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Abstract. We consider a multi-class, multi-server queueing system with preemptive priorities. We distin-
guish two groups of priority classes that consist of multiple customer types, each having their own arrival
and service rate. We assume Poisson arrival processes and exponentially distributed service times. We derive
an exact method to estimate the steady state probabilities. Because we need iterations to calculate the steady
state probabilities, the only error arises from choosing a finite number of matrix iterations. Based on these
probabilities, we can derive approximations for a wide range of relevant performance characteristics, such
as the moments of the number of customers of a certain type in the system en the expected postponement
time for each customer class. We illustrate our method with some numerical examples. Numerical results
show that in most cases we need only a moderate number of matrix iterations (~20) to obtain an error less
than 1% when estimating key performance characteristics.
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1. Introduction

1.1. Model

In this paper, we consider a multi-class M/M/k queue with two priority groups, high and
low. That is, each priority group may consist of multiple customer types, each having
their own arrival and service rate. Within each priority group, customers are served on
a first come, first serve (FCFS) basis. If all servers are occupied upon arrival of a high
priority customer, a low priority customer in service can be interrupted to free service
capacity for the high priority customer. That is, we assume preemptive priorities. If
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multiple low priority customers are in service, a customer is selected for postponement
randomly. Postponed low priority customers have priority over non-postponed waiting
customers of the same priority class. Because of the memoryless property of the expo-
nential distribution, it does not make a difference whether postponed jobs are resumed
from the moment of interruption or whether they are restarted completely. If one of
the postponed customers can re-enter service due to service completion of one of the
customers in service, then the choice of that customer is also made randomly from the
available customers. This rule allows us to work with the number of postponed customers
of each low priority type in the state space, neglecting the sequence of postponement.
Other disciplines for the postponed customers, such as FCFS, are possible at the expense
of a larger state space.

We present a method to solve the steady state equations exactly. Because we
know all state probabilities, we are able to evaluate a wide range of performance
characteristics per customer type, such as the moments of the number of customers
waiting and in the system, the waiting probability and the mean number of low pri-
ority customers whose service is interrupted. So our analysis facilitates the computa-
tion of advanced performance measures beyond standard measures as the mean queue
length.

Note that our model covers the M /H, /k priority queue with no customer subclasses
per priority group. In this case, we represent each priority group class with hyperexpo-
nential (H, ) service times by x customer subclasses with exponential service times and
we use the performance estimators for the total number of customers of each priority
group in the system. We will focus on the multi-class model in this paper, because we are
interested in performance measures per customer type rather than aggregate performance
measures per priority group.

1.2. Motivation

Multi-server priority queueing systems arise in various applications, such as production,
computer and telecommunication systems and call centers. We encountered this model
during our research on spare parts logistics for repairable items [13,14]. In such situations
we aim to minimize holding costs for spare parts stocks given fixed system availability,
or to maximize system availability given a fixed budget for spare parts. The queueing
models are necessary to model repair facilities.

A repair shop in spare part networks is generally able to handle multiple items
and it can use priority setting in its control. Here, we classify priorities statically as
either high priority or low priority items. Each item has its own arrival rate and service
time distribution. As a consequence, we need to model a repair shop by a (multi-server)
priority queueing system with two priority classes, where each class consists of multiple
subclasses (item types). An algorithm to determine performance characteristics of such
multi-server, multi-class priority queueing systems is not available in the literature as
far as we know.
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1.3. Literature

There is quite some literature on multi-server priority queueing systems, see e.g. both for
preemptive priorities [4,10,11] and for nonpreemptive priorities [3,6-8,10,18,19,20].

Regarding non-preemptive priority queues, Wagner [18-20] analyzes multi-server
nonpreemptive priority systems with Markovian arrival process, service times having
phase type distributions and both finite or infinite queueing space using matrix-analytic
methods. Kao and Narayanan [6] apply a matrix geometric approach to compute the
steady-state distribution of the customers in the system. Kao and Wilson [7] apply a
power-series approach to a multi-server queue with two priority classes. The power-
series approach has been introduced by Hooghiemstra et al. [S] and has been applied
before to solve a variety of queueing problems—particularly those with multidimen-
sional state space. The power series approach is interesting, because it can easily be
implemented and it can be extended to include more than two priority classes and to
preemptive priorities in theory. However these extensions cause an enormous growth of
memory requirements and computation time.

Among the papers on preemptive priorities, we mention the approximation ap-
proach of Buzen [1] and the generating function approach as proposed by Mitrani and
King [11] and by Gail et al. [4]. The basic idea of the Buzen’s approximation approach
is to replace k servers by a single server that works k times as fast and to use a correction
factor, being the ratio of the waiting times when the same trick would be applied to
the non-priority multi-server queue. Although this approach is attractive because of its
simplicity and its extendibility to general service times, it was done only for the first
moments of the number of customers in the system. In contrast to Buzen’s idea, the gen-
erating function approach gives exact results for the first two moments of the number
of customers in the system. However, these approaches [4,11] have only been applied
to cases with two classes each with one type of item.

The literature above focuses on priority queues where the priority classes do not
consist of multiple customer subclasses (or: customers types) each with their own arrival
and service rate. Such a setting can be found in the literature on dynamic scheduling of
multi-class queues. However, there the focus is on finding an optimal scheduling policy
rather than analytic performance estimation, see Wein [21] and Reinman and Wein
[12] for dynamic scheduling of a single-server queue and Maglaras [9] for dynamic
scheduling in queueing networks. We could not find any literature on the computation
of the steady state probabilities if the priority classes consist of non-identical subclasses.
Only for non-priority queues, such an analysis is known, see De Smidt [2] and Van Harten
and Sleptchenko [16]. The priority model that we consider in this paper requires a more
detailed state description and a different solution scheme.

1.4. Approach

To analyze our model, we proceed as follows. First we construct the equilibrium state
equations on a semi-infinite state space (Section 2). The state corresponds with the
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numbers of clients waiting for service in queue and the state of service (i.e. how many
clients of which type are in service and how many are postponed). We distinguish three
areas when solving the equilibrium equations, namely (I) states with at least one high
priority customer in the queue, (II) states with only low priority customers in the queue,
and (III) states in which the queues are empty. The boundaries between these areas
require special attention, as they are critical to solve the steady state equations. We will
deal with each area separately.

In Section 3.1, we will solve the equilibrium equations in area I (high priority
customers in the queue) combining the generating function approach with the matrix-
geometric approach. That is, in the area I the probabilities of the system states will
be expressed as derivatives of some power function. In this way we express all the
probabilities in this area in state probabilities with only one high priority customer
in the queue. The latter states are exactly the boundary between the areas 1 and
II.

Next, in Section 3.2, we will show how to deal with the area II (no high priority
customers in the queue), and the boundary between areas I and II (i.e. states with only
one high priority customer in the queue). Here, we will apply a generating function
approach with respect to the lower priority items only. We can solve the latter equations
iteratively only, thereby obtaining a cut-off error. Here again we express all the prob-
abilities in area II in state probabilities with only one high or low priority customer in
the queue, which belong to the boundaries between area I and II and between II and III,
respectively.

Finally, we solve the remaining state probabilities (area III plus the states with at
most one customer in the queue) in Section 3.3.

Altogether, the structure of this problem is a lot more complex than the
problem without priorities dealt with in Van Harten and Sleptchenko [16]. The main
reason is that we have to cope with a non-hyperexponential structure of the solution.
As a consequence, we have to do some tricky transformations to find our solutions.
In this respect, our approach resembles the moment generating function approach and
is somewhat analogous to Keilson’s Laguerre transform approach. We prefer a special
scheme in order to get better transparency and numerical efficiency.

In Section 4, we show how we can calculate various performance characteris-
tics from the state probabilities. In Section 5 we summarize the proposed method.
In the numerical Section 6, we show the results of several experiments to get in-
sight in the number of matrix iterations required to calculate the performance char-
acteristics with high precision. As examples of performance characteristics, we take
the expected number of customers of each type in the queue, being served or post-
poned, the first two moments of the number of customers in the system for each
customer type, and the expected waiting, sojourn and postponement time per cus-
tomer type. We present our conclusions and we discuss some model extensions in
Section 7.
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2. Notation and state equations

2.1. Definitions and notation

We denote the number of customer classes with high (low) priority by N" (N'). High

priority jobs from subclass i arrive according to a Poisson process with rate kf‘ and

low priority jobs from subclass j arrive with rate )Jj. We denote the number of parallel

service channels by k. The service times of the subclasses are exponentially distributed

with rates leh and pclj for high and low priority customer classes, respectively.

Other general notations used throughout the paper are:
A", Al p, p!—overall arrival and service rates per priority class, i.e. A" = ZN_h A
I N h h N Wbl [N A LT

A=) aandp = A" S = A ke b = AT = A’ Jkp', where
the overall utilization rates for each’ priority class are p" = A" /ku", o' = Al k!
and the total utilization rate is p = p" + p'.

al', al—customer i arrival rate as fraction of the total arrival rate of its priority class, i.e.
al = M/ al = Al/AL

fu(s", 5))—total service rates of all customers in service, i.e. z(s", 5) = YV shul +

1

Z,N:1 STHG-

éf’(éf)—a vector of dimension N (N') with component i equal to 1 and all other
components equal to 0; this vector is used to indicate the changes in vectors of queue
and servers states during transitions from state to state.

eﬁ’i (efj )—the jth component of the vector Efl (Ef), SO e;’]. (efj) =1ifi = j and 0 otherwise.

We characterize the system states by two vectors of dimension N” and three vectors
of dimension N, where the components of each vector refer to the (high and low priority)
subclasses. These vectors contain information about the customers in queue, in service
and postponed:

5" and 5'—vectors containing the number of high and low priority customers in service
per customer class.

w" and w'—vectors containing the number of high and low priority customers in the

queue waiting for first service per customer class (the vector @' excludes postponed

customers).

—a vector containing the number of postponed low priority customers per customer

class.

fl

We denote the systems state probabilities by P(zi)h, showt, 5. Fortunately, we

can reduce the state dimension, because the customers within each priority class are
served FCFS and arrive according to independent Poisson processes. Therefore, the
conditional distribution of the number of customers of each type in the queue, given the
total number of customers in the queue for the particular priority class, has a multinomial
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distribution (see van Harten and Sleptchenko [16]). So we can replace the vectors w" and
@' by scalars ¢" and ¢', denoting the total number of high (low) priority customers in
the queue, respectively. So, g = ZZNZ 1 wlh and g’ = ZZN= | wf and the state probabilities
can be written as

wi

p@", 5", w5 -/)_qh,l—[ z,l—[

i=1 i

, 5. (1)

where P, (5", 5', 7') denotes the steady state probability that (i) ¢” high priority cus-
tomers are in the queue, (ii) ¢/ low priority customers (who have not been postponed)
are in the queue, and (iii) the vectors of postponed low priority customers and high and
low priority customers equal 7/, 5" and 5/, respectively. In the remainder of this paper,
we will use the state probabilities Py» . (3", 5!, 7') only. When we mention the number
of low priority customers in the queue (g'), we only refer to the customers who have not
been served before (i.e., excluding postponed customers).

2.2. Equilibrium equations

In this section, we will define the equilibrium equations for the continuous time Markov
chain. Without loss of generality, we assume that if multiple servers are available to
process a job, each available server has an equal chance to get this job.

Different equilibrium equations hold for different system states, but they have a
similar structure. For convenience of notation, we denote the state probabilities as a
vector P 41, containing all probabilities th’qz(.?h, st F ) for fixed qh and ql . Then we
can write the equilibrium equations in the following generic form:

th’qIth,ql = th’qquh_l’ql + th’qIth’ql_l + th’qIth_;'_l’ql + th’qIth,ql_Fl 2)

where the operators Dy g1, Fyn g1, Egn g1, Bgn g1, Gy o depend on the area (I, IT or
III). It is straightforward to derive that these operators are given by:

o
D, = Dy o with (D1 0P ", 5 F 1L (A" + A+ aG", 5Py 5", 5, 71,
q">0, ¢'=0 (3
de

D, = Do with (Do Po )", 5. 71Z (A" + Al + aG", 7)Py ,[5", 5, 0]

N N!

s +1
—AY Y L ————alPy 5" -2 5 e 2]
i=1 j=1 m= 1 Sm +1

Nt ON! +1
=D (st 1) 7 — Py [+l 5 -+ 2]

i=1 j=1 X:mzlrm-'_1
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rl—l—l

<h <l =1 =1 =l =1
WPM{S 5 e —e T —I—ej],
Zm lrm-i_1

N N!
ZZS—I—]
¢"=0, ¢'>0 4

. _n ] _j.def ok - _h -
D, s = Do with (Do oPo 0)[5", 5, 7] éf(A”+A’+u(sh 5))Pgol5", 5, 0]
N/z

—AhZPOQS —el, y AIZPO() S —€ 0]

Nh Nl

= D (s 1)l Po[s" +2 .5, 0]— > (s + 1)uiPoo[5", 5 + &, 0],
i=1

i=1

g"=0, ¢'=0 (5

E, . =Ewith (B P, )" 5 7 1L APy 3.5 71, ¢"+4' >0 (6
F,., = Fwith F Py )" 5 1L AP,y 5", 5,71, ¢" >0, ¢'>0
(7)
d Nh Nh
B, = B with B Py, )", 5, 7] ifzza (sh+1—eh)
i=1 j=
X WPy g [3" + 2 -2, 0,7], ¢">0, ¢ >0 (8)
Gyg=0, ¢">0,4">0 ©)

N N!
. _p oy _j.def
G,y = G with (G Py i, 5", 5, 71]'= ZZaﬁ(sil +1- efj)
i=1 j=1
N" N!

x WPy 115", 5 + @ —e ,0] +ZZa st + 1)

i=1 j=

N[
WPy g+l 5" =20, ¢"+4¢'>0.¢"=0, ) r, =0 (10)
m=1

The dimension of the vector P, , can be specified as follows.
If there are high priority customers in queue, we have:

h _ k Iy
dim(th,q,)z(N +kk 1)Z(N +j.] 1>, ¢">0, ¢'=0

J=0
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If there are only low priority customers in queue, we have:

' k h 1 1 _i_1 i 1 1
dlm(PO’ql):Z[<N +il )(N +kk_ il )Z(N +j] >:|’
i=0 =0

g"=0, 4¢'>0

If queues are empty the dimension can be written as:

k=1 h 1 k hoy s l i
. Z N'+ N +n—-1 Z N"+i—1 N +k—i—1

n=0 i=0
i Nl+j—1> hoy ol
X : , g +q =0

In the next section, we will show how we can solve these equilibrium equations
thereby obtaining the exact system state probabilities.
3.  Solution of the stationary state equations

3.1. System states with high priority customers in queue (¢" > 0)

In this section, we focus on area I, so there is at least one high priority customer in the
queue.

DioPyi g =A"Py_1 g+ APy +BPuy g, g > 1 (11)

where D o and B are defined by (3) and (8).

Solving this matrix equation, we can express all state probabilities with g" > 1
and ¢’ > 0 in the state probabilities P, ;. In the next lemma, we explain the structure
of the solution to this equation.

Lemma 1. Define the matrix function Z(£) as such solution of

D g=A'"Z+AE+BZ7, (12)
that satisfies to condition that for all eigenvalues o(Z(§)) it holds that

le(Z(§))| > 1, foré =0,1
Then

Farar = L<i)¢<z‘<s;)>q“6@) (13)
q"q" = g1\ de o

satisfies all equations for g" > 1 and ¢’ > 0.
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Note that 3 - Py g0 = (Z7! (£))7"~'C(&)|¢— under mild analyticity conditions
on C(§).

Proof. This lemma can be easily shown by substitution, see Appendix for details. O

The probabilities of the system states constructed in this section have a differential
form. Therefore we need the derivatives of the matrix Z(£). Unfortunately, we have not
been able to derive an analytic expression for the matrix Z(£). However, we can use
equation (12) to find the derivatives iteratively using following relations:

A”iZ@) + Bi[Z‘l(&‘)] =—A'
dg dg

h d ! d n' -1 _

and the following relation obtained from the equality Z(£)Z~'(¢) = I:

d" . v\ A (n\ [ d A
<dgnZ@))Z (§)+Z(S)<d€nl (5))—Z(i)(d§i2<§))(dsn,.z (S))-

i=1

So, we have found the probabilities of the system states with a nonempty high priority
queue (¢" > 1), expressed via the derivatives of the unknown function C(¢). However,
using (13) it is easy to see that the derivatives of this function for & = 0 are related to
probabilities of the states with ¢" = 1. So, if we know these probabilities, we can find
the probabilities of the other states with g" > 1. In the next sections, we show how to
find these probabilities and the other state probabilities (with g" = 0).

3.2. States with all servers busy and at most one high priority customer
in the queue (¢" < 1, ¢" + q' > 0)

Here we consider the equilibrium equations for the systems states in area I (¢" = 0) and
the boundary equations of area I and II (¢” = 1), which can be written in matrix form

as:
Doy B Py _ E 0\ /Py, n G 0\ /Py, n 0 P,
F D]’O P]’ql 0 E Pl,q[—l 0 0 Pl,q’-i—l B
Rewriting these equations in a matrix form, where the vectors P , with the same
number of low priority customers in the system (g') are joined into one vector P,, we
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obtain:

1

1 [d\*
DoPy = EaPyrot + oy + By (E) [Z‘I(E)C(S)]‘ L4 =1 4
. o

So, we have an inhomogeneous system of difference equations with a fixed dimen-
sion and with fixed coefficients. These fixed matrix coefficients D,, E,, G, and B, were
introduced in the previous equation.

We see that the inhomogeneous term has a differential form, so the standard solution
of inhomogeneous difference equations (solution of homogeneous equation plus a partial
solution of the inhomogeneous equation) can be applied by looking for a solution in
a differential form P, = ﬁ(f—g)ql_lv(é )|e=0. This form is sufficiently general to
incorporate, all solutions 0% the homogeneous equation as well by adding terms to
v(€) proportional to (a + &)~!. The substitution of this solution into equation (14)
gives:

1 /d\¢ 1 d\?! 1 d\?!
DZ%(%) ”(5)‘520 =B (%) ”@)‘520 O <£)

1371 AN 77 &) C
v(é)L:OJr z(q,+1)!<E) [Z7(§) (é)]'ézo,

g > 1

Here we can apply the following equalities:

d n d n—1
(E) (xf(x)) . n(a) fx) .

(i)n( Nl =n( —1)(1)1_2 (x)
e x“f(x O_nn e fx

which allow us to remove the derivatives from equation (14) and to obtain a new ex-
pression of the function v(€) for any ¢ > 1:

and

’

x=0

x=l

1 d q’+1 B
@D (E) [EDyv(€) — EEav(£) — Gou(§) — BoZ 1<s>C<s)]‘§=0 =0,

g >1 (15

Using (13), the function C(£) can be expressed as the part of the vector-function
v(€) =( Z‘fg ), which corresponds to the states with 1 high priority customer in the queue
v1(§), i.e. C(§) = v((§) and for example v;(0) = Py ;.

The right hand side of equation (15) should be a function which becomes zero
for any ¢’ > 1, i.e. a polynomial function of second order. Hence, we obtain another
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expression for the vector-function v(£), that does not contain derivatives, but that contains
unknown vectors Cy C, and Cs:

EDy(E) — EPBou(€) — Gou(&) — BoZ ' (E)v1(§) = C1E2 + CrE +C3 (16)

or
HE)(E) = C1E2 + Crf + C5 (17)

The constants C, C, and C3 can easily be expressed in the state probabilities P»,
P, and Py, where Py is also obtained by joining vectors Py ¢ and P o. That is, we have
from equation (16) that for £ = 0,

—G,v(0) — BL,Z71(0)C(0) = C3
and recalling that v(0) = P; and C(0) = P, o, we obtain an equation for Cs:
C3 = —GyP; +B,Z7 ' (0)P (18)

Next, we can take the derivative of equation (16) in the point £ = 0 and we obtain
l d —1 —1
D,v(0) — Gov'(0) — B EZ (OP10+Z7 (0P | = Ca.

The left hand side of the last equation is also encountered in equation (14) for ¢’
= 1, if we take into account that P; = v(0), P, = v'(0). Then we find:

d
Ci =DyP; — GoP, — Bz(ﬁz_l(O)Pl,o + Z_I(O)P1,1>- (19)

In this way, we have defined a function v(§) given the probability vectors P;, P;
and Py, (remembering that P; ( and P, ; are parts of the vectors P; and Py).

Next, all probability vectors P, for g' =3 ...00, and so all state probabilities
in the areas I and II follow from P,, P; and Py. Note that P, and Py correspond with
states at the boundary between area I, III and area I, but P, does not. However, up
to now we have not used an essential piece of information by which we can eliminate
P,. It is clear that we are looking for decaying solutions P, for g' — 00. As a con-
sequence, v(§) should be analytic on a circle with radius 1 4 ¢ for some ¢ > 0. Due
to (16), extra conditions have to be satisfied at points & inside this circle where H(§) is
singular.

Next, we shall show that the decay requirement boils down to a relation between
the initial condition P, and P, of the following type:

P, = QP (20)
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It is easy to show (see Appendix B) that:
P, = QP + QP (2D
where
Q =—(©)7'8} and Q,=-(8?)"'®3. (22)
with matrices ©! that can be found recursively from

@;Ihl’, i=0,...¢t

@) = (e ey ! (23)
* * —1 * .
Of = (1@ ") 'O — k), i=1...
with h; = i]—!dd—;H(O). That is, if € remains bounded and taking into account that the

vector P, decay for t — oo, we get:

—00
Note that the matrices €2} and Q/ are computed using a straightforward iteration
procedure, which requires O(#%) matrix operations. In this iteration, we check the bound-
edness of €2}. Numerical evidence shows that this is true in all cases that we considered.
Moreover, we find that

lim (12} ~ (1 — p)
—00

where w is some constant depending on other system parameters. Hence, by taking ¢
sufficiently large, we have a good approximation of the matrix Q; that will play a role
next. Furthermore, p — 1 is not a problem for the convergence of the iterations.

3.3. States with at most one customer in the queues (q" +q' < 1)

In this section, we show how to find the state probabilities for g" + ¢’ < 1. We can
use these probabilities to find all other states probabilities that were expressed in these
remaining probabilities till now.

Using the same techniques as in the previous sections, the equilibrium equations
for the states with ¢" + g’ < 1 can be written as:

d
DP; = E;Pg + GyP; + Bz(gz_l(f)' P+ Z_I(O)Pm) (24)
£=0

DoPy = G,P; + B2Z ' (0)Py
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where the matrices Dy, D, are given by

D B
DO _ 0,0
F Dy

D, B
D, =
F Dy,

and the operators are defined as in (14). The vectors P; ; are parts of the vectors P;, i =
0,1 as before.

Using expression (20), we can rewrite these equations by eliminating P,. We obtain
a system of linear equations for P; and Py, which determines them up to a multiplicative
constant. Together with normalization condition

i i > Pugls s =1 (25)

qh:() q1:0 Ehjl’;l

this provides us with P, Py and all other probabilities.

4. Performance measures

Based on the steady state probabilities, we can calculate a wide range of performance
measures for each customer subclass. Examples are the moments of the queue lengths and
the correlation between the numbers of customers in the system for two classes. In this
section, we concentrate on the performance criteria for the low priority customers in the
system, since the performance indicators for the high priority customers can be calculated
using the non-priority multi-class, multi-serve queue analysis presented in Van Harten
and Sleptchenko [16] as well. The latter is possible, because we assume preemptive
priorities. So, low priority customers do not influence high priority customers. Therefore
low priority customers can be ignored for the performance concerning high priority
customers.

Asexamples for the calculation of performance measures, we take the mean number
of low priority customers of type i in the queue (E [qf ]), the mean number of the low
priority customers of type i in the postponed state (E[PSﬁ]) the first two moments of
the total number of type i low priority customers in the system (Rf ) and some others.
Such performance indicators play a role in spare part service networks that motivated
our research, see the introduction.
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4.1. Mean number of type i customers in the queue

Obviously, E [qf ] can be found from
E[¢]= Y wip@"s o 5 7).
ﬁ)h,fh,a)],fl,l_‘[

We can simplify this expression via the function v(£) and via the matrix Z(&) using
the Taylor expansion:

N w,- N (Wi

DD S MR | Rl

gl Nh 1
4" ph h—gh @l Nl =gl
979 @h, sty wi=gh W s Y wi=g

x Y PpgG" 5 )

Eh,gl,fl

ql
=2 2 2w 1),(5—5) @& o1 6)

I sh =l
! [S 5 N
w YtZr] 1

N' l 1 a4
+ > > w lj[—j—,r v(é)

1
1 sh 5l 7
ﬂ)’,.v.t.Z[N:l wf.:q’ STLS5T J

£=0

£=0
This finally gives us
E[q!] = —al(1, (Z(1) = D 'Z'(A)ZA) — D 'vy (1))
+al (1, (Z(1) = D 'Z(vj (D) +al (1, v'(1))

Here v, refers to the vector components of v with one high priority customer in
the queue. The notation 1 is used for a vector with all components equal to 1 with
correspondent dimension.

4.2. Mean number of type i customers postponed

Analogously to the derivation of £ [qil ], we can find an expression for the mean number
of type i customers postponed E [PSl.l I:

E[PS!] = (x". @ —27'€) vi(D) + (. v(D)

where X’i’ has as components the number of postponed low priority customers of type

i correspondi 55 7 i i
ponding to the vector component (5", 5", 7') and x,’ is the part of this vector
corresponding to the boundary states with one high priority customer in the queue.
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4.3. Moments of the number of type i customers in the system

Clearly, R! is composed of three terms, namely the number of customers in service, in
the queue and postponed:

E[R}) = E[SR] + E[g/] + E[PS]

1

We have already determined the last two components, so what remains is the
mean number of type i customers in service E[S Rf ]. Using the vectors Xs{ and XS" ,
with the number of low priority customers of type i in service as components and the
corresponding dimensions, we can write down an expression for E[S Rf I:

E[SR] = (x*", Po) + (x*, (1))

Note that the mean number of type i customers in service can also be estimated
via Little’s law, i.e.

E[SR] = 3/

It is more difficult to find the second moment of Rf, since we should take into
account the correlations between the numbers of customers in queue, in service and in
the postponed states. This can be done analogous to the computations for non-priority
systems as presented in Van Harten and Sleptchenko [16]. After a lengthy derivation we
obtain:

E[(RIY] = (a})*(1, 20(Z(1) - D™'Z'(1)(Z(1) - D™'Z/(1)Z(1) - !
—(Z(1) = D' Z"()(Z1) = D~ oy (1)
—2(a})*(1. (1) - D7'Z'A)Z(1) — D' Z (D)) — Do) (D)
+ (a)) (1, @) — D™ Zw (1)
— aj{1,(Z(1) =D~ Z/()ZA) = Do (D) + a;(1, (Z(1) — D~ (1))
— 2al(x", (Z(1) = 7' Z'(A)ZA) = D~ (D))
+ 2al(x", (Z(1) = D)) + (7 A= 27 1) (D)
+ ()’ (1, 0" (D) + al (1, ' (D) + 20 V) + (x TP, u(D))
+ (", Po)

With an even more lengthy computation, we can derive expressions for backorder cal-
culation in spare part networks as mentioned in Section 1.2.
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4.4. Mean waiting time, postponement time and sojourn time

Little’s law can be applied to calculate the mean waiting time until the first time that an
customer enters service E [Wl.l ], the mean postponement time £ [PsTimeﬁ] and the mean
sojourn time E[SJTime!]:

HE[W/] = lg]
M.E[PsTime!] = E[PS!]
M E[SITime.] = E[R]]

4

and, of course,

E[SJTime!] = il + E[W!] + E[PsTime}]
Mi

Note that E [PsTimef] has to be interpreted as the expected total time that an
customer of type i spends in the postponed state between the moment it leaves the queue
and the moment its service is completed. Further, we should note that the expected total
service time equals 1/ ,uf, even though preemption occurs. Because of the memoryless
property of the exponential service time distribution, interruptions (by preemption) do
not affect the expected service time.

4.5. Expected number of preemption events

Let us now focus on another interesting quantity: E[anreemptEventﬁ], the expected
number of preemption events per type icustomer. In order to compute it, we need the
arrival rate of a low priority customer into the postponed state. It can be calculated using
the state probabilities as derived in the previous sections. The arrival rate of type i low
priority customers into the postponed state is equal to the arrival rate of high priority
customers multiplied by the probability that customer i is withdrawn from the service:

1

S !
MU=AM Yy PO @5 ) = A (D)
showl 5t 7l i=1 Si

l

where the components of the vectors Xi are equal to :,—11 of the corresponding vector
component (5", 5, 7). i=1 %

Comparing the number of preemption events with the number of arrivals over a
long interval, it is clear that number of preemption events per customer entering the
system is equal to:

E[anreemptEventil] = Af’s/kf
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It is now also possible to compute the expected time between postponement and

resumption moments of type i customer, i.e. the expected re-entrance into service time,
E [ReenterTimef]. Using Little’s law, we obtain

A" E[ReenterTime;| = E[PS!]

Note that the number of preemption events per each customer entering the system
can be also calculated as:

E [anreemptEventﬁ] =F [PsTimef] / E [ReenterTimeﬂ

4.6. On the vectors v(1), V'(1) and v'(1).

To calculate the performance measures, we need to find the values v(1), v'(1) and v”(1).
However, the procedure is non-trivial due to the singularity of the matrix H (1), i.e. we
cannot find the vector v(1) just by inverting equation (16) at £ = 1.

H(v(1) = FyPy—; — GPy. (26)
Therefore, we proceed as follows. First, the derivative of (16) at § = 1 gives:
H()v'(1) + H'(1)v(1) = FxPy_ (27)

In this equation, we have to get rid of the term with v’(1) to obtain a linear system
for v(1) only. It can be done by projecting both sides of (27) onto the null-space of H(1).
Hence, we multiply equation (27) by the matrix Pr;, defined as:

Pr1 =S5 S_l

where S is the matrix of eigenvectors of H(1) and where the rows with 1 on the diagonal
correspond to the zero eigenvalues and the rows with O on the diagonal to the non-zero
eigenvalues; ¢ is some number >0 that can be used for scaling purposes. It is easy to
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show that multiplication of the matrices Pr; and H(1) gives the zero matrix:
( 1

PrH(1)= S STTH(1)

0)

N o

So, we now have a new system of linear equations:
[H(1) 4+ Pr{H'(D]v(1) = (I + Pr)FiP_; — GP;

where the matrix [H(1) + Pr; H'(1)] turns out to be non-singular. In all our experiments,
it turned out that 0 is a single eigenvalue of H(1), with the corresponding left eigenvector
isl=(,...,D)" Asa consequence, the matrix Pr; can be constructed as a matrix
with elements of one row (any row) equal to 1.

PI'1:

In the same way, we can find the derivatives v'(1), v”(1), etc. That is,

[H(1) 4+ 2Pr H'(D]'(1) = —[H'(1) + Pr {H'(D]v(1) + FcPy—y (28)
[H(1) + 3Pr{H'(D]v"(1) = —[2H'(1) + 3 Pr {H'()]v'(1) — [H"(1) + Pr{H”(D]v(1)

In the same way, we can find the values of the function v(§) and the values of the
derivatives of these function for other values of &. Therefore, we are able to find the
derivatives of any order of the function v(£), which be needed for estimation of other
performance measures of the system
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5. Summary of the method and the algorithm

Let us summarize our method to calculate the steady state probabilities for the multi-
class, multi-server preemptive priority queue.

First, we use equation (12) to find the derivatives of the matrix-function Z(£) in
the points & = 0 and 1, which allows us to express the state probabilities in area I in
terms of the state probabilities with ¢ = 1, see Lemma 1.

Next, we use the first ¢ derivatives (¢ is the chosen number of iterations) of the
matrix-function Z(£) in the point £ = 0 and relations (21)—(23) to find the matrix Q,
which expresses the relation (20) between P; and P,. Then, using this relation and the
equations (26)—(28), we find the derivatives of the function v(£) in the points & = 0 and
1, which gives us the state probabilities for area II, expressed in the state probabilities
for the boundary between the areas II en III (i.e., the states with exactly k£ customers in
the system).

Finally, we express the state probabilities in area III in the probability on an empty
system state Py using the matrix QY, the linear equations (24) and condition (25) that the
sum of all state probabilities equals 1. Then, we can calculate all system state probabilities
and the performance measures based on these probabilities (as in Section 4).

In algorithmic form, we can summarize our procedure as follows:

Step 1. Initialization.

Step 2. Calculate the first t > 2 derivatives of the function Z(§) in the point £ = 0 from
Lemma 1.

Step 3. For t*=t, ..., 2 calculate 6*, @;: by (23)

Step 4. Calculate Q; from (20) using the relations (21)—(23)

Step 5. Calculate Py and P, using the equations (20) and (24).

Step 6. Calculate the first #; derivatives of the function Z(£) in the point & = 1 using
Lemma 1 and the first #; derivatives of the function v(£ ) in the point & = 1 using the
equations from Section 4.6, where ¢; is equal to maximum order of the moments we
are looking for plus 1 (i.e., #; = 3 for the variance)

Step 7. Calculate the performance estimators as desired.

6. Numerical experiments

In this section, we discuss the results of three sets of numerical experiments. First, we
study the convergence speed and computer time requirements of our iterative procedure.
Next, we examine the impact of the system parameters on the key performance char-
acteristics for the low priority customers as presented in the previous section. Finally,
we compare the number of customers in the system for priority queues to non-priority
queues.
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6.1. Convergence of iterative procedure and computation times

To examine the computational efforts, we first examine the error in the first and second
moment of the number of customers in the system as function of the numbers of iterations
t in our algorithm, see formula (21). We chose the following parameter settings for our
numerical experiments:

fixed parameters: k = 4; N' = N'=2; )Jf =1.75, kg =2.725, )‘11 =2.75, )\12 = 3.25;
o’ is equal to 0.2, 0.4 or 0.6; p is equal 0.75, 0.85 or 0.95

w! and ) are equal to 1.54" and 1.5 ! correspondently, where 1/ =

AT AL
ko" 12 = %

- ,ug and 5 are such that va:hl ;—: = kp" and ZINZII /i—l, = kp';

As performance measures, we focus on the mean and variance of the number of low
priority customers in the system per class, because the characteristics of high priority
customers are not new (as mentioned in the previous section, they can also be obtained
using our method from Van Harten and Sleptchenko [16]).

First, we compared the results of our numerical procedure to some results obtained
by discrete event simulation. We found that the deviation between the calculated and
simulated performance measures lies within 3% error interval with 95% confidence
already after 10 iterations. Further, we have checked whether the test E[SR!] = A!/u!
from the previous section is satisfied. The experiments have shown that of the results
obtained after 20 iterations and after 40 iterations give average relative errors of ~0.2%
and ~0.04%, respectively.

Next, we examined the convergence speed and computer time requirements of our
iterative procedure. In figure 1 we plot the maximum error for the mean and the variance
of the numbers of low priority customers in the system obtained by our algorithm
as function of the number of iterations. As benchmark, we used the results after 80
iterations, because then the values of the performance measures hardly change anymore
in all experiments.

Mean Variance == p=075p"=02

o 5.5% 5.5% =085 p"=02
g 4.5% + g 45% —— T p=095p"=02
s 3.5% i‘. ; 35%T 3 *p=075p"=04
_g 2.5% é 2.5%7 ﬂ\ =085 p"=04
3 |.§°-a:§ 2 15%] AN - p=095,p"=04
_:”.:u : = s v : 05.‘:‘0 h.—._,_‘. — : . “=p=075p"=06
LT T A V%A VA —p=085p"=06
\Q;_;,:(___Ll;; 30}\ £40 00@; 80 100 $eF20 £40 60 F80 100
L o o Iterations Tl s o lterations ! '

Figure 1. Relation between the error in the mean and variance of the number of low priority customers in
the system and the number of iterations.
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Under the x-axis, we show the CPU time required for our calculations using a
Pentium IV-2.0 PC. We find that the CPU time is approximately a quadratic func-
tion of the number of iterations. The reason of this behavior is that for ¢ iterations
the algorithm requires O(¢?) matrix operations. As a consequence, we need long run
times to obtain extremely accurate results. Figure 1 also shows that the CPU-time
requirements are modest if we accept a small error. For example, after 10 iterations
the maximum error is less than 1%, and we need only 90 seconds for these calcula-
tions.

Figure 1 also shows another interesting characteristic of our algorithm. We see that
we can obtain good results for low priority customers, where the number of iterations
required decreases with the utilization rate. These cases are most interesting for our
application (spare part management). Further, we have an exact method to estimate the
performance characteristics of high priority customers that is independent of p as for
computational effort [16]. Together, we are able to obtain sufficiently accurate results for
the performance characteristics required, especially for the most practical cases (high
values for p)

6.2. Impact of system parameters on performance characteristics

Next, we study the influence of the most important parameters of the MCMS priority
system on the performance measures. From queueing theory, we know that the to-
tal utilization rate p and the number of servers k are interesting parameters for any
queueing system. However, we have learned from the experiments with the MCMS
non-priority queueing system [16] that the arrival rates fractions (a;) and the per-
turbations of the service times (8;) might also seriously influence the performance
characteristics.

We did computations for a large set of instances. Since the effects we want to discuss
are already present for small systems, we shall only present the results on experiments
for three servers and three customers types. One of customer types has high priority
and two types have low priority. The utilization rate p is fixed to 95%. First of all, we
want to see the influence of the difference betwelen the service rates. This difference is
defined by the difference oyerall service rates £ + and difference between service rates

of the low priority classes 2. Also, we would hke to see the influence of the utlhzatlon
2

rate for high priority customers. Hence, we vary in fact three parameters: p”, and i =.

The other parameters are either ﬁxed (e.g. fractlons of arrival rates within group of the
low priority customer are equal to al =0.3 and a2 = (.7), or are completely defined by
the other parameters (e.g. 81 and 8 »)- In this way, we have 18 experlments We choose
the values 0.5, 1 and 2 for both ;l: and i = and 20% and 60% for p", thereby obtaining
3 x 3 x 2 = 18 model runs.

Some interesting performance characteristics are presented in Table 1: the expected
total number of customers in the system for each low priority subclass E[R!], the
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Table 1
Impact of high priority utilization and service rate ratios on the performance of low priority customers; each
cell in the table contains the performance measure for both low priority customer classes.

" =20% " = 60%
40 & ER) Bl EIPS) A0 EIRD Elg) EIPS) AN
0.5 0.5 6.21 5.03 0.14 0.73 4.34 3.38 0.47 2.95
13.10 11.73 0.16 0.36 8.98 7.89 0.52 1.43
1 6.74 5.59 0.11 0.37 5.85 4.96 0.40 1.49
14.37 13.04 0.12 0.18 12.58 11.58 0.44 0.72
2 7.78 6.66 0.07 0.18 8.87 8.06 0.33 0.75
16.84 15.55 0.08 0.09 19.72 18.80 0.35 0.36
1 0.5 5.31 4.54 0.09 0.47 3.80 3.18 0.30 1.89
12.38 10.59 0.21 0.47 8.86 7.43 0.69 1.89
1 5.84 5.10 0.07 0.24 532 4.76 0.25 0.95
13.63 11.90 0.15 0.24 12.42 11.11 0.58 0.95
2 6.89 6.17 0.05 0.12 8.37 7.85 0.20 0.48
16.08 14.40 0.11 0.12 19.52 18.31 0.47 0.48
2 0.5 5.27 4.83 0.05 0.27 3.65 3.30 0.17 1.08
13.37 11.26 0.25 0.56 9.39 7.70 0.83 2.23
1 5.82 5.39 0.04 0.14 5.20 4.88 0.14 0.54
14.61 12.57 0.19 0.28 12.95 11.38 0.70 1.12
2 6.88 6.46 0.03 0.07 8.27 797 0.11 0.27
17.06 15.08 0.13 0.14 20.04 18.60 0.57 0.56

expected number of customers in the queue for each low priority subclass E[qil ], the
expected number of the postponed customers for each low priority subclass E[ P Sf ] and
the expected number of preemption events per each low priority customer entering the
ps

Al
system 3

Frorin Table 1 we draw the following conclusions:

e The number of customers in the postponed state increases with the utilization rate
of the high priority customers p™ (this is not a trivial result since p = p”" + p! is

constant, hence increasing of p means decreasing of p').
1

e The total number of postponed customers hardly depends on the ratio %
2

e The dependence of the total number of low priority customers in queue on the ratlo

is remarkable. Namely, the numbers of customers in queue (hence, the Waltlng tlmes)
are lower when the service times of low priority customers are equal (,u1 = /,Lz) than
when the service times are different. This can be interpreted as a sort of Pollaczek-
Khintchine effect [15], i.e. the average waiting time is increases when the variability
of the service time increases.
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e The number of low priority customers in the queue (hence, the waiting times) is lower
when the service rate of high priority customers is higher (% is smaller).

e The number of low priority customers in the queue decreases with the utilization rate
of high priority customers (p") when the service rate of the high priority customers
is bigger than or equal to the average service rate of the low priority customers (Z_’I“ <
1) and it increases when the service rate of the high priority customers is smaller than

. . . 1
the average service rate of the low priority customers (/lt_” > 1).

It is also possible to derive from this table the waiting times in the queue and in the
postponed state and the total time spent in the system. This can be done using Little’s
law as was shown in Section 4.4.

6.3. Comparison between priority and non-priority queues

To conclude this section, we give a sketch of the effect of applying a priority queueing
rule. Therefore, we vary p in the experiment with N* = 1, N' =2,k =3, ! /u, = 0.5,

l’f—,l, =0.5and p" = 0.6p, p' = 0.4p. We compare the total numbers of customers in the
system for cases with and without priority rules (figure 2).

The picture shows not only the fact that the introduction of priority rules increases
(decreases) the total number of low (high) priority customers in the system, but also
the scale of this increase (decrease). We see that there is already a significant impact of
priority rule usage on the number of customers in the system if the utilization is only
moderate (0.6-0.8). This confirms that the appropriate use of priority rules may provide
an opportunity for efficiency gain in spare part networks. We will address this issue in
our further research.

250% -
200% -

150%

—e— low priority
—a— high priorily

100%

50%

Relative increase (decrease)

0% L
o 0.2 0.4 0.6 0.8 1 0

Figure 2. Relative increase (decrease) of the total number of low (high) priority customers caused by
introduction of priority rules.
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7.  Conclusions and generalizations

In this paper, we derived a method to analyze multi-class M /M / k priority queues with
preemptive priority and two priority groups (high and low). Each group of priority can
contain several classes of customers with different arrival and service rates. The proposed
method is based on the solution of the stationary state equations. It is similar to other
existing methods for priority queues [10], where it was shown that these systems can be
analyzed as QBD systems in the areas with g > 0 and as M/G/1 type systems in the
areas with ¢” = 0. However, using the generating functions along the ¢’ axis allowed
us to reduce the cut-off error appearing normally in analysis of such two-dimensional
semi-infinite processes. So, we do not need too many iteration steps to analyze the
system (see figure 1). Moreover, the multi-class queueing system presented here is more
general than other priority queueing models existing in the literature.

The computational effort to find accurate results depends also on the number of
customer types, the number of servers and the utilization rates of high and low priority
customers (since higher utilization rates require more iterations). For example, system
with 4 subclasses, 4 servers and a utilization rate of 95% needs O(20) matrix operations,
where the dimension of each matrix is 238 x 238. Due to the increase of the size of
matrices, the computational effort increases rapidly for large k, N and N'. For example,
in case of k =5, N" =2 and N = 3, we have to deal with a state space (and matrices) of
dimension 1782 x 1782. Approximations are necessary then. As an approximation, we
replace groups of customers with similar characteristic by one customer with average
service properties. Other approximations for large systems, applying the method from
this paper as basis, are discussed in Van der Heijden et al. [17].

This method can in principle be extended to solve problems with more priority
groups. This is possible iteratively due to the preemption property. That is, we can
estimate performance estimators for each priority group ignoring all classes with lower
priorities and aggregating all classes with high priorities into one high priority group.
However, in this case the dimension of the state space becomes extremely large.

Also, our algorithm can in principle be used for multi-class, multi-server priority
queues where customers have hyperexponential (H,) service times. We can deal with
these cases by representing each class as x classes with exponential distributed service
time and adopting the performance estimators for the total number of customers in the
system among these x classes.

Appendix A: Proof of Lemma 1

We will prove this lemma by induction
For n =0, equation (11) can be written as

h
D]’Oth’O = A Pq”—l,O —‘l_ B th_;'_LO
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This equation is similar to the m,}llti—class multi-server equilibrium equation having
a solution of the form P o = (Z="7"~1C [16], where Z with all eigenvalues > 1 should
satisfy the equation

D o=A"Z+BZ", (29)

similar to equation (12) with & = O So we have that the solution in the form (13)
is the solutlon of the equation (11) for q' =0.
For ¢' > 0, we first define P 4" (&) as the solution of:

D oP,i (&) = A"Pyi_1(§) + A'EP () + BP iy (£) (30)

with § € [0, 1], being just a parameter. )
It follows that P, (§) = (Z(§ )~y h_IC(é ). By differentiation of (30) with respect
to &, we find

D dPy(&) _ dPpi(®) A édPh@ g %Py ®
VT CdE d dg

+ A'Pi(8)

dP . .
Hence %@) |s—o satisfies equation (11) for ¢’ = 1.

Using the general property (%)"(xf(x)) = n(%)”*lf(x) + x(%)”f(x), we find
by differentiation of (30) g’ -times with respect to each parameter £ that:

1 1 1

D d qP = A" d\' A P
1’°<E> 7€) = (E) —1(8) + é(d$> (&)

d\?. d\7 .
+B1,0(E) th+1(s>+A‘ql<E> Pi(&)

Transforming this expression back to the P, , yields

1
qu——( s) VANE)X ‘IC(S)’

Finally, it is easy to see that:

1
2 (dé) VA e

q'

= @' E)T'CE)em
£=0

as a well-known Taylor series expansion of (Z(& )_l)qh_IC(S ) around & = 0, where the
value of Z(£) is found from

Dio=A"Z+AE+BZ7".
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with all eigenvalues Z(£) in absolute value larger than 1. This leads to convergence of
the Taylor series, assuming analyticity of C(§) for |£]| < 1 + & for some & > 0. As we
have mentioned above, this equation can be solved as in the case of the non-priority
multi-class queue [16]. So the solution has the form (13).

Appendix B: Derivation of the relations in (23)

From (17), it follows by differentiating ¢ > 2 times with respect to & that:

! H(O dt 0 ! H/Odt_l 0 ! dtHO 0)=0
(0) <>d—§,v(>+<1> <>d$,_1v<>+---+(t)d—§l (0)v(0) = 0.

We can also write this in the form

t
ZhiPt+l—i =0
i=0

where iy = £ 0(0) and ; = L4-H(0).

Now let us show recursively fort* = ¢,t—1,...,2 that (-)gP,H +Z§*:1 @ﬁ*P,*H_,-
=0.

For * =t , it is clear from the equation for P, that we can take ®§ = h;.

For t* < ¢, we have the equation derived in the previous induction step and also
the original equation for P+ ;:

©) "'P 1+ O Py + -+ OLTIPI =0
hoPpy1 +---+hsPp =0

Multiplying the first equation by ko(®" ™')~! and taking the difference, we can
eliminate the term P,«, 1. We obtain

ho(@ )@ TP 4y + (ho(® T T'@L T — )P,
+ o+ (ho(®TH IO — )P =0

or in other terms
O P 1+ O P4+ OP =0
where the matrices @' are equal to
@) =hy(®,*") '@} *!
e = (h(® ) 'ert —n), i=1,.. .1

Herewith, the relations in (23) are shown.
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