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1.
Introduction to teletraffic engineering

The term teletraffic covers all kinds of data communication traffic and telecommunication traffic.

The objective of teletraffic theory can be formulated as follows:

“to make the traffic measurable in well defined units through mathematical models and to derive the relationship between grade-of-service and system capacity in such a way that the theory becomes a tool by which investments can be planned".

The duty of teletraffic engineering is to design systems as cost effectively as possible with a predefined grade of service, when we have forecasts of future traffic demand and know the capacity of system elements. Furthermore, it is the task of teletraffic theory to specify methods for controlling that the actual grade of service is fulfilling the requirements, and also to specify emergency actions when systems are overloaded or technical faults occur. This requires methods for forecasting the demand (e.g. from traffic measurements), methods for calculating the capacity of the systems, and specification of quantitative measures for the grade of service.

When applying the theory in practice, a series of decision problems concerning both short-term as well as long-term arrangements occur.

Short-term decisions include e.g. the determination of the number of circuits in a trunk group, the number of operators at switching boards, and the allocation of priorities to jobs in a computer system.

Long term-decisions include e.g. decisions concerning the development and extension of data- and telecommunication networks, the purchase of cable equipment, transmission systems etc.  Each section in this report outlines the contents of the corresponding chapter in the handbook.

The application of the theory in connection with design of new systems can help in comparing different solutions and thus eliminate bad solutions at an early stage without having to build up prototypes.

The first chapter describes the modelling of communications systems. A model includes the following elements:

· the system structure (hardware components),

· the operational strategy (e.g. routing, priority, load sharing), and

· the statistical properties of traffic (user behaviour).

Examples of modelling telephone systems, data communications networks, and mobile communication systems are given.

Also the international organisations of communications and ITU-T traffic recommendations are mentioned.

2.
Traffic concepts and variations

The goal when planning a telecommunication system is to adjust the amount of equipment so that variations in the user traffic can be satisfied without noticeable inconvenience while the costs of the installations are as small as possible. The equipment must be used as efficiently as possible.

Teletraffic engineering deals with optimisation of the structure of the network and adjustment of the amount of equipment that depends upon the amount of traffic.

The concept of traffic is explained by defining carried, offered and lost traffic and introducing the traffic unit erlang.

Grade of service concepts are described explaining time averages, user averages and end-to-end grade of service.

Some examples of traffic variations for different services are given, and the concept of time consistent busy hour introduced. Also subscriber behaviour is illustrated by observations and a simple model.

3.
Probability theory and statistics

Teletraffic theory is also defined as the application of probability theory to the solution of problems concerning planning, performance evaluation, operation and maintenance of telecommunication systems.

Therefore, a basic knowledge of probability is necessary as both modelling and simulation of communication systems are based on probabilistic models. All time intervals are described by non-negative stochastic variables. Time intervals of interests are service times, busy periods, response times, holding times, inter-arrival times etc.

In this chapter we review the basic theory of probability and statistics which is relevant to the teletraffic theory. Only elementary probability is used and e.g. matrix notation and generating functions are excluded. Emphasis is put upon traffic characteristics such as

· residual life time for a given age,

· load from holding times of duration less than a given value,

· residual life time from a random point of time,

· combination of stochastic time intervals in series and parallel, and

· stochastic sums.

These are all results needed in the following.

4.
Time interval distributions

The exponential distribution is the most important time distribution within teletraffic theory. Its main property is the lack of memory. An exponential time interval has no age. The remaining life time is always the same and independent of the actual age (the Markovian property). This property makes it simple to use exponential time intervals in mathematical models (birth & death processes).

Combining exponential distributed time intervals in series, we get a class of distributions called Erlang distributions.

Combining them in parallel, we obtain hyper-exponential distribution. Combining exponential distributions both in series and in parallel, possibly with feedback, we obtain phase-type distributions, which is a very general class of distributions.

One important sub-class of phase-type distributions is Coxian-distributions. We note that an arbitrary distribution can be approximated to any degree of accuracy by a Cox-distribution, which can be used in analytical models in a simple way. Also for modelling observations these distributions are widely used.

Finally, we also deal with other time distributions which are employed in teletraffic theory, in particular heavy-tailed distributions. Some examples of observations of holding times are presented.

5.
Arrival processes

Arrival processes, such as calls or packets arriving to a switch, are described mathematically as stochastic point processes. The basic properties (stationarity, regularity and independence) and characteristics (based on counts or intervals) of arrival processes are reviewed in this chapter.

Also the fundamental theorem of Little is presented. For practical applications the following process is of great importance.

6.
The Poisson process

The Poisson process is the most important point process. Its role among point processes is as fundamental as the role of the Normal distribution among statistical distributions. By the central limit theorem we obtain the Normal distribution when adding stochastic variables. In a similar way we obtain the exponential distribution when multiplying stochastic variables.

Almost all other applied point processes are generalizations or modifications of the Poisson process. This process gives a surprisingly good description of many real-life processes. This is because it is the most random process. The more complex a process is, the better it will in general be modelled by a Poisson process.

Due to its great importance in practice, we study the Poisson process in detail in this chapter.  First we base our study on a physical model with main emphasis upon the distributions associated to the process, and then we consider some important properties of the Poisson process.

By superposing, random splitting and random translation of Poisson processes we obtain new Poisson processes, and for non-Poisson processes the result of these operations will converge towards a Poisson process.

The Poisson process may be generalised in various ways, and an example, the Interrupted Poisson Process, is described in details.

7.
Erlang's loss system, the B-formula

In this chapter we consider the fundamental Erlang-B formula. The elementary theory and the assumptions for the model are presented. First we deal with the case with infinite capacity, which results in a Poissonian distributed number of busy channels. Then we consider a limited number of channels and obtain the truncated Poisson distribution and Erlang's B-formula. We describe a standard procedure (cook-book) for dealing with state transition diagrams. This is the key to classical teletraffic theory.

We also derive an accurate recursive formula for numerical evaluation of Erlang's B-formula, including the inverse formulae, and finally some basic properties are mentioned. The fundamental aspects of statistical multiplexing are studied.

We explain the basic principles of dimensioning, both by fixed blocking probability and by the marginal improvement principle, which results in an economically optimised system.

8.
Loss systems with full accessibility

In this chapter we generalise Erlang's classical loss system to state-dependent Poisson-arrival processes, which includes the so-called BPP-traffic models:

· Binomial case: Engset's model,

· Poisson case: Erlang's model, and

· Pascal (Negative Binomial) case: Palm-Wallström's model.

We first consider the Binomial case, where the number of sources (subscribers, jobs) is limited and the number of channels always is sufficient. This system is dealt with by balance equations in the same way as the Poisson case above. We first and foremost consider the strategy Lost-Calls-Cleared (LCC). If we limit the number of channels so that it becomes less than the number of sources, then we have the risk of blocking, and we get the truncated Binomial distribution, which is called the Engset distribution. The probability of time congestion is given by Engset's formula.

With a limited number of sources, time congestion, call congestion, and traffic congestion becomes different, and the so-called PASTA-property is replaced by the general arrival theorem, which says that the state of the system observed by a customer (call average), is equal to the state probability of the system with this customer removed (time average).

Engset's formula and its inverse are computed numerically by a recursion formula derived in the same way as for Erlang's B-formula.

In a similar way we consider the Negative Binomial case, also called the Pascal case, where the arrival intensity increases linearly with the state of the system. If the number of channels is limited, then we get the truncated Negative Binomial distribution.

9.
Overflow theory

In this chapter we consider systems with restricted accessibility, i.e. systems where a subscriber or a traffic flow only has access to a limited set of channels from a total number of channels. A call attempt may be blocked even if there are idle channels. An example is a hierarchical network with a direct (primary) route. If all primary channels are busy, then the call is directed to an alternative (secondary) route.

It is typical for networks with limited accessibility that they possess an inherent service protection. On the other hand, we may block connections even if there are idle channels, and therefore the utilisation will always be lower than for systems with full accessibility.

The fundamental ERT-method of Wilkinson is derived in detail. Also Fredericks-Hayward's method is described together with some general principles of splitting of traffic streams. Examples of applications to cellular wireless systems given.

A few other methods are mentioned, including application of the Interrupted Poisson process to model overflow traffic.

10.
Multi-dimensional loss systems

In this chapter the classical teletraffic theory is generalised to deal with service-integrated systems (ISDN and B-ISDN). Every class of service corresponds to a traffic stream. Several traffic streams are offered to the same trunk group.

We first consider the classical multi-dimensional Erlang-B loss formula. This is an example of a reversible Markov process which is considered in more details. We then look at more general loss models and strategies, including service-protection (maximum allocation = class limitation = threshold priority policy) and multi-slot BPP-traffic. These models all have the so-called product-form property, And can be evaluated by the convolution algorithm, which is described in detail. 

Examples of applications are given using the available software.

11.
Dimensioning of telecommunication networks

Network planning includes designing, optimising, and operating telecommunication networks. In this chapter we will consider traffic engineering aspects of network planning. We introduce traffic matrices and the fundamental double factor method (Kruithof's method) for updating traffic matrices according to forecasts. The traffic matrix contains the basic information for choosing the topology and traffic routing.

We consider approximate calculation of end-to-end blocking probabilities, and describe the Erlang fix-point method (reduced load method). The convolution algorithm introduced above is generalised to networks with exact calculation of end-to-end blocking in virtual circuit switched networks with direct routing. The model allows for multi-slot BPP traffic with minimum and maximum allocation. The same model can be applied to hierarchical cellular wireless networks with overlapping cells and to optical WDM networks. We also consider service-protection mechanisms.

12.
Delay systems

We consider traffic to a system with full accessibility, and an infinite number of waiting positions. When all servers are busy an arriving customer joins a queue and waits until a server becomes idle.

We consider the same two traffic cases as for loss systems:

1. 
Poisson arrival process (an unlimited number of sources) and exponentially distributed service times. This is the most important queuing system called Erlang's delay system. The probability of a positive waiting time Erlang-C formula, mean queue lengths, mean waiting times, carried traffic per channel, and improvement functions are dealt with for optimal dimensioning of systems.
The waiting time distribution is calculated for the service disciplines First-Come First-Served and summarised for other queuing disciplines.

2. 
A limited number of users/sources and exponentially distributed service times. This is Palm's model which has been widely applied for dimensioning computer systems and terminal systems.  Palm's machine repair model is optimised and used for dimensioning.

A general birth & death process, which includes many of the models considered, is presented to illustrate the general principles. We follow the cook-book given above to set up the state transition diagram and find state probabilities under the assumption of statistical equilibrium. From the state probabilities we find mean queue lengths, and by means of Little's law we obtain the mean waiting times. As special cases we get Erlang's delay system with a limited number of queuing positions (finite buffer).

13.
Applied queuing model

Till now we have considered classical queuing systems, where all traffic processes are birth and death processes. The theory of loss systems has been successfully applied for many years within the field of telephony, whereas the theory of delay systems has only been applied during recent years within the field of computer science. The classical queuing systems play a key role in queuing theory. Usually, we assume that either the inter-arrival time distribution or the service time distribution is exponentially distributed. For theoretical and physical reasons, queuing systems with only one server is often used.

In this chapter we concentrate on the single server queue and analyse this system for general service time distributions (Pollaczek-Khintchine formula), various queuing disciplines, and for customers with priorities, both preemptive and non-preemptive. The resulting formulae are simple and easy to apply in practice.

Queuing systems with constant service time are dealt with in detail as well as more general systems with applications to computer systems and data transmission.

14.
Networks of queues

Many systems can be modelled in such a way that a customer achieves services from several successive nodes, i.e. once a customer has finished the service at one node he continues to another node. The total service demand is composed of service demands at several nodes. Hence, the system is a network of queues, a queuing network where each individual queue is called a node. Examples of queuing networks are telecommunication systems, computer systems and packet switching networks as the Internet.

The aim of this chapter is to introduce the basic theory of queuing networks, illustrated by applications. Usually, the theory is considered as being rather complicated, which is mainly due to the complex notation. However, in this chapter we will give a simple introduction to general analytical queuing network models based on product forms, the convolution algorithm, and examples. The theory of queuing networks is analogous to the theory of multi-dimensional loss systems considered above.

15.
Traffic measurements

Traffic measurements are carried out in order to obtain quantitative information about the load on a system to be able to dimension the system. By traffic measurements we understand any kind of collection of data on the traffic loading a system. The system considered may be a physical system, e.g. a computer or a telephone system. It may also be a fictitious system. The collection of data in a computer simulation model corresponds to a traffic measurements. Charging of telephone calls also corresponds to a traffic measurement where the measuring unit used is an amount of money.

The extension and type of measurements and the parameters (traffic characteristics) measured must in each case be chosen in agreement with the demands, and in such a way that a minimum of technical and administrative efforts results in a maximum of information and benefit. According to the nature of traffic, a measurement during a limited time interval corresponds to a registration of a certain realisation of the traffic process.

A measurement is thus a sample of one or more stochastic variables. By repeating the measurement we usually obtain a different value, and in general we are only able to state that the unknown parameter (the population parameter, e.g. the mean value of the carried traffic) with a certain probability is within a certain interval, the confidence interval. The full information is equal to the distribution function of the parameter. For practical purposes it is in general sufficient to know the mean value and the variance, i.e. the distribution itself is of minor importance.

In this chapter we focus upon the statistical foundation for estimating the reliability of a measurement as a function of the measuring principle (scanning method), measuring period, traffic intensity, etc.

As mentioned above the theory is also applicable to stochastic computer simulation models.

16.
Final remarks

The material of the handbook will enable a traffic engineer to perform the basic duties of traffic engineering an to evaluate tools and methods for traffic engineering. Also he will be able to study ITU-T recommendations and the literature, as the handbook contains the fundamental methods and principles of traffic engineering.

The examples given are from digital and wireless communication systems, and together with the text they should enable the engineer to get an intuition and deeper understanding of traffic engineering.

In the handbook reference is made to the basic sources in literature and to ITU-T recommendations.

Some basic software is accessible from a home-page, where also more advanced case studies and tests are available.

_____

______________
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Mr. Lars Engvall, Chairman ITC Committee 3, e-mail: lars@engvall.org
Mr. Villy Baek Iversen, Technical University of Denmark, tel: +45 4525 3648,
fax: +45 45930355, e-mail: vbi@com.dtu.dk

R:\REFTXT01\ITU-D\SG-D\SG02\258E

19/07/01
(128567)

R:\REFTXT01\ITU-D\SG-D\SG02\258E.DOC

19/07/01
(128567)


