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ABSTRACT

Queueing systems with Poisson arrival processes and Hypo-
exponential service time distribution have been widely stud-
ied in literature. Their steady-state analysis relies on the
observation that the infinitesimal generator matrix has a
block-regular structure and, hence, matrix-analytic method
may be applied. Let 7, be the steady-state probability of
observing the k-th stage of service busy and n customers in
the queue, with 1 < k < K, and K the number of stages, and
let wn = (Tn1,...,TnKk). Then, it is well-known that there
exists a rate matrix R such that 7,,+1 = 7, R. In this paper
we give a symbolic expression for such a matrix R. Then,
we exploit this result in order to address the problem of ap-
proximating a M/HYPOk /1 queue by a model with initial
perturbations which yields a product-form stationary distri-
bution. We show that the result on the rate matrix allows us
to specify the approximations for more general models than
those that have been previously considered in literature and
with higher accuracy.

Categories and Subject Descriptors
C.4 PERFORMANCE OF SYSTEMS]: Modeling tech-
niques

General Terms
Performance
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1. INTRODUCTION

The analysis of queueing systems in which customers arrive
according to a Poisson process and are served according to a
general distributed service time (M/G/-) plays a pivotal role
in queueing theory. Under a set of assumptions, several anal-
ysis techniques have been developed for their transient and
steady-state solution. For instance, in [8] a detailed analysis
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of M/G/1 queues is carried on. In this context, matriz ana-
lytic methods [12, 14] exploit the regular structure of the in-
finitesimal generator of the Continuous Time Markov Chain
(CTMC) underlying a class of M/G/1 queues (even with
non-homogeneous arrival processes) in order to efficiently
derive their steady-state probabilities. In this paper, we fo-
cus our attention on queueing systems of type M /HypPOg /1
and M/Ek /1, i.e., whose arrivals occur according to a Pois-
son process, and service times are distributed according to a
Hypo-exponential or Erlang distribution with K exponential
stages of service. Furthermore, we assume uncorrelated ser-
vice times and independence between service times and the
arrival process. This class of queues has a great importance
in queueing theory and is characterised by the property of
having a coefficient of variation of the service time that is
less than 1. In literature, the analysis basically relies on the
application of the Matrix Geometric technique or the appli-
cation of the matrix explicit formula given in [13, 9]. Both
these methods state the solution for the steady-state proba-
bilities in terms of the matrix-blocks which the infinitesimal
generator consists of.

Matrix Geometric has proved to be a powerful method for
analysing many classes of queueing systems with very gen-
eral arrival processes and service time distributions. The
computation of the steady-state probabilities strongly de-
pends on the knowledge of the rate matrix R whose analyt-
ical expression is known only for few cases. In general, ma-
trix R must be computed by applying the iterative scheme
presented in [12] or, for Quasi Birth and Death (QBD) pro-
cesses, the one presented in [10]. The termination criterion
for these iterative schemes depends on the definition of the
desired numerical precision. We briefly review this method
(especially to introduce the notation) in Section 2.1.

Alternatively, in [13, 9] the authors prove an efficient ap-
proach for the computation of matrix R that applies to
queues which exhibit a specific block structure. According
to this result, it suffices to compute the numerical inversion
of an efficiently computable matrix (see Section 2.3 for a
more detailed review).

The main contribution of this paper consists in giving an
analytical expression for the rate matrix R required by the
matrix analytic method applied to M /HYPOk /1 (and, hence
also M/Ek /1) queues. The knowledge of such an analyti-
cal expression is not only interesting from a theoretical point
view, but allows also for a more efficient computation of ma-



trix R (and, hence, of the steady-state probabilities) without
the need of setting a tolerance criterion or without incurring
the possible numerical problems due to a matrix-inversion
operation. Furthermore, we exploit these results to provide
a product-form approximation of M/HYPOk /1 queues in a
similar fashion of [4, 1]. We consider a M/HYPOg /1 queue
feeding an infinite capacity queue in a tandem configuration.
If the M /HYPOK /1 queue has only one stage of service, then
Burke’s theorem can be applied to derive a product-form
solution, because the behaviour of the first queue is inde-
pendent of the state of the second one. However, if the first
queue has more than one stage of service, to the best of
our knowledge, no product-form solutions are known in lit-
erature. In fact, it can be easily shown that M/HypOog /1
queues, K > 1, are neither quasi-reversible nor satisfy the
Reversed Compound Agent Theorem (RCAT) conditions [3,
11] and these may be considered the main results that can
be used to derive the product-form solution of a stochastic
model. It is worthwhile noting that product-form solutions
(even though approximated models) are important because
they allow one to efficiently derive a set of average perfor-
mance indices such as the mean number of customers in a
queue, the mean response time, etc., but also detailed ones
such as the response time distribution. In particular, in [4]
the authors prove a very efficient approach to the computa-
tion of the response time distribution that may be applied
also to the approximations given here. In this paper, we
show that the knowledge of the expression of matrix R al-
lows for the definition of more general approximations than
those proposed in these papers and the non-linear optimiza-
tion approach adopted in [1] is not needed anymore. When
possible, the product-form approximations obtained in this
paper are compared with that obtained in [4] and with the
non-approximated queue.

The paper is structured as follows. Section 2 gives the basic
notions and notations to keep the paper self-contained: Sec-
tion 2.1 introduces the Matrix Geometric approach for the
solution of QBD processes, Section 2.2 shows its applica-
tion to M/HYPOx /1 queues, and Section 2.3 briefly reviews
the explicit matrix-formula for the computation of matrix R
presented in [13, 9]. Section 3 gives the symbolic expression
for matrix R in case of M/HYPOk /1 queues and proves the
correctness of this result. An application to product-form
analysis is presented in Section 4. Finally, Section 5 is de-
voted to some final remarks.

2. THEORETICAL BACKGROUND

In this part we recall the fundamental notions required to
keep this paper self-contained. We briefly present Neuts’
Matrix Geometric method and then we illustrate its stan-
dard application to M/HYPOk /1 queues. In Section 2.3 we
illustrate the (probably overlooked) result stated in [13] as
clearly presented in [9)].

2.1 Neuts’ Matrix Geometric method

Matrix Geometric [12, 14] is an analysis technique that al-
lows the efficient computation of the steady-state solution
of structured Markov chains. In this paper we refer to the
case of CTMCs whose infinitesimal generators Q are infinite
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block tridiagonal matrices with the following structure:

Bow Bn 0 0 0 O
Bio A1 Az O 0 0
0 Ay Ay A, 0 O
Q= 0 0 Ay A1 Ay O , (1)
where:

Ao, A1, As are square matrices with the same dimen-
sion «,

e By is a square matrix with dimension g,

Bio is a a X § matrix,

Bo:1 is a f X « matrix.

Let 7 be the stationary distribution (assuming it exists) of
the CTMC, i.e., #Q = 0 with the normalising condition
71" =1, where 1 = (1,1,1,...). According to the struc-
ture of Q, we consider w = (wo, w1, 72,...) where o =
(701, ..., 7o) has dimension 3, while 7, = (mp1,...,Tna),
n > 0, has dimension a. Vector w may be iteratively com-
puted with the following scheme:

Tnt+1 — 7TnR n > 17 (2)
and 7o and 7, are defined as the solutions of:
Boo Bo: .
(o, 71) < By A:+RA, ) =(0,0), (3)
under the normalizing constraint:
mol +m(I-R)"17 =1, (4)

where I is the identity matrix. In these expressions, matrix
R plays a pivotal role and it must be the solution of the
following equation:

Ay +RA; +R?A( =0, (5)

with spectral radius strictly less than 1. The numerical com-
putation of R is an interesting problem which has been ad-
dressed by Neuts is his seminal work with the definition of
an iterative scheme which has been proved to converge to
the correct solution. This is straightforwardly derived from
Equation (5). Let R, be the matrix at the s-th iteration
step, with Ry = 0, then:

Rip1) = —A2AT" —R{,)A0AT", s>0. (6)

Neuts’ scheme terminates when two successive iterations are
close enough with respect to a given tolerance criterion. A
faster iterative approach for the computation of R in case of
QBD processes is described in [10]. However, finding explicit
(symbolic) expressions for matrix R is often an important
topic of research. Indeed, in general, the explicit computa-
tion of R is more efficient than the iterative schemes and
does not suffer from numerical stability problems. Further-
more, the expression for R provides a deeper view on the
relations among the steady-state probabilities of the consid-
ered model.



2.2 Matrix Geometric applied to M/Hypo/1

queues
In this section we apply the Matrix Geometric method to
compute the steady-state solution of M/HYPOk /1 queues.
Although an explicit matriz formula which allows the ef-
ficient solution of this class of Markovian queues is avail-
able [13, 9], Matrix Geometric approach seems to be the
favourite choice of many authors (see [6, 15] as an exam-
ple). This is probably due to the fact that this approach is
very versatile and can be easily applied to the case of phase-
type distributed inter-arrival times. In M /HYPOk /1 queue,
stochastically identical customers arrive from the outside ac-
cording to a homogeneous Poisson process with rate A. At
the arrival epoch the service starts immediately if the sta-
tion is empty, or the customer waits in the queue according
to First Come First Served policy, otherwise. We assume a
hypo-exponential service time distribution with K exponen-
tial stages, independent of the arrival process and uncorre-
lated (see [8] for a review of the properties of this random
variable applied to queueing systems). Each stage of service
has rate pg, with 1 < k < K (see Figure 1). The stability
condition of such a queue is well-known:

>y L (7)

=1 H¥

>

Hereafter, we consider stable systems. If u; = p2 = ... =

Figure 1: CTMC of a M/HYPOk/1 queue with K
exponential stages.

pur = p then the service time distribution is modelled by
an Erlang random variable with K stages and rate u/K,
i.e., the system becomes a M/Ex /1. It is well-know that
this class of queueing systems has an underlying QBD pro-
cess [14] that may be conveniently studied by the Matrix
Geometric technique described in Section 2.1. Specifically,
the structures of the matrices are the following (consult Fig-
ure 1):

Boo = —\
(Bo1)1j = [ = 1], 1<j<K
(B1o)i1 = ([t = K|uk), 1<i<K

(A =—li=4lA+p) + =i+ p, 1<6,j<K
(Ao)iy = [i = K][j = 1]px, 1<i,j<K
(A2)i; = [i = jIA, 1<i,j <K

where (M);; denotes the element in row ¢ and column j
of matrix M and the square brackets denote the Iverson
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operator [5] applied to proposition P:

[P]_{1 if P

(Iverson brackets)
0 else.

For the M/Ek /1 queue, closed expression of the inverse of
A is available, hence the iterative method for the compu-
tation of Neuts’ matrix R may be simplified. The cases of
queues with initial perturbations (e.g., with state-dependent
arrival rates that yield a non-homogeneous Poisson process
when the queue is in its initial states) differ only for the
definition of matrices Bo1, B1o, Boo.

2.3 Direct computation of matrix R

Queueing theorists have traditionally directed many efforts
in the analysis of M/HYPOk /1 queues. A great improve-
ment in the analysis methods of this class of queues is given
in [13], where an explicit matrix-formula for the computa-
tion of matrix R is given. In this section we briefly review
this result as stated in [9, Th. 8.5.1]. Let us consider a
recurrent QBD process with the block-regular structure (1)
and suppose that block Ay has rank 1. We can express
Ay as the product of (row) vectors ¢ and r: Ay = c'r.
For M/HYPOk /1 queues we have ¢ = (0,...,0,ux) and
r = (1,0,...,0) (both vectors have size K). In this case,
matrix R is given by:

R=—As(A; +As1'r)" " (8)

REMARK 1. Note that in [9, Th. 8.5.1] the authors con-
sider discrete-time QBD processes, whereas we consider con-
tinuous-time ones. Moreover, the theorem provides a char-
acterization of the G matriz from which equation (8) can be
easily derived.

3. SYMBOLIC SOLUTION OF M/HYPO/1
QUEUES

In this section we define matrix R and prove that it is exactly
the matrix obtained by the iterative algorithm based on re-
cursive Equation (6) and that given by matrix-equation (8).

Definition 1 gives the symbolic expression for matrix R. Ta-
ble 1 provides some example of matrices obtained by the
application of such a definition.

DEFINITION 1. Let R = (r4;), 1 < 4,5 < K, be the matriz
defined as follows:

i—1
A A

Tij = — || (1-&-*)
K Ziia Mk

ﬁ <1+£>—[i>j]

k=max{i,j+1}

Table 1 shows the structure of matrix R for K = 2,3,4.
In what follows, we prove that matrix R yields a set of
important properties. Specifically, Lemma 1 introduces the
expression for the inverse of matrix R, and from this its



Table 1: Examples of matrix R for M/HYPOx /1 queues.

o K =2
AAtpuz) X
R=( = ® )
K12 K2
e K =3
AAtp2)(Atpz) AA+pz) A
, Hik2ps 23 w3
R = A*(A+p2+ps) AA+ps) X (10)
M1 23 K213 M3
A2(AFpu2) 2?2 A
H1K2H3 K23 K3
o K =14

AA+p2)Atpz)(Atpa)

AA+pz)A+pa) AQ+pa) X

B2 3 R 43 p3fia i
AP HNZ (o +pugtpa) +N(popstuzpatuops))  AA4ps)Atpa)  AQA+usa) A

R = 11 2 43 , 23 Hafia i (11)
AAtp2)Atpz+pa) A (A Hpstpg) AAtpa) X
[ 2103 2Hs4 papa Ha
A2 (Atp2) Atus) A2 (A+p3) A2 A
H1H2M3 4 M2 13 g M3 14 Ha

determinant may be easily derived as done in Corollary 1.
The former Lemma, although interesting in itself, plays a
pivotal role in the proof of the main result of the paper,
Theorem 1 (and also Theorem 2).

LemMa 1 (INVERSE OF R). Matrit R~ =
1 <i,j5 < K, which is defined as:

=i(+5) =i+t

(gij), where

qij=—[F=1+[

is the inverse of R.
ProoF. First, we prove that:

A ([i = J] +r1y —745) - (12)

3

The expression of 71

K i—1
oo B 0e2) 2 5 02)

I k=it HE Hi w2
K
A L
H (1 + —) —[i>7]
k=max{i,j+1} He
i—1
A A
== 1] (1+—) [i > j].
K h=jt1 1223

The left-hand-side of Equation (12) can be written as fol-

lows:
2 0GR e

T k=j+1 k=i

— 735 in the right-hand-side is:

Tij T (i+1)]

f 1 (Hf i<l z>j]f((1+%)[j<i]+[j2ﬂ>

k=j+1

)
(L b))y
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By the properties of Iverson brackets, this reduces to:

/;\jkilj[-;(1+‘:\’“){[i>ﬂ(zﬁ<l+:’“)l
_<1+;)kﬁ1<1+;>+(1+;>>Hi:ﬂ}

:;kii(r+;><iﬁ>ﬂ+ﬁ=ﬂ>

After some algebra, we obtain:

i—1

o G |

AN .

(142 ) >+ 1=
i\ Mg k=jt1 Hk

A

T

as required to prove Equation (12). In order to conclude the

proof of the Lemma, we show that R™'R=I, where T is the

identity matrix. Let (R™'R);;, with 1 < 4,j < K, denote

the 4, j element of R™!R, then we have:

—([i = jl + 715 — 74ij),

K
R7R)y; = D qury
=1
K s
= Y {-w=1+li=4 (1+7)
=1
) i
=i+ 1]T}T£j
i Hi
= -7+ (1 + j) Tij = N T4
i L
= rig =i+ (rg =) = =]
[
From R™! we may easily derive the determinant of R as

proved by the following corollary:



COROLLARY 1
of R is:

(DETERMINANT OF R).
K
A
det(R —
=115

PROOF. We proceed by finding the determinant of R™*,
which has a simpler form than R. Its inverse will then pro-
vide us with the determinant of R.

Let B = (b;;) be the matrix defined as b;; = [i < j]. This is
an upper triangular matrix with determinant 1. Then,

(RilB)ij = qu[(ﬁj]
= b2+ (1+E) i <i-Eiv1<)
= 1+ (1) <= -i=4)
= —1+li<i+Bli=i=t.

Note that matrix T = (¢;;) is a lower triangular matrix with
ith diagonal element given by u;/A. The determinant of T’
is thus simply given by

KM'
=115

i=1

det(T) = det(R™'B) = det(R
The result follows as

det(R) = det(R™") ™" = det(T

Hi

zl'uz
U

The following theorem is fundamental because it shows that
matrix R given by Definition 1 coincides with that obtained
by the iterative computation (6) and by Equation (8). Its
proof relies on showing that matrix R given by Lemma 1 is
identical to the expression in Equation (8).

THEOREM 1. The matriz R from Definition 1 is the rate
matriz for M/HYPOK /1 queues.

PROOF. The result follows from [9, Th. 8.5.1] by showing
that Equation (8) holds when R is defined as in Definition 1.
For simplicity, however, we will equivalently show that R™1,
i.e., the inverse of R from Lemma 1, satisfies

R'=—(A; + A1 r)A;"
This can be straightforwardly seen by writing it in terms of
the Iverson bracket notation. Indeed,

R ([ = 31N + i)

—lj=i+1]

y\»—‘

pi = A =1]) = qi; -
O

170

The determinant

Additionally, in appendix we provide an alternative and self-
contained proof showing that the expression of R given by
Definition 1 satisfies Equation (5) and is that with spectral
radius strictly lower than 1.

4. APPLICATION TO PRODUCT-FORM

In this section, we apply the results on M /HYPOk /1 queues
to carry out an approximate product-form analysis. It is
well-known that M/HYPOgk /1 queues are not quasi-reversible
[7] when K > 1 and, hence, an exact product-form solution
is not known in literature. However, as observed in [4], we
may consider a modified version of M/HYPOk /1 queues that
yields the quasi-reversibility property. In [4] the authors con-
sider a tandem of a M/E3/1 queue with a -/M/1 queue (see
Figure 2) and show that providing a product-form approxi-
mation of such a system allows for the derivation of both av-
erage and detailed performance indices (specifically, the pa-
per presents an efficient novel technique for the computation
of the response time distribution). In this example we show

Two stages Exponential
Erlang service time service time
distribution distribution
Arrival )
rrivals
QUEUE 1 QUEUE 2

Figure 2: Tandem of a queue with Erlang service
time distribution (Queue 1) and a queue with expo-
nential service time distribution (Queue 2).

how it is possible to extend the product-form approximation
approach of [4] to queues with Hypo-exponential service time
distributions with arbitrary number of stages. Consider the
underlying stochastic process of a M/HYPOk/1 queue as
depicted by Figure 3 in which the dotted arcs represent the
perturbations introduced to obtain a product-form model
from the original one. The goal of the analysis consists in
finding the correct rates of A1, ..., Ak (where K is the num-
ber of stages of the hypo-exponential queue), v, pi1, ...,
w1k, o and oo in order to have that the reversed rates of
the transitions corresponding to customer departures (those
with rates ux) are independent of the departure/arriving
state (i.e., they are constant). Let d be this reversed rate.
The model depicted by Figure 3 satisfies the structural and
rate conditions of the Reversed Compound Agent Theorem
(RCAT) [3] and, hence, its composition with other models
yielding the same properties has product-form stationary
distribution.

REMARK 2. Note that, according to the methodology de-
veloped in [4] the arrival events at Queue 2 are synchronised
with the transitions with rate py and with the self-loops with
rate o. In this paper we have also added a self-loop in state 0
with rate oo and this implies that this state has two incoming
transitions which synchronise with the arrivals at the second
queue. It has been proved in [11] that in this cases the sum
of the reversed rates coming into state 0 must be equal to d.



Figure 3: Perturbations on M/HYPOk /1 queues in
order to yield product-form conditions stated by
RCAT.

Let us consider the general problem of finding the conditions
on the free rates A1, ..., Ak, v, i1, ..., ik in order
to have a state-independent reversed rate for the departure
transitions. By [7, 3|, the reversed rate of the departure
transition from state (n + 1, K) to state (n, 1) is:

K, TI,>0,

= T(n+1)K
d(n) = ;:71/1

where mp1 = mo. We require that:

din)=d forall n>0 A d(0)+o0=d. (13)

By Theorem 2 we have w,+1 = w,R and, since R is non-
singular we straightforwardly have m,, = 7'rn+1R71. Hence:

T(n+1)K
T+ 5 — Zfﬂ T(n+1);5
ag(n+1)
% _z:;K:QO‘J'(TL‘~‘1)7

where a;(n) = mp;/mn1. A sufficient condition for Equa-
tion (13) to hold is that for all n > 0:

E:,U/K

= UK n>0, (14)

a;(n) = a;. (15)

Therefore, we can write:

s = i _ TTenG-n 5+ Terns (L+ %)
j= T

K
Tn1 7T(n+l)1L>\1 - 21':2 T(n+1)i

for n > 0 and j > 1. Dividing both numerator and denomi-
nator by m(,41),1, after some algebra we obtain the following
system of equations on «;:

05121

Aol + oy <)\ Z%l o+ py — ,ul) (16)
]
—ojo1pi—1 =0, 2<j<K.
This system of quadratic equations can be easily solved nu-
merically as stated by Lemma 2 or, in case of few stages
(and, hence, unknowns), even symbolically via the compu-
tation of the Grébner basis [2].
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LEMMA 2. Let to = p1 — minj—1.. g ii and consider the
following single-variate function

K 1
ﬂg:-um}jfh:%%ig. (17)

i=1j=2

The following propositions hold:

1. f(¢) is continuous and monotonically decreasing in the
interval (to, +00);

2. f(t) has a unique zero t* in the same interval;

3. the unique feasible solution of System (16), i.e., such
that a;j > 0 for all 5 = 1...K, can be computed
through the recursive formula:

Hj—1

i1 <7<
aj = {O‘J L g — 2<j< K, (18)

ProOF. We start by proving the first proposition. Func-
tion f(t) is trivially continuous in (to,+00) since all discon-
tinuities are located at values of ¢ < to. Moreover, it is
monotonically decreasing because

i

K i
1 Hji—1
1+)‘22t+w_u1 HH-MJJ'—M <0

i=1 (=2 j=2

= -

for t > tg.

The second proposition follows from the observation that
limtﬂtg f(t) = 400 and lim¢— 4o f(t) = —00. Indeed, this
fact combined with the first proposition implies the existence
of a unique zero t* in the interval (o, +00).

Finally, we prove the third proposition. Let us write:

K
t=A) . (19)
i=1

By considering this relation, we can derive from System (16)
the following recursive formula for the a’s:
sl 2L <
aj = R = TE— 2 Sjs K, (20)
1 j=1.

By unfolding the recursion we obtain

J
Hi—1
o = —_—
! }:[2 t+ s —pa
and by substituting this into (19) we end up with the fol-
lowing equation in ¢:

K i
Mi-n
7t+)\znm70.

i=1j=2

Note that f(t) in (17) is the left-hand side of this equation
and that any zero 7 of it allows us to recover a solution of
System (16) by applying (20) (with ¢ replaced by 7). How-
ever, in order to have a feasible solution, i.e., which guaran-
tees to have positive a’s, a necessary and sufficient condition
for the zero is to lie in the interval (to, +00). The proof now
follows from the first and second propositions. []



REMARK 3. Notice that the desirable properties of func-
tion f(t) proved in Lemma 2 allow for an efficient numerical
computation of the solution of System (16). For instance,
one may employ section search algorithms over the interval
(to, +00) with a convergence guarantee to the correct solu-
tion.

Note that, once the values of a1, ..., ax are known, one
may easily compute the reversed rate d by Equation (14):

Ak LK
— %
Hr =AYy

We may also express the steady-state probabilities for n > 2
as stated by the following Lemma.

d= (21)

LEMMA 3. The steady-state probabilities for the perturbed
M/HYPOK /1 queue satisfying Condition (15) -and, hence,
also Condition (14)- for n > 2 are given by the following
expression:

n—1
T, « A s
nk =0k | — =g 11
M1 — Aijz Qj

Proor. We proceed by induction on n considering as the
base case n = 1. We have:

Tk = QET11.

Note that ax(1l) = mix/m11 and by hypothesis ax(l) = ay.
Let us consider n > 1, we can write:

Tnk Tnl TnK T(n—1)1

Tk = —— Tn—1)K
Tnl TnK T(n—1)1 T(n—1)K
Qg d
= T(n-1)K
A OK UK

Now, by applying the inductive hypotheses, we obtain:

— n—2
™ a  d o A T
nk = —— K 11
K OK UK 1 — )\Zfzz o

n—1
« A s
= Ok e — 11
M1 — )\ZJK:Q @ 7

as required. [J

In order to find the correct parametrisation of the model,
i.e., a set of values for A1, ..., Ak, p11, ..., p1x and v that
satisfies Condition (13), we must solve the system of equa-
tions (3) under its normalising constraint combined with the
equations 71, = agmi for k =2,..., K. Note that the num-
ber of parameters allows one to choose among different ap-
proximated models. In order to satisfy RCAT conditions we
must have 0 = d and o9 = d — UK 1K /o since the reversed
rate of a self-loop is identical to its forward rate [3].

4.1 A numerical example

We consider a queue under homogeneous arrivals generated
according to a Poisson process and independent service time
distributed according to a hypo-exponential random vari-
able with 5 stages (numerical values are given in Table 2).
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Parameter | Value

A 0.33333
I 2.0000
142 2.5000
143 1.0000
o 6.0000
145 3.0000

Table 2: Numerical instances of the queue parame-
ters studies in Section 4.1.

System of polynomial equations (16) can be easily solved nu-
merically, e.g., by applying the result in Lemma 2. Figure
4 shows the plot of function f(¢) for this numerical exam-
ple. As one can see there is a zero after the last asymptote,
which is indeed unique as stated by the lemma. From this

Plotting of function f(¢) for the numerical example with K =5

20 — ———
f(®)

Figure 4: Plotting of function f(¢) as defined by
Equation (17) for the numerical example of Section
4.1.

we obtain the unique feasible solution shown in Table 3.

Parameter | Value
o 1.0000
[e%) 0.84624
a3 2.4503
[e 7 0.41791
as 0.87569

Table 3: Numerical solution of System (16) for the
example of Section 4.1.

We can now compute the reversed rate d by Equation (14),
which turns out to be 1.86339. Now, we find the definition
of the initial perturbation. We set Ao = ... = Ax = v = 0.
We also add as a constraint mo = 1—A(uy " +...+puz ), ie.,
in the modified model satisfying RCAT, the probability of
observing the empty queue must not be changed. Therefore,
by solving linear system (3) -combined with the normalizing
condition- we obtain the set of parameters of Table 4, and
the steady-state probabilities 71 of Table 5.

Figure 5 shows a comparison between the steady-state prob-



Parameter | Value
L1 41571
12 4.5791
13 1.2481
M4 6.9847
A1 0.54643
oo 1.3170

Table 4: Parameters of the product-form model.

Component | Stationary probability
T 0.041600

T12 0.035204

T3 0.10193

T14 0.017385

Ti5 0.036428

Table 5: Steady-state probabilities 71 of the modi-
fied model.

ability of observing j customers (m; = > r_, Tk, j > 0) in
the M/HYPOk /1 queue and its product-form approxima-
tion. As one can see the product-form model obtained by
applying the described approximation technique is very tight
to the corresponding non-approximated M/HYPOx /1 queue
in terms of the distribution of the total number of customers.

Aggregated steady-state probabilities of the queue
0.25 T T T T

Elxact I

Approximated ----------

0.2
0.15 F
t':\\

0.1 F

0.05 F

1 2 3 4 5 6 7 8 9 10

Number of customers j

Figure 5: Comparison between the aggregated (for
total number of customers) steady-state probabili-
ties of the M/HYPOx /1 queue and its product-form
approximation.

4.2 Application to the case of x = 2 stages
In our framework the case of K = 2 stages becomes trivial
because the system of polynomial equations (16) reduces to
one quadratic equation:

A + oA+ p2 — p1) — p1 =0
whose unique positive solution is:

(A4 p2 — 1) + VA
2\ ’

Q2 =
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where A = (A4 p2 — p1)? + 4 1. We may also derive the
expression for the reversed rate of the departure transitions
by applying Equation (21), that is:

EZ%()\—F/M—Mz-ﬁ-\/Z).

Notice that the result is coherent with that provided in [4]
under the assumption p; = pu2 = p . Nevertheless, we can
consider this result as a generalisation of the approximation
presented in [4] because it holds even if pz # w1 (notice
also that our approach does not require the solution of a
third degree equation as in the previous one). Also in this
case we aim to solve the boundary equation for the initial
states in order to find a correct parametrisation of the initial
perturbation. We impose the constraint that the steady-
state probability of the empty queue in the original and in
the approximated model must be the same, and this gives
the following solution:

Apr + p2)( A — pr — p2 + \/Z)
2(A (1 + p2) — pap2)
w1 = A4 p2)as
H1 (>\(2u1 + p2) + po (—,u1 + p2 — \/Z))
2(A(p1 + p2) — pape)

T = 1—2AX <i + i)
p e
()\ —p1— p2+ \/Z)
dprpiz(N(pa + p2) — pape)
~(/\—M1+,U«2+\/E)

A — 1 — p2 + VA
2u2(M(p1 + p2) — pip2)

A=

gy =

m = moA(p1 + p2)

m2 = moA(p1 + p2)

Figure 6, 7, 8 show a comparison among the aggregate steady-
state probabilities (i.e., the probability of observing n cus-
tomers in the queue despite to the stage of service) in the
original model, in the approximation proposed in this paper,
and in that proposed in [4] under different scenarios. The
figures suggest that the perturbation method proposed here
for M/HYPOK /1 queues provides a tighter approximation
than the previous one presented in [4].

4.3 Final considerations
It should be clear that the symbolical derivation of the product-
form approximation may result computational expensive as
the number of stages of service (and, hence, the model pa-
rameters) grows. We have experimented that the case of
M/FE3/1 queue is still fully tractable symbolically. For this
case System (16) becomes:

a1 = 1
Ao + AMor +az)as —p=0
a3 + Mg + a2)as — agp =0
On the other hand, a fully numerical approach results very

efficient. It is worthwhile noting that the method we pre-
sented allows the modeller to specify the values only for some

'In [4] the authors derive the expression for k = m12/m =

(A4 (A2 +4Xp) %) /(2p). Note that su is the reversed rate
of the job-completion transition.
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Figure 6: Comparison of aggregated steady-state
probabilities of the M/FE>/1 queue with its product-
form approximations. Parameters are A = 0.3 and

w=2.

of the queue parameters and then derive the approximations.
This may be useful in case of sensitivity analysis.

5. CONCLUSION

In this paper we have given the symbolic expression for ma-
trix R which plays a pivotal role in matrix-analytic methods
for the analysis of M/HYPOk /1 queues. In literature, the
analysis of this class of queueing systems relies on the appli-
cation of the Matrix Geometric method with the opportune
iterative algorithm [12, 10, 15] or on a matrix inversion as
proposed in [13, 9]. Although both these methods are effi-
cient and present good numerical properties, the explicit ex-
pression for rate matrix R may be useful in proofs in which
the symbolic expression for steady-state probabilities are re-
quired. As an example we have shown how this theoretical
result may be applied to the definition of product-form ap-
proximations of M/HYPOk /1 queues. Specifically, we have
generalised the results proposed in [4, 1] and shown how the
exact solution for the parameter values may be efficiently
derived without the need of non-linear optimisation tech-
niques.
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APPENDIX

In this part we show an alternative proof of Thorem 1 that
relies on the analysis of a M/HYPOk /1 queue with homo-
geneous arrival process.
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THEOREM 2. The steady-state probability distribution of
a stable M/HYPOK /1 queue is:

71'0:1—2521%
mk =m0 T2 s (1+A) k=1,...,K, (22

Hz
Tnt+1 = ﬂ-nR> n>1

where R is the matriz given by Definition 1.

PRrROOF. The proof is structured as follows: first, we derive
the vector of the un-normalised steady-state probabilities 7’
assuming 7, = 1 by solving the system of GBEs. Then, we
compute the normalising constant.

Let us prove that matrix R is a solution of Equation (5).
This implies that the GBEs for states (n, k) with n > 1 and
1 < k < K are satisfied. Since matrix R has an inverse
by Lemma 1, Equation (5) can be conveniently rewritten as
follows:

R71A2 + A1 +RAg = 0, (23)

where matrices A;, i = 0,1,2, have been defined in Sec-
tion 2.2. We observe that R"'As = AR ™! and that the
elements of matrix RAg are:

(RA0)ij = [J = Urinpn = [j = 1]A.

Hence, element z;; of the matrix defined by the left-hand
side of Equation (23) is:
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2 o= AM-l=14+]i= j}(l—l—%)—[j:i—&-l}%)
=714 pw)+ G =i+ + [ = 1A
= —[=UA+[i=4A+p) [ =i+ 1w
~[i =)+ )+ [ =i+ L+ [ = 1A =0,

The GBEs for states 0 and (1,k) with 1 < k < K can be
written as in Equation (3) and we assume m) = 1. It is easy
to prove that:

(A1 +RA0)i; = [ =1UA=[i =jl(A+ ) + [j =i+ 1pa,

which leads to the following system of equations:

A+ Tigpr =0

—p1T A (EJ 27r1]) +A=0

Mk =1y — (A + k) 71y, = 0 2<k<K.
(24)

The first equation of System (24) straightforwardly gives

T x = A pk. The last K — 1 ones can be recursively solved

obtaining the following expression for 7y:

K

A A

me=— ] (1+—). (25)
L Hz

The last step consists in showing that the expression for
71, given by Equation (25) satisfies the second equation of
System (24) that can be simplified to:

K
A
1+z H( 2) =T (1+2).
2=k+1 2=2 Hz
We proceed by induction on K. The base case, given for

K =1, is trivial. Let us assume K =t + 1, with ¢ > 1. The
left-hand side can be rewritten as:

t+1 A
o T1 () i

(o) e 1 (-]

I ) =110+ )
=(1+ 1+ =) = 1+,

where the inductive hypothesis has been applied. [

Note that as a consequence of Theorem 2 we know that ma-
trix R has spectral radius strictly less than one (under sta-
bility assumption) and this implies that it is also the unique
desired solution of matrix-equation (5) and, hence, Theo-
rem 1 is proved.





