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Abstract: This paper proposes a new fractional Poisson process through a recursive fractional
differential governing equation. Unlike the homogeneous Poison process, the Caputo derivative on
the probability distribution of k jumps with respect to time is linked to all probability distribution
functions of j jumps, where j is a non-negative integer less than or equal to k. The distribution
functions of arrival times are derived, while the inter-arrival times are no longer independent
and identically distributed. Further, this new fractional Poisson process can be interpreted as a
homogeneous Poisson process whose natural time flow has been randomized, and the underlying
time randomizing process has been studied. Finally, the conditional distribution of the kth order
statistic from random number samples, counted by this fractional Poisson process, is also discussed.

Keywords: fractional differential equations; Mittag—Leffler functions; Fox H function; subordinator
and inverse stable subordinator; Lamperti law; order statistic

1. Introduction

Since the inter-arrival times of a Poisson process being independent and exponentially
distributed are not supported by real data (see [1,2] and references therein), the fractional
Poisson processes have received various attention. There are several different approaches
to this concept. Jumarie [3] studies the fractional version of the Poisson process through
the fractional master equation. Laskin [4] modifies the differential equation governing the
probability distribution function of a homogeneous Poisson process through the Riemann-—
Liouville fractional derivative.

Another approach, followed by [5] is to generalize the inter-arrival times of a homoge-
neous Poisson process through the Mittag—Leffler distribution (see [6]). Later, Reference [7]
shows that this fractional version is a true renewal process, without the independent and
stationary increments.

If we denote the homogeneous Poisson process as { N; };>¢ with intensity A, where

A>0,and % as the Caputo fractional derivative, where § € (0,1), i.e.,

oP 1 t [ d
ﬂf(f) = m/o (t—s) (dsf(s)>dS,

then one fractional method, proposed by [8] and denoted as {Mé5 }>0, is to generalize the
probability distribution function of N; from

%P(Nt — k)= —A(P(N; =K) —B(N; =k —1)), ke N, 1)
to
P
wP(Mf — k) = —A(P(Mf =k —P(MP =k— 1)), k € No, 2)
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i.e., it is the time being fictionalized from a calculus point of view. More interestingly, if we
consider the inverse f-stable subordinator {E;8 }>0, where g € (0,1),i.e.,

Ele 7] = Eg(—qt®), ©)
where
=) Zj
Ep(z) = Jg T+ 1) peC, R(B) >0

is the Mittag-Leffler function of one variable, and assume that {N; };>0 and {Ef3 }>0 are
independent, then

d
M £ Ny, @)

ie., it is the time being randomized from a probability point of view. Beghin and Orsingher [9],

Meerschaert et al. [10] prove that {Mf3 }>0 is still a renewal process with inter-arrival
times being independent and identically Mittag—Leffler distributed random variables, and
study the case where Equation (2) is generalized to the nth order differential equation. The

probability distribution function of {Mf H>o0 s,

P(Mf =k) = (Atﬁ)kE’;;}(H (—2tF), ke,
where

2 (O

Bar®) = L e+ ) w1

B, 7,0 €C, R(B) >0

is the Mittag—Leffler function of three variables. Later, [11] describe the non-homogeneous
version of this fractional Poisson process through its non-local governing equation. This
fractional Poisson process has been applied in various fields. We refer to [12] for its
applications in the transport of charged carriers, and [13] for its applications in risk theory.

Another type of fractional Poisson process, proposed by [14,15], is constructed through
the integral representation, by replacing the Gaussian measure in the definition of fractional
Brownian motion with the Poisson counting measure. This fractional version displays long
range dependence, has a fatter tail than the Gaussian process, and converges to fractional
Brownian motion in distribution. Wang et al. [16] study the non-homogeneous versions of
this fractional process.

This paper defines a new fractional Poisson process, denoted as {Ntﬁ }>0, through a
governing equation, which generalizes Equation (1) by connecting ]P’(Ntﬁ =k)to ]P’(Nt’g =)
for all j < k through Caputo fractional derivative, i.e.,

(v =) =% Prp(nf k), ke

Since ]P’(Ntﬁ =k) = 0 for k ¢ Ny, then the upper bound of the summation on the right
hand side can be extended to infinity. Thus, the fractional differentiation on the time of
the probability distribution function is related to the probabilities of all possible values
this new process could take. Particularly, when § = 1, the above equation goes back to
Equation (1).

We first study the probability properties of this fractional Poisson process. Later,
we find this fractional process can be interpreted as a homogeneous Poisson process
whose natural time flow has been randomized, and the underlying time process at time
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one follows a Lamperti distribution. The transforms of this underlying time process
have also been studied. Finally, we discuss the order statistics counted by this fractional
Poisson process.

2. Main Results

Theorem 1. Let {Ntl3 } >0 be a fractional Poisson process with parameter A > 0 and g € (0,1),
which satisfies the governing equation

z?:; P(Nf = k) = A’gz ,]P(Nﬁ—kﬂ) ik € No, 5)

where IP’(N!3 = k) = 0 for k ¢ Ny. Then the probability distribution function of this process is

IP(NF - k) - (;f)klsﬁll_k(—)tﬁtﬁ), k € N, )

where
(o] z ]

Epq(z) = ];) TG+ ) BveC R(B)>0

is the Mittag—Leffler function of two variables, and the probability density function of its arrival
times { Ty }ren is

_1\k+1
fr.(t) = ( Fl&; A(At)ﬁ—lEﬁ,ﬁH_k(—Aﬁtﬁ), keN. @)

Proof. From the definition, we may write the right hand side of the governing equation
into an infinite series,

ZP(NP =k) = -AP Blip(NF =k
SFP(NF=k) = -2 2 IP’(N k=),
and therefore the Laplace transform of N;S is
a‘BE{ qNﬁ} — )P i (_@fE{eq(Nfﬁ”)]
ot = !
]_
YRS CPi oig {MNF}
=
=—AP(1- e*")’gE [ethﬁ].

Taking Laplace transform from ¢ to s gives

Sﬁﬁs{E [e_quﬁ] } —sFIE [e—qu] =— )\/5(1 - e—q)ﬁcs{E |:e_‘7Nt/S:| }

-1
ES{E[e_qNﬂ } = s .
B4+ AB(1—e1)P
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This leads to

E{e—qu } =Ep (—AP(1—e79) ) ®)

S (=APHF)" (—pn)s

=L kzrﬁnﬂ) K

and therefore

1 (=APF)" (—pn)
P<Nfﬁ: ):HZ T(pn+1) :

n=0
L1 & (CDF(=AP)"
_Hg L(Bn+1—k)
~ e (1)

we have

5 C e (—16)

—APtP)" i 1T(—pn+j)
(ﬁn+1) —~ 1T (—pn)

K R (1,k—nB,1+k1)

k!

:i —AP)" (—pn) T(1+ K)T(Bn)
— (Bn+1) k' T(k)T(1+ pn)

= (A" 1

Z I'(pn+1—k) pn’

|
7
—~
=
S
+
—
~—

where »F (&, B,7,z) is the Hypergeometric function; see [17] (Chapter 9). The proof is
completed after differentiating it with respect to f once. O

Remark 1. 1. When =1,

i 1n_—:1;)t) = exp{At(e™1=1)}

B 17°° (=DF(=A)" 1 & (—1)k(=APtA)" Ak,
P<Ntﬁik) k'z I(n+1—k) ?; Tn+1-k) Kk e,

which goes back to a homogeneous Poisson process.

e —~aNf
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Since B € (0,1), the integral representation of the Mittag—Leffler function remains [18]
(Lemma 2.2.2), and we have

_1)k c+ico
PN %) =g [ Tk ()

S 63 o )

(@i, Ai)y,p
integral can be checked by [19] (Equation (1.13)) The integral representation, by closing the
contour in two different directions, leads to

where Hyy' is the Fox’s H function. The convergence of this contour

Ep(2) ; /3]+'r g T(7y - /3])

which determines the asymptotic behavior of these probability functions.
Equation (8) indicates that

- {eqNéﬂz} =Eg1(~AP(1 =)’ (t + 1))
#Ep (—AP (1= e )P ) By (—AP (1 7))
)

ie., {Ntl3 }>0 no longer possesses independent increments and therefore loses the lack of
memory property of the homogeneous Poisson process.
Since

d _ NP _ _mB-1 _
qu{e ﬂNr} = e 11— )P tﬁAﬁEﬁ,ﬁ(—Aﬂ(l—e q)ﬁtﬁ),

which tends to oo as q tends to 0, then E[(Ntﬁ )n} does not exist for all n € N, unlike
n

5[ ()

Given Equation (6), Equation (5) can be verified directly.

o L (CDF(=AD)" T(pnt1) g
atﬁp< ) ?; 5n+1—) (ﬁn—ﬁ+1)tﬁ( !
el (A n
=5 Lty P O
_ sy O Y g
A k!gr(ﬁn+1>]§( j >( AB)]( ﬁ”)k—

B k il 1& (-AH)" (=) Ir(Bn+1)
——Aﬁgw JEEO T(Bn+1)T(pn+1—(k—)))

j=0/"
1 DFI(=AA)"
= J'ZrﬁnJrl—(k i

f/\ﬁz ]IP’(N’S_k>

thn
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We present a few numerical examples of PP (Nf = k) and fr, (t) from Figures 1-6.

P(Nf=k)
— B=05
— B=0.7
— B=0.9
— B=1
t
Figure 1. P(Nf =3) with A = 1.
P(N’=k)
030}
025
— k=1
0.20 — k=3
0.15 — k=5
— k=7
0.10
005
s 10 15 20 25 30
Fi P(N?? = k) with A = 1
gure 2. P(N}? = k) with A = 1.
P(N/=k)
0.15
— A=0.7
0.10 — A=1
— A=2
— A=4
0.05
| s 10 15 20 25 30
Figure 3. P(N?? = 3).
fr, ()
06
05
— B=05
0.4 J— B=0-7
03 — B=0.9
— B=1
02f
0.1
2 . s 8 10 12 14 !

Figure 4. fr, () with A = 1.
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fr, ()
15K

0.5

\

—— T I I t

1 2 3 4 5

Figure 5. f1, (t) with A = 1and g = 0.9.

0

— A=0.7

A=2
— A=4

Figure 6. fr,(t) with = 0.9.

The Laplace transform of Ty is

3

£fe] = o <y = £

(k) e (Aﬁy’ )

“T(pn+1-k) \ g

which allows us to determine whether {Ntl3 }e>0 is still a renewal process. For k =1,

AB
—qT | — = —q7
E|eoh] Frap Bl

i.e., 7y is Mittag—Leffler distributed with survival function

P(t > t) = Em(—)\ﬁtﬁ).

Fork = 2,
2
E{e*ﬂz} _ AP (qP(1—B) + AP) _ ( AP > 1-p) ABgP
(4P + AB)? qP + AP (4P + AB)?
If 1y and T, are independent, then
B2 ABaB
E[e~7%2] (qﬁ):%ﬁ) +(1_‘B)( B Zﬁ 2) AP
Efe 2] = = )7 B +(1-8)
E[e=1T] ﬁ/}rﬁ)\ﬁ gP + AP ¢
q

which implies that 1; is a mixture of Mittag—Leffler distributed random variable with prob-
ability B and a mass point at zero with probability 1 — B. So, if 71 and 7, are independent,
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then they are not equal in distribution and the mass point at zero implies the multiple
jumps at one time. Particularly, when § = 1, Equation (9) turns out to be

)= Emvin(7) = (75)

which is the Laplace transform of a gamma distribution and goes back to a homogeneous
Poisson process.

If we denote a B-stable subordinator as {Df5 b0, i€,
E {qufg] — et
then based on the definition,

Ef:inf{uz():D5>t}, t>0.

{Etﬁ }+>0 is non-decreasing and its sample paths are almost surely continuous if {DQ3 H>01s
strictly increasing. From Equation (3), it can be seen that {Ef }>0 possesses non-Markovian
with non-stationary and non-independent increments. The probability functions of {Df H>0

and {Ef3 }+>0 are usually in complicated forms, and [20] find the densities of the product,
quotient, and power of them in terms of the Fox’s H function. Since

R(p) € (=B, B)- (10)

B\P
If we denote L = <ED)1ﬁ"> , then L is a Lamperti random variable and its probability
2,

density function with respect to the Lebesgue measure on R is

sin(7tp) 1
B x%+2xcos(mf)+1’

fr(x) = x > 0. (11)

See [21,22] for a detailed discussion on the Lamperti law and the stable law. Meanwhile,
the Mellin transform of {Etﬁ H>ois

(1)) - gy

From [23], for p € (0,1), the Mellin transform and the Laplace transform of a positive
random variable can be connected through

E[X¢] = ﬁ/owwfl(l ~E[e])dg, pe (1),

Replacing X with Etﬁ gives

/Ooo g1 (1 —Epn (—qtﬁ) ) dg = tﬁpW' 12)
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The next theorem gives a parallel result to distributional equality Equation 4.

Theorem 2. Let {Ntl3 }>0 be a fractional Poisson process with parameter A > 0and p € (0,1). If
{Uf3 }>0 is a non-negative process such that
(0,1)
, x>0, (13)
(0,1)

B 11 1,1 X
futﬁ(x) = 2 7Hy) [t

and independent with {Ntﬁ }>o, then

NF £ Nyp (14)
Proof. If Equation (14) is true, then
E{e_"Nq = E{E [e_thﬁWf” - E[eA(le“’)Uf] = Eg1 (—AP(1—e1)4F),
which gives
E{e q r} —Eﬁl( qﬁtﬂ). (15)
Applying Equation (12) gives
B[(Uf)] =gy [ e (1= B (=) )n
tagph o Eea(o))s
o 1T(B)r(-5)
Il-p)p r(1 +ﬁ%)
I Gl D11 Gl ) RO (16)

F(1-p)(1+p) ’

Finally, applying the inverse Mellin transform gives

Fup®) L /:;“E[(uf)qx—l—pdp

:li/ﬁ_iw pr(—%>r(1+§) gy

t
amiJeiw  T(—p)T(1+p)
. 1 1 1 1
UYL S Gl JLi Ut bt EAEN
Bt 27 Jey—ico I'(1—-s)T(s) t
11 x| (T-pp) O
Bt 2|t 1-14,1) (1)

O

Remark 2. 1. From Equation (15), {uf }=0 does not possess independent and stationary
increments.
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2.

Comparing Equation (10) and Equation (16), it can be seen that

1
B B\ P
ub 4 tDl,titL%it Ey,
Ur =t ==t |
D, E

which leads to a simpler form of Equation (13) after a change of variable in Equation (11),

th xP=Lsin(7tB)

7 2P 1 2xPt cos(rp) + 28 7 17)

Fup(x) =

Meanwhile, this expression can be seen from Equation (13) directly,

1— (0,1)

1— (0,1)

cico T( 1 y)T(1 l—i-]/ N\ -B
:%ﬁ/c,m (ﬁr( )F(,[fy) )(t) 'y

) ey

I'(1-By)T(By

~

~

‘m\»—\ ‘Oa\v—‘
™= =

fup ) =5 HiA [t

\_/
/\

<

B

:12 lim <y—1 n|T
tnzoy%%Jrn :B

o0 (71);/1 E (1+pn)
L prd e s

n=0

7N
| =

1
t
1 & Lsin(nmpB) (1+pn)

oY 72 (5)
o AN
:m<i>n¥05m(n7‘[ﬁ) (( ) )
11 (¥)P sin(p)
()T +2(5) cos(np) +1
_ +B xP~1sin(7tB)

70 x2B + 2xPtP cos(ntp) + 2P

alRs

With this simplified expression, we can see that when t — 0, fuﬁ (x) — 0and when x — 0,
t

fufs (x) —r 0.

From Equation (16), the Mellin transform only exists for R(p) € (—pB, B), and therefore Uf

does not have the first moment for t > 0. This fits our observation in Theorem 1 that Nf does
not have the first moment for t > 0 either.

We give a few numerical examples of fU’B (x) from Figures 7-10. In the first two figures,
t

there is a clear sign that the density functions approach to infinity as the variable x tends to
zero. In the last two figures, the density functions approach to zero as the variable t tends
to zero. These behaviors fit the theoretical analysis on Equation (17).
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— B=0.3
— B=0.5
— B=0.7
— B=0.9
Figure 7. f s (x).
1
fU,u(X)
— t=0.5
— t=1
— t=1.5
— t=2
X
5
Figure 8. f 00 (x).
fp®)
10
0.8
— B=0.3
0.6 — B=0.5
— B=0.7
04 — B=09
0.2
‘ . ; : A
2 4 6 8
Figure 9. f s (x).
1
)
20f
1560 — x=0.5
— x=1
10 — x=1.5
— X=2
05
L t
2 4 6 8

Figure 10. f;00 (x).
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Equation (13) can be checked through the Laplace transform directly

] 11, 0] (0F)
E[e qu}] _B?tHg';’ {qt’ (o,f) (0.3) (0,1)]

With the distributional equality Equation (14), Equation (6) can be calculated directly,

P(Nf = k) =P (Nu{; = k>

0 k!
1 1 1 1

_ At 1l 1 crie T(} — )T (1§ + o) (5) asd

0 k! IBtZTfl c—ioco r(l—s)r(s) t

tico T( 22T (1= 2u)T(k+u

:lli/” e (fu)r(1-} (Af)du

k'lBZT(l c1—ico T(u)f(l—u)
—111/C1+lwr(éu)r(1_lgu (_ )k r(_u+1) (/\t)iudu
7k',8277.‘1 ¢1—ioco F(l—u) r(—u+1—k)
RS LGl D
o k' ﬁ 27Tl . Cl—iOO r — k — u)

—S) —Bs
ie T(L—k—Bs) (At)~Psds

= (_kl|)k Eg1 4 (_/\ﬁtﬁ)‘

Ry
k! 2mi

Corollary 1. The Laplace and Mellin transforms of the density function of {Utﬁ }e>0, where
B € (0,1), with respect to the time variable are

and
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Proof. We first rewrite the density function of Uf as

<
™ -

R
= ™= - -

— N N T T
_ =
< <
_ =
L 1

_ 11
:ixH%; sx ( ﬁlﬁ) 0.1)
px= % (0,1) ( - %%) (0,1)
11
1 11 1- El B
=—H,, |sx
B2 gl ~55) (01
1-1,1
:Hllé (sx)/g’ f ,
’ 1 B’l 0,B)

and the Mellin transform is

51 (sl ot
| = [ 5t
#T(1-5)r(3)

" Bx T(s)I(1—s)
() ()
T(1+s)[(1—s) ’

which completes the proof. [

Let (X1, X, ..., X,) be a series of n independent and identically distributed random
variables with probability density function fx. Denote (X( 1) X( 2)s- X(n)) as the order

statistics of this series if X(l) <...< X(k) <...< X( ) and X( t) as the kth order statistic

from N/S samples, fork € {1,.. N/S }. The following result is an application of {N }i>0 on

/3
the order statistics, which shows that the probability of { X \ N; p > k} can be expressed
as the ratio of probabilities of a fractional Poisson process.

Theorem 3. Let {Nt/3 }>0 be a fractional Poisson process with parameter A > 0, B € (0,1) and
{Xi}ien be a sequence of i.i.d. random variables with probability distribution function F,

P(Kf > k)

7P<Nf2k), keN,

NP
P(X(kt) <x|Nf 2k> -
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where {Ntﬁ Y=o is a fractional Poisson process with parameter AFx > 0and p € (0,1).

Proof. By the conditional probability law,

yo . P XNF<xNﬁ*n
NP 5 n=k Ay SN =
]P’(X(kf) <x| NI 2k> =
P(Nf > k)
00 NP
_zn_kﬂb(x(kg <x|Nf = n)IP(Nf = n)
P(Nf > k)

The numerator could be computed as

éP(X(Ng < x| Nf = n)IP’(Ntﬁ = n)
- L5 (5) A - meor S E

=5 pe
= /wkmiog (n_lj)!]-!Fﬁé(x)(l - Fx(x))”f'(—l)”m
_ é £ %.(,x) §0<—Aﬂtﬁ)m io (= A" r(ﬁmtll)"j; -
LR

-5 L e

= P(Nf > k)

This completes the proof. [

3. Conclusions and Future Work

In this paper, we discuss a new fractional Poisson process governed by a recursive
fractional differential governing equation. The probability distribution function and the
Laplace transform of this process are derived. Moreover, this process is equivalent in
distribution with a homogeneous Poisson process whose natural time flow is randomized
by a Lamperti process. Finally, order statistic from random number samples counted by
this fractional Poisson process is studied.

Further research may focus on investigating the distribution properties of the inter-
arrival times, generalizing from the first-order differential equation to the nth-order differ-
ential equation, and the applications in the risk theory, e.g., the discounted sum counted by
this point process.
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