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Preface

This book is about pricing issues in modern communications networks. Recent technology
advances, combined with the deregulation of the communication market and the
proliferation of the Internet, have created a new and highly competitive environment for
communication service providers. Both technology and economics play a major role in
this new environment. As recent events in the marketplace make clear, the success of a
communication services business is not guaranteed by new technology alone. An important
part of any business plan for selling communications services is pricing and competition
issues. These should be taken into account from the start. Traditionally, engineers have
devised communication services without reference to how they should be priced. This is
because communication services have been provided by large monopolies, with guaranteed
incomes. The bundling and pricing aspects of individual services have been secondary.
However, services are now sold in competitive markets and an important part of the service
definition is how it should be priced. Technology can place severe restrictions on how this
can be done. The following are some reasons why the pricing of communications services
is now exciting to study:

1. Pricing affects the way services are used, and how resources are consumed. The value
that customers obtain from services depends on congestion and on the way services
are priced.

2. Communication service contracts provide for substantial flexibility. Pricing plays
an important role as an incentive mechanism to control performance and increase
stability.

3. Modern networking technology provides new possibilities for producers and the
consumers to exchange economic signals on fast time scales. This allows for the
creation of new flexible services that customers can control and by which they can
better express their needs for quality. This was not possible until a few years ago,
since previously services were statically defined and the network operator was in
total in control.

4. There is no unique way to price. Issues such as ‘flat’ versus ‘usage-based’ charging
have important effects on the short and long term network operation and its
competitive position. These must be understood by people designing pricing policies.

5. Competition can be greatly influenced by the architecture of a networks and the ability
of few players to control bottleneck resources in parts of the network, such as the
access. New networks should be designed so that they provide an open competition
environment in all parts of the supply chain for services. Competition and regulation
issues are important in today’s communication market.
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6. Communication services are economic goods and must be priced accordingly. There
are generic service models that capture aspects such as quality and performance and
can be used to derive optimal prices in a services market. They can be used to propose
tariffs with the desired incentive properties by pricing the appropriate service contract
parameters.

We began this book after five years of research focused in pricing the rich family of
ATM services and the newly emerging Internet. We believe there is a need for a book that
can explain the provision of new services, the relation of pricing and resource allocation
in networks, and the proliferation of the Internet and the debate on how to price it. We
have had in mind as readers graduate students and faculty in departments of Electrical
Engineering, Computer Science, Economics and Operation Research, telecoms engineers,
researchers and engineers who work in research and industrial laboratories, and marketing
staff in telecoms companies who need to understand better the technology issues and their
relation to pricing. Our experience is that most of these people have only part of the
background needed to follow such important subjects. Readers with engineering and OR
background usually lack the economics background. Economists usually know little about
communications technology and usually underestimate its importance. We have sought to
write in a way that all readers will find stimulating. The book should interest anyone with
some technology and mathematics background who wishes to understand the close relation
of communication networks and economics. Of course, economists may skip the chapters
on basic economics.

When we started this book, ATM technology was already declining in importance as an
alternative to the Internet. However, there continues to be a practical demand for services
such as ATM and Frame Relay. These can be put into the same generic model as the
provision of WAN connectivity services. Similar concepts will apply in future extensions
of Internet services that provide quality guarantees, such as differentiated services and
integrated services. Consequently, we not only deal with the Internet, but also with effective
bandwidths and statistical multiplexing.

The scope of this book is broad. It covers most of the concepts that are needed
to understand the relation of economics and communications. We do not claim to
provide a complete unifying framework, but explain many concepts that are generic to
the problem of pricing. This is not a ‘how to price’ recipe book. Rather, it explores
relevant subjects. It provides the basic models and terminology needed for a non-specialist
reader to understand subtle topics where technology, information and economics meet. It
explains the architecture of the communications market and provides a simple and intuitive
introduction to network services at all levels, from the infrastructure to transport. We have
tried to make the book technology independent, emphasizing generic service aspects and
concepts.

The reader does not have to be an expert in communications or read several books on
networking technology numbering hundreds of pages in order to understand these basic
concepts. This may be of great benefit to a reader with an economics or operation research
background. The same holds for readers with no economics background. We explain relevant
microeconomic concepts in enough detail that the reader can follow many issues in network
economics, without having to study advanced economic textbooks. However, we are not
economists and do not claim to cover all topics in network economics. We hope that we
do provide the reader with a useful summary of many key issues and definitions in basic
economics. Those who wish to study these ideas in more depth can turn to economics
textbooks. For instance, our section on game theory should remind those readers who have
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previously studied it of those concepts from the subject that we use in other parts of the
book. Readers who have not studied game theory before should find that the section provides
a readable and concise overview of key concepts, but they will need to look elsewhere for
details, proofs and further examples.

There is no one unifying model for network services. We provide models for several
services and leave others of them out. These models allow network services to be priced
similarly to traditional economic goods. These models can be used by network engineers
as a framework to derive prices for complex transport services such as ATM, Frame Relay,
IP VPNs, etc. We model the Internet and its transport services and discuss certain issues
of fairness and resource allocation based on pricing for congestion. This provides a deeper
understanding of the feedback aspects of the Internet technology, and of the recent proposals
to provide for a richer set of bandwidth sharing mechanisms. We also provide the theoretical
framework to price contracts in which parameters can be dynamically renegotiated by the
users and the network. Finally, we give the reader a simple but thorough introduction to
some current active research topics, such as pricing multicasting services, incentive issues
in interconnection agreements between providers, and the theory of price regulation. For
completeness, we also provide a simple introduction to auction mechanisms which are
currently used to allocate scarce resources such as spectrum.

We hope to introduce non-specialists to concepts and problems that have only been
accessible to specialists. These can provide both a practical guideline for pricing
communication services and a stimulation for theoretical research. We do not review in
extreme detail the existing literature, although we provide basic pointers. A guide to references
appears at the end of each chapter. We seek to unify and simplify the existing state-of-the-
art by focusing on the key concepts. We use mathematics to make the ideas rigorous, but
we hope without being unnecessary detailed. About 80% of the results in the book have
been published elsewhere and 20% are new. The level of the mathematics is at that of first
year university student’s knowledge of calculus and probability, and should be accessible
to students and engineers in the field. Appendix A covers some important ideas of solving
constrained optimization problems using Lagrange multipliers. The book has parts which are
more technology specific and other parts that are more theoretical. Readers can take their
pick.

We have found it convenient to divide the book in four parts. An overview of their
contents can be found at the end of Chapter 1. Possible course that could be taught using
this book are as follows:

1. An introductory course on pricing: Sections 1.4, 2.1, 3.2-3.3,4.1-4.5, 4.10, 5.2-5.4.3,
54.7, 6.1-6.3, 7.3, 7.5, 8.1-8.4, 9.1-9.4, and Chapter 10.

2. An advanced course on mathematical modelling and pricing: Section 1.4, Chapter 2,
Sections 3.1-3.3 and 3.5, Chapter 4, Sections 5.1-5.4, 5.6, 6.1-6.3, Chapters 8, 9
and 10.

3. A course on telecoms policy issues and regulation: Chapter 1, Sections 2.1, 3.2-3.6,
Chapters 5 and 6, Sections 7.1-7.1.2, 7.3-7.5, Chapters 12 and 13, Sections 14.1—
14.1.3, 14.2 and 14.3.

4. A course on game-theoretic aspects of pricing: Sections 5.1-5.4, 6.1, 6.4, 7.1-7.2,
Chapters 9, 10, 11, Sections 12.4-12.5, 13.1, and Chapter 14.

5. An introductory network services and technology course: Sections 1.1-1.2, 2.1 and
Chapter 3.
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Pricing and Communications
Networks

This chapter describes current trends in the communications industry. It looks at factors that
influence pricing decisions in this industry, and some differing and conflicting approaches
to pricing. Section 1.1 is about the market for communications services. Section 1.2 is
about present developments in the marketplace. Section 1.3 is about issues that pricing
must address. Section 1.4 presents some introductory modelling.

1.1 The market for communications services
1.1.1 The Communications Revolution

We are in the midst of a revolution in communications services. Phenomenal advances in fi-
bre optics and other network technology, enhanced by the flexible and imaginative software
glue of the World Wide Web have given network users a technology platform that supports
many useful and exciting new services. The usefulness of these services is magnified be-
cause of network externality. This is the notion that a network’s value to its users increases
with its size, since each of its users has access to more and more other users and services.
This is one of the facts that spurs the drive towards worldwide network connectivity and
today’s Internet revolution — a revolution which is changing the way we engage in politics,
social life and business. It is said that the electronic-economy, based as it is upon commu-
nications networks that provide businesses with new ways to access their customers, is des-
tined to be much more than a simple sector of the economy. It will someday be the economy.

In a world that is so thoroughly changing because of the impact of communications
services, the pricing of these services must play an important role. Of course a price must
be charged for something if service providers are to recover their costs and remain in
business. But this is only one of the many important reasons for pricing. To understand
pricing’s other roles we must consider what type of product are communications services
and the characteristics of the industry in which they are sold.

1.1.2 Communications Services

The number of connections that can be made between n users of a network is %n(n —1). This
gives us Metcalf’s Law (named after the inventor of Ethernet), which says that the value of
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a network increases as the square of the number of users. It relates to the idea of network
externality and the fact that a larger network has a competitive advantage over a smaller one,
because each of the larger network’s users can communicate with a greater number of other
users. It makes the growth of a large customer base especially important. With this in mind,
a network operator must price services attractively. In this respect, communications services
are like any economic good and fundamental ideas of the marketplace apply. One of these
is that deceasing price increases demand. Indeed, it is common for providers to give away
network access and simple versions of network goods for free, so as to stimulate demand
for other goods, build their customer base and further magnify network externality effects.

The above remarks apply both to modern networks for data communication services
and to the traditional telecommunications networks for voice services, in which the former
have their roots. Throughout this book we use the term ‘telecommunications’ when referring
specifically to telephony companies, services, etc., and use the broader and encompassing
term ‘communications’ when referring both to telephony, data and Internet. It is interesting
to compare the markets for these networks. For many years the telecommunications market
has been supplied by large regulated and protected monopolies, who have provided users
with the benefits of economy of scale, provision of universal service, consistency and
compatibility of technology, stable service provision and guaranteed availability. Services
have developed slowly; demand has been predictable and networks have been relatively easy
to dimension. Prices have usually been based upon potential, rather than actual, competition.
In comparison, the market for modern communications services is very competitive and
is developing quite differently. However, the markets are alike in some ways. We have
already mentioned that both types of network are sensitive to network externality effects.

The markets are also alike is that in that network topology restricts the population
of customers to whom the operator can sell and network capacity limits the types and
quantities of services he can offer. Both topology and capacity must be part of the operator’s
competitive strategy. It is helpful to think of a communications network as a factory which
can produce various combinations of network services, subject to technological constraints
on the quantities of these services that can be supported simultaneously. Severe congestion
can take place if demand is uncontrolled. A central theme of this book is the role of
pricing as a mechanism to regulate access to network resources and restrict congestion to
an acceptable level.

Traditional telecoms and modern data communications are also alike in that, once a net-
work of either type is built, the construction cost is largely a fixed cost, and the variable oper-
ating costs can be extremely small. If there is no congestion, the marginal cost of providing
a unit of communications service can be almost zero. It is a rule of the marketplace that com-
petition drives prices towards marginal cost. Thus, a danger for the communications industry
is that the prices at which it can sell communications services may be driven close to zero.

In summary, we have above made three elementary points about pricing: lowering price
increases demand; pricing can be used to control congestion; competition can drive prices
to marginal cost.

1.1.3 Information Goods

It is interesting to compare communications services with information goods, such as CDs,
videos or software. These share with communications services the characteristic of being
costly to produce but cheap to reproduce. The first copy of a software product bears all the
production cost. It is a sunk cost, mainly of labour. Many further copies can be produced
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at almost no marginal cost, and if the software can be distributed on the Internet then its
potential market is the whole Internet and its distribution cost is practically zero. Similarly,
once a network is built, it costs little to provide a network service, at least while there is no
congestion. This also shows that information goods and network services can sometimes
be viewed as public goods, like highways. Assuming that the installed network capacity is
very large (which is nearly true given today’s fibre overprovisioning), the same information
good or network service can be consumed by an arbitrary number of customers, increasing
its value to its users (due to externalities) and the value to society. This is in contrast to
traditional goods like oranges and power; a given orange or kilowatt-hour can be consumed
by a single customer and there is a cost for producing each such additional unit.

The similarity cannot be pushed too far. We must not forget that a network has a
continuing running cost that is additional to the one-time cost of installation. This includes
network management operations, amongst which accounting and billing are particularly
costly. The cost of selling a single copy of a piece of software is small compared to the
cost of maintaining, monitoring and billing a network service. It is not surprising that cost,
among many other economic factors, influences the evolution of networking technology.
One reason for the acceptance of Internet technology and the Internet Protocol (IP) is that
there it is less costly to manage a network that is based on a single unifying technology,
than one that uses layers of many different technologies.

There are some lessons to be learned from the fact that information goods can sell at both
low and high prices. Consider, for example, the fact that there are hundreds of newspaper
web sites, where entertaining or useful information can be read for free. It seems that
publishers cannot easily charge readers, because there are many nearly equivalent sites. We
say that the product is ‘commoditized’. They may find it more profitable to concentrate
on differentiating their sites by quality of readership and use this in selling advertising.
In contrast, a copy of a specialist software package like AutoCad can sell for thousand of
dollars. The difference is that its customer base is committed and would have difficulty
changing to a competing product because the learning curve for this type of software
is very steep. Similarly, Microsoft Word commands a good price because of a network
externality effect: the number of people who can exchange documents in Word increases
as the square of the number who use it. These examples demonstrate another important
rule of the marketplace: if a good is not a commodity, and especially if it has committed
customers, then it can sell at a price that reflects its value to customers rather than its
production cost.

We have noted that both traditional telecoms and modern communications services are
sensitive to network topology and congestion. This is not so for an information good. The
performance of a piece of software running on a personal computer is not decreased simply
because it is installed on other computers; indeed, as the example of Microsoft Word shows,
there may be added value if many computers install the same software.

1.1.4 Special Features of the Communications Market

One special feature of the market for communications services, that has no analogy in the
market for information goods (and only a little in the market for telecommunications), is
that in their most basic form all data transport services are simply means of transporting
data bits at a given quality level. That quality level can be expressed such terms as the
probability of faithful transmission, delay and jitter. A user can buy a service that the
operator intended for one purpose and then use it for another purpose, provided the quality
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level is adequate. Or a user can buy a service, create from it two services, and thereby pay
less than he would if he purchased them separately. We say more about the impact of such
substitutability, arbitrage and splitting upon the relative pricing of services in Section 8.3.5.

Another thing that makes communication transport services special is their reliance on
statistical multiplexing. This allows an operator to take advantage of the fact that data traffic
is often bursty and sporadic, and so that he can indulge in some amount of overbooking. He
need not reserve for each customer a bandwidth equal to that customer’s maximum sending
rate. Statistical multiplexing produces economy of scale effects: the larger the size of the
network, the more overbooking that can take place, and thus the size of the customer base
that can be supported increases more than proportionally to the raw quantity of network
resources. It is intuitive that a network service that is easier to multiplex should incur a
lesser charge than one which is more difficult to multiplex. There are many multiplexing
technologies and each is optimized for a particular type of data traffic. For instance, SONET
(Synchronous Optical NETwork) is a multiplexing technology that is optimized for voice
traffic (which is predictable and smooth), whereas the Internet technology is optimized for
data traffic (which is stochastic and bursty).

Simple economic goods are often specified by a single parameter, such as number of
copies, weight, or length of a lease. In contrast, contracts for data communications services
are specified by many parameters, such as peak rate, maximum throughput and information
loss rate. Contracts for services that support multimedia applications are specified by
additional parameters, such as ability to sustain bursty activity, and ability and responsibility
to react to changing network conditions. Since service contracts can be specified in terms
of so many parameters, their potential number is huge. This complicates pricing. How are
we to price services in a consistent and economically rational way? Moreover, contracts
are more than simple pricing agreements. For example, a contract might give a user the
incentive to smooth his traffic. Customers also benefit because the quality of the service
can be better and lower priced. This poses questions of how we can reasonably quantify
a customer’s network usage and price contracts in a way that makes pricing a mechanism
for controlling usage.

1.2 Developments in the marketplace

In the next two sections, we look at some important factors that affect the present market
for communications services. We make some further arguments in favour of the importance
of pricing. We describe the context in which pricing decisions occur, their complexity and
consequences. Some of these issues are subject to debate, and will make most sense to
readers who are familiar with present trends in the Internet. Some readers may wish to skip
the present section on first reading.

There have been two major developments in the marketplace for telecoms services: the
development of cost-effective optical network technologies, allowing many light beams to
be packed in a single fibre; and the widespread acceptance of the Internet protocols as the
common technology for transporting any kind of digitized information. Simultaneously, the
Internet bubble of late 1990s has seen an overestimation of future demand for bandwidth and
overinvestment in fibre infrastructure. Together, these factors have created a new technology
of such very low cost that it threatens to disrupt completely the market of the traditional
telephone network operators, whose transport technologies are optimized for voice rather
than data. It has also commoditized the market for transport services to such an extent that
companies in that business may not be able to recover costs and effectively compete.
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One reason for this is that the Internet is a ‘stupid’ network, which is optimized for
the simple task of moving bits at a single quality level, irrespective of the application
or service that generates them. This makes the network simple and cheap. Indeed, the
Internet is optimized to be as efficient as possible and to obey the ‘end-to-end principle’.
To understand this principle, consider the function: ‘recovery from information loss’. This
means something different for file transfer and Internet radio. The end-to-end principle
says that if such a function is invoked rarely, and is not common to all data traffic, then
it is better to install it at the edge of the network, rather than in each link of the network
separately. Complexity and service differentiation is pushed to the edges of the network.
The reduction in redundancy results in a simpler network core. Customer devices at the
edges of the network must provide whatever extra functionality is needed to support the
quality requirements of a given application.

The fact that the Internet is stupid is one of the major reasons for its success. However,
it also means that a provider of Internet backbone services (the ‘long-haul’ part of the
network, national and international) is in a weak bargaining position if he tries to claim any
substantial share of what a customer is prepared to pay for an end-to-end transport service,
of which the long-haul service is only a part. That service has been commoditized, and so
in a competitive market will be offered at near cost. However, as noted previously, the cost
of building the network is a sunk cost. There is only a very small variable cost to offering
services over an existing network infrastructure. The market prices for network services
will be almost zero, thus making it very difficult for the companies that have invested in the
new technologies to recover their investments and pay their debts. As some have said, the
best network is the hardest one to make money running (Isenberg and Weinberger, 2001).

This ‘paradox of the best network’ does not surprise economists. As we have already
noted, there is little profit to be made in selling a commodity. The telephone network is quite
different. Customers use only simple edge devices (telephones). All value-added services
are provided by the network. Network services are constructed within the network, rather
than at the edges, and so operators can make money by being in control. Similarly, video
and television distribution use service-specific networks and make good profits. Telephone
networks are optimized for voice and not for data. Voice streams are predictable in their
rates, while data is inherently bursty. Due to the overspecified requirements (for reliability
and voice quality), the technologies for voice networks (SONET and SDH) are an order of
magnitude more expensive than the technology for providing simple bit moving services
of comparable bandwidth, as provided by the Internet using the new optical transmission
technologies. The extra quality per bit offered by telephone network infrastructures does not
justify their substantially greater costs. Moreover, the large network capacity available may
let the quality of the bits provided by the new Internet technology networks approach that
provided by the telephone network. Unfortunately, these voice-centred technologies are not
so old as to be easily written-off. Existing operators invested heavily in them during the late
1980s and mid 1990s, encouraged by regulators who allowed them a ‘return on assets’, that
is, a profit proportional to the assets under their control. This makes it hard for operators
to abandon their voice-centred infrastructures and build new networks from scratch.

The above arguments suggest that network operators deploying the new Internet over
fibre technologies should be able to carry voice at substantially less cost than traditional
network operators, and so drive them out of business. They will also be able to offer a rich
set of high bandwidth data services, which are again cheaper for them to provide.

However, things are not entirely rosy for these new network operators. They have
their own problem: namely, a bandwidth glut. During the Internet bubble of the late
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1990s investors overestimated the growth in the demand for data services. They believed
there would be an unlimited demand for bandwidth. Many companies invested heavily in
building new fibre infrastructures, at both the metropolitan and backbone level. DWDM
(Dense Wavelength Division Multiplexing) made it possible to transport and sell up to 80
multiple light waves (using present technology) on a single strand of fibre. Gigabit Ethernet
technologies combined with the Internet protocols allowed connectivity services to be
provided very inexpensively over these fibre infrastructures. Using present technologies each
light wave can carry up to 10 Gbps of information, so that a single fibre can carry 800 Gbps.
Although DWDM is presently uneconomic in the metropolitan area, it makes sense in the
long-haul part of the network. It has been estimated that there are now over a million route-
miles of fibre installed worldwide, of which only about 5% is lit, and that to only about 8%
of the capacity of the attached DWDM equipment. Thus there is potential for vastly more
bandwidth than is needed. Some experts believe that fibre is overprovisioned by a factor of
ten in the long-haul part of the networks. Further bad news is that demand for data traffic
appears to be increasing by only 50% per year, rather than doubling as some had expected.

The result is that the long-haul bandwidth market has become a commodity market,
in which demand is an order of magnitude less than expected. A possible reason is
miscalculation of the importance of complementary services. High-capacity backbones
have been built without thinking of how such ‘bandwidth freeways’ will be filled. The
business plans of the operators did not include the ‘bandwidth ramps’ needed, i.e. the
high-bandwidth access part that connects customers to the networks. The absence of such
low priced high-bandwidth network access services kept backbone traffic from growing as
predicted. Besides that, transport services have improved to such an extent that technology
innovation is no longer enough of a differentiating factor to provide competitive advantage.
Prices for bandwidth are so low that it is now very hard for new network operators to be
profitable, to repay the money borrowed for installing the expensive fibre infrastructure, or
to buy expensive spectrum licenses.

Existing operators of voice-optimized networks are also affected. Their income from
highly priced voice calls has reduced, as voice customers have migrated to the Internet
technology of voice-over-IP networks, while the demand for voice remains essentially
constant. They have not seen a compensating increase in demand for data services, which
in any case are priced extremely low because of competition in that commoditized market.
Some local service providers are even selling data services at below cost because of their
expensive legacy network technology, while simultaneously installing the new IP over fibre
technology in parts of their networks to reduce their costs. Of course infrastructure is not
the only cost of providing traditional access and voice services. A larger part of the cost
is for orders, repairs, customer service and support. This cost will always be reflected in
customers’ bills. Thus local operators, who have traditionally been in a monopoly position,
do live in a somewhat protected environment because they have a steady income from their
large and loyal base of telephone customers. Competition is fiercest in the long-haul part of
the network, where new technologies can be easily deployed, economies of scale are great,
and many operators compete.

It may seem paradoxical to have such severe sustainability problems in a growth industry
such as telecommunications. Although the pie is growing, the business models seem to have
some serious flaws. This is due to miscalculations, and because companies have tried to
become simultaneously both retail and wholesale service providers, with the result that they
have been competing with their own customers. Some experts envisage extreme scenarios.
In one such scenario, the regulator acquires and controls the complete fibre infrastructure in



