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ABSTRACT

Erlang defined and solved the first queueing model 100 years ago to characterize the number
of active calls in a telephone exchange. Since then, queueing theory has been an essential
tool in the research of telecommunication systems.

The application of classical queueing models for the analysis of modern telecommunication
networks is increasingly challenging: both the stochastic behavior of the traffic and the sched-
ulers forwarding the packets in the network devices are becoming more and more complex.
The so-called matrix-analytic methods allow to solve many of the corresponding complex
queueing systems efficiently, with Markovian tools. This dissertation provides an overview
on these modern techniques of queueing theory and presents several new results.

In the first part the main tools of the Markovian workload characterization, the phase-type
distributions and the Markovian arrival processes are considered. For both traffic models,
the role of the representations is discussed, special representations are introduced and new
moment matching methods are developed. These results make it possible to create Markovian
models for the network traffic, that can be used both in simulation based and in analytical
performance analysis.

The second part of the dissertation presents the solution of single-class and multi-class
queues with correlated arrival processes and Markovian service times. In the multi-class
case both the first-come-first-served and the priority service policy are considered. Many
performance measures are derived based on the analysis of the queue length process, the
workload process and the age process. The characteristics of the traffic departing from these
queues are also investigated.

In the third part a novel queueing network solution approach is described, that integrates
the results of the first two parts. In this approach the traffic of the queueing network is
characterized by Markovian arrival processes discussed in the first part, and the nodes of the
network are the queues discussed in the second part of the dissertation. The Markovian arrival
processes representing the internal traffic are obtained by moment matching. An extensive
numerical study investigates the behavior of the presented approach and compares it with
other existing solutions from the literature.
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INTRODUCTION

1.1 MOTIVATION
1.1.1  Queueing theory for analyzing computer and communication systems

The application of queueing theory in the field of telecommunication has a long history.

At the beginning of the last century, the wide spread deployment of plain old telephone
systems established the need for efficient dimensioning methods. The goal was to determine
the number of trunks required to meat a certain level of service quality. Erlang was the first
to model the number of active calls with a queueing system. He proved that the telephone
traffic can be modeled by a Poisson process and created the classic formulas for call loss and
waiting time. This was the first engineering problem that was solved by queueing theory.

Over time, newer and newer telecommunication technologies have been developed. With
the appearance of data traffic the packet switched communication method started to gain pop-
ularity, packet based technologies like the ATM (Asynchronous Transfer Mode) and the IP (In-
ternet Protocol) have slowly superseded the circuit switched technology. The packet switched
networking gave an other boost to the application of queueing models in telecommunica-
tion. Since the quality of service (QoS) measures like packet loss and delay are associated
with the buffers in the network nodes (where packets are residing temporarily before get-
ting forwarded to the next node), open queueing networks appeared to be the ideal modeling
tools for performance analysis [32, 15].

Compared to the detailed simulation of the system, the analytical solution of queueing mod-
els usually need less input data (hence easier to use) and is usually very fast. Consequently, it
enables the fast evaluation of different possibilities for providing service, performing param-
eter sensitivity analysis, or just to gain insight into the behavior of the system.

Modern telecommunication systems, however, have some unique properties that make the
application of queueing models increasingly challenging. Some of the reasons are listed below.

+ The characteristic of the traffic has changed considerably in the recent decades. While
the Poisson process is still a reasonable model for voice call arrivals, the data traffic be-
haves differently. Statistical properties like long-term correlations, self-similar behav-
ior and heavy tailed distributions make the direct application of the classical queueing
models difficult [38].

« The network traffic is grouped into various classes according to the quality demands.
While there are some basic queueing models available that support such traffic differ-
entiation, more general queueing models are substantially more difficult to solve in the
multi-class case.
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« Communication technologies are becoming very complex: the underlying protocols
have multiple interacting layers, and use several (possibly interfering) flow control al-
gorithms. It is becoming increasingly difficult to identify the components of the system
that have the dominant impact on the overall performance. Analytical models for such
complex systems have to introduce many assumptions and simplifications.

Looking for answers for these challenges has been the main driver of queueing theory re-
search in the recent years.

1.1.2  Further application fields of queueing theory

Although the modeling of telecommunication systems is still the most popular application
area of queueing theory, there are several other fields where queueing models are used fre-
quently.

One of these emerging application fields is healthcare ([31]), where queueing systems are
applied to optimize the cost by minimizing the inefficiencies and delays. In a healthcare pro-
cess the demands waiting in the queue are the patients, and the servers are the doctors or any
other specialized equipment (like an operating room). Compared to telecommunication sys-
tems, queues in healthcare have some specialties, including that

« patients are impatient,

« the arrival rate is varying and depends on the state of the system (patients do not join
the waiting line when it is too long),

« the service discipline is more complex.

Queueing models can be used for health care system design (to determine the optimal num-
ber of beds, ambulance cars, etc.), for health care operation (for the optimal scheduling of
resources, patients, appointments, bed and staff management, etc.) and also in health care
system analysis (to calculate the utilization, cost, delays, etc.) [55].

Queueing network models are used in the design and analysis of manufacturing systems
since the 1950s as well ([34]). In a manufacturing system there are resources (machines),
which perform various processing steps on products. From queueing point of view the cus-
tomers are the parts, which, after arriving into the queue, have to wait till the suitable ma-
chines (that are the servers in queueing terminology) become available. Both the arrival pro-
cess and the processing times are stochastic. A manufacturing system typically consists of
many processing stations with their own buffers for the parts, and the parts have to go through
many processing stations to become a final product. Hence, a queueing network model is a
natural choice both for performance evaluation and optimization purposes, thus to analyze
or optimize the material flow in the system, the utilization of the machines, the capacity of
the buffers, etc.

Apart of these two application fields, queueing models have been successfully applied in
many other areas as well, including vehicular traffic analysis [4], inventory systems [35],
housing [52], banking [29], or even to optimize crowd sourcing systems [24].

1.2 MARKOVIAN PERFORMANCE ANALYSIS

The solution of many tractable queueing models is based on the analysis of a closely related
Markov chain.



dc_1412 17

1.2 MARKOVIAN PERFORMANCE ANALYSIS

The queue length of basic queues having memoryless inter-arrival and service times (in-
cluding the M/M/1, M/M/m, M/M/m/m queues [53], etc.) can be represented by a Markov
chain directly, that, due to the regular tri-diagonal structure of the generator has a simple and
explicit stationary solution, even for infinite systems.

The analysis of more complex queueing systems, were either the arrival or the service times
are generally distributed, is based on the solution of an appropriately defined Markov chain as
well. In case of G/M/1 (M/G/1) systems the Markov chain characterizing the queue length
at specific embedded time instants has an upper Hessenberg (lower Hessenberg) structure,
respectively. The regular structure enables the efficient solution of these systems.

Starting from the eighties, Markovian performance modeling has undergone an enormous
development. The introduction of phase-type distributions and Markovian arrival processes
made it possible to characterize a reasonably general class of arrival and service processes in a
Markovian way. The generators of the Markov chains describing the related queues also have
a regular structure, at block level. An elegant, numerically efficient solution methodology has
been developed to solve such block-structured Markov chains, called matrix-analytic method
([65, 57]), which became one of the cornerstones of modern queueing theory.

The results derived in this dissertation rely on matrix-analytic methods heavily.

1.2.1  Workload models

To obtain relevant, meaningful results from a queueing model the workload must be char-
acterized as accurately as possible. The workload characterization has two ingredients: the
characterization of the arrival process of the demands and the characterization of the work
brought into the system by a single demand.

Workload modes have to provide an appropriate balance between accuracy and tractability.
A very accurate workload model can easily be useless if it can not be incorporated into an
analytical or into a simulation model. The simplest workload models consisting of exponential
distributions are easy to apply both in analytical and simulation models, but they might not
capture the real behavior accurate enough making the result of the performance evaluation
irrelevant [69].

Phase-type distributions and Markovian arrival processes provide a reasonable compromise
between accuracy and tractability.

The convolution and the probabilistic (Bernoulli-) mixture of several exponential distribu-
tions, namely the Erlang and the hyper-exponential distributions, have been used for a long
time to represent non-exponential behavior. The phase-type (PH) distributions ([65]), asso-
ciated with the absorption time of transient Markov chains, are the generalizations of this
concept. PH distributions have some very appealing properties, as listed below.

+ The expressions providing the properties of PH distributions like the density function,
moments, etc. are similar to those of the exponential distributions. PH distributions
are the matrix-based counterparts of exponential distributions.

+ They are proven to be dense, which means that any distribution can be approximated
with a sufficiently large PH distribution.

« Several specific, widely used distributions including the Erlang-, hyper-exponential-
and exponential distributions are the sub-classes of PH distributions.

« The sum, minimum, maximum and the mixture of PH distributed random variables are
PH distributed as well.
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« It is easy to replace exponentially distributed state transitions in a Markov model by
PH distributed ones.

« PH distributed random variates can be generated efficiently in discrete event simula-
tions.

Markovian arrival processes (MAPs) can characterize correlated point processes like inter-
arrival times or a sequence of correlated service times. Similar to PH distributions, they are
composed by exponential phases; they can be interpreted as Markov chains in which (arrival)
events are generated when the Markov chain traverses some marked transitions.

The application of MAPs has many benefits:

+ The differential equations characterizing the number of events generated by a MAP up
to a given point of time are similar to those of a Poisson process, but are defined with
matrices instead of scalars.

« MAPs are proven to be dense, hence, with the necessary number of states MAPs can
approximate any point processes arbitrary close.

« MAPs include the Poisson process as a special case.

 The aggregation (superposition) and probabilistic splitting of MAPs remain MAPs as
well.

+ Queueing models involving Poisson processes can usually be extended to the more
general MAPs easily.

+ MAPs are easy to incorporate into simulation models.

The applicability of PH distributions and MAPs relies on the availability of effective fitting
methods which obtain these models based on the real, empirical behavior.

Many PH fitting methods have been published in the literature. Some of them perform an
optimization on the underlying Markov chain, while others aim to capture some statistical
parameters exactly and compute the parameters of the PH directly by solving a system of
(typically not linear) equations. Methods falling into the first category are the expectation-
maximization based methods ([6]) and other optimization based methods like [46]. The second
category is often referred to as matching. Examples for methods belonging to this group are
the moment matching methods ([13]), and the Feldmann-Whitt algorithm aiming to match
the density function at certain points [30].

There are much fewer results available on fitting MAPs since it is a more complex task. The
first ones were the expectation-maximization based methods ([16]), but due to the computa-
tional complexity they were applicable only on small measurement traces. A number of MAP
fitting methods were published when the“two-step” approach appeared ([50]), that suggested
to split the fitting task to two steps: fitting of the inter-arrival times in the first step by a PH
fitting method and fitting the correlations in the second step. However, it is still an open ques-
tion what are the statistics that capture the correlation structure of the traffic the best. Recent
results on the characterization of MAPs [81] revealed the importance of joint moments of
two consecutive inter-arrival times, and that these joint moments can be better suited to de-
scribe the correlations of MAPs than the auto-correlation function used traditionally for this
purpose.
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According to our numerical experience, the moment and joint-moment based fitting meth-
ods for PH distributions and MAPs perform well in the practice. The moment based repre-
sentation is compact, a few moments represent the distribution or the process relatively well.
Additionally, there are performance measures of some queueing systems that are insensitive
to moments higher than a given order (like the mean waiting time of M/G/1 queue, which
depends only on the first two moments of the service time distribution). Hence, in this dis-
sertation we are going to focus on moment based fitting methods: new fitting methods will
be developed of such kind, and these methods will be used every time a PH distribution or a
MAP needs to be created for a queueing system.

1.2.2  Queues

The purpose of queueing analysis is to obtain various performance measures like
« properties of the number of customers in the system or the queue length,
« properties of the sojourn time or waiting time of customers,
« the utilization of the system,
« the properties of the departure process,
« efc.,

given the arrival process, the service process and the service discipline.
There are three frequently used approaches to analyze queues:

« based on the queue length process,
« based on the workload process,
« and based on the age process.

The queue length process based approach is perhaps the most well-know method, upon
which most classical textbooks are building. According to the queue length based approach
a Markov chain is constructed to keep track of the queue length either at arbitrary time or at
some embedded time instants. The queue length related performance measures are easy to
derive from such a model. The sojourn times are usually calculated based on the law of total
probability, by characterizing the time to leave the system conditioning on the queue length
at customer arrivals.

In the workload process based approach the first step of the solution is the stationary analysis
of the workload of the system. The workload (or backlog) of the system increases at arrival
instants by the amount of work brought into the system, and decreases at a slope of one
between arrivals expressing that the server is processing the backlog (see Figure 27). The
sojourn time and waiting time related performance measures are given by the workload at
arrival instants. The queue length properties, however, are a bit more challenging to derive
by this method.

The age process based approach derives all performance measures from the age process,
which represents the age of the oldest customer (the total time spent) in the system (Figure
25). It increases by a slope of one, and decreases at customer departures, when the next
(younger) customer becomes the oldest one. The sojourn time of a customer is its age right
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before the departure, and the queue length is the number of arrivals during the age of the
oldest customer.

The queue length process based analysis of queues like the MAP/PH/1, MAP/G/1, G/MAP/1,
etc. queues leads to Markov chains with a regular block structure, that can be solved efficiently
by matrix-analytic methods since the late 1980s. The sojourn time properties of these queues
are much easier to characterize based on the workload or the age process, that, as opposed
to the queue length process, are continuous state processes, for which the solution method-
ology appeared only later. Some important results were published in [75] and [78], but the
numerically efficient (matrix-analytic) solution became possible only by the combination of
[71] and [28], since year 2005. Furthermore, it has been recognized that the workload and age
process based approaches are the only reasonable ways to analyze multi-type queues like the
MMAP[K]/PH[K]/1 and the MAP/G/1-Priority queues [41, 78].

Consequently, the matrix-analytic solution of the workload and age processes, and its ap-
plication to the analysis of multi-class queues is a recent, elegant, and very effective analysis
technology in modern queueing theory.

In this dissertation all three solution approaches are applied for different purposes.

1.2.3  Queueing networks

Open queueing networks are popular modeling tools for the performance analysis of com-
puter and telecommunication systems. Exact solution methods are available only for net-
works with Poisson traffic input, specific service time distributions and service disciplines.
These restrictive assumptions make the exact solutions unlikely to use in the practice. The
main reason is that in real systems the Poisson process is usually not a good model for the
traffic behavior. Instead, the real traffic can be bursty and correlated, and the service times
in the service stations can be correlated as well. Since these features have an impact on the
performance measures, they have to be taken into consideration.

The attempts to analyze queueing networks with non-Poisson traffic and non-exponential
service time distributions dates back to the second half of the last century. The first attempts
were to consider the second moments of the inter-arrival and the service time distributions in
the computations. A widely applied approximation of this kind was integrated into the QNA
tool [87, 88]. The intrinsic assumption in these approximations is that the consecutive inter-
arrival times and the consecutive service times are independent. The evolution of packet
switched communication networks during the eighties and nineties resulted in traffic with
significant correlation which lead to the development of new modeling paradigms.

Several modeling approaches were developed to describe the properties of packet traffic
better [73]. One of the lines of research is based on Markovian models with the aim of ex-
tending the Poisson arrival process in order to capture more statistical properties of the traffic
behavior. A long series of efforts resulted in the application of MAPs. The main advantage of
using MAPs for traffic description of queues is that they are closed for the basic traffic oper-
ations like superposition and splitting, and that the queueing models driven by MAPs can be
solved in a numerically efficient way by matrix-analytic methods. Using MAPs for the traffic
description gave a new impulse to the research on queueing network analysis [74, 42].

In this dissertation we present a new method along this line of research which is based on
a recent result about the joint moment based representation of MAPs.
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1.3 THE STRUCTURE OF THE DISSERTATION

The topic of Part I of the dissertation is workload modeling.

Chapter 2 introduces the PH distribution and its main properties. PH distributions will be
used to represent the service times in the queueing models defined throughout the disserta-
tion. It is demonstrated that a PH distribution can have many representations. Various tools
and theorems are provided to perform representation transformations. After these preliminar-
ies, the canonical representations are introduced, which, apart of their theoretical importance,
are shown to be beneficial for PH fitting as well. The chapter ends with a moment match-
ing method based on a special, so-called generalized hyper-Erlang representation, that will
be used many times in the subsequent chapters.

The MAPs, and their multi-class extensions, the marked Markovian arrival processes
(MMAPs) are discussed in details in Chapter 3. After introducing the representation trans-
formations and the significance of Markovian representations, the main results are presented,
namely the lag-1 joint moment based representation of MAPs, and the corresponding moment
matching method. The results in this chapter can be applied to create MAPs based on em-
pirical measurement data. Furthermore, the joint moments play a principal role in the novel
queueing network analysis approach introduced in the last chapter.

The PH distributions and MMAPs obtained by the presented procedures can be applied to
represent packet service times and packet inter-arrival times for both analytical and simula-
tion based performance evaluation of telecommunication systems.

The performance analysis of various queueing models are covered in Part II of the disserta-
tion.

Chapter 4 lays down the theoretical background by providing an overview on discrete and
continuous state-space skip-free processes.

Chapter 5 is still an introductory chapter, that demonstrates how to use the queue length
based, the workload process based and the age process based analysis techniques to obtain
the performance measures of the well known MAP/MAP/1 queue. At the end of the chapter,
the lag-1 joint moments of the departure process are also derived that will be essential for the
queueing network analysis.

The multi-type first-come-first-served (FCFS) MMAP[K]/PH[K]/1 queue is considered in
Chapter 6. What makes this system interesting is that it can not be solved by the classical
queue length based approach. All performance measures, including the ones related to the
departure process, are obtained from the age process.

In Chapter 7 an other multi-type system, with preemptive and non-preemptive priority
queue is investigated. This system has been analyzed several times in the past, and the solu-
tion is proven to be challenging. With some transformations of the workload process of the
system, however, it becomes possible to derive all performance measures efficiently.

The results of all the above mentioned chapters are integrated in Part III, where a novel
queueing network solution approach is described. In the proposed method the traffic of the
internal links of the network are characterized by MAPs, that are created from the lag-1 joint
moments of the departure processes of the associated queues. The presented numerical exam-
ples demonstrate that this approach has several advantages: the MAPs of the internal traffic
are compact, there are no scalability problems, and the performance measures approximate
the exact results with a reasonable accuracy.
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Phase-type distributions are non-negative distributions with a Markovian structure [65, 57].
Due to their computational advantages and easy integration in complex stochastic models,
they are widely used for modeling the workload in telecommunication systems.

2.1 INTRODUCTION TO PHASE-TYPE DISTRIBUTIONS
2.1.1 Matrix-exponential distributions

Before providing the definition of PH distributions we first define the more general
matrix-exponential (ME) distributions. Historically, PH distributions were introduced before
ME distributions, but to show their (non-trivial) relation it is better to discuss them in the re-
verse order.

Definition 1. A row vector ¢ = {0;,i = 1,...,N}, ¢l = 1 and square matrix S =
{gij,1,j = 1,...,N} define a ME distribution if the probability density function (pdf) given
by

f(x) = ge(=S)1 (1)
is non-negative for x > 0.

The vector-matrix pair (¢, S) is called the representation of the ME distribution, and N is the
size of the representation. From (1) it follows that the cumulative distribution function (cdf)
denoted by F(x), the Laplace-Stieltjes transform (LST) of the cdf f*(s) and the kth moment
of a ME(c,S) distributed random variable F are

F(x) = P(F < x) =1 — ge’*1, )
f(s) = E(e™) = g(sI = S) 7' (=9)1, 3)
my = E(F) = /0 ¥k f(x)dx = klo(—S) 1, )

where 1 is a column vector of ones and I is the identity matrix of appropriate size.
Definition 2. A (¢, S) representation is called a Markovian representation if
e the entries of vector ¢ are valid probabilities 0 < 0; < 1,i=1,...,N),

* matrix S is a valid generator of a transient continuous time Markov chain (CTMC), thus,
qii <0 andqij > O,Vi 7& j,

e and for the row sum we have that Z]Zil gij < 0,i=1,...,N, with at least one state
where the row sum is strictly negative.

11
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Otherwise the representation is called non-Markovian.

In the example below, (¢, S) is a Markovian, while (v, G) is a non-Markovian representa-
tion of a ME distribution:

g:@5040ﬂ, 1:@3-4514,
-8 1 0 -7 2 1
S=12 -6 4|, G=|5 —-10 10]- (5)
2 4 3 -2 -1

The pdf f(x) can be expressed in a spectral form, too. Suppose the number of distinct
eigenvalues of S is 11;. Let us denote the eigenvalues by —A;, and their multiplicity by r;
(Z:'li1 r; = K < N). From (1) we have

g Ti /\i j—1 A
flx) = Z;Z;bij((jf)l)!)\ie i, (6)
i=1j=

Note that if A; € C\R then 3j # i : A= A; (A; denotes the complex conjugate of \;).
To define a valid distribution the integral of the density function must exist, implying that
the real part of all eigenvalues must be strictly negative, hence re(A;) > 0,i = 1,...,1ny4
must hold. Furthermore, as a consequence of the Perron-Frobenius theorem the dominant
eigenvalue (i.e., the eigenvalue with the largest real part) must be real.

When K = N, the (,S) representation is called minimal. If K < N then matrix S has at
least one eigenvalue that does not play a role in the pdf, because the corresponding coefficient
is zero.

2.1.2  Representation transformations

It is easy to see that the representation of a ME distribution given by (¢, S) is not unique
[26, 66]. For instance, applying a permutation on the elements of ¢ and S leads to a different
representation while the distribution remains obviously the same. However, there are many
more possibilities to create different representations of the same ME distribution. With any
non-singular square matrix B satisfying B1 = 1 the cdf given by (1) can be transformed as

F(x) =1—geS1 = 1 — gBeP 'SBxp-11 -
=1—7e%"1,
with v = ¢B and G = B'SB. Hence, representations (¢, S) and (7, G) are different, but
define the exactly same cdf, thus the exactly same ME distribution. For example, the two
representations (¢, S) and (7, G), as defined by (5), correspond to the same distribution, and
the transformation matrix relating them is

05 -1 1.5
B=|0 0 1]- (8)
05 0 05

The definitions, results and properties regarding the representation transformation are elab-
orated in the following theorems.
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Theorem 1. [81] Let (¢, S) of size N and (v, G) of size N represent two ME distributions with cdf
Fr(x) and Fg(x), respectively. The two distributions are identical if there exists a non-singular
matrix B of size N X N, such that y = ¢B, G = B 'SB and B1 = 1.

Proof. See (7) for the derivation. O

Theorem 1 uses the square matrix B to transform between representations of the same size.
This operation is called a similarity transformation in the sequel.

Definition 3. The similarity transform of (¢, S) with matrix B is (¢B, B"'SB) if B is non-
singular and B1 = 1.

The main properties of a similarity transformation are as follows (cf. [11])
« (0,S) and (¢B, BilsB) have the same size,
. the eigenvalues of S and B~'SB are identical,
. if (¢, S) is Markovian then (¢B, B -1s B) can be both Markovian and non-Markovian.

Representations with different sizes can be transformed into each other in a similar manner,
using a non-square transformation matrix. This is stated by the following two theorems,
which are symmetric to each other.

Theorem 2. [66, 21] Let (o, S) of size N and (v, G) of size M (M > N) be two ME distributions
with cdf Fr(x) and Fg(x), respectively. If there exists a matrix V of size M X N, such that
g =7V, VS = GV, V1 = 1 then the distributions given by (¢, S) and (7, G) are identical.

Proof. Ifc =V, VS = GV, V1 =1 then

i

o] ‘1‘ o) )
F;(x):1—ge5x]1:1_g251%1:1_1‘1251%1
i=0 ' i=0 . (9)

=10} G VI=1-0) G5t =1 ™1 = ().
0

Theorem 3. [21] Let (¢, S) of size N and (7, G) of size M (M > N) be two ME distributions
with cdf Fr(x) and Fg(x), respectively. If there exists a matrix W of size N X M, such that
oW = v, SW = WG, W1 = 1 then the distributions given by (¢, S) and (v, G) are identical.

Proof. IfcW = 7, SW = WG, W1 = 1 then
_ Sxq _ > X _ 2, it
Fr(x) =1—ce ]l—l—ggsﬁ]l—l—ggSEW]l

. . (10)

) ol ) oyl

=1 —QWZGI%H =1 —lzG’%]l =1—9e"1 = Fg(x).
i= b i= b

For equivalent representations with different sizes we have the following properties.
+ The eigenvalues of S are all eigenvalues of G with at least the same multiplicity.

« If (¢, S) is Markovian then (1, G) can be either Markovian or non-Markovian.

13
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(%1} =05
2 7
_ 1
o =04 .
4
2
2
03 =0.1

Figure 1.: The transient Markov chain belonging to (5)

Ql/A\‘O/A\‘O/&\O/&\Q

Figure 2.: An Erlang distribution

2.1.3  Phase-type distributions

PH distributions of size N are the subclass of ME distributions of the same size having a
Markovian representation.

If (¢.S) is a Markovian representation of a ME distributed random variable F, then the
corresponding PH distribution has a probabilistic interpretation: JF is the time to absorption
of a transient Markov chain with sub-generator S and initial state probability vector ¢ for the
non-absorbing states. The transient Markov chain and the initial state probabilities belonging
to (¢, S) defined in (5) are depicted in Figure 1.

There exist order N non-Markovian (¢, S) representations that define a valid (non-
negative) density function but can not be transformed to an order N Markovian represen-
tation. These distributions do not belong to the PH class, while they are still ME distributions.
Consequently, the set of ME distributions is a superset of the one of PH distributions, thus we
have PH(N) C ME(N).

The significance of PH distributions in Markovian performance modeling is a consequence
of two properties. First, it is proven in [67] that PH distributions form a dense subset of the
set of all positive-valued distributions, which means that any distribution having a positive
density in (0, c0) can be approximated arbitrarily well by a PH distribution. The second ben-
efit of using PH distributions is their closeness on many operations: the sum, the minimum
and the maximum of independent PH distributed random variables are PH distributed as well.

2.1.4 Important representations

There are some particular, frequently used representations of PH distributions.

The most well-known PH sub-classes are the Erlang (Figure 2), the hyper-exponential and
the hyper-Erlang (Figure 3) distributions. These distributions have especially simple pdf and
moment formula, enabling efficient simulation, moment matching, fitting, and analytical stud-
ies.

There are two further representations playing an essential role in the theory of PH distri-
butions: the acyclic and the monocyclic representations.
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Mo M
(%] (o1 O @,
/\1 )\1
A» A2
o O——@ o O—@

A A
A3
03 03 O—>

Figure 3.: Hyper-exponential and hyper-Erlang distributions

M Ay A3 Ay
o~ o0 o7 o7 e
01 02 U3 U4
Figure 4.: One of the canonical forms of acyclic PH distributions

ACYCLICPHDISTRIBUTIONS have either upper or lower triangular generators, thus
their state transition graph does not have any loops. Their distinguishing feature is that they
have minimal, unique (so-called canonical) representations. In [26] three such canonical forms
have been defined, the first one (for four states) is depicted in Figure 4. This structure consists
of a row of exponential stages with possibly different, but increasing transition rates, and an
arbitrary initial distribution. In the following example (¢, S) is an acyclic representation and
(7, G) is its canonical form:

g = [0.1 0.2 0.7] , Y= [0.34 0.3 0.36} ,

-5 2 1 -2 2 0
S=|0 -4 3], G=|0 -4 4/]. (11)
0 0 -2 0 0 -5

MONOCYCLIC REPRESENTATIONS have been defined in [64]. They consists of
feedback Erlang blocks (FEBs) arranged in a row. The ith feedback Erlang block FEB; is char-
acterized by a rate parameter v;, a size parameter k; and a feedback probability z; (see Figure
5,where k1 = 1,kp = 4,k; = 1).

Monocyclic representations have a unique feature phrased by the following theorem.

a)
V1 ~ V2 W 1% (1- z)va V3
O O O O @ O @)
(%1 (%) 03 04 (% U6
FEB-1 FEB-2 FEB-3

Figure 5.: Monocyclic representation of a PH distribution

15
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Theorem 4. [64] Every ME distribution has a finite-dimensional Markovian monocyclic repre-
sentation, if the density function f(x) satisfies f(x) > 0, x € (0, c0).

[64] provides a constructive algorithm to obtain the appropriate Markovian monocyclic
representation. The transformation of a non-Markovian representation (¢, S) to a possibly
larger Markovian (monocyclic) representation (7, G) consists of the following steps.

1. In the first step matrix G is constructed. Each FEB implements one real eigenvalue or a
conjugate complex eigenvalue pair of S. Let us denote the jth eigenvalue of S by —A;,
or, if it is a complex conjugate eigenvalue pair, by —A; = a; + b;i and —}\j = aj — bji.

. If )\]- is real, the parameters of the jth FEB are v = )\j, k]- =1,z;=0.

« If A;j is complex, the parameters of the corresponding FEB are determined as

kj = the smallest integer for which a;/b; > tan(7/k;j), (12)
1 T T
vi=3 <2aj — bjtan 3 b; cot k]> , (13)

kj
zZj = (1 - ((1] - b] tan;;)) . (14)

With these parameters matrix G is Markovian by construction and contains all eigen-
values of S with the proper multiplicities. However, the size of matrix G can be larger
than the size of matrix S, meaning that new eigenvalues are introduced. These extra
eigenvalues can not play a role in the pdf, thus vector 7y must ensure that their coeffi-
cients in the spectral form of the pdf are zeros.

2. The second step of the procedure is calculating the initial vector y. To this end, we need
to obtain the transformation matrix W that transforms matrix S to matrix G.

According to Theorem 3 matrix W is the solution of SW = WG, W1 = 1, which
is a linear system of equations with regards to the entries of W. With the presented
construction of G, this linear system always has a unique solution. If the size of S is
N, and the size of G is M, equation SW = WG has N X M unknowns and defines
N x M equations. However, only N x M — N equations will be independent, since N
eigenvalues of § and G are the same. By adding W1 = 1 we get N X M independent
equations and obtain a unique solution.

The initial vector is then given by oy = ¢W, which may contain negative entries, hence
may not be a valid Markovian probability vector.

3. The third, last step is necessary only if vector 7y is not a proper probability vector. In this
case, an Erlang tail (a number of extra phases with the same transition rates) needs to be
appended to the row of FEBs. This Erlang tail is added to matrix G, the corresponding
transformation matrix W is re-calculated, and we get a new initial vector. It is proven
in [64] that an appropriate Erlang tail always makes the representation Markovian, if
(0, S) defines a ME distribution with positive density. Unfortunately there is no explicit
way to obtain the size and the rate parameters of the Erlang tail to be added. One can
apply a simple heuristic algorithm that increases the size of the Erlang tail successively
and applies the secant method to find the rate parameter that makes < a valid probability
vector.
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0.00148
1 78845 _ 288 2.883 . 33047 . 33047
O N\ N\ / N\ .

0.013545 0.0072743  0.010133 0.016458 0.075044 0.87755

FEB-1 FEB-2 Erlang tail

Figure 6.: Monocyclic representation of example (15)

As demonstration, the non-Markovian representation

-1 0 0
o= [0.1 0.2 0.7], S=]10 -3 02, (15)
0 —-02 -3

is transformed to a monocyclic representation with the procedure outlined above. The result-
ing initial vector and transient generator are

7= 0.013545 0.0072743 0.010133 0.016458 0.075044 (187755},
1 1 0 0 0 0
0 28845 2.8845 0 0 0
G |0 0 28845 2.8845 0 o | (16)
0 00014803 0  —2.8845 2.883 0
0 0 0 0  —33047 3.3047
0 0 0 0 0 33047

and the corresponding state transition graph is depicted in Figure 6. The original (¢, S)
representation has a real eigenvalue (A; = —1), and a complex conjugate eigenvalue pair
(A23 = —3 £0.21). The first, degenerate FEB (lacking a real feedback) realizes A;. The sec-
ond FEB realizes A, and A3, but also introduces an extra eigenvalue. The initial vector ensures
that the coeflicient of this eigenvalue is zero in the spectral form of the pdf (see (6)). After
the second FEB an Erlang tail follows, with the eigenvalues introduced there having zero co-
efficients as well. Without the Erlang tail (or with a shorter one) the initial vector remains
non-Markovian, containing negative elements.

Theorem 4 has a striking consequence: every ME can be converted to a PH distribution
with more states, blurring the difference between the two distribution classes.

2.2 CANONICAL FORMS

As seen in the previous sections, the (¢, S) representation of PH distributions is known to be
non-unique and can be non-minimal, thus there can be many (v, G) representations defining
the same distribution. Furthermore, the number of parameters (non-determined elements)
of this representation is N> + N — 1 when the size of vector ¢ and square matrix S is N
(since S has N? elements and ¢ has N — 1), while the spectral form of the pdf of order N PH
distributions (6) has only at most 2N — 1 parameters.

To overcome these drawbacks unique, minimal, hence canonical representations are re-
quired. Canonical forms (among other benefits) make the PH fitting procedures more efficient,

17
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M Ao

o O e

p 1-p

Figure 7.: Canonical representation of PH(2) distributions

since the underlying optimization procedure does not have to go back and forth between very
different representations of almost the same distribution.

As mentioned earlier, canonical representations are available for a long time for acyclic PH
distributions ([26]). For general (non-acyclic) PHs, however, finding canonical forms is more

challenging.

2.2.1 Canonical representation of PH(2) distributions

According to [25], any ME(2) distribution can be transformed to an acyclic form, for which a
canonical form exists due to [26]. This way the same canonical form is applicable for all (not
only acyclic and even for non-Markovian) PH(2) representations.

Theorem 5. The distribution sets ME(2), PH(2) and APH(2) are equivalent, i.e, ME(2) =
PH(2) = APH(2).

Proof. Based on the definition of these classes, we have ME(2) D PH(2) D APH(2). Here,
we only prove that any ME(2) distribution has an APH(2) representation.
From [25] we have that the LST f*(s) for a second-order representation (¢, S) has the form

K(o\ _ 1+s/a
fs) = (1+s/A1)-(1+5s/A2)

(17)

where A and A; denote the eigenvalues of —S. This LST corresponds to a valid density
function if and only if A1, A; and & are all real and

0 < min ()\1;/\2) <a< oo (18)

is satisfied.
Let us rewrite this LST as

1—)\1/0( )\1/0(
T+s/A1) - (T+s/A)  (1+5/Ay)

f*(5)==(

This structure reveals an analogy to a Laplace transform of a Bernoulli mixture of a hypo-
exponential density and an exponential density, which leads us to the following matrix-
exponential representation

ZZ:[p 1—p}, G= (19)

A A
0 —A

withp =1 — % Figure 7 visualizes this acyclic PH(2) representation. It is easily verified that
(3) with these settings for 7y and G yields (17). Due to condition (18), i.e., A; < a, it follows
0< % < 1 so that (19) is indeed a valid APH(2) representation. O
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X3 X2 X1 — X13
p3 p2 P1
X13

Figure 8.: The structure of the considered PH(3) distribution

In the example below the non-Markovian (¢, S) representation is transformed to the canon-

ical form (7, G):
g = [—1.4 2.4} , x= [0.8 0.2] ,

S — —22 24 , G — —4 4 ' (20)
—-15 16 0 -2

The steps of the transformation were:
+ creating matrix G, where —A; and —A; are the eigenvalues of S,
+ obtaining the transformation matrix B by solving the linear system BG = SB, Bl = 1,

+ obtaining the initial vector of the canonical form from iy = ¢B.

2.2.2  Canonical representation of PH(3) distributions

Since the dominant eigenvalue must be real, the pdf of PH(2) distributions can not have com-
plex eigenvalues. Order-3 PH distributions, however, can have complex eigenvalues. This
essential difference leads to a more complicated canonical form, which is more involved to
derive.

In [40] it is proven that every PH(3) distribution given by a Markovian representation can be
transformed to a unicyclic form (see Figure 8), which is almost the same as a canonical acyclic
structure, but has an extra feedback arc.

The theorem below summarizes the results of [40].

Theorem 6. [40] If (¢, S) is a Markovian representation of a PH(3) distribution then it can be
similarity transformed to the Markovian unicyclic representation

1:[71 72 73]/ G=|lx -x» 0|, (21)

wherex; > xp > x3 >0, 0 <x13 <x,0 <y, 72,7371 +72+r3=1

The structure of the resulting unicyclic PH distribution is depicted in Figure 8.

Theorem 6 and the corresponding algorithm assume that the initial representation (¢, S) is
Markovian; if this assumption is violated, hence the input is a non-Markovian representation,
the algorithm returns invalid results with possibly complex entries. This assumption can be
restrictive in many situations including moment matching (discussed later in Section 2.3),
since the moment matching procedures typically return non-Markovian representations.

19
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Hence, in the rest of this section we introduce an alternative algorithm that is able to per-
form the canonical transformation of any non-Markovian (¢, S) representations as well.

Let A1, Ay, A3 denote the eigenvalues of —S which are ordered such that re(A;) >
re(Ay) > re(A3) and ag, a1, ap the coefficients of the characteristic polynomial of —8§, i.e.,

ag = MAA3, a1 = MAs + AA3 4+ AsAs, ap = A1+ Ay + As. (22)

The next lemma provides the similarity transformation matrix B connecting (¢, S) and
(7, G), and relates its elements with the coefficients of the characteristic polynomial.

Lemma 1. The similarity transformation matrix B, composed by the column vectors [by, by, b3],
to transform an arbitrary size 3 matrix S to a unicyclic representation is given by

1
b= ——51,
X13 — X1
1
b= ————— (11 + S)S1,
- (x13 — x1) %2 (al+S$) @)
1
=—————— (0 +S)(x1I + S)S1,
(x13—x1)x2x3 ( 2 )( ! )
and
13 = X1 x%—a2x1+a1'
az——xl%—\/(az——x1)2——4(x%——a2x14—a1)
Xy = B P (24)
ap, — X1 — \/(az —x1)2 — 4(x3 — apx1 + a1)
X3 = .

2

The proof of the Lemma can be found in Appendix B.1.

The transformation matrix B and the transformed unicyclic representation G depend on the
choice of x1. [40] showed the following properties of PH(3) distributions and this similarity
transform.

P1) When § is a Markovian generator then

a; +24/a3 — 3m
. a; + /a3 — 3ay
0:
3

A1, ifA eR,
Yo, ifA € C

, (25)

, (26)

U =

are real and positive such that ¢, < 9,,.

P2) When 9y < x1 < 0, then the transformed generator matrix, G = B ~1S$B is Markovian
such that x; > x» > x3 > 0.

Indeed, property P2 holds also for any non-Markovian matrix S if its eigenvalues satisfy
the requirements of PH(3) distributions:
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+ A3, the dominant eigenvalue, is real and positive,
« a3 —3a;>0
2 1=

Due to the fact that the similarity transform leaves the eigenvalues unchanged, this general-
ization of property P2 is a consequence of property P1 and Theorem 6.

We can summarize the results of [40] as follows. It defines a similarity transformation of
PH(3) distributions to a unicyclic representation. This transformation depends on a parameter,
x1. [40] also defines the range of parameter x1, (8, 9, ), where the transformed generator
matrix is Markovian. The critical step is how to set parameter x; such that the initial vector
is Markovian, i.e., is a proper probability vector. Unfortunately the way the algorithm in [40]
sets x1 is not sufficient when we have a non-Markovian (¢, S) representation.

Next we investigate the range of x1 where the initial vector is Markovian.

Using the similarity matrix defined in (23) the elements of the initial vector y = ¢ B are:

—QS]I dl

n= Xy —xi3 x1—x13° (@)
—g(x11+S)S]l x1d1 + d>
7 (%1 — x13)x2 B (x1 — x13)x2’ @)
s = —0(x2I +S)(x1I1+ S)S1 _ xxod + (x1 + x2)dp + d3 (30)
’ (x1 — x13)%2%3 (x1 — x13) %23 ’

where d; = —¢S'1,i = {1,2,3}. The derivatives of the density function at zero are closely
related to these parameters since f (@) (0)=d;j1 = —¢S"*11. Consequently, for a Markovian
(¢, S) pair

P3) eitherd; > 0,ord; = 0and d, > 0,

must hold for having a non-negative density around zero.
The canonical form we propose in this section is based on the following theorem.

Theorem 7. If (0, S) has a Markovian representation, then the similarity transform with matrix
B, defined in (23), with parameter

= | max{dy, 8}, ifeS1 <0, o
1961 ifQS ]1 — 0,
oS%1
b2 ="t (32)

provides a Markovian representation.

The proof of the Theorem is provided in Appendix B.2.

The corresponding transformation procedure is presented in Figure 1. If the procedure fails
to produce a valid Markovian output then the input does not represent a PH(3) distribution.
If the procedure completes, it gives back the canonical representation of the given PH(3) dis-
tribution, which is Markovian, minimal and unique.

If ¢ is an arbitrary vector and S is an arbitrary matrix of order three such that (¢, S) repre-
sents an order three PH distribution, then (v, G) is a Markovian representation of this PH(3)
distribution.

(7, G) is unique, in the sense that for any (¢, S) representation of a PH(3) distribution the
procedure provides the same (v, G) pair.

21
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Algorithm 1 Canonical transformation of PH(3) distributions

procedure CANONICAL-PH(3)-TRANSFORMATION(C, S) 1> (¢, S) can be non-Markovian
A1, A2, Az < decreasingly ordered eigenvalues of —S
ag < AMA2A3, a1 MAy+AMA3+A2A3, ar < A1+ A+ Aj
Oy + 2 (a2 +24/a3 —3a1), B9« % (ap+ /a3 —3ay)
8, « A if A ER
9 ifA €C
—cH*1/gH1 if cH1 <0
0y
ifcH1 =0
x1 < max {d, ¥}
X13 ¢ x1 —ag / (X3 —ayx1 + a1)
X % (a2 —x1+ \/(az—xl)z —4(x3—ayx1 +a))
x3 4 3 (a2 — x1 — \/(az—xl)Z —4(x?—ax1 + 1))
114 S1/ (x13 —x1)
Y2 %g(xll—l—S)Sll / ((xlg—x1)x2)
Y30 (I +8)(x1I+8S)ST/ ((x13 — x1) X2 X3)
—X1 0 X13
return’y = {71 72 73} /G=|x -x 0
0 X3 —X3

end procedure

The PH(3) distributions are known to be determined by five parameters. E.g., the first five
moments or the five coefficients of the Laplace rational transform uniquely determine a PH(3)
distribution. Although not obvious at the first sight, the presented canonical form is also
determined by exactly five independent parameters. In the unicyclic form [40] there are six
parameters (X1, X2, X3, X13, Y1, v2) and in the transformation procedure just presented one of
these parameters is additionally set to a special value. The following constraint decreases the
number of parameters to five:

fi)y M eR, 12 < % — x13 =0,
f2) el <t — X1 = X,
f3) 0y <1 — 72 =0.

Indeed, these cases represent three different forms of the canonical representation. Applying
the procedure for the example defined in (15) the output is

Y=109683 0 0.0317(,

_—3.0221 0 0.027123 (33)
G=| 29572 —29572 0 ,
0 1.0207 —1.0207

hence form f3) is returned for this particular case.
It is an additional nice feature of the proposed canonical form that it is compatible with
the widely used canonical representation of acyclic PH distributions [26], since when (o, S)
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represents an order 3 acyclic PH distribution, then form f1 gives Cumani’s canonical repre-
sentation of that distribution. For instance, for (¢, S) defined in example (11) it returns the
same (7, G) as given there.

2.2.3  Canonical representation of PH(4) distributions

Based on the structure of the canonical representation of PH(3) distributions this section stud-
ies the following unicyclic PH(4) structure.

Let (¢, S) be a general matrix representation of a PH(4) distribution and {Aq, A2, A3, Ag}
its eigenvalues. The characteristic polynomial of S is x* + a3x® + a,x? + a1 x + ag where

apg = AA2A3Ay, (34)
a1 = AMAA3 4+ AMArAL + A1A3A4 + ArAsAy, (35)
az = MA2+ MA3+ AAz + AAg + Aady + AzAy, (36)
a3 = M+Ar+A3+ M (37)

Theorem 8. The (0, S) representation can be transformed to the (7, G) unicyclic form where
Yy=0B,G = B !SB, B1 = 1, and matrix G has the form

—x1 0 x13 x4

G — X2 —X2 0 0
0 X3 —X3 0
0 0 X4 —X4

The similarity matrix of this transformation, B = [b1, by, b3, ba], is composed by the following
column vectors

—S1 (x11+8)by
bh=—————b=——""—
X1 — X13 — X14 X2
(x2I + S)bo (xal +8S)bs  x13h1
by = 222y = -

X3 X4 X4
where x1 and x13 are arbitrary parameters and Xx14, X2, X3, X4 are the solution of the following
set of equations

a0 = (x1— X13 — X14)X2X3X4, (38)
a1 = (X1 — X13)X2X3 + X1X2X4 + X1X3X4 + X2X3X4, (39)
ay = X1X2 + X1X3 + X2X3 + X1X4 + X2X4 + X3X4, (40)
a3 = x1+x2+x3+2x4. (41)

Proof. The coefficients of the characteristic polynomial of G are given at the right hand side
of (38)-(41). S and G are similar since their characteristic polynomials are identical due to
(38)-(41). The columns of the similarity matrix B can be obtained from the columns of the
matrix equation SB = BG, which are

Sby = —x1bi+ x2b2, (42)
Sby = —xby + x3b3, (43)
Sbys = —x3bs+ x4bs+ x13b1, (44)

Sby = —x4bs+ X14b1 . (45)

23
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Summing up (42)-(45) and using B1 = 1 we have

S1 = —x1b1 + x13b1 + x14b1, (46)
. =51 . o .
from which by = pP— Consecutively substituting the result into (42)-(44) we
1= X13 — X14
obtain by, b3, by, respectively. O

Corollary 1. Starting from (38) - (41) and having x1 and x13 fixed, X14, X, X3, X4 are obtained
as the solution of an order-6 equation.

Consequently, there is no symbolic transformation method to the (vy, G) unicyclic form.

Corollary 1 remains valid also when x13 = 0.

We have implemented the transformation method defined in Theorem 8 and additionally
we have implemented transformation methods to the following simple order-4 generators

Gy = G with x13 =0,

-x1 0 x3 —x1 O 0 0
X —X 0 0 X —Xx 0 X
Gis = 2 2 Gy = 2 2 24
x3 —x3 0 0 x3 —x3 0
0 X4 —X4 0 0 X4  —Xy

Having these transformation methods we checked if general PH(4) distributions can be trans-
formed to the given specific forms. We found that none of the G13, G14 and Gy4 forms are
sufficiently general to transform all PH(4) distributions into that form. However, we found
that it is usually impossible to transform between these forms. ILe., having a PH(4) distribu-
tion whose generator has the form of Gog, it is commonly not possible to transform it to the
form of G13 and G4, and so on.

In contrast, we found that the (7, G) representation, with properly chosen x; and x13
parameters, is general enough to cover all PH(4) examples we tried with.

The (1, G) representation is defined by nine parameters, x1, X2, X3, X1, X13, X14, Y1, Y2 Y3-

Assuming that the (v, G) representation is a candidate for the canonical representation
of PH(4) distributions and that the canonical representation of PH(4) distributions contains
the minimal number of parameters (which is seven), two additional constraints should apply.
Some of the possible constraints are x13 = 0, x14 = 0, 1o = 0, 13 = 0, X1 = x2, X2 = x3,
x3 = x4. Considering only these constraints we have a wide variety of different constraint-
pairs. Some of them might be too restrictive, but e.g., x13 = x14 = 0 results in the acyclic
subclass of PH(4) distributions.

23 PHFITTING WITH CANONICAL FORMS

The applicability of PH distributions for modeling real systems relies on efficient fitting proce-
dures. A fitting procedure constructs a PH distribution based on empirical samples or based
on an other known distribution. This section demonstrates the benefits of canonical forms in
PH distribution fitting.
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2.3.1 Moment matching

In case of moment matching a PH distribution is created that has the same moments as the
target distribution. Recall that PH(2) distributions have 3, and PH(3) distributions have 5 free
parameters, thus they can match 3 and 5 moments, respectively.

Moment matching is not straight forward, since it involves the solution of a polynomial
system of equations (see (4)). Apart from the low order cases, such equations have no explicit
solutions.

Nevertheless, there exists a procedure, published in [82], that solves the moment problem.

For a given set of {my, ... myN_1} moments this algorithm creates a size N vector and matrix
pair, (¢, S), for which i'c(—8) ™"l =m;, i = 1,...,2N — 1 holds'.

The output of the procedure (¢, S), however, while providing the appropriate moments,
can have arbitrary elements. It is either a non-Markovian representation of a PH distribution,
or not even a distribution at all (as the density is negative at some points). Transforming this
(¢, S) to the canonical representation gives the answer to this question. If the transformation
to the canonical form fails (the result is not a Markovian representation), then (¢, S) is either
not a valid distribution or does not have an order N Markovian representation.

In the next example the moments to fit are extracted from a real measurement trace file,
which captures the packet inter-arrival times over two hours of wide-area TCP traffic®. In this
trace the first five moments of the inter-arrival times are {1,2.942,16.84,150.73,1876.8}.

First a PH(2) is created based on the first three moments. The procedure of [82] returns

~1.5779 —0.11239
c® = o5 05|, S<2)=[ 05 05 ]

which is clearly non-Markovian. Transforming it to the canonical form described in Section
2.2.1 gives

1 = 101736 0.8264

] c0) _ | 045017 0.45017
' 0 —1.6277|

which is a PH(2) distribution with a Markovian representation, matching the first three target
moments. Repeating these steps with 5 moments and 3 states yields

~1.7356 034074  —0.95214
c®=11/3 1/3 1/3], S® = 1_018575 —0.63031 —0.042169
—0.48092 —0.036353 —0.6245

in the first step and leads to

—2.0185 0 0
¥ = 1071787 0.26156 0.02057|, G¥ = | 0.63653 —0.63653 0 /
0 0.33542 —0.33542

The original procedure in [82] obtains the result in a slightly different form with the closing vector being different
from 1, that can be transformed to the ME representation used in this section by applying a simple similarity
transformation

2 Downloaded from http://ita.ee.lbl.gov/html/contrib/LBL-TCP-3.html
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Figure 9.: Results of moment matching with canonical forms

after the canonical transformation by Algorithm 1. Figure 9 depicts the original (empirical)
pdf and the pdf of PH distributions (7?, G®?)) and (¥, G®)). Both PH distributions ap-
proximate the target distribution relatively well, the 3-state one being a bit closer, especially

in the log-log plot.

2.3.2 Fitting the density function

There is a large number of PH distribution fitting methods available in the literature (for a
survey see [56]). Some of them operate on the full PH class while others look for the solution
in a subclass of the PH distributions. The most commonly used sub-classes for fitting purposes
are the APH class, the hyper-exponential distributions and the hyper-Erlang structure. At the
first sight these structural restrictions seem to decrease the efficiency of the fitting methods,
since they look for the best fit in a smaller class of distributions. However, based on practical
experiments, the opposite seems to be true: fitting a distribution with a restricted PH sub-class
often provides better results, both in terms of distance and speed. The reason is that methods
optimizing the full PH generator matrix and initial probability vector are often circling around
different representations of the same distribution. Methods operating on the restricted PH
sub-classes have an easier job, since they optimize fewer parameters.

The canonical forms of PH(2) and PH(3) distributions can be utilized to develop more effi-
cient PH fitting methods. These canonical forms are minimal representations having minimal
number of parameters while covering the whole PH(2) and PH(3) classes, consequently the
optimization methods find the solution more easily.

To show the benefits of canonical forms in distribution fitting some numerical examples
are presented. We developed a simple fitting method in MATLAB based on the line search
algorithm with the subject function set to the relative entropy. Relative entropy ([14], also
known as the Kullback-Leibler divergence) is a popular quantity to measure the goodness of
fit (for discrete samples it is equal to the log-likelihood). It is defined by

o [ £(x)
D(ff) = | f@liog lax @)

where f(t) is the density function of the fitting PH distribution and f(t) denotes the pdf of
the distribution to fit.
The initial point was the best selected from hundred random PHs distributions.
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W1 U1 ME BC

Full PH3: 1.9532-107% 0.16659 0.89605 0.14093
Form f1): 1.9531-107% 0.16659 0.90059 0.14087
Form f2): 1.9532-107% 0.16659 0.89605 0.27127
Form f3): 4.5383-1073 0.16659 0.89605 0.28222

Table 1.: Minimal distance obtained by optimizing with different representations

W1 U1 ME BC

FullPH3: 12-107* 14-107° 19-107% 4.3.1073
Form f1): 2.6-1077 14-10> 69-107° 3.5-1073
Formf2): 85-10~7 3.7-107% 4.1-107° 6.2-1073
Formf3): 23-107* 32-107% 12-107* 6.3-107*

Table 2.: Distance variances obtained by optimizing with different representations

During the numerical experiments the target distributions were W1, Ul and ME distribu-
tions defined in [14]:

fwi(x) =
fur(x)
fme(x) = (1 + (zlﬁ)z) (1 —cos(27mx))e™.

=™

[ESTAN.
(;‘) e (1) withy =1, =15,

0<x<1,

Il
—_
~

A non-synthetic distribution taken from real time measurements is included in the experiment
as well. These real time measurements record one million packet arrivals on an Ethernet
network?, and will be referred to as BC in the sequel.

Since in case of PH(3) there are three different canonical forms, the optimization has to be
performed with all three structures and the best fit should be selected as a final result.

The optimization has been performed 100 times with different random initial points. The
best (minimal) distance obtained out of the 100 runs is shown in Table 1. In case of the W1
distribution the f1 canonical form turned out to be the best. All representations gave the
same result in the Ul case. For the ME distribution, the APH structure (f1) was not able
to capture the characteristics of the target distribution, but all other representations returned
the same result. For real traffic fitting (BC case) the APH was found to be the most suitable,
the full representation is not far behind. These examples also demonstrate the capabilities
of the built-in optimization function of MATLAB, it found the solution even with redundant
(non-minimal) representations.

According to Tables 2 and 3, however, the benefits of canonical forms in optimization are
clear. The optimization finds the solution in fewer iterations (Table 3), and the solution de-
pends less on the initial guess (Table 2).

3 Downloaded from http://ita.ee.lbl.gov/html/contrib/BC.html
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W1 U1 ME BC

Full PH3: 15098 1104 11749 146.6
Form f1): 52.04 4334 4056 119.62
Form f2): 64.27 5522 5253 111.14
Form f3): 10849 7133 71.84 12293

Table 3.: Number of iterations when optimizing with different representations

24 PHFITTING WITH A FLEXIBLE STRUCTURE

Flexible structure PH fitting methods use representations that have more free parameters than
the number of parameters to match. A set of parameters are set to ensure the matching of
moments or some other subject function, while the remaining parameters add extra degrees
of freedom to obtain a valid PH distribution to match any set of moments. Such a method is
described in [51], which uses a representation called mixture of Erlang distributions of common
order (MECO). Mixing K Erlang distributions of common order has 2K parameters: K — 1 ini-
tial probabilities (which Erlang component to choose, sums up to 1), the intensity parameters
of the Erlang distributions (there are K of them), and the common order of the Erlang distri-
butions (1 parameter). With these 2K parameters this procedure can match 2K — 1 moments.
The free parameter not involved in moment matching is the order parameter, which is com-
mon for all Erlang components. The moment matching is performed with order=1, order=2,
etc., the order is increased till a Markovian solution is found. If order R Erlang branches are
needed to get a Markovian representation, the procedure results in an order N = K- R PH dis-
tribution. It is guaranteed that, with appropriately large order, this procedure is able to match
any set of 2K — 1 moments belonging to a positive distribution. An other method operating
on a flexible structure has been published in [13]. It matches 3 moments with an exponential
and an Erlang distribution connected after each other in a row. The degree of freedom is the
order of the Erlang component again. It is proven that, by choosing the order of the Erlang
component appropriately large, it is possible to match any 3 moments with this structure.

In this section we propose a new sub-class of PH distributions for matching any number of
moments.

Definition 4. Random variable F has order-K generalized hyper-Erlang distribution iff its den-
sity function is
Ko (Ax)it
- A Waies 48
f(x) Z;‘E(ri—-lﬂ ie (48)
with f(x) > 0 and fooof(x)dx = 1. For the parameters we have that A; € C, re(A;) > 0,0} €
(D,Zfilai =landrie N fori=1,..., K

Thus, generalized hyper-Erlang distributions (GHErD) are similar to hyper-Erlang distribu-
tions, the difference is that coefficients 0; do not need to be valid probabilities, and that A; can
be complex as well. The kth moment of generalized hyper-Erlang distributions is calculated
as

K
© (k+r—1!1
my /0 x*f(x)dx 1'72_101 CENIE k>0 (49)

(Note that my = 1).
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2.4.1 Solution of the moment matching problem with fixed r; parameters

For matching moments m11, ..., mpg_1 with order-K GHErD having the r; parameters fixed
we have to solve a system of polynomial equations defined by (49) for k = 0,...,2K —1,
such that the unknown variables are A = {A;,i = 1,...,K} and p = {0;,i = 1,...,K},
which give 2K unknowns in total.

Due to the structure of the system of polynomial equations it is not possible to derive an
explicit solution for arbitrary K. However, there are excellent tools available that are able to
solve polynomial systems numerically?. It is important to emphasize that this does not mean
that we are applying a non-linear programming or other optimization methods to find the
solution of the moment matching problem (as it was done in [18]). What we are doing is the
numerical solution of the polynomial system, that is able to provide all the solutions of the
system of polynomial equations.

This polynomial system has typically several solutions, and it is also possible that it has no
solutions at all (it can be inconsistent). If it does have solutions, each solution either defines
a valid PH distribution, or it does not. To decide if a solution is valid, we try to obtain a
Markovian monocyclic representation by using the method described in Section 2.1.4. From
a solution given by vectors A and f the initial (non-Markovian) representation is obtained in
a direct way as

g:[alo...Oazo...OUKO‘.\.,._g],

7’1—1 7’2—1 I’K—l
_ A -
"
_)\1 )
—Ar Ap
(50)
2
S =
Ay
—Ak Ak )
YK
L —Ak |

Y

If the output (7, G) of the algorithm of Section 2.1.4 is Markovian, then we found a valid
solution. Given vector r = {r;, i = 1,...,K} it may happen that several different PH distri-
butions are found, but it is also possible that no solutions exist. In the latter case the entries
of vector r need to be increased to obtain a valid solution.

2.4.2 Optimizing the r; parameters

Finding the appropriate vector r can be made automatic as well. In this case the user just
has to enter a single parameter, R, and the algorithm repeats the moment matching with all
vectors 7 satisfying Y~ ; ; < R.

For this purpose, we are using PHCpack (see [85]), which is a multi-platform open-source tool and is under
continuous development and refinement

29
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As the MECO is a sub-class of GHErD, and according to [51] it is always possible to find
a MECO for any set of moments, this procedure always finds a Markovian solution with an
appropriately large R parameter.

Algorithm 2 GHErD fitting algorithm based on moment matching

1: procedure FiTGHERD(m11, ..., max_1, R, D(+))
2 res < @
3 forallr = [r; ... rg]with YK 7 < Rdo
4 {(A, B)i} < Solve polynomial equations of (49) fork = 0,...,2K — 1
5: for each solution (A, ) do
6 (¢, S) < Create non-Markovian representation based on (50)
7 (7, G) < Transform (¢, S) to a monocyclic representation (Section 2.1.4)
8 if (77, G) is Markovian then
9 Add (7, G) to set res
10: end if
11: end for
12: end for
13: if res = @ then
14: error "No solutions found up to size R. Parameter R has to be increased.”
15: end if
16: (v, G) « arg MiN ) 6 eres D(v, G)

17: return (7, G)
18: end procedure

The proposed algorithm is depicted in Algorithm 2. First, the algorithm solves the moment
matching problem with different r vectors up to Zszl r; < R and collects all solutions that
have a Markovian representation in set res. Notice that all solutions in res match the first
2K — 1 moments of the target distribution. In the second step (last line of the algorithm)
the best solution is selected according to a secondary distance function D(-). Any distance
function can be used that quantifies the distance between two distributions. Two possible
distance functions are:

« Moment distance (MD): the sum of the squared relative difference of the moments up
to moment M. Denoting the kth moment of the target distribution by 7f1; this means

k=1

M m(l/G) o mk 2
D(vG) =), (" : (51)
(Note that for k < 2K — 1 we have m,((%G) = 1).

« Relative entropy (RE): as defined by (47).

Both distance functions have their advantage. The moment distance relies only on the
moments, thus the exact shape of the target pdf is not required. The relative entropy, however,
quantifies the similarity of the shapes of the density functions better. Both distance functions
will be evaluated in the subsequent numerical examples.
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# of moments  # of different # of valid Execution

to match r vectors solutions speed
3 100 88 28 sec
5 237 688 337 sec
7 408 3920 810 min

Table 4.: The number of different r vectors, the number of valid solutions, and the total execution time
in the LBL example

2.43 Numerical examples

In this section we apply the presented fitting method on two well known traffic measurement
traces, the BC-pAug89 trace (also used in Section 2.3.2) and the LBL-TCP-3 trace (used in
Section 2.3.1).

Algorithm 2 has been implemented in MATLAB. To solve the system of polynomial equa-
tions we used PHCpack v2.3.76°. All the results have been obtained on an average PC with a
CPU clocked at 3.4 GHz and 4 GB of memory.

In the subsequent case studies the following 4 flexible moment matching-based PH fitting
methods are compared:

1. The presented method, where the PH distribution with the smallest moment distance
(up to 10 moments) is selected from the set of all PH distributions matching the mo-
ments of the trace;

2. The presented method, where the PH distribution with the lowest relative entropy is
selected from the set of all PH distributions matching the moments of the trace;

3. Moment matching with a mixture of Erlang distributions of common order (MECO,

[51]);

4. The method of [13], which is able to match the first three moments only.
EXPERIMENTS WITHTHELBL TRACE

In this example the R parameter (the sum of the multiplicities of the eigenvalues) is set to
20. According to Algorithm 2 this means that the moment matching is performed with all
vectors r satisfying Zlel r; < R. With a given vector r, the moment matching problem can
result in several different valid PH distributions. At the end we have a large number of PH
distributions from which we can select the best according to some distance function. Table 4
shows how many r vectors and valid solutions there are, and how long the execution time of
the algorithm is.

The numerical results are shown in Table 5. When the first three moments were matched,
all methods found the same solution. Even if a large number of 7 vectors have been checked
by our method, the best solution has been found to be the same according to both distance
functions.

5 It can be obtained from http://homepages.math.uic.edu/~jan/download.html
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Num. of moms. Method MD RE Num. of states

Our method (MD) 1.786 0.3024 2(r=1[11])

3 Our method (RE) 1.786 0.3024 2(r=111))
MECO [51] 1.786 0.3024 2(r=111))
ErlExp [13] 1.786 0.3024 2
Our method (MD) 0.0072 0.0984 3(r=1[111))

5 Our method (RE) 0.0386 0.0953 5(0=1[11 2]
MECO [51] 0.0072 0.0984 3(r=1[111))
Our method (MD) 826 x 107® 3.9727 20(r = [2 23 13))

7 Our method (RE) 0.00499 0.0727 8(r=1[113 3]
MECO [51] 0.00475 0.1339 8(r=12222)

Table 5.: Results of the fitting of the LBL trace

When 5 moments were matched, the MECO matching method returned a hyper-
exponential distribution that was found to be optimal by our method as well according to
the distance of moments. However, our method was able to find a PH distribution that has
lower relative entropy. This PH distribution has 5 states and the corresponding r vector is
r = [1 1 2]. The sum of the elements of vector r is only 4, which means that a new eigen-
value has been introduced and the size of the PH has been increased by 1 to obtain a Marko-
vian representation (this new eigenvalue cancels out, it has no effect on the pdf).

The advantage and the flexibility of the proposed method can be seen the best when 7
moments are matched. This method was able to find a PH distribution with significantly
lower moment distance, and an other one with significantly lower relative entropy as well.

Figures 10, 11 and 12 plot the density functions belonging to the methods discussed, both on
linear and on logarithmic scale. While the tail of the pdf is fitted well by all methods, the plots
differ significantly in the body of the pdf. Based on a visual comparison, the solution found
by our method by matching 7 moments and selecting the best according to the RE distance
seems to capture the shape of the pdf best.

EXPERIMENTSWITHTHE BCTRACE

The numerical results corresponding to the BC trace are summarized in Table 6. When
fitting the first 3 moments, the same hyper-exponential distribution turned out to be optimal
by all the methods involved into the comparison. When fitting 5 phases, the proposed method
has found a PH distribution with very slightly lower relative entropy. In the case when 7
moments are matched, we have a PH distribution with better moment distance, and an other
one with significantly better relative entropy than the MECO based method.

The density functions corresponding to the investigated cases are depicted in Figure 13, 14
and 15. Figure 14 demonstrates how different the shapes of the density functions can be even if
the first 7 moments are the same. The MECO-based method looks to be the least successful in
this example, while the proposed method with the relative entropy based selection managed
to capture the characteristics of the density function reasonably well.
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Figure 15.: Comparison of the results of our method, matching 3, 5 and 7 moments



dc_1412 17

24 PHFITTING WITH A FLEXIBLE STRUCTURE

Num. of moms. Method MD RE Num. of states

Our method (MD)  3.0509  0.30244 2(r=111))

5 Our method (RE) 3.0509 0.30244 2(r=111))
MECO [51] 3.0509 0.30244 2(r=111])
ErlExp [13] 3.0509  0.30244 2
Our method (MD) 0.00198  0.30521 14(r=114 8]

5 Our method (RE) 55.4699 0.30212 5(0=1[112])
MECO [51] 55.4699 0.30212 3(r=1[111)])
Our method (MD)  0.0056 0.48178 20(r=[1 2 2 15])

7 Our method (RE) 0.0072 0.185 19(r=1[11215])
MECO [51] 0.0391 0.3536 16(r=1[4444])

Table 6.: Results of the fitting of the BC trace
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MARKOVIANARRIVALPROCESSES

In many practical applications (including computer networks and telecommunication sys-
tems) the inter-arrival times of the demands are correlated. Markovian arrival processes are
able to characterize such correlated point processes with Markovian tools, they serve as the
arrival process in many queueing systems.

3.1 INTRODUCTION TO MARKOVIAN ARRIVAL PROCESSES
3.1.1 Definition and basic properties

First we introduce the rational arrival processes (RAPs), from which the MAPs are derived. Let
F(t) be a point process with joint probability density function of inter-event times denoted
byf(xo,xl, .. .,xk) for k > 1.

Definition 5. The square matrix pair of size N, (Dg, D1), satisfying (Do + D1) 1 = 0 defines
a stationary RAP iff the joint density function of the inter-arrival times

flxg,...,x) = wePo¥1DyePov2py o ePo¥e D1 (52)

is non-negative for all k > 1 and x1,x2,...,xx > 0 and « is the unique solution of
a(=Do) 'Dy = a,al = 1.

A RAP is a point process in which the inter-arrival times are ME distributed [5, 62]. RAPs
inherit several properties from ME distributions. The real parts of the eigenvalues of matrix
Dy are negative; consequently the matrix is non-singular. Furthermore, the dominant eigen-
value of Dy, having the maximal real part, must be real.

The non-negativity of the joint density function of RAPs is hard to check. Next, we intro-
duce a Markovian subset of RAPs that have a stochastic interpretation and can be easily used
in Markovian performance models.

Definition 6. If F () is a RAP(Dy, D1), where Dy and D1 have the following properties:
* Dy;j 20,
* Do;; <0, Do;; > 0 fori #j, Dol <0,

then we say that F (t) is a MAP with representation (Dg, D).

In case of MAPs one can interpret the off-diagonal elements of matrix Dy and the elements
of Dy as transition rates corresponding to “hidden” and *visible” events, respectively. The
sum of the matrices D = Dy + D is the generator of a CTMC, whose states are referred
to as phases in this context. Whenever the CTMC traverses a transition in Dy, an arrival is

37
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-4 1 0 0 0 3
Do=|10 -2 0|, Di=12 0 0
4 5 -9 000

Figure 16.: An example for a MAP

generated (this is the "visible” event), while transitions in matrix Dy are not accompanied by
arrivals (they are “hidden” events). As a consequence of the probabilistic interpretation the
joint density function (52) of MAPs is always positive. Figure 16 depicts the Markov chain
and the corresponding matrices of a MAP.

By this interpretation matrix P = (—Dp) ! Dy is the transition probability matrix of the
discrete time Markov chain (DTMC) describing the phase transitions right after arrival events,
and vector g is its stationary distribution, hence the phase distribution at arrivals.

Consequently, the distribution of the inter-arrival times J is PH distributed with initial
vector & and transient generator Dy, thus (see (1))

P(F <t)=1—aeP'1. (53)
The marginal moments of the inter-arrival times are then (see (4))
my = E(F¥) = kla(—Dp) ¥1, (54)

thus the mean arrival rate is A = 1/m7. The mean arrival rate can be derived in an alternative
way as well. If the stationary distribution of the background process is 8 (which is the unique
solution to 6D = 0,01 = 1), then we also have that A = 6D1.

The joint moments of the inter-arrival times play an important role in the minimal repre-
sentation of MAPs and will be used frequently in the forthcoming sections. By denoting the
(th inter-arrival time by F, the joint moments of the ag = 0 < a1 < ap < - -+ < ag-th inter
arrival times can be derived as

E(FOF ... Fi) = aig!(—Dy) " 0P"~%ij1(~Dg) ... P % 1j,1(—Dyg) 1.
(55)

Throughout this dissertation the lag-1 joint moments appear frequently, therefore we intro-
duce a shorter notation here as

1ij = E(F4F]) = ail(—Dg) ~'Pj!(—Do) /1. (56)

Several statistical quantities can be used in the practice to characterize the dependency
structure of the inter-arrival times generated by MAPs. One of the most popular ones is the
lag-k auto-correlation, px, which is the correlation between F( and Fj. It can be expressed
from the lag-k joint moment as

E(fofk) - m%
oh=—"""75—- (57)
ny — ml

MAPs have the following appealing features that make them suitable to model the internal

traffic of queueing networks:
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+ The departure process of the waist majority of queues is correlated (apart from the
simplest cases), and MAPs are able to capture correlations in a Markovian way.

+ The superposition of two MAPs is a MAP as well. If the two MAPs to superpose are
represented by matrices (Do"), D;(")) and (Dg?), D1(?)), then the matrices represent-
ing the superposed process are

Do(superposed) — Do(l) ® Do(z),

Dl(superposed) _ Dl(l) @ Dl(z)‘ (58)

(For the definition and properties of the Kronecker summation operator ¢ see Appendix
All).

« The probabilistic splitting of a MAP is also a MAP. If the departing jobs are directed to
a given consecutive node with probability p, then this traffic is represented by matrices

Do) = Dy + (1 — p)Dy,

. 59
Dl(spllt) — le. (59)

MAPs have some distinguished special sub-classes, which are used frequently in the prac-
tice.

« PH renewal processes are point processes where the inter-arrival times are independent
and identically distributed (iid.). If the vector-matrix representation of the PH distribu-
tion is denoted by (¢, S), then the matrices of the corresponding MAP are

(60)

which means that transitions to the absorbing state are accompanied by an arrival and
at the same time the PH is re-initialized according to probability distribution ¢.

« Markov-modulated Poisson processes are arrival processes that have a CTMC background
process with generator matrix Q, and arrivals are generated according to a Poisson
process with state-dependent rates. If the vector of the arrival rates is r = {r;, i =
1,..., N}, then the matrix parameters of the MAP are

Dy = Q — diag(r),

D1 = diag(f}. (61)

3.1.2 Marked Markovian arrival processes

A MAP defines a point process where there is no difference between the arrival events. In
many practical applications, however, several types (or classes) of arrivals can be distin-
guished. E.g., some arrival types need longer, some others need shorter service, or some
arrival types need more urgent service than others.

MMAPs are the multi-type extensions of MAPs ([39]). Let us start the discussion with
a more general model class, the multi-type extension of RAPs, the marked rational arrival
processes (MRAPs) ([9]).
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- —-11 1 4 6 0 0 000
6 Do=| 0 -2 0/|.Di=10 0 2{,D2=1{0 0 0
0 3 -8 000 50 0

Figure 17.: An example for a MMAP

Definition 7. A set of square matrices of size N, (Dy, D1, . .., Dx), satisfying Z,Ifzo D1 =0,
defines a stationary MRAP with K event types iff the joint density function of the arrival sequence
(consecutive interarrival times and event types)

fxy, ke, oo, xn,kn) = geD“xleleD""sz2 .. eD"x"Dkn]l (62)

is non-negative forallj > 1 and x1,x2,...,x, > 0,1 <ky, ko, ..., ky, < K andw is the unique
solution of x(—Dg) ™" Z,Ile Dy =, al =1.

The following definition introduces the Markovian sub-class of MRAPs, similar to the
single-type case.

Definition 8. If for the matrices of a MRAP D, . .., Dx we have that
* Dyj; > 0, fork=1,...,K,
* Dy;; < 0, Doj; > 0 fori #j, Dol <0,
then we say that this MRAP is a MMAP with representation (Dy, ..., Dk).

Obviously, the class of MRAPs contains MMAPs.

In the single-type case MAPs were interpreted as Markov chains with two kinds of tran-
sitions: transitions generating arrivals and transitions not accompanied by arrivals. The
stochastic interpretation of the multi-type variant is similar: there is a CTMC modulating
the arrivals with generator D = Zle Dy (which is assumed to be irreducible), where the
transitions are marked. Transitions in Dy are just internal transitions, while transitions in
matrix Dy are accompanied by type-k arrivals. In the example in Figure 17 the transitions
leading to type-1 and type-2 arrivals are denoted by dotted and dashed lines, respectively.

The transition probability matrix of the DTMC embedded to arrival instants (of any type)
isP = (—Dg)~! Zle Dy, and its stationary probability vector is a. Hence, like in the single-
class case, the steady state distribution of the inter-arrival times JF is PH distributed with
initial vector ¢ and transient generator Dy, see (53), and the marginal moments are computed
according to (54).

If the stationary phase distribution of the background process D is vector 8, the arrival
intensity of type-k customers is given by Ay = 0Dy 1. The total arrival rate, A = Zszl Aks
can also be obtained as the inverse of the mean of the inter-arrival times A = 1/m;.

Let ]:i(k) be F; (the inter-arrival time between the ith and the i+ 1th arrival) if the i+ 1th
arrival is of class k and 0 otherwise. Then, the joint moments of the joint distribution (62),
playing a central role in the queuing network analysis approach proposed in this dissertation,

E(()" ()" () - o

aio!(—Do) Dy, i1!(—Dg) 1Dy, .. .0y (— Do) " 1Dy 1.

are
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(k)

Particularly, the lag-1 joint moments of two consecutive arrivals, denoted by 7; j will be used

frequently in the sequel:
1 = E (R (7)) = itjt a(-Do) IDk(-Do) 1, i>0,j>0, (69

and for i = 0 we define 1785-) as

ny) = Pr(Fy) > 0)E ((]—“1)J> = jla(=Dg) 'Di(—Dg) 1, j>DO. (65)

Like the single-type MAPs, MMAPs are also closed for the superposition and random split-
ting operation. Superposing MMAPs (Dg(l), .. .,DK(l)) and (Do(z), .., DK(Z)) the result is
also a MMAP with representation

D uperposed) — p ) D@ fork=0,..., K. (66)

Similarly, if the type-k arrivals of a MMAP characterized by (Dy, ..., Dk) are directed to a
given direction with probability py, the MMAP describing the traffic is

K
Do(split) =Do+ Y (1 - po)Dy,
k;l (67)

Dk(spllt) = kak, fOI‘ k - 1/ M4 K'

3.1.3  Representation transformation

Section 2.1.2 showed that the vector-matrix representation of ME (and also PH) distributions
is not unique. The same holds for the (Dy, ..., Dg) representation of MMAPs as well. The
joint distribution defined by (62) can be transformed with any non-singular square matrix B
satisfying B1 = 1 as

fxy, ke, oo, X0, kn) = geD"xlDkleD‘”‘sz2 ... eD"x"Dkn]l
= aBeB 'DoBuB-1D, BB 'DoBup-lp, B BeB 'DoBupB-lp, BRI (68)

= 129 G e 2 Gy, ... e Gy 1,

which means that the MMAPs given by representations (Dg, k = 0,...,K) and (G, =
B _1DkB, k=0,...,K) are the same, even though the representations are different.

Similarity transformations can be extended to matrix representations of different sizes [21]
as well. We recall the possible similarity transformations without proof (the proofs are similar
to the ones of Theorems 2 and 3).

Theorem 9 ([21],Theorem 1). If there is a matrix V € RNM M > N such that 1 = V1 and
D,V = VGy fork=0,...,K then (Dy,...,Dk) and (Gy, ..., Gk) define the same MRAP.

Theorem 10 ([21],Theorem 2). If there is a matrix W € RMN M > N such that 1 = W1
and WDy = GxW fork = 0,...,K then (Dy,...,Dx) and (G, ..., Gk) define the same
MRAP.

Like in case of PH distributions, the existence of multiple representations defining the same
process makes many analytical investigations and also the development of matching/fitting
procedures relatively hard.
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3.2 MINIMAL CHARACTERIZATION OF MMAPS AND A MOMENT MATCHING METHOD

As shown in Section 3.1.3, the traditional representation of MMAPs, given by matrices
(Do, ..., Dk), hence (K + 1) N? parameters, is redundant, there are infinitely many matrix
sets defining the exactly same stochastic process. This section addresses two related questions:

« If (K 4 1) N? parameters are two much, what is the minimal number of parameters that
determine MMAPs uniquely?

« What exactly are the parameters that determine MMAPs uniquely?

3.2.1 Minimal characterization of single-type RAPs

For technical simplicity, let us define the double transform of the number of arrivals in the
(0, t) interval starting from an arrival at time 0. If A/() is the number of arrivals generated
up to time #, from [57] we have that the double transform of A/ (t) is

f(s,z) = /OOO e StE(ZN ) dt = a(sI — Dy — zDq) 1. (69)
f—

The next definition introduces the non-redundant property of RAPs, that will be assumed
to hold in all forthcoming results of this section.

Definition 9. RAP(Dy, D1) is non-redundant if its rank equals to its order, where the rank is
the size the square matrices Do and D1, and the order is the degree of the denominator of f (s, z)
as a polynomial of s.

In the following theorem we prove that the joint moments, defined by (55), determine a
RAP completely.

Theorem 11. If the joint moments of theay = 0 < a1 < ap < ... < ag-th inter-arrival
times of RAP(Dy, D1) and RAP(D{, Dy) are identical for allk > O; iy, ..., ik anday, . .., ay then

f(s,z) = f'(s,z).

Proof. In the convergence region of f(s,z) we have

1 1 -1 1
a(sI—Dy—zDy) 'L =a (s(—Do)’ —|—I—zP> (=Do) 1

glx <—s(—Dg)_1 +zP>i (—Do) 1.

f(s,2)

(70)

The ith term of the above sum, a(—s(—Dg) ! + zP)!(—Dp) 1, is composed by the per-
mutations of the (—Dp) ! and the P matrices. The permutations that start with P’/ can be
simplified to the

a(—Dg) 0P (—Dg) ... Pi1(—Dg) 71 (71)

form, since & = aP. Indeed, (71) is E(FQFal ... Fik)/ (ig'ir! . . . ix!), where ar = YX_1j,.
Due to the equality of the joint moments of RAP(Dy, D1) and RAP(D{, Dy) all terms of the
(70) composition of f(s,z) and f'(s, z) are identical, which implies the theorem. O

The main theorem below provides the minimal number of parameters characterizing a RAP.
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Theorem 12. The distribution of an order-N non-redundant irreducible RAP is determined by
at most N? independent parameters.

Proof. To prove the theorem we provide a description of all joint moments based on N? pa-
rameters and Theorem 11 ensures that this description also defines the distribution.

Let —Dy ! = I ET be the Jordan decomposition of —Dy ! normalized such that Tl = 1
and R = TPT . The E matrix has the Jordan-block structure E = diag(E;) and R satisfies
Rl =1sinceIPT '1 =TP1 =T1=1.

Using these notations the joint moments can be written as

E(FhF . Fi)/ (iolin! . . ix!)
= &(_Do)—iopul—ao(_Do)—h L P% (—Do)_i"]l

/ , , (72)
=a T IEor % T EAT . P % TUERT 1
= pE0 RM~% E | R% %1 Ei],
where v = aI' L. Vector v is determined by R because vR = v and vl = 1, since
v=al ! =aPT ! =al 'TPI ! = 0R, (73)
and
vl =al'1 =al = 1. (74)

Based on (72) any joint moment is determined by E and R. Matrix E is determined by the
N (potentially partially coinciding, potentially complex) eigenvalues of (—Dyp)~!. Matrix R
is determined by its N(N — 1) (potentially complex) elements, since R1 = 1. All together
these give N2 parameters. O

3.2.2 A moment matching method

Theorem 12 has answered the first question arisen at the top of the section, thus N? param-
eters uniquely determine a RAP. Next, a moment matching method is provided that actually
creates a RAP based on N2 moment and joint moment related parameters.

This procedure consists of two steps: matrix Dy is created in the first, matrix D in the
second step.

Observe that the distribution of the inter-arrival times (see (53)) depends solely on matrix
Dy. Consequently, this matrix is constructed from the marginal moments, while the joint
moments characterizing the correlations are ignored in this step. Hence, first we create a PH
distribution based on 2N — 1 marginal moments of the inter-arrival time, m1, . . ., mon_1. The
algorithm presented in [82] (also used in Section 2.3.1) returns a vector-matrix pair (¢, S) such
that m, = n!c(—S) "1 holds forn = 1,...,2N — 1. Matrix E of Theorem 12, containing
the eigenvalues of matrix (—Dp) !, is given by E = (—S) 1,

The second step of the procedure is to obtain matrix R from the joint moments 7;;,1,j =
1,...,N — 1. (Note that n7;p = 1o; = m;.) Based on the (¢, S) representation of the inter-
arrival times, the m; = E(F)),i = 1,...,N — 1 moments and the 7;; = E(}_éf{),i,j =

1,...,N — 1 joint moments we compose 3 matrices of size N x N. Matrix N contains the
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moments such that N;; = 7,1 1, matrix A, and Ay are such that the ith row of A; is
o(i—1)!1S70=1 and the jth column of Ay is (j—1)!S~ U~V 1. That is

1 mq my ... g
my Ma M2 .- cE
N= | Ao=|———| A= |1 |E1 |2E21
my M1 122 2!cE
Observe that with these matrices we have that N = A;RA1, since
Nij =11 = E(FF ) = o(i-1)!E- R (j-1)1E 1, (75)

Thus, matrix R is obtained as R = A;lNAITl.

Now we have matrix E created from 2N — 1 marginal moments, and matrix R created
from (N — 1)? additional joint moments, hence these two matrices were constructed from
(N —1)2 +2N — 1 = N?, that is, minimal number of parameters. It remains to obtain the
traditional (Dy, D1) representation of the RAP from E and R.

Matrices E and R have been defined in the proof of Theorem 12 such that they are similar
(in the sense of a similarity transformation) to matrices (—Dg)~! and P = (—Dy) ' Dy,
respectively. This means that matrices Dy = (—E)~! = S and D; = —SR form a proper
(possibly non-Markovian) representation of the RAP having the target marginal and joint
moments.

3.2.3  Extension to the multi-type case

In this section we will show that an appropriately chosen set of marginal and joint moments
provide a unique representation of a MRAP and present a method to obtain a MRAP from a
set of joint moments.

Theorem 13. Consider a non-redundant MRAP of order N whose moments and joint moments
are m; and 171.(1](.) (Vi,j >0,k =1,...,K). Ifa vector ¢ and a matrix S of order N are such that
m; =i c(—8)"1, Vi >0 then

Dy =S, Dy =—-DoA,;'NxA;', 1<k <K, (76)

is a representation of the MRAP where

k k k
N, = ’71.,0 ’71.,1 X 771,1?]—1 ) (77)
k k k
i ’71(\1)—1,0 ’71(\1)—1,1 T ’71(\1)—1,N—1
cE
AU’ - . 7 (78)
| (N-1)!lgENT |
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Av= |1 | E1| ... [(N-I)IEN"'1], (79)

withE = (—§)~ L.
Proof. The following is a direct consequence of results of Theorem 12 for RAPs: for a non-
redundant MRAP

« A, and Aq are non-singular;

+ the first 2N — 1 moments of the inter-arrival time completely determine its distribution;

« the first joint moments of 2 consecutive inter-arrival intervals, in particular, 7 l.(l]{-)

0,...,n—1,1 < k < K define the whole process.

SLj =

The vector ¢ and the matrix S is a non-redundant matrix exponential representation of the
inter-arrival time distribution, i.e., ¢ e5*(—S8)1 = f(x), and can be computed by the algo-
rithm presented in [82].

It remains to show that the joint moments of the MRAP with representation Dy, Dy (k =

1,...,K) are 771(,];), i,j =0,...,N—1,1 < k < K. The lag-1 joint moments of the MRAP

given by Dy, k=0, ..., K are

19}? =iljlg(~Dy) 'Dr(=Dg) /1 = i'gE AJ'NyAD'  JIEL . (80)
row of A, column of A;

(k)

Matrix @ is defined such that its i, j element is ¥, he Based on (80) we have

Or = AA N ATIAY = Ny, (81)

which implies that 19(1;) = 171.(5) fori,j=0,..., N—1,1<k <K O

i,

Theorem 13 makes it possible to construct a representation for a MRAP when its moments
and joint moments are known.

An important consequence of Theorem 13 is that the number of parameters to define a
non-redundant MRAP of order N is KN?. The first 2N — 1 (marginal) moments of Fy define
the distribution of the inter-arrival times (¢ and S) and the matrices of the joint moments Ny
are given by their KN? elements. All together there are KN? + 2N — 1 parameters but they
are not independent. Fori = 0,..., N — 1 we have

m; = i'a(—Dp) "1 = ila(—Dp) " }(—Dy)1
1y S0
=ila(=Do) 'Y Dl =Y 1,
k=1 k=1
where we utilized that the row sum of D is zero. Similarly, for j = 0,..., N — 1 we have
Ny (0) N oy 0
mi=E(F) =Y, Pr(FRY >0 (F) = Y-
k=1 k=1

These two sets of equations result in 2N — 1 additional linear relations among the moments
and the joint moments reducing the number of independent parameters to NK.
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3.2.4 Obtaining Markovian representation with successive transformations

Section 3.2.3 presents a method to create a MRAP from KN? parameters, from which 2N — 1
are marginal moments and the remaining ones are joint moments. The result of this method,
however, is typically non-Markovian, and is not even necessarily a valid MRAP, there is no
guarantee that the joint density function (62) is non-negative. There are no ways to check
the non-negativity of all finite dimensional joint density functions. The only possibility to
ensure that the result corresponds to a valid arrival process is trying to transform it to a
Markovian representation (to a MMAP), which, by stochastic interpretation, always defines
a valid arrival process.

In order to transform a non-Markovian representation (D, ..., Dk) to a Markovian one
(Go, - - ., Gk) we need to find an appropriate non-singular transformation matrix B, for which
Bl =1and Gy = B 'DyB,k =0,...,K holds.

Hence, the transformation matrix has to be such that the elements of B"!DyB, k =
1,...,K, and the off-diagonal elements of B~'DgB are non-negative. The non-positive con-
straint on the diagonal elements of B *1DOB is automatically fulfilled in this case, since for a
valid MAP YK D1 = 0 and from Bl = 1 we have Y5, Gx1 = B~' YX_, D{B1 = 0.

We apply an iterative numerical optimization method to find such matrix B. The cost func-
tion is defined to penalize the negative elements, hence we are looking for a representation
that minimizes

K
£(Dy,...,Dx) = — ) min{0,Dg;;} — ) ) min{0, Dy;}. (82)
i,j,i# k=1 i,

The minimization consists of the successive application of elementary similarity transfor-
mations. Elementary transformations are defined by matrix

0
10 0
B‘,.b: . .‘ . ... , (83)
/(%) 1obp 0 1-b 0
1
I 0o 0 1]

and have three parameters: b is the step size controlling the coarseness of the transformation
and parameters 7, j determine which elements of the representation are affected by the trans-
formation.

In each step of the optimization similarity transformations are applied to the current rep-
resentation. The 7, j parameters are selected to minimize the object function £. A large step
size b results in a faster convergence, but the algorithm may stop quickly without finding a
Markovian solution. Hence, b parameter is decreased gradually in subsequent steps of the op-
timization.

The details of the procedure are described by Algorithm 3. This algorithm usually finds a
solution if the input has a Markovian representation, and never finds a solution if it does not.
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Algorithm 3 The algorithm to transform a non-Markovian representation to a Markovian one

procedure TRANSFORM-TO-MARKOVIAN(Dy, . . ., Dk)
Gy <—Dk,f0rk:0,...,K
b+ 05
while b > precision do
repeat
i*,j* < arg mini,]- E(Bi,j(b)_lGoBi,j(b), cey Bi,j(b)_lGKBilj(b))
Gy +— Bi*,j*(b)*leBi*,j* (b),fork=0,...,K
i*,j* < arg mini,j S(Bi,]'(—b>7lcoBi,]'(—b), ceey Bi,j(—b)flGKB,‘,j(—b»
Gy < Bj: j(=b) ' GyBj- j«(=b), fork =0,...,K
until no further improvement
b+ b/2
end while
return (Gy, ..., Gk)
end procedure

Let us consider a numerical example for the moment matching procedure. The marginal
and lag-1 joint moments for this example were taken from the LBL trace (also used in Section
2.3.1, consisting of TCP traffic measurements), which was normalized to m; = 1:

{my, my, m3, my, ms} = {1, 2.942, 16.84, 150.73, 1876.8},

1 my m 1 1 2.942
N = my M1 M2f| — 1 1.3013 4.5056
my a1 Moo 2942 45 17416

First (¢, S) is obtained by procedure [82] based on the marginal moments 1, . . ., ms, result-
ing

o= [0.33333 0.33333 0.33333| ,

—1.7356  0.34074 —0.95214
§=1-0.18575 —0.63031 —0.042169
—0.48092 —0.036353 —0.6245

Then, matrices A, Ay are built and R is computed from the matrix of joint moments. The
(non-Markovian) representation of the resulting RAP is

—-1.7356  0.34074 —0.95214 1.4612 —0.24037 1.1263
Do=|-0.18575 —0.63031 —0.042169|,D1=| 0.1905 0.53436 0.13337
—0.48092 —0.036353 —0.6245 047616 0.1323  0.5333

Finally, (Dg, D1) was transformed to a valid MAP with Algorithm 3 (in less than a second),
giving
—2.0161 0.091134 0.029499 1.8439  0.04524 0.0063419

Go=0.014955 —0.63564 0.0079826|,G1=0.063835 0.54292 0.0059518
0.08378 0.062089 —0.33873 0.047433 0.003395 0.14203
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3.3 OBTAINING AN APPROXIMATE MARKOVIAN REPRESENTATION

The procedure presented in Section 3.2.4 does not always succeed to return a valid Markovian
representation. For instance, if the output of the moment matching procedure is such that the
(joint) density of the inter-arrival times is negative, then the process itself is invalid, which
can not be fixed by any similarity transformations.

In such cases the goal is to find a valid MMAP that is as “close” as possible to the invalid
process. This section presents two algorithms developed for this purpose.

3.3.1 The two-step fitting approach

Compared to PH fitting methods, developing MMAP fitting algorithms is substantially more
complex computationally. MMAPs have much more parameters, and it is not obvious either
what kind of distance function to use during the optimization.

The idea appearing in [50], referred to as the two-step fitting approach, simplifies the fitting
process significantly by cutting the complex fitting process into two much smaller non-linear
optimization problems. Generally speaking, the main idea of the applied approach is that the
Dy and the D matrices are constructed separately.

+ In the first step, the inter-arrival time distribution is fitted by a PH distribution, which
determines matrix Dy (the generator of the PH distribution) and vector « (the initial
probability vector of the PH distribution).

o Then matrix Dy is constructed, such that the inter-arrival time distribution of the re-
sulting MAP is kept the same, and its correlation structure approximates the one of the
target process as much as possible. In this step matrix D7 has to satisfy the following
two constraints to maintain the inter-arrival time distribution determined in the first
step:

C1: D1]l = —Do]l,
C2: &(—Do)ilDl = Q.

The first step is a PH fitting problem for which any PH fitting procedure can be used.

In the second step a non-linear optimization program needs to be solved. In the next sub-
sections the goal function of the optimization is the L; distance of the lag-1 joint moments
(Section 3.3.3) and the lag-1 joint densities (Section 3.3.4). However, the two-phase MMAP
fitting approach is more general, many alternative statistical quantities can be taken into ac-
count in the optimization to approximate the correlation of the inter-arrival times.

3.3.2 Fitting the distribution of the inter-arrival times

The inter-arrival time distribution is fitted by a PH distribution providing matrix Dy and vector
«. However, it does matter what the structure of this PH distribution is: it determines how
successful the second step of the two-step MMAP fitting method is going to be. The preferred
PH distribution has a structure by which constraints C1 and C2 leave enough “degrees of
freedom” for the optimization.

E.g., if the PH distribution is such that the absorbing state is reachable only from a single
state, then due to constraint C1 matrix D1 can have only a single non-zero row, implying that
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Figure 18.: Example for a hyper-FEB PH distribution

the resulting MMAP can have no correlation at all. This means that the canonical forms for
APH distributions (see Figure 4) are not suitable for the two-step fitting approach.

Similarly, no correlation can be achieved due to C2 if vector « of the PH distribution has
only a single non-zero element.

In the literature several articles investigate the optimal PH structure for MMAP fitting (see
[17] or [50]) proposing various heuristic transformation methods, but exact solution for this
problem does not exist yet.

According to our numerical experiments, special PH structures, e.g., hyper-exponential and
hyper-Erlang distributions (Figure 3) perform very well in this algorithm, since they have
many non-zero elements both in vector & and in vector Dy1.

To solve this problem [23] develops a moment matching method that returns a hyper-
exponential distribution of order N based on 2N — 1 moments, if it is possible. An other
solution published in [51] is based on a hyper-Erlang distribution of common order, which
always succeeds if an appropriately large Erlang order is chosen.

Our method of choice, however, is a slight modification of the algorithm presented in Sec-
tion 2.4, which is the generalization of the former two. It constructs PH distributions from
FEBs (see Section 2.1.4), where each FEB implements an eigenvalue of the target distribution.
A FEB consisting of a single state represents a real eigenvalue. With FEBs it is possible to rep-
resent complex eigenvalues as well, as opposed to the previously mentioned methods. The
original method in Section 2.4 puts the FEBs in a row (as in Figure 5), which is not appropri-
ate for our goals, since there is only a single state connected to the absorbing state, implying
that no correlation can be realized.

However, the original method can be modified in a straight forward way to return a hyper-
FEB structure (as shown in Figure 18). In this modification the vector-matrix pair (¢, S) given
by (50) is transformed to a hyper-FEB representation instead of the monocyclic representation.

3.3.3 Approximate Markovian representation by fitting the joint moments

As in case of PH distributions, the fitting problem can be made simpler with an appropriately
defined subclass in case of MMAPs as well.

In this section we are going to use a sub-class of MMAPs called structured marked Marko-
vian arrival processes (SMMAPs), that are the multi-type extensions of structured Markovian
arrival processes (SMAPs) introduced in [8], which are the generalizations of the ER-CHMM
structure introduced in [68].
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In a SMMAP we have M PH distributed branches with branch i consisting of N; phases.
The phases of the entire system have a two-dimensional identifier: phase (7, ) identifies state
n in branch i. Each inter-arrival time is PH distributed, and the choice determining which
branch generates the next inter-arrival time is Markovian. The parameters characterizing
this process are as follows.

« A size M set of PH distributions characterized by {(g(i), S(i)),i =1,..., M}, called
components. Each inter-arrival time is generated by one of the component PH distribu-
tions.

« Probabilities pf,];) withk =1,...,K, i,j=1,...,M. pl(,];) represents the probability
that the next inter-arrival time will be generated by component j given that the previous
one was generated by component i resulting in a type k arrival.

According to the definition matrix Dy is given by

and matrices Dy, k= 1,...,K, are

E<1>g(1)p§’<1> E(1)Q<2>p§’<2> §<1>g<M>p§kI>\4
7 4 I’<
Dy — S(2>(7('1)p§,1> S(z)g('z)p;z) 5(2)0(1\./1)]9&])\4 / 9
k . k ' . k
_E(M)gmp%l §<M>g<2>pgA{2 §(M>g(M>p§w2M_

where column vector s\ = (—S(i))ﬂ, i=1,...,M.

Introducing matrices P = {pg;), i,j=1,...,M}and P = Z,Ile P%) the row vector
= {m,i=1,..., M} describing the steady state probabilities of the components is the
solution of linear system 7P = 7, tl = 1. One of the major benefits of using SMMAPs is
that the marginal and joint moments are given by simple formulas as

) M
mi=E(F) = Y mm(”, (36)
a=1
M M
k k)\i i k a b
771'(,]') =E ((fé ) (Fl)]) =Y Y mplm! )m]( ), (87)
a=1b=1
where ml@ is the ith moment of component PH distribution a.

In the two-step fitting framework the inter-arrival times and the correlation of the arrival
process are fitted consecutively. Section 3.3.2 proposes a hyper-FEB PH structure for the
former step. The hyper-FEB PH structure makes it easy to derive the component distributions:
each FEB branch constitutes one component. Matrix S is the generator of the ith branch,
and vector ¢¥) is composed by the (normalized) initial probabilities of branch i. Furthermore,
the inter-arrival time distribution imposes a constraint for correlation fitting: the steady state
component probability 7; is the probability of starting from FEB branch i, thus 71; is the sum
of the corresponding elements of vector ¢.
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For fitting the correlations of the inter-arrival times, the subject function is the relative L,
distance of the lag-1 joint moments, thus the optimization problem can be formulated as

K R R [0 g0\
_ . 1,] 1]
P1,...,PK—argm1nZZ; w0 | (88)
Py,...Pg k=1i=1j=1 171‘,]'
where 171(]]{) denotes the target joint moments and R is the number of joint moments to approx-
imate.

Inserting (87) into (88) leads to

K R R Zﬁi yM o (k)mfa)m(.b) - Ai('f)
Py, ..., Px = argmin Z Z Z L= upf'(i) ! iy p (89)
Py,...,Px k=1 i=1j=1 771"]'

where the variables to optimize are only the elements of matrices Py, k = 1, ..., K, everything
else is given. The constraints of the optimization are

K
) Po=m,
k=1
K 90
Y P1=1, ©0)
k=1

P, >0, fork=1,...,K

Observe that this nonlinear program is a non-negative least-squares (NNLS) problem with lin-
ear equality and inequality constraints ([37],[59]), which is a relatively easy to solve subclass
of non-linear optimization problems!.

A similar approach has been applied in [19] on the basis of the overall state space of the
Markov chain where matrix D; was fitted for given matrix Dy. In [19] the equations for
several joint moments were composed to a single NNLS favoring higher order joint moments,
so that the fitting of lower order joint moments got worse. One possibility to cope with
this problem is to introduce weight functions to privilege lower order moments, but there
is no general rule which weight functions are appropriate [19]. To avoid weighting of the
joint moments of different order we propose a step-by-step fitting algorithm here. In the nth

(k)

step, joint moments 77;

;71.(’;), i + j < n moments unchanged.

In the first step, only the joint moments of order i = 1,j = 1 are the subject of fitting, and

, 1+ j = n are the subject of fitting while keeping the already fitted

the only linear constraints are the “standard” ones, given by (90). Suppose 17§k1) k=1,...,K
are the optimal solutions. In the next step the NNLS problem is formulated for joint moments
of order i + j = 3, and new linear constraints are added that ensure that the lower order joint
moments found to be optimal in the previous step are preserved. These additional constraints
have a form of ﬁ§k1) = yM, 2211 napgfgmga)mgb) fork = 1,...,K. In each step, only the
joint moments belonging to the same order are optimized and the optimal results for lower
order joint moments are preserved with the appropriate additional linear constraints.

Algorithm 4 gives the formal description of the procedure. The inputs of the algorithm are
the target marginal and joint moments to fit, and the algorithm returns the matrices charac-
terizing a valid MMAP.

1 A possible implementation is available at http://suvrit.de/software.html
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Algorithm 4 Step-by-step fitting of lag-1 joint moments

mmmhmﬁ%mm%mmW%J:ﬂpnﬂM—l,%?Lj:L”quzlpr)
‘P < hyper-FEB solutions of moment matching based on 711, 7f1, . . .
(D;,...,Di} « O
for each solution (¢, S) in P do
obtain component parameters (¢, $?) and 77; from (¢, §) fori =1,..., M
eqns < {nP =, P1 =1}
forn=2,...,2R do

Solve Q4q, .. QK<—argm1n Yy ¥ G
.., Px k=1 i= 1] 1 7]z,]

Subject to eqns and Py Z 0,k=1,...,K
forij—l Rwithi+j—nandk:1,...,Kdo

b
171] Z lzb 17T11qp(1b)m( )m]()

2
K n—1n— Z(Zﬂ 1):17 1”“’71(11;)”11()’”()_’7,(,))

Add new constraint eqns < eqns U {;71.(/];) =yM M ngpgkgml(ﬂ)m](b)}
end for
end for

Build matrices { Dy, ..., Dk } based on (84) and (85)
if solution is better than {Dyg, ..., D} then
{D;,,DI*(} — {Dg,...,DK}
end if
end for
return {Dg,..., Dy}
end procedure
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Alternatively, the step-by-step fitting of the joint moments of different orders can be omit-
ted by performing the fitting in a single NNLS step involving all the joint moments up to or-
der R, i.e. the for-loop of Algorithm 4 is replaced by a single NNLS problem with the initial
equations as conditions. This (simpler) variant of the algorithm will be referred to as one-step
method in the sequel.

To demonstrate the behavior of the algorithm, we are going to fit a MAP for the BC-pAug89
trace (also used in Section 2.3.2 and in Section 2.4.3) consisting of measurements on an Ether-
net network. The moment matching procedure introduced in Section 3.2.2 returned matrices
that we failed to transform to a Markovian representation. Executing the step-by-step variant
of the presented fitting method, however, returned a valid MAP characterized by

[ 0.051901 0 0

Dy = 0 —0.15118 0 ,
0 0 —1.2404
- (91)
0 5.19-10~7 0.0519
Dy = 0 0.092536  0.05864
10.0001297  0.016444  1.2238

The first five marginal moments of this MAP are exact, they are the same as the ones of the
measurements. The joint moments are approximated reasonably well as well. The matrix
of joint moments corresponding to the measurements (Nc) and to the step-by-step fitting
procedure (Nsep—by—step) are

1.6449 13.786 256.48 1.6449 11.484 203.36
Npc = [13.786 159.62 3116.1| , Netep—by—step = [10.916 106.58 2169.4
256.48 3116.1 61177 19123 2300.8 54775

Observe that 771 1, which determines the lag-1 auto-correlation, is exact. The one-step variant
of the algorithm achieves slightly better results in the higher joint moments (although not
everywhere), but fails to capture the lower ones. The corresponding joint moments are

1.5842 1128 197.15
None—step = |11.194 109.62 2254 | - (92)
192.6 22185 54349

3.3.4 Approximate Markovian representation by fitting the joint distribution

The procedure presented in this section provides an alternative method to construct matrices
Dy, k =1,...,K of the process to approximate (remember that matrix Dy and vector « are
already available due to Section 3.3.2).

While Section 3.3.3 created matrices Dy, k = 1, ..., K such that the L; distance of the joint
moments are minimized, the goal here is to minimize the L, distance of the joint density
functions up to a given lag k.

Before formalizing and solving the optimization problem we first provide an exact defini-
tion of the distance function and provide an efficient numerical procedure to evaluate it. The
efficient evaluation of the distance function ensures the quick termination of the optimization
algorithm.
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Let us consider two MMAPs, F = (Dy,...,Dk) and G = (Gy, ..., Gk). The squared
difference (L, distance) of the joint density of the inter-arrival times up to lag-k is defined by

paFai=Y v ¥ [

ny=1 n_1=1n=1
D Doxj_ D
(&}-e OX]Dnl R "Dy, e DXkD"k]l (93)
_ ggecﬂxl Guy - . eG0Xk—1 Gy, . eG0%k Gnkll)

dx1 N dxk_l dxk,

where & r and &g denote the stationary phase distributions of MMAPs JF and G at arrival
instants. The squared distance is summed up for all combinations of arrival types up to lag k.
The square term expands to

Dk{f,g} :Lk(]'_,]:)—2Lk(F,g)+Lk(g,g), (94)

where Li(F, G) represents the integral

nFEH=Y - x ¥ [ [

711:1 ?lk,lzl ﬂk:1
Dox Doxy_ Dyx,
are 0 1Dn1"'€ 0k 1an71'€ 0 ank]l

. &geG"xl Gyy - eGo%Xk-1 G, - eGo%k Gu 1dxy ... .dxg_qdx;.

The following theorem provides a procedure to evaluate this integral with recursive solu-
tions of k Sylvester equations.

Theorem 14. L (F,G) can be expressed by

K
L(F,G) =Y 17G," - Y- D1, (96)

n=1

where matrix Y is the solution of the recursive Sylvester equation

— YK G TY_1D, = G Y + YDy fork > 1,
—ajuy = Go'Y1 + Y1Dy fork =1.

Proof. We start by transforming (95) as

Lk(f/ g)
K

= Z Z Z 1TG TG0 %G, TeGo xk-1...GTeGo *1,4T
Jo Jo Jo ny fg—1 ny 9

n=1nx_1=1 ny=1

gD, -..ePo%ip, . ePO%D, 1dx ... dxg_qdx;

T~T GoT T ,GoT T, Go'x1,T
X, X X
= 2 1" Gy, 2 2 /0 /0 /0 70 Tk Gy, e Tl G Mg

I’lk:1 I’lk,lzl 1’l1:1

-areP¥D, - -eD""k—lD,,k_1 ceP0% dxy L dxg_q dxk> Dy, 1.
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Let us denote the term in the parenthesis by Yi. For k > 1, separating the first and the last
terms leads to the recursion

Y — K /00 GDTxk'G T(
k — Z e ng_1

ng_1=1

K K
S [T e g, T... GTeGo 1, T
Yoy [T b GG ]

nk,zzl nq =1

apePip, . P01 gy .dxk1> Dy, - ePo%k

K © GoT T D
X X
= E /0 e %Gy, " - Yi—1- Dy, e" dxy,

Mg—1=1

(98)

which is the solution of Sylvester equation — 25:1 G Yi_1D, = Go Yy + Yi Do (see The-
orem 36 in Appendix A.2). The equation for k = 1 is obtained similarly. O

Note that the solution of (97) is always unique as matrices Dy and Gy are sub-generators.
Having defined the distance function, the optimization problem providing matrices
Gy, k=1,...,K can be formulated by

(Gl, v, GK) = argmin Dk{(Dg, - ,DK), (Gg, ey, GK)}, (99)
Gy,...,Gk

where matrices (Dy, . .., D) correspond to the MRAP to approximate (not having a Marko-
vian representation or possibly not a valid process at all), and matrices (Gy, . .., Gk ) are the
matrices of a valid MMAP.

In the single-type case (K = 1), if the approximation is based on the lag-1 behavior only and
ignores the distance of higher dimensional joint densities, then the optimization (99) reduces
to a quadratic programming problem.

Theorem 15. Given that xg and Gq are available, matrix G1 minimizing D{F,G} is the
solution of the quadratic program

néiln {vec<G1>T(WBB ® Ypp)vec(G1) — 2vec<Dl>T(WAB ® YAB)vec<G1>} (100)
subject to

(1 ® gg(—co)—l) vee(G1) = ar, (101)

(1T @ I)vec(G1) = —Gol. (102)

Matrices Wap, Wgp, Yap and Ypp are the solutions to Sylvester equations
DoWap + WapGo' = —Dol - 17Go', (103)
GoWsg + WppGo' = —Gol - 171Gy, (104)
Do"Yap + YaGo = —ak - ag, (105)
Go' Ypp + YppGo = —af - ag. (106)

Proof. Let us first apply the vec() operator (column stacking, see Appendix A.1) on (96) at
K =1,k = 2. Utilizing the identity (353) and the identity (354) we get

vec(Lo(F,G)) = (1D @ 1TG{) - vec(Ya) = vec(Gol- 1D )T - vec(Ys). (107)
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Applying the vec() operator on both sides of (97) and using (353) again leads to

—(I® Gy Yq)vec(D1) = (I1® Go")vec(Ys) + (Do” @ Ivec(Ya), (108)
from which vec(Y,) is expressed by

vec(Ya) = (=D’ @ GoT) 1 (I ® G17)(I ® Yap)vec(Dy), (109)
since Y1 = Yap. Thus we have

vec(Lp(F,G)) = Vec<G0]l~]lTD0T>T(—D0T &) G()T)fl(I ® GlT)(I ® Yap)vec(D1), (110)

vec(Wup)T

where we recognized that the transpose of vec(Wyp) expressed from (103) matches the first
two terms of the expression. Using the identities of the vec() operator yields

vec(Wap) (I ® G{) = vec(G{ Wap)T = vec(G1)T (Wap ® I). (111)
Finally, putting together (110) and (111) gives
vec(Ly(F,G)) = vec(G1)T (Wap @ Yap)vec(Dy). (112)

From the components of Dy {F, G} (see (94)) L (F, F) plays no role in the optimization as
it does not depend on Gy, the term Ly (F, G) yields the linear term in (100) according to (112),
and Lp(G, G) introduces the quadratic term, based on (112) after replacing F by G.
According to the first constraint (101) and the second constraint (102) the solution must
satisfy gg(—Gg)*1G1 = ag and G11 = —Gol, respectively. O

Theorem 16. Matrix Wpp & Ypp is positive definite, thus the quadratic optimization problem
of Theorem 15 is convex.

Proof. If Wpp and Ypp are positive definite, then their Kronecker product is positive definite
as well. First we show that matrix Ypp is positive definite, thus z Ypp zT > 0 holds for
any non-zero row vector z. Since Ypp is the solution of a Sylvester equation, we have that
Ygg = fooo eGOTxgg - age®¥ dx. Hence

) T 00 2
zYppz' = / ze%0 %l - nge®zT dx = / (gge‘;“";T) dx, (113)
0 0

which can not be negative, furthermore, apart from a finite number of x values ggec"x;T can
not be zero either. Thus, the integral is always strictly positive.

The positive definiteness of matrix Wpp can be proven similarly. O

Being able to formalize the optimization of D>{F, G } as a quadratic programming problem
means that obtaining the optimal matrix G is efficient: it is fast, and there is a single optimum
which is always found.

If we intend to take higher lag joint density differences also into account (k > 2) and/or
there are multiple arrival types (K > 1), the objective function is not quadratic. However,
our numerical experience indicates that the built-in non-linear optimization tool in MATLAB
(fmincon) is able to return the solution quickly, independent of the initial point. We have a
strong suspicion that the returned solution is the global optimum, however we can not prove
the convexity of the objective function formally.
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Algorithm 5 Algorithm for fitting the joint density up to lag k

procedure FIT-JOINT-DENSITY(D), . . ., DK)
11, filp, - - - <— marginal moments of the input MRAP
‘P < hyper-FEB solutions of moment matching based on 711, 1i1, . . .
{Dg§,...,Dg} <@
for each solution (¢, S) in P do
Gg +~— S
&g <O

Solve (Gy, ..., Gk) = argmin Dy ((Dy,...,Dk), (G, ..., Gk)),
G1,...,Gk
if solution is better than {Dg, ..., Di} then

{Dg§,...,Dg} < {Go,..., Gk}
end if
end for
return {Dg,...,Dx}
end procedure

The pseudo-code of the procedure to transform a non-Markovian or invalid MRAP to a
valid Markovian representation is presented by Algorithm 5.

In the first numerical example 7 marginal moments and 9 lag-1 joint moments are extracted
from the BC trace (also used in Section 3.3.3) to create a RAP of order 4 with the moment
matching method presented in Section 3.2.2. The obtained matrices are:

—-0.579 —-0402 —-0.364 —0.348 0.576 0.262 0.41 0.446

Go— —-0.368 —-0.205 -—-0.315 —-0.36 G 0.168 0.501 0.313 0.266
132 -0.845 0.701 1.13 029 -1.69 -0.598 —0.302

-1.7 0.3 -1.14 152 0292 194 1.03 0.786

The RAP characterized by G = (Gy, G1), however, apart of being non-Markovian, is not
a valid stochastic process as the joint density given by (52) is negative since f(0.5,8) =
—0.000357. This invalid RAP is the target of our approximation in this section.

Let us now construct a MAP F(1) = (D(()l), Dil)) which minimizes the squared distance
of the lag-1 joint density with G. The distribution of the inter-arrival times, characterized by

ar, D((Jl) are obtained by the moment matching method and matrix Dil) has been determined
by the quadratic program provided by Theorem 15. The matrices of the MAP are

—0074 0 0 0 0 00065 0024 0 55.10~8 0.044

0 —027 027 0 0 0 0 0 0 0
p{"=| o 0 —027 o027 o [.D=]| o 0o 0 o0 0 |,
0 0 0 —027 0 0017 0086 0 0 017

0 0 0 0 —12 0 0012 0 0 12

and the squared distance in the lag-1 joint pdf is Dy {F W, g } = 0.000105. The quadratic
program has been solved in less than a second. Next, we repeat the same procedure, but
instead of focusing on the lag-1 distance, we optimize on the squared distance of the joint pdf
up to lag-10. This can not be formalized as a quadratic program any more, but the optimization
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Figure 19.: Comparison of the density functions of the marginal distribution
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Figure 20.: Comparison of the lag-1 and lag-10 joint density functions

is still fast, lasting only 1-2 seconds. In this case the hyper-exponential marginal distribution
provided the best results (Dq; {];-(10)’ B} = 4.37-107°). The matrices are

—0.0519 0 0 107®  0.0519 10°°
p0) _ (10) _ 6
0 | = 0 —0.151 0 |, Dy 7=1| 10 0.151 0.000465
0 0 —1.24 0.000129 10~° 1.24

To evaluate the quality of the approximation Figure 19 compares the marginal density func-
tions of G, F(M and F (19 The plots are hiding each other, the approximation is very accu-

rate. To demonstrate that the lag-1 and the lag-10 joint densities are also accurate, Figure 20
depicts them at x, = 0.5,1 and 1.5.
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This chapter introduces two important tools in Markovian modeling: the quasi birth-death
processes and the Markovian fluid models. The subsequent chapters rely on these two tools
heavily.

« In case of the MAP/MAP/1 queues in Chapter 5, quasi birth-death processes (QBDs) are
used for the analysis of the queue length and the departure processes, while Markovian
fluid models (MFMs) are used for the analysis of the sojourn time of customers.

+ In case of MMAP[K]/PH[K]/1-FCFS queues in Chapter 6 all performance metrics are
derived using the age process, which is transformed to a MFM.

+ The analysis of the MMAP[K]/PH[K]/1 priority queue in Chapter 7 relies on the work-
load process, which is transformed to a MFM to make the solution numerically efficient.

4.1 QUASIBIRTH-DEATH PROCESSES
4.1.1 Simple birth-death processes

ACTMC {L(t),t > 0} over state space N’ = {0, 1,2, ... } is called an infinite birth-death pro-
cess when it has only two kinds of state transitions: forward (“birth”) and backward (“death”)
transitions moving the CTMC to the next and to the previous state, respectively. The genera-
tor matrix Q is tri-diagonal in this case, thus

__/\0 N }
—A — A
o= | M 1T ! . (114)
U2 —Ay—ua A

The Markov chain £(t) is called a homogeneous birth-death process when all forward rates
and all backward rates are identical, thus A; = A, Vi > 0 and p; = p, Vi > 0. Homoge-
neous birth-death processes have a great practical importance. Basic queueing systems, like
the M/M/1-FCFS queue (used to model simple buffers with single server and first-come-first-
served service) and the M/M/oo-PS queue (used to model infinite server systems where the
total service capacity is fixed and shared among the servers) can both be modeled by such a
Markov chain ([53]). An attractive feature of homogeneous birth-death processes is that their
analysis is simple. Assuming stability (hence A < p) the stationary distribution is geometric,
given by

e = lim P(L(t) =k) = (1—p)p*, k=0,...,00, (115)

t—o0

61



dc_1412 17

62

SKIP-FREE PROCESSES

Ao M Ao A3
H1 Uz Us Ua

Figure 21.: A simple birth-death process

J() =1 .
J(t) =2
Jt) =3 -
Figure 22.: A quasi birth-death process
where p = A/ .

4.1.2  Quasi birth-death processes

In simple birth-death processes the sojourn time of the states is exponentially distributed
(with parameter A; + y; in state 7), and the distribution of the next state does not depend on
the time spent in the previous state (it moves to the next state with probability A;/(A; + p;)
and to the previous one with probability p;/ (A; + u;)).

To model more general systems where these two properties do not hold, they have intro-
duced quasi birth-death processes (QBDs, [65]). OBDs are two-dimensional continuous time
Markov chains { L (), J (t),t > 0}, where L(t) is referred to as the level process and J (t) is
called the phase process. In a QBD only state transitions to the next and to the previous levels
are allowed (see Figures 22 and 23). Due to this behavior QBDs are skip-free to both to the left
and to the right.

In the sequel we restrict our attention to the case when the level process is infinite, £(t) €
[0, 00] and the phase process is finite J(t) € [1,N]. As a consequence of the skip-free
property the generator matrix is block tri-diagonal with the appropriate state ordering, thus

Ly Fy
B, L{ F
Q _ 1 1 1 , (116)
B, L, F,

where blocks F;, L; and B; denote the matrices containing the rates of level forward, local,
and level backward transitions, respectively. If these matrix blocks are the same at each level,
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Figure 23.: The trajectory of a QBD process

thus F; = F,Vi > 0 and L; = L, B; = B, Vi > 0 then the process is called a homogeneous
OBD. In the forthcoming chapters homogeneous QBDs with generator

Ly F
o- B L F )
B B L F

are applied many times for various modeling purposes.

4.1.3 Stationary solution of QBDs

In the regular part of the state space (above level 0) the generator of the CTMC characterizing
the phase process is given by A = F + L + B. Assuming that A is irreducible, the stationary
phase distribution vector v is the solution of VA = 0,v1 = 1. The stationary drift of the
OBD, which is the difference between the mean level forward and level backward transition
rates, is given by

d =vF1 — vB1. (118)

The stability condition for QBDs is d < 0 (see [65]).

Let us denote the stationary distribution of the OBD by 77; ; = lim; o P(L(t) =1, T (t) =
j), and introduce vectors 7t and 7z; such that 77; = {7r,-,]-, j=1,...,N}andt = {m;, i =
0,...,00}. Due to the block structure of the generator (117) and the structure of vector 7t the
stationary equation tQ = 0, rl = 1 translates to

myLo + mB =0, (119)
Ei_lF—{—EiL—f—EH_lB:Q fori = 1,...,00, (120)
Y ml=1. (121)

i=0

From [65] it is known that the solution of such matrix recursions is matrix-geometric, thus
;= mR, (122)

which has two parameters: matrix R and vector 7ty. Notice how similar the matrix-geometric
solution (122) is to the geometric solution of simple birth-death systems given by (115).
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To obtain matrix R, the solution (122) is inserted to the stationary equation (120), from
which it follows that R has to satisfy the matrix-quadratic equation

F+RL+R*B=0. (123)

This matrix quadratic equation has several different solutions. In [65] it is proven that the R
we need is the minimal non-negative solution of this equation. The elements of matrix R have
a stochastic interpretation as well: (R)i,]’ is the mean time spent at level n + 1 and phase j,
staring at level n and phase i, before returning to level n — 1. Observe that due to the spatial
homogeneity of the system this quantity does not depend on level n.

Vector 11, can be derived from the boundary equation (119). Making use of t; = R
(119) becomes

9(Lo + RF) = 0. (124)
This linear system is, however, rank deficient. To make it full rank, the normalization condi-
tion
1=m ) R1=my(I-R)'1 (125)
i=0

must be added as well.

In the stationary analysis of QBDs the most challenging computational step is the solution
of the matrix quadratic equation providing R. Several approaches have been published, in-
cluding the spectral solution in [63], the invariant subspace method in [2] and an iterative
solution in [65].

The simplest algorithm for matrix R is a functional iteration based on simple substitutions.
According to this method matrix Ry is set to 0 initially, and the steps

R, = (-L) ' (F+BR%_,) (126)

n—1

are repeated iteratively as long as the relative change in the matrix elements elements gets
negligible. A drawback of this algorithm is that it suffers from linear convergence, thus the
error term vanishes at a linear speed with the number of iterations taken. More advanced
algorithms with quadratic convergence have been introduced as well, with the most popular
one being the cyclic reduction (CR) algorithm ([12]). The iterations of the CR algorithm are
more complex, but the solution is found in much fewer iterations than in case of the simple
substitution method.

The CR algorithm is remarkably robust (as well as some more recent algorithms), it allows
to solve QBDs with many thousands of phases in just a couple of seconds without numerical
issues. In the rest of the dissertation, every time the solution of a QBD is required, the CR
algorithm will be used to obtain matrix R.

4.1.4 Busy period analysis

Matrix R plays a fundamental role in the analysis of QBDs, but there are some other important
matrix quantities related to QBDs as well. One of those matrices is traditionally denoted by
G, and will be used several times in the upcoming chapters.

Matrix G contains the phase transition probabilities over the busy period. If random vari-
able B denotes the duration of the busy period, thus B = inf(t > 0, L(t) = 0), the formal
definition of the elements are

(G)ij = P(T(B) = j|£(0) = 0,T(0) = ). (127)
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Observe that due to the spatial homogeneity the scope of matrix G is not restricted to level 0
only. The entries (G); ; also provide the probability that starting from any level 7 and phase
i the phase will be j at the first return to level n — 1.

The matrix equation for G can be derived along this interpretation. The QBD can either
leave level n by moving right to level n — 1, marking the end of the “time till first return”
period, the corresponding phase transitions are given by (—L)~!B. Or it can leave level n by
moving to the next level, which is accompanied by phase transitions (—L) ' F. In this case,
however, level n — 1 can be reached only by two subsequent “first return” periods. Hence,
the equation for G is G = (—L) !B + (—L) ' FG?, that, pre-multiplying by L leads to

B+ LG+ FG?*>=0, (128)

which is very similar to (123).
The algorithms developed for matrix R can be adopted to compute matrix G. Actually,
there are formulas available to express any of these matrices with the other one.

4.2 MARKOVIAN FLUID MODELS

OBDs are popular in the performance evaluation of a wide range of engineering systems, due
to their algorithmic tractability which is the consequence of the skip-free behavior.

MFMs are the continuous counterparts of QBDs, where the level process £(t) is continuous.
MFMs, similar to QBDs, are skip free both to the left and to the right. There are significant
similarities in the solution methods for QBDs and MFMs as well, which have been discovered
only in the last two decades (starting with [71]), and the effort towards adapting the research
results available for QBDs to MFMs is still ongoing. The appearance of efficient stationary
analysis algorithms for MFMs enabled the efficient solution of many multi-class queues as
demonstrated in the next three chapters.

4.2.1 Model definition

MFMs (also known as Markovian fluid flows) are characterized by a two-dimensional Markov
process { L(t), J (t),t > 0}, where L(t) represents the fluid level and 7 () is the underlying
CTMC with state space \ of size |[N/| = N and generator matrix Q that modulates the rate
at which fluid is accumulated in the fluid buffer.

The rate at which the level of the buffer changes in state i of the background process is de-
noted by 7; € R. The diagonal matrix R is composed by fluid rates 7;,i = 1, ..., N. Formally,
the behavior of the fluid buffer is as follows,

iﬁ(i’) _ T7(t)s ifﬁ(t) >0,
dt max{0,7 @}, if L(t) =0.

In Figure 24 the solid line depicts a trajectory of the fluid level, and the dotted line represents
the current state of the background process (the rates are r1 =1, = 1,r3 = —1).

(129)

4.2.2  Stationary solution

If the stationary distribution of the background CTMC is denoted by v, the mean fluid drift is
given by

d = vR1. (130)

65



dc_1412 17

66

SKIP-FREE PROCESSES

Figure 24.: The trajectory of a Markovian fluid model

The MFM is stable if d < 0 holds. In the sequel we are considering stable systems only.

Let us denote the row vector of the stationary distribution of the fluid level for x > 0 by
(x) = {mi(x),i € N} with 7;(x) = lim¢_e0 lima o (1/A)P(L(t) € (x,x+ A), T (t) =
i), and the row vector of the stationary probabilities of empty buffer by p = {p;,i € N'}
with p; = lim; o P(J(t) =1, L(t) = 0).

Vectors 71(x) and p are the solutions of the matrix differential equation [54]

d
%E

with boundary conditions

(x)R=m(x)Q, (131)

n(0O)R=pQ, pi=0, Vi:r;>0, (132)

and normalizing condition
rl +/ m(x)ldx =1. (133)
0

These systems of equations are the continuous counterparts of (120), (119) and (121), respec-
tively.

In the recent decades it has been recognized that the matrix-analytic approach allowing
the efficient analysis of QBDs can be applied to MFMs as well, making it possible to solve
fluid models with a large number of states (up to several thousand) in a numerically stable
way (see [71],[76]). MFMs where |r;| = 1,Vi € N are referred to as canonical fluid models,
and are especially simple to analyze. Here we summarize the main steps of the analysis of
canonical fluid models. We assume that the state space is partitioned according to the sign of
the associated fluid rates to two sets N = {i € N,r; =1} and N_ = {i e N, r; = -1}
(N4 = [N4|,N- = [N_|)as

Q= !Q++ Q-
Q-4 Q-
The analysis is based on two fundamental matrices, matrix ¥ and K (see [71]). Matrix ¥

has a simple probabilistic interpretation: entry (‘I’)i,]-, i € N4, j € N_ is the probability that
the background process is in state j when the fluid level returns to 0 given that it was in state

, R=

I ] . (134)
—1I

i when the busy period (a non-empty period of the fluid queue) was initiated. Matrix ¥ is the
solution to the non-symmetric algebraic Riccati equation (NARE)

YQ ,¥+¥Q _+Qi ¥+Qs_ =0. (135)
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The efficient solution of this NARE is as crucial for the analysis of MFMs as the solution of the
matrix-quadratic equation is for the analysis of QBDs. The state-of-the art algorithms are the
Structure-preserving Doubling Algorithm (SDA) [36] and the Alternating-Directional Dou-
bling Algorithm (ADDA) [86], both of these algorithms have quadratic convergence speed.

Kx

Matrix K has an important role as well. Entry 7, j of matrix e*” is the expected number of

crossings of fluid level x in phase j € N/ starting from level 0 and phase i € N, before re-
turning to level 0. If the mean fluid rate is negative, all eigenvalues of matrix K have negative
real parts (thus it is full rank and invertible) and can be expressed from ¥ as

K=Qi++¥Q 4. (136)

Based on these matrices the stationary fluid level density vector 7 and the stationary prob-
ability vector of the idle buffer p can be computed by the following theorem.

Theorem 17. If the drift of the queue is negative, vector 7t(x) is given by
20 = [x,(x) x(v)]=pQ+e[1 ¥, x20, (137)
and the probability mass vector p is equal to

p=10 p| (138)

where p_ is the solution to the set of linear equations

p(Q——+Q—+1Y)=0 (139)
pQ+(-K) 1 ¥|14p =1 (140)
Proof. The theorem is based on [76], especially on Theorem 2.2. O

Let us now investigate the similarities between QBDs and MFMs. While the stationary dis-
tribution is matrix-geometric for QBDs (122), it is matrix-exponential for MFMs (137). Matri-
ces K and ¥ in MFMs play the same role as matrices R and G in QBDs. Furthermore, both
for R (123) and K (136) the iterative solutions of some kind of quadratic equations are neces-
sary.

4.2.3  Busy period analysis of Markovian fluid models

In this section we briefly summarize the most essential results of [1] and [72] on the busy
period analysis of fluid models, they will be necessary in Chapter 7 for the solution of priority
queues.

As mentioned above, ¥ is the phase transition probability matrix between the beginning
and the end of the busy period. If the duration of the busy period is also of interest, we can
introduce matrix ¥(t), the time dependent counterpart of ¥. Entry (¥(t));;, i € Ny,j €
N_,t > 0 is the joint probability that the duration of the busy period is less than t and the
underlying Markov chain is in state j when the fluid level returns to 0 given that it was in
state i when the busy period was initiated.

According to Theorem 1 of [72], the LST of ¥ (t), denoted by ¥*(s) satisfies the NARE

¥ (5) Q-+ ¥ () + ¥ (5) Qe + Qs ¥ (5) + Qi = 25%7(s). (141)
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(Note that setting s — 0 gives back (135)).

Let the random variable I3 denote the length of the busy period of a canonical fluid queue
characterized by matrix Q given that the state probability vector of the background CTMC is
x = {x;,i =1,...,N;} when the busy period starts.

Theorem 18. The LST of the busy period f;(s) = E(e~*5) is given by

fa(s) = k¥ (s)1. (142)
Proof. The theorem follows from the probabilistic interpretation of ¥ (¢). O
Theorem 19. The kth moment of the busy period is given by

E(B") =k (-1)F¥®1, (143)
where ¥©) = ¥ and matrices ¥ ),k > 0 are defined recursively as

(Q+++¥Q- YW +¥¥(Q-_+Q_+¥)

k-1
_ k ; » (144)
:zpﬂklx_z:<i)TmQ_+Tw1x
i=1
Proof. (144) follows from routine derivations with ¥) = %‘I’* (s)]s=0- O

Since (135) providing ¥ is a NARE and (144) providing ¥ k> 0isa Sylvester equa-
tion, the LST of the busy period and the moments can be obtained in a numerically efficient
way. The distribution function in time domain, Fg(t) = P(B < t) = x ¥(¢)1 is, however,
more involved to calculate. One can rely on a generic numerical Laplace transform inversion
procedure, but according to our experience they are not always reliable up to the machine
precision, and need complex arithmetic. Instead, a simple and elegant procedure called Erlan-

gization is available [72], according to which the order-n approximation Fl(gn) (t) is

Pé”)(t) = /O N femmyry(u) - Fp(u) du, (145)

where fg(y, /1) (1) is the density of an order-n Erlang distribution with rate parameter v =

n/t and we have that F[(gn) (t) — Fg(t) asn — oo. Fl(gn) (t) is basically the probability that
the busy period is shorter than an Erlang(#, v) variable.

Specifically for the busy period analysis Fl(;n) (t) can be obtained according to the next the-
orem.

Theorem 20. ([72], Theorem 4) The order-n approximation of the busy period distribution is
n—1
Fén)(t) —x Z i1, (146)
k=0

where matrices Y| are defined recursively as

(Q+++¥ Q4+ —vD) ¥y + ¥ (Q-—+Q 1+ ¥ —vI)
k=1 (147)
— ¥, - Y YO,
i=1
fork > 0, and ¥ is the solution to the NARE

FoQ—+ ¥+ ¥o(Q—— —vI) + (Q+ —vI) ¥+ Q41— =0. (148)
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For the detailed proof of the theorem, see [72]. The idea is to construct a special fluid
model which counts the number of Exp(v) events during the busy period. Matrix ¥} is the
probability that k such events occur before the end of busy period (with the usual phase-
transition probabilities being the entries of the matrix). If the number of Exp(v) events is less
than 7, then the busy period is shorter than an Erlang(n, v) variable, providing (145).
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The MAP/MAP/1 queue is a FCFS queue where the arrivals of customers are given by a MAP
characterized by matrices Dy and D1, and the service process is described by a MAP as well,
given by matrices So and Si.

Thus, both the inter-arrival and the service times can be non-exponential and correlated.
The majority of queueing models consider iid. service times, which is a reasonable assumption
in many practical systems. For this specific queue, however, modeling the service process by
a MAP makes the discussion simpler, and since the PH renewal processes are the sub-classes
of MAPs, this choice makes the queueing model more general (it is described in Section 3.1.1
how to represent PH service times with a MAP).

The performance measures in this system, including the queue length and the sojourn time
distributions, can be derived by standard methods and are known for a couple of decades. Nev-
ertheless, we are going to present them in Sections 5.1 and 5.2 as they provide an introduction
to the apparatus applied for the analysis of more complex systems described in the subsequent
chapters. In Section 5.3.3 several approximations for the departure process are discussed, in-
cluding the joint moment based one, which plays an essential role in the queueing network
analysis approach proposed in Chapter 8.

5.1 ANALYSIS OF THE NUMBER OF CUSTOMERS IN THE SYSTEM

If we denote the mean arrival rate by A = 8 4D11 and the mean service rate by y = 65511
(with 0 4 and 05 being the stationary phase distributions of the arrival and service processes,
respectively), the utilization of the queue is given by p = A/yu. In this chapter it is assumed
that the system is stable, thus p < 1.

To analyze the number of customers in the system, a CTMC is created to model the queue
length process. While this seems to be a natural choice, it will be clear in Chapter 6 and 7 that
in many systems this approach is either too complex or infeasible.

The CTMC characterizing the queue length process needs to keep track of 1) Y(t), the
number of customers in the system, 2) J4(t), the phase of the arrival process, and 3) Js(f),
the phase of the service process. By introducing the finite state CTMC 7 (¢) as the direct
product of J4(t) and Js(t), the queue length process leads to a homogeneous QBD (see
Section 4.1.2), where the generator has a block tri-diagonal structure given by (117). The
matrix blocks of the generator are defined by the following Kronecker operations:

F=D®I,
L =Dy® Sy, (149)
B=1®§S,
Ly =Dy ® I
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The discussion of the basic properties of the Kronecker operations and how to use them to
create the generator of independent, parallel Markov chains is provided in Appendix A.1.
The meaning of the Kronecker summation giving matrix L is that the arrival and the service
MAPs are evolving in parallel moving along their internal transitions. The Kronecker product
providing F (and B) are those transition rates of the arrival (and service) MAPs evolving in
parallel that lead to arrivals (and services), respectively. Arrival events are accompanied by
level forward and service events by level backward transitions in the QBD. At level O, where
the system is empty, the service MAP gets frozen.

If the arrival MAP has N4 phases and the service MAP has Ng phases, the cardinality of
the superposed phase process (which is the size of the blocks of the generator)is N = N4 - Ns.

Let us denote the joint stationary distribution of the number of customers in the system
and the phase process by vector y; = {lim; P(Y(t) = i, J(t) = j),j = 1,...,N}.

According to (122) y; has a matrix-geometric distribution, thus
y; =yoR', i>0. (150)

The details to obtain vector i, and matrix R are described in Section 4.1.2.

The simplicity of the matrix-geometric distribution enables the efficient computation of
many performance measures. E.g., the kth factorial moment of the number of customers in
the system E()¥) can be computed as

EQN) =Y i(i—1)-- (i —k+1) yoR1 = kly,R*(I — R)~ %1, (151)
i=0
and the generating function (GF) Y(z) = Y32, z'y;1 is

Y(z) = Zzi yoR'1 = yo(I —zR) 1. (152)
i=0

For the departure process analysis the distribution of the number of customers embedded
just after the departures, x;, will be necessary. This distribution is computed by “weighting”
the elements of the stationary distribution with the transition rates leading to a departure,
thus

Yir1B 1 :
== = —Y;.1B, i>0. 153

The normalization constant, the denominator of (153) is the mean departure intensity which
equals the mean arrival intensity A when the queue is stable.

5.2 SOJOURN TIME ANALYSIS

In this section we introduce two modeling tools, the age process and the workload process,
that play an important role in modern queueing theory. Here we use them only to derive the
sojourn time distribution of the MAP/MAP/1 queue, but in the next two chapters they will be
the fundamental tools of the analysis. The entire solution of the MMAP[K]/PH[K]/1 queue
(including the analysis of the queue length, the sojourn time and the departure process, in
Chapter 6) is based on the age process analysis. Similarly, the workload process analysis will
be essential to solve priority queues in Chapter 7.
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Service time Inter-

arrival
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Figure 25.: Evolution of the age process

5.2.1 Sojourn time analysis based on the age process

The age process tracks the age of the customer under service [41]. The age of the customer
in service increases linearly between the service instants and jumps downwards when the
customer leaves the server (since the next customer is younger than the current one). The
length of the downward jump is equal to the inter-arrival time between the customer leaving
the system and the next customer who is about to enter the server (see Figure 25), unless the
server becomes idle for a while.

There are various ways to deal with idle periods when using an age process: (i) negative
values could be allowed for the age, the absolute value of which is the time until the server
becomes busy again (ii) these idle periods could be skipped or (iii) the age is said to equal zero
until the server becomes occupied again. We will make use of the latter approach and define
the age process {A(t), J(t),t > 0} as follows.

A(t) represents the age of the customer in service at time ¢, that is, f — A(t) represents
the time of arrival of the customer in service, it is equal to zero in case the server is idle. If
A(t) > 0, then J(t) keeps track of (a) the current phase of the service MAP and (b) the
phase of the arrival MAP at time t — A(t). If A(t) = 0, then J (¢) simply reflects the state
of the arrival MAP at time ¢.

The direct analysis of the age process (exhibiting a skip free to the right behavior) seems
hard due to the jumps. Observe that in our model the size of the jumps is not arbitrary, it is
governed by the MAP generating the arrivals, which can be exploited to develop an efficient
analysis method. We use the approach taken in [83], which was a generalization of [28]. The
basic idea is to construct a canonical Markovian fluid model (Section 4.2) that is skip-free in
both directions and to derive the steady state distribution of the age process from the steady
state distribution of this fluid queue.

The background process of the fluid queue has two sets of phases according to the following
considerations:

« The first set of phases corresponds to the evolution of the age process when A(t) in-
creases. The fluid rates in this set of phases are equal to 1, since the age of the customer
in the server increases according to a slope of one (see the solid line in Figure 26).

+ The second set of phases is used whenever a customer leaves the system. In this case
the age of the customer in service has to be decreased by the inter-arrival time between
the customer leaving and the one who is about to enter the server.

According to the definition of the age process, this decrease is immediate: it is a jump.
As the inter-arrival time follows a MAP, the same amount of age decrease can be
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L(t)

Service time “Inter-arrival time

/

Figure 26.: Canonical MFM for the age process

achieved in an alternative way as well. Let us set the fluid rate to —1 and start the
evolution of the MAP where it has been stopped before (the dotted line in Figure 26).
When the MAP generates an arrival, the queue level representing the age process has
been decreased appropriately, so the MAP can be frozen again and the fluid queue can
go back to the first set of phases corresponding to the service periods.

To obtain the age process, the second set of phases (the dotted line in Figure 26) has to be
censored out. Consequently, the age process will be analyzed using a canonical MFM: in
the first set of phases the fluid rates are +1, in the second set of phases they are —1. The
corresponding phase space partitions are denoted by N and N_, respectively, and their
sizes are |N;| = [N_| = N. The first (second) set of phases will be referred to as positive
(negative) phases in the sequel.

The generator matrix of the fluid model is

Q= [Q++ Q+—] _
Q-+ Q-

In the positive phases (belonging to the intervals between jumps of the age process) the evo-

So®I S$1x1
I®D;1 I® Dy

. (154)

lution of the background process is determined by the evolution of the service MAP, and the
arrival MAP is frozen. After service completion there is a transition to the negative phases
where the service MAP gets frozen, and the arrival MAP is resumed to decrease the age as
much as younger the next customer is. When the arrival occurs, the background process goes
back to the positive states and the service of the next customer starts.

The steady state pdf of the fluid model, 7t(x) = p_ Q_ 4 X~ [I T} , is given by Theorem
17 in Section 4.2.2. The steady state distribution of the age process is obtained by censoring
the results of the fluid queue on the positive phases. Let us denote the steady state joint
density of the age process and the phase of the background process by a;(x) defined as

. d ,
a;(x) = lim —P(A(t) <x, J(t) =i), (155)
forx >0andi =1,...,N, and the corresponding vector by a(x) = {a;(x),i=1,...,N}.
Vector a(x) of the age process is obtained from the stationary solution of the fluid model
as follows:

T Pmwidy b I©D)(-K) 1

a(x) = — 2t pUED)R et x>0 (1se
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Service time

Inter-

N

arrival time

Figure 27.: The workload process of the MAP/MAP/1 queue

where in the last step we switched to the traditional representation of the age process. (The

relation between the parameters of the MFM and the ones of the age process is T = K,
a(0) = P (1®D1) ).
=V po(IeDy)(=K)TM

Finally, the sojourn time of customers is equal to their age when they leave the system (this
is the time instant right before the age process jumps downwards). Hence, the distribution of
the sojourn time 7 is given by

Jy a( 51®1)11dx_1 a(0)e™(-T) (1@ 1

Fr(t) =P(T <t) = 1= a(x) (51 @ D)1dx T 0T (& e 1 , (157)
while the LST of the sojourn time f3(s) = E(e~7*) and kth moment E(7*) are
a(0)(sI —T) 1 ($1 @ )1
fr(s) = 20 (—T) (S 0Dl (158)
_ ka(0)(-T) (e D1
E(TH) = 20)(—T) (5, & D)1 (159)

5.2.2  Sojourn time analysis based on the workload process

Besides the age process, an other useful tool to analyze the sojourn time of various queues is
the workload process.

The workload process {V(t),t > 0} is the amount of work in the system at time £, thus
the time needed to process all the customers in the queue if the arrival process was frozen.
V(t) decreases by a slope of one between the arrival epochs (the server processes the work-
load), and jumps upwards at arrival epochs according to the service time requirement of the
customer arrived (see Figure 27). Thus, V(t) is skip-free to the left. (As opposed to the age
process, which is skip-free to the right).

As before, to characterize the sojourn time the two dimensional process {V(t), J (t),t >
0} has to be studied. Here, V() is the workload of the queue at time t and 7 () is the phase
process keeping track of the phase of the arrival MAP at time f and the phase of the service
MAP right after the arrival of the last customer before £.

As the workload process has jumps, it is not straight forward to analyze its stationary
behavior. However, the fact that the upward jumps are related to the service times and that
the service times are determined by a MAP, it is possible to transform the skip-free to the left
process to a MFM which is skip-free to both directions. The main idea is the same as in Section
5.2.1. At an arrival instant the amount of workload increment, which is given by a jump in

75



dc_1412 17

76

ANALYSIS OF THE MAP/MAP/1 QUEUE
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Figure 28.: The canonical MFM for the workload process

the original workload process, is accumulated in a time-continuous way in the transformed
process.

For this transformation the state space is duplicated. In the first set of states (service peri-
ods) the workload decreases by a slope of one. When the MAP generates a customer arrival,
the background Markov chain moves to the second set of states, which is responsible to in-
crease the workload by the amount given by the service time requirement of the new customer.
After increasing the workload the background process returns to the first set of states.

The transformed process is depicted by Figure 28. The generator of the associated canonical
fluid model is

So®I S$1®1
I®Dy I® Dy

Q= [Q++ Q+—] _ / (160)

Q& Q-

which is exactly the same as the generator of the transformed age process (154).

In the transformed workload process the sojourn time of the customers is given by V(t) at
Ny — N_ transitions. These are the points where a new customer arrives and the workload
has been incremented by its service time requirement. The time necessary to leave the system,
hence the sojourn time of the customer, is given by V(#) at these points.

These particular points on the transformed workload process are the same as the ones on
the transformed age process, hence the sojourn time distribution is the same as (157), we just
arrived to it using a different modeling approach.

53 DEPARTURE PROCESS ANALYSIS

The exact departure process of a MAP/MAP/1 queue is a MAP with infinitely many phases,

given by matrices Héoo) and Hl(oo). The phase process of this departure MAP is the QBD
type Markov chain {)(t), J (t)} representing the joint evolution of the queue length and
the phases of the arrival and service processes (defined in Section 5.1).

In this phase process the level backward transitions correspond to customer departures,
which are the arrival events of the departure MAP, hence the corresponding transition rates

are collected to matrix Hl(oo). All other transitions of the QBD (local and level forward tran-
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sitions) are not accompanied by a departure event, hence their rates are comprised by matrix

Héoo). Consequently, matrices Héoo) and Hl(oo) have the following structure:

H™ =

Ly

F

0

, H™ =

0

(161)

In [10] an approximation method is proposed for the departure process of MAP/PH/1
queues that is based on the truncation of the exact infinite MAP. Two further results ap-
peared in the literature that are based on the same idea but can be applied to MAP/MAP/1
queues as well. Both of them truncate the infinite MAP at level n, but in different ways. The
structure of the approximating departure process is the same

Lo

0
o |0
" =

oS M~ M

N oo

L
0

F
L

, H" =

0

) ©

, (162)

only the definition of the special matrix blocks, B and B differs.
The next two subsection provide a short overview on these methods.

5.3.1 Level probability based truncation method

The basic idea of the truncation method of [74] is that all the levels i > n of the exact model
are merged into the last level (referred to as the clipping level) of the truncated model. All
the level forward and local transitions of the infinite MAP correspond to local transitions in
the truncated MAP, that gives L=F+1L.

However, in case of departures there are two cases when the truncated model is at the
clipping level.

According to [74], the probability that the exact model is at level i = n when the truncated
process is at clipping level 71 is approximated using vector y,, and the probability that the exact
model is at level i > 1 when the truncated process is at clipping level n is approximated using
vector y;f = Y32, 1 Yk Indeed, [74] approximates the probability that a departure of the
truncated process at clipping level 7 and phase j moves the truncated process to level n — 1
as [y,];/ ({4, ]j + [4a];), where [y,,]; denotes the jth element of y,,. Thus the related blocks
of the truncated MAP are the following:

B = diag(y, )diag(y, + y,})"'B,

_ (163)
B = diag(y,, )diag(y, + y) ' B,
where diag(vec) denotes the diagonal matrix composed by the elements of vector vec. Since
diag(y,,)diag(y, + Yy )~ + diag{y,; )diag(y, +y;) ' =L, (164)

this definition ensures that B +B=B.
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5.3.2 ETAQA truncation method

The method of [74] has been enhanced in [44]. The authors of [44] refer to their method as
ETAQA truncation method. The blocks of the ETAQA truncated model are defined as

F+1L,
B — FG, (165)

) =

where matrix G is the phase transition probability matrix over the busy period of the QBD
(see Section 4.1.4)

This construction (based on the idea of the ETAQA methodology) ensures that the steady
state probabilities of the truncated process {J; and of the exact model y; are the same up to
the clipping level, and for the clipping level ,, = Y17, 1, holds. As a consequence, the inter-
departure times and the lag correlations up to the truncation level n are preserved exactly.

5.3.3 Joint moment based departure process approximation

The joint moment based description of the departure process differs significantly from the
truncation based approximation approaches described in Section 5.3.1 and 5.3.2. Those tech-
niques construct an approximate departure process directly based on the behavior of the
MAP/MAP/1 queue. Our proposed approach instead first computes dominant parameters
of the departure process, namely the lag-1 joint moments of the consecutive inter-departure
times, and then creates a MAP that realizes these parameters.

To describe the moments of the departure process we need the following notations. The row

vector ngD) (QIED)) denotes the phase distribution of the arrival (service) MAP after a departure

which left k customers in the system. The ith elements of d,ED) and §](<D) are extracted from x;

(see (153)) as
@P); = x(ef @1) and [s(”)]; = x(1 @ el). (166)

e; is the row vector whose ith element is one and the others are zero. Matrix Uy of size
N4 x Ns is composed by the elements of vector xo, such that [Up];; = [xo](i—1)n,4j- Le-
[Uo]; j is the probability that a departure leaves the MAP/MAP/1 queue empty, the phase of
the arrival MAP is 7 and the phase of the departure MAP is j. Furthermore, dy = —Dp1 and
sg = —So1 are the state dependent arrival and departure rates, respectively.

Theorem 21. The stationary inter-departure time of a MAP/MAP/1 queue has a matrix expo-
nential representation of order Ny + Ng with initial vector u, generator M and closing vector

w. That is, the cdf of the inter departure time distribution is 1 — ueM*w, where
u= {dg gg)} , (167)
T
M= | Do | (168)
0 S




dc_1412 17

5.3 DEPARTURE PROCESS ANALYSIS

w= [(_DOTE_ILM] , (169)

1
s{P) = ZMJ@w) X%ﬁa—Ry%m®§) (170)

where the subscript 1+ refers to the cases when there is at least one customer in the system and

(D)

S14

is obtained according to (166).

Proof. If a departure leaves the MAP/MAP/1 queue busy such that the phase of the service
MAP is j then the time to the next departure is phase type distributed time with initial vector

e;

; and generator So.

If a departure leaves the MAP/MAP/1 queue empty such that the phase of the arrival MAP
is 7 and service MAP is j then the time to the next departure is the sum of two phase type
distributed times, the first one with initial vector ¢; and generator Dy and the second one with
initial vector ¢; and generator So.

The Laplace transform of the stationary inter departure time, H, is

m m
[S(D)] (51 So)~ 50 + 2 Z Up| ije ((sI — Dg)~ 1d0 e; (SI Sg) So
i=1j=1

'M§

E(e—*M) =

~
Il
—_

where

ei(sI — Do) ~'dy = dg ((sI — Do) ~™")"ej =dg(sI—Do") e/ .

1

Using this we have

E(em™) = si2)(sT = So) s+ df (T = Do) MUa(s = So) 5o

Partitioning the Laplace transform of the matrix exponential distribution with representa-
tion u, M, w we have

u(sI — M) ' (-M)w =

-1
pTgm]”—Df —Uy —Do" —Uo| |(=Do") 'Uol| _
0 =1+ 0 sI — S() 0 —S() 1
[dT s“”} (sI —Dp")™1 (sI —Do") 'Uy(sI —Sp)~1| |0 _
-0 0 (sI — Sp)~! S0
dl (sI — Do) Uy (sI — So) sy —i—s§+)(sl So) !

O]

Corollary 2. When in a MAP/MAP/1 queue the order of the arrival MAP is N 5 and that of the
service MAP is Ng, then the order of the phase type distributed inter-departure time distribution
is at most N4 + Ng and consequently the number of independent inter-departure time moments
is at most2(Na + Ng) — 1.

Proof. The corollary is a straight forward consequence of Theorem 21. O
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Theorem 22. The stationary lag-1 joint moments of two consecutive inter-departure times Hg
and H1 of a MAP/MAP/1 queue can be computed as

E(MyH}) = zil(~Ho) ™ 'Hy j!(—Hy) /1, (171)
where

zZ= [&0 X £2+}r (172)
- 1 3 -1

Yo =) X% = yuR(I-R)"'B, (173)
k=2
(1, F 0

Hy=|0 L F |, (174)
|0 0 L+F
0 0 0

Hi=|B 0 0]- (175)
0 B 0

Proof. Since we focus on the joint moments of two consecutive inter-departure times we have
to consider the following three cases:

+ a departure leaves the queue empty, with probability x,;
« a departure leaves one customer in the queue, with probability x;
« a departure leaves at least two customers in the queue, with probability x, , .

For all the three cases, the computation of the joint moments of inter-departure times is based
on constructing the MAP that generates the departures and then computing the joint moments
based on (55).

The process evolution up to the second departure is different in the three cases. Let us first
consider the third case which is the simplest. If there are at least two customers in the queue
at a departure, then the queue can not become empty before the next two departures. For this
reason the joint moments of the next two inter-departure times do not depend on the arrivals.
Consequently, in this case, it is enough to consider the state transitions which are assigned
to a departure, B, and the ones which are not, Lo + F. As a result, in this case the lag-1 joint
moments can be computed as

E(HyHiIy0)>2)) = X4 il(—L—F)7(~L—F)"'Bjl(~L - F)7/1 w76)
= x,, i!/(—L—F)"""'Bjl(~L - F)7/1,

where ) (t) denotes the number of customers at time #, we assume that a departure occurred
att = 0 and I{ A} equals one when A is true and zero otherwise. In the second case, i.e.,
when a departure leaves one customer in the queue, we need to take into consideration one
arrival as well in order to compute the joint moments of the next two inter-departure times.
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This arrival can happen either before or after the first departure and is taken into account by
the block F in position (2,3) of Hp in (174).

Since in the third case the queue is left empty, for the calculation of the joint moments of
the next two inter-departure times we have to consider two arrivals. The first happens before
the first departure and is taken into account by the block F in position (1,2) of Hy in (174).
The second arrival can happen either before the first departure or after the first departure and
is considered the same way as the arrival in the second case.

The three cases can be organized in a single compact form as presented in (171-175). O

Note that also the marginal moments of the inter-departure times can be computed based
on Theorem 22 by setting j to 0 in (171). Having computed the marginal moments and the
lag-1 joint moments of the departure process of a queue, we apply the method described in
Section 3.2.4 to construct a MAP with such parameters and use this MAP as an approximation
of the output process. If this method does not return a valid Markovian representation, the
solutions recommended in Section 3.3.3 are the remedy.

It is important to note that

+ the MAP defined by Hy and Hj in (174) and (175) is not a good output process model
of the MAP/MAP/1 queue,

« the embedded stationary distribution of the MAP defined by Hp and Hj is different
from z,

« the finite dimensional matrix expression in (171) is exact, because vector z represents
the effect of the infinite queue.
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The MMAP[K]/PH[K]/1-FCFS queue is the multi-class variant of the MAP/PH/1-FCFS queue
in which the arrival process is a MMAP, the service times are phase-type distributed, and
different classes of customers can have different service time distributions.

Let us denote the number of customer types by K. The matrices characterizing the MMAP
of the arrivals are denoted by Dy, k = 0, ..., K, and the arrival rate of type k customers is Ay
(see Section 3.1.2).

The initial vector and transient generator of the PH distribution representing the type k
service times Sy are denoted by 0, Si, k = 1,. .., K, respectively. Vector By is the stationary
phase distribution of the service process, that is, the unique solution of B (Sx — Sxloy) =
0, Bx1 = 1. The service rate of type k customers is then p = B;(—Sk)1.

With these notations the load of the queue p is given by p = Y k_; A/ iy, representing the
fraction of time when the server is busy (provided that p < 1).

In case of the MAP/MAP/1 queue the distribution of the number of customers in the system
was derived using the direct analysis of the queue length process. In the multi-class case,
however, the corresponding Markov chain has a structure for which no explicit solutions
are available in the literature. Therefore, in case of the MMAP[K]/PH[K]/1-FCFES queue all
performance measures are derived by the analysis of the age process.

6.1 THE DISTRIBUTION OF THE AGE PROCESS

The class of MMAP[K]/PH[K]/1 queues forms a subclass of the semi-Markovian
SM[K]/PH[K]/1 queues, the age process of which was considered in [41]. The matrix-
exponential stationary solution of the distribution of the (skip-free to the right) age process
is also derived in [41].

Nevertheless, we describe an alternative solution method here, which is based on the trans-
formation of the age process to a fluid model (following [83], as we did in Section 5.2.1, too).
This approach has several advantages over the direct solution [41], including that

« it is much easier to work with processes that are skip-free both to the left and to the
right technically;

« it allows to make use of the mature, well proven numerical procedures for the stationary
solution of MFMs in the age process analysis. In particular, to obtain the parameters
of the matrix-exponentially distributed age distribution [41] describes only a linearly
convergent functional iteration, while the MFMs based solution allows to compute these
parameters by quadratically convergent iterative algorithms.

The rest of this section focuses on the stationary solution of the multi-dimensional process

{A(t), Ta(t), Ts(t),C(t)}, that keeps track of 1) the age process A(t), 2) the phase of the
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arrival process J4(t), 3) the phase of the service process Js(t), and the type (class) of the
customer in the server C(t). Performance measures related to both the number of customers
in the system and the sojourn time of customers can be derived from this multi-dimensional
process.

In order to simplify the analysis, the two dimensional process {C(t), Js(t),t > 0} describ-
ing the type (class) of the customer currently in service and the current service phase will be
represented by a (generalized) PH distribution of size Ng = Zszl Nj with generator

$1
Sz

Sk

and the initial vector given that a type k customer is going to be served next is

c® =10,...,0,0,0,...,0, k=1,...,K,
N—— N——
TN ik Nj
where Ny is the size of the PH representation of Sy, the service time of type k customers.
Thus, the “large” generator S is composed by all the generators associated with the various
customer classes, and the “large” PH distribution is initialized in a class dependent way. For
later use, let N = Ny - Ng, with N4 being the number of phases of the MMAP generating
the arrivals.
The proposed representation of the service times allows to adapt the method described

in Section 5.2.1 to the analysis of the above introduced multi-dimensional process. Hence,
{A(t), Ta, Ts(t)} is transformed to a skip-free canonical fluid model with generator

Q= !Q++ Q+—] ‘ a77)
Q-+ Q-
Matrix Q44+ describes the evolution of the system between arrivals. We have

Qi+ =51®1, (178)

thus the type of the current customer, its service phase and the phase of the MMAP at the
last arrival instant are all encoded in the state space. When the service ends (with rates
(—8)1), the arrival process is resumed and the transformed process moves to the negative
states responsible for generating the downward jump of the age process, thus

Qi—=(-91xL (179)
In the negative states only the arrival process is active, leading to
Q__ = D,. (180)

Finally, when a customer arrives, a transition occurs to the positive states, and the PH distri-
bution associated with the type of the new customer is initiated. Thus we have

K
Q-4+ =) Y ®Dy. (181)
k=1
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Like in Section 5.2.1, the stationary distribution of the age process is obtained from the
solution of the fluid model by censoring to the positive states. If the solution of the canonical

fluid model is given in form r(x) = p_Q_4eK {1 ‘If} the pdf of the age process, a(x)

can be expressed by

_ EJr(x) _ ]ZfQ—-i- Kx _ 0 Tx 0
o) Jomo i (y)Ldy p okt~ x=0 182

where in the last step we again switched to the traditional representation of the age process
(used in the literature since [75]).

According to (182) the pdf at x = 0is a(0) = }ﬁﬁ. In [41] the same quantity is
expressed in the following closed form as well:
1 & A 0Dy
a(0)==-) — <[ 0,B8,0,...,0] ® > (=T), (183)
P k; Hi Ak

In this formula the right-hand term of the Kronecker product is the phase distribution of the
MMAP at the type k arrival epochs, and vector B, denotes the steady state phase distribution
of the type k service process.

6.2 DERIVING THE SOJOURN TIME FROM THE AGE PROCESS

The sojourn time of a customer is equal to its age when it leaves the system. Hence, the
density function of the sojourn time of class k customers is

[ a( ®nyu__ a(0)eTH(=T)" (s ® 1)
) =<t = fooa ><<>®n>dx 0T P D)

where column vector s(¥) consists of the class k service completion rates in various states of

background process, thus

é”z[o.u 0 (=$1)T 0 ... ﬂT. (184)

As we did in Section 5.2.1 in the single-class case, we provide the LST of the type k sojourn
time f7 (s) and the nth moment E(7,") for completeness:

a2(0)(sI —T) " (sW 1)

(k)
fr(s) = 20 (—T) 11 & ) , (185)
ny _ ﬂ( )( T) " 1( ®1)

6.3 ANALYSIS OF THE NUMBER OF CUSTOMERS

To express the distribution of the total number of customers in the system we first need to
express the distribution of the number of customers waiting in the queue. At time ¢ the age
of the customer in the server is A(t), thus at time t those customers are waiting in the queue
that arrived in (0, ). The probability that n = {ny, k = 1,..., K} arrivals are generated by
a MMAP in (0, t), denoted by P(n, t), is given by the differential equation (see [39])

d

K
P t) = P(n,t)Do+ ) | P(n— e, t)Dy, (187)

k=1
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where ¢ is a column vector containing zeros except the kth index, where it is 1.
Let us now introduce matrix L(n), which is related to the probability that 1 customers
arrive over the (stationary) age of the current customer in the service, as follows:

L(n) = /0 e (P(n, x) ® T) dx. (188)

T is the density that the age of the current customer is x, and P(n,x) ® I is the

probability that 1 customers arrived (including various classes) over time x.

Here, e

Inserting the differential equation (187) into (188) and integrating by parts gives ([41], ex-
ample 5.2)

L00==Awé“0%mx)®1)
- 1([6”( (n,x)®1I)] /Oooe (P'(n,x) ®I)d>

:T1<[3Tx( v @Dy - [TrPuyenixDen  (5)

L(n)

- Z / n—ek,x)®1)dx(Dk®I)),

k=1,n;>0

L(n—e)

which, after pre-multiplying by T, leads to a matrix recursion composed by Sylvester equa-
tions. Since [e™(P(n,x) ® I)] is —I when n = 0 and 0 otherwise, we get

TL(0) + L(0)(Do®I) = —1, (190)

K
TL(n) +L(n)(Do®I) =~ ), L(n—g)(Dpx®I), n#0. (191)
k=1,n;>0
Thus, the distribution of the number of waiting customers in the system (belonging to
different types) is

1-p+a(0)L(0)I, n=0, (192)
0

a(0)L(n)1L, n#0,

where, according to the first case (n = 0), there are two situations leading to zero waiting
customers: with probability 1 — p the entire system is empty, and with probability a(0)L(0)1
there is a customer in the server (the age process is positive), but no further customers are
waiting behind it.

To obtain the total number of customers, the customer in the server has to be taken into
consideration as well. Let us introduce column vector /i that sums over the states where a
type k customer is in the server, thus

T
Iy =1y, ® [QM e Oy, ]1{& On,,, - QNK} . (193)

Finally, the distribution of the number of customers in the system, denoted by y(n) = P()) =
ni,.. .,yK = nk), is given by'

(194)



dc_1412 17

6.4 ANALYSIS OF THE DEPARTURE PROCESS

where a(0)L(n — e; )l is the probability that there is a type k customer in the server and
n — ¢, customers are waiting in the queue, hence there are n customers in the system in total.

6.4 ANALYSIS OF THE DEPARTURE PROCESS
6.4.1 Distribution of the age process at departure instants

We are focusing on the departure process in this section, hence we will be interested in the
age process embedded at service completion instants. Since the state-dependent service com-
pletion rate is —S1, the density of the age process just before service completion instants
ap(x) ={(ap(x));, i =1,...,Na} can be expressed as

ap(x) = 1 (pa(0)™) (~S1 & 1), x>0, (199)

where A is the normalization constant. Integrating ap (x) over x and making use of (183) for

a(0) gives

o0 K
/ ap(x)dx = Zi <[0,...,O,ﬁk,O,...,O](—S]l)®91)?]‘) =, (196)

=0 k=1 Pk

which is the stationary phase distribution of the MMAP at arrival instants. In (196) we utilized
that ytx = B(—Sk)1 and that x = Y'X 0D /A.

6.4.2  Phase transitions over the busy period of the age process

In [75] it is proven that matrix T is the minimal solution of the matrix equation

%) K
T=S®I+ / e (—S1®I)eP¥dx ) (g(k) ® Dk) . (197)
x=0 k=1

Yo

Theorem 4.4 in [41] also indicates that all the eigenvalues of T lie in the open left half plane.

The integral term of the matrix equation (197) involving two matrix exponentials has a
closed form solution. Theorem 36 (in Appendix A.2) implies that Yy is the unique solution of
the following Sylvester matrix equation:

TYo + YoDo = (S1) ® L. (198)

Matrix Yp has an important role in the departure process analysis, that has a stochastic
interpretation as well. Entry (Yg)i,]' of this matrix is the probability that the age process
returns to level 0 in phase j for the first time, given that it left level O in phase 1.

One way to compute Yy from matrix T is the solution of (198). However, matrix ¥ of the
MFM corresponding to the transformed age process (Section 6.1) gives exactly this quantity,
hence Yy = Y.

6.4.3 The lag-n joint transform of the departure process

In this section we derive an expression for the joint LST of the 1st and (7 + 1)th inter-
departure time. Let T, denote the nth departure time with To = O and let H, = T, — T,—1
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denote the nth inter-departure time for n > 1. Furthermore, let C, denote the type of the

nth departing customer. Then f?(_f (Z ;* (s1,82), the LST of the joint distribution of two inter-
departure times and the corresponding customer types can be defined as

f s = [ [ e RaP(Hy < b, i < ha,Cy = Gt = ),
t=0 Jty=
(199)

forp, ke {1,..., K} andn > 1.

Observe that the inter-departure times are
« either equal to service times (during the busy periods of the queue),

« or, if a customer arrives to an idle queue, they are equal to the service time of the
customer plus the preceding idle time.

Due to this kind of relation between the busy periods and the inter-departure times we intro-
duce several busy period related quantities before providing the solution for (199).

Denote I; = [I0 ... 0] and J; = [0 ... 0 I]T such that they have size N4 X i - N4 and
i Ng X Ny, respectively. Further, let J;; = [J;7 0 ... 0] such that it is a size i - Ny x Ny
matrix.

We start by defining (M i(t));, fori > 1,k € {1,...,K} and j,j/ € {1,...,Na}, as
the probability that i customers get served during a busy period that was initiated by a type k
arrival, while the service time of the initial type k customer is at most ¢ and the MMAP phase
equals j at the start and j’ at the end of the busy period. Let M ;(t) be the matrix with entry
(j,j') equal to (My;(t));,7- Let M} ;(s) be the LST of My;(t) and denote My ;(0) = M.;(c0)
as My ;.

The following lemma gives an expression for the matrices M,’fl(s) We note that the final
results do note require the computation (nor the inversion) of the size i - N4 X i - N4 matrices
Q; defined in this lemma.

Lemma 2. The matrices M} ;(s) can be expressed recursively as

Mii(s) = (o @ L) ((sI — Si) & Qi) ™' (=S¥ L @ Ji). (200)
where Q1 = Dy and Q; is the sizei- N4 X i - N4 block Toeplitz matrix given by
_ P p -

Q: = (201)

Dy =1 DgMy1
Dy

Proof. As eA®l = eA @ 1,e!¥8 = [ @ B and eAT8 = e4eP if A and B commute, (200) can
be rewritten as

M i(s) = (0, ® ) /y

= o (gkesky(—sk)]le*sy) ® (IieQiy]i) dy.

:&A%*W@J)Q@WQOdﬂ—&n®h)

(For the identities of the Kronecker operations see Appendix A.1).
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As such it suffices to prove that
Mg ,(s) = Ofsk(y)e_sy LeQY; dy, (202)
y:

with Q; given by (201). The result for i = 1 is immediate as Iy = I = J1, Q1 = Dy and

t
Mia(t) = [ fa(n)e™dy,

as there should be no arrivals during the service of the type k customer that initiated the busy
period.

To establish the general case, we assume that the order of service is preemptive (resume)
last-come-first-served instead of FCFS. Notice, the probabilities (M ;(t)); are not affected
by the order of service and therefore the expressions are also valid for the FCFS order consid-
ered in this chapter.

Assume that the type k customer is in service and that the first arrival that occurs during
the service is of type g. Then with probability (M) j, this arrival induces its own sub-
busy period during which r; customers are served, while the MMAP phase changes from
j to j'. Hence, when the type k customer resumes service the MMAP phase equals j. If an-
other customer arrives while the type k customer is served, this customer will induce another
sub-busy period during which 7, customers are served, etc. Hence, when the initial type k
customer gets interrupted for the n-th time, the MMAP phase changes according to the ma-
trix 25:1 D;M,,;,. In order to have exactly i customers served, the sum of all the r;, values
should equal i — 1. Hence, if the service time of the initial type k customer equals v, we there-
fore find that (I;eQ¥];) j,i represents the probability that i customers are served during the
busy period initiated by the type k customer, while the MMAP phase equals j at the start and
j' at the end of the busy period. This suffices to establish (202). O

Define the (Zy i(t)); . fori > 1,k € {1,...,K}andj,j" € {1,...,Na}, as the probability
that the ith customers leaves the server idle at departure time, given that a type k arrival
(called the 1st customer) initiated a busy period, the service time of customer 1 is at most ¢
and the MMAP phase equals j at the start of the busy period and j* when the ith customer
leaves. Note, the ith customer marks the end of a busy period, but not necessarily the one
initiated by customer 1 (unless i = 1). Let Zj ;(t) be the matrix with entry (j,j') equal to
(Zy,i(t)); - Let Zf ;(s) be the LST of Z;(t) and denote Zy ;(0) = Zy,i(0) as Zy,;.

Lemma 3. The Ny X N matrices Z ;(s) can be expressed recursively as
Zi1(s) = Mi4(s),

i1 K
Z;i(s) = Mg;(s) + EM;:](S) <2 quqi—]') ’
i=1 q=1

=

(203)

fori > 2.

Proof. The equality Zy , (s) = M, (s) isimmediate as (Z,1(t)); and (Mka(t)); represent
the same probability. For i > 2, there are two options: either the busy period initiated by
customer 1 ends when the i-th customer leaves (which corresponds to M;:’i(s)) or it ends
when the jth customer leaves with j < i. In the latter case assume the j + 1th customer is of
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type ¢, then this customer initiates another busy period and we still demand that customer
i > j leaves the server idle. Hence, in the latter case we find

K
Zy,i(t ZMk,] (Z quq,i—i> ’

which implies (203). O

Define the (Hy,(t,x))j o forn > 1,k € {1,...,K} and j,j/ € {1,...,Na}, as the
following conditional probability: given that an age x customer (labeled customer 0) departs
and the MMAP phase at its arrival time was j, (H,,(t,x)); holds the probability that (a)
the next customer (labeled customer 1) is of type k, (b) the inter-departure time between
customers 0 and 1 is at most £, (c) customer 7 leaves the server idle and (d) the MMAP phase
equals j when customer 7 departs. Let Hy ,(t, x) be the matrix with entry (j, ') equal to
(Hy,u(t,x))j - Let HY (s, x) be the LST of H,,(t, x) and denote Hy, (0,x) = H,u (o0, x)
as Hy ,(x).

Lemma 4. The No X Nu matrices Hf (s, x) can be computed as

H{,(s,x) = ePox(sI — Do)’leZ,"(‘n(s)—i—

or n—1 (204)
In_|_1€ knt(s In+1+ ZIn—i—ll—i—l ZPZ%" i ’
i=1 q=
with
o | DiMpy(s) ... DiMg,(s)
Qiut1(s) =

Qu

Proof. The probabilities (Hy,(t, x));  are not affected by the amount of time that customer 0
had to wait, we may therefore assume that customer 0 initiated a busy period and his service
time equals x.

We consider two cases. First, with probability ePoX there are no arrivals while customer 0
is in the system. In this case the inter-departure time between customer 0 and 1 consists of
an idle period plus the service time of customer 1. Hence, by the probabilistic interpretation
of Zy »(t), the first case results in

t
H; (1, x, cust. 0 leaves the queue empty) = eP0* / P Dy 7y, (t — a)da,
. a=0

which yields the first term appearing in (204).

Second, if there is at least one arrival while customer 0 is in the system, then the inter-
departure time between customer 0 and 1 equals the service time of customer 1. Hence, in
this case (Hy,,(t,x)); is also equal to the following conditional probability: given that a
customer (labeled customer 0) initiates a busy period, requires service time x and the MMAP
phase at its arrival time was j, (Hy,, (£, x));,» holds the probability that (a) at least one arrival
occurs during the service of customer 0 and the first arrival is of type k (labeled customer
1), (b) the service time of customer 1 is at most £, (c) customer n leaves the server idle and
(d) the MMAP phase equals j/ when customer 7 departs. Note, the above probability is not
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affected by the order of service either. In this case we may therefore think in terms of a
preemptive (resume) last-come-first-served system in which customer 0 has service time x.
The first arrival during the service of customer 0 must be of type k, its service time should be at
most t and the MMAP phase when customer 0 resumes service is determined by Dy My ,, (1),
provided that customer 1 induces a sub-busy period during which r; customers are served.
A possible second arrival of some type g will cause the MMAP phase to change according to
DM, 1, for some 17, etc. Notice, in this case there is no restriction on the service time of the
type g customer. Hence, fori =1,...,n

Dy ‘ DMy (t) ... DipMy,u(t)

Qu
Iitqe Jnt1,i+1-

isan N4 x N4 matrix with entry (j, /) equal to the following conditional probability: given
that customer 0 initiates a busy period, has a service time of x and the MMAP phase at its
arrival time was J, entry (J, j') holds the probability that (a) customer 1 is of type k and arrives
while customer 0 is in the system, (b) the service time of customer 1 is at most t, (c) customer i
leaves the server idle and (d) the MMAP phase equals j' when customer i departs. If i = n this
results in the term containing J,,1 in (204). Otherwise, we need another arrival of some type
q (labeled customer i + 1) that initiates a busy period such that customer 7 leaves the server
idle. This explains the terms containing 25:1 PyZ;,—iin (204),fori=1,...,n—1. O

Define (vy ,(t));, forn > 1,k € {1,...,K} and j € {1,...,Na}, as the probability of
the following event: assume we observe the system at an arbitrary departure instant, then
the next inter-departure time is at most t and involves a type k customer (labeled customer
1), while customer 7 leaves the server idle and the phase of the MMAP is j when customer n
departs. Let vy ,(t) be the vector with entry j equal to (vy,(t));. Let v} (s) be the LST of
Dk,n (t) :

Finally, let (2);, for j € {1,...,Na}, be the probability that the server becomes idle at
an arbitrary departure instant while the MMAP phase equals j. Denote v as the vector with
entry j equal to (vg);.

Lemma 5. The 1 X Ny vectors vy (s) can be expressed as

(o]

op,(5) = P20 [ (st D, (5 (05)

while vy = pa(0)Yo/ A, where a(0) and Yy are defined by (183) and (197).

Proof. From the probabilistic interpretation of H (¢, x) it is clear that

vn(t) = [ ap(x)Hin(t, ),

where ap(x) is the density of the age process at departure times. The expression in (205)
therefore follows from (195). The expression for v, is immediate from

0]
QOZ/ ap(x)eP*dx,
x=0

and the definition of 2(0) and Y. dJ
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Theorem 23. The LST of the joint distribution of the 1st and (n + 1)th inter-departure time
with the first one being of type k and the n 4 1th of type p is given by

fff{ﬁi*(sl,Sz) =
[ (&= 2) (~Do) ™" + vp(s11 — Do) ™! | DKP" B Lf5, (1) f5 (52) (206)

+04(s1) [ (521 = Do) ™! = (=Do) ! | Dp1Lf5, (s2)-

Proof. We can write the joint LST as the sum of the joint LST in the case that the server is
idle at the start of the (1 + 1)th inter-departure time and the joint LST in the case it is not.
Due to the probabilistic interpretation of the vector v}, (s1), the LST for the case where the
server is idle at the start of the (n + 1)th inter—departu,re time is given by

05 u(s51) (521 = Do) ' DpLf5 (s2)- (207)

The vector vy and & — Y, correspond to the cases where the 1st inter-departure time starts
with and without an idle period, respectively. Hence, the term

[ (&= 20) (=Do) " + (11 — Do) ™| DLP" P f5 (1)
in (206) holds the LST of the first inter-departure time when the (1 + 1)th inter-departure
time involves a type p customer, denoted by f?(f (Z %* (51,0). This implies that

k,p)* % —
i) (51,0) = 0 (s1) (—Do) "D 1

holds the LST of the first inter-departure time when the (1 + 1)th inter-departure time in-
volves a type p customer in case the server is not idle at the start of the (1 + 1)th inter-
departure time. If the server is not idle at the start of the (1 + 1)th inter-departure time,
its LST is given by fg (s2), as it is equal to the LST of the service time of the (7 + 1)th cus-
tomer, the type of which is p. Hence, the joint LST in case the server is busy at the start of
the (n + 1)th inter-departure time is given by

;({k{f,))*(slfo)f‘?p (52) = ¥, (51)(—=Do) ' DpLf3, (52)- (208)
Combining (207) and (208) establishes (206). O

6.4.4 The inter-departure time distribution and lag-1 joint moments

In this section we determine an expression for the moments of the inter-departure time dis-
tribution as well as the joint lag-1 moments via Theorem 23. Based on the lag-1 moments it
is possible to plug the MMAP[K]/PH[K]/1 FCFS queue into the queueing network analysis
framework introduced in Chapter 8.

We start by defining (ng))j, forj € {1,...,Na}and k € {1,...,K}, as the probability
that an arbitrary departing customer leaves a single customer behind, the type of which is k,

while the MMAP phase at the departure epoch is j. Denote ng) as the vector with entry j

(k))

equal to (;");.

Lemma 6. Thel X N4 vectors ng) can be computed as ng) = pQ(O)Yl(k) /A, where the matri-

ces Yl(k), fork =1,...,K, are the unique solutions to the Sylvester matrix equations

Y + y® Dy = —Y,Dy. (209)
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Proof. A departure leaves a single (type k) customer behind if the MMAP generates a single
(type k) arrival during the sojourn time of the departing customer. By conditioning on the
arrival time of this type k customer we get

U(k) _ « a (x) * eDoaD Do(x—a)d d
v = ap k€ adx, (210)
x=0 a=0
which yields (due to Theorem 37)
P)O l)k]
0) [ ’
%”::mﬁ | em(-st@nnel Dol pax,
x=0

due to (195). Hence, due to Theorem 36, ng) = pa(0)X®) J, /A, where the N5 x 2N 4 matrix
X () is the unique solution of the Sylvester matrix equation

Tx®) 4 x () [DO gk] = (S1®I)I, . (211)
0 At
{S]l@I 0]

Due to (198), it is easy to verify that X(¥) = [¥, Yl(k)] satisfies (211) if Yl(k) is the unique
solution of (209). O

Theorem 24. The LST f3,(s) of the inter-departure time distribution is given by
1 1 =
fi(s) = [(& = 20)(=Do) ™ + vy(sT = Do) ' | | 1 Dilf5(5) | - (212)
k=1

The joint LST fg)*(sl,sz) of two consecutive inter-departure times where the type of the first
customer is k, can be expressed as

A9 s1,52) = [(a - 20)(~Do) 4 eyl T ~ Do) Dy

(i Pylfs, (52)> f5.(s1) + [90(511 — Do) Dy + ng)} Mg, (s1)-
p=1

(213)
1 1 K
((s2T = Do) = (Do) ") (Z D,,]lfgp(sz)> .
p=1
Proof. As fy(s) = Igzl YK, f;_i((fl%* (s,0), (212) follows from (206). To establish (213), it

suffices to sum (206) over p for n = 1 and to note that
* — k *
0}1(s) = (20(sT — Do) "Dy + 2" ) M4 (5),

due to the probabilistic interpretation of vy, ng), My 1(t) and vy 1 (t). The above equality can
also be proven algebraically as follows. Combining (205) and (204) yields

v&@):‘fyféOé”@sn®1x%%u@1—pwHhNQﬂg+

Dy DM, (s)
Dy

X

PQ(O) /OO eTx(_Sﬂ.@I)Ize
x=0

1 ]2dx.
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Equation (197) and Lemma 5 imply that the first term reduces to
v9(sI — Do) "' DiMgi4 (),
while the second equals pa(0)XJ>/A (due to Theorem 36), with X the unique solution of

Do DiMg,(s)
Dy

TX + X — (S1@ 1)L

It is easy to verify that X = [Yp Yl(k) M (s)] provided that

T M1 (s) + Y1 M (5)Do = ~YoDiM (5)

As the matrix Do commutes with My, (s), this equation follows from (209) and we may con-
clude that pa(0)XJ2/A = ng) M 4 (s) as required. O

The nth moment of the inter-departure times is given by E(H") = (—1)" ;:n f7,(s)]s=o-

Instead of computing the moments directly, we introduce the so-called reduced moments
E(H") = E(H")/n!, E(S!')=E(S]')/n!,
because they make the forthcoming expressions simpler.

Corollary 3. The nth reduced moment of the inter-departure time distribution is given by

E(H") = f (AA" (S JU)Z —Do) "'DiLE(S) 4))

Proof. As E(H") = (—1)" £ % (s)|s=o, (212) implies

K n
B") = Y- ( (s~ 2)(-Do) pa HEH

B (7)o e ),

which establishes the result as

K
a(—Do) "Dyl =0 (Zj Ds) (—Do) "'Dg1/A = D1 /A = Ay /A
s=1

O

Taking the derivatives of f;,(_f )*(51,57_) gives the joint moments of two consecutive inter-
departure times. Again, for simplicity we use the reduced moments instead of the standard
ones. The (11, np)th reduced joint moment is denoted by 17,([;),12 and is obtained from the LST
as

(k ( 1)”1+ﬂ2 oM g
. nylnp!  9s)t BS”ZfH (s51,52) s =0520-
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Corollary 4. The (11, 17)th reduced joint moment of the inter-departure times are given by

k)

77”1/”2 -

ucPkE(Snl +UOZ PkE(Sn] ] (ipqnﬁ(532)>

(=1 q=1

na
+ o )M,1‘11+002 —Do) ‘P M}y f] Y (~Do)~ (ZP LE(S!™ d))

(=0 d=1 q
(214)

where 1\711’:,1 is defined and computed as follows:

w1, = g ()eo = (@@ D(-S) 8 Do) (St o D). 219)
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In the MMAP[K]/PH[K]/1 queue K types (classes) of customers are distinguished. The arrival
process of customers is described by a MMAP, and the service times are PH distributed. There
is a single server, which always picks the customer having the highest priority for service.
If the ongoing service can not be interrupted when a higher priority customer arrives, the
service is called to be non-preemptive. In the preemptive resume case (also referred to as the
preemptive case for simplicity), however, the service of customers can be interrupted, and
resumed later when all higher priority customers leave the system.

To introduce the analysis approach, the two-class case (K = 2) is considered throughout
the chapter, and the extension to the general case (K > 2) is provided in [49].

Similar to Chapter 6, the MMAP characterizing the arrivals is given by the size N4 X Ny
matrices Dy, Dy and Dy containing the rates of internal transitions and transitions accom-
panied by high and low priority customers. The mean arrival rate of high (low) priority cus-
tomers is denoted by Ay (Ar), and it is calculated by Ay = 6Dyl (Ap = 8D 1), respectively,
where 0 is the stationary distribution of the phase process of the MMAP (see Section 3.1.2).

The random variable representing the service times of the low priority customers Sy is
PH distributed with Ny phases, characterized by ¢, St and s;. Row vector ¢ is the initial
vector, matrix Sy is the transient generator and column vector s; holds the transition rates
to the absorbing state, thus s; = —Sp 1. The mean service rate is ytp, = 1/E(Sy). The PH
distribution corresponding to the high priority service times and its properties are defined
similarly, using subscript H instead of L.

The load of the queue is p = Ay /pp + Ar/pr. In this chapter p < 1 is assumed.

7.1 ANALYSIS OF THE PREEMPTIVE RESUME PRIORITY QUEUE

Priority queues are extensively studied since the middle of the last century [61], starting with
the most basic variant with Poisson arrival process and exponentially distributed service times.
In the last two decades most research activity on priority queues has considered more general
arrival processes like MAPs or MMAPs.

In [78] the MAP/G/1 preemptive priority queue is analyzed based on the workload process,
and the LST of the sojourn time distribution of the customers is derived. The non-preemptive
case is investigated in [79] and [80], where the LST of the sojourn time, the moments of the
sojourn time, the GF of the queue length, the queue length moments and the queue length
probabilities are provided.

After this overview one may think that not too much has left to be done in the field of MAP
driven priority queues. However, all the aforementioned results assume a general distribution
for the service times, which makes the solution complex and often difficult to implement in
a proper way (in the numerical sense). To address this issue the generally distributed service
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V(t) Workload after low priority arrivals

Service time

Figure 29.: The workload process of the priority queue

times can be replaced by PH distributed ones in the hope of the simpler and numerically more
tractable solution.

In [3] the (discrete-time) MAP/PH/1 priority queue is considered by representing the state
space with a OBD and exploiting the special structure of the related fundamental matrices.
While this approach is elegant and seems promising, there are some computational bottle-
necks (as pointed out in [48]). There have been efforts to make it more efficient (see [45] and
[48]), but apart from the queue length moments all performance measures can be computed
only in case of a very limited number of phases.

Our approach is based on the analysis of the workload process, just like [78] in the context
of MAP/G/1 preemptive priority queues. However, by exploiting the technical simplicity of
the PH distributed service times we are able to arrive to a more intuitive, simpler to implement
and numerically more beneficial solution.

7.1.1 The workload of the system just after low priority arrival instants

For the analysis of the sojourn time we first need to derive the distribution of the workload a
low priority arrival finds in the system (see Section 5.2.2).

The workload process {V(t),t > 0} is the amount of work in the system at time t, thus
the time needed to process all the customers in the queue if the arrival process is frozen.
V(t) decreases by a slope of one between the arrival epochs, and jumps up at arrival epochs
according to the service time requirement of the arrival; thus, V(t) is skip-free to the left. An
example to the workload process is depicted in Figure 29. As we have two customer classes,
there are two kinds of jumps in the figure, the dotted one corresponds to the high, the dashed
one to the low priority customers.

To completely characterize the situation an arriving low priority customer finds in the
system, the stationary solution of {V(t), J (t)}, thus the joint distribution of the workload
and the MMAP phase needs to be derived.

In our case the inter-arrival times are given by a MMAP and the size of the jumps is PH
distributed, which makes it possible to apply the method of [28] to transform V(t), which is
skip-free to the left, to £(), which is skip-free to both directions (like it was done in the single
class case in Section 5.2.2). More precisely, the continuous process with jumps {V(t), 7 (¢)},
is transformed to {L£(t), Z(t)} from which the stationary distribution of {V(t), J(t)} at

low priority arrivals is computed.
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Workload after low priority arrivals
\/ Service

time
—

Figure 30.: The modified workload process of the queue

The transformation to the skip-free process is performed as follows. Let {L(t), Z(t)} be
a canonical MFM where Z(t) is the underlying CTMC with generator matrix Q given by

I®S I®s
Qi+ = t , Q- = g (216)
I® Sy I ®sy
Q-+ = [DL ®op Dy ®QH] , Q- =Do.

This fluid model behaves like {V(t), 7 (t)} between arrivals, when it stays in the negative
states N_. Whenever an arrival occurs, however, it switches to one of the positive state
groups (depending on the class of the entering customer), and accumulates the workload
increment with a slope of 1. Thus, the jumps are eliminated and replaced by progressive
workload accumulations. The transformed process obtained from Figure 29 is depicted in
Figure 30.

Observe that the joint stationary density of the workload and the MMAP phase at low
priority arrivals are the same in the original and in the transformed process. The stationary
solution 7t(x) of the transformed process (that is a canonical MFM) is given by Theorem
17, from which, by embedding at just after low priority arrivals we get a matrix-exponential

solution
I ® §L I ® §L

2 1 1 Kx
a(x) =3 | 0 | =32 Q1[I ¥|| o
0 0

(217)
1 o L
— EE—Q——‘,— er I®§L — ﬁerB’
W—/
ﬁ A/_/

where the normalization constant is ¢ = p_Q_4 (—K) 'B1. Notice that from the three
blocks in the last matrix term the upper two belong to N, and the lower belongs to N/_.

Due to technical reasons (which will be discussed later) the representation given by (217)
will not be appropriate in the forthcoming derivations, because in general K1 + B1 # 0.
The following theorem provides the representation transformation that ensures the proper
row-sums.

Theorem 25. The joint density of the workload and the phase probability of the MMAP just after
low priority arrivals ft(x) can be obtained by

ft(x) = KB, (218)
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R(t)
Ihitial work- High priority arrivals
load at low

pr. arrival
t=0 \

Low priority sojourn time 77,

Figure 31.: The remaining sojourn time of a low priority customer

with B/ = B - diag(A), K’ = diag(A) ™" - K - diag(A) and B’ = diag(A)~" - B, where A =
(—K)~'B1. Furthermore, we have that

K'1+B'1=0. (219)

Proof. The fact that (218) equals (217) can be proven by

fi(x) = BB = B diag(a) - o8 K e rdiag(A) ! - B (220)
= B - diag(A) - diag(A) ! - X* - diag(A)diag(A) ! - B = BeXB.
To prove that (219) holds we have
K'1 4 B'1 = diag(A) ' (K(—K)'B1 + B1) = 0. (221)
C

7.1.2  The sojourn time of low priority customers

For the sojourn time analysis of low priority customers we introduce the remaining sojourn
time process {R(t),t > 0}. Att = 0, R(t) is the workload seen by a low priority customer
when it arrives. For t > 0, R(t) decreases by a slope of one till a high priority arrival occurs,
when R () has a jump with size given by a high priority service time. When R () reaches
zero, it remains zero and the corresponding low priority customer leaves the system (see
Figure 31). Hence, the sojourn time of low priority customers 77 is

Ti = inf{t > 0: R(t) = 0}. (222)

Just like the workload process V(t), the remaining sojourn time process R (t) is skip-free
to the left and has upward jumps. As we did with the workload process, we transform R ()
to a skip-free process which is easier to handle numerically, and derive the properties of R ()
from the transformed process.

Let us introduce a canonical fluid model {R(t), Z(t)} where the generator Q of the un-
derlying CTMC is defined by

A/

~ K’ B
Qi+ = , ,
I®SH I®sy

Q—+==@ DH®Q4/ Q__ =Do+Dy,

(223)
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R(t) Initial High pr. High pr.
workload arrival time service
at low pr. time

arrival

Busy period of the fluid model, B

Figure 32.: The fluid model for the sojourn time analysis

furthermore, let the distribution of Z(t) at t = 0 be

k={P(Z:(0) =)} = [§ o (224)

This fluid model has three state groups: there are two state groups in N, , and NV_ is the third
one.

The role of the first state group is the accumulation of the initial workload, experienced by
a low priority customer when it enters the system. Observe that the sojourn time density
of the first state group, when started from &, is exactly 7t(x), which is the density of the
initial workload. The second group of states is activated when an arrival occurs, and the
corresponding workload increment is accumulated. The third group of states, the negative
ones represent the periods when the server is processing the low priority workload and is
decreasing the remaining sojourn time of the tagged low priority customer.

Note that due to Theorem 25 the usual property of Markovian generators Q1 = 0 holds.
The correctness of the solution with the non-Markovian components K’ and B’ is ensured by
[20].

The main idea in this section is that, by construction, the relation between the duration
of the busy period B of the fluid model characterized by (%, Q) and the sojourn time of low
priority customers 77 is

T =B/2. (225)

This relation is clearly visible when looking at Figures 31 and 32.
Finally, the following corollary expresses the properties of the sojourn time with the prop-
erties of the busy period (detailed in Section 4.2.3).

Corollary 5. The distribution of T in time domain, in LST domain, and its moments can be
expressed by

Fr(t) = P(TL < t) = Fz(2t), (226)
f7.(s) = E(e™T) = f(s/2), (227)
E(T{) = E(BY) /2" (228)

7.1.3  Number of low priority customers in the system

First we derive the distribution of the number of low priority customers at low priority depar-
ture epochs (the corresponding random variable is denoted by X7 ), then the one at a random
point in time (denoted by Yp).

101



dc_1412 17

102

ANALYSIS OF THE MMAP[K|/PH[K]/1 PRIORITY QUEUE

When a low priority customer leaves the system, the number of customers behind it equals
the number of low priority arrivals during its sojourn in the system. To analyze this quantity,
let us go back to the remaining sojourn time introduced in Section 7.1.2, and modify the
background process of the related fluid model such that it counts the number of low priority
arrivals. Instead of Q we get Q defined by

Kk FK
Q’ o fi (229)
- FO . 7
where matrices Fy and F; are
- [9** Q+—], F - [O °]. (230)
Q. Do 0 Dp

With this generator, matrix ¥’ of the corresponding canonical Markovian fluid model has an
upper block-Toeplitz structure like

Yo ¥1 ¥, -
- ¥ ¥y -
I — ~
¥ = ¥, ... | (231)

where the entry (‘i’i)k,g is the probability that i low priority arrivals occur during the sojourn
time of a low priority customer and the phase of the MMAP is ¢ at the departure given that
the phase was k when it entered the system.

The reason of the upper block-Toeplitz structure is that the number of low-priority arrivals
during the sojourn time can only increase, and that the MMAP generating the arrivals is
independent of the queue length.

Theorem 26. Matrix ¥y is the solution to the NARE

F00Q 1+ ¥o+¥oDo + Q1+ ¥+ Q1 =0, (232)
and fori > 0 matrices ¥; can be obtained recursively by solving the Sylvester equation
(Q++F0Q—)¥i + ¥i(Do+Q—+¥o) = —¥i1DL — ) ¥;Q—1+¥ij.  (233)
j=1
Proof. Let us partition matrix Q’ according to the positive and negative states. We get
Qv Qi _ |
5 y O Q-
14 7" .
Q/liJr Q" Q_+ B Dy, D
Q-+ Dy Dy

Substituting (234) and (231) into the NARE (135) provides the theorem after some algebraic
manipulation. O
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The probabilities for the number of low priority customers at low priority departures xiL =

P(X} = i) are obtained from ¥; by taking into consideration the initial probability vector of
the busy period &. For later use, we also introduce row vector liL ={P(X.=i,T =j),j=
1,...,Nga}, the joint probability of the number of customers and the phase of the MMAP at
departures (obviously, xiL = giL]l).

Corollary 6. For the distribution of the number of low priority customers at low priority depar-
tures we have
¥;. (235)

L _
Xy =

=

The significance of (235) lies in the fact that the consecutive queue length probabilities
can be obtained by consecutive solutions of Sylvester equations calculating ¥;. The prior
procedures of the related literature are far more expensive computationally.

Corollary 7. The GF of the distribution of the number of customers at departures X; (z) =
Y20 z'x} can be obtained by

X;(z) = ¥ (z), (236)
where matrix ¥ (z) satisfies the NARE
¥(2)Q-+¥(2) +¥(2)(Do+2zD1) + Q44+ ¥(z) + Q4 =0. (237)

Proof. Multiplying (233) by z/, summing it from 1 to infinity, then adding (232) provides (237).
O

Finally, the factorial moments of &7 can be calculated by taking the derivatives of the
generating function, hence

o . dk
E(Xf) =Y i} = @KL(Z)E:NL (238)
i=0

yielding a recursion introduced by the next corollary.

Corollary 8. For the kth factorial moment of X1 we have

E(xf) =x¥"Y, E(xF) = E(xh1, (239)

where ¥ = %‘T(z)]zzl. Matrix ¥° = ¥ and for k > 0 matrices ¥ are obtained
recursively by solving the following Sylvester equations

(0444770 ¥ +¥9(0__+0_, )

k—1
T (=) O g a gk
=—k¥" 'D Z<i>‘l’ Q4+¥ .

i=1

(240)

In the rest of the section we calculate various properties of the number of low priority
customers at random point in time denoted by ). Our contribution in this subsection ends
here, since the relations between X} and ); are extensively studied in [79], that we provide
here for the sake of completeness.

Let us introduce row vector yiL ={PYL=i,T=j),j=1,...,Na}.

103



dc_1412 17

104

ANALYSIS OF THE MMAP[K|/PH[K]/1 PRIORITY QUEUE

Theorem 27. ([79], Theorem 4.6) The GF of yt, denoted by Y| (z) = Y52, z'yt is related to
X (z) as

Y;(z)(Do+ Dy +zDr) = Ar(z — 1) X[ (2). (241)
Corollary 9. ([79], Corollary 3.11) Vectors ‘yiL,i > 0 are recursively obtained by

yy = Arxg(~Do — D)™, (242)
yi = (Y1 DL+ Axi — Axi ) (=Do— D)™, i>0.

Corollary 10. ([79], Corollary 3.10) The factorial moments of the number of low priority cus-
tomers at random point in time are obtained recursively as

E(VF) = E(XF) + k(E(XFY) — E(QVFYYDr/AL) (16 — D) ' D11,
E(Vf) = EQ)0+k(E(Vf )DL — AE(Xf ) (16 - D),

(243)

fork >0, and E()?) = 6.

7.1.4 The analysis of the high priority class

In case of the preemptive resume service policy the high priority class can be analyzed in
separation, as a single-class MAP/PH/1 queue with arrival process given by matrices (Do +
Dy, Dy) and service time distribution given by (¢, S). The details of the analysis of this
queue can be found in Chapter 5.

7.2 ANALYSIS OF THE NON-PREEMPTIVE PRIORITY QUEUE

In the non-preemptive case the service of a low priority customer can not be interrupted. It
turns out that the analysis approach developed in Section 7.1 can still be used with a small
difference. Instead of analyzing the sojourn time and the number of customers in the system,
in the non-preemptive case we will focus on the waiting time (which can be interrupted by a
high priority arrival any time) and the number of waiting customers in the system. The non-
interruptible service time and the number of arrivals during it will be added afterwards to
obtain the sojourn time and the number of customers in the system.

7.2.1  The workload of the system just before low priority arrival instants

When a low priority customer enters the system, its waiting time equals the workload of the
system just before its arrival (thus without its own service time) plus the service times of all
high priority customers arrived during waiting in the queue. To find out the workload just
before the arrival in the example of Figure 29 this means that we need the distribution of V(t)
just before the jumps, instead of just after the jumps.
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This distribution can be obtained by applying the same transformation procedure which re-
sults in a canonical Markovian fluid model with stationary fluid density 7z(x) and probability
mass at level zero p. Embedding right before low priority arrivals we get the density

. 1 1
#(x) = za(x) | 0 | = zp-Q-+¢“[1 ¥] | 0
Dy Dy (244)
1 <
=2p Q_, &¥D = BXB.
¢ N
W—/ B
B
Notice that the workload just before the arrival can be exactly zero as well, with probability
mass
.1
p=sp DL (245)

The normalization constantis ¢ = p_Dy1 +p_Q_ 4 (—K) 'B1.
Similar to Theorem 25, it is again possible to similarity transform the representation ﬁ:, K
and B to E’, K’ and B’ such that K'1 + B'1 = 0 holds.

7.2.2  The sojourn time of low priority customers

As mentioned before, first the waiting time (denoted by W} ) is characterized, then the service
time is added afterwards to get the sojourn time.

As done in Section 7.1.2, it is possible to introduce the remaining waiting time process WW(t)
and construct a canonical fluid model {W(t), Z(t)} whose busy period B is closely related
to the waiting time. The blocks of the generator of this fluid model are

_ K' _ B

Qit = ;o Q= / (246)
I1® Sy I®sy

Q-+=|0 Dy®ay|, Q- =Do+Dy, (247)

and the distribution of Z(t) at ¢t = 0 (that defines the initial distribution of the busy period)
is
R={P(Z:(0)=i)} = |§ of. (248)

Notice that everything is the same as in Section 7.1.2, except the parameters of the initial
workload distribution. Hence, it is not surprising that W = /2.

Corollary 11. The distribution of Wy in time domain, in LST domain, and its moments can be
expressed by

By, (1) = F(2t),  fiy,(s) = f3(s/2),  E(W[) = E(BX)/2". (249)

As Tp = Wr + St holds, it is straight forward to obtain the LST of the distribution of 77
and its moments.

Corollary 12. The LST of the distribution of Ty is given by

f1.(8) = fiy, (s)f5,(5). (250)
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Taking the derivatives of f7. (s) with respect to s and tending s — 0 yields the moments
of the sojourn time.

Corollary 13. The moments of the sojourn time T are given by

k
B = 1 () EOVDESE . @s)

i=0

The distribution function of the sojourn time is more involved to obtain. One could directly
express it as a continuous time convolution of Fyy, (t) and fg, (f), but it would involve an
integral which can be evaluated only numerically. Remind that both F7; (t) in the preemptive
resume case and Fyy, (¢) in the non-preemptive case are derived from the distribution of the
busy period of an appropriate fluid model, which is computed in terms of Erlangization (see
Section 4.2.3), meaning that an order-7 approximation is applied where increasing # improves
the accuracy. For the preemptive resume case we had that the order-n approximation is

5 n = n =
TL,preemp.(t) = P(B/2 <Erlang(n, ?)) = P(B < Erlang(n, E)) = K}{Z(:)‘I’Z]l,

with v = n/(2t) and £¥; 1 holding the probabilities that k Exp(v) events occur during the
busy period.

In the non-preemptive case, however, busy period B3 corresponds to the waiting time only.
Thus, we have that the sojourn time distribution is

n 5 n
FY(t) = P(B/2 + Sy < Erlang(n, ).

Theorem 28. The order-n approximation of the distribution function of Tr is
EP(t) =& Z ¥ 1d,,_ + pld,, (252)

where v = n/(2t), matrices ¥}, are defined by Theorem 20 with using Q instead of Q, and
probabilities d,, are given by

dy=1-0;(I-S/(2v)) "L (253)
Proof. We have that

n > n ~
E(t) = P(B/2+ S, < Exlang(n, 1)) = P(B+28, < Erlang(n,v))

=K i ¥,1 - P(2S; < Erlang(n —k,v)) +p1 - P(2S; < Erlang(n,v)),

dn—k dy

where the second term corresponds to the case when Wy = 0. The d; probabilities can be
derived as

dy = P(2S1 < Erlang(n,v)) = P(Sy. < Erlang(n,2v))

o (D n—1
=1- / %ZVE’ZV”gLeSL”]ldu
u

-0 (n — 1)!
(—1/)”_1 0 dn—l ) p
— —zVU u
=1- WZVQL /u:O it e L1 du

(_V)n—l dn— 1
2uaLan71(2u1-sL)‘ln =1—(2v)"g (2vI — S) "1,

that equals to (253). O
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7.2.3  The number of low priority customers

As in the preemptive resume case, first the number of low priority customers at low priority
departures is analyzed, from which the results corresponding to a random point in time are
derived.

To obtain the number of low priority customers at low priority departures (X7) a tagged
low priority customer is picked, and the number of low priority arrivals is counted during its
stay in the system. This quantity consists of two components: the number of arrivals during
the waiting time, and the number of additional arrivals during the service time.

The number of arrivals during the waiting time can be derived from the fluid model repre-
senting the remaining waiting time process introduced in Section 7.2.2. We follow the exactly
same recipe as in Section 7.1.3 with the preemptive case, thus we modify the background pro-
cess of the fluid model Q such that it counts the number of arrivals during the busy period
and get Ql. The blocks of the corresponding ¥’ matrix, ¥ are holding the probabilities that
k arrivals occurred during the busy period (that is, during the waiting time) given the initial
phase of the MMAP. These matrices can be calculated as Theorem 26 does in the preemptive
resume case, the only difference is that matrix Q needs to be used instead of matrix Q.

As for the second component, let us introduce matrices A;,i > 0 whose (k, )th entry is
the probability that the MMAP generates i low priority arrivals during a low priority service
time starting from phase k and the MMAP phase at the end of service is £. Matrices A; are
matrix-geometric

Ai=a-Ala, i>0, (254)
where

«=1®0a, (255)

A= (—(Dy+Dn)®S.)" (DL ®I), (256)

a=(—(Do+Du)®SL) " (I®sy). (257)

Theorem 29. The joint probability of the number of low priority customers in the system and
the phase of the MMAP at low priority departure instants is

xb=h;-a+ pA;, (258)
where vector hy = k¥ and h;,i > 0 is defined recursively as
hi =hi_1 - A+ &Y. (259)

Proof. Let us sum the number of arrivals during the waiting time and during the service time
by convolution, yielding

i i

xf = ];)K‘i’kAi—k +pAi = ];)K‘i’kwAi_k a+ pA;. (260)
o ————
b

The recursion for /; can be shown by

i ) i-1 ) _
b= ) k¥A™ =} k¥wAT A+ ¥ (261)
k=0 k=0
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!/
Vi (#) Workload after high priority arrivals
/ >~

Low priority customer leaves the system

Figure 33.: The modified workload process of the high priority class
By introducing the GFs ¥(z) = Y°,z'¥; and A(z) = Y2,z A;, the GF X (z) =
Y20 sziL is easy to obtain from (260) and (254).
Corollary 14. X; (z) is expressed by
X1 (z) = £¥(2)A(z) + pA(2), (262)
where matrix A(z) = Y2, z' A; has the following closed form formula
A(z) = a(I — zA) la. (263)

Based on (238) the factorial moments at departures are calculated by routine derivations of
(262).

Corollary 15. For the kth factorial moment of the number of low priority customers at low
priority departures we have

- ()

i=0

v (i)A(k*l') + ﬁA(k), (264)

=

where matrices ¥ = dd—;‘i’(zﬂzzl are obtained similar to (240) and matrices AY) =
%A(z) |.—1 have the following closed form:

A = ila(I - A)"1Ala. (265)

Having characterized the number of low priority customers at low priority departure
epochs, the properties of the number of low priority customers at a random point in time
are given by Theorem 27 and Corollaries 9 and 10.

7.2.4  The analysis of the high priority class

In the non-preemptive case the high priority class can not be analyzed in separation, since a
high priority customer can not be served immediately when a low priority customer is in the
server.

We use the workload process of the high priority class denoted by {Vy(t),t > 0} to derive
the performance measures!. The trajectory of V() contains intervals where the slope is

1 Contrary to Sections 7.1.1 and 7.2.1, where the workload process of the entire system is discussed, the workload
process considered here applies only to the high priority class.
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zero corresponding to the periods when the server serves low priority customers. As before,
Vy (t) is transformed to a fluid model (see Figure 33 for an example).
The blocks of the generator matrix of this fluid model are defined by

o' [1e1984 | o ot — |18 1%y

— , = , 0= ’
] 19sy)  |[Teosy| 0
QI;I+: _0 DH®gHi|I Qljf = Do + Dr, QI;IOZO’
Qa:iDH®I®@{0y Q) =1I1®s;,  Qu = (Do+Dr)®Sy.

Four state groups can be identified in the generator. The two state groups of N} both cor-
respond to the workload accumulation due to a new high priority arrival. The difference is
that in the first state group the server works on a low priority customer, thus the phase of its
service needs to be maintained during the workload accumulation. In the negative states N/
the server is working on a high, in the zero states N\ the server is working on a low priority
customer.

The probability of the phases when the workload process leaves level zero, denoted by

H_is not easy to obtain. Regarding this vector we are relying on the results of [79],

vector K
which we re-formulate and simplify at several points due to the PH distributed service times.

Let us investigate the system at the departures that leave the high priority queue empty,
and introduce two probability vectors, ¢ and ¢, associated to this embedded process. The ith
entry of ¢ is the probability that the whole system is empty at the embedded instant and the
phase of the MMAP is i. Entry i of vector ¢ is the probability that the embedded process is
in state 7 in the product space of the MMAP phase and the phase of the low priority service

time.

Theorem 30. Vector ¢ is given by

_ (1-p)p (=Dy)
- Ap 1+ (1-p)p Dpl’ (269

$o

where p_ is the probability mass vector of the fluid queue representing the workload process of
the whole system (see Sections 7.1.1 and 7.2.1).
Vector ¢ is the unique solution to the linear system

¢ = (¢~ ¢o)(19)(~(Do+DL)®SL) ' [Dpeleey, of ¥
+ (¢ — ¢o) (I, ) (—(Do+Dr)BSL) (I®s;)
+ ¢o(—Do) ' (D@0 )(—(Do+Dr)&S) ! [DH®I®QH 0} T (267)
+¢y(—=Do) ' (DL®ey)(—(Do+Dr)®Sr) (I ®s))
+@o(=Do) ! {0 DH®gH} ¥H,
ol =1, (268)

where ¥ is the solution of the NARE

QI +¥MQE + (QF + Q¥ (—Qu) QoY

269
+ 0+ Qffy(—af) Qi =o. (269
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Proof. Eq. (266) follows from [79], Theorem 3.1 and [79], Lemma 3.2.

Eq. (267) has 5 terms. The first one corresponds to the case when there are low priority
customers in the system when the last high priority customer leaves. The server starts to
serve a low priority customer. The PH of the service process and the MMAP evolve together,
and the MMAP generates a high priority arrival before the current service is completed, and
initiates the workload process (see Figure 33). The next departure leaving the high priority
class empty occurs when the workload of the high priority class returns to level zero, with the
corresponding phase transitions given by ¥ (which satisfies the usual NARE after censoring
out the zero states). According to the second term the low priority service is completed before
the MMAP generates a high priority customer, providing the phase of the next embedded
point. In the third and fourth term the last high priority customer leaves the system empty,
and the next arriving customer is a low priority one, while in the last term the next arriving
customer is a high priority one. O

Let us introduce vectors g and gl as the stationary phase probabilities that the server is
working on a low priority customer and that the system is idle when there are no high priority
customers in the system, respectively. These probability vectors can be obtained from ¢ and
¢o by taking into account the mean amount of time spent in various phases in the system,
yielding

1
ai' = (¢ — @0+ ¢o(~Do) ' DL)(I®0,)(~(Do+D1)®SL) ™, 70

1 _
qf = CTL]QO(_DO) !

H

where ¢’ is a normalization constant. From these vectors the initial phase distribution vector

for the high priority workload process denoted by x is given by

«" = gf' [Dpelec, o +4i |0 Dueey| =a'Ql +a'Q".. (271)

Finally, the next two theorems provide the performance measures for the high priority
customers.

Theorem 31. The pdf of the sojourn time of high priority customers f, (t) is matrix-exponential

fri(t) = Ze”'y, (272)
with parameters
g= [« o]/, z= 0 , o= |1@syl, (273)
0 St 51

where KH = QEJF + QIJ;IO(—Q(%)AQ&_ +yH QIL_ and c is the normalization constant.

Proof. The density of the workload at high priority arrival including the service time require-
ment the customer brought to the system is ! oK'’ QEO if the server works on a low priority
customer and it is k7 eK''x QE_ otherwise (see the points marked by circles in Figure 33). In

the latter case the sojourn time of the entering customer is x. In the former case, however,



dc_1412 17

7.2 ANALYSIS OF THE NON-PREEMPTIVE PRIORITY QUEUE

the remaining service time of the low priority customer has to be taken into account as well.
The phase of the low priority service is also encoded in the background process, hence we have

fr, (t) = (KH /;ch eKH"QfO(]l @ DeStt=Ys, dt + KHeKHxQIf_]l> /c. (274)

The convolution of the two matrix exponentials with parameters K/ and Sy can be repre-
sented by a single matrix exponential with parameter Z according to Theorem 37. The second
term can be expressed using {e?! as well, by adding transitions from the first matrix block to

the absorbing state with rates QE 1= . Putting together the two terms provides

1®sy
the theorem. O

Corollary 16. The LST of the distribution function and the moments of Ty are given by
fry(s) =LsI-2Z)"'o, E(TH) =ki(-2) "o (275)

For the analysis of the number of high priority customers in the system we introduce a
OBD, where the matrices corresponding to level backward, local and level forward transitions
(denoted by B, L and F, respectively) are

I — (Do+Dr) ® S1 I®s oy
(Do +Dr) ® Sy
B= F— |Pr®l
I ®@syoy D ®1I

In the first group of states the server is working on a low, in the second one it is working on
a high priority customer. It is possible to move from the first state group to second one (see
matrix L), but not the way around at levels > 0.

The entries of vector lle are the probabilities that there are 7 high priority customers in the
system and the background process is in different phases. It is well known that QBDs have a
matrix geometric distribution.

Theorem 32. Vectors yf’ have the following matrix geometric form:
H H pi
¥ =y R, (276)
where matrix R is the minimal non-negative solution to the matrix-quadratic equation

F+RL+R’B =0, (277)

and the probability of level 0 is yil = [g? gﬂ /c’. The normalization constant is ¢’ =
-1
bg %ﬂ(I—R) 1.

Proof. By definition in (270), vectors gt and gf are the stationary phase probability vectors
given that there are no high priority customers in the system. The matrix-geometric station-
ary distribution is a standard property of OBDs (see Section 4.1.3). O

Corollary 17. The GF of the number of high priority customers Y (z) = Y52 z'y 1 and the
factorial moments E(Y¥,) are given by

Yu(z) =yl (I —zR) ™', E(VY) = klyd'R*(1 — R) % 1. (278)

111



dc_1412 17

112

(s}

ANALYSIS OF THE MMAP[K|/PH[K]/1 PRIORITY QUEUE

7.3 NUMERICAL BEHAVIOR

The steps of the presented analysis procedure are significantly less computationally demand-
ing than the past methods published in the literature considering the same queueing system.

In this section we compare our procedure with three prior methods: the method of [3]
(transformed to continuous time), its improved version published in [45], and the procedure
of [48]. Note that the latter two procedures are far less general than [3] or the proposed one.
They can handle only preemptive resume service, they do not analyze the sojourn time at all,
and [48] is only able to provide the moments of the number of customers.

Since all involved procedures are exact, only the scalability is investigated, that is, the
analysis time as the function of the number of phases.

For this purpose let us define the MMAP matrices as

[ Kv 0

v e (K=1)v r./K

DK = |, D= 2r1/K

(K=1)y o v .
Ky o | |

and matrix DK is defined similarly. The diagonal entries denoted by e are determined
uniquely such that the row sums of Do'®) + D& + DX are zeroes.
The service times are characterized by order-2 PH distributions with parameters

On = [0.16667 0.83333} , gL= [0.58824 0.41176] ,

—0.66667 0.66667 —3.2941 3.2941
Su = , Si= ,
0 —4 0 —5.6

having service rates yt;, = 2.8 and gy = 2. The utilization depends on K, it varies between
0.6 and 0.75.

Figure 34 depicts the analysis time required to obtain the first 10 moments of the number
of low priority customers in the system in the preemptive case as the function of K2. (This is
the only performance measure that is supported by all the procedures). It is clearly visible that
the presented method is at least an order of magnitude faster than the prior ones, and is able to
solve systems with a large number of phases. No numerical problems were encountered even
with the largest model. Additionally, as opposed to [45] and [48], the presented procedure
can provide sojourn time related performance measures, and is able to handle the case of
non-preemptive service as well.

7.4 DEPARTURE PROCESS ANALYSIS OF PRIORITY QUEUES

This section describes a method to obtain the multi-class lag-1 joint moments of the inter-
departure times of priority queues. From these moments it is possible to create a MMAP
(based on the results of Section 3.2.3) in order to approximate the departure process in a
Markovian way.

The approach to derive the multi-class joint moments of the inter-departure times is similar
to the one presented in 5.3.3 for the single-class case. For simplicity, we discuss only the

In our MATLAB implementation the NARE problems are solved by the ADDA procedure [86] and the Sylvester
equations are solved by the lyap function of MATLAB, which is based on the Hessenberg-Schur algorithm [33].
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Figure 34.: Comparison of the execution times of various procedures

two-class case with preemptive resume priority, but the procedure itself can be extended to
handle more general systems as well.

The main idea is that the stochastic behavior of two consecutive departure intervals is inde-
pendent on the number of customers in the queue when there are at least two customers. The
reason is that the system cannot become idle during the two consecutive departure intervals
in this case. As a consequence, we have to distinguish just six cases, as follows:

+ 0,0: the last departure left the system empty,

1,0: at the last departure one high and zero low priority customers are left in the system,

1,14 at the last departure one high and at least one low priority customers are left in
the system,

2+,0-+: at the last departure at least two high priority customers are left in the system,
« 0, 1: at the last departure zero high and one low priority customers are left in the system,

+ 0,2+: at the last departure zero high and at least two low priority customers are left in
the system.

(Note that there were only three cases to distinguish in the single-class MAP/MAP/1 system.)

The analysis method presented in Sections 7.1 and 7.2 provides only per-class performance
measures and does not allow the analysis of the joint behavior of the priority classes. Hence,
a different approach is needed to obtain the probabilities of the above listed these six cases.

The approach we are going to use is based on [3], where the analysis of the discrete time
DMAP/PH/1 priority queue is presented. In contrast to [3], here we consider the continuous
time model and extend the results of that paper in several ways. We provide new closed
formulas and more efficient algorithms than the existing ones.

7.4.1 The MMAP[K]/PH[K]/1 preemptive priority queue as a QBD process

It is possible to define a three dimensional CTMC to model the queue length behavior. One
dimension keeps track of the length of the high priority queue, the second one the length
of the low priority queue, and the third dimension describes the phase of the arrival MMAP
together with the phases of the low and high priority service PH distributions.
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With proper numbering of the states the structure of the generator of this Markov chain is

Lo

B
, (279)

W = m
~

where the blocks of the generator are infinite matrices corresponding to the same number of
high priority customers but different number of low priority customers and different phases
of the arrival and service processes. The blocks of Q are defined as

F = diag(Eq) (280)
B = diag(J("™) (281)
Ey+ ]éH) Er
(H)
Eo+] Ep
Eo + ] E;
[ Ey E; ]
(L) (L)
E E
Ly= | °’TJ? ) ' (283)
1 Eo+Jy’' E
with the notation
E,=D;®I®I, i={0,L,H},
W _rosger JM =Tosyoyol, (284)

O o118, ,JP =101ws,0, .

With these definitions matrices Er, (and Eg) contain the transition rates accompanied by low
(and high) priority arrivals, while ]l(L) (and ]1(H)) are the ones accompanied by low (and high)
priority services, respectively.

Since the generator is a QBD (with infinite number of phases), the solution is matrix-
geometric (see Section 4.1.3), thus we have

v =yR", k>0, (285)

where vy is the vector of the steady state probability of the states with k high priority cus-
tomers. This vector can be partitioned according the number of low priority customers,
Y = {l[k,j/ j > 0}, where Uy,; denotes the vector of steady state probabilities for the states
with k high and j low priority customers. Furthermore, we denote the marginal steady state
probability vectors of the classes as

H = L -
.%( )= lei,jr \%( = lej,i-
j=0 j=0
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Due to the definition of the blocks of the generator, both matrices R and G exhibit an upper-
block-Toeplitz structure, since the number of low priority arrivals and the number of cus-
tomers in the system are independent given the phase of the arrival and service processes
(shown in [3]). Thus we have:

-GéL) G1(L) GéL) -R(()L) RgL) RgL)
G(EL) ’ R(()L)

As in every homogeneous QBD, these matrices are the minimal non-negative solutions to
the matrix quadratic equations (see (123) and (128))

0=B+ LG+ FG~
0=F+ RL + R?B,

(287)
(288)
Applying the definitions of matrices B, L and F, and exploiting the upper-block-Toeplitz

structure of matrices R and G we can derive relationships for matrices REL) and Gi(L),i >0
(see [3]).

The equations for matrices Gi(L) are as follows:

2
fori=0: 0=J" 4+ (Eo+ "G + EnG{™”,

i

(289)

fori >0: 0= ELGi(f)l + (Eo + ](SH))GI-(L) + Eg Z G,EL)GI-(E)k-
k=0

(290)

Matrices Gi(L) have important probabilistic interpretations. Entry (4, b) of matrix Gi(L) is
the conditional probability that starting from level n with the background process being in
phase a, (1) the first visit to level # — 1 occurs in phase b, (2) i low probability customers
arrive during the first passage time.

The following expressions can be obtained for matrices RgL):

2
fori=0: 0=Ey+R{" (Eg+ )+ R, (291)

i
fori>0: 0=RME+ R (Eo+ 18"+ Y RWRY, 1. (292)
k=0
Interestingly, summing up equations (290) from i = 1 to co and adding (289) leads to a

matrix quadratic equation for G(1) = Y% Gi(L), since

0= ]1(H) + (Eo+ EL + ]éH))G(L) + EHé(L)Z. (293)

Similarly, the sum of matrices REL), denoted by R(L) =y, REL), can be obtained as the
minimal non-negative solution of a matrix quadratic equation as well, as

0=Eg + RO (Ey+ Ep + J{M) + RO, (294)

The generating function of matrix series Gl-(L) defined by G(1) (z) = Y22, 2K G,EL) will be
used several times in the sequel. From (290) and (289) we have that G (z) is the solution of
the following matrix-quadratic equation:

2

0=J™ 4 (Ey+2EL + J{)6 D) (2) + EgG D (2) (295)
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Finally, based on (285) and the block structure of matrix R the steady state probability
vector of the number of high and low priority customers in the system can be expressed as

i
L . .
Yij = leifl,kR](-_)k , 121,j>0, (296)
k=0

To completely characterize the joint distribution of the number of high and low priority
customers, it remains to derive the stationary probability vector at level 0, v, = {llo,j/ j >0}

7.4.2  Analysis of level zero

Relations for vector y, can be derived from the boundary equations yQ = 0 as
voLo +¥oRB =0, ool =1— A /pH) — AW /). (297)

Due to the structure of matrices Ly, B and R, (297) is equivalent to the solution of an
M/G/1 type CTMC (see [90]). However, by using the relation RB = FG (see e.g. [57], page
144) it is possible to re-formulate (297) and the corresponding M/G/1 type CTMC to a more
appropriate form. The equations for y, by using G instead of R are then

YoLo +yoFG =0, ypol =1— A/ H) A L) /(1) (298)
and the generator of the related M/G/1 type CTMC becomes
Qo=Lo+FG=
Eo+EnGSY  E +EzGIV ExG{Y ExGY
(e Eo+ P + EnG"Y  Ep+ExG EnG{H
(0 Eo+ I + EnG"  Ep+EnG{V

Ji

(299)

The solution of M/G/1-type Markov chains is based on their invariant matrix Gp, whose entry
in position (i, j) is the probability that starting in phase 7 at level 7 the first phase visited at
level n — 1 is state j [57]. (Hence, this matrix plays the same role as the matrix G of QBDs).
In this particular M/G/1-type system matrix Gp, is the minimal non-negative solution to the
matrix polynomial equation

0=J" + (Eo+ I?)Gry + ELGr> + En Y GG, - Gy, (300)
=0

The stationary probability vectors y ; can be calculated recursively using the Ramaswami
formula [70]. Tailoring it to this particular system gives

i-1
Yoi = <leo,kTi—k> (-To)™', i>1, (301)

k=0

where matrices T; are defined by

T, =Y EuG" Gy, i>2,
k=i

Ty =E + Y EuGM Gy, (302)

k=1

Ty = Eo+ J\V + ExG{" + TG,
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and, vector Y is the solution of the linear system

w0 (Eo+ EnG + T (~T) ' J{P) = 0,

(303)
Yool =1~ )L(H)/]/t(H) _ /\(L)/‘u(L),
which, utilizing that ToGn, = — 1(L) can be simplified to
Yo,0 <Eo +ELGH, + En g) G,-( )GH01> =0, (304)

Yool =1 — AH) 7y (H) A1) /(1)

(Observe that the matrix in the parenthesis is the generator of the background process re-
stricted to level (0, 0)).

7.4.3 The joint moments of the departure process

As shown in Section 5.3.3, the departure process of a MAP/MAP/1 queue is an infinite state
MAP. Similarly, the departure process of the MMAP[K]/PH[K]/1 priority queue is an infinite
MMAP as well. This MMAP generates a high priority (low priority) arrival when a high pri-
ority (low priority) departure occurs in the system. The computation of the joint moments of
the departure process, 1 i(,];), n l.(f), is rather difficult based on this infinite MMAP representa-
tion. Instead of using this representation directly, we construct a finite MMAP (considering
the 6 cases listed above in the beginning of Section 7.4), such that the joint distribution of the
first two arrivals of this MMAP - starting from the appropriate initial distribution — is identi-
cal with the one of two consecutive stationary departures of the MMAP[K]/PH[K]/1 priority
queue.

The blocks of the matrices of this finite MMAP are constructed from the block matrices of
the OBD describing the queue length process ((280)-(283)), such that the transitions between
the 6 listed cases are taken into consideration. The initial probability distribution is computed
according to the stationary distribution of the queue length process just after a departure
considering the 6 listed cases.

The matrices of the resulting MMAP representation are as follows:

M1 EH EL
M, E; Eg
Hy = Ms En , (305)
M,
Eg Ms Ep
| EH M6_
0 00 0 0 0 0 0 0 0O 0
(H)
1 " 0 0
H
0 0
HH = (H) Il /HL - s (306)
L 0 0
0 (L) 0
0 o
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where the diagonal blocks of Hy are:

M, = E,,

M, = Eo+ ],

Ms = Eo+Ep + Ji®,

M, = E0+EH+EL—|-](H),
Ms = Ep +I(L)r

Mg =Eo+EL + J{P.

Matrices Hy, Hy and Hy can be interpreted as follows. The first set of states correspond to
case 0,0. From this state, a high priority arrival moves the Markov chain to state 1,0, and a
low priority arrival to state 0, 1. No service events can occur in 0, 0. From state 1,0 (second
set of states) there are transitions to 1, 1+ due to a low priority arrival (Er), to 24, 0 due to
a high priority arrival (Eg), and to 0,0 due to a high priority service ( ]l(H)). The latter one
is accompanied by a high priority departure event, hence the corresponding matrix block is
located in Hy. The rest of the blocks can be interpreted similarly.

The steady-state distribution of the MMAP[K]/PH[K]/1 queue just after a departure can be
calculated from the stationary distribution as

lli+1j]§H)
_ ) AL L AH) 1>0720 307
X = (H] (L) (307)
207 Fa " ¥ SV i i 0.>0
2D am o PEYI =

The initial probability distribution of the 6 cases, v = [x(, X1, X114, X0 04, X01, X021 >
are computed based on (307) and (296) as

S oI+ you i _ vooRe” T + yo1 )1
2007 D) £ A AL £ A (H)

, (308)

2
.70 i _ wooRS" 11 (309)
SO AD £ AH) T AL AH)

. L) (L L)2 (H
2;‘:11[2,;]5 I 0 Xh_o LE o o Ry )R( DI — o oRP 7

M1+ T M AH) M>+M>
0 A 1)2 2 A )2 2
_ Lito Yo, RV IgH) —lio,oR(()L) ISH) _ yéH)R(L) I%H’ —llo,oR(()L) I§H)
ML) + A(H) ML) 4+ A(H) ’
(310)
) 1) H S i
X _ Lizskjmo yirflg : _ Zi:3llz(H)I§H) Yis RW ]( )
20T @) L H) T AL AH) T /\( ) + A(H) (311)

A 3 A
_ l«[(()H)R(L) (I _ R(L))*l]_gH)
AL) + A\ (H)

7
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H L L L H L
I i + woalt” _ (s00RS" + w0 RET™ + g (312)
=01 AL) £ A(H) AL £ A(H) ’

00 L 00 H
225 vo 0y 4 Loy T

X0 = AL 1 A(H)
(lléH)_lio,o—llo,l—llo,z)] gL) + (X0 lll,j_ﬂo,oR(()L)_llo,oRgL)_lio,lR(()L))] gH)
= AL) - A(H)
B (ll(()H) — Yoo — Yo1 — Yop)] EL)
AL) 4 A (H)
+ (Z;io Z‘]I(ZO y(),kR](E)k _ 1{0,012(()14) _ yQ,ORgL) _ 110,1 R(()L) )]‘EH)
AL) + A (H)
_ (ll(()H)—llo,o —Yo1—Yo2)] EL)WL (ll(()H)R(L)—llo,oR(()L)—llo,oRgL)—llo,lR(()L) )] gH)
= 2D 1+ A(H) '
(313)

where vector y(()H) denotes the probability vector that there are no high priority customers in
the system, thus y(()H) =Yoo Yo,-

Having computed the vector v and the matrices Hy, Hg and Hj, the joint moments of the
departure process are obtained according to (64), hence

ne = itjt o(—Ho) " "He(—Ho) 71, i,j>0,c={H,L}. (314)

7.44 An efficient, truncation-free procedure

Section 7.4.2 describes how to calculate the steady state joint distribution of the number of
customers, based on which Section 7.4.3 derives the joint moments of the inter-departure
times. These results, however, are not straight forward to implement in an efficient way. The
potential numerical pitfalls are:

+ To obtain matrix Gp, the matrix polynomial equation (300) has to be solved, but this
matrix equation has infinitely many terms, and relies on infinitely many elements of

. . L
matrix series Gi( ).

» To obtain vectors Y ;, j > 0, matrices T; are required (see (301)), that are defined by
infinite summations (302).

« To obtain vectors yi,j,i > 0,j > 0, a convolution like formula needs to be evaluated
that gets slower and slower with increasing i (see (296)).

« To obtain vector v, vectors like X, , (, are necessary to compute, which involves infinite
summations of vectors Yo -

The naive numerical implementation of such a procedure evaluates the infinite summa-
tions by truncation. In order to avoid the loss of accuracy, the truncation threshold must be
high, depending on the parameters (in particular, the load) of the system, which makes the
procedure slow.
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Fortunately, it is possible to develop a numerically efficient procedure that addresses all
the above listed critical steps without using any truncation. The efficient solution of (300)
is addressed in Section 7.4.4.1, while the accurate calculation of the vectors y;; and further
related quantities is discussed in Section 7.4.4.2.

7.4.4.1 Two fundamental matrices and their relations

There are two matrices that play key roles in the efficient analysis of the system. One of them
is GH,, that is the solution of (300), and the other one is matrix Z, defined by

z=Y 6¢May, (315)
i=0
Theorem 33. If the algebraic multiplicities of the eigenvalues of matrices Gg, and Z are one,
GH,Z = ZGpq, holds.

To prove this theorem we first need the following Lemma:

Lemma 7. If the algebraic multiplicities of the eigenvalues of matrix G(L) (z) and matrix Eg +
zEr + Eg G (z2) are one, the eigenvectors of G (z) and Eg + zEp + ExG (1) (z2) are the

same.

Proof of the Lemma. The proof uses the same techniques as in [47].

Let v; and u; be the eigenvalue and the corresponding right eigenvector of el (z) (for
simplicity we assume that G(I) (z) has distinct eigenvalues). As G(I) (z) satisfies the matrix-
quadratic equation of (295), v; satisfies

det []1(H) + (Eo +zEL + ]éH))Vz' + EHVZ-Z} =0, (316)

and the associated right eigenvector u; is the solution of

™+ (Bo + 2B + J{™ v + Env?] - = 0 (317)
Note that both v; and vectors u; are functions of z.
By substituting (284) into (316) and by some basic manipulations we get
da[((wD0+ngL+w§DH)@(ﬁﬂn1+vﬁH)>caq =0, (318)

My M,

from which it follows that M7 © M has a zero eigenvalue. Let §; and 0y denote the eigenval-
ues of M7 and Mj, respectively. Since the eigenvalues of My & M, are 5]~ + 0y, to have a zero
eigenvalue there must exist j' and k’ such that 6; = —oy. The eigenvector of Mj belonging
to Jjr is denoted by 6,
¢i =8y @ 1.

Now we show that ¢; is an eigenvector of G(1) (z) associated with v;, thus it satisfies (317):

the one of M, belonging to oy is denoted by ¥;,. Let us introduce

U+ (Bo + 2EL + J{ vy + Emi?] - ¢
=IM @I+ M @IRI]- (6 @ Yp @1) (319)



dc_1412 17

7.4 DEPARTURE PROCESS ANALYSIS OF PRIORITY QUEUES

Next, we show that ¢; is an eigenvector of Eg 4 zEy + EgG(1) (z):

[EO—FZEL —I—EHG(L)(Z)} -¢; = [Eo + zEL + Envj| - ¢;
=[Dy@I@T+zDL @I+ Dy @I 1] (0) @ Y @ 1) (320)
= (Ml/V1®I®I) . (Q]’®ylk’®]l) :5]‘//1/1"421'.

O

Proof of Theorem 33. First observe that matrices Gi(L) can be written as Gi(L) = G'i(L) ®1
since the service process of the low priority class is stopped during the busy period of the
high priority class.
The proof will be similar to the one of Lemma 7, using the same techniques as in [47] again.
Let Ay and vy be the eigenvalue and the corresponding right eigenvector of G, (for sim-
plicity we assume that Gg, has distinct eigenvalues). As G, satisfies the matrix equation of
(300), Ay satisfies

det
i=0

I+ (Bo+ TS+ ELA2 + Ex Y (G @ DAL Ak] =0, (321)

and the associated right eigenvector v, is the solution of

i=0

D B+ 1M+ ElAl + En Y (G @ 1AL Ak] ‘9 = 0. (322)
By substituting (284) into (321) and by some basic manipulation we get

det ()\kD()®I + A%DL@I +Z/\;<+1(DH®I)G1(L)) o) (ngL + AkSL) =0,
=0 _R],_/
2

N;

from which it follows that Ny @& N has a zero eigenvalue. Let «; and 5, denote the eigenval-
ues of N7 and Ny, respectively. Since the eigenvalues of Ny & N are o+ B, to have a zero

eigenvalue there must exist j' and i’ such that aj = —Py. The eigenvector of Ny belonging
to & is denoted by gj/, the one of N, belonging to B is denoted by ¢j. Let us introduce
=Ly @Gy

Now we show that y; is an eigenvector of Gp,, thus it satisfies (322):

(N1t®&N2) -y = (N1 ®@I+1®N2) - (L @ G

B (323)
= ajly @& + L @ (Buwéw) = 0.

Next, we show that y; is an eigenvector of Z. Observe that yy is an eigenvector of Z if and
only if it is an eigenvector of G(1) (z)|,—,, since

Z-w =Y 66w e =Y 6PN = G (2) |, - e (324)
i=0 i=0
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AsLemma 7 states that the eigenvectors of matrix G(I) (z) and matrix Ey + zEf + EgG(D) (2)
are the same, it is enough to prove that j is an eigenvector of (Eg + zEr, + EgG() (2)),—y,:

(Eo + AEr + EnGI) (M) -y

= |(Dy@ TR T+ ADLRIRT+ Y A(DpeIe )G o) 29
i=0

(G ®Cw)
= [Nt/ M@ 1] (8 @ &) = ajr / M8y © )

As Gg, and Z have the same eigenvectors, the same matrix diagonalizes them, consequently
they commute. O

Note that the theorem can be generalized to the case when the eigenvalues are not distinct,
but it requires the detailed discussion of the combination of the multiplicities of the eigenval-
ues of My and M; (N7 and N») that we neglect here.

Based on this commutative property, the next theorem enables the efficient computation
of Gy, and Z.

Theorem 34. Matrices Gy, and Z satisfy the following coupled matrix-quadratic equations:

0=J" 4 (Ey+ J"Z + ELGH,Z + EnZ?,

_ (m) 2 (326)

0=J; " +(Eo+]Jy ’)Gn, + EnZGn, + ELGH,".
Proof. To obtain equations for Z, we multiply (290) by GHOi from the right, sum it fromi =1
to oo, and add (289) to it. By using (315) we get

0=J" 4 E1ZGy + (Bo+ 1§ Z+ Ex Y. Y 6P 6 Gy (327)
i=0 k=0

The last term becomes Eg Z? by swapping the sums and exploiting that GH, and Z commute,
providing the first matrix quadratic equation. The second matrix quadratic equation can be
obtained from (300), when the definition of Z is applied. O

Interestingly, the two matrix equations show perfect symmetry. While the solution of cou-
pled Sylvester equations has an extensive literature (e.g. [27, 60, 89] are recent methods),
there are no methods available for coupled matrix quadratic equations (according to our best
knowledge). A very simple method is given by Algorithm 6. (We are sure that more efficient
solution methods can be developed as well, but even this simple method performs very well
in our numerical examples.)

Note that Algorithm 6 needs only successive solution of matrix quadratic equations, that
is much more efficient than the direct application of the results of Section 7.4.2 both in time
and in space requirement, since the infinite series of Gi(L) matrices and the solution of (300)
are not needed.

Although the results above have been derived in an algebraic way, matrices Gg, and Z
have important probabilistic interpretations. Let us denote by (np, 1) the set of states in
which there are ny high and n low priority customers in the queue. Then, entry (a,b) of
matrix Gp, is the conditional probability that starting from state 4 in (0, 1) the first visit to
(0,0) occurs in state b. Similarly, the entry (4, b) of matrix Z is the conditional probability that
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Algorithm 6 Solving the coupled matrix quadratic equations of (326)

procedure Gp,, Z = SoLvECouprLED(Ey, Ey, Ef, ](gH), ]1(H), ]éL), ]l(L))
k<0
Gr, V) I
repeat
Sotve 0 = JM 4 (Eg + J$ + EL Gy, ©) 20+D) 4 Eyz+D? for Z(k+D)
Solve 0 = J\O 4 (Eg + J§V + Egz+D) Gy, ¥+ + EL G, D7 for Gy, F+D)
k—k+1
until || Gg,© — G, V|| < eand |20 —Zz*D || < e
return Gy, (k), AU
end procedure

starting from state a in (1, 0) the first visit to (0, 0) occurs in state b. Using these probabilistic
interpretations it is easy to see that Z and Gg, commute: let us investigate the busy period
generated by a high and a low priority customer, thus the system is in (1, 1) initially. Since
the probability that the first passage to (0,0) occurs in state b is not affected by the order of
service, we immediately have that Gg,Z = ZGp,.

7.4.4.2 The boundary distribution

Matrices T;,i > 0, that are necessary to compute boundary probabilities y ;, are defined by
infinite summations (see (302)). To obtain matrices T; efficiently we introduce closely related
matrices A, defined by

A, =Y 6¢MGy ", n>o. (328)
i=n

Theorem 35. Matrices A, can be obtained recursively as the solutions of discrete Sylvester-type
matrix equations

H L L
0= (—EO — (g ) - EHG(g ))_1 (ELAn—l +EH Z G,E )An_k> — An

k=1 (329)

+ (—Eo - J$™ — ExG{M) ' EyA,Z
forn > 0, and forn = 0 we have that Ay = Z.

Proof. The case of n = 0 is trivial (see (315) for the definition of Z).

To derive equations for n > 0, let us multiply equations (290) by GHOifn from the right
and sum them up from i = n to co. We get

) ) ) ) 0o i )
0=ErY GMGu, " +(Eo+T$"™)Y. 6N Gu, " +ExY. Y. GV G G,
i=n i=n i=n k=0
N—— N————
An—l A”
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The last term can be transformed further by swapping the order of the two summations, lead-
ing to

En). ) G GhGn' " =

i=n k=0
ORGP = oY M) g
Eu Y. G’ Y G Gu, "+En Y G’ Y. G, Gu, " Gu, ", (330)
k=0 i=n k=n i=k
N —— ~—_——
Ak VA
AnZ

where the commuting property of matrices Z and Gy, was utilized. Collecting all parts of
the equation gives

n—1
0=ErAu1+En Y GPA, i+ (Eo+ ™" + EuG{") A, + EnAZ. (331)
k=1

Multiplying by (—Eg — éH) —Ex GéL) )~ ! from the left yields the traditional form of discrete
Sylvester equations, establishing the theorem. O

Observe that the Sylvester equation for A, depends only on matrices A;,i < n, that are
already available in step 7.
A consequence of Theorem 35 is that matrices T; can be expressed explicitly.

Corollary 18. Matrices T;,i > 0, can be obtained as

EnA;, fori >1,
Ti =  EL + En Ay, fori =1, (332)
Eo+ J™ + EL Gy, + EnZ, fori=0.

Finally, it is possible to solve the sum of matrices A, explicitly as well, that will be useful
later.

Corollary 19. The sum of matrices A;, denoted by A = Y2 Ai, is the solution of the discrete
Sylvester equation

~

0= (—EL— EgG® —Ey— J)y Y —Eyz — EgG® —Ey— M)z - A

. . (333)
+(—Ep — EgG® —Ey— J) 1 E AZ.

Proof. Summing equations (329) from n = 1 to oo, swapping the sums, and applying the
definition of A provides the corollary after some simple algebraic manipulations. O

Corollary 20. The sum of matrices T;, denoted by T = Yoo Ti, is given by
T = Eo+ J\™ + EL Gy, + EL + ExA. (334)

Proof. The corollary follows from Corollaries 18 and 19. O
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7.4.4.3 Calculating the joint moments of the departure process

The steps to obtain the quantities necessary for the departure process analysis are as follows.
1. First solve matrices Gy, and Z with Algorithm 6.
2. Solve the matrix quadratic equations to obtain matrices G®) and R(L),

3. Calculate matrices G; for i = 0,1, 2 based on (289) and (290), matrices R; fori = 0,1
based on (291) and (292), matrices A; for i = 1,2 based on (329), and matrices T; for
i = 1,2 based on Corollary 18.

4. Compute matrix A by solving (333) and matrix T from (334).
After this preparation the required stationary probabilities are calculated.

« Vectors Y, Yo,1 and Y, are computed directly from (304) and (301) using the T; ma-
trices computed above.

+ To derive vector y(()H) = Yoo Yo,» equations (301) are summed up from i = 1 to oo, and

(304) is added leading to

co i o 00
L L
0= Z Z YoxTi—k + YooTo — 1[0,0]5 = Z Yo Z T« —ﬂo,ofé ),
i=1k=0 k=0 i=k (335)
N’ from (304) L
from (301) y(()H) T

. . (H) _ (L) &1

implying v, ) = Yoolo ' T .
Using the quantities calculated so far, it is possible to obtain all the six components of vector
v, namely X, X1 o, X1 14+, X2+ 0+, X1 and X5 . The joint moments of the departure process
are given by (314).
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QUEUEINGNETWORKANALYSISBASED ONTHE JOINTMOMENTS

8.1 TRAFFIC BASED DECOMPOSITION FOR THE ANALYSIS OF QUEUEING NETWORKS

At the beginning the queueing network models were restricted to have Poisson arrival pro-
cesses with iid. service times in the nodes. More general and multi-class queueing network
models are also available for a while [7], but the inter-dependency of the traffic classes is not
captured in these classical models. Apart of the exact analytical results which are based on
the product form of the stationary distribution of the number of customers at the queueing
nodes, a set of approximate analysis methods were developed. One of the most commonly
applied approximate analysis methods for queueing networks is the traffic based decomposi-
tion, where the nodes of the queueing network are evaluated sequentially, in isolation [42]. A
node analysis is composed by four main steps (also depicted in Figure 35),

1. the aggregation of the input streams of the node,

[\

. the queueing analysis of node (computing the performance measures),
3. the characterization of the departure process,
4. and splitting the departure process according to the routing of the traffic.

The evolution of MAP and MMAP based traffic models allowed the extension of the traffic
based queueing network analysis to cope with dependent inter-arrival and service times [42,
43]. An important benefit of MAPs and MMAPs is that from the four node analysis steps listed
above, three can be performed in an exact and efficient way. These traffic models are closed for
the aggregation and splitting operations (see Sections 3.1.1 and 3.1.2), and the related queueing
models can be solved by matrix-analytic methods. The only step where an approximation
is needed is the modeling of the departure process. The accuracy of the queueing network
analysis depends on who well the departure process of the queues is characterized.

This chapter puts the different parts of the dissertation together. The MAP and MMAP char-
acterization results described in Chapter 3 will be used for the internal traffic representation
and basic traffic operations (the first and the fourth step in the list above), while Chapters 5,

\ Node
Traffic Performance Departure process Traffic
aggregation analysis approximation splitting

Figure 35.: Steps of the node analysis in traffic-based decomposition
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6 and 7 provide the apparatus for the performance analysis of the nodes (step 2) and the char-
acterization of the departure process (step 3).

In the rest of the chapter we restrict our attention to feed-forward queueing networks with-
out loops, where the stability condition is satisfied for all nodes.

8.2 SINGLE-TYPE QUEUEING NETWORKS

Several approaches are available in the literature to model the departure process of
MAP/MAP/1 queues by a MAP. This section provides a numerical study to compare the
noteworthy algorithms published in the past with the lag-1 joint moment based approach
presented by this dissertation.

8.2.1 MAP based approximations for the departure process

A MAP is a suitable approximation for the departure process of a node if it satisfies the fol-
lowing properties:

« Obviously, it must capture the behavior of the departure process reasonably well.

+ The approximating MAP must have a Markovian representation, otherwise it is impos-
sible to decide if it is a valid process or not. Remember that all performance measures
obtained with an invalid arrival process are invalid.

« The MAP representation for the departure process should not be considerably larger
than the one for the input process. Otherwise the MAP describing the traffic gets larger
and larger every time it passes through a node, making the analysis of large queueing
networks problematic.

The methods involved in the comparison study are introduced below.
POISSONMODEL

According to the simplest possible method the network traffic is approximated by a Poisson
process, hence the representation of the MAP describing the departure process of node i is
given by

Hy® = -0 g, = 70 (336)
where A() is the traffic rate of the node. The Poisson approximation is included in the com-
parison only to demonstrate the effect of ignoring the burstiness and the correlation of the
traffic to the accuracy of the approximation.

This approximation is always Markovian (A(!) > 0), and the representation of the departure
process is not larger than the one of the arrival process (both are of size 1).

SCALED SERVICEPROCESSMODELL

According to this model (introduced in [22]), the departure process is obtained from the
service process with appropriate scaling, thus

Ho) = ps,(),  Hy() = p(0g, (1), (337)
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where p(/) is the utilization of node 7. This approximation is accurate when p(!) — 1, since in
this case there are customers in the queue in almost all of the time, implying that the inter-
departure times are given by the service times. At lower load, however, the accuracy of the
approximation is expected to be worse.

This departure model is always Markovian, and its size always equals the size of the service
process, hence the traffic model does not grow when passing through many nodes after each
other.

BUSYPERIODANALYSISBASEDMETHOD

The departure process is modeled in a unique way in [42]. It is based on the observation that
the inter-departure times are equal to the service times as long as the queue is busy, and they
are equal to a remaining arrival time plus a service time if the last customer left the system
idle. According to the procedure in [42] a 2-phase discrete PH distribution is created to fit the
first three moments of the number of departures in a busy period, and a MAP is constructed
for the departure process along the aforementioned interpretation.

The busy period based method always gives a Markovian representation, but the model for
the departure process is larger (has more phases) than the one of the arrival process, hence the
MAP characterizing the traffic grows every time when it goes through a queue. Consequently,
only queueing networks with a low number of nodes can be analyzed by this method.

TRUNCATIONBASEDMETHODS

As mentioned in Section 5.3 the exact departure process of a MAP/MAP/1 queue is a MAP
with infinitely many phases. There were several efforts to truncate this infinite process (in-
cluding [10],[74]), with perhaps the most sophisticated one being the ETAQA truncation ([44]).
The ETAQA truncation preserves the joint densities of the inter-departure time up to the
truncation level exactly. The construction of the MAP matrices of the departure process are
provided in Section 5.3.2.

The ETAQA truncation model has two important drawbacks. First, it gives a non-
Markovian representation in almost all cases. The other issue is that the resulting repre-
sentation is huge, making the analysis of even the simplest tandem networks numerically
challenging.

LAG-1JOINTMOMENTBASED APPROACH

As proven in Section 3.2, size N MAPs can be characterized by N? marginal moments
and joint moments. According to this approach a number of such moments are calculated
from the infinite, but exact MAP representation of the departure process and a finite, but
approximate MAP representation is created based on these moments. The construction of the
matrices characterizing this MAP is detailed in Section 5.3.3.

The representation created this way is, however, typically non-Markovian. The transforma-
tion method introduced in Section 3.2.4 solves this issue in many cases. In case this trans-
formation fails, the procedures presented in Section 3.3 can be applied to find the closest
possible MAP according to the joint moment distance (Section 3.3.3) and according to the
distance of the joint densities (Section 3.3.4), respectively.

As a result, the representation is always Markovian, and the size is very compact, indepen-
dent on the size of the input and service processes of the queue.
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Node 1 Node 2

Figure 36.: A tandem queueing network with two nodes

8.2.2 Numerical results with a tandem network

For the first numerical study let us consider a simple 2-node tandem queueing network as
shown by Figure 36. Traffic entering the network is directed to node 1, after getting served it
is forwarded to node 2.

The parameters of the system are taken from real traffic measurements. For the first sce-
nario the input MAP has been created from the inter-arrival times of the LBL trace based on
5 marginal and 2 X 2 joint moments using the moment matching procedure described in Sec-
tion 3.2. The matrices of this MAP are

_448.802 472474  4.0836 395.093 1.701 0.677
Do"BH=| 18261 —112.979 05703 |, D:i"®Y=| 9577 82.983 1.5877
5644 57994 —50.103 41416 21.419 13.099

(338)

With these parameters the arrival rate of the packets is A = 188.29, the squared coefficient
of variation of the inter-arrival times is ci‘ = 2.183, and the lag-1 auto-correlation is 0.159.

The same LBL trace file contains information on the packet sizes as well. Matching the first
two moments of the packet sizes we got the following PH distribution:

—0.0028715 0.0028715

, (339)
0 —0.014403

g= [0.19937 0.80063} , S= [

by which the mean packet size is 138.86 and the squared coefficient of variation is 2.508. The
packet size distribution and the speed of the transmission line C; at node 7 together determine
the service process of the packets as

so(i) =C;-S,
S =¢;- (=91 0.

The values of C; are set such that utilization of both queues are equal to the desired value p.

All the methods for departure process approximation introduced in Section 8.2.1 are com-
pared with simulation results in Figure 37, which depicts the mean queue length at node 2
as the function of the utilization. In the figure, the “Joint moment based” curve covers all
methods based on the lag-1 joint moments, they gave exactly the same results in this partic-
ular example. The lag-1 joint moment based procedure has been tested both with matching
4 (marginal- and joint-) moments and with matching 9 moments, the difference between the
results were marginal in this queueing network. As expected, the Poisson approximation per-
formed worst, and the lag-1 based methods turned out to be the most accurate. The simple
approximation based on the scaling of the service process was surprisingly accurate in this
test case, but looking at the low utilization cases (right plot in Figure 37) reveals the superior-
ity of the lag-1 based methods.

In Figure 38, comparing the squared coefficient of variation (SCV) of the number of cus-
tomers, the lag-1 joint moment based method achieved the highest accuracy again. In this
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case, however, increasing the number of joint moments to match had a positive impact on the
accuracy, the one matching 9 moments managed to reproduce the simulation results almost
perfectly.

Table 7 provides further interesting properties of the algorithms. The second column con-
tains the size of the MAP modeling the departure process. It does not depend on the size of
the arrival and service processes in the Poisson and in the lag-1 joint moment based methods.
The ETAQA truncation method produces the largest departure process, at the minimal trun-
cation level (at level 2) it needs 18 phases, however, to improve accuracy, the truncation level
should be increased. The number of non-Markovian results from the 36 executions (vary-
ing the utilization between 0.2 and 0.9) is given in the second column. The ETAQA method
did not manage to produce a Markovian representation in any of the cases. The lag-1 based
method matching 9 moments occasionally returned a non-Markovian result as well, which
were possible to fix with the algorithms described in Section 3.3. The last column indicates
the mean relative absolute error compared to the simulation results for the mean number of
customers and for the squared coefficient of variation (SCV) of the number of customers at
node 2 (separated by a slash character). The most accurate results are given by the ETAQA
method with a high truncation level, but it is a huge and non-Markovian representation which
is not tractable analytically.

In this scenario the input was taken from real traffic measurements, the packet inter-arrival
times were relatively busty (with squared coefficient of variation 2.183) and positively cor-
related. In the next scenario the input will be a synthetically generated MAP that has the
“opposite” behavior: it is more deterministic (the squared coefficient of variation is 0.7278),
and negatively correlated (the lag-1 auto-correlation is —0.2119). The corresponding matrix
parameters are

-2 2 0 0 00

Dy — 0o -2 2 0 D = 00
0 0 -25 0 08 0 0 17
0 O 0 =25 23 0 0 02

The packet size distribution is the same as before.

The mean and the squared coefficient of variation of the number of customers at node 2 is de-
picted in Figures 39 and 40. (The Poisson and the scaled service process based approximations
are omitted to make it easier to distinguish between the curves). In this scenario the Lag-1
based method results in a non-valid stochastic process in many cases. The performance mea-
sures returned by the queueing analysis are invalid if the queue is fed by an invalid stochas-
tic process, which is clearly visible in the figure. This is a clear example demonstrating how
important it is to stick with Markovian representations, and how essential the role of Algo-
rithms 4 and 5 is. These algorithms, by fitting an invalid process with a valid one, managed to
produce a MAP with only very slightly different statistics, that approximate the queue length
behavior of node 2 with a reasonable accuracy.

As visible in Table 8, this high accuracy is achieved by a compact representation, with
2 or 3 states only. Since the moment matching returned invalid processes, the difference
between Algorithms 4 and 5 becomes visible, they follow different approaches to approximate
the invalid process. In this particular example the accurate fitting of the joint moments turned
out to be a slight better strategy, but both perform similarly well.
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Figure 37.: Mean number of customers at node 2 of the tandem network with LBL input
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Figure 38.: Squared coefficient of variation of the number of customers at node 2 of the tandem network

with LBL input

Approximation algorithm  # of phases # of non-Mar. Error
Poisson process 1 0/36 0.3569/0.1396
Scaled service process 2 0/36 0.1477/0.0961

Busy period based 12 0/36 0.119/0.219

ETAQA, truncation level=2 18 36/36 0.1364/0.068
ETAQA, truncation level=50 306 36/36 0.0034/0.007
Lag-1, 4 moments, Algorithm 3 2 0/36 0.1116/0.0695
Lag-1, 4 moments, Algorithm 5 2 0/36 0.1116/0.0695
Lag-1, 4 moments, Algorithm 4 2 0/36 0.1116/0.0695
Lag-1, 9 moments, Algorithm 3 3 12/36 0.076/0.0511
Lag-1, 9 moments, Algorithm 5 3 0/36 0.076/0.0511
Lag-1, 9 moments, Algorithm 4 3 0/36 0.076/0.0511

Table 7.: Properties of the departure process approximations for the tandem example with LBL input
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Figure 39.: Mean number of customers at node 2 of the tandem network with negatively correlated

Figure 40.: Squared coefficient of variation of the number of customers at node 2 of the tandem network

Table 8.: Properties of the departure process approximations for the tandem example with negatively
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Utilization of both nodes

input

0.55
Utilization of both nodes

SCV of the number of customers

—_——

Simulation

- - - Lag-1 based + alg. 3
....... Lag-1 based + alg. 4 ||
-----Lag-1 based + alg. 5
----- Busy period based

with negatively correlated input

!
0.5 0.6

|
0.7
Utilization of both nodes

0.8 0.9

Approximation algorithm  # of phases # of non-Mar. Error

Busy period based 14 0/36 0.2654/0.2686
ETAQA, truncation level=2 24 36/36 0.0567/0.0303
ETAQA, truncation level=50 408 36/36 0.0011/0.002

Lag-1, 4 moments, Algorithm 3 2 18/36 -/-
Lag-1, 4 moments, Algorithm 5 2 0/36 0.0413/0.0566
Lag-1, 4 moments, Algorithm 4 2 0/36 0.0411/0.052

Lag-1, 9 moments, Algorithm 3 3 36/36 -/-
Lag-1, 9 moments, Algorithm 5 3 0/36 0.0513/0.0615
Lag-1, 9 moments, Algorithm 4 3 0/36 0.037/0.0596

correlated input
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Node 1

D, (BC),D (BC)y — +
(Do ! ) Node 3 Node 4

Node [ TO—1M10—
(Dy(LBL), Dy (LBL)) s

Figure 41.: A more complex queueing network with 4 nodes

8.2.3 A more complex numerical example

The next example considers a more complex queueing network with four nodes and superpo-
sition (see Figure 41).

The traffic parameters are taken from real measurements. The input of node 1 is the MAP
defined by (338) created from the LBL trace by Algorithm 3, while the traffic entering node 2
is a three state MAP obtained by Algorithm 5 from the BC trace. The matrices characterizing
this MAP are

—16.5173 0 0 0.1359 1.4837 14.8977
D)= ¢ 48.1036 0 [, Di®9=00006 35.837 12.266
0 0 394,677 0.0408 3.4362 391.2

(340)

The packet sizes are represented by the same PH distributions at all nodes, given by parame-
ters (339). The capacities of the links are set to ensure the same utilization at all nodes.

The mean number of customers at node 3 and 4 are depicted in Figure 42. There is only
a single curve for all lag-1 based methods (involving 9 moments) because their results are
almost identical. At both nodes the Poisson approximation performs worst (as expected), the
busy-period based and lag-1 based methods perform best. Similar tendency can be seen in
Figure 43 for the squared coeflicient of variations. The scaled service process method delivers
surprisingly accurate results in this example.

The absolute relative errors in the mean and the squared coefficient of variations of the
number of customers are given by Table 9 (for node 3) and Table 10 (for node 4). The size
of the traffic representation is also provided in the table, where the limitations of the busy
period based method are clearly demonstrated: an additional node in the network would lead
to a huge model size making the analysis infeasible numerically.

8.2.4 Summary of the single-type results

The presented numerical examples have proven that the lag-1 joint moment based queueing
network analysis approach provides reasonable accuracy with a very compact MAP represen-
tation of the internal traffic.

We believe that increasing the number of marginal and joint moments involved in the de-
parture process approximation increases the accuracy of the results. Nevertheless, there is a
critical step in the algorithm that currently does not allow involving more that 5 (or some-
times 7) marginal moments. This step is the moment-matching method providing matrix Dy.
At one hand, the solution of the corresponding polynomial system becomes intolerably slow
when matching more than 7 moments. At the other hand, the more moments are matched,
the more difficult is to find a PH structure that is able to realize those moments.
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Figure 42.: Mean number of customers at node 3 and node 4 in the more complex single-type example

Figure 43.: Squared coefficient of variation of the number of customers at node 3 and 4 of the more
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n

Approximation algorithm

# of phases

# of non-Mar.

Error

Poisson process
Scaled service process
Busy period based
Lag-1, 9 moments, Algorithm 3
Lag-1, 9 moments, Algorithm 5
Lag-1, 9 moments, Algorithm 4

0/36 0.3029/0.1226
0/36 0.1194/0.1528
0/36 0.0699/0.2686
36/36 0.0461/0.0171
0/36 0.0495/0.0186
0/36 0.0301/0.0145

Table 9.: Properties of the departure process approximations forming the input of node 3

Approximation algorithm  # of phases # of non-Mar. Error
Poisson process 1 0/36 0.3194/0.1135
Scaled service process 2 0/36 0.1043/0.0675
Busy period based 294 0/36 0.1414/0.3408
Lag-1, 9 moments, Algorithm 3 3 33/36 0.1016/0.0602
Lag-1, 9 moments, Algorithm 5 3 0/36 0.1029/0.0604
Lag-1, 9 moments, Algorithm 4 3 0/36 0.0934/0.0554

Table 10.: Properties of the departure process approximations forming the input of node 4
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To overcome these limitations it is necessary to develop new, efficient PH moment fitting
algorithms, that, instead of seeking after the exact solution, are able to give up some accuracy
when the target moments can not be matched with the given number of phases.

8.3 MULTI-TYPE QUEUEING NETWORKS

Introducing multiple traffic types makes the queueing network analysis much more involved.
To the best of our knowledge, the lag-1 joint moment based approach is the only reasonable
procedure for the traffic decomposition based analysis.

The truncation methods (including the ETAQA truncation) and the busy period based
method introduced in Section 8.2.1 can not be generalized to the multi-type case.

The Poisson and the scaled service process approximations can be used in a multi-type
setting, however, these methods do not take the service policy into consideration, i.e., these
methods treat the departure process of the multi-type FCES and priority queue the same.

8.3.1 Studying the effect of the service discipline

In this example we consider a two-station tandem network, where the service discipline at
the second station is FCFS. Two cases are compared: the case when the first station has a
preemptive priority and the case when it has an FCFS server.

The input of the first station is created from the BC trace. Two arrival types are distin-
guished, arrivals of packets shorter than 256 bytes and arrivals with packet size > 256. From
the multi-type lag-1 joint moments extracted from the trace Algorithm 4 produced the follow-
ing matrices:

165173 0 0

Dy'BC) = 0 —48.1036 0 ,
0 0 —394.677

(13043 421 4427

DB = 0o 10658 37.427 |, (341)
0.0104 10,485 265.7307
[0 0 6576

D, = 10,0028 0016 0

10.0269 0 118.424

The packet size distribution has been determined from the trace by moment matching as well.
The parameters are

0 = [0.588 0.412], 7, =10.879 0 0.121}, (342)
—0.00227  0.00227 0
—0.0086 0.0086
S = , Sy = 0 —0.00227 0.00227 |,  (343)
0 —0.0146
0 0 —0.00258

where (0, S1) represents the distribution of the small and (¢, S») the one of the large pack-
ets. The utilization of both queues is set to 0.8.
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Approximation FCFS Priority
algorithm Class 1. Class 2. Class 1. Class 2.
Simulation 5.115/1.612  2.215/1.322  4.023/1.949  2.242/1.36

Poisson process 3.688/1.634 2.056/1.257 3.688/1.634 2.056/1.257
Scaled service process 2.492/1.417 1.58/1.041 2.492/1.417 1.58/1.041

Lag-1, Algorithm 4 (single step)  5.161/1.457  2.47/1.271  4.425/1.624 2.392/1.295
Lag-1, Algorithm 4 (step-by-step) 4.495/1.506 2.088/1.202 4.006/1.761 2.184/1.258

Table 11.: Tandem multi-type network with the service at the first node set to FCFS and Priority

The results are summarized in Table 11. The numbers in the columns are the class 1 and
class 2 performance measures of node 2 given that the service policy at node 1 is FCFS and
preemptive priority, respectively. The two performance measures separated by a slash (/)
character are the mean and the squared coeflicient of variation of the queue length.

Algorithm 3 is excluded from the comparison, since it returned an invalid process, making
the analysis of node 2 impossible. Algorithm 5 is also excluded, since its attempt to approxi-
mate a substantially invalid (negative) joint pdf resulting in a bad approximation for the de-
parture process.

Algorithm 4, aiming to match the joint moments, is, however, always possible to apply. The
insensitivity of the Poisson and scaled service algorithms to the service discipline is clearly
visible in the table. The lag-1 joint moment based methods have a significant error as well,
although they are still the best in this comparison. These methods managed to reflect the
effect of the service discipline: class-1 packets have significantly higher, class-2 packet have
slightly lower queue lengths in the FCFS case. The tendencies in the squared coefficient of
variations are captured correctly as well.

The reason for the relatively inferior performance of the lag-1 moment based methods is
that the joint moments turned out to be difficult to approximate. When the first node has a
priority scheduler, the exact joint moments of the departure process are

0.70978 0.60515 1.4979 0.29022 0.39485 1.5011
N1 = |0.70454 0.73155 3.4185|, N2 = |0.29546 0.45836 2.2186| . (344)
24417 4.3264 36.899 0.55721 0.9696 5.5256

From these joint moments, the step-by-step variant of Algorithm 4 managed to create a MMAP
whose joint moments are

0.70978 0.66435 1.5013 0.29022 0.33565 1.4977
N1 = [0.66435 073155 2.4865|, N2 = [0.33565 045836 3.1559|, (345)
1.7544 35115 22.134 1.2446 2131 20.454

while the single-step variant of the algorithm created a MMAP with joint moments

0.70978 0.70978 2.1286 0.29022 0.29022 0.87038
N1 = (070978 0.70978 2.1286|, N2 = [0.29022 0.29022 0.87038| - (346)
21286 21286 6.3837 0.87038 0.87038 2.6103

Both of them are relatively poor approximations of joint moments (344).
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Figure 45.: Squared coefficient of variation of the number of customers at node 2 in the tandem network
with two classes and FCFS service

Approximation algorithm Error, type 1 Error, type 2

0.1392/0.1063
0.1842/0.09

0.1595/0.078
0.0584/0.0494

Lag-1, Algorithm 4, single-step
Lag-1, Algorithm 4, step-by-step

Table 12.: Errors of the departure process approximations, FCFS case

8.3.2 A two-node tandem network

In this section the two-class variant of the tandem network example of Section 8.2.2 is stud-
ied. The input traffic of the first node is the two-class MMAP generated from the BC trace,
characterized by matrices (341). Two scenarios are considered: in the first one both nodes
have an FCFS scheduler, in the second one they both have a priority scheduler.

The Poisson and the scaled service process based approximations are omitted due to their
insensitivity to the service discipline. The moment matching algorithm (Algorithm 3) and the
joint density minimization based approximation (Algorithm 5) are also omitted; the former
one returned invalid process in every case, and the latter one performed bad when attempting
to approximate the invalid joint density function.

The plots comparing the mean and the SCV as the function of the utilization corresponding
to the FCES and the priority service are presented by Figures 44, 45, 46 and 47, respectively.
Interestingly, the approximation methods performed better in the second scenario, with the
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Figure 47.: Squared coefficient of variation of the number of customers at node 2 in the tandem network
with two classes and priority service

Approximation algorithm Error, type 2  Error, type 2

0.0739/0.0438
0.0474/0.0733

0.006/0.0049
0.0051/0.0042

Lag-1, Algorithm 4, single-step
Lag-1, Algorithm 4, step-by-step

Table 13.: Errors of the departure process approximations, priority case

priority server. In the FCES case the relative absolute error was below 20%, and it was well
bellow 10% in the priority case. (The exact values of the average relative errors of the mean
and the SCV, separated by a slash, are shown in Tables 12 and 13).

8.3.3 The more complex example with two customer types

In the final numerical example the four node network presented in Section 8.2.3 is investigated.
The service policy is set to FCFS at nodes 1,2 and 4, and it is set to preemptive priority at node
3. The input of nodes 1 and 2 are the same as in the previous section, defined by (341).

As shown in Figures 48 and 49, the presented lag-1 based departure process approximation
methods are able to reproduce the simulation results relatively well. The relative errors, how-
ever, are higher in this complex example, they can be as high as 25% according to Table 14.

Observe that the shape of the curves in the plots are not always smooth. The reason is that
the moment matching algorithm producing matrix Dy needed sometimes less, sometimes
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Figure 49.: Mean number of customers at node 4 in the four node network with two classes

more states to realize the target moments. The varying number of states leaded to sharp
changes for the constraints while fitting the joint moments, leading to jagged curves in the

figure.
Approximation Node 3 Node 4
algorithm typel type2 typel type2
Lag-1, Algorithm 4, single-step ~ 0.0655 0.2227  0.2582  0.2123
Lag-1, Algorithm 4, step-by-step  0.0608 ~ 0.1086 0.1811  0.1559

Table 14.: Errors of the departure process approximations in the four node network with two classes

8.3.4 Summary of the multi-type results

The performance of the lag-1 based method turned out to be slightly less convincing in case
of multi-type queueing networks.

In the single class case, with an N-state approximation of the departure process N> mo-
ments were matched or approximated to create matrices Do and Dy consisting of 2N? entries.
Hence, with the redundancy factor of 2, there is a significant degree of freedom left to find a
valid Markovian representation. In case of two customer types, 2N? moments determine an
N-state MMAP, which is characterized by 3N? parameters, hence the redundancy factor is
just 1.5, the representation transformation algorithms have much less degree of freedom to
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obtain a Markovian solution. The decreasing redundancy factor is one possible reason for the
sub-optimal performance observed with more customer types.

It is worth noting, however, that the lag-1 joint moment based approach is still the only
possibility to analyze multi-class queuing networks with nodes having MMAP input and PH
distributed service times. The alternative procedures developed for single-type queueing net-
works are either impossible to generalize to the multi-type case or are not able to take the
service policy into account.
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CONCLUDINGREMARKSAND FUTURE WORK

The dissertation provides an overview on many elements of matrix-analytic methods, and
several new results are provided as well.

In the field of traffic characterization, the most valuable contribution might be the canonical
form of order-3 PH distributions and the lag-1 joint moments based representation of MMAPs
The most interesting direction to continue this line of research in the future is the development
of adaptive joint moment matching algorithms that can adjust the size of the representation
automatically depending on the target moment set.

The main novelties in the second part are the departure process analysis of three queues. For
the three queues the solution did not follow the same methodology, though. The MAP/MAP/1
queue was the first system for which the lag-1 joint moments of the departure process were
derived. In case of the multi-class MMAP[K]/PH[K]/1 queue a completely different approach,
based on the age process, turned out to be the key to the solution. The main challenge in
the departure process of the MMAP[K]/PH[K]/1 priority queue was to make the solution
numerically tractable.

Priority queues have been investigated many times in the past. Results exist for the
MMAP[K]/G/1 system, which is similar to the one discussed in the dissertation as well, but
the procedure presented here is the first one that is robust enough to be used in practical ap-
plications with a large number of phases.

The joint moment based queueing network analysis method, which combines all the re-
sults of the first two parts of the dissertation has proven to be a viable solution according
to our numerical experiments. A possible direction for improvements can be the application
of the adaptive moment matching algorithms mentioned above, and to take higher lag joint
moments into consideration when characterizing the internal traffic.

In the future we plan to adapt these results to continuous systems as well, where the jobs
are not discrete but infinitesimally small, considered as fluid drops. We already have solved
and published many elements of the analysis of such fluid queueing systems, but there is still
more work to be done, especially in the field of fluid traffic characterization and fitting.
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SUMMARY

ORGANIZATION OF THE THESES

The dissertation consists of three parts building upon each other, hence the theses are grouped
into three thesis groups.

In the first thesis group the main tools of the Markovian workload characterization, the
phase-type distributions and the Markovian arrival processes are considered. Thesis 1.1 states
that all size 3 PH distributions can be transformed to a given canonical form, which can be
exploited to make PH fitting methods more efficient. A new moment matching procedure is
presented by Thesis 1.2, that can adapt the size of the PH representation to match the target
moment set automatically. Important MAP and MMARP characterization results are provided
by Thesis 1.3, together with a joint moment matching method for both single and multi-type
arrival processes. This thesis is supplemented by three numerical methods to transform the
result of the moment matching method to a Markovian representation. These results make it
possible to create Markovian models for the network traffic, that can be used both in simula-
tion based and in analytical performance analysis.

The second thesis group is related to the solution of single-class and multi-class queues
with correlated arrival processes and Markovian service times. In the multi-class case both
the first-come-first-served (FCFS) and the priority service policies are considered. Thesis 2.4
provides the performance analysis of the priority queue with MMAP arrival process and PH
distributed service times, based on the workload process. The distribution and the moments
of the sojourn times and of the number of customers in the system are derived both for the
preemptive resume and the non-preemptive service policy. Theses 2.1, 2.2 and 2.3 provide
the characterization of the departure processes of the single class MAP/MAP/1 and the multi-
class MMAP[K]/PH[K]/1 FCFS and priority queues, respectively. (For the three queues the
solution did not follow the same methodology, though).

Queueing networks are considered in the third thesis group, that consists of a single thesis.
In Thesis 3.1 a novel queueing network solution approach is introduced, that integrates the
results of the first two thesis groups. In this approach the traffic of the queueing network is
characterized by Markovian arrival processes discussed in the first part of the dissertation,
and the nodes are the queues discussed in the second part of the dissertation. The Markovian
arrival processes representing the internal traffic are obtained by moment matching.
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SUMMARY

THESIS GROUP 1

Thesis 1.1

I have proven that every order-3 PH distribution can be transformed to one of the following three
canonical forms with an appropriate similarity transformation:

w:mvrnf w:mvfnf w:mO%y
—X1 0 0 —X1 0 X13 —X1 0 X13
G(l) = X2 —X2 0 /G(z) = X1 —X1 0 /G(3) = X2 —X2 0
0 X3 —X3 0 X3 —X3 0 X3 —X3

The results of this thesis have been published in [94] and [95].

Thesis 1.2

I have introduced a special PH structure, called generalized hyper-Erlang distribution, and pro-
posed a flexible moment matching algorithm that adapts the size of the representation automat-
ically according to the moments to match.

The corresponding results have been published in [93].

Thesis 1.3

I have pointed out that an order N non-redundant MMAP is uniquely determined by N? inde-
pendent parameters. I have introduced a moment matching method that creates a MAP based
on 2N — 1 marginal moments and (N — 1)? lag-1 joint moments. The results have been gen-
eralized to marked MAPs as well: I have shown that an order N non-redundant MMAP with C
arrival types is uniquely determined by C - N* independent parameters. I have developed a mo-
ment matching method for MMAPs as well.

The corresponding results have been published in [81] for the single-type case and in [45]
for the multi-type case. Further closely related publications are [50], [91] and [96].

THESIS GROUP 2
Thesis 2.1
I have derived the lag-1 joint moments of the departure process of the MAP/MAP/1 queue.

The corresponding results have been published in [92].
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Thesis 2.2

I have derived the multi-class lag-1 joint moments of the departure process of the two-class
MAP/MAP/1 priority queue.

The corresponding results have been published in [45] and in [48].

Thesis 2.3
I have provided the detailed departure process analysis of the multi-class MMAP[K]/PH[K]/1-
FCFS queue. The analysis follows an entirely new approach: it is based on the age process instead

of the queue length process.

The corresponding results have been published in [97].

Thesis 2.4

I have developed an analysis method for the MMAP[K]/PH[K]/1 priority queue, both for the
preemptive resume and the non-preemptive scheduling policy. Efficient numerical procedures
are provided to obtain the distribution function, its Laplace-Stieltjes transform and the moments

for the both the sojourn times and the number of customers in the system.

The corresponding results have been published in [49].

THESIS GROUP 3
Thesis 3.1

I have introduced a lag-1 joint moment based method for the analysis of multi-class open queue-
ing networks.

The corresponding results have been published in [92] and in [45].
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FUNDAMENTALRELATIONS

A.1l KRONECKER OPERATIONS

The Kronecker product of matrix A of size N4 X M 4 and matrix B of size Np X Mp is defined
by

(lelB [11,23 e ‘Zl,MAB
a1B B ... a B
ARB=| 227 M (347)
_aNA,lB aNAlzB ce aNA,MAB_

where 4, is the i, jthe entry of matrix A. The size of the Kronecker product is No4Np X
M 4 Mp. For square matrices the definition of the Kronecker sum of matrices A and B is

ADB=A®I+1®B. (348)

The Kronecker operations are useful to express the joint generator matrix of independent
Markov chains in a compact way.

If there are two DTMCs with generators P; and P, of size Ny and N>, then the generator of
their joint behavior is given by P = P; @ Ps. If (i, j) identifies the state where the first and
the second DTMCs are in state i and j, respectively, then the states in the Kronecker multi-
plied generator are ordered as (1,1),...,(1,Nz),(2,1),...,(2,Nz),... (N1, N2). Figure 50
presents an example where a two-state and a three-state DTMC is superposed.

Similarly, in case of two CTMC generators Q1 and Q> the generator of the joint process is
obtained by the Kronecker summation Q = Q1 & Q> (see Figure 51 for an example).

Some identities related to Kronecker operations which are used many times in the disser-
tation are ([77]):

AC®BD = (A® B)(C® D), (

(cA)® B=A® (cB) =c(A®B), (

(A+B) @ C=A®C+B®C, (351)
(

(A®B)x _ e(A®I)x (I®B)x _ eAx ® EBX,

e e

An other useful operator on matrices that is closely related to Kronecker operations is the
column stacking vec() operator, which copies the columns of a martrix below each other.
Assuming compatible matrices, some identities of the vec() operator are:

vec(AXB) = (BT ® A)vec(X), (353)
vec(u'v) = (2" @u'), (354)

where u and v are row vectors (see [77]).
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(0 0 o0 0 09 01
O 0 0 0 02 08
0 0 1
09 01] 027 003 0 0 063 007
03 0 07]|® -
02 08| |006 024 0 0 014 056
0 04 06
0 0 036 004 054 006
[0 0 008 032 012 048]

Figure 50.: Example for the Kronecker product of two DTMCs

-0 1 0 0 9 0
2 -11 0 0 0 9
-9 0 9
-1 1 3 0 11 7 0
3 -10 7|® =
2 -2 0 3 2 -12 0 7
4 4
0o 0 4 0 -5 1
(0 0 0 4 2 -6

Figure 51.: Example for the Kronecker summation of two CTMCs
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A.2 PROPERTIES OF THE MATRIX-EXPONENTIAL FUNCTION

Working with matrix-exponential functions has the benefit that several related integral quan-
tities have an efficient or even an explicit solution.

Theorem 36. ([58, Theorem 13.19]) For compatible matrices A, B, C the integral

X = /Ooo eA*CeB¥ dx (355)
satisfies the Sylvester equation

AX+XB+C=0. (356)

This Sylvester equation has a unique solution if the eigenvalues of matrices A and B have real
parts in the open left half-plane.

There are two existing approaches to solve Sylvester equations of form (356).
The first approach relies on Kronecker operations. Applying the vec() operation on both
sides of (356) and making use of the identity (353) gives

(I ® A)vec(X) 4 (BT ® Ivec(X) + vec(C) = 0, (357)

from which the elements of matrix X can be explicitly obtained by
-1
vec(X) = (—BTEBA> vec(C). (358)

The second approach to solve (356) is the direct numerical solution, which is much more
efficient both in computational and memory complexity, since these direct methods operate
on smaller matrices and avoid Kronecker operations. One of the fastest and most widely used
direct solution method for Sylvester equations is the Hessenberg-Schur method [33].

Convolution integrals involving matrix-exponentials have explicit solution as well. The
next theorem provides the basis of the solution.

Theorem 37 (Theorem 1 in [84]). If A and B are square matrices with

, (359)

a=0

. i (360)

X [eAt ft eAaCeB(ta)da]

Hence, the convolution of two matrix-exponentials can be expressed explicitly as a single
matrix exponential with larger size, as given by the following corollary.

Corollary 21. The solution of the convolution integral fat:() eA7CeBt=)dq s
f 0
/ eA1CeBt=0 g, = [1 ()} eXt , (361)
a=0 I

where matrix X is defined by (359).
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PROOFSOFTHEOREMS

B.1 PROOF OF LEMMA 1

According to Theorem 1 the transformation matrix satisfies the linear equations BG =
SB, B1 = 1. Furthermore, a property of the similarity transformation is that the eigen-
values hence the characteristic polynomials of S and G are the same.

First we show that the columns of B, defined by (23), satisfy the necessary linear equations.
The product BG can be expressed by

BG=—s1[ x 0 xu]+-( !

——(x1 I+ S)S1 _
X13 — X1 Xla—xl)xz(xl * ) [xz X2 0}

wm—xmum“ﬂ+5X“I+5ﬁﬂ@ s —my

whose first column is
1 1
—— STl (—x1))+ ————— (I +8)SL-xp = —— S21 = Sby,
X13 — X1 (x13 - xl)xz X13 — X1
the second column is

1

xI+8)S1-(—xp) 4 ———
(nl+8)s1-(-x) (x13 — X1)X2X3

(x13 — x1)%2 (x2I + 8)(x1I+ S)ST - x3

1 2
and the third column is
1 1

E— S]l . x13 + -
X13 — X1 (X13 - x1)x2x3

1
=S1l-— (xI+8)$°1 — ——
(x13—x1)x2 ( ! ) (x13—x1)x2
Finally, we prove that by + b» + by = 1. The sum of these vectors is
1

(x13 — x1) %23
1
= ————8S(x1x2 + x1x3 + x2x3 + (¥1 + x2 + x3)S + S2)1.
(x13 — x1)x2%3
However, exploiting the fact that the resulting generator G has the same characteristic poly-

nomial as the original S, the parameters (24) are obtained from the solution of the equations

(x2I + S)(x1I+ S)S1 - (—x3)

(x11+8)8*1 = S(1—by—b»).

S(XZX3 + X3(X1I + S) + (XZI + S)(Xll + S))]l
(362)

ag = (x1 — x13)X2X3, 41 = X1X2 + X2X3 + X3X1, 42 = X1 + X2 + X3. (363)

With these parameters (362) can be rewritten as L S(a + a252)11 that equals 1 since 11252 +

—agp

a1S + ag = 0 holds due to the Cayley—Hamilton theorem.
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B.2 PROOF OF THEOREM 7

Due to Theorem 6 and Bl = 1, if (¢, S) has a Markovian representation, then B~'SB is
Markovian, and x; — X13, X2, X3 are positive, when x7 is in the [9/, ?,] interval. Thus, it
is enough to prove that vector [’)’1 72 73], defined in (28)-(30), is non-negative when x
takes is value according to (31).

1 = —_ > 0 follows immediately from d; = f(0) = —¢S1 >= 0, since if (¢, S) has

X1—X13
a Markovian representation, then its density is non-negative at zero.

When ¢S1 =0, 72 = % must be non-negative according to property P3.

When ¢S1 < 0, we can re-write (29) as:

7= oSl (x1 —02). (364)

X1 — x13)x2

The first term of (364) is positive and the second term is non-negative when x; =
max {9, 9,} according to (31).

For the analysis of 3 we re-write (30) as

(x1200d1 + (%1 + x2)d2 + d3) (365)

g(x1)

1
3=
7 (x1 — x13)Xx2X3

The first term is positive again, thus it remains to prove that g(x1) > 0 if x; is according to
(31). The first derivative of g(x7) has at most two roots:

d ar + /a3 —3m
— 2 . (366)

If 4/ a% —3a; = Othen ¢, = & = ¥ and x; = & is the only valid value according to
Theorem 6.
If \/a% —3a; > 0 then the larger root of (366) equals ¥y, hence g(x1) is a monotone

function when x7 > . In the x; > 9 region the increasing/decreasing behaviour of g(x1)
is determined by the sign of the second derivative at x; = 9g:

42 ( ) ’ —2(a2d1 + 4dq4/ a% —3a1 + 3d2)
- 8\ X1)|x;=0, =
17 80 e >/ —om 37)

When d; = —¢S1 = 0, then (367) is non-positive because the numerator is non-positive due
to property P3 and the denominator is positive. In this case we have 2 subcases. If d = 0,
then g(x7) is constant and x1 does not effect the sign of 73, when 9y < x; < 9,,. If dy > 0,
then g(x1) is monotone decreasing and the minimal x; value of the valid range (¢, < x; < ¢,
and ¥, < x1) ensures the non-negativity of 73 (assuming that a Markovian representation
exists).
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B.2 PROOF OF THEOREM 7

When d; = —cS1 > 0 we have

42 ( )| —2dq (a2+4\/a%—3a1 —3192)
- 8\ X1)|x;=0, =
dx% s 3\/5[% —3611

2dq
3\ / ﬂ% — 3611 >"0 >VO
— )
>

(368)

IN

0,

where the positivity of the under-braced terms follows from w/a% —3a; > 0, and the non-
negativity of the second term must hold since (¢, S) has a Markovian representation (accord-
ing to the condition of the theorem) and according to Theorem 6 it must have a unicyclic
representation (x; < ¢,) with a non-negative ¥, (x1 > th).

If the second derivative in (368) is negative then ¢(x7) is monotone decreasing at x1 >
and the minimal x; value of the valid range (¢y < x1 < ¢, and ¥ < x1) ensures the non-
negativity of 3 (assuming that a Markovian representation exists).

If the second derivative in (368) equals zero (i.e., ¢, = @) it means that there is only a
single xq value, x; = ¢, = 0, which results in a Markovian representation, because for
x1 > U, matrix G is non-Markovian and for x; < &, vector 7 is not a probability vector.

When 4/ a% — 3a; > 0, the possible behaviors of ¢(x1) and the associated choices of x1 are
summarized in the following table.

Cases g(x1) atx; > ¥ constraint of x;  choice of x;
dy =0,d, >0 mon. decreasing minimal value
di=0,d, =0 constant minimal value
di > 0,9, >89 mon. decreasing minimal value
d >0,9,=1% x1=0,=% constraint

That is, (31) sets x1 such that the obtained representation is Markovian when a Markovian
representation exists.
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