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PARAMETER ESTIMATION AND LONG-RANGE DEPENDENCE OF THE
FRACTIONAL BINOMIAL PROCESS

MEENA SANJAY BABULAL*?, SUNIL KUMAR GAUTTAM*® AND ADITYA MAHESHWARI#¢

ABSTRACT. In 1990, Jakeman (see [2I]) defined the binomial process as a special case of the classical
birth-death process, where the probability of birth is proportional to the difference between a fixed
number and the number of individuals present. Later, a fractional generalization of the binomial
process was studied by Cahoy and Polito (2012) (see [7]) and called it as fractional binomial process
(FBP). In this paper, we study second-order properties of the FBP and the long-range behavior of
the FBP and its noise process. We also estimate the parameters of the FBP using the method of
moments procedure. Finally, we present the simulated sample paths and its algorithm for the FBP.

1. INTRODUCTION

A linear birth and death process, introduced by Feller (see [18]), is widely used to model popu-
lation dynamics (see [2, [, 38]), queuing systems (see [19]), and other phenomena (see [11], 35}, 43])
in which entities enter and exit a system over time. In population model, individuals give birth to
new individual with the rate A > 0 and individuals die with rate p > 0, independent of each other.
Several researchers have studied its statistical properties (see [10} 14} 25| 26] [42]), and there are
numerous domains in which it finds use, including biology (see [39} 45]), ecology (see [2] 11, 12]),
and finance (see [27, 28] [41]).

Jakeman (see [21]) studied a linear birth and death process in which the birth rate is proportional
to N —n, where N is a fixed large number and n is present population, while the mortality rate
stays linear in n. Moreover, it is demonstrated that an equilibrium with a binomial distribution
is attained as time tends to infinity, and therefore it is called the binomial process. The behavior
of the binomial process differs from that of the traditional linear birth-death process, since in the
binomial process the birth rate is proportional to N — n makes chances of birth equal to zero
whenever population size n reaches IN. Therefore, population never crosses size IN in the binomial
process, whereas no such restriction of upper bound on population size in the classical linear birth
and death process exists. The binomial process has found its application in several areas, such as,
the telegraph wave models (see [1l, 23]), quantum optics (see [15, 24, [13]), and etc.

Recently, the fractional binomial process (FBP) {N"(t)},s, was introduced by Cahoy and Polito
(see [7]), with birth rate A > 0 and death rate y > 0. It is obtained by taking the fractional-order
derivative in place of the integer order derivative in the governing differential equation of the bi-
nomial process. They also showed that one dimensional distribution of the FBP is same as the
binomial process subordinated by inverse v-stable subordinator, 0 < v < 1. It preserves the bino-
mial limit when time tends to infinity which makes it appealing for application in areas such as

2020 Mathematics Subject Classification. 60G22, 60G55.

Key words and phrases. long-range dependence; fractional Binomial process; linear birth-death process; fractional
calculus; Mittag—Leffler functions.
1



2

quantum optics (see [22]) and several other disciplines (see [20], [33], 44]).

Cahoy and Polito (see [7]) have studied several statistical properties of the FBP such as mean,
variance, extinction probability and state probability. The second order properties of the FBP still
remains to be investigated and one of them is the long-range dependence (LRD) property. The
LRD property of a stochastic model or a process refers to the presence of long-term persistence
of autocorrelation over time. More specifically, it means that the autocorrelation function of the
process decays slowly, indicating that distant observations are still not uncorrelated. This property
is in contrast to short-range dependence (SRD) property, where correlation decay quickly as the
lag between observations increase. The LRD property has found use-cases in several sub-domains
like modeling, prediction, and risk management. One can find its applications in various fields,
including finance (see [31), B3]), climate science (see [44]), biomedical engineering (see [20}, 37]),
econometrics (see [36]), etc.

In this paper, we prove that the FBP has the LRD property. Let § > 0 be fixed, the increments of
the FBP are defined as:

Z0(t) = NV (t+8) — NV(t),  t>0,
which we call the fractional binomial noise (FBN). We prove that the FBN has the SRD property.

Parameter estimation is a fundamental aspect of data analysis, where the goal is to determine
the values of unknown parameters in a model or system based on observed data. The parameter
estimation of the the FBP is not known in the literature and in this paper we discuss the same
using the method of moments. The simulated sample paths of the FBP gives an visual idea of the
evolution of the process and in this paper we present simulated sample paths for the FBP.

The subsequent sections of the paper are structured as follows. In Section [2] we have stated
some preliminary results regarding the binomial process and the FBP. Section |3| deals with the
LRD property of the FBP and the SRD property of the FBN. Section [4| presents different simula-
tion algorithms to create the sample path of the FBP. Finally, in Section [5] we have studied the
parameter estimation for the FBP.

2. PRELIMINARIES

In this section, we introduce some notations, definitions and results that will be used later. A
linear birth-and-death (LBD) process is a continuous-time Markov chain (CTMC), {Y (¢) : t > 0},
defined on the countable state space S = {0,1,2,3,...} and, the transitions are permitted only
to its nearest neighbours. The state probability p,(t) = P{Y (¢t) = n|Y(0) = M} of LBD satisfies
following Cauchy problem (see [3])

d
2P (8) = p(n 4+ 1) (t) = pnpy (£) = Anpy (t) + An = 1)p, 4 (1),
(2.1) 1 n=M,
pn(O) = 0 n£M
where, M > 1 is the initial population. An LBD process have applications in several areas, such as,

modelling population dynamics (see [2, B, B8]), queuing systems (see [19]) and biological systems
(see [39 145 2, 11l 12]). Jakeman (see [21]) studied linear birth and death process with some
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modifications and obtained the binomial process. We next present some preliminary results of the
binomial process that will be needed later in this paper.

2.1. Binomial process. Jakeman (see [21]) introduced the classical binomial process {N ()},
with birth rate A > 0 and death rate g > 0 has initial value problem for the state probability py,(t)
given by

L pa(t) = 10+ Dy (8) = 1mp, (1) = AN = m)p, (1)
(2.2) +AN —n+1)p,_4(t), if0<n<N,
1 n=M,

pn(O)Z{ 0 ntM

where py,(t) = P{N(t) = n|]N(0) = M}, M is the initial population and N is the maximum attain-
able population. The state space of the binomial process is {0,..., N}. The generating function
for N (t) is defined as

N

Q) = 31— w)"pu(t),

n=0
and it satisfies the following partial differential equation (pde)
QQ(u t) = — uzQ(u t) — Au(l — U)EQ(’U, t) — ANuQ(u,t)
(23) at ’ a a au ’ 8’& ’ ’
Q(U, 0) = (1 - U)M? |1 - u| < 1’

where M > 1 is the initial number of individuals and N > M. The solution of the above equation

(2.3) is given by

1-[(1- 9)§+9]U>M

(2.4) Qu,t) = [1 - (1 - 0)eul™ ( 1—(1—0)u

where £ = ﬁ/\u and 0(t) = exp[—(u+ A)t]. The joint probability generating function of the binomial
process is given as (see [21] )

N

(2.5) Qu, /1) = (1 —u)"PQu(t, 1),

n=0

where Q,, (v, t) is given by (2.4) and the subscript n denotes the initial population. The probability
of finding n individuals P, given by (see [21])

(2.6) P, = { 0(5)5”0 =N nn§>va.

Moreover, it is observed in [21] that as time tends to infinity, the evolving population follows a
binomial distribution with parameters N and A/(\ 4 u). We now state some preliminary results of
the FBP that will be needed later.
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2.2. Fractional Binomial process. The FBP (see [7]) {N"(t)},s is obtained by taking fractional-
order derivative in place of the integer-order derivative in the governing differential equation of the
binomial process given in (2.2). The governing differential equation of the FBP {N"(t)},>, with
birth rate A > 0 and death rate p > 0 is given by
(2.7)
dl/
S Pn(®) = p(n 4+ D)pi (8) — pnpp () = AN = n)pp(t) + AN —n+1)pp_, (), 0<n <N,
o ={ 5 20

The inverse v-stable subordinator is defined as the right-continuous of the v-stable subordinator
{Du(t)}i0 (see [6, 134])

E,(t) =inf{x > 0|D,(t) >z}, O0<v<1l, t>0.

It is observed (see [7]) that the one-dimensional distribution of the FBP {N"(t)},5, can be writ-
ten as time-changed binomial process {N(t)},5, by an independent inverse v-stable subordinator
E,(t), i.e.,

v d
(2.8) N¥(t) = N(Eu(t)),

where t > 0 and v € (0,1). It is known that (see [7]) the generating function of the FBP Q" (u,t) =
ery:o(l —u)"p¥ (t) solves the following differential equation

oY 0 0
ﬁQy(uv t) = _MuiQy(uv t) - )‘u(l - u)iQy("% t) - )\NUQV(U, t)a
QV(U7O) - (l_u)Ma ‘1_71" < 17
where the initial number of individuals is M > 1, and N > M.
Definition 2.1. Let f(z) and g(x) be two functions, then they are called asymptotically equivalent

denoted by f(z) ~ g(x), if
lim /(@)

z—o00 g(x)

The Mittag—Leffler function can be defined as (see [17])

o ZT
Ea(Z) = TZO m o,z € (C, R(O&) > 0.

Now, using expansion of E,(—z) = 13> Z’ZL—(fl), where 0 < v < 1 (see [5]), we will show that
E,(—z) asymptotically equivalent to “‘;—(w"), that is
1 a1(v) az(v)
E,(—1) = —
v(—x) o [ao(l/) t——t+t— 2t
ap(v) a1(v) as(v
L) 6 ), ]
x x x

(2.10) =



The mean and variance of the FBP {N"(t)},, are given by (see [7] )

(2.11) BN (0] = (3 - S ) B0 +
Var[N¥ (1)] = <A2(]§<+NM;1) - QAj‘i(iVM_ DYy 1)) Ey(—20\ + p)t?)
((ffjl)z 5 i (N +2) + M) By (= + p)t)
(2.12) _ (M—N@)QEV(—()\Jru)t”)Q 4 (ATLLP

where B, (§) =Y 2, % is the Mittag—LefHler function.

2.3. The long and short range dependence. In the literature, there are various definitions of
the LRD and SRD characteristics of a stochastic process. However, for the purpose of this paper,
we will utilize the following definition (see [4, [16] 32]) for non stationary process.

Definition 2.2. Let d > 0 and {X(t)},~, be a stochastic process and the asymptotic behaviour of
its correlation function is given by B
Corr[X (s), X(t)]

t1i>120 —d = c(s), 0<s<t

for fived s and c(s) > 0. Then, we say that the stochastic process {X (t)},~ has the LRD property
if d € (0,1), otherwise it is said to have the SRD property when d € (1,2) .

3. DEPENDENCE STRUCTURE FOR THE FBP

The aim of this section is to examine the LRD and SRD property of the FBP {N"(t)},5, and
the fractional binomial noise (FBN) {Z5(t)} +>o respectively. Now, we derive some results which
are needed to prove it. First, we derive the recurrence relation for the joint probability generating
function (pgf) of the FBP.

Lemma 3.1. The joint pgf of the FBP satisfies the following relationship
N

(3'1) Qu(ua u/) - Z(l - u)nPnQZ(ul7 t)7

n=0
where P, is given by and @, is the solution of with initial population n.
Proof. Let P¥ , denote the probability of finding n individuals present at time ¢y and n’ individuals
at time tg + ¢, and is given by
P, =P (N”(to +t)=n",N"(ty) = n)
(3.2) =P (N”(to +t) =n/|NY(to) = n) PN (to) = n).
Now, we have the generating function for the FBP as
N

Q' (ust) = Y (1—w)"(1—u)" P,

n,n'=0



N
= Z (1—u)*(1—u)"P (N (to +t) = 0NV (to) = n) P(N"(to) = n) (using (3.2))
n,n'=0
N
(1= w)"PN™(to) =n) Y (1 — /)" P (N¥(to +t) = n'|N"(to) = n)
=0

n=0 n'

[
Mz M=

(1 —w)"P(N™(to) = n)Qy (v, 1),

n=0
using ([2.5)). Now, using lim¢,_,oP(X (o) = n) = P, and we have that
N

Qy(uau/;t) = Z(l - u)n HQZ(u/>t)' U

n=0
We next evaluate E[N”(s)N”(t)] function for the FBP.
Theorem 3.2. Let 0 <v <1 and {N"(t)},5, be the FBP, then

(3.3) EN"(s)NY(1)] = (N€)? = NE(E = 1)(EBu(—(A + p)(t — 8)")).
Proof. Using equation , we get

o 0 (& n
@Q (U,U;t— ) a (Z(l_u) PQn(u t_3)>

( l—u”P —Q”( —5)).

We have that

02 0 [
v /. — _ n viol o4
8u8u’Q (u,u'st — = 5a Lg_o (1—u) P Q (u',t s)]
al )
_ n—1 vy /!
— 7?1 —n(l — u) Pn—aulQn(u ,t—3))
o2 ) N
Sud Q" (u,u )‘uzo,u'zo = E —nP,(—EN"(t — s))

S
Il
—

I
M) =

nf(n — NEE,(=(A+ p)(t — 5)") + NE| Py

S
Il
—

(3.4)

I
M=

n?(E,(—(\ 4 p)(t — 8)” ZnNg —A+u)(t—29)")—1)P,.

N
I
—

Solving both parts separately in the above expression, we have the following

Zn —(A+ p)t)) n—ZnQE A+ mt)[N O™ (1= V]



N
_ o VY ¢2 (N72) n—201 _ -n
= [ N(N = DE(=(A + p)t")é ;w—n)!(n e I
- - 1)!
+NE,( >\+ut”§z N i T 1(1—5)N—">
n:l
(3.5) = N(N = D)(Bu(=(A + p)(t = 5)")E + N(Ey(=(A + p)(t — 5)")E.
Now, considering second part, we have that
N
ZnNﬁ A+ )t =9)") =) Py =Y nNEE (- + p)(t = 5)") = DVCu&" (1 = N
n=1
N

= NB(O+ )l = 5)) =) D e (1 =V

n=

1
= (N (B (~(A+ m)(t—5)") = DL -V
(3.6) = (NO* (Bu(~(A+ p)(t —9)") = 1).

Using equations (3.4)), (3.5 and (3.6), we get

Q" (u, )] g o = [N(N = D)(By(=(A + p)(t = 5)"))E* + N(Ey (=(A + p)(t — 5)")€
~(NE* (B (~(A + p)(t = 5)") = 1)]
= (NO* (Bu(~=(A+ p)(t = 5)")) = NE (B (=(A+ p)(t — 5)"))
+ NE(By(—(A+ p)(t = 5)")) = (NE* (B (=(A + p)(t = 5)")) + (NE)?
= (N&)? + NE(1 = )(Bu(~(A + p)(t = 5)")).

aua /

Hence, we have

BN (A" (0] = (557 @ )y mgmg ) = (VO + NE - (B4 )t =)

Next, we compute autocovariance function of the FBP.
Theorem 3.3. The autocovariance function of the FBP {N"(t)}, is given by
CoolN™ (), N (1)] = (NE(L = €)(EBu (=(A + p)(t = 5)"))) — ((M? = 2M N¢ + N*€?)

(3.7)
X Ey(—=(A+p)s")Ey(—(A+ p)t”)) = {(M — NONEE,(—(A + p)s”) + Eu(—(A + p)t")]}

Proof. Using , we obtain the following expression
E[NY(s)[EIN ()] = (M? = 2MN& + N?€*) E, (= (A + p1)s”) By (= (A + p)t”)
+ (M = NONEE, (— (A + 1)) + By (—(A+ w)t")] + N2¢%.
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Using equation , we get
Cov[N(s), N¥(t)] = EINY (s)N"(t)] — EINY (s)JEIN™ ()]
= ((N&)? + NE(L = )(Bu(=(A + p)(t = 9)"))) = (M? = 2MNE+ N*E*) B, (—(A + p)s”)
X By(=(A+ mt")) = {(M = NENE[E,(—~(A + p)s”) + Ey(—(A + p)t”)]} — N*¢?
= (NE(L = &)(By (=M + p)(t = 8)"))) = (M? = 2MNE + N?€) By (—(A + p)s”) By (—(A + p)t"))
—{(M = NONE(E,(—(A+ p)s”) + Ey(=(A+ p)t*))}- O
We next present the asymptotic behavior of the variance and covariance function of the FBP.

Theorem 3.4. The variance and covariance functions of the FBP are asymptotically equivalent to

ao(v) (2N(N —1) —26M(N — 1) + M(M — 1))
(A + p)tv 2

VarN" (t)] ~ + (282N —¢(N +2M) + M) |,

ConA () A (0] ~ 10 INE(1 =€) = (M = NEPE(=(+ w)s")) = {0 = NONE]]
ast— oo, where 0 < v <1,0<s<t<oo ands is fized.
Proof. Using , we have
Var[N ()] = (€N(N — 1) = 26M(N — 1) + M(M — 1)) Ey(—2(A + pu)t")
+ (262N — (N +2M) + M) E,(—~(A+ i)t") = (M = N& By (=(A + n)t")? + NE——

WA
ap(v)
) 2r(A+ p)tv)

~ (&N(N —1) —26M(N — 1) + M(M —

o(v) a(v) \’ K
+ (26°N —&(N +2M) + M) (Aﬂt)t,,—(M—N€)2<7T(Ao+ﬂ)t,,> TNCT

ao(v) [(§2N(N —1) = 26M(N — 1) + M(M — 1))

(A + p)tv (2
v ()

ao(v) [(§2N(N —1) = 26M(N — 1) + M(M — 1))

+ (26N — ¢(N +2M) + M)

(3.8)

2
Ot ) 5 + (26°N —¢(N +2M) + M) | .

Using (3.7) and ( - we have

Cov[A™(s), N (1)) = (NE(L = E)(Bu (=N + p)(t = 5)"))) — (M? = 2MNE + N*€)E,(—(A + p)s”)
X Ey(=(A+p)t") = {(M — NONE[E, (=(A+ p)s”) + By (=(A+ w)t")]}

g1 -9 (- N (- ) 2

_ {( M — N¢)NE (EA—(A +u)s”) + W(;(ﬁi)t”) }




N - (- NP0 ) )

_ {(M— NEN¢ <m>}

o [Ng(l Y (M = NE2B(~(A+ w)s")) — (M — NN 5}}

A+ p)tv (1 —s/t)”
~ m [NE(L— &) — (M — NEZE, (—(A+ p)s”)) — {(M — NE)N¢}Y] . O

We now prove the main result of this section.

Theorem 3.5. The FBP {N"(t)},5, evhibits the LRD property.

Proof. Let 0 < s < t and using (3.8) and (3.9), we get

v v o COV[ V(S)’Nu(t)]
CorrlV (), N (0] = R e (o) [Var Ve (1)) 172

ao(v) 1/2
(o) INE =) - (O = NEPE(-(h+ )s") — {0 - NONE))

T(A+p
1/2
{Var[ v (s)] VW -1 - %M;N "D+ MM -D) (262N — &(N +2M) + M) }
_cls)
tv/2’
where
CLQ(I/) 1/2 )
((W(Aﬂc))) [N =€) — (M = NE?Ey(—(A+ p)s”)) — {(M — NE)NE}]
= IN(N —1) = 26M(N — 1)+ M(M — 1 1/2°
{Var[ (o) [ NN Z D Z2MN = D M) L oy - gy -+ 200) + M) }
Since v € (0, 1], the FBP has LRD property. 0

Definition 3.6 (Fractional Binomial Noise). Let § > 0 be fized, and define the increments of the
fractional binomial process as the fractional binomial noise (FBN) is

Zo(t) = NV (t+68) — N¥(t),  t>0.
The noise process find applications in sonar communication (see [40]), vehicular communications

(see [30]), wireless sensor networks (see [29]) and many other fields, where signals are transmitted
through noise. We now explore the dependence structure of the fractional binomial noise (FBN)

{220} 0
Theorem 3.7. The FBN {Z(t);>0} has the SRD property.
Proof. Let s,0 > 0 be fixed, and 0 < s +§ < t. We begin with
Cov[Z3(s), Z5(t)] = CovN” (s +6) — NV (s), NV (t + ) — N (t)]
= Cov[N"(s+6), N (t + 6)] + Cov[N"(s), N”(t)] — Cov[N" (s + d), N"(t)]
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(3.9) — Cov[N”(s), N (t + 6)).
From (3.9)), we have
CovIA (), N (£)] ~ = [NE(1 = €) = (M = N&®Ey(~(A + p)s")) = {(M = NN},

where 7 = ~20)_ Using above equation, we get

m(pt+A)
Cov[Z)(s), Z)(t)] ~ [NE(L =€) — (M = NEPE, (—(A+ p)(s +6)")) — {(M — NE)N¢Y]

(t+9)¥
2 [NE( =€) (M = NOPE(=(+ )s")) = {(M — NENE)]
— 5 [Ne(1 =) = (M = NOPE(~(A+ w)(s +8)")) = {(M — NN}
~ o V61 =8 = (M = NePB(= 0+ p)s")) — {(M = NONe}]
(

Eu(—<A+u)(s+5)”>_Eu(—(A+u)s”)+ V(A +p)(s+6)") | Eu(=(A+p)s")
(t+0))~ tv tv (t+9)¥

~ (M — N¢P? |~

~ (M — N§¢)? <( s t1> (By(—=(A+ p)s”) = By(=(A+ ) (s +6)"))
~ TN (20 (B -0 ) — B0 s+ 6)°)
r(M — N¢)? <t1+’/> — AN+ p)s") = E,(—(A+u)(s+0)")).
Observe that
Var[Z3(t)] = Var[N”(t + 6)] + Var[N? ()] — 2Cov[N” (¢ + &), N (¢)]
Var[N(t)] ~ tﬁy [(52N(N —b- %M;N — D+ MM 1)) + (262N — £(N + 2M) + M)
Cov[NY(t +6), NV(1)] = (NEL = &) (B (—=(A + p)(6)")))

— ((M? = 2MNE + N2)E,(~(A + p)(t + 6)) By (—(A + p)t*)
—{(M = NONEE, (—=(A+ p)(t +9))" + Eu(=(A + p)t")]}
1 1 1
~— <r2(M2 — 2MN¢ + N?¢?) T 5)),/) — {(M — N¢)Nér [(t ot tu] } .
Using above equations, we get
Var[Z3(t)] = Var[N" (t + 8)] + Var[N" (t)] — 2Cov[N" (t + &), N* (t)]
(§2N(N —1)—26M(N —-1)+ M(M — 1))
2
(§2N(N— 1) —26M(N — 1)+ M (M — 1))
2

+ (28N — &(N +2M) + M)

iz

(t+ o)

+ + (28°N — &(N +2M) + M)

1
+2 ((M2 — 2MNE¢ 4+ N2¢2)r? T 5))y>
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[ w)

+ (262N — &(N +2M) + M) + 2(M — Ng)Ng] .

) ((M—NE)N€ [(tf(syﬂz])

T <[(52N(N —1)—26M(N = 1) + M(M —

m 5 D) + (26°N — ¢(N +2M) + M)

1
+2(M — N§)NE <1+ 7(1+ (2),,>>

2r [(§2N(N —1) = 26M(N — 1) + M(M — 1))
2

T

Now, we calculate correlation function
Cov[Z)(s), Z)(t)]
(Var(Z)(s)|Var[Z5(6)])!/?

01 = NEP (50 ) (Bl=O 0)s") = Bul=(ht s +9))

Corr[ZS(S), Z,f(t)} =

~

1/2

{37 [@NOD-2MN-DEMOCD) 4 (262N — (N +2M) + M) + 2(M ~ NONE| VarlZi(s)] }

tv

() VA = NE? (By(— (A + 0)s*) = Bu(—(\ + )5+ 6)"))

{2 {(52N(N71)72£M§N71)+M(M71)) + (2§2N _ f(N + 2M) + M) + Q(M _ N&)Nd Var[Zg(s)]}l/Q

~ (tHlé) c(s), where

(22) Vr(M = N (By (=0 + 1)s") = E(—=(A+ ) (s +8)"))

~

—_

c(s) =

{2 [(EQN(Nfl)*QéMéNf1)+M(M71)) + (2£2N _ E(N + 2M) + M) + Q(M _ Nﬁ)Nf} Var[Zg(s)]}l/Q

Since v € (0, 1], there the FBN has the SRD property. O

4. SIMULATION

In this section, we provide algorithm to simulate the FBP, which we will use in Section [5| for
parameter estimation of the FBP.
The sojourn time Sy, of the process {N(t)},-, is defined as the duration for which it remains in
current state k. The distribution of sojourn or inter-arrival time Sy is given by (see [38, Chapter

VI, Section 3.2])
P {Sk > t} = exp[—(A(N — n) + pm)kt],
and thus the pdf of the sojourn time Sy, is given by
fs.(t) = (AM(N —n) + pn)k exp[— (AN — n) + un)kt], t>0.
Using (2.8), we obtain the sojourn time, S¥, for the FBP {N¥(t)}4>0 as given below

P{S; >t} = E,[-(AM(N — n) 4+ un)kt"].
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This implies that the FBP changes state from k to k + 1 or £k — 1 with probability T /\(/\(N_")

N—n)+pun) or

m, respectively. Now, it can be simulated using the following procedure.

ALGORITHM 1. Simulation of the fractional binomial process

Input: N =500, M =300, = pun, A= AN —n), and v.
Output: N7, simulated sample paths for the fractional binomial process.
Initialisation : m is present population where 0 < n < N, K is desired number of birth or death
occurs and N is fixed large number.
1: for k=1: K do
2:  generate a negatively exponentially distributed random variable & and a one sided v-stable
random variable .
. v d /v
3:  simulate S = £, V).

AN —n
o u<- 2T ey
AN —n)+ pun
5: NY(sk) =M +1,
6: otherwise NV(s;) = M — 1,
7 end if
8: end for
9: return N.
300 N 300 =t
\\,k *"\A\ '\‘ ﬁ‘
250 - NIRRT 250 !‘.‘
Ne N i\ Vs |
N L 1L
200 L N 200 \
AR | \
e Wil
150 W \\\ 150 J-‘ ’\W !
| ", o L
wﬁw \-f\H‘A‘d 1% . '\J""‘ \
100 \ ' 100 l
50 : ‘ : : : 50 . : . : :
0 0.01 0.02 0.03 0.04 0.05 0.06 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

(A) v =1, A= 0.015, p = 0.05, N = 500, M =300 (B) v=0.8, A = 0.015, u = 0.05, N = 500, M = 300

FiGure 1. Five simulated sample path of binomial and fractional binomial process

Interpretation of the sample paths. We observe from Figure [I] that when we compare the
binomial process with the FBP a sudden population burst (negative burst due to higher death
rate) is visible in the FBP, that is, the population burst frequency increases as we decreases value
of v from 1 to 0. The sample paths of the FBP in Figure[I} 2] keeps revolving around their theoretical
mean.
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FI1GURE 2. Five simulated sample path of the fractional binomial process

5. PARAMETER ESTIMATION OF THE FBP

The method of moments (MoM) is a statistical technique used for estimating the parameters
of the distribution of a population. The moments are summary statistics that describe various
aspects of the distribution, such as mean, variance, skewness, and kurtosis. Here, we have not used
maximum likelihood estimator technique as there is no explicit expression of density of the FBP
is available. We can not use linear regression model for parameter estimation used by Cahoy and
Polito used in ( see [8,[9]) as our model is non-linear regression model.

Let T be fixed time and X;, Xo, ..., X; denotes the value obtained by simulating sample paths

of the FBP. Then, using X1, X, ..., X; we evaluate sample mean (m1) and sample second moment
(ma) as follows

J J
1 1 )
(5.1) my = J;:l X, and mg= J;:l X5

We denote the population first moment by ul()\ v) (as a function of A and, v) and the population
second moment by (A, v), then using and ( , we get

(5.2)
0w = (3= S B0+
o) = (RSO BUE =D 4 arr - 1) By-20+ )
(&f‘zf)g - /\(]\i i iM) + M) E,(—(A+p)t") — (M — N)\—/i\-,u>2 E,(—(\ + p)t*)?
(5.3)

- (AATZ)? + { <M — ANJFAM) E,(—=(A+p)t") + &}2
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TABLE 1. Parameter estimation and its dispersion’s of the FBP for parameter A =
0.3 and v = 0.8 with . = 0.5, M = 30 and N = 500.

K =100 K =1,000 K = 10,000
Mean MAD MSE Mean MAD MSE Mean MAD MSE

A | 0.3045 0.0071 0.000073 0.3036 0.0046 0.00003 0.3016 0.0018 0.00001
| 0.86562 0.1853 0.0482 0.8588 0.1820 0.0466 0.8358 0.0547 0.0042

TABLE 2. Parameter estimation and its dispersion’s of the FBP for parameter A =
0.5 and v = 0.4 with 4 = 0.5, M = 30 and N = 500.

K =100 K =1,000 K =10,000
Mean MAD MSE Mean MAD MSE Mean MAD MSE

A [0.4942 0.0177 0.00049 0.4962 0.0060 0.00006 0.4975 0.0078 0.00009
v 104395 0.0754 0.0090 0.4206 0.0266 0.0011 0.4175 0.0311 0.0017

TABLE 3. Parameter estimation and its dispersion’s of the FBP for parameter A =
0.6 and v = 0.9 with p = 0.5, M = 30 and N = 500.

K =100 K =1,000 K =10,000
Mean MAD MSE Mean MAD MSE Mean MAD MSE

A 10.5982 0.0141 0.00005 0.5985 0.0042 0.00003 0.5989 0.0012 0.00001

v {0.9062 0.0934 0.0156 0.8930 0.0290 0.0013 0.8938 0.0071 0.00008

To estimate parameter A and v, we equate sample moments of the FBP ((5.1) with the population
moments ([5.2)) and numerically solve the following equation

my = py(A,v)
(5.4) ma = py(A,v).

We took sample J = 500 and repeated this process K times, while estimating parameters, that is,
we generate this samples X1, Xo, ..., X500 of the FBP for different sample sizes K = 100, 1000 and
10,000. Then, we evaluate sample mean (m; ;) and sample second moment (mg;) using for
i =1,2,..., K, which gives K estimates of A and v each from above equation , subsequently,
we take average of K estimates of A and v to obtain X and D

Here, we have used numerical method to solve equations as it is easy to observe from
equation that they have complicated form and hard to solve analytically. The tables below
display these values together with associated MAD (mean absolute deviation) and MSE (mean
square error). For five distinct pairs of values of A and v, the FBP data were simulated.

The estimation Tables demonstrate that the relative fluctuation for estimates of A and
1 keep approaching true value as sample sizes increase. We also observe that the true value of
parameters and estimated parameters are very close to each other and there is nearly less than 5
percent of variation between them. It is important to keep in mind that typical sample size K in
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TABLE 4. Parameter estimation and its dispersion’s of the FBP for parameter A =
0.7 and v = 0.2 with p = 0.5, M = 30 and N = 500.

K =100 K =1,000 K = 10,000
Mean MAD MSE Mean MAD MSE Mean MAD MSE

A | 0.6845 0.0157 0.00031 0.6874 0.0029 0.000012 0.6804 0.0009 0.00001

v | 0.1405 0.0595 0.00025 0.1479 0.0521 0.000012 0.1501 0.0020 0.000005

TABLE 5. Parameter estimation and its dispersion’s of the FBP for parameter A =
0.9 and v = 0.5 with g = 0.5, M = 30 and N = 500.

K =100 K =1,000 K =10,000
Mean MAD MSE Mean MAD MSE Mean MAD MSE

p

0.8877 0.0254 0.0010 0.8896 0.0095 0.00014 0.8902 0.0028 0.00001

0.5383 0.0954 0.0095 0.5221 0.0207 0.00008 0.5209 0.0070 0.00007

A

many real-world applications, including network traffic data, are in the millions or more. Given
the context and calculations done, we claim that our results shows robust and accurate parameter
estimation. Table [6] shows result for percent bias and coefficient of variation (CV) based on for
1000 simulation, where

|parameter average value- parameter value| « 100

Percent bias =
parameter value

oV — standard deviation of the estimates « 100,

average estimates

Concluding Remarks. We have investigated that the FBP has the LRD property and its incre-
ment exhibits the SRD property. We have used the one-dimensional distributions of the FBP to
simulate sample path for the process. We have derived the distribution of sojourn time of the FBP
and used it to simulate sample trajectories. We have used MoM estimation technique to estimate
parameters of the FBP. On comparing generated sample path in Figure [I we can see that time
taken to occur next birth or death reduces and population burst occurs. This behaviour makes the
FBP more applicable in nature as such incidences occurs in real life, for example during Covid-
19 demand of masks, sanitizer, oxygen cylinder and many other things saw a burst in their demands.
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