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Abstract

We introduce a fractional generalization of the Erlang Queues M/Ej /1. Such process is obtained
through a time-change via inverse stable subordinator of the classical queue process. We first exploit
the (fractional) Kolmogorov forward equation for such process, then we use such equation to obtain
an interpretation of this process in the queuing theory context. Then we also exploit the transient state
probabilities and some features of this fractional queue model, such as the mean queue length, the
distribution of the busy periods and some conditional distributions of the waiting times. Finally, we
provide some algorithms to simulate their sample paths.
© 2019 Published by Elsevier B.V.

Keywords: Stable subordinator; Caputo fractional derivative; Mittag-Leffler function; Time-changed process;
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1. Introduction

The Erlang Queue is one of the most popular model for a queue process. It is characterized
by arrivals determined by a Poisson process and independent Erlang service times.

We introduce a non-Markovian generalization of the classical Erlang M/E;/1 queue
process based on the fractional Poisson process, FPP for short [1]. There are essentially
three approaches to the concept of FPP. The “renewal” approach consists of considering the
characterization of the Poisson process as a sum of independent non-negative random variables
and, instead of the assumption that these random variables have an exponential distribution, we
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assume that they have the Mittag-Leffler distribution [23,28,29]. In [5,6], the renewal approach
to the FPP is developed and it is proven that its n-dimensional distributions coincide with the
solution to “fractionalized” differential-difference equations with fractional derivatives in time.
Finally, using “inverse subordination”, a FPP can be constructed as a time-changed classical
Poisson process [30].

The first fractional generalization of the classical M /M /1 queue process was proposed
in [8]. The transient behaviour of the fractional M /M /1 queues with catastrophes (which in the
classical case is studied for instance in [12] and further generalized in [10,11,16]) is investigated
in [2].

In this paper, we present a study of the transient behaviour of the fractional Erlang queue
M/E/1.

In Section 2, we recall the basic definitions and properties for a classical Erlang queue
M/Ey/1. In particular we recall the formulas for the transient state probabilities, the mean
queue length and the distribution of the busy period.

In Section 3 we give the definition of Fractional Erlang Queue and we determine the
fractional forward Kolmogorov equation for the transient state probabilities of such queue.

In Section 4 the Fractional Erlang Queue process is investigated in terms of interarrival times
and service times. Such investigation leads to an interpretation of this process in a queueing
theory context and the characterization of the distributions of the interarrival, interphase and
service times.

In Section 5 formulas for transient state probabilities of such process and their Laplace
transform are finally obtained. In Section 6 some characteristics of the process are studied.
In particular in Section 6.1, a fractional differential equation for the mean queue length
is provided. Moreover, we find also a formula for the mean queue length and its Laplace
transform and, by using such formula, we provide an expression for the fractional integral
of the probability that the queue is empty. In Section 6.2 we provide also a formula for the
distribution of the busy period. In Section 6.3 we focus on the waiting times, determining a
formula for a particular conditional waiting time.

Finally, in Section 7, we provide an algorithm for sample paths simulation of such process,
which is a modified version of the well-known Gillespie algorithm (see [15]).

2. Erlang queues

Let us recall the definition of Erlang queue. A M/E; /1 queue is a queue with Poisson input
(and so exponential independent interarrival times) with parameter A and an Erlang service
system with shape parameter k and rate p. Such service system can be seen as a system
composed of k phases each with exponential service time with parameter k.

Let us denote with N(¢) the number of the customers in the system at the time ¢ > O.
Moreover, if the queue is not empty, let us denote with S(¢) the phase of the customer that
is currently being served at the time ¢ > 0. If N(¢) = 0 let us denote also S(¢) = 0. Finally
denote Q(r) = (N(z), S(¢)) for t > 0, that is a sort of state-phase process with state space:

S={n,s)eNxN: n>1, 1<s<k}U{0,0)

and let us denote S* = {(n,s) e NxN: n>1, 1 <s < k}. Let us define the transient
state-phase probability functions as

Pus(t) =P(Q(1) = (n, 5)|Q(0) = (0, 0)) (n,s)€S*, t=0
po(1) =P(Q(1) = (0,0)]Q(0) = (0,0)), 1 = 0.
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It is well known (see for instance [37]) that the function p, s(¢) and po(¢) satisfy the following
difference—differential equations:

90 (1) = —apo(t) + kpp1(t)

d”l £(1) = —(h + k) p1s(0) + kpapi 541 (t) l<s<k-—1

‘”’1 PLE (1) = —(h+ k) pra() + kpepa, i (£) + Apo(r)

"“”(z) = —(h + k) Pus (D) + kPt () + Apucis(® n =2, 1<s<k—1 (1)
Lok (1) = —(h + kpt) pu(t) + kepus11(0) + Apura(t) 1 > 2

po(0) =1

Pns(0) =0 n>1, 1<s<k.

In [18] a solution of this system is obtained by means of generalized modified Bessel functions
defined in [27] as

Ik(t)z(t/2)"§ﬂ, teC, n=0,1,2,..., k=1,2,... 2)
" s r'l'n+rk+1)
and in [17] as
+00 (t/z)r(kJrl)

k,s _ n+k—s
Lm0 =@/2) ;(k(r+l)—s)!F(n+r+l)

teC, n=01,2,..., k=1,2,..., s=1,2,... k. A3)

In particular we have:

L
o I <2 (&) k;u)
pol) = m (E) e @)

kut

m=1
while forn >1land 1 <s <k —1:
k(n—1)+s

A k+1
DPus(t) = (k_) Iy],{'s(z()»(k,u)k)kl?t)e—()»+kll-)t
"

k(n—1)+s
k+1

A t
+ ku <k_> / PO(Z)I}f,s(z(X(ku)k)ﬁ(t _ Z))e—(k+kﬂ)(t_z)dz

K 0

A E+1 t 1
— ku <k ) / PO L 2Ok ) FT (1 — 2))e” HHIIIdz
H 0

and finally for n > 1 and s = k:

kn

A\ BT
pn.k(t) = <—> Irll{’k(z()x(ky,)k)ﬁt)e*(l+ku)z

. o
A\t 1
+ ku (k_> / Po@IFF Q)T (1 — 2))e * TR,
K 0
kn+1

A\ =T 1 _ _
— kn (E) /0 Po@1 QO YFT (¢ — 2))e”*HH gz,
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It will be useful in the following to write the Bessel functions explicitly as power series. In
this way we have

+00 400

po(t) = Z Z )”r(k“)m—rk e (S S P DL 5)
il trk+1)

while forn > 1and 1 <s <k — 1 we have

+00 n+i i —s
Dos(t) = Z A (k) D rrk=s k41 =Gkt
i —~ k(j+ D= (n+j+1)
+00

An+j(kﬂ)k(j+l)—s+1
jX:(; k(G+1D) =M '(n+j+1)

1
x / po(Z)(t _ Z)n+k7s+j(k+l)ef(AJrku)(th)dZ (6)
0
i‘i )L"+j(k/1,)k(j+l)7s

=O(k(j+1)—s—1)!F(n+j+1)

t
X / PO(Z)(I _ Z)n+k—s—l+j(k+])e—()»-l—k,u.)(l—z)dz
0

and finally for n > 1 and s = k we have

+o00 n+j ki
Pni(t) = Z : A J(k,bL) J tn+j(k+1)ef()h+ku)[+
’ —~ (kDT + j+1)

+00 n+j kj+1 t
(k.);'lj((kl_f_) .j+ 5 % / o)t — Z)n+j(k+1)67(/\+ku)(zfz)dz 7
J) L \nrj 0
=0
+00

)»”+'/+](ku)k(j+1)
- JX:;: *k(G+D=DIT'(n+j+2)

t
% / PO(Z)(I _ Z)n+k+j(k+])e—()»-i-k,u,)(l—z)dz.
0

We can also give an equivalent representation of the queue by using the queue length process,
that is to say the process L(¢) given by:

k(N(t) —
,ca):{( " —1)+S@r) N@) >0
N(t) = 0.

The queue length process gives us the length of the queue by means of phases. In particular,
since the map my : & — Ny given by:

{k(n —D+s (n,5)eS*

mk(”? S) =

(3)
(n,s) = (0, 0)

is bijective, each state of L(¢) represents only one state of Q(¢) and vice-versa, so that we can

equivalently describe the queue with Q(¢) or L(¢): indeed we have m;(Q(t)) = L(t). Let us

also recall that the inverse map of my(n, s) is given by (ni(m), sy(m)) where:

min{s >0: s € [m]y} m=>0
sp(m) = {

&)

m=0
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where [m]; is the residual class of m modulo k£ and:
{_mskkw 1m0

m = 0.

ny(m) = (10)

Let us define the state probabilities of L£(¢) as
Pu(t) = P(L(t) = n|L(0) = 0).
In [26,27] the forward equations for P, are given as:
T) = =2Po(t) + kuPy (1)
%(r) = —(b 4+ kW Pu(t) + kuPor(0) + 1 Y0y CnPon(t) n = 1 (1)
Pn(o) = 811,0 n > 0
where ¢, = 8, for M/E;/1 queues. However, the bijectivity of m(n, s) gives us the equality
Pm(t) = pnk(m),sk(m)(t)
so that the difference—differential system (11) is just a compact rewriting of (1) where the states
of Q(r) are disposed in lexicographic order.
In [26] the mean queue length, defined as M (¢) = E[L(#)|L£(0) = 0], is shown to solve the
following Cauchy problem:
G0 = kO = ) + kpPo(r)
M@0)=0
which leads, in [27], to the formula:

t
M) = kG — oot + ke / Po(y)dy. (12)
0
Moreover, in [27], the distribution function of the busy period has been obtained as
+0o r k(r+1
B(t) = Z M l KTk D=1 ,=Ctk)z g, (13)

o —~ ril(rk+k+1)

Finally, let us also recall that the probability density function of the waiting time of a customer
that enters the system at time ¢ > 0 has been given in [13] as:

()™
T

The author obtamed such formula by explicitly using the Markov property of the queue.

w(E; 1) = ZP (kp (14)

3. Fractional Erlang queues

n [8] the authors introduce a fractional version of the M /M /1 queue. In particular, such
queue has been shown useful to model some financial data for which classical birth—death
processes were not enough. Following this idea, now we give the definition of a fractional
M/E/1 queue. Let us consider a classical state-phase process Q(t) = (N(z), S(t)) for the
M/E}/1 queue and define {0,(?)};>0 a v-stable subordinator independent from Q(#), such that
(see, for instance, [31])

E[e—vov(t)] — e—lUU’ v>0, ve (0, 1).

Please cite this article as: G. Ascione, N. Leonenko and E. Pirozzi, Fractional Erlang queues, Stochastic Processes and their Applications (2019),
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Define
L,(t)=inf{s >0: o,(s) >t} t>0

the inverse of the v-stable subordinator and set NV(¢) := N(L,(t)), S'(t) .= S(L,(t)) and
Q"(1) = (N"(1), §'(1)) = Q(Ly(1)).

We will say that the process QV(¢) is the state-phase process of the fractional Erlang queue
M/E;/1. By definition, let us also set Q'(¢) = Q(t).

Before giving an interpretation in the sense of the queueing theory, let us show what are
the forward equations for the state probabilities of QV(¢). Let us define:

P () =P(Q"(1) = (n,5)]Q"(0) = (0, 0)) (n,s) €S
po() =P(Q"(1) = (0,0)[Q"(0) = (0, 0)).

To obtain such forward equations, we will need the fractional integral (see [25]) of order
v € (0, 1) defined, for a function x : [0,#;] C R — R, as

I'x = %/O (t — 1) 'x(v)dt (15)

for any ¢ € [0, ;] and the Caputo fractional derivative of order v € (0, 1)

Dix = F(l—v)/ —() T)v (16)

The classes of functions for Wthh such operators are well-defined are discussed in [31].

Moreover, we will use a Laplace transform approach, as described in [24,35]. Let us also
remark that if X is the Laplace transform of the function x and £ is the Laplace transform
operator, then:

LID;x1(z) = 2"X(z) — 2"~ x(0). (17)

For the state probabilities we can show the following theorem.

Theorem 3.1.  The state probabilities (p, )u.sies are solution of the following fractional
difference—differential Cauchy problem:

Dy py = —Apy(t) + kupy ()

Dypy s =—0+kwpy (@) + kupy ;1) l<s<k-1

Dy py ;= —(+ku)py (1) + kupsy () + Apg(2)

Dip,s=—G+kwp, &) +kpp, @O +Arp, | () n=2, 1<s<k-1 (18)
Dipy = —O+kpp, @) +kpp, (@) +Ap, (1) n>2

o) =1

Pns(0)=0 n>1,1<s <k.

where D) is the Caputo fractional derivative.

Proof. Let us define the probability generating function
400 k

G'(z, 1) =Y Y Ty (), |zl < 1.

n=1 s=lI

Please cite this article as: G. Ascione, N. Leonenko and E. Pirozzi, Fractional Erlang queues, Stochastic Processes and their Applications (2019),
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By multiplying the second equation of (18) by z**!, the third equation of (18) by z¢*!, the
fourth equation of (18) by zX*=D+s+1 the fifth equation of (18) by zF"*! and the summing
all these equations with respect to n and s we have that the state probabilities p, ; solve this
Cauchy problem if and only if G"(z, t) solves the following Cauchy problem:

2Dy GY(z, ) = (1 = DGV (z, )kt — Mz + - -+ 2) = kppg(1)]
G'(z,0)=0.

19)

Denoting with 5”(z, v) and 775 (v) the Laplace transform of G"(z, t) and p;(¢), we know that
G'(z,t) solves the Cauchy problem (19) if and only if its Laplace transform solves:

20°G (2, v) = (1 — )[G"(z, v)kpt — Az + - - - + 2°)) — kpwl ()] (20)

where we used the formula for the Laplace transform of the Caputo derivative given in formula
(17). Now let us observe that:

Pas(0) =P(Q"(1) = (n, $)|Q"(0) = (0, 0)) = P(Q(L,(1)) = (n, 5)| Q(0) = (0, 0))

+00 too 2D
=/P(Q(y) = (n, )| Q(0) == (0, 0)P(L, (1) € dy) = / Pus(WP(L(1) € dy)
0 0
and, analogously:
+00
P = [ POIFL e dy) @2)
0
Thus for the probability generating function we know that
+00
G'(z,1) = / Gl(z, y)P(L,(1) € dy). (23)
0
Let us recall from [32] the following Laplace transform
LIP(L,(t) € dy)l(v) = v''e™" dy, v > 0. (24)
Thus by using Eq. (24) in Eqgs. (22) and (23) we obtain:
+o0 )
75 (v) = / po(v’ e dy,
_ oo V (25)
G"(z,v) = / Gl(z, yv' te ™V dy.
0
Using these two formulas we have that 6”(2, v) solves Eq. (20) if and only if
+00 ;
Zvv/ G'(z, y)e™" dy =
. U (26)
= f (1 =[G @ Y)kp — Az + -+ 2) — kupy(nle ™" dy.
0
From [18] we know that G'(z, t) is solution of the following Cauchy problem:
1
22 (2, 0) = (1 = DG (2, Okt — Az + -+ + 25) — kuph(©)] o
G'(z,0) = 0.

Please cite this article as: G. Ascione, N. Leonenko and E. Pirozzi, Fractional Erlang queues, Stochastic Processes and their Applications (2019),
https://doi.org/10.1016/j.spa.2019.09.012.




8 G. Ascione, N. Leonenko and E. Pirozzi / Stochastic Processes and their Applications xxx (xxxx) xxx

Using such property in (26) we obtain
400 Y 400 aGl , ;
ZU‘}/ GI(Z, y)e—)'v dy — Z'/ Ly)e—yu dy
0 0 ot

which, by using the integration by parts formula, gives us an identity. [J

Let us introduce, as we did for the classical Erlang queue, the queue length process:

k(N"(t)— 1)+ 8"@) N"(t)#0

L= {0 NY(t) =0

and define P, (t) == P(L"(t) = m|L"(0) = 0). By the equality P, (t) = p,‘:k(m)’Sk(m)(t) and
Theorem 3.1, we know that (P (¢))men is solution of the fractional Cauchy problem
DPy = —APy(t) + kuPy(t)
D}P) = —(h +kp)PY(t) + kuP) () + 1Y, cnPy_, (1) n=>1 (28)
Pr0) =8u0 n>0

where ¢; = §; x, which is equivalent to the fractional Cauchy problem (18). Since the solutions
Pr.(t) are defined as probabilities, by using Corollary 2 of [2] and Schur’s test (see [19]) one
can prove the following:

Corollary 3.2. The fractional Cauchy problems (18) and (28) admit unique global solutions
P'(1) = (p) ,(D)nsres and P (t) = (P, (1))men, where p*, P” : [0, +00) — I2.

4. Interpretation of the fractional M/E; /1 queue

By using the result given in Theorem 3.1 we can show what are the main features of a
fractional M/E;/1 queue in terms of interarrival and service times. Let us define:

hy(t) :=P(N"(t) =n|Q"(0) = (0,0)) n > 1
q;(t) =P(S"(t) =5|0"(0) = (0,0)) 1 <s <k.
Note that

k +00
hy) =Y pr gl ®) =" p (1)

s=1 n=1

Let us work with the functions 4,(¢). By summing the equations of (18) with respect to s we
obtain the following fractional Cauchy problem

Dy py = —Apy(t) + kupy (1)

Dyhy = —Ahi(t) + ku(py (1) — py (1) + Apgy ()

DYhY = —Ahi(t) + kp(plyy () = pL (D) + AhY_ (1) n>2
po®) =1

hi(t) =0 n>1

Please cite this article as: G. Ascione, N. Leonenko and E. Pirozzi, Fractional Erlang queues, Stochastic Processes and their Applications (2019),
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that, for v = 1, gives us
D01 = —apb(0) + kupl ()
dr = Py Py

1
LL(t) = =m0 + kp(pl (1) = pL @) + Aph(D)
dh}

Ta(t) = =My () + kp(p) g (8) — py (D) + Ah)_ (1) n =2
po) =1
hlt)=0 n> 1.

Before proceeding, let us give some notation. Let 7 be a random variable with cumulative
distribution function given by

Frt)=1—E,(=At"), t >0, A >0,
where E, is the Mittag-Leffler function (see [21]) defined as

+o00 k

Z
EV,=E—, 0,z €C; 29
@ k:()F(vk+l)U> € @)

we call T a Mittag-Leffler random variable with fractional index v and parameter A and we
denote it by 7"~ ML,(}). In particular let us denote ¥(t) = E,(—Xt"), fr the probability
density function of T and denoting with f its Laplace transform and recalling the Laplace
transform of the Mittag-Leffler function that can be obtained from (35) by posing § = y =1,
we have

1) = .

We are interested in the interarrival times of a v-fractional M /E /1 queue. Following the lines
of [38], let us define the arrival times as the time instants in which a customer enters in the
system, while the interarrival times as the duration of the time intervals between two arrival
times.

Now we can show the following Theorem.

v>0. (30)

Theorem 4.1. The interarrival times of a v-fractional M/ E /1 queue are i.i.d. Mittag-Leffler
random variables with fractional index v and parameter ).

Proof. The independence of the interarrival times of a fractional M/E;/1 queue follows easily
from the definition. Let us show that these interarrival times are Mittag-Leffler distributed.
To do this, let us introduce the process N I(¢) as a modification of N'(¢) such that the state
probabilities

hl(t) =P(N'(t)=n)n >0
are solution of the following Cauchy problem

s (1) = — T8 (1)
~ N

dh[,;:rl (t) — )\'hlln

dh}

2O =0n>0,n#m,m+1

E}L(O) = (Sn,m

Please cite this article as: G. Ascione, N. Leonenko and E. Pirozzi, Fractional Erlang queues, Stochastic Processes and their Applications (2019),
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that is to say that N I(t) is a birth process (1 = 0) that has the same birth rate A as N'(¢), starts
at m and admits m + 1 as absorbing state. In particular the Cauchy problem can be reduced to
a couple of linear ODEs:

dhm (t) = —AhL (1)

L“(t) = A} (1)
hl(0)=1

ITl

f1(0) =

Moreover, since they are probabilities, we have also that h1 )+ hm 4@ =1forany t > 0.
Finally, denotmg with T! the arrival time of the first new customer of the queue Q' starting
from N'(0) = m, we have that h' ma1@) = Fri(0).

Now let us define N”(t) = N! (L,()) and

(1) = PN (1) = %, (1) = P(NY (1) = m + 1).

By definition, N'@) is a process that starts from m and admits m + 1 as absorbent state.
Moreover, denoting with 7" the arrival time of the first new customer in the queue Q" starting

from NV(0) = m, we have that h,”nﬂ(t) = Fyv(t). Indeed, since N'(¢) is a Markov process,

NV(t) is a semi-Markov process and, denoting with 7, the nth jump time, the discrete time
process NV(T,) is a time-homogeneous Markov chain (see, for instance, [14]). For this reason,
TV can be seen as the interarrival time of the queue Q".

Now we have to show that

D'R’ = —AR" (1)
DYRY. | = AR (1)
+1 31)
7,0 =1
11 (0) = 0
The initial conditions are obviously verified. Now let us wo_rk with the first equation. We know
that this equation is verified if and only if, denoting with h the Laplace transform of hm'

v”ﬁfn(v) -’ —Mi (), v > 0. (32)

m

By using the definition of hfn(t) we have that:

h,, (1) = / By, (DP(L, (1) € dy)

0

and thus, taking the Laplace transform

— +oo ;

h (v)=v""! / hl (y)e™" dy.

0
Using this formula, we know that Eq. (32) is verified if and only if
+oo _ ) oo )
v” / hl (e dy —1 = / —)h! (e dy. (33)
0 0

Recalling that E,ln(t) is solution of the following Cauchy problem

s (1) = — T8 (1)
hL0) =1
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we have that Eq. (33) is verified if and only if
+OO~ v +00 dﬁl )
UV/ By (e dy — 1 = / ﬂe_yv dy
0 0 dt

that, by using the integration by parts formula, gives us an identity. In an analogous way, one
can show that the second equation of (31) is verified.

Finally, we only have to solve the fractional Cauchy problem (31). To do this, let us observe
that the first equation is independent from the second one, so we can solve first the Cauchy
problem:

DR’ = —ARY,(1)
R (0) =1
whose solution is Z,"n(t) = E,(—Xt") (see [21]). Finally:

~
v

Fro@)=h" () =1-h"1)=1—E(—="), t >0. O

m

Now let us work with the functions g (¢), in order to obtain some information on the service
times. Summing the equations in (18) with respect to n we have:

Dy py = —Apg(t) + kupy (1)

D/q) = —kpq](t) + kpgy (1) l<s<k-1

Dygy = —kpnq(t) + kpqy (1) — kupy (1) + Apy(t)

po(0) =1

q;(0)=0 1<s<k
that, for v = 1, gives us

D1 = —apb(1) + kupl, ()

YL (1) = —kpg (1) + kg, (1) l<s<k—-1

(1) = —kpug) (1) + kgl () — kppl., (1) + Aphio)

po(0) =1

qﬁ(O):O 1<s<k.

We can use the functions g; exactly in the same way we did with /) to show the following
Theorem.

Theorem 4.2. The interphase times of a v-fractional M/E; /1 queue are i.i.d. Mittag-Leffler
random variables with fractional index v and parameter k.

Let us give some other notation. Let 7 be a random variable with distribution function given
by
k—1 k—1 400 . .
(AJV)n - ) (n+ ()\,Iv)]-H’ .
FT(t)=1—E TE" (—)»t):l—g E(—l)-’ —_—, t >0

ar g n JTOG+m+1) —

we call T a generalized Erlang random variable (as introduced in [28]) with fractional index v,
shape parameter k and rate A and we denote it by T ~ GE, (k, A). In particular T ~ GE, (k, A)
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is sum of k i.i.d. Mittag-Leffler random variable of fractional index v and parameter 1. For this
reason, denoting with fr the probability density function of T and f its Laplace transform,
we have, from (30),
— Ak
V)= —, v>0.
10 = oo

From Theorem 4.2 we easily obtain the following Corollary

Corollary 4.3. The service times of a v-fractional M/E; /1 queue are i.i.d. generalized Erlang
random variables with fractional index v, shape parameter k and rate k.

Proof. Let us simply observe that a service time is sum of k interphase times, which are i.i.d.
Mittag-Leffler random variables of fractional index v and parameter k. [

From Theorems 4.1 and 4.2 and Corollary 4.3 we can conclude that a fractional M/E;/1
queue is a single-channel queue with Mittag-Leffler interarrival times and generalized Erlang
service times in which the service is given through k phases, each one with Mittag-Leffler
distributed service time. In particular for k = 1 we obtain the fractional M/M /1 queue
introduced in [8].

We can also obtain the distribution of a general sojourn time of £'(¢) working with P} ()
as we already did with ¢, (z) and h}(2).

Theorem 4.4. The sojourn time of the queue length process of a v-fractional M/E; /1 queue
in a state n > 0 is a Mittag-Leffler random variable with fractional index v and parameter
A+ kp.

Remark 4.5. The sojourn time of £"(¢) in the state 0 coincides with an interarrival time, so
it is a Mittag-Leffler random variable of fractional index v and parameter A.

From this information on sojourn time, we can also obtain a new information on the mutual
dependence of interarrival times and interphase times.

Corollary 4.6. Interarrival times and interphase times are not independent for v € (0, 1).

Proof. Let us first remark that if two random variables 7 and S are independent, then
Pmin{T, S} >t)=P(T =t,S>1t)=P(T = )P(S > 1).

Let Ts be a sojourn time, T4 an interarrival time and 7p an interphase time. Thus we have
Ts = min{T,, Tp}. However

P(Ts > 1) = E,(—=(A +kw)t”),  P(Tp >1) = Ey(—kut"),  P(Ta>1)=E,(—At")
thus we have that P(Ty > t) = P(Tp > t)P(T4 > ¢) if and only if
Ey(—( +kw)t") = E(—kut")E,(—At")

that is true if and only if A =ku =0or v =1 (see [34]). O
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5. Transient state probabilities

Our aim is now to obtain the transient state probability functions Po o(?) and p; (¢) in a closed
form, with the aid of the three-parameter Mittag-Leffler function E . (see [21]) defined as

+00

Z 'S+ k)z*

s _ _tTre
E} ,(2) = — KT vk + )’

N(y), RWw), R©) >0, zeC (34)

and the Laplace transform formula (see [20])

vé—y
—1 6 v _
Llz" Ev,y(wz @) = m,
y,v,8,w e C, Ny), RWw), RE) >0, vel, |wv| <l (35)

To do this, let us first work with pg ().

Theorem 5.1. Let p((t) be the O state probability of a fractional M/Ey/1 queue Q"(t) and
my (v) its Laplace transform. Then we have

+00 400
P =3¢ o r—‘E "y (Ot k) (36)
m=1 r=0
and
+OO +OO l‘l‘l r ym r
7y (v) = — (37
where
CO — m (m + r(k + l)>)\,r(kﬂ)’71+rk_l
m m4rk+1) m4+rk ’ (38)

8, =m+rk+1), Yo, =V, — D+ 1.

Proof. Let us recall that we already have a closed form for p(l)(t), given by Eq. (5). Moreover,
using this closed form in Eq. (25) we have:

+o0 +0o0

mA (k)" /Mo Frk+D)—1 ,—(Otkp+v”)y
ay — v m—+r +v )}d
o) ZZV!F(m+rk+l)v . ¢ Y

m=1r=0

that, integrating, becomes

‘() § f mA (k)" m 4 r(k 4 1) — 1)! .
Ty (V) = .
’ 1o r'I'm +rk +1) (O + kp 4 vV yntr+D)

Now let us set C?

m,r> mr

and y, . as in (38) and observe that

400 400

ww =7y 3 C,

m=1 r=0 ()‘+kﬂ‘+vv)8m"
Finally, by using Eq. (35) we obtain:

U mr ymr

+00 +00

p=_> Cp, rymr—‘E’"a (=Gt k). O

r=0 m=1
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Remark 5.2. For k = 1 we have that:
CO — m <m + 2r))hrllbm+r—1 ,
" m+2r\m4r
80, =m+2r, Yo, =v(m+2r —1)+1
and then we have

+00

m m+ 2r _ _

p(‘))(t) — Z P <m o ))\ruerr 1tv(m+2r 1)E;n:—(?nr+2r 1)+1( ()\ + /L)t )
r=0

Now, let us change variables, posing m = m + r, so we have

400 400 —
m—+r
p()(t) _ E § m+r< )A’r m—1 vh+r I)ET:F(:nJrr 1)+1( ()L-f‘,bL)l‘v)
r=0 m=r+1

This is the second formula obtained in Remark 4 in [2] for the fractional M /M /1 queue.

Remark 5.3. For v =1 we obtain
Vor =0, =m+rk+1)

and then, with some calculations

+00 400

Po(l‘) = Z Z ['((;nor ) mr =1 g= Ot

m=1 r=0
Let us remark that
CO _ m)»’(ku)”“”k—l(m +r(k + 1) _ 1); _ mkr(klu)m-krk—l
F(80 Y FIlm+rk+ DIm+rk+1)  ril(m+rk+1)

m,r

so that
+oo r m4rk—
TN mA (k)" ! mArk+1)—1 —(Otkp)t
o=y —— e
e r'I'm+rk+1)
that is Eq. (5).

To get p, (¢), it is useful to prove the following Lemma.

Lemma 5.4. For any n € N we have

+00 y ;
/ / p(l)(z)(y _ Z)ne—()»+k#)(>’—z)e—yv dzdy
0 0
(39

+00 400

n!
- Z Z m,r (A + k,bL + Uv)m+r(k+1)+n+1

m=1 r=0

where C, ,‘,)1 -

is defined in (38).

Proof. Let us first notice that:

+00 y ’
/ / pé(z)(y — 2)le” WO = g gy =
0 0

+00 +o00 ; ;
= / / Po()(y — z)te” PHHIVIO=D o=y o 1 (2)dzdy
0 0
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and then we can use Fubini’s theorem to obtain

+00 +00 v v
/ / p(l)(Z)(y _ Z)ne—(k+ku+v )(y—z)e—zv X[o,y](Z)dZdy —
0 0

+00 +o00 ; ;
= / / Po(@)(y — 2)'e” WHhtvDO= =y 1 (2)dydz.
0 0

Now let us set w = y — z to obtain

+00 +00 ) ;
/ f po(@)(y — z)te” PHRHTVIO=D =2y o (2)dydz
0 0

+00 +00 ; )
— / / p(l)(z)wne—()»+kﬂ+v )we—zv X[o,z+w](Z)dde
0 -z
that, since x[0,;+w](2) = X[0,4+00)(W), gives us

+00 —+00
1 _ v oV
/ / po(z)w"e (A+kp+v )we v X[O,z+w](Z)dde _
0 -z

+00 ; +00 ;
— (/ pé(z)efzv dZ) </ wnef()mtkpﬂrv )wdw) )
0 0

By integrating, we have

+0o0 n!
/ wne—()\+k[L+UV)de — —..
0 A+ kp 4 vVt

Moreover, by (25) and (37) we have

+00 400 0
Cm r

oo 1 7Zvvd _ ﬂg(v) _ s
A po(2)e T r; ; O+ ko + vV ym+rGtD

so finally we obtain

+00 Py ,
/ / Po(@)(y — 2)'e” WO ddy
0 0

400 400
0 n!
=2.2.¢ : :
m,r ()\ + kN« + vv)m+l(k+1)+n+1

m=1r=0

Now we are ready to show the following Theorem.

Theorem 5.5. For any (n,s) € 8* let p, (1) = P(Q"(t) = (n,5)|Q"(0) = (0, 0)) and 7, ((v)
be its Laplace transform. Then

+m n,s
ns a"
Prs(® =D AT TE (=0 kiot”)

=0 o
IR n.s pos

+ YD D Bl A T E T (=0 k)
j=0m=1r=0 Jom,r
+00 +00 +00 . s

= DD Gt T E M (= )t
Jj=0 m=1 r=0 m.r
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and
ny‘l),s(v) Ané—na + an n,s
P O T A) o S R Y O +vv>bfmr
+00 +00 +00 ’ vl oyt
- 222 ¢
J.m.,r S
=0 m=1r=0 A+ kp + vv)dmr
where
AT — n+k+kj+j—s 3 () HD5
J n+j
ai’=n—s+G+DE+1) oe;l’s =v@;’ —D+1
_ ns ns 0 ns _ n,s
Bjmr k,lLC bjmr (Smr IBer l)(bjmr H+1 40)
s k,LLC ns+1 s ;ﬁk . SPnr l?s+1 s #k
Jam.r T k,uC n+ll s =k Jomir T 80 +an+11 s =k
Yimr = v(c]m ,— D+ 1L
Proof. From Eq. (21) we easily obtain
+00 )
(V) = v”_I/ p,ll,s(y)e_y” dy, v>0 41)
0

Let us first consider 1 < s < k — 1; by using Eq. (6), we have
400 i i+1)—
) k"+j(ku)k(1+l) s
Ty ) =) — , —
= kG+D) =N '(n+j+1)

+o0
v—1 /yn+k7s+j(k+l)ef()Hrk;LJru”)ydy
0

+oo )\n+j(ku)k(j+1)fs+l
v
;(k(]—‘r D—s)I'n+j+1)

+00 y )
% / / p(l](z)(y — Z)n+k7s+j(k+I)ef()»Jrku)(yfz)efyv“dzdy
0 0
100 )\'I‘lJrj(kllL)k(j‘Fl)*S

- ;(k(j+1)—s—l)!F(n+j+l)v

+00 y )
* / f Pé(Z)(y - Z)n+k_s_l+j(k+l)e_()ﬁ—km(y_z)e_yvudZdy~
0 0

s

Integrating, using Eq. (39) and posing A}, ", o', BJL . b o B oo €y and
Vjm., as in Eq. (40) for s # k we obtain

v—1

v—1

ns ns 7,8 n,s
; +00 ns vvaj —a +00 400 400 o "'bj,m,rfﬂj,m,r
nn’s(v) = E A _ E E E B
=0 A +ku +U”)/ =0 m=1 r=0 ()»-HC +v“)f'"’
n,s n,s
+00 +00 400 chj,m’r—yj,m’r
. cn’
j,m’r Crf,s .

j=0 m=1r=0 (A + kp A+ vvy dmr
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Finally, by using Eq. (35) we obtain

+00

ns g a*
s = Yo A S ko
j=0 !
+00 +00 400 ps
-1 j.m,r
P YDy B o)
j=0m=1r=0 o

+00 +00 400

=22 Cint f’”*’_'E:?;i{‘ir(—(A+ku)t”).

j=0m=1 r=0
Now, for s = k, from Eq. (41) and (7) we obtain
+o0o

+j kj +
T, (V) = Z .)Ln f(ky,).f v""[ ooy"+j(k+l)e—(k+ku+v”)ydy
’ pard kU '(n+j+1) 0

+00

DAL
— (k) T+ j + 1)

+o00 y .
X / / p(l)(z)(y _ z)”+’(k+l)e_(}‘+k“>()'_1)e_yvvdzdy
0 0

+00

)\.n+j+l(k/1,)k(j+l)
- ; kG+D-DIT(ntj+2)"

+oo py )
X / / POy — ) I = Gotkin=2) =30 2 1y,
0 0

v—1

Integrating, using Eq. (39) and posing A", a°, o*, B, ., b} s B s ooy €5y, and
Vim, as in Eq. (40) for s = k we obtain’
n.k n.k
x v
mw=yan
j=0 (A + kp + v f
+00 400 +00 ; e gk +00 400 +00 vvc;f:'liu—y;l"'ﬁ’r
YL 2 F =222 i
j=0 m=1 r=0 ku—l—v”)/m' j=0 m=1r=0 A+ kp + vv)yjmr
Finally, by using Eq. (35) we obtain
100 ok
P =3 Ak g f (=4 k")

Jj=0
+00 +00 400
SY Y mh B o)
j=0m=1r=0 jm,r
+00 400 +00 nk | C@,k
= L2 Chn T E I (G k). O

j=0m=1r=0 Pamer
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6. Some features of the fractional M/E;/1 queue

In this section we want to determine some features of the fractional M/E;/1 queue. In
particular we focus on the mean queue length (measured in phases), the distribution of the
busy period and the distribution of the waiting times.

6.1. Mean queue length

To determine the mean queue length, let us consider the queue length process £'(¢) and
define:
MY (t) =E[L"(1)|L"(0) = 0].

Let us first show the following Theorem

Theorem 6.1. The function M"(t) is solution of the following fractional Cauchy problem:
DM’ = k(h — ) + kuPy (1)
M'0)=0

(42)

Proof. The initial condition follows from the definition of M"(¢).
To obtain the equation, recall that, by definition:

+00
M"(t) = ZnP;(t).
n=1

Thus, let us consider Eq. (28), multiply the second equation by n and then sum over z to obtain

+00 n
D'M"(t) = —(h + kp)M"(t) + kpu Z NP+ 1D D cnPy (o). 43)
n=1 n=1 m=1
Let us observe that
+o0
D nPy ) = MY(1) - Z () = MU(t) + Pyt) — 1 (44)
n=1 =0
and
400 n 400 +00
DD P (=YY nenPr, o).
n=1 m=1 m=1n=m
Now let us set r = n — m to obtain
+0o0 +o00 +0o0 +00
Z Z ney P _, (1) = Z Z(F + m)c, P (1)
m=1n=m m=1 r=0

—ZcerP (t)—i—chmZP ().

m=1

Recalling that ¢,, = §,, 1, we have

~+00
ZcerP (t)—i—chmZP(t)—M(t)—i-k (45)

Using Eqs. (44) and (45) in (43) we obtaln the first equation of (42). O
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By integrating (42), we obtain the following representation of the mean queue length:
k(A — pt”
rv+1)
For k = 1 we obtain the mean queue length of a fractional M /M /1 queue, as stated in Theorem

2.3 of [8]. For v =1 we obtain Eq. (12).
Starting from Eq. (12) we can also obtain a closed form for M"(z).

M (t) = + kuZy Py (46)

Theorem 6.2. Let M"(t) = E[L"(t)|L£"(0) = 0] and denote with MV(U) its Laplace transform.

Then
tY i M 50
M) =k(h — W)——— + k CO prmr=VE"™ (A + k)t 47
() =k =W Fo + ”,;Z:; mr oy (O k)" (47)
and
00 0 V‘SO,r—yr%r

— 1 o
M () = kG = )= + ke co v
v ! Y; ; ’ ()\- + kl,L —|— UV)E}(')n,r

where
Vo =080, + 1 (48)

and C) . and 8), , are defined in (38).

m,r

Proof. From Eq. (21) and the equality P), = pzk(m),Sk(m) we easily obtain that
+00

MY(t) = i M'(MP(L,(t) € dy).

Using (12) we obtain

400 +oo  ry
Mo =k6—w [ L ean i [ [ Pl@dEL.o .
0 0 0

Taking the Laplace transform we obtain

— +0oo v +00 y )
M (v) =k — p)v"~! / ye 'V dy + kpv'! / f Pa(z)e™" dzdy. (49)
0 0 0
For the first integral we easily obtain
+00 K 1
/ ye ' dy = —. (50)
0 vy

For the second one we have

+00 y ; +00 +00 K
/ / Pol(z)e_y” dzdy =/ P&(z)e‘y” dydz
0 0 0 z

1 [t v
= — Pé(z)e_” dz.
0

v\}

61y
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By using Eq. (5) we obtain

400 400

. mkr(kﬂ)m+rk 1 +00 o ;
P zv¥ dz = m+r(k+1)—1 —(A+kpu+v )zd
/ b dz = ZZr‘F(n+rk+ D JC ¢ <

—+00 400 1

Using Egs. (52), (51) and (50) in (49) we obtain

(52)

+00 400

-1
v
M () = kO = )~ LYY mr G ko oy

m=1 r=0

Posing then y,,’{’r as in (48) we obtain
+00 +00

M (v) = k(h — M)—+ku —
;Z& " Ot ka0

Finally, taking the inverse Laplace transform and recalling Eq. (35) we obtain

m r Vm r

P +00 +00
MY(t) = k(A — “)F( +1)+kMZZc° ﬂmr—lE w (—Oct k). O
m=1 r=0

Comparing Eq. (46) with (47) we also obtain some information on the fractional integral of
Py (t). In particular
+00 400 w 50
TPy =Y c,‘;,,t%w—lEv',"y”% —(h+ k).

m=1 r=0

6.2. Distribution of the busy period

Now we are interested in the distribution of the busy period. Following the lines of [38],
let us define the busy period as the duration of the time interval from the instant a customer
enters in the empty system to the instant in which the system becomes empty again for the
first time.

We can obtain the distribution of the busy period for a fractional M/E;/1 queue by
following the lines of [26].

Theorem 6.3. Let B be the du@vtion of the busy period of a fractional M/ E; /1 queue, B"(t)
be its distribution function and B (v) be its Laplace transform. Then we have

+00
v B_1 .68 v
B0y =) CPr" T E) p(—G+ ki)
r=0
and
B'(v) = Z BL
=0 "t k40
where

Cl=kuC), vP=vs, +1 (53)
with C]((),r and 8£,r defined in Egs. (38).
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Proof. Let us consider the process L (t) whose state probabilities
Pty =P(L' (1)) =nlL'©0) = 1)
satisfy the following Cauchy problem:
0 1) = kuPi(0)
1) = — O+ kiyPi() + kuPa)
1Po(t) = —0. + ki Po(t) + kP 1 (1) + 4 Xy enPrn(®) n 22
Po(0) = 8,1 n>0.

The process Zl(t)behaves as L!(¢) except that it starts from k (that is to say when the first
customer entered the queue) instead that from 0 and admits O as absorbing state. In particular,
by construction, 79 (t) = BL(p).

Now let us consider E"(t) = EI(L (#)). As done with the interarrival and the interphase
times, if 7, is the nth jump time of the process L'(t), then L£"(T,) is a time-homogeneous
Markov chain, then, by construction, P”(t) = BY(1).

From the relation between £! and L‘" we have that

+00
Wm=ﬁ B'(WP(L,(t) € dy).

Thus, by using Eq. (13) we have

+00 ,
k)“r(kﬂ)k(r-ﬁ-l) /+oo /) ‘ L
BY(t) = +r(k+1)—1 (A-&-ku)zd P Lv 1) e dvy).

© Zrzor!F(rk+k+1) ¢ ¢ L) € dy)

Taking the Laplace transform we have

+0o r k(r+1) +oo  py
— kA" (k) —1 / / ktr(k+ D=1 —(tki)z ,—yo®
B = A AN " Wee™ " dzdy. 54
(v) E:O Tkt ks D" z e e zdy (54)

Now let us consider the integral and observe that:

+00
/ f k+r(k+1)7lef()LJrku)zefyv”dZdy

+00
— / / k+r(k+1) 1 7(A+ku)ze yv¥ dde (55)
_L [ DL Gkt - 1 _KHrk+ D - D
Y 0 Y (A + k/’L + vv)k+r(k+1)
Using Eq. (55) in Eq. (54) we obtain
B = f kAT (k)R 0k + r(k + 1) — 1! v!
e r'il'rk +k+1) (A 4 kp + vv)ktrktD”

Thus, posing C? and y® as in (53) we obtain

B'(v) = }: c?

r=0

V)

<A+ku+vwﬂ
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Finally, taking the inverse Laplace transform and using Eq. (35), we obtain

+o0
Vi B.yB-1 88 v
B'(t) = Z[; CHmTEY (—Oot k). O

6.3. Distribution of some conditional virtual waiting times

For classical single-channel queues, a method to obtain the waiting time distribution has
been presented in [13]. However, this technique makes an explicit use of the Markov property
of a classical single-channel queue. Our fractional queues are semi-Markov processes, then this
technique cannot be used in our context. However, to give some information on the waiting
times we can introduce some form of conditioning.

Before working with the waiting times, let us introduce a new distribution function that will
be useful in the following. Consider a random variable 7 ~ ML, (1) and fix £y > 0. Observe
that
E,(=A(to +1)")

Ey (=)

The explicit dependence of this probability with respect to fy is due to the lack of semigroup
property that is typical of Mittag-Leffler functions (see, for instance, [34]). This observation
leads us to the definition of a new distribution.

Consider a random variable T such that its distribution function is given by

E,(=A(to +1)")
E,(—At))

P(T <to+tIT 2 tp) =1 —

Frit)=1-—

we call such random variable residual Mittag-Leffler random variable starting from #, with
fractional index v and parameter A and we denote it by T ~ RM L, (ty, A). Denote
(1) = E(—=Mto +1)")

and observe that, by the definition of Mittag-Leffler function given in (29), we have

() = f i(r + 1)
TS Tk+ 1) 0 ‘

Denote with @(v) its Laplace transform and observe that

+00 k
— (—2) i
@ :E—”’Ol"kfkl,t, 0,
(v) 2 F(vk—}—l)e v vk + 1, vty), v >

where I'(z, s) is the analytic extension of the upper incomplete gamma function on C? (see,

for instance, [22,33]). Denote with f7(¢) the probability density function of 7" and observe that
() = 1 do(r)
T T E (=) dr

Denoting with f,(v) its Laplace transform, we obtain
vl too (- )‘.)k

CE(—A) kg; I'(vk + 1)

vk I(vk + 1, vg), v > 0.

frwy=1
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Finally let us also observe that if T ~ RML,(ty, A) for v =1, then T ~ Exp(A). Now we are
ready to determine such waiting times.

Let W, be the virtual waiting time of a customer that enters the system at time ¢ > 0, that
is to say how much time a customer that enters the system at time ¢ > 0 has to spend in the
service (see [38]). Let us define the random set

Al@)={0=s=t: L(s—)w) = L(s)(w)+ 1}

that is the set of the time instants that precede ¢ in which a phase has been completed. Let us
define also the random variable

N =147
which is the number of phase terminated before ¢. Finally, let us define the random variable
sup Ay NP >0
t NY=0

that is the last instant before ¢ in which a phase has been completed. For fixed 7, this variable
6, is a Markov time whose values are always jump times for the process S"(f) except in the
case in which @} = ¢. In particular, since S”(¢) is a semi-Markov process, its semi-regenerative
set contains all the discontinuity points (see [9]) and, in particular, conditionally on 6,” = 1, for
some fy < t, the past and the future of SV(¢) are independent. Hence, besides conditioning on
the queue length, as done in [13], to obtain full information on the waiting times independently
of the full history of the queue, we need to condition also on 6,. Let us define:

w'(&;t, 1y, n)dé =P(W) € d€|O, =1y, L'(t) = n).

Since we have conditioned this probability with £"() = n, we know that a customer has to
wait n independent phases to be terminated, one of which started at time #, and has not been
completed at time ¢. Thus we have

E[W,|6) =to, L'(t) =n] =Y _T;

where T; are n independent random variables. In particular let us denote with 7, the residual
duration of the actual phase (the one that started at fy), while the other T} for 1 < j <n — 1
are the duration of the other n — 1 phases that still have to start. A scheme of such situation
is given in Fig. 1. For 1 < j < n — 1, these are just Mittag-Leffler random variables with
T; ~ ML,(kup), thus, denoting W= Z” 1T we know that W ~ GE,(n — 1, ku). For T,,
we know that the last time a phase has been completed is fy, since we have conditioned the
probability with 6 = fy. Hence the customer that is being served at time ¢ started the actual
phase at time %y, hence the residual duration is given by 7, ~ RML (¢t — ty, ki). Thus we
have, by the independence of the T; for 1 < j < n, that

w"(&;t,t0,n) = fii * fr,(6).

In particular we can obtain the Laplace transform w" (v; ¢, fy, n) of w"(§; ¢, ty, n) as

— (kpy~!
w'(v;t, ty,n) = —————-—
(W0 = Gy
ev(t—to) +00 (_ku)k
1 - Lk + 1,01 — 1)) | -
X[ Eonr — 1) &= Tok+ 1’ L)
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Fig. 1. Sample plot of S(¢), N(t) and L(¢). In blue the time instants #; in which a phase is completed; in red the
time instant ¢ in which the considered customer enters the system. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

For v = 1, we know that 7, ~ Exp(kp) and W ~ E,_;(kw), thus T, + W ~ E,(ku) and we
know that

(k'u)n%-nflefkué
(n—1)!
since the density is independent from #y. Thus we obtain

wl(E;t, to,n) = =w'(&;t,n)

+00
w'E =) Panyw' &1, n)

n=0
that is Eq. (14), that is the one given in [13].
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7. Sample paths simulation

In this section we want to give some algorithm to simulate such queue process. To do this, we
need to show how to simulate a Mittag-Leffler random variable. Let us show two preliminary
simple lemmas.

Lemma 7.1. Let T ~ Exp(A) and 0,(t) be a v-stable subordinator independent of T. Then
o(T) ~ ML,(2)
Proof. Let us just observe that

P(oy(T) > 1) = (T > L\(1))

+00
:/ P(T > y)P(L,(t) € dy)
0

+00

- [ e PBLL(0) € dy)
0

= Ev(_)\tv)

where the last equality is given by the Laplace transform of the density P(L,(t) € dy) of the
inverse v-stable subordinator with respect to y, given in [7]. [

Lemma 7.2. Let 0,(t) be a v-stable subordinator and T be a non-negative random variable
independent of o,. Then

d 1
0,(T) = Tvo,(l)
Proof. Let us just observe that

+00
P(o,(T) > 1) =[ Ploy(y) > DT € dy)
0

+00

=/ P(yvo,(1) > HP(T € dy)
0

= P(Tvo,(1)

where the second equality is given by o, (¢) < I%U,,(l). d

By using these two lemmas it is easy to show that

Corollary 7.3. Let T ~ ML,()), 0,(t) be a v-stable subordinator and S ~ Exp(\)
independent from o,(t). Then T < S %ou(l).

To simulate the behaviour of the queue process QV(r), we will use a modified version of
the Gillespie algorithm (see [15]). This modified version, already introduced in [8], is based
on the fact that if 7,, are the jump times of Q"(¢), then QV(7,) is still a Markov chain with the
same transition probabilities as Q'(7},). Thus we need first to simulate the jump times 7, and
then to define what event will happen in such time. In particular we will follow these steps

Step 1 Fix Q¥(0) and T = 0;

Step 2 Suppose have simulated the queue up to the nth event that happens in time 7,,. If
Q(T,) = (0, 0) simulate a random variable I ~ ML,(}), if Q(T,) € S* simulate a
random variable I ~ M L,(\ + kpu);
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Fig. 2. Sample paths simulation. On the left, a sample path of N(r). On the right, its embedded Markov chain
NV(J,) where J, are the jump times of N'(¢). We set k =2, A=4, u =5 and v =0.75.

01 2 3 4 5 6
|
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Fig. 3. Sample paths simulation. On the left, a sample path of N(¢) for a classical M/E;/1 queue. On the right,
a sample path of N(L,(t)). We set k =2, . =4, u =5 and v =0.75.

Step 3 Obtain the random variable 7.1 = T, + I;
Step 4 If QV(T,) = (0,0), set Q"(T,+1) = (1, k). If QV(T,) € S*, then simulate a uniform
variable U in (0, 1). If U < ﬁ, then set N(T,.1) = N(T,)+1 and S(T,,.1) = S(T,).

A . e . .
IfU > T distinguish three cases:

e if S(T,,) > 1, then set N(T,4+1) = N(T,) and S(T,+1) = S(T,,) — 1 (Recall that
if the customer that is currently being served is not in its last phase, then when a
phase is completed the process S(¢) goes backward of one step);

e if S(T,) =1 and N(T,) > 1, then set S(7,,+1) = k and N(T,,+1) = N(T,) — 1;

e if S(T,) =1 and N(T,)) =1, then set S(T,+1) = N(T,4+1) = 0;

Step 5 To obtain the whole process QV(¢), one has just to set Q"(t) = QV(T,—;) for any
t e [Tnfla Tn)

In Fig. 2 we provide the simulation of a sample path of the process N"(¢) for a fractional
Erlang queue and we show its embedded Markov chain. Another way one can use to simulate
such process, is to first simulate a classical Erlang queue Q(¢), then to simulate an inverse
v-stable subordinator L, (¢) (some numerical approaches to inverse subordinators are described
in [39,40], while some simulation algorithms for the stable subordinator are given in [4])
and finally to combine the two simulated process in Q"(¢f) := Q(L,(t)) (see, for instance,
[31, Example 5.21]). In this way, the fractional Erlang queue is obtained as a dilatation in time
of the classical one, thus we can explicitly see the effect of the inverse v-stable subordinator,
as it is done in Fig. 3. The simulations in Figs. 2 and 3 have been done by using the software
R [36] with the aid of the library stabledist [41]. The functions and the scripts used to
produce such figures are available in the repository [3].
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