variable X is said to be n—divisible if there exist i.i.d. random
variables Y7, Y5, ..., Y}, such that

XLY, +Yod .. 4V,

Instead, a random variable X is said to be infinitely divisible if for each n € N there
exist i.i.d. random variables Y;",Y;", ..., Y, such that

XLYr4yr 4. +Ym

Both definitions are actually connected to stochastic processes with stationary and
independent increments. We briefly recall some related facts, for a more in-depth
discussion consult, for example, [[63], Chapter 1]. On one hand, n—divisibility is
related to random walks defined by the partial sums

X(n)=Y_A; neN, (5)

where the A; are i.i.d. random variables.

On the other hand, the notion of infinite divisibility is intimately related to Lévy
processes. The definition of Lévy process makes sense only in continuous time
case. Indeed, a process is called Lévy if, besides having independent and stationary
increments, it is continuous in probability, i.e. X(s) & X(t) if s — t (see, for
example, [1] for basic notions).

Lévy processes with non decreasing sample paths are called subordinators (for an
overview see [8]). They are often used as models of random time for the construction

of time-changed Markov processes (on this point consult, for example, [1], [58], [59]
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and [65]). A subordinator o(t) has Laplace transform
o0
Ee™17®) = o=tf (), with  f(n) = bn —l—/ (1—e""™)v(dx), n >0,
0

where b > 0 and the Lévy measure v is such that f(o oo)(m A Dy(dx) < oco. We

let b = 0 and only consider strictly increasing subordinators, i.e. those such that
o0 . . . .

Jo v(dz) = oo. The inverse hitting time process

L(t)=inf{z > 0:0(z) >t} =sup{z > 0:0(x) <t}

is non decreasing, and thus it can be used as a random time to construct time-
changed processes.

In particular, if {M () };cr+ is a Markov process, the composition { M (L(t)) }ier+
is a semi-Markov process, which has been deeply studied, having an interesting con-
nection to many different topics, such as anomalous diffusion, continuous time ran-
dom walk limits and integro-differential and fractional equations (see [40], chapter
8 of [29] and the references therein).

One of the main goals of this paper is to develop some aspects of the theory of
time-change for discrete time Markov processes. The discrete-time analogue of a
subordinator is a random walk of type (5) with positive integer jumps

n

oan) =Y Z;, neN, Z;eN,  o4(0)=0. (6)

Its inverse process is given by
L4(t) = max{n € Ny : o4(n) < t}, t € Ny, (7)

where Ny = N U {0}. Indeed Lg(t) = 0 for 0 <t < Zy, Lg(t) =1 for Z; <t <
Z1 + Z5, and so forth.

So, given a discrete-time Markov chain {X(t)}+en, and an independent process
{La(t)}ten, of type (7), we here study the time-changed process {X(L4(t))}ten,-
We refer to [63] for some definitions and techniques on the time change of discrete-
time processes.

2.2. Brief review on continuous-time semi-Markov chains. We here sum-
marize some facts known in the literature concerning the continuous-time case. Let
us consider a continuous-time Markov chain {X (¢)};cr+ on the discrete space S

n—1
X(t) = Xnv Vn S t < Vn+1, Wlth VO = 0’ Vn = Z Ek’ (8)
k=0

where {X,, }n=0,1,..., is a discrete-time Markov chain in S, whose stochastic matrix
is defined as

Hij = P(Xp41 =J|Xn =1)
and the waiting times Ej are exponentially distributed:
PE, >t Xy =i)=e M t>0. (9)
The transition probabilities

pi;(t) = P(X(t) = j|X(0) = 1), i,j €8,
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are known to solve (see for example [44]) the Kolmogorov backward equations

ng Z /\ dil pl] (t) Pij (O) = 51']" (10)
es

as well as the related forward equations.

We now consider a semi-Markov process {Y () };cr+ which is constructed in the
same way of (8) except for the distribution of the waiting times, which are no longer
exponentially distributed:

Y(t)=X, To<t<T,  where Tp=0, T,=>» Ji,  (11)

where the waiting times follow an arbitrary continuous distribution
P(Jk > t‘Xk = Z) = Fz(t)

We are interested in a particular subclass of (11): taking any strictly increasing
subordinator {o(t)};cp+, independent of {X (¢)};ecr+, we assume that the waiting
times Jy, J1, ... are such that

P(Jy > t|Xy = i) = P(o(Ey) > t| X5 = 1), (12)

where Ej; are distributed as in (9). The main result concerning such a class of semi-
Markov processes (which also justifies the choice of the compound exponential law
Ji, = o(E}) for the waiting times) is the following: let L(t) be the right continuous
inverse process of o(t), the following time-change relation holds:

{Y(t) rer+ = {X(L(t)) brer+,
where X and L are independent. A heuristic proof of this fact is the following: by
using the definition (8), we have
X(L(t) = X, Vi < L(t) < Vg (13)
namely
X(L(t) =Xn  o(Vy) < t<0(Vat)

and thus the waiting times are such that J, = 0(V,,11) — o(Vy,) 4 (Vi1 = Vo) =
o(E,) (where we used the fact that o has independent and stationary increments).
The transitions functions solve the following equation:

Dy pij () = P(1)pi;(0) = > A Su)pij(t),  pij(0) = dij, (14)
les

where \; are the rates of the F,,, while v is the Lévy measure of the subordinator
o, v(t) = [~ v(dy) and
t

Depis(®) = [ (i(0) = piste = )wtan) = 5, [ wiste = rywtryan

Equation (14) is analogous to (10), but the time derivative < on the left side
is replaced by the operator D, which is sometimes called generalized fractional
derivative. The reason of this name is that in the case where o is an a-stable

subordinator, we have v(dz) = ax~* 1dz/T(1 — «) and (14) reduces to

d® 1=«
- 0) = S 1
dto‘p” (t) F(l sz ; /\ dil plj (t) Dij (O) 5ua ( 5)
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where
d® d [* T ¢
— p.:(t) = — (t— d
P (@) dt/o Pis T)m—a) g
is the Riemann—Liouville fractional derivative. In such a case, the waiting times
have distribution

P(J, >t/ X, =1) = E(—=A\t?) (16)
where E(z) = Y10, m%kak) is the Mittag—Leffler function; indeed, by a simple
conditioning argument, it is easy to check that the composition J,, = o(E,) has

Laplace transform

Ai
>0
)\i+8a 5=

E(e "X, = i) = , (17)
which is also the Laplace transform of —%5 (—A;t®). For analytical properties of
the Mittag—Leffler function and its role in fractional calculus consult [57]; see also
[4] and [19] for some applications on relaxation phenomena.

There is an extensive literature concerning the topics recalled in this section: see
for example [3, 26, 28, 29, 40, 37, 41, 38, 42]. See also [20] for some applications and
[25] for recent analytic results on fractional differential equations. Moreover, semi-
Markov models of motion in heterogeneous media are studied in [18, 49, 56], where
fractional equations of type (15) of state dependent order & = a(z) arise. Consult
also [48] where the authors study Markov processes time-changed by independent
inverses of additive subordinators.

Remark 1. An important case is that of processes making jumps of height 1, i.e.
H;; = 1if j =i+ 1 almost surely. If besides A; = X for all ¢ € S, they can be
constructed as Poisson processes time-changed by inverses of subordinators (this is a
class of renewal counting processes including the so-called fractional Poisson process
studied e.g. in [5, 6, 31, 36, 39]). Other models of fractional point processes are
studied in [45, 46, 47]. Thus, our investigation in the discrete time starts from the
discrete analogue of renewal processes, known as renewal chains, which are treated
in the next subsection.

2.3. Renewal chains. In the following we will make extensive use of generating
functions. We recall that the generating function of a real sequence {at}ien, is
defined by the power series

Go(u) = Z ulay
t=0

for all u € R such that |u] < R, where R > 0 is the radius of convergence. Since
G, can be differentiated term by term at all v inside the radius of convergence, the
sequence {a;}ten, can be uniquely reconstructed from the generating function by
setting a; = G (0)/t!, where gff)(-) denotes the t*" derivative of G,(-). A useful
property is that the convolution of two sequences {a}ten, and {b;}ien,, which is
defined as {a*b}ien, = 22:0 arbi—1, has generating function G, (u) = Ga(uw)Gp(u).

We now recall the notion of renewal chain; for a deeper insight consult [[2],
Chapter 2]. Let W be a positive, integer valued random variable. Let Wy, W1, ...,
be i.i.d. copies of W. Consider the increasing random walk

T, =Wo+Wi+ ... W,_1 n €N WjEN To = 0. (18)



ON DISCRETE-TIME SEMI-MARKOV PROCESSES 7

Obviously (18) has the same form of (6), but here, intuitively, the T;, should be seen
as the successive instants when a specific event occurs (and we call them renewal
times) while the W,, represent the waiting times. The process {1, }nen, is called
renewal chain or discrete-time renewal process.

Its inverse

C(t) = max{n € Ny : T, <}, t € No, (19)

is a counting process representing the number of renewals up to time ¢t. We now
recall a useful result.

Proposition 1. Let Go(m,u) = Y ;o u'P(C(t) = m), |u| < 1, be the generating
function of the sequence {P(C(t) = m)}ien,. Then

1
Go(m,u) = m(Euw)m(l — Eu). (20)
Proof. Observe that {C(t) > m} if and only if {7, < t}. Then P(C(t) = m) =
P(T,, < t,Typ41 > t). Furthermore, since {T,,41 < t} implies {7T},, < t} we have
P(C(t) =m) = P(T,, <t) — P(Tp+1 <t), and computing the generating function
of both members, (20) is obtained. O

We now focus on two types of renewal chains together with their related counting
processes, which are called Bernoulli and Sibuya counting processes, respectively.
In the continuous-time limit, they converge to a Poisson process and to an inverse
stable subordinator, respectively.

2.3.1. The Bernoulli counting process and the Poisson process. Consider a sequence
of Bernoulli trials, i.e. independent trials such that at each time step you can record
the occurrence of either 1 event (with probability p) or of 0 events (with probability
g =1—p). Let N(t) be the number of events up to time ¢, which follows a binomial
distribution P(N(t) = k) = (;)p"¢'"~*,k = 0,...,t. The waiting times between
successive events are independent geometric random variables.

Definition 2.1. A Bernoulli counting process, denoted by {N(t) }1en,, is a counting
process of the type (19) such that the waiting times M;, i = 0,1, ..., have common
geometric distribution P(M; = k) = pg*~!,k € N.

By using (20) and the fact that EuM: = 157;”, the generating function of
{P(N(t) = m)}ten, reads

(pu)™
(1 —qu)m+t’

Note that {N(t)}ien, is a Markov process due to the independence of trials and to
the lack of memory property of geometric distribution.
Let now pg(t) = P(N(t) = k). A simple conditioning argument gives
pe(t) =qpe(t—1) +ppr—a(t—1) teN. (22)

Re-writing the first member as pg(t) = ¢ pi(t) + ppi(t) and then dividing by ¢, one
obtains a finite difference equation governing the Bernoulli counting process:

(I = B)pr(t) = =Apr(t) + App—1(t — 1), teN, (23)

where A = p/q, B is the shift operator acting on the time variable such that Bp(t) =
p(t — 1) and I — B is the discrete derivative acting on the time variable.

Gn(m,u) = (21)



8 ANGELICA PACHON, FEDERICO POLITO AND COSTANTINO RICCIUTI

It is well-known that the Bernoulli process converges to the Poisson process under
a suitable scaling limit. To see this intuitively (rigorous results on convergence will
be given later), let the time steps have size 1/n (and thus the geometric waiting
times scale as M; — M;/n) and let the parameter p of the geometric distribution
be substituted by A/n. In the limit n — oo each M; converges to an exponential
random variable of parameter \.

Moreover, one could formally observe that, under the above scaling, equation
(23) reads

1 A A 1 1 2
t) — t——) =——pr(t —Ppr—1(t — — t — = - 24
pi(t) — pi( n) npk()-l-npk 1 ( n), G{ y = } (24)
Dividing by 1/n and letting n — oo, we formally get

d
@pk(t) = —A\pr(t) + Apr—1(t),  teRT,
which is the forward equation governing the Poisson process.

2.3.2. The Sibuya counting process and the inverse stable subordinator. Consider
now a sequence of trials, each having two possible outcomes, such that the proba-
bility of success is not constant in time. If a success has just occurred, we assume
that the probability of success in the r-th successive trial is equal to «/r, where
a € (0,1). Unlike the Bernoulli process, which is Markovian, such a process has a
memory, since it remembers the time elapsed from the previous success. In place
of the geometric distribution of the Bernoulli process, the time Z in which the first
success occurs here follows the so-called Sibuya(a) distribution (consult [15, 52])

« «

P(Z=k) = (1-a)(1- 3‘)....(1 - k_l)k
= (—1)k (Z) k=1,2,... (25)

having generating function
Eu? =1— (1 —u)®. (26)
On this point, it is interesting to note that any discrete density {px}ren can be
expressed as
pr=>01—-01)1—a2)...(1 —ap_1)ag keN,

for oy, = pi./ Zfoz & Pr, and thus an interpretation within the sequential trial scheme
[0

makes sense. The Sibuya case is obtained by assuming oy, = 7.
Unlike the geometric distribution, which has an exponential decay, the Sibuya
distribution has power-law decay, as (see formula 2.5 in [40])
P(Z=k)=(-1)F ")~ 2 gl k — oo. 27
@=0 =0 ()~ gt ko @)
Now, we consider a random walk of type (6) defined by the partial sums of i.i.d.
Sibuya random variables

oa(n) = Z Z; n €N, c4(0) = 0. (28)

We define the process {Lq(t)}+en, as the inverse of {04 (t) }ten,:
L, (t) = max{n € Ny : 0,(n) < t} t € No. (29)
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We call {L(t) }+en, Sibuya counting process, as it counts the number of successes
up to time ¢ in the case of Sibuya trials. By (20) and (26), the sequence {P(L,(t) =
m) }hien, has generating function

Gr.(myu) = (1—w)* 11— (1—u)*]™. (30)
Note that (30) can be expanded as

G (m) = (zmj (T)(—nr(—l)t (Ctr ra 1))

t=0 r=0

-2 (e ()T

where in the last step we used that (—1)*(*.") = (*-%) for a > 0. Hence L, (t)
has discrete density

P(La(t) = m) = iuy(m) <t T a), m=0,1,.... (31

r=0
A crucial point is that the Sibuya counting process {L,(t)}ien, is a discrete-
time approximation of the inverse stable subordinator. We remind that a sta-
ble subordinator {0, (t)};cr+ is an increasing Lévy process with Laplace transform
Ee—¢7+() = ¢=%" o ¢ (0,1), while its inverse hitting time process is defined as

L.(t) =inf{z: o.(z) >t} = sup{z: 0. () < t}. (32)

The following Proposition, regarding convergence of the one dimensional distribu-
tion, is an anticipation of a more general result that will be treated in Proposition
5 where we will state that a suitable scaling of {0 (|t])}ier+ and {Ls([t]) ier+
(where |t] denotes the biggest integer less than or equal to t) respectively converge
to a stable subordinator and its inverse in the Skorokhod .J; sense and also in the
sense of finite dimensional distributions.

Proposition 2. Let n € N, t € RT. For any t, the random variable n=“L(|nt])
converges in distribution to L.(t) as n — oo.

Proof. We remind (see e.g. [16], formula 1.11) that L,.(¢) has a density:
1
P(L.(t) € dzx) = thW—aal—a( — z/t*)dz,

where W, ,(z) = >°72, W:%v) is the Wright function. Then, for every a < b,
with a,b € RT, we have to show that

lim P{a<n—aLa(LntJ)<b}:/b W_a71—a(*l’/ta)dx. (33)

By (31), Wen};:; "
P(Lo(lnt]) =5) = 2_: () () stre )

B I(s+1) . T(lnt] —a(r+1)+1)
ZF(S—T+1)7’!(_1> T(1—a(r+1)0([nt] +1)
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Taking s of the form s = [n®h], with » € RT, and using Tricomi formula

T(z+c¢)

fera —~ (A+00/)  cdekR, (34)

we write

—

1 n“h|

(nt)*

P(La(nt]) = [n%R])  ~

T

(j)rﬂm - (1)4(7“ 1) (1+ O(%a))

- (ni)o‘ Z (t‘jl)rr!l“(l - ;(T 1)

=0
1

N~ Wogia( — s/(nt)). (35)

(nt)*

We use a regular partition of an interval (a,b]. Let z; = (i + [an®])/n®, 0 <i </,
and £ = max{i : ; < b}. Note that x,41 —x; = 1/n%, and since L,(|nt]) is a
discrete random variable,
Lbn®]
P{an® < L,(|nt]) < bn*} = Z P[Ly(|nt]) = s].

s=[an®]
Substituting, in (35), each term with its asymptotic value, we obtain

[on®]

P{an® < Lo(|nt]) < bn®} ~ tia >y nLaW_%l_a ((;};)

s=[an]

[bn° ]

3 niaw_a,l_a ((n_t;’a> . (36)

s=|lan®]

Bl =

The correspondence between i and x; is one to one and the interval [zq, z¢11] con-
tains the given [a,b]. In addition observe that g < a <1 <z < -+ <xp < b <
Ze+1, then (36) may be written as follows:

=
P{an® < La([nt]) =< bn®} ~ %Z(xiﬂ —xi)W_ai-a (;?) ; (37)
i=0

which is the Riemann sum converging to the integral on the right-hand side of
(33). O

We now compute the auto-correlation function of the process {Lq(t)}ten,-

Proposition 3. The Sibuya counting process { Ly, (t) }ten, @ such that

iz =" ) -1 (39)

t
E[Lo(t)2] =2 <t +t20‘> -3 <t t O‘) T, (39)
s =5 (445454 ) w

=1
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Moreover, as to — 00,
_ CO'U[La(tl)aLOL(tQ)]
\/V[La(h)]V[La(h)]

Corr[La(t1), Lo(t2)] ~Cty, (41)

where C' = C(t1, a).

Proof. In the following, we will use that

(1)t(ta) = <a +§* 1), a>0, (42)
Se (Y=o ()= (1), (13)

7=0

and

Note that (42) can be easily proved by expanding the binomial coefficients, while
(43) can be checked by computing the generating function of both members. We
now need to derive the mean time spent by the Sibuya random walk (28) at the

location t:
> Ploa(r) = 1) = (-1) <t‘)‘> — (O‘ *f - 1). (44)

Formula (44) can be easily proved by computing (using (26)) the generating function
of the left-hand side

f: f: utP(oo(z) =t) = iEu"a(I) = Eu© 4 f:(EuZ)w =(1—u)",
x=0 t=0 x=0

which is also the generating function of (—1)*(7*). By using (42), (43) and (44) we
obtain

r=1

ELa(t) =Y P(La(t) > x) =Y _ Ploa(z) <t)=> Y Ploa(x) =7)
r=1 =1 T=02z=1

-2 (7)-am) = () -

and, by means of (34), we have

EL,(t) ~ Cst® as t— oo, (45)
where C3 = Cs(a). For t; <t we have
E[La(t1)La(t2)] = ZZP(La(tl) > @, La(t2) 2 )
r=1y=1
=Y P(oa(x) < t1, 0aly) < t2)
z=1y=1

I
MH
]
WE
WE
]
N
B
I
S
S
S
|
3
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t1—1 t1

+y D Z Z P(0a(y) = 72)P(0alz —y) = 11 —T2)

To=0T1=724+1 y=12=y+1
where in the last step we used that o, has independent and stationary increments.
By using (42), (43), (44), we have

E[La(t1)La(t2)]
t1 ta
a+1—1—1 a+7—1
20 ] Qi QA L)
T2 —T1 1
T1= 07’2 =T1
i a+1—12—1 a+1—1
2 Qi [{ Qe RLTD)
To=0T1=72+1 T 2 72
h O[+t2—7'1 Ol+71—1 el Ol+t1—7'2 O[+’7'2—].
-3 5> =
to — 71 T 1 — T2 To
7'1=1 7'2:1
_i (E—i—a— 1) [(t1 —z+a> N (tQ —z+a> ]
— 14 t1 — 4 to — ¢
and this proves (40). In the end, (39) can be obtained by putting t; = ¢ and
doing straightforward calculations (to this scope it is useful to recall formula 1.53
in [57], which states that Z?:o (?‘) (kéj) = (azﬁ)) By assuming ¢; < to, we now
investigate the asymptotic behaviour of the correlation function for to — oo and t;
fixed. First, by using (42) and (43), we have that

cov(L ), Lo,
t1—€—|—a +<2t—€—;a> 71:|
5 —

i(““”) < L)
;((“““) (0 -)
()[(“g‘if>+<t2;‘i:“>—4

- <°‘><<t:t“>—1>

() () - (0]
(

t1—€+a>+ Ft2—l+a+1)  Tlata+l) }
T(ta— 0+ 1)(a+1) T2+ 1)I(a+1)1

~

tl

> (
By (34) we have

cov(La(tl),La(tg)) ~ Cy as  to — 00, where C7 = Cy(t1, ). (46)
We further have

to +2 t 2o
Var(La(t2)) = 2( 2—:2 a) - ( Q;—a> - (2:2_04) ~ Cy(a)t3> as ty — 00,

(47)
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where in the last step we expanded the binomial coefficients and used again (34).
Putting all together, we have

corr(La(tl),La(tg)) = COU(La(t1)7La(t2)) ~Cty" ty — 00.

- VVar(La(t)/Var(La(t2))
where C' = C(t1, a). O

3. Discrete-time semi-Markov chains. Consider a discrete-time homogeneous
Markov chain {X(t)}+en, on the discrete space S with transition matrix
Ay =P(X(t+1) =j|X(t) =1), i,j €8, vt € Np.
The set of functions
Pij(t) = P(X(t) = j|X(0) = 4)

satisfy the backward equation

Pij(t) = APt — 1) (48)

keS

by virtue of the Chapman-Kolmogorov equality. If the process is in the state i € S
at time ¢, then at time ¢ + 1 it remains in the same state with probability ¢; = A;;,
while it makes a jump to a different state with probability p; = 1 — A;. Thus, if
Ay € (0,1), the waiting time in the state ¢ has geometric distribution of parameter
pi, if A;; = 0 then the waiting time is equal to 1 almost surely (which can be
considered a degenerate geometric law), while A;; = 1 implies that 4 is an absorbing
state and the waiting time is infinity. Under the assumption A;; < 1 for each i € S,
equation (48) can be re-written as

Pit)=qPt—1)+p; ZH»L'I Pj(t—1) (49)
les

where H;; is the probability of a jump from 4 to j conditioned to the fact that ¢ # j.

The matrix
0 j=i

defines a new Markov chain {X,, },en, in S:
Hij = P(Xny1 = j|X,, = 9). (50)

By construction, all the waiting times of {X,, }nen, are equal to 1 almost surely.
Now, the original Markov chain {X'(¢) }+en, can also be re-written in the alternative
form of a discrete-time jump process having geometric (possibly degenerate) waiting
times My,

n—1
X(t)=X, Vo<t<Vyn withVp=0, Vo=>» M (51)
k=0

with
P(My=rXy=1i)=q¢ 'pi pi€(0,1]] r=12,... k=0,1,2...

In some sense, Markovianity of {X(¢)}sen, is a consequence of both markovianity
of {X, }ien, and the lack of memory of the geometric distribution.
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From now on, we will consider discrete-time homogeneous semi-Markov chains,
i.e. processes constructed in the same way of (51) except for the law of the waiting
times, which are now no-longer geometrically distributed:

n—1
Yt) =X, Tu<t<Tpy  where Ty=0, T,=Y Jk (52)
k=0

where H;; is the same matrix defined in (50), while the waiting times are such that
P(Jk = ?”|Xk = Z) = f(T‘, Z)

for an arbitrary discrete density f(r,7) on r = 1,2,.... Note that the conditional
distribution of the waiting time Jj is time-homogeneous, i.e. depends only on the
position of the process and not on the number k.

We are actually interested in two particular subclasses of (52). Such subclasses
consist of semi-Markov chains that are constructed as particular modifications of
the Markov chain (51), in the sense that the new waiting times Jj, are given by par-
ticular functions of the geometrically distributed waiting times M. In the following
definition we propose these two models.

Definition 3.1. Let {X(¢)}ten, be a Markov chain of type (51), having waiting
times M}, with geometric law P(My = r| Xy = i) = piq:_l,r =1,2,..., p; € (0,1].
Let {o4(t)}ten, be a random walk of type (6), independent of {X(¢)}ien,, whose
jumps Zi, Zs, ... are i.i.d. copies of a positive integer-valued random variable Z.

i) We say that (52) is a semi-Markov chain of type A if the waiting times Jj have
the compound geometric form

My,
Jr = oa(My) =Y Z; (53)
i=1
and thus having generating function
z
T o piEu
E(u’®| X = 1) T gEaZ (54)

ii) We say that (52) is a semi-Markov chain of type B if the waiting times Jj
have the compound shifted geometric form

M —1
Th=1404(My—1) =1+ Y Z (55)
i=1
and thus having generating function
. piu
E(u’| Xy, = i) = ————. 56
WX =) = 2 (56)

Observe that if p; € (0,1), then the Ji follow a standard compound geometric
law, while in the degenerate case p; = 1 we have M = 1 and J, = Z; almost
surely. Note that, for both semi-Markov chains of type A and B, the waiting times
are delayed with respect to those of the original Markov ones, i.e. Ji > M} almost
surely, being the Z; strictly positive.

In the special case in which Z ~ Sibuya(a), the random variables Jj, follow the
discrete Mittag—Leffler distributions of type A and B, which will be respectively
defined in (75) and (78).
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Remark 2. The reason why we are interested in waiting times having compound
geometric type distributions is due to the analogy with the related continuous time
processes treated in the literature. Indeed, as said in Section 2.2, we focused on
a subclass of continuous time semi-Markov processes with waiting times following
a compound exponential distribution o(Fy), where Ej is the exponential waiting
time of the original Markov process and o is an independent subordinator (for
example, in the case of fractional processes, o is a stable subordinator and o(E})
follows the Mittag—LefHler distribution). In discrete time, the subordinator o is
replaced by the increasing random walk o4 (see (6)) and the exponential distribution
is replaced by the (possibly degenerate) geometric one. With such a choice of
compound geometric waiting times, we will prove that these discrete-time semi-
Markov chains retain important features of the related continuous time processes
(and converge to them under suitable scaling limits). In particular, our type A
chains exhibits the property of time-change construction, while type B chains are
governed by convolution equations of generalized fractional type.

3.1. Semi-Markov chains of type A: The time change construction.

Theorem 3.2. Let {X(t)}ien, be a Markov chain of type (51) having no absorb-
ing states and let {o4(t)}ren, be an independent random walk of type (6), whose
inverse is {Lq(t)}ten, defined in (7). Then the time changed process {YV(t)}ten, =
{X(La(t)) }ren, s a semi-Markov chain of type A (according to Definition 3.1).

Proof. Since the jumps of Ly are at most of size 1, both the jumps of X and ) are
described by the chain X,,. By using definition (51) we have

n—1
X(La(t) =Xn  Va<La(t) <Vpsr  withVo=0, Vo=> My (57)
k=0

where each M, is finite since there are no absorbing states. Definition (7) implies
that
X(La(t)) = Xn 0a(Va) <t <0a(Vatr).

Thus the waiting times are given by

In = 04(Ver1) = 0a(Va) £ 0a(Vegr = Vo) = 0a(My) = > Zi

as o4 has independent and stationary increments. O

3.1.1. Time-changing Markov chains with i.i.d. jumps. We now gain more insights
on a particular subclass of semi-Markov chains of type A. We consider Markov
chains of type (51) with values in a discrete state space S C R, having independent
and stationary increments, i.e. the transition matrix elements A;; only depend on
the jump j — 4. Such processes can be equivalently written as the random walk

Xt =YX, teN X(0)=0, (58)

where X1, X, ... are i.i.d. random variables. Let o4 be an increasing random walk
of type (6), independent of (58), with inverse Ly defined in (7). We are interested



16 ANGELICA PACHON, FEDERICO POLITO AND COSTANTINO RICCIUTI

in the time-changed process

La(t)
Y(t)=X(La(t) = Y X; teN, Y(0)=0. (59)
j=1
By Theorem 3.2, we have that (59) is a semi-Markov chain of type A.

The time-change (59) introduces a memory tail effect, which is evident by inves-
tigating the behavior of the auto-correlation function

oY (@)Y (s)
VVarY (t)y/VarY (s)

p(s,t) s<t seN teN

A remarkable example of this fact is analyzed in the following proposition, where
we prove that in the case where Lg is the Sibuya counting process (defined in (29)),
then, for fixed s and large ¢, the autocorrelation function of Y, (t) = X (L4 (t)) ex-
hibits a different decay with respect to the t—2 decay characterizing the original
Markov chain X. This seems to be useful in many applications, such as the prob-
lem of modeling memory effects in evolving graphs (see [50], [51]). The following
Proposition is the discrete-time counterpart of the analogous result holding in con-
tinuous time, when considering Lévy processes time-changed by inverse a-stable
subordinators (see [33] for the computation of the auto-correlation function). This
is consistent with the fact that the Sibuya counting process is just a discrete time
approximation of the inverse stable subordinator.

Proposition 4. Let {X(t)}ien, be a process of type (58), such that X; has finite
mean and variance, and let {L4(t)}en, be a counting process of type (7), indepen-
dent of {X (t)}ren,- Let {Y (t)}ren, be the process defined in (59). Then

a) {Y(t)}ien, has auto-correlation function

p(s:1)

_ cov(Lg(t); La(s))(EX1)? + ELg(s)VarX,
VVar[La@®)](EX,)2 + ELy(t)VarX,\/Var[La(s)|(EX1)? + ELq(s)VarX,
with s < t.

b) Consider the Sibuya counting process {Lq(t) }ten,- Then, for fixed s and large
t, {Yo(t) ten, = {X (La(t)) bren, has auto-correlation function
k1

palsit) v i EXi#0

and
Pal(8,t) ~ tf% if EX; =0,
where k1 = k1(s) and ko = ka(s).
Proof.  a) First observe that
E[X ()X (s)] = E[(X () = X(5))X ()] + E[X(s)’]
=E[X(t) — X(s)|E[X(s)] + Var[X(s)] + (EX(s))?
= (t —8)s(EX1)? + sVarX; + s*(EX;)?
=ts(EX1)* + sVarX;
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where we have used independence and stationarity of the increments and
the fact that EX(¢) = tEX; and VarX(t) = tVarX;. Then, a standard
conditioning argument yields

E[X (La(t))X (La(s))]

=Y ) E[X(w)X(v)]P(La(t) = w, La(s) = v)
w=0v=0

=Y ) (wo(EX1)? +vVarXy) P(La(t) = w, La(s) = v)
w=0v=0

=E(Lq(t)La(s))(EX1)? +ELy(s)VarX;.
Taking into account that
EX(Lq(t)) = EX1EL4(t)
by Wald formula, we have
cov(X (La(t)); X(La(s))) = cov(La(t); La(s))(EX1)? + ELq(s)VarX,
whence, in the special case s =t we have
Var[X (La(t))] = Var[Lq()](EX1)? + ELy(t)VarX;.
Then the auto-correlation function reads
o(s.1) = cov(X (La(t)); X (La(s)))
VVar[X(La(1)]y/Var[X(La(s))]
_ cov(La(t); La(s))(EX1)? + EL4(s)VarX,
h(t)h(s) ’

where h(t) = \/Var[Lqs@#)](EX1)2 + EL4(t)VarX.
b) Since (45), (47) and (46) state that for fixed s and large ¢ the following relations

hold:
cov(La(t); La(s)) ~ Cy Var[La(t)] ~ Cot*® EL.(t) ~ C3t*,
then by straightforward calculations we obtain the result. O

3.1.2. Continuous-time limits of discrete-time random walks. As often mentioned
in previous sections, many of the processes studied in this paper are discrete approx-
imation of continuous-time processes: the increasing random walks of type (6) and
their inverses of type (7) respectively converge to subordinators and their inverses,
discrete-time Markov chains converge to continuous-time Markov processes, and so
forth. In this section we prove rigorous results on continuous-time limits. For the
notion of Skorokhod J; and M; topology, and an exhaustive treaty on path space
convergence, consult, for example, [9], [60] and [67]. In the following, we denote by
DJ0, 00) the space of cddldg functions z : [0,00) — R.

As a first result (that we have already anticipated in section 2.3.2), we state that
the Sibuya random walk (28) and its inverse (29) are discrete-time approximations
of the stable subordinator and its inverse respectively. The following proposition
indeed gives convergence of finite dimensional distributions and also convergence in
J1 sense. The proof is not reported since it follows as a special case of the theory
given in [40], [37] and all the references therein. The key point of the proof is that
is that the Sibuya distribution lies in the domain of attraction of a stable law. For
convenience of the reader, we recall that a random variable Z lies in the domain of
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attraction of a stable law if, given Z;, Zs, ..., Z,, independent copies of Z, it holds
that
d
en(Zyv+Zo+ ...+ Zy) = S, (60)
where S is stable, for some ¢, — 0.

Proposition 5. Under the following scaling limit, the Sibuya random walk (28) and
its inverse (29) respectively converge to a a—stable subordinator and to its inverse
in the sense of finite dimensional distributions:

("3 oa([nt) hers 2% {0(Ohiens, 1 — oo,
(0 Lot hers 29 (L@ hiers, 71— oo, (61)

where |a] denotes the largest integer less than a (or equal to a). The convergence
also holds in weak sense under the Jy topology on D|0, o).

We now study the continuous-time limit of the same subclass of semi-Markov
chains of type A which has been considered in section 3.1.1, namely those processes
obtained by time changing Markov chains having i.i.d. jumps.

We firstly construct a rescaled version of such processes. Consider a sequence of
discrete-time Markov chains with i.i.d. jumps, indexed by the parameter n:

t
XMW@ =3"x"" teN  X™(0)=0. (62)
j=1
Furthermore we consider a sequence of rescaled random walks with positive jumps
of type (6), indexed by n:

t
o) =>"2", teN, (63)
j=1

such that Z j(-n) may now have, in general, real values. Its inverse counting process

LS (t) = max{k e Ng: o\ (k) <t}  teR" (64)
allows us to define the time-changed process
YO () = XM (@),  teR*
We also consider

L) Lt]
X)) =3 x5, ot =3"2",  ter*.

j=1 j=1

In the following we denote by D(W) the set of points of discontinuity of the
process W, namely D(W) ={t >0: W(t~) # W(t)}.

Theorem 3.3. If, for n — oo, the following three conditions hold:

i) XM (|nt]) converges to a Lévy Process A(t) in Jy sense,
it) Ufin)(LntJ) converges to a subordinator o(t) in Jy sense,

iii) the limit processes A(t) and o(t) are such that D(A)ND(c) = almost surely,

then Y(")(t) = X(")(Lfin) (t)) converges in M; sense to the time changed process
A(L(t)), where L is the inverse of o.
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Proof. We follow the same steps as in [[3], Theorem 3.1] and [[38], Theorem 2.1].
We also make use of the continuous mapping theorem (see [[67], Theorem 3.4.3] and
[66]). By ii), we have that n—ngn) (t) converges to L(t) in M; topology by a contin-
uous mapping argument (a random function is mapped into its inverse). Then, by
another continuous mapping argument, where the couple (X (|nt]), n_lLEln) (t))
is mapped into the composition, the proof is completed.

Remark 3. Theorem 3.3 applies, for instance, to random walks whose jumps lie
in the domain of attraction of a stable law (indeed, following the same steps as
in proof of Prop. 5, we actually get the hypotheses i) and ii) on J; convergence).
But, to be able to understand the importance of Theorem 3.3, it is natural to
wonder which other random walks converge in J; sense, that is, if there exists
some simple criterion to characterize random walks converging in J; sense under
a suitable scaling limit. One answer is given by Skorokhod in Theorem 2.7 of
[61]: a sequence of processes &, (t) = Z,En:tf %, such that the & are i.i.d. for each
n, converges weakly in J; topology to the process £(t) if for each t the random

variable &, (t) converges in distribution to £(t). So, if the addends Xj(-n) in (62) are
such that X ™) (|nt)) A A(t) for any t € R, then X (™ (|nt|) converges weakly to
the Lévy process A(t) under the J; topology. For suitable sequences P(XJ(.”) =0),
the limit Lévy process A(t) will have finite activity, that is it will be a continuous-
time Markov chain with i.i.d. jumps. In the same way, if the positive addends Z](")
in (63) are such that ogl)(LntJ) 4 o(t) for any t € R, then cré")(tntj) converges
weakly to a subordinator o(t) in J; sense.

Remark 4. Conversely, one could wonder if, given a continuous-time semi-Markov
process A(L(t)), there exists a discrete-time semi-Markov chain converging to it
under a suitable scaling limit. The answer is positive. The first step is to observe
that, given the limit processes A(t) and o(t), there exist approximating discrete-
time random walks converging to them. This is due to a well-known result on
triangular array convergence (see, for example, [[24], page 442] and also [21] for
a complete discussion): since, for each ¢, the random variables A(t) and o(t) are
infinitely divisible, there exist i.i.d. random variables X ,i") and i.i.d. random vari-
ables Z ,gn) such that X" (|nt]) =3 ,Eitf X ,E") converges in distribution to A(t) and
al(i") (Int]) =>_ ,Eztf Z ,(Cn) converges in distribution to o(¢) (furthermore Theorem 2.7

in [61] guarantees also J; weak convergence). Then, once identified cr((in)

its inverse L™ to construct the semi-Markov process Y™ () = X (L (¢)).
d p d

, one uses

3.2. Semi-Markov chains of type B: Generalized fractional finite-difference
equations. We note that, by some algebraic manipulations, equation (49) govern-
ing the Markov chain {X(¢)}+en, can be re-written in the form of a finite difference
equation:

(Z—B)Py;(t) =Y _ Ni(HaB —6a)P;(t),  Pi;(0) = 6y, (65)

les
where \; = %, 0;; denotes the Kronecker delta, Bp(t) = p(t—1) is the shift operator
acting on the time variable, and hence Z — B represents the discrete-time derivative.

Equation (65) is a discrete-time version of equation (10) governing continuous
time Markov chains. This fact can be heuristically seen by making use of a suitable



20 ANGELICA PACHON, FEDERICO POLITO AND COSTANTINO RICCIUTI

scaling limit. Indeed, assume that the time steps have size 1/n, so that the shift
operator acts as By ,p(t) = p(t —1/n). Then scale \; — A;/n and divide both
members of (65) by 1/n. The equation reads

I-Bin, 12
T =Y Ni(HiBijn — 62)Py(t), te {n’n"”}’ Pi;(0) = éij,
les
(66)
and the continuous time limit n — co gives
7, Z )\ zl ]Dl]( ) -Pij (0) = 67,']' te R+7 (67)

les

which is the Kolmogorov backward equation (10).
We now consider a semi-Markov chain of type B (according to Definition 3.1) and
we denote by (t) the (discrete) time spent by the process in the current position:

At = inf{k €NV —E) £V} 4(0) = 1.
Starting from a generic renewal time 7 (i.e. such that v(7) = 1), which is a re-

generation time for the process, we derive a system of backward equations for the
transition functions

pij(t) = POVt +7) = j|Y(1) = i,7(7) = 1)
=P() =jY0)=i0)=1) ijeS teNy,

where the last equality follows by time homogeneity. Such a system is given by (68)
of the following theorem.

Theorem 3.4. The set of functions {p;;(t),i1,j € S,t € No}, under the initial
condition p;;(0) = d;5, solve the following system of equations:

D, pij(t) — P(Z > t)pi;(0 Z Xi(HyB — 031)pi; (t) + Xipij (0) do ¢, (68)
les
where
Dypij(t) = (pii(t) = pij(t = 7)) P(Z =7),  teN, (69)
=0

while B is the shift operator such that Bp(t) = p(t — 1) and A\; = p;/q;.

Remark 5. It is remarkable to note that (68) (governing discrete-time semi-Markov
chains) can be obtained by (65) (governing the corresponding Markov ones), by
substituting the discrete-time derivative on the left-hand side with the convolution
operator Dt Conversely, Dt reduces to the discrete derivative Z — B in the trivial
case where Z = 1 almost surely.

This is analogous to what happens in continuous time, where equation (14) (gov-
erning semi-Markov processes) is obtained from (10) (governing Markov processes)
by changing the time derivative with the generalized fractional derivative

Dy pij(t) = /O‘X’ (pij (t) — pij(t — T))I/(dT) teR".

Equation (68) can be interpreted as a discrete-time version of (14), where the in-
tegral in the time variable is replaced by a series, the Lévy measure v is replaced
by the discrete density of Z and the tail of the Lévy measure ¥ is replaced by the
survival function of Z.
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Remark 6. We call the operator (69) generalized fractional discrete derivative.
The reason of this name is that in the case where Z follows the Sibuya distribution
(25), the operator (69) reduces to the fractional power of the discrete derivative.
Indeed, by simple calculations, we have

D, pij(t) = Z(pij(t) — pij(t — T))P(Z — 7
=0
- Z(Pij(t) —pij(t — 7)) (=) (3)
- Z < ) pl](t_T)
(I B)*pi;(t),

where B is the shift operator in the time variable, such that Bp(t) = p(t — 1).
We observe that such operator also appears in ARFIMA models (see [23]). The
interested reader can find a pioneering study of the operator (69) in [43].

Proof of Theorem 3.4. The discrete-time renewal equation reads

t
pi(t) =YY HuP(Jo = 7|Xo = i)pij(t — 7) + P(Jo > t|Xo = i)3y;.
7=01€eS

By applying the generating function to both members we have

Pij(u) =D HaE(u”|Xo = i)py; (u Zu P(Jo > t|Xo = )ds;. (70)
lesS t=0

Note that for any positive and integer valued random variable Y we have

00 o] ) oo k—1
S uPY >t)=>ul Y PV =k =) > uPY =
t=0 t=0  k=t+1 k=1t=0
1k 1 —EuY
= PY =k =— 1
LY =k =—— (71)
k=1
Hence, using (56) we have
= 1 -E(u’|Xy=1i
S WP(Jo > t]Xo =) = ()Xo = )
1—u
t=0
_ 1 l—qi]EuZ—pi _pz+QZ11EZ
1—u 1—q¢FEu? 1— ¢;Eu?
Thus, (70) becomes
pl + Qz ! 1EZ
plj ZHll IE 7 pl]( ) + W&‘j-

les

and can be re-written as

~ 1 —Eu?
pl]( ) quu sz ;H,lpluplj + pl+qlﬁ 513
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Taking the inverse transform (by using (71) for the variable Z), the previous equa-
tion becomes

[ee]

pii(t) = @i Y _pij(t —=T)P(Z =7) =" Hypip;(t—1) + (pidos + 6 P(Z > t) )5y
7=0 les

where the summation is extended to infinity because p;;(t) = 0 for ¢ < 0. Writing

pij (t) = pipi; (t) + ¢;pij(t) on the left-hand side, and dividing both sides by ¢; (with

the position A\; = p;/q;) we obtain the desired equation. O

Remark 7. We can retrace the same steps as in the proof of Theorem 3.4 in order
to find a fractional-type equation governing the Sibuya counting process (29). Let
Jo ~ Sibuya(a) and H;; = 1if j =i+ 1. We have

(I = B)*p(iy1y(t) — (—1)t< >5z’j =paiv1) (1) — pij(t),

which is a discrete-time version of equation 9¢l(z, t) = —9,l(z, t)+7(t)d;; governing
the inverse stable subordinator.

a—1
t

Remark 8. To be exhaustive, we specify that also semi-Markov chains of type
A have governing equations involving the operator (69). However, such equations
have a cumbersome form, which is certainly not the fractional counterpart of the
Markovian equation (65). The interested reader can find them by writing the related
Markov renewal equation and following the same steps as in the proof of Theorem
3.4.

3.2.1. Continuous-time limit of the governing equation. Convergence of (68) to (14)
can be easily obtained in the special case in which Z is regularly varying of order
a € (0,1). For convenience of the reader, we recall below the notion of regular
variation (for further details consult [11] and [12]):

Definition 3.5. A non negative random variable Z is said to be regularly varying
of order « if its survival function satisfies one of the following equivalent conditions:

a) P(Z >1t)=1t"“L(t), with L a slowly varying function (i.e. lim,_, o Ii((f)) =1).

b) limy_seo 1;<(ZZ>>’jj)> =t

Moreover, observe that the class of regularly varying distributions includes the
Sibuya distribution (25). If Z is regularly varying, then, under a suitable scaling
limit, equation (68) converges, for ¢ > 0, to equation (15) governing fractional
processes, i.e. Markov processes time changed by an independent inverse stable
subordinator. Indeed, by letting the time steps have size 1/n and by the scaling

Z
Z—>E /\i—>)\iP(Z>n)F(1—oz) VieS OéE(O,l),

then, for t € {1, 2 ...}, equation (68) reads

n’n’

oo

1 P(Z=nr1) 1 P(Z>nt)
2 i) =raC =N = Pz Ta—a) Pz m "0

=21
n

=Y N(HuBs — 6)pi (1), (72)
les
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where B1p(t) = p(t — 1). Taking into account that

P(Z =nt 1
P((Z>nn)) ~ at_"_lﬁ for large n, (73)
in the limit n — oo equation (72) reduces to

a—1 o

/0 (Pij () — pij(t — 7)) M=) T’

= Z )\i(Hil — 5il)plj(t) teRT
les

which coincides with (15).

4. A remarkable special case: The fractional Bernoulli processes. We here
analyze a special case of the theory expounded in the previous section, by construct-
ing two processes which are discrete-time versions of the fractional Poisson process.
We recall that the fractional Poisson process is a continuous time counting pro-

cess whose i.i.d. waiting times Jy, J1, ..., have common law P(J; > t) = E(—=At*),
a € (0,1), where E(z) = > 10, 1“(%);1@) is the Mittag—Leffler function. As recalled

in Section 2.2, it is obtained by the composition of a Poisson process with an inde-
pendent inverse stable subordinator. For some references, consult [5, 6, 31, 36, 39];
see also 7] and [34] for time-inhomogeneous extensions of the model. The fractional
Poisson process is intimately connected to fractional calculus as its state probabili-
ties solve the forward equation

e 12

lﬁjpk(f) - mpk(o) = —Api(t) + Apr—1(t) (74)

where (;%pk(t) denotes the Riemann-Liouville fractional derivative. We propose
two discrete-time approximations of such a process, respectively called fractional
Bernoulli of types A and B (in the sense of the classification of semi-Markov chains
given in the previous section). We have been inspired by [52], where the author
defines a so-called Discrete Mittag—Leffler distribution. The reason of this name is
that such a distribution converges to the classical continuous Mittag—Leffler distri-
bution (16) under a suitable scaling limit. We here define two distributions, named
discrete Mittag—Leffler distributions of type A and B, which are similar to that
studied in [52], on which we base the definition of the related Bernoulli processes.

4.1. Fractional Bernoulli process of type A.

Definition 4.1. Let M be a geometric random variable with law P(M = k) =
pg"~ 1, k € N, and let the Z; be i.i.d. Sibuya random variables as in (25). A

1 Since Z is slowly varying, we have

P(Z=nt) P(Z>nt—1)-P(Z>nt) (nt—1)"*L(nt—1)— (nt)"*L(nt)

P(Z>n) P(Z > n) n—aL(n)
_ L[ - ) EED 1]
B n=*L(n) ’

Thus, using the properties of the slowly varying function L and the expansion (1 — %)*0‘ ~ 142
for large n, the proof is complete.
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random variable J4 is said to follow a DML, (i.e. discrete Mittag-Leffler of type
A) distribution if it can be expressed as a compound geometric sum

M
7-3a
k=1
and thus has generating function
1—(1—u)”
Eu/* = — -~ 0,1). 75

Remark 9. DML, is a discrete approximation of the Mittag—Leffler distribution
(16). Indeed by rescaling

Z A A
Zos D gLl P A (76)
n n q ne
we obtain the rescaled random variable
1 M)
JAM) — — .
- Z Z; (77)
j=1
such that
lim Ee=s/*" = A s e RT,
n—o0 A+ 5@

where A\/(A + s%) is the Laplace transform of the Mittag—Leffler distribution (see
(17)).

We are now ready to define a discrete-time approximation of the fractional Pois-
Son process.

Definition 4.2. Let T4 = J§' + J* +...J2 | be a renewal chain of type (18),
with waiting times Jg', J{*, ..., having common DML, distribution. The related
counting process

{Na(t)}ren, = maz{n € N : TA < t}
is called fractional Bernoulli counting process of type A.

In the case o = 1, we have Z; = 1 for each k almost surely, and J* defined in

(75) reduces to a geometric random variable J4 2 M and thus the counting process
N4 reduces to the Bernoulli counting process N defined in section 2.3.1.
We now give an important time-change relation regarding { N4 (¢) }ten, -

Proposition 6. Let {N(t)}ien, be a Bernoulli counting process and {Lq(t)}ten,
be an independent Sibuya counting process defined in (29). For each t € Ny, the
following equality holds in distribution

4

Na(t) = N(La(t)).

Proof. By using (20) with waiting times (75), the generating function of { N4 (t)}+en
reads

e (p—p(1 —u)*)™

Gn,(myu) =(1— O+ q(1 — w)a)m+i’



ON DISCRETE-TIME SEMI-MARKOV PROCESSES 25

The same form can be obtained by computing the generating function of N(L,(t))
by a simple conditioning argument

Gna(myu) =Y u'P(N(La(t) =m) = > Y u'P(N(j) = m)P(La(t) = j)
t=0 t=0 j=0
SO PIN() = ) = (1 et PP w))”
- = P(N(.]) - m)gLa(jvu) - (1 U) (p + q(l _ u)a)m_;,_l

where we used (30) and (21). O

The above proposition shows that N4 exhibits a time-change construction sim-
ilar to that of the fractional Poisson process. Indeed, while N4 is given by the
composition of a Bernoulli with a Sibuya process, the fractional Poisson process is
given by the composition of a Poisson process with an inverse stable subordinator.
The meaning of this construction is clear if we recall that the Bernoulli and Sibuya
processes converge the Poisson process and to the inverse stable subordinator re-
spectively.

4.2. Fractional Bernoulli process of type B.

Definition 4.3. Let M be a geometric random variable with law P(M = k) =
pg"~ 1, k € N, and let the Z; be i.i.d. Sibuya random variables as in (25). A
random variable Jp is said to follow a DM Lg (e.g. discrete Mittag—Leffler of type
B) distribution if it can be expressed as a compound shifted geometric sum

M—-1
IP=14>" 7
k=1

and thus has generating function

o/’ =——%  ae(0). (78)
1+ 2(1—u)e

Remark 10. DM Lp is a discrete approximation of the Mittag—Leffler distribution

(16). Indeed by rescaling

Z JB A
7, — 2k gB Poas 2 (79)
n n q n«
we obtain the rescaled random variable
1 MU
B(n) _ — - .
JEM =~ 4 Z Z;, (80)
Jj=1
such that
. 7B(n A
lim Ee=s/"" = , seRT,
n—oo A+ s

where A/(A + s%) is the Laplace transform of the Mittag—Leffler distribution (see

(17))-

We now define another discrete-time approximation of the fractional Poisson
process.
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Definition 4.4. Let T2 = JB + JP + ... JB | be a renewal chain of type (18),
with waiting times J&, JZ, ..., having common DM Lg distribution. The related
counting process

{Np(t)}ten, = max{n € Ny : Tf <t}
is called fractional Bernoulli counting process of type B.

In the case o = 1, we have Z, = 1 for each k almost surely, and JZ defined in

(78) reduces to a geometric random variable J B 2 M and thus the counting process
Np reduces to the Bernoulli counting process N.

We observe that the process Np has an interesting connection to fractional cal-
culus, as pi(t) = P(Np(t) = k) solves a forward equation which is analogous to
(23) governing N, but where the discrete-time derivative I — B is replaced by its
fractional power (I — B)® :

=590 =3 () -1t - o),
k=0

Proposition 7. Fort € Ny, the state probabilities pi(t) = P(Np(t) = k) solve the
following system

(I = B)*pi(t) = =Ape(t) + App—1(t = 1), k=1, (81)
a—1
(1= Byplt) = (-1 (* ) = ~Apolt) + Ado (52)
under the initial condition px(0) = dog-
Proof. By computing the generating function of both members of (82) one has
(1 —u)*Po(u) — (1 —u)* " = =Xpo(u) + A,
which gives
. A+ (1 —w)r!
o) = S A e
By further computing the generating function of both members of (81) one has
(1 —u)*Pr(u) = =pr(u) + Aupg—1(u).

Solving the last equation by iteration, we have

_ _ Au _ B (M) _ Aw)F N4 (1 —w)*
oel) = S e P = A e W = T S e
which coincides with the generating function obtained by (20) with waiting times
(78), and this concludes the proof. O

Remark 11. Note that for ¢ # 0 equations (81) and (82) can be written in compact
form as

(I = B)*pi(t) — P(Z > t)pr(0) = =Api(t) + A\pr—1(t — 1), teN, (83)

where Z is the Sibuya random variable defined in (25).
We let the time steps have size 1/n and, following (79), we scale A — A\/n® and
Z — Z/n. Thus (83) becomes

(I — B%)apk(t) — P(i > t)pk(O)
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where B1p(t) = p(t — 1), namely

I—Bi\“
(1")pawWP@>an®

1 12
:—)\pk(t)—i-/\pk,l(t—E), te{}

We let n — oo and recall that the operator on the left-hand side

I—Bi\*®
lim( T ”)
n— oo =

is known as Griinwald-Letnikov derivative (see [[57] Chapter 4, sect. 20]), and
coincides with the fractional Riemann—Liouville derivative. Moreover, by using
(42) and (34), we have

a—1 (nt)—«
P(Z > nt) = (-1)™ ~ = = 0.
( nt) = (—1) <nt> Ti—a) as n — 0o
Thus, formally, the limiting equation coincides with the forward equation (74) gov-
erning the fractional Poisson process.

Remark 12. We note that (7) is in the forward form. By adapting (68) we can
also write the backward equation. Indeed, for Ay = AVie S, Hy; =1if j=i+1
and Z following the Sibuya distribution, then the waiting times follow a DM Lpg
distribution (see (78)) and (68) reduces to
a—1
(1= By we) - 1)

‘ )(5” = )\p(iJrl),j(t — 1) — )\pij(t) + )\6ij50t-

4.3. Convergence to the fractional Poisson process. We finally prove that,
under a suitable limit, both the fractional Bernoulli counting processes {Na (¢) }+en,
and {Np(t)}ien, defined in this section converge to a fractional Poisson process.
The convergence holds in the sense of finite dimensional distributions and also in
J1 Skorokhod sense.

Let J64(n), Jfl(n), ... beiid. copies of JA(™) defined in (77), and let T,?(") =
JOA(n) —|—J1A(n) +-- '—l—J,:‘_(T) be the renewal chain associated with the counting process

N (1) = max{y e No : TA™ <t} teR*.

Moreover, let JSB("), f("),... be ii.d. copies of JB() defined in (80) and let

T,f(n) = Jf(n) + JlB(n) + J,f_(?) be the renewal chain associated with the
counting process
NG (t) =max{y € No : TP™ <t} teR*.

Finally, let Wy, W1, ..., be i.i.d. random variables with common Mittag—Leffler law
(16) and let Ty = Wy + Wy + -+ + Wi_1 be the renewal process whose counting
process is the fractional Poisson process

II(t) = max{y € No : T}y < t}, teRT.

Proposition 8. Under the scaling limit (79) and (76), we have that:
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a) forn — oo,

(NS Ohers 25 MO hiens, NS Ohens 2% {0 }rens

where 1% denotes convergence of finite dimensional distributions.
b) forn — oo,

(NP OV ers 25 (T hers, NS (O }ers -2 {I1(E) breps,  on DJ0,0),

where -2 denotes convergence in weak sense under the J; Skorokhod topology
on the space of cddldg functions D0, 00).

Proof. a) The proof proceeds along the same lines for both processes A and B. For

the sake of brevity, we only show the proof for case A. Since J;: ) _d, Wi, for
each k, where W), has a Mittag—Leffler distribution (16), then, fixed r € N, the

vector (J(’)q(n), JlA(n), cey J:‘f’f)) converges in distribution to (Wo, Wy,...,W,_1).
Let T, = Wo+ Wi +-- -+ Wj_;. By considering the function h(xg, 21, ..., Zr—1) =
(xo, ro+x1, To+x1+x2, ..., To+T1+"- ~—|—xr_1), a continuous mapping argument
gives

n n A(n A(n A(n
(T2 A = (g g gA)
d
= h(Wo, Wh,...,.W,_1) = (Th,..., T,).
Hence, by fixing 7 times t1, ..., t, in Rt and r numbers mq,...,m, in N, we have

PN (1) <may ., N{O(t,) <my) = P(TAM >4y, .., TAM > ¢,)
"2 P(Tony >ty Ty > ty) = P(I(t1) < ma, ..o TH(E) < my).

b) It is sufficient to apply Theorem 3 in [10]. Indeed N,(an) (t) has non decreasing
sample paths and, according to the proof of statement a) above, it converges in the
sense of finite dimensional distribution to a fractional Poisson process, the latter
being continuous in probability. O

Remark 13. There are many possible discrete-time approximations of the Frac-
tional Poisson process (at least one for each different discrete version of the Mittag—
Leffler distribution). We have only presented two of these possible approximating
processes. None of these two is trivially given by sampling the fractional Poisson
process at integer times (as well as the Bernoulli process is not given by the Poisson
process sampled at integer times). Indeed, by sampling the fractional Poisson pro-
cess at integer times, we obtain a process with jumps of size possibly greater than
1. In general, the discrete-time semi-Markov processes treated in this paper are not
obtained by sampling the related continuous-time processes at discrete times.
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