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Preface

Activity in the area of broadband integrated networking has been expanding
at a rapid rate. Commercial ATM switches, particularly for the LAN market,
have gained wide-spread acceptance and have been deployed in many labora-
tories and other establishments. The ATM Forum has been attempting to ex-
pedite the development of standards for ATM-based networks so that vendors
can produce products that will interwork compatibly with one another. The
volume of papers published, covering everything from traffic characterization
for this new field to performance studies of proposed control mechanisms to
proposals for improved ATM switch designs, appears to be increasing as well.
This makes it difficult for newcomers to the field to quickly become familiar
with, or master, aspects of the field of interest to them.

Survey and tutorial papers, covering various aspects of broadband ISDN
and ATM technology in a descriptive and qualitative manner, have appeared
in technical journals and magazines from time to time. Books on the subject,
written in a similar descriptive manner, have begun to appear as well. These
books and survey papers can be used to address the problem noted above.
There is still a need, however, for a textbook that provides an introductory,
quantitative approach to the study of broadband integrated networks. This
book is designed to fill this need. Its focus is on modeling and performance
analysis in the high-speed ATM networking environment. As noted above, the
literature covering quantitative design and performance issues in ATM is
vast and is growing rapidly. A reader mastering the material presented here
should have no difficulty understanding literature in the field. It is the au-
thor’s firm belief that with the quantitative understanding comes a much bet-
ter appreciation of the design issues involved in developing new products or
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viii ® Preface

deploying them, when available. This has always been the case for new tech-
nology, and the ATM networking world is no exception.

Because the book stresses modeling and performance issues, it requires
some knowledge of elementary queueing theory. (More advanced concepts are
introduced within the text where needed.) For those readers not familiar with
the basic aspects of queueing theory, or those requiring a quick review, an ap-
pendix is provided that introduces the reader to the material needed to begin
studying the quantitative portions of the book.

Most of the book has been tested in class. It is based on, and is an out-
growth of, a set of notes developed for a graduate course on broadband inte-
grated networks taught at Columbia University for a number of years. The
notes were also used by the author to present a series of weekly lectures on
the subject during a sabbatical with the Electronic and Electrical Engineering
Department of University College London.

The course given at Columbia had, as a prerequisite, an introductory
quantitative course on computer networks, which introduced the student to
the necessary queueing theory and analysis noted above. In universities
where no such prior course is given, or where a prior course in queueing the-
ory is not required, a course covering the material in this book could be of-
fered with the material in the appendix presented first. The book thus lends
itself to a variety of courses. Because of the quantitative nature of much of the
material, however, a working knowledge of probability theory is a definite
prerequisite.

The book begins with an overview of the types of services expected to be
provided over ATM networks, and the resultant traffic types that might be ex-
pected to use these networks. These include voice, video, images, files, and
bursty data, among other types. It then discusses the ATM protocol model,
with emphasis given to the ATM layer and the various ATM Adaptation
Layer (AAL) types designed to fit above it. This descriptive introduction to
broadband ISDN and ATM in Chapter 2 is followed by the first quantitative
chapter, Chapter 3, which provides an introduction to traffic characterization.
Two types of models used to represent traffic are stressed in this chapter:
fluid source modeling and the Markov-modulated Poisson Process (MMPP),
Packet-voice modeling, using these two techniques, is introduced first because
of its relative simplicity and because packet voice is relatively well under-
stood. The same techniques are then applied to modeling variable bit rate
(VBR) video sources. These two types of models are then combined in present-
ing the well-known cell and burst regions occurring in determining buffer loss
probability as a function of traffic load. The chapter concludes with a brief
discussion of the two-state Markov process, a special case of the Markov-
modulated process, as a useful way of representing image traffic or intermit-
tent file transfers.

Note that the stress here is not on providing an encyclopedic overview of
various models proposed for different traffic types. The field of traffic charac-
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terization is, by itself, a very active and vital one, with the number of papers
on the subject proliferating rapidly. The treatment here is introductory and
tutorial only. The author has, of course, demonstrated a certain personal bias
in selecting models with which he is familiar, or which he has personally
found interesting and useful. Workers in the field may feel their favorite mod-
els have been slighted. The only answer the author can give is that a reader
following the discussion here should have no difficulty reading the current lit-
erature and deciding for himself/herself which particular model should be
most appropriate for some particular purpose. Much of the rest of the book
follows the same pattern. The author has selected studies or topics of most in-
terest to him. Collectively, however, they do provide a thorough introduction
to the quantitative design and performance issues arising in broadband ATM
networks carrying integrated traffic. A reader should thus have no problem
continuing with self-study in the area.

Chapter 4 uses the two models mentioned (with particular stress on the
two-state Markov process for simplicity) to study admission and access con-
trol in broadband networks. Access control here is limited to the leaky bucket
technique which has become almost a classic control procedure. A reader ab-
sorbing this material should again have no problem in studying and evaluat-
ing other control techniques proposed in the literature. Chapter 5, on ATM
switches, stresses the significance of using output queueing where possible,
and develops the now-classic penalty introduced by using input queueing. It
provides examples of shared memory, shared medium, multistage space, and
self-routing switches. Comparisons are given where possible.

Chapters 3 through 5 focus on performance analysis at one node in an
ATM network. Chapters 6 and 7 attempt to expand the performance study to
a path in the network. This is an extremely difficult area of study, with much
research currently underway. For this reason, Chapter 6 covers bounds of
performance only. As a byproduct, the concept of effective capacity, currently
a very “hot” topic, falls out very nicely. There are tradeoffs in the use of this
concept: The impact of sources on admission control can be evaluated simply
and additively, but the resultant control policies are quite conservative, with
the advantage gained by statistically multiplexing sources in a network often
absent. Finally, Chapter 7 discusses and analyzes feedback control of conges-
tion in a high-speed network. One section is devoted to the ATM Forum pro-
posal for a rate-based control mechanism; another section covers an interest-
ing proposal for window control in a large delay-bandwidth environment,
characteristic of the wide-area, high-speed ATM networks coming in the not
too distant future.

The field covered here is vast. As already noted, much selectivity had to
be exerted to keep this book at a reasonable size. Important topics had to be
left out out of necessity. Rapid improvements in the technology and better un-
derstanding of the characteristics of the traffic transmitted over broadband
integrated networks once deployed may change some of the conclusions de-
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scribed in the book. But the main point, as already noted, is not to provide an
encyclopedic description of models and techniques, possibly useful in the de-
sign of these networks, but to provide a clear, tutorial introduction to model-
ing and performance analysis, so that a reader will be able to understand and
keep up with new developments as they arise. The author can only hope he
has been successful in this goal.

Mischa Schwartz
New York
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Chapter

Introduction

Most existing telecommunication networks encompass either one of two types:
the ubiquitous circuit-switched networks (characteristic of telephony) carry-
ing principally voice traffic; packet-switched networks used primarily to
transmit data of various types [SCHW 1987). Telephone networks have been
with us for over a hundred years. The packet-switched data or computer com-
munication networks are much more recent, having first been deployed in the
late 1960s.

The digitization of most of the public telephone networks worldwide, as
well as the concurrent deployment of optical fiber, now allow potentially much
wider bandwidths (higher bit rates) to be used than has previously been the
case for the voice and data networks mentioned above. This has, in fact, been
universally recognized by the adoption of worldwide standards for very high
bandwidth digital transmission over optical fibers. The standards define a hi-
erarchy of synchronous time-multiplied transmission, compatible with optical
transmission [ANSI 1991a] [SCHW 1990). In North America, the digital hier-
archy, called SONET, ranges from 51.84 Mbps to 2.48832 Gbps (and poten-

[SCHW 19871 Schwartz, M., Tel ication Networks: Protocols, Modeling and Analysis,
Reading, MA: Addison-Wesley, 1987.

[ANSI 19918] American National Standard for Telecommunications Digital Hierarchy Optical
Interface Rates and Formats Specifications, ANSI Ti.105-1991, New York: American National
Standards Inst., 1991.

[SCHW 1990] Schwartz, M., Information Transmission, Mcdulation, and Noise, 4th ed. New
York: McGraw-Hill, 1990.
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tially even higher) in multiples of 51.84 Mbps. The equivalent CCITT? inter-
national recommendation for a Symchronous Digital Hierarchy (SDH) joins
SONET at the higher transmission rates, but differs somewhat at the low end
of the hierarchy because of the need for compatibility with existing digital
telephone transmission systems at 50 Mbps and below.

With such bit rates as 155 Mbps, 622 Mbps, and 2.4 Gbps becoming
available, it is natural to start planning new user services that would make
use of these bandwidths. Prime candidates include applications involving
high-resolution images and video. In addition, it becomes natural to start
thinking of merging services currently provided by different networks (e.g.,
voice and packet data) onto one common network. This desire to integrate ser-
vices is being pushed, as well, by the computer venders’ move toward multi-
media workstations and the transport capability needed to support multime-
dia communications.

Activity has thus begun in earnest, worldwide, to develop Broadband In-
tegrated Services Digital Networks (B-ISDN) capable of carrying out the func-
tions just described. This activity is taking different forms. The International
Consultative Committee on Telephony and Telegraphy (CCITT), now re-
named the International Telecommunications Union-Telecommunication
Standardization Sector (ITU-T), has issued a number of Recommendations
(its terminology for standards documents) concerning B-ISDN. Since much of
the traffic projected to be deployed over these networks is new and not yet
supported over any digital network, the potential traffic must be character-
ized in order to properly design such integrated networks. Much research in
the past few years has in fact been devoted to studying and characterizing the
potential video and image traffic, as well as studying ways of controlling its
impact on networks. Finally, manufacturers have been developing and have
begun to provide switches capable of being deployed in broadband integrated
networks.

Actively involved in standards development worldwide is the ATM
Forum, a voluntary group of several hundred manufacturers, vendors, com-
munication carriers, and other organizations with interests in seeing ATM
standards development speeded up to expedite the delivery of ATM products
to the marketplace. Since the ATM Forum has no official status with the
ITU-T the standards recommendations made by this body can be unofficial
only. However, because of the worldwide influence of the companies partici-
pating in its activities, its recommendations are equivalent to defacto stan-
dards. We shall have occasion to refer to some of the ATM Forum recommen-
dations in this book.

ICCITT was renamed ITU-T, the International Telecommunications Union-Telecommuni-
cation Standardization Sector, in 1993. Both terms will be used in the material following, since
reference will be made to older CCITT documents as well as to newer ITU-T Recommendations.
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In this book we first summarize the current state of the CCITT Recom-
mendations for B-ISDN. We focus principally on ATM (Asynchronous Trans-
fer Mode), a cell-based (short, fixed-length packet) mode of transmitting inte-
grated traffic through broadband networks. We then move to the topic of
traffic characterization in Chapter 3 and study, comparatively, a number of
models proposed for characterizing traffic. We begin with voice, since this
traffic type is well understood, although its representation in packet form is
relatively recent. Some of the models proposed for packet voice are then car-
ried over to video characterization, an area still under intense study. We con-
clude the topic of traffic characterization by briefly introducing one model
often used to represent image or data file traffic in an interactive mode.

The discussion in Chapter 3 is quantitative and relies on some prior
knowledge of elementary queueing theory. A brief introduction to this subject
appears in the Appendix for those readers not familiar with the subject or for
those desiring a review. More advanced topics gre introduced both in this
chapter and later in the book when needed. The analytical techniques and
traffic models developed in this chapter are also used in later chapters when
needed.

Given a number of ways of characterizing the traffic that might be de-
ployed over broadband networks, it is then natural to use these models to
study traffic control into, and across, the network. Control is required because
of limited capacity within the network. It is thus important to ensure that no
one user dominate the network, that each user traffic source be provided the
appropriate quality of service required, and that the aggregate traffic not con-
gest the network. The Quality of Service (QoS) defined for each traffic class is,
in these networks, a multidimensional performance objective function includ-
ing such parameters as delay (mean and/or specified quantile), call blocking
probability, cell (packet) dropping probability, end-to-end time jitter, through-
put, and the like.

Traffic control takes at least three forms. First, there is admission con-
trol—a decision must be made whether a user, desirous of establishing a con-
nection (call) over the network, can be accommodated. This is based on some
estimate of the characteristics of the traffic to be transmitted. Second, once a
call is admitted, control must be maintained at the entrance (access) to the
network to ensure the traffic entering the network receives its negotiated
quality of service and does not adversely affect other traffic. This is done by
appropriately scheduling the different traffic classes and elements within
them and by maintaining a so-called “policing” function to ensure each user
abides by its traffic estimate. Admission and access control are discussed in
Chapter 4.

Third, control must be maintained throughout the network and at the
various traffic destinations to ensure network and receiver congestion does
not develop, or, if it starts developing, to quench it as quickly as possible. Net-
work congestion control mechanisms are not new. They have been studied
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and used for years in both circuit-switched and packet-switched networks
[SCHW 1987]. What makes the admission, access, and congestion control
problem particularly different in the broadband integrated environment is the
variety of traffic types (classes) to be accommodated (each to be provided with
a potentially different quality of service) and the very high transmission
bandwidths (bit rates) of these networks. Because of the high bit rates, the
transmission times of cells (packets) being switched through the network are
very short. Thousands of them may thus potentially be enroute between any
two source-destination points in even a moderately sized, wide-area network.
The problem of preventing or responding to congestion in a network thus
takes on dimensions never before encountered in telecommunication net-
works. This is a point we will be particularly stressing in our discussion of
congestion control later in Chapter 7.

Following the discussion of network traffic control in Chapter 4 we move
into the realm of switching for B-ISDN in Chapter 5. A number of high-speed
ATM switches have been proposed; some are available in the market. They
can be categorized in a number of ways. We carry out a comparative study of
simple models of some of these in Chapter 5, focusmg on their complexity and
throughput/delay characteristics.

The traffic characterization and admission/access control studies in
Chapters 3 and 4, respectively, focus on representation at one point in a net-
work, normally at the entrance point, or user-network interface. The charac-
teristics of a given traffic stream change, however, as the stream progresses
through a network, due to queueing and interaction with other traffic streams
at switching and buffering points. This makes the study of traffic end-to-end
across a network quite complex. In addition, admission control, as we shall
see, should be carried out considering the impact of a newly admitted call of
any type on previously established connections along its entire proposed path
end-to-end. The end-to-end properties of traffic are thus vital to a realistic
analysis of its impact on a network.

In Chapter 6 we introduce this subject by summarizing work on end-to-
end performance bounds that has appeared in the literature. This study leads
quite naturally, as we shall see, to a concept called the equivalent or effective
capacity of a given traffic source that has received a lot of attention. This
property of a source is additive, enabling us to easily estimate the effect of a
given source on other sources already present at a given multiplexing point in
a network. This in turn simplifies the admission control problem at a given
entrance point. The use of this property does result in an overly conservative
control in some cases since the statistical multlplexmg or smoothing advan-
tage known to occur when sources are combined at a point is ignored.

Chapter 7 returns to the problem of network control, focusing on feed-
back control mechanisms devised to control network and receiver congestion.
Both window and rate control techniques are discussed, with prime considera-
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tion given to the impact of high-speed transmission on the control mecha-
nisms. The distinguishing characteristic here, as contrasted to lower-speed
packet switching, is that the propagation delay from source to destination
plays a key role. Questions of stability arise in wide-area broadband net-
works, particularly where the propagation delay is many times the packet or
cell length. Alternately put, the control in this case has to be designed with
the knowledge that many packets may be enroute over a given path end-to-
end, and cannot simply be dropped when congestion is encountered.




