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Ont des racines avides

Qui travaillent les déserts.

Patience, patience,
Patience dans l'azur!
Chaque atome de silence
Est la chance d’un fruit mar.

Paul Valery

Introduction

Abstract

A concept of aggregated traffic model for the hierarchicalcdgtion of traffic generation in a satellite
communication system is proposed in this research workfidrmodels are mathematical models devel-
oped in order to describe the streams of data conveyed ie@t@munication network. An aeronautical
satellite communication system is selected as a referemeéation scenario to demonstrate the validity
of the concept. The traffic behavior at the several layerdefreference scenario is analyzed and a
methodology for hierarchical description of traffic geriena is proposed. Simulation results show the
relevance of aggregate models at the various hierarctégald. Finally the applicability of aggregate
models to support system dimensioning and performancgsiaas illustrated.

As an introduction, this first chapter provides the readeh Wie basic definitions and discusses the
scope of the work and the problem statements. The proposttdwogy and the organization of the
thesis report are presented.

1.1. Overview of data traffic analysis for satellite communi cation
networks

1.1.1. Traffic engineering

Traffic engineering has three principal objectives: plagnianalysis and optimization of network op-
eration. Traffic engineering is broken down into three typeadivity: traffic measurements, traffic
characterization and traffic modelling ([Gog01)).

The principles of tele-traffic engineering are illustratedigure 1.1 (JWir97]), that shows the inputs,
the actions conducted on the network (for example by theemphtation of traffic shapers or the op-
timization of networks elements) and the monitoring of immment obtained by measurements of the
data traffic or performance indicators in the network.

The discipline of traffic engineering is based on historivatwork measurements to derive statisti-
cal models that are used to anticipate growth trends, to plesign and implement network facilities.
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Teletraffic Engineer:
Models Comparison

A

Actual state:

Improvement action:

- Traffic monitor definition
- Traffic characterization
- Network design

- Algorithm design

- Performance prediction

Desired state:
Requirements Traffic measurement
QoS specifications
Network performance
measurements

Telecommunications

netwok )4 >
Inputs: Results:
Network ressources and Improved cost/performance
equipment trade-offs
User traffic Reliably predicted quality of
service

Figure 1.1.: The principles of tele-traffic engineering from [Wir97]

Traffic engineering can be applied to all kind of networksg @m particular to satellite communica-
tions networks. In this case, model accuracy deservesfgpattention because of the limited satellite
capacity.

For telecommunications operators, the measurements atrddfic on their networks are critical data
that is not publicly available. Therefore a lot of researal been performed on university networks or
research networks that made their traces publicly availéfiolr example located at the internet traffic
archive - [INTO5]). This has the advantage that the traceevire stigated by different groups with
different methodologies.

As said before traffic engineering encompasses: traffic nneaent, traffic characterization and traffic
modelling. In this thesis, the last two are of great impartabecause models at different scales are
derived. But the analysis of traffic measurement is of conesgessary to provide the inputs for the other
tasks.

1.1.2. Satellite systems

Satellite system development was started in 1960, follgvan idea from Arthur C. Clarke in 1945
[Cla45]. He showed that the extra terrestrial relays (oelbtgs) could easily be used for telecom-
munications, in particular for applications like intertioental telephony. The advantages of satellite
systems over classical terrestrial systems (service @& lezgion areas communications, well suited for
star topology and broadcast application, short time dstabent and flexible architecture) made it a
popular component of the telecommunication infrastructun 1965, INTELSAT | ("early bird”) was
the first commercial system. New applications like TV andodutoadcasting popularized the use of
satellite. In 1962, a television signal was relayed fromdperto North America over the Telstar satel-
lite. The first domestic North American satellite to carrietésion was Canadas geostationary Anik 1,
which was launched in 1973. From the mid seventies, satellito played an increasing role for mobile
communications with aeronautical, land-mobile and nragtiterminals. With the ubiquity of TCP/IP,
satellites were also thought to be used as a niche compohegiabal backbone. Dedicated VSAT have
been used to connect multinational companies. In the lateties, systems like Iridium, GlobalStar and
ICO, have been developed to provide better performance tmlenosers. Systems like Astrolink, Eu-
roSkyWay, SpaceWay in GEO or Teledesic, SkyBrige in LEO veegposed to complement the offer in
terms of multimedia communication services. The emergehtkese services has led to the develop-
ment of dedicated standards like Satelite DOCSIS, IPOS, XIS and DVB-S2 indicates for satellite
television.
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Further details on system design are provided in textbokB@3] and [LWJO00]) where challeng-
ing issues like orbit selection, link design, modulatiord anultiple access scheme are described. For
example, different orbits for single satellite and conati&ins can be selected to obtain the targeted com-
munication system. Geostationary satellites (GEO) haverhit at 36000 km and remains at a fixed
position with respect to the earth. Low earth orbiting disaésl (LEO) have an orbit at 700-1500 km. At
last medium earth orbit satellites (MEO) are located in leetv(10000-20000 km). The frequencies to
be used between earth and satellite are regulated by theadtitnal Telecommunication Union (ITU)
World Radio Conference in order to prevent interferenceh wiher communication systems. For mo-
bile voice systems, frequencies in the L and S band are ubdedit(d.5 and 2 GHz respectively). For
multimedia systems, Ku (11-14 GHz), Ka (20-30 Ghz) and V 3005Hz) bands are considered. In
addition to the satellite, communication systems requiter@strial infrastructure composed, on top of
user terminals, of gateways and a dedicated network linkkieggateways in order to provide wide area
connectivity. In particular one of the gateways has to hasttvork control center responsible of the
management of the bandwidth and of the different connesftiothe system.

1.2. Problem statement and scope of the work

This section introduces the framework and the objectivahefesearch work.

1.2.1. Scenario under consideration

A multi-services communication satellite is considerecbrehdata are exchanged between peer applica-
tions.

@ E Web server

LGN

Email

Figure 1.2.: Overview of the considered case

For example, satellite systems can be provided in diffeeemironments, such as the aeronautical,
maritime or land-mobile environment (serving for exampel@strian, train and car passengers) as well
as for fixed service offered as an alternative for terrdstgavices (for example in remotely located
areas). Such a multiplicity of environments implies a higlersity of the terminals accessing the satellite
and a high variability of the applications used by the endsis&igure 1.2 represents an example of
system configuration and type of user. Different kind of asse presented: passengers of an aircraft
surfing the web from a on-ground server, a workstation usarirgl access inside a company Local
Area Network (LAN) to a satellite terminal using the systeanweb surfing, file exchange and email, a
domestic user using the system for web browsing and videarsiing, a telephony user with a satellite-
enabled mobile phone.
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In particular, the focus will be given to provision of aeratiaal communications to passengers inside
aircraft with a system similar to the one designed in the W&&®Cabin project [Jah04]. The architecture
is based on satellite systems to furnish connectivity msiek aircraft, refer to [JHRWO02], [HILWOO],
[DFG™03] for a more detailed presentation of the systems.

The general scenario gives also raise to a multiplicity affit profiles. After a description of each
user, their individual traffic is considered and will cotgte after overall aggregation the traffic load
of the satellite. The process of aggregation of the indizidlows into a common flow needs to be
further described and modelled. Since satellite resouapegostly and the satellite transmission is the
bottleneck in the overall transmission, the descriptiotheftraffic transmitted across the satellite is of
primary importance.

Moreover, the satellite transmission tries to guarantesitguof service. In order to achieve some ac-
ceptable performance for every connection, the most rieguionnections will be limited in comparison
to the less requiring ones, what will give raise to an hetenedy in how the traffic is handled. Traffic
modelling should also help to investigate if quality of eevis achieved during service provision. As a
conseguence, the description of the overall traffic cammieat a satellite system should enable to evalu-
ate the performances of a system in particular in terms ¢fdiod delayed packets. This description is
complex because of the number and the diversity of the user<én have groups of 1 to 1000 users)
and the heterogeneity of the applications.

Therefore in this thesis, we want to characterize the oviediic conveyed over a satellite link and in
particular we will develop a model to characterize thisficzit different detail scales.

1.2.2. Objectives

The characterization of the overall traffic conveyed over ghtellite can be broken down into several
activities: define the traffic models best suited for the ises/provided by multimedia satellite system,
develop appropriate traffic models for aggregated traffiwslostudy the influence of limited resources
on these models and predict system performances using tliegaged models. As a consequence, a
framework will be created that is able to describe the aggieq of traffic streams.

So the objectives of this work can be formulated as follows

1. develop an abstract framework for traffic modelling atedlént level of abstraction
2. review the different traffic models

3. construct aggregated traffic models and show their elguigas

4. obtain performance evaluation with these models

An appropriate description of traffic can be of benefit:

1. for traffic dimensioning, in particular to help satellitgstem planners in system design
2. for investigation of quality of service (QoS) provisiomeo such networks.

1.2.3. Methodology for problem solution

In this work, a hierarchical organization for traffic modiedj is investigated. This description is close
from the topological organization of the network, wheredifeerent network elements are considered at
different levels. The network (data) traffic of each of theneénts can be described by aggregate models
for the overall level traffic description. The aggregatdfitanodels represent an approximation of the
(more accurate) traffic models at lower levels. This appnation needs to be precisely evaluated in
order to keep trace of the considered hypothesis. The madeléding good approximation need to
be described in details together with the procedure to estirbest fitting parameters. Afterwards the
accuracy of the equivalence needs to be accessed to eskisata information.
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1.3.1. State of the art in teletraffic

The tele-traffic studies available in the literature aresidering four different types of connections:
a) circuit switched connections with homogeneous trafficituit switched connections with hetero-
geneous traffic ¢) data packet connections with homogeneafic d) data packet connections with
heterogeneous traffic. The most handled case is the casei@) edn be treated with the Erlang loss
formula.

1.3.1.1. Investigations on terrestrial networks

Web models and self-similarity Many investigations on traffic have been realized on teiedst
networks. The first results that triggered new research affiarmodel was the discovery that Poisson
models could not be applied to characterize web traffic aedctilected traffic trace were exhibiting
self-similarity (see for example [PF95]). This propertyans that the time series are bursty and these
bursts are retrieved on many timescales. It has been eddesrtmany kind of "multimedia” traffic. In
particular Ethernet traffic streams, video traffic and Welffitr exhibiting self-similarity was evidenced
by many researchers. The Hurst paraméfef{Hur51]) is giving a grade of this property. In [BG05a],
this grade was determined for different services for a sitgiminal, completing the investigations on
backbones performed by Leland and all [LTWW93]. Since timeny estimators for self-similarity were
developed for example by Veitch and Abry using wavelet asialpyA99]. Following (re)investigations
of IP traffic traces have conducted to a general rejectiohePpisson model as initiated by [Pax94]. One
drawback of self similarity is that aggregation does not astndhe overall trace and has more stringent
requirements on the buffer size. The formulas from Norrdd&REV91]) provide bounds for the buffer
size depending off.

Moreover a multitude of web models have been proposed baselifferent measurements. These
models were mainly developed to describe the total traffia oetwork backbone. To be included in our
study, we need a model capable to describe links of limitgaciay. Since the traffic is elastic, blocking
can not be described with the Erlang formula, but an equinale characterize web traffic would be
useful. In general web models were developed independertitire each group has developed its own
model without performing comparisons with previous modélfis doesn’t ease the selection of one
particular model.

Model aggregation  Considering aggregation of sources, there are not so madjestavailable,
taking into account in particular the constraint of a (dagllink with limited bandwidth. In his thesis
[Hap98], Hapke presents an approach for successive cheration of web sources. Characterization
are performed at different levels with a model used at eanb.tiAlso, matrix-analytic methods have
been used to get analytic results for queueing charadtsrist web traffic, with a state based modelling.
For example, in her PhD [Ris02], Riska describes state ggtganethods to calculate more easily state
distribution. Since the states used by these models areetaied with physical elements, it is not
interesting for the superposition of models.

[AMS82] was one of the first attempts to describe the supéipnf sources and to analyze system
performances. The superposed behavior is obtained by thenzal values of the roots of a character-
istic polynomial depending of the number of sources comsitle

1.3.1.2. Queueing theory

The necessity to model the amount of resource needed toderaemmunication was necessary from
the beginning of telecommunications services. For thisagraqueueing theory was always an impor-
tant companion of traffic modelling. Further developmentsjiieueing theory are of benefit for traffic
modelling.
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Short historical overview The pioneering work was realized by Erlang (1878-1929 ttefflBHJ99])
in a context of circuit based telephony. Erlang showed ind1®@t the Poisson distribution applies to
random telephone traffic and determined the now classicdl@enfor loss and waiting time. As a trib-
ute to the work of Erlang, the C.C.I.F. (Comité Consult&tiiernational Téléphonique, a predecessor
of ITU Telecommunications sector (ITU-T) and Comite Coteifl Internationale de Telegraphie et
Telephonie (CCITT)) decided in 1946 that Erlang is used adrific unit to honor his memory even
if it is dimensionless. Some of the other major pioneers iauging theory and dates of their major
works are Tore Olaus Engset (1865-1943) (first paper on dqugu®18), Felix Pollaczek (1892-1981)
(first paper on queueing 1930, [Pol57] who developed transformula for queue length distribution),
Conny Palm (1907-1951)(first paper on queueing 1936,) hEurtork was done by Andrey Kolmogorov
(1903-1987), (first paper on queueing 1931) Alexander Kiim¢1894-1959), (first paper on queueing
1932).

In 1953, David G. Kendall introduced the A/B/C type queuaiiogation. He also derived new settings
for the integral equations describing certain queueintesys in [Ken53] which are now quite standards.
In [Ken51] also generalized the usage of the embedded Matkain. Lindley’s Integral equation (
from D.V. Lindley, [Lin51]) is a formula to investigate ques with more general arrival and service
distributions.

The proof of Little’s formula (so called because it was firsbyed by John Little ) was published
in 1961. Lajos Takacs effectively applied combinatorialtmoels to queueing theory. He developed
an integro-differential equation for the waiting time distition in the transient state for an ordered
gueue with Poisson input whose parameter depends on timaadbitrary-holding time distribution
([Tak55]).

D. R. Cox introduced the Supplementary variables techn{§9é5) to analyze queues. Ronald W.
Wolff named, popularized and gave the first rigorous proahef”’Poisson Arrivals See Time Average
(PASTA)” principle ([Wol82]). In essence, it states thatsebvations made of a system at time instants
obeying a Poisson process, when averaged, converge tchgiteie value, that is to the average that an
ideal observer would make when monitoring the system coatisly over time.

All these researchers and many of their scientific desceéadsave further developed the theory of
gueuing and it becomes difficult to cite all of them. But atsthbint, it is necessary to add Marcel
Neuts who introduced the matrix analytic method (1981). disoe of the journal Communications in
Statistics - Stochastic Models, he promoted a large vadgétjueueing models. He contributed a lot to
the description and investigations of the models desciilvéite next paragraph.

To complement this historical overview, a summary of usgidueing results related to this thesis are
gathered in section 4.4.2.1

Matrix geometric solution in queueing theory The development of Markov Modulated Poisson
Process (MMPP)/Batch Markovian Arrival Process (BMAP) misdvas pushed by some research group
after the advances of Neuts ([Neu81]) and the developmantatrix geometric methods have given birth
to methods for the derivation of methods for the calculatbtbrueuing characteristics of BMAP/G/1
queues [Luc9l]. The development of the BMAP benefitted frbimm approach and lost his name of
N-process (N for Neuts) it had for example in [Ram80]. Thisdeloenables the calculation of the
waiting time distribution that was then only obtained bynsform relations. Furthermore, the group of
Klemm ([KLLOZ2],[KLLO3]) derived a tool for parameters dedtion from IP trace measurement. The
EM-algorithm based program derived in the framework of thissis, for estimation of parameters of
MMPP and BMAP is furnishing similar estimates as their tool.

1.3.1.3. Traffic models overview

Current Models review  [RMV96] gives a picture of the different models that can bedus model
network traffic. In [AZN98] the focus is given to what is exped from the traffic models: 1) need
of variability between mean and peak rate, 2) presence oéledion (short range dependence or long
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range dependence), 3) convergence of aggregated modefmtssian model; and then simulations are
realized with a selected model (M/Pareto). This first exangblows that the model selected is often
tributary of what the model is expected to exhibit. In theréiture, a huge number of models are present,
and it would be unrealistic to review them all. For exampte[HKS99] or [KM0O0], a long review of
models is conducted with more that 60 references, each wf tlescribing a model or a traffic generator.
The parameter of each model could be then tuned to have a galigtic fit to some measurements. This
review of models is completed by a classification.

The models for network traffic consist in the description afuantity (data volume, packet size)
at time instants. Therefore they are referred to as stachemtdels. In this category they have then
distinguished:

* Renewal models

- Poisson process

- Bernoulli process
* Markov models

- Markov Modulated Traffic models

- Markov Modulated Poisson Processes (MMPP)

- Generalizations like Phase type renewal processes, Magaewal processes, Batch Markovian

Arrival Processes, Discrete-Time Markovian Arrival Preses
* Fluid models
* Linear stochastic models
* TES models (Transform Expand Sample)
* Self-Similar traffic models

- Fractional Brownian Motion

- Fractional Gaussian Noise

- Fractional AutoRegressive Integrated Moving Average (MR)

- Wavelets

- On/Off Processes

- Poisson-Zeta Process

- Deterministic Chaotic Maps

- Aggregated heavy tailed models

- M/G/oo Model

- Self-Similar Markov Modulated

- GBAR (Gamma Beta Auto Regressive) and GBMA Processes (GaBeta Mobile Average)

- Spatial Renewal Processes

The first family is coming from the Erlang models for telepioihe family of self-similar models
have been developed in order to mimic some web traces thatelwadled such behavior for example
when they are observed at different time scale, they havaralds” behavior. The fluid models arise
from a different approach, when instead of describing uhjiackets they are assimilated to a flow of
fluid. The information transfer is then similar to water rimqout in pipes. Continuous and discrete are
suggested for example in the self-similar models: the ARIliMédel is suggested as a continuous model
and the Poisson-Zeta as a deterministic model. It is al$icwifto describe all these models accurately.
In this work, the focus is given on a few models, that are \seited for the considered study. These
models are summarized in section 3.5.

Deterministic or stochastic models In this work, only stochastic models were used even if traffic
can be described either statistically or deterministcall

Investigations with deterministic models have been dgesdan the framework of network calculus
theory. The network calculus is a theory that has developlediated algebra (like the min,plus algebra)
that enables to describe entities of a communication syétémo [LBTO1] for further reference). The
theory provides bounds for delay, but for the provision atrithution it does not bring many answers.
Every element of the network is characterized by an opematire adequate algebra. Considering all of
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them enables at the end to get estimates (bounds) on thensgsteavior. Newer research is underway
to develop a stochastic branch to increase the amount dfgdisat could be obtained. Network calculus
is becoming a self contained theory able to predict the ieha# TCP proposed in [BHO0]. Bounds
obtained in a simple system for web browsing were not vergig@nt, so not so much attention was
given to this theory.

On the contrary, stochastic estimates were preferred,usecie output obtained are more directly
usable. For example, for the investigation of sources, #& easier to get distribution of the data rate.
With deterministic models only a data volume function isadéd. This does not ease comparison of
models.

Multi-service models  For the study of data traffic in satellite system, the appgrgamposed in
the chapter 12 of [LWJO00], using a descriptor for every saryis providing a model for every service
component has a valuable applicability. Design of netwanktuding diverse services was done by
superposing the individual models leading to the concept’ofiultiservice” traffic model. Each model
is described by its session characteristics. The tablenbWwssthe parameters used for inter-arrival time
and session duration proposed in [WL98]. It shows the difieservices that have to be considered. This
was successfully applied in the ASSET and SECOMS projedhfodesign of satellite systems, with a
particular focus on system with time variable constellatid his topic is fully covered in a PhD thesis
[Wer02].

Session Birth Rate Mean Holding Time \

Service/Application

Telephony, Fax 1/h 3 min
Video telephony 2/day 5 min
Shared Applications 1/day 60 min
TV broadcast 2/day 2h
Audio broadcast 2/day 2h
Www 5/day 30 min
Email 5/day 0.25 sec
File Transfer 5/day 10 min

Table 1.1.:Statistical parameters used for application modellindgh@rnulti-service model

This model was recently further used by [LHO5] where a msdiivices models was used for system
planning of an aeronautical system. The models for web gndofume were adapted to current condi-
tions, because older models would under-evaluate thertwodume (popularity and frequency of use
have certainly is increasing in time).

1.3.1.4. System performance investigation

To our knowledge, there are few studies of investigationystean performance that are combining
analysis of performance together with realistic traffic msd In this work, evaluation of performance
metrics will be performed with different traffic models. Semwf these traffic models will be constructed
to be equivalent to other ones. The performance metricdsrcse shall provide similar outputs.

1.3.1.5. Level of operation and time scale of traffic models

Traffic models operate often at cell level. Other phenomenmddcbe considered like daily, weekly,
yearly variations. These variations play an important foteelecommunication operators that prefer to
see a constant load that a variable load. Similarly, geddgaprepartition of the population can modify
the traffic volume according to the amount of population i déinea considered.
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Moreover, traffic models could operate at different scaldne Tirst scale is a long-term view for
example if models are used in order to get hourly or dailyneatiion of the resource requirements of one
terminal. A second scale is a connection-level that willuies traffic estimates at scale equivalent to
connection length, this duration will be of the order of a utés. The third scale will be at cell level that
will be necessary if resource allocation is modelled pedgisFor example in DVB-RCS standard, the
resource allocation is performed on "Super”frame basisivery 26.5 ms.

Depending on what kind of results are required, one of thie seidl need to be chosen. The first scale
will give macroscopic results and should be able to run effitty, the third scale will give very precise
models

1.3.2. Satellite traffic modelling

Architecture and protocols At our level of consideration, the satellite is considerecaonveyor

of data. Different standard try to federate the format oadgdffic conveyed by satellite. A first tendency
was to enlarge the Asynchronous Transfer Mode (ATM) prdtémothe use in the satellite case. The
protocol is popular for high speed networks and its usagedtellite was pushed till the late 90. Af-
terwards, the Digital Video Broadcasting - Satellite (D\&3-offered a set of protocols for satellite data
transfer that is preferred because of the wide availabilftghipsets developed for the TV market. In
the next chapter, the satellite system will be considereghasement of the transport level and the type
of protocol used is not playing a major role. Both protocolB ke kept in background as the possible
practical realization for real systems.

In the projet Atm-Sat ([BWD05]) a generic architecture for such system is proposed. what
concerns traffic models over satellite, a review of modefsrésented in [Ryu99] with the correspond-
ing architecture in [CRD99]. They introduce the concept fiéaive and actual sources, that will be
generalized in chapter 2.

Performance analysis  ATM over satellite [GJG 99] was first investigated because the ATM was
becoming a broadly used protocol in terrestrial networks [MSTBGE99], the terrestrial scheme of
resource allocation were generalized to the satellite.cabe satellite system based on ATM did not
really come to reality, what would have enabled further stigations of networks performance.

The theory of equivalent bandwidth provides a measure olrege usage which adequately represents
the trade-off between sources of different types, takirger account of their varying statistical charac-
teristics and quality of service requirements. For refeesron equivalent bandwidth refer to [Kel96].

In IP based networks, there are some schemes that allow tteemgioof Quality of service (QoS)
to be considered. Mainly in such networks two different @esfture could be chosen: the first one is
integrated services (Int-Serv) and the second one is diffeted services (Diff-Serv). In the first case,
all flows are considered in an unique main stream and in thenskecase, different flows are maintained
in order to reach different negotiated QoS levels.

Considered services  The services can be classified in real time services or ndnimaa services.
A third category would be killer applications that are resfireg more that what the system is able to
provide and that should be hence be identified and avoidediddrthe real-time services, a further
distinction can be done between real time conversationgcesrand real time streaming services.
In this work, the services offered by the communicationaysare mainly IP services. It means that
the entities used to transfer the data are mainly IPv4 packet
The services considered will be:
e Voice,
e emails client,
e Vvideo client,
e web browsing.
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The corresponding traffic models will be presented withHertdetails in section 3.2.

1.4. Work organization

After this introduction, in chapter 2 the aggregate trafficd@l pyramid will be presented. This is the
framework that has been chosen to investigate the trafficsfeowghanged in the system under study. The
rest of the work is strongly conditioned by the organizatdthe pyramid model.

In chapter 3, the basis for traffic modelling are exposed. &orodels of particular interest for the
remaining modelling work are further discussed. The dédimit introduced in chapter 2 enable the
description of some traffic models. The models from the farafl MAP (Markov Arrivals processes)
are described. In particular, On/Off, Phase Type (PH) reheMiMPP and BMAP traffic models are
presented because they are used for application modélitiragldition, the methods for the identification
of the models parameters are listed. Since no unique methatkfiving the parameters in every case is
available, different methods for obtaining the model patars are presented.

In chapter 4, the system that was chosen for traffic invettigas exposed and the operators in use
are instantiated. This chapter provides the transitiowéeth the two theoretical chapters and the results
obtained with a simulator. The scenario considered is hdeseribed with the concepts and operators
that were introduced in chapter 2.

In chapter 5, results of multi-levels study of voice aggtegaare presented. Taking this particular
example, the aggregation at different levels is preseriteg@articular, the match between "equivalent”
models are investigated: analyzing if the generated flowe Bamilar or different characteristics. This
study is generalized in the next two chapters.

In chapters 6 and 7, the results at respectively the noderandport level that corresponds to the
different levels of the pyramid are presented. A carefukgtigation on the modifications that occur
to the traffic stream during transmission over the pyramigadormed. Chapter 6 focusses on the
results obtained at node level. Gains in complexity areinbthat node level, more easily that would
be obtained at subscriber level. Chapter 7 reviews previesislts viewed at the transport level and
demonstrates equivalencies between different models.

Within chapter 7, an investigation with purpose of systemetisioning of a particular scenario is done
using the models exposed earlier. The results here are mactqgal results, for example estimation of
future system performance metrics.

Chapter 8 summarizes the principal achievements as a cmeland gives direction for further re-
search.

This organization is then following the pyramid approackhia following sense: Chapter 2 introduces
the pyramid traffic model, Chapter 3 populates it with théfitanodels, Chapter 4 is explaining how it
was practically used. Chapters 5, 6 and 7 present numeeisalts justifying the overall approach.

10



C’est unepyramide, un immense caveadu,
qui contient plus de morts que la fosse commune.

Baudelaire, Spleen LXXVI in Les fleurs du mal

The aggregate traffic model pyramid

In this chapter, a model for the overall traffic descriptionaicommunication system is presented that
is applicable to scenarios like the reference one introdiicethe previous chapter. With this model,
different levels of description are distinguished: the leagion level, the subscriber level, the node
level and the transport level. First, the main principleshis model are exposed. A description of the
different levels then follows with a review of the appropeiparameters for the characterization of each
level. Afterwards the propagation of data packets betwkendifferent levels is analyzed and other
aspects of the hierarchical modelling are introduced. Kepthis modelling approach, performance
metrics are defined. Finally a scenario is introduced thhte&ianalyzed numerically later in this study.
To summarize, in this chapter, a hierarchical organizatibtraffic modelling is introduced in order to
give the overall framework for this research work.

2.1. Principle of hierarchical modelling

In this section, we present our model that is based on tharcigical description of the sources of
information in a communication system. Depending on theired level of details, an abstract model
has been constructed with the shape of a pyramid to refledti¢harchical organization. This pyramid
can for example describe the traffic that is transmitted awatellite system as shown in next section.
The purpose of this model is to enable a description (ovéereifit levels of details) of the data traffic
generated by the source of information in a telecommuminaslystem. Indeed, a telecommunication
system is concerned with the transmission of informatiamfra source to a sink. This transmission
generates a given volume of information, that we want toattarize. The transmission of information
between the source and the sink is realized through diffégeels, that are identified in the next section.
However, this transmission through these levels occuls miitdification from the inter-level interfaces,
that modify some characteristics of the data transmittdglo A parallel to the description of the model,
some definitions and notations will be given in order to déscthe data traffic, depending on the level
at which it is measured.

To simplify the description, the traffic flows will be considd from the bottom to the top. By pro-
ceeding this way, the volume of data traffic will increasehtite level, therefore requiring traffic models
capable to describe the aggregated flows up to the highetsléhvhe construction of such an aggregated
model will be done level by level with the target level beitg description of a traffic model over the
satellite transport level. Before to proceed with the madeistruction, the considered levels need to be
precisely defined.

Definition 2.1.1 (Aggregate traffic pyramid) The aggregate traffic pyramid is a modelling approach to

11



2. The aggregate traffic model pyramid

| Transport level|

Application level

Aggregate traffic pyramid

Figure 2.1.: The aggregate traffic pyramid concept

investigate traffic model over a transport level. The follgywknowledge is assumed:

- all the applications used in the system are naigdvherea; is a set of parameters characterizing
completely the application

- all the subscribers registered in the system are natgdvheres; is a set of parameters charac-
terizing completely the subscribgr

- all the access nodes of the system are netgdwhereny, is a set of parameters characterizing
completely the nodk.

The different associations of the 3-ujjiej, k) have a pyramidal organization.

Figure 2.1 illustrates the pyramidal shape of the trafficeggtion modelling process.

2.1.1. Example of model usage

The aggregate traffic model pyramid is used to describe ttitesrinvolved in the generation of traffic
in a communication system. In the following scenario, degicon figure 2.2, the pyramidal hierarchy
is used to describe the entities involved in this typicakdas multimedia application services provided
by satellite. Two pyramids were used and each pyramid quorets to either the client side or the
server side. They have a common concentration point at &msgort level. The basis of the pyramid,
the application level is after rotation, at the left side ttoe client application and the right side for the
web server. Our goal in this example is to get traffic modelthatdifferent levels of aggregation in
the system. In particular a traffic model at the transporéllés needed that could be combined with
an application traffic model in order to evaluate the usesfsation in a loaded system. The depicted
scenario corresponds to the download by an user of a donsaséliite terminal of a web page located
in the satellite ISP server. The ISP is offering internettenhover satellite for remote areas. At the
application level, a web browser client which peer is a welveselocated on a computer in the ISP
Network is considered. The subscriber of web browser clagplication is located in a local LAN
which share access to a satellite terminal for a collect@® company. On the peer side, the web
server is the single subscriber of gateway terminal of tiep&viding internet access. In this case, the
effective performance of the web access can be investigtatudy if this service can be provided with
acceptable rate, to evaluate the requirement for the isat@fid the number of acceptable customers.

In the case presented the entities are the following: atppécation level, there are the voice client,
the video client and the web client...; at the subscribeel|eere are the computers used by the user;
at the node level, there is the satellite terminal, at thestart level there is the satellite system. The
pyramid organization seems able to map concrete commigmnsatystem as will be shown again in the
following description of the investigated test case. Aftards, the requirements from a traffic model
will be derived.

12



2.1. Principle of hierarchical modelling

I e e e e T e ]

Web server

Application | Subscriber

| . . o
| | Subscriber | Application
level level level | level I level
| I

level level
_______ dilE )

Figure 2.2.: An exemplary scenario with the different level of descopti

2.1.2. Investigated test case

In this thesis, the ideas developed for traffic modellind kél applied to a specific case similar to the one
developed for the WirelessCabin project ([Jah04]). Theiaita provide aggregate models for a satellite
system providing voice and internet access to aircraftgragers. The considered applications will be
voice and internet access, the subscribers will be theadirpassengers, the node will correspond to
aircraft satellite terminal (one per aircraft), and thegort level will be assured by one satellite system
with a return channel compliant with the DVB-RCS standand affirst time, aggregated models with
detailed models to prove their practical validity will bengpared. In a second time, a system analysis
with the help of these models will be performed. The pararaefdetails of applications parameters,
number of subscriber per aircraft, number and type of nodeidered, satellite segment parameters)
of the system will be detailed in the later presentation eftiést case, but at this point we present the
entities considered in their pyramidal organization.

2.1.3. Requirements for the modelling approach - Fundament  al features for the
model

The needs for traffic modelling are summarized hereaftest,Rhe modelling and its required level of
abstraction is evaluated. Afterwards the characterisfiise model are enumerated and justified. Finally
the relevance of data modelling is discussed.

The modelling of traffic is based on the description of pagleetchanged inside the system over time.
These packets need to be described at the different entitiese they are transmitted from the source
to the sink. In this approach, these entities are organirediferent levels, that corresponds to their
physical position in the network. The hierarchical relagbip between the entities is indicated by the
shape of a pyramid (as shown in figure 2.1). Another requirgrizethat the models shall be able to
describe the diversity of services considered at the aic and to provide an estimation of their
respective influence on the transport level.

The models have to provide the following features:

e Comparison between two different models must be possible
e Measures for performance evaluation shall be possible as:
— describe packet volume
— describe free slots for insertion of other flows of traffic
— get performance estimates (evaluation of QoS per streday)de
At this point, we can also review the benefits that are expefcten such a modelling approach.

1) Ease of use (the use of aggregate models shall ease théet®system design)

13



2. The aggregate traffic model pyramid

2) Scalability (each of the levels can be easily re-scaled)
3) Modularity (One part can use aggregated models and meélenadturate simulation can be main-
tained)

Another point to tackle is the precision that is expectedifeotraffic model. In the following, stochas-
tic models are proposed to model the stream of traffic. Eaalization of such model has a random
origin. Between the modelled stream and the original redbtiete will always be an inherent difference
between the model and the original target. This must be rdsased when comparison are performed.
It will therefore be necessary to develop criterion or mdttm compare models.

2.1.4. Data model: a level-centric organization

In this section we present how the data are exchanged by shensyat the different levels and what are
the consequences for the exchanged traffic.

2.1.4.1. General concepts

i

Transport level

Node level
! 7’3& 7’3& 7’3& 7’3& X
Subscriber leve
E NN I N

Figure 2.3.: Protocol stack in the aggregated model

Data packets Figure 2.3 represents the data that are exchanged betweeliffdrent levels. Each
level is using specific packets either of fixed size or of \@éasize. The figure shows in particular that
the packets of one level have a different format than the gtadkom the other levels. The packets have
been namedy, ..., P,. The differences in the packet formats used at the diffdexis are indicated
by the different colors for each level. To handle the différg/pe of packets, an interface between the
different levels is necessary. This interface is respdasibthe conversion of the packets at the different
and is performed using the operation of fragmentation amdéwrinsertion on one side and its opposite
operation on the other side (header extraction and rea$gefackets).

The size of the data manipulated by the different levels,péheket size and the overhead are now
defined.

Definition 2.1.2 (Packet size) At a given level, the size of a packé®, is called.S,.

This size may be bounded by a valgg'® which is the maximum packet size. This size can be
different for every packet. In the definition of the packeeatn, the sequence of the size is nof&g,, .

Definition 2.1.3 (Packet payload and overheadit a given level, the payload of the packet, is the
size of the information bits in the packet. The overh@ads the information added on the packet for its
transmission over the level. Of courSe= C, + O,
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Figure 2.4.: Representation of the size of a packet

In some cases, like header compression for voice trangmistsie overhead, can be negative. For
example in case of header compression for the traffic geatelata GSM base station, a scheme can be
implemented that transmits a batch of packets togethereandves the repetitive header of these packets
when they are send together and replaces by a common (olirepadtonstruction) header. If the size
of the added header is smaller than the size of the headee aluibpressed header, th@p < 0. This
reduces the transmission capacity requirements.

Figure 2.4 shows an example of a data packet with the partiteiween the payload part where the
information bits are stored and the overhead part where éaddr, check sums and other information
useful for the packet integrity and delivery are contailve@ractice the location of the information bits
in the packet can be organized differently.

The header insertion is the addition of information neagsiea the transmission inside the considered
level.

Level translation operations When the transmission from packets from the applicatioelléy
the transport levels, some operation are necessary in trdeodify the packets format for their correct
transmission over the different levels.

Definition 2.1.4 (Fragmentation) When the size of a packet is not compliant with the format ef th
considered level, it can be splitted ihsmaller packets which are compliant with the format for the
considered level.

| Imitial packet

/ \ Fragmentation

| | in 2 packets

Haader inzertion
d J Fragmented packets

Figure 2.5.: Operation of fragmentation

Figure 2.5 represents the fragmentation of the previoussciibed packet (with its information con-
tent and its overhead) in two packets. The fragmentatioreifopmed on the total size of the packet
and the overhead corresponding to the correct level forsreddled (if header compression is performed,
then the header can be negative). The header insertion éltligon of data necessary for transmission
management with the considered format.

Definition 2.1.5(Level interface) To perform the transmission of one packgtfrom the level = i to
the levell = i + 1, level interface functions are called to translate the imiog packet into the next level
format. These interface functions will include for the vgsin transmission

e a function lower level data request sent by the lower leveh#interface to request data trans-
mission to the upper level.
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Level i+1

Interface if/i+1

Figure 2.6.: Principle of the interface between two levels

e a function upper level data indication sent by the interfexéhe upper level to indicate that data
can be send

Figure 2.6 shows the interface between two levels. The leveli is called the lower level and the
level ¢ = i + 1 is called the upper level. The interface functions are daliea Service Access Point
(SAP) which go through the levels.

Many to one data aggregation The hierarchical organization of the pyramid also impliest the
"many to one” structure will be often encountered. We haveea structure over the levels with the trunk
at an upper level (target level) and leaves in an lower levagjify level). The data flows from all leaves
are aggregated to form a new data flow in the target level.

. (M 0O W00
|Subscr|ber Ieve|| - -
/ Time
| I I k” 3 s I s [ |
Application leve D — (]
Time

Figure 2.7.: Addition of two applications traffic streams into a subseritraffic stream

Figure 2.7 shows the addition of two applications into a stiber traffic stream. The target level is the
subscriber level and the origin level is the applicatioreleW he interface between the two applications
and the subscriber level is receiving the data packets flomapplications. The output rate of the
subscriber was assumed to be twice the incoming rate, sveegeackets are served two times quicker.
For this reason, the packets are represented shorter attiberiber level (half of the original length) but
with a double height in order to keep a constant amount ofin&bion transmitted.

Data transmission in the pyramid Since we are investigating the data flows during their tragsm
sion over the pyramid, the data have to be transmitted oViavals of the pyramid. So the transmitted
data suffer from translation over the different levels.

Figure 2.8 shows an expanded form of the pyramid. Packetaomanslation occurs at the interfaces
between the different levels. Moreover, the aggregatioth@fpackets of one level (origin level) to the
next level (target level) is generating packets conformmthe format of this level. The packet format
in the picture has the same representation as in figure 2Bthétformat of the aggregated output. For
example the block of application of the detailed subscrilseraggregated at the subscriber level. For this
reason the border of the application has the formaPppackets, which is the format in the subscriber
level.
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Figure 2.8.:Pyramid in its expanded form with the different packet fotsna

Level Name | Packet Size | Overhead
Application | TCP | < 1500 Bytes| 20 Bytes
Subscriber IP 14 Bytes

Node MPEG | 188 Bytes
Transport | Frame| 3 Mpeg/TS

Table 2.1.:Packets used in the example

Buffering If the transmission toward the next level is not instantaisgopossible (or if insufficient
capacity is available), the incoming flow of data packetd lél stored in a local memory called buffer
before transmission towards the next level. Buffer havelamons impact of the delay of packets

Buffer is also occurring when the connection is being setbupin this work, established connections
are considered so that the transitory effects occurringumee of the connection establishment or release
are neglected. A corrective factor should be considere@ke this hypothesis into account. In real
system, before connection establishment, a registratitredNCC is necessary, and to establish a virtual
channel between source and destination.

2.1.4.2. Example

In the following example, the data packets used for the mégsion of HTTP data packets from a client
to a server using a satellite system are shown. This sceisasimilar to the one considered in figure
2.2. The client is sending TCP packets to initiate the cotime@nd to request a page from the server.
These packets are encapsulated in IP in order to be trapdrfrittm the subscriber computer to the node.
This mechanism can be associated with the fragmentatioheoflata if the generated packets exceed
the maximum TCP segment size. Furthermore, for the tragsonidrom the node to the satellite, if
the standard used in the satellite is DVB-RCS, the transomssill occurs in MPEG packets, so the
interworking function taking place in the node will requiaaother translation of the IP packets into
the MPEG format. Here again, the content of an MPEG packemiged to 188 bytes, so another
fragmentation will take place.

The traffic flow at the transport level may have propertiesdnadifferent from the ones at the previous
level. In particular, fragmentation will result in a rediact of the size of the data packets but will increase
the number of transmitted packets.

The description of the data units at the different levelsasassary to build a model of the data units
that are transmitted in the system. The information abogipticket size architecture is summarized in
table 2.1.
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2. The aggregate traffic model pyramid

2.2. The pyramidal architecture : a level-based aggregatio n

2.2.1. Levels and entities considered

The considered telecommunications networks are assuniedrapresentable with the following vocab-
ulary. In particular the element of the aggregate traffiapyid will be described accordingly. The next
four abstract definitions from [Hap98] are recalled becahsg provide an useful framework for our
study, which can be customized for the aggregated traffiamid. These definitions describe the flow
of packets that are exchanged in the system.

Definition 2.2.1(Network). A communication network is a set of entities and links.

(The original definition was speaking of nodes instead dfieatbut this term is reserved for the name
of particular level). The link convey data packets in whidformation can be inserted. These data
packets are transmitted over the network.

Definition 2.2.2(Link). A link is a medium able to convey data from one entity to amathe.

Definition 2.2.3(Entities) An entity is a element of the network.

We assume that each entity can be classified to one of thevinlidevels. With this terminology, we
have distinguished the following levels:
e Transportation level : the top-most level
e Node level : the entities that access to the transport level.
e Subscriber level : all the real users that share or have sitocesnode
e Application level : all the services that the subscribeeswsing and that are generating traffic.

Definition 2.2.4 (Levels) A level is the characterization of the type of entity. It isetbby/¢ where
1 < ¢ < 4. The application level is denoted lBy= 1. The subscriber level is denoted by= 2. The
node level is denoted lly= 3. The transport level is denoted By= 4.

Each entity has one of the following type:

Definition 2.2.5 (Application). An application is a data communication service that is eite infor-
mation source or an information sink. In the following, dpations are considered as sources of the
data traffic.

Definition 2.2.6 (Subscriber) A subscriber is a computer or a mobile device (usually condedrby
an human or functioning automatically) which provides datanmunication services. This device is
connected to an access node in order get access to the trdrsggonent. The data traffic generated by
a subscriber is due to the activity of the corresponding majions.

Definition 2.2.7 (Node) A node is an intermediate point in the data service provisign It is the
ingoing and outgoing point towards the transport level. Titerworking functions from the subscriber
level into the transport level are performed in the node. A& traffic generated by a node is the traffic
received from the subscriber connected to the node.

Definition 2.2.8 (Transport) The transport mechanism enables the transmission of dédtaekea two
nodes.

The figure 2.1 represents this model. In the packet formatptation (cf. figure 2.3), the packets in
the different levels were calle®;. The number corresponds to the level where the packet is manipu-
lated. The hierarchical structure is then obvious: theiegfibn level is the basis and all the applications
used by one subscriber "sums up” to build the subscribéidrdatfe traffic of all the subscribers of a node
also "sums up” to build the node activity, and finally the fiafrom all the nodes "sums up” over the
transport level. This construction of the traffic of lewelising leveln — 1 will be called aggregation.

This operation needs to be precisely described and theagnae of models shall be shown. Before
that, traffic models for a single level will be more precisdscribed.
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Figure 2.9.: Representation of a realization of an abstract unit stream

2.2.2. Traffic models

The aim of traffic models is to describe the traffic streamdiarged within the system. With the ter-
minology introduced earlier, we have to characterize tlypisece of packet®, for each levelk of the
considered pyramid.

2.2.2.1. Single level traffic model ( P; traffic models)

The following definitions enable to describe a traffic sour€bey introduce an abstract description of
data container .

Definition 2.2.9 (Abstract unit) An abstract unitl = (S,Z) is a pair of random variables andZ.

A companion definition is also introduced that will help thedel description

Definition 2.2.10(Absolute abstract unit)An absolute abstract uni* = (S,7) is a pair of random
variablesS and7 whereT is strictly increasing (absolute time).

The first interpretation of an abstract unit correspondshéorheasurement of one data packet at a
reference point. The random varialdfecorresponds to the packet length ahtb the elapsed time with
respect to previous packet (inter-arrival time). The sddaterpretation is done in a slotted system. An
abstract unit is describing the time slot contestis the amount of information in the time slot and
7 describes the packet timing in the time slot (relativelytie slot begin). If the time slot is empty,
S will be nil. In [Hap98] this distinction is called "packet m&antic” and "time slot semantic”. In the
traffic model presentation, absolute and time-slotted nsaate distinguished and correspond to the same
distinction. These two interpretations are depicted onréidi9 where the two approach for the same
traffic source are presented. Since the packgtand P, arrived in the same time slot, their sizes is
added in the slotted-approach, because the slotted apim@sees only one traffic descriptor per slots,
so some information is lost. If the time slot duration is $hibre loss of information is minimal. From the
slotted approach, the stream in the absolute approach catdestructed, assuming one packet arrival
per time slots. Under this hypothesis, the description ettaffic can use each of the approach.
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The absolute abstract unit complements the definition otbsract unit. The first random variable
S is identical to the one of the abstract unit and can be silyilgsimilated to the packet size or the
amount of information in the time slot. The second randoniatéde 7 is the absolute time of the event
is related tdZ in the abstract unit stream.

Definition 2.2.11 (Abstract unit in the absolute time referencé) pair (S,Z) is defined for every new
incoming packetsS is the size of the packet afddis the inter-arrival time i.e. the difference between the
arrival time of the packet and the arrival time of the pre\sane.

Definition 2.2.12 (Abstract unit in the slotted time referencejonsidering a given time slot duration
T, a pair (S,Z) is required for every: describing the traffic seen in the time slof’y, (n + 1)7]. S'is
the overall size of the packets in the time slot &nid the position in the time slot of the first packet. If
the time slot is emptyy = 0 and the value of has not importance.

Definition 2.2.13(Abstract unit stream)A sequence of abstract unifs = {2(;,i € N} is an abstract
unit stream

Definition 2.2.14(Absolute abstract unit stream; sequence of absolute abstract uriits = {2}, 7
N} is an abstract unit stream

An abstract unit stream and an absolute abstract unit stesafnles to describe the output of a traffic
model, because it is describing the sequence of packetstiover A finite sequence of abstract units
can be collected by a measurement of the traffic over a linkefample with a traffic analyzer. The
definition of the following operators enable the converdi@tween absolute abstract units and abstract
units.

Definition 2.2.15 (Converter from abstract unit stream to absolute abstraittsiream at instant).
Given a abstract unit streah = {2, = (S;,Z;,7 € N*}, an absolute abstract unit streadr = {2 =
(8i,Ti),i € N} can be elaborated such & = S; and7y =7 Ti41 =Z;11 + T; fori e N.

An operator(.)x that transformsb in ®* can be defined such as

* = (P)* 2.1)

T

Definition 2.2.16 (Converter from Absolute abstract unit stream to abstradt stream at instant).
Given a absolute abstract unit streabt = {2 = (S;,7;),7 € N}, for 7 < 7, an abstract unit stream
¢ = {; = (S;,Z;,i € N} can be elaborated such & = S; andZ;,1 = 7,41 — 7; for i € N* and
IQ = 76 — T

An operator(.), that transformsb* in ® can be defined such as
® = (&%), (2.2)

Definition 2.2.17 (Independent generatorpn independent generat@r is an abstract unit strean®
parameterized byp, ..., pk).

A P, traffic model is an independent generator.

Example For example, if we observe a TDMA satellite transport sysétithe node level, and assume
that the slot 1 of the TDMA frame is assigned to this node (keghe node data have no delay relatively
to each slot begin), and that this slot is fully loaded witktedd hen, in a slotted description, the abstract
stream will be{2},, = {(S,Z)}, = {(S3,0)}, whereS, is the length of data that can be accommodated
in one TDMA slot. For such traffic, a generator will hasg and the slot number as parameter.

On the other hand, for an example of absolute descriptiomaneonsider an application sending packets
at a constant bit rate. If the packets have a size of 800 bytbai@ sent every 40ms, the abstract stream
will be {2}, = {(S,2)},, = {(S1, 1)}, whereS; = 800 bytes and; = 40 ms. These parameters will
be the parameters of a generator modelling this source.sbhige is hence modelled by an independent
generator (which is a constant bit rate generator).
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Figure 2.10.:Representation of a the aggregation of an abstract un#rstre

2.2.2.2. Aggregation operation

The operation of aggregation is an important operation seiilee the traffic hierarchy in our model.

Figure 2.10 shows the basic aggregation of abstract stre@s Two input traffic stream have been
aggregated into one single traffic stream. The operationggfemation has removed the single flow
information. Moreover, the depicted figure shows that tke sequence and inter-arrival sequence has
been deeply modified between the two streams present béfaggregation and after the aggregation.
The operation can not be easily described because of theseipeocess to take into consideration. It
appears that the following elementary steps can be comsider

i) flow addition,
i) level conversion,
iii) effects of entities and links on the transmission pditmifed output capacity, buffer and scheduling
policy implemented)
Our goal here is to obtain an operator able to characteraentidification that occurred on the traffic
stream from one level to the other one.

The easiest characterization would be the aggregation @ftvgtract unit streams into one abstract
stream.

Definition 2.2.18(Aggregation operator)Given two abstract stream; and ®, considered at the level
¢, the aggregated streah = ®; T @, at the levell + 1 is the result of the aggregation of flows and
D,

What are the properties of the operafor? It is not commutative®; T ®y # ®,T P, because one
of the flows can be prioritized). The "empty flow” which compesds to no traffic is not such that
O =, TH? = &4 because of the transformation related to the level corarsn the following it will
be written

=0, Tdy = {(1 D D)2} (2.3)

where®, /A, 1 are the elementary operators that are described hereaftérstand respectively for
addition of streams, level packet conversion and levelaondtion).

Addition of abstract unit streams If the aggregation of two traffic streams is considered, éhes
streams have to be "aggregable” which means that the taféictmputs can be accommodated into the
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output. If storage is impossible, then the instantaneoiits hiave to be smaller that the output capacity
of the addition point in order to be added without the ocawreeof packet losses; in this case the two
streams are not "aggregable”. It is assumed that the added donform to this criterion.

Definition 2.2.19 (Addition operator) Given two abstract unit streamB; and &, at the levell, the
summated streari® = ®; & P, is the stream at the levélsums of both traffic flow which consist the
output of the level on the interface towards the next level.

From two incoming abstract unit streams an output strearistoucted. Here, instantaneous addition
is considered, buffers and priorities between streams ¢@ner scheduling concerns or abstract unit
discard cases) will be tackled later (the QoS scheme is idescm 4.1.3, an opperator dealing with
it is described in 4.2.3.1). Moreover, this addition is atdodied at a constant level, which means
no conversion of abstract units (abstract units are nonfeaged or reassembled). With these strong
hypothesises, the only concern is the capacity of the output

The addition from two abstract unit streads) = {2AV} = (S, 7)) ando® = (2P} =

{(SP 7} into the abstract unit streafn = &) &d(2) = {2A} will be characterized for each following
case:

Slotted addition It is assumed that for every time slot the output has a maxdhoatapacityS,,.. For
alli, SV + 8® < 80y with
A = (S;,7;) where S =8 +8%, 7, = min(z!V, 7?) (2.4)

2

At this level, information about the original streams hasrbéost. However for the performance
evaluation, questions like where are the abstract unitoofdl(!) located in the flowd will need to be
answered.

Absolute case: In this case, it is more difficult to determine whether the twput streams can be
added. First the procedure for the construction of the duspexplained and then, its compatibility with
the output link is examined.

Hereafter the absolute time sequence is needed which i fooih the absolute time sequence from
the stream; and®, by {7;") = Zézlfj(»l)} and{T;? = 22:113(2)}, 7; is the ordered sequence of
the union of the two sequences. The type of arrivdl;as notedr (). Then for alls,

A = (S, Z;) where S;=8" =T —Tiy ip= mjax(E(T(i)) <T) (25)

(i)

If the addition is not performed instantaneously, morecdédi addition operations have to be con-
sidered. If a buffer is implemented, some packets can bedtif the output capacity is too small).
Moreover a selection of the packets can also be performeddier @0 assure some quality of service
constraints.

Level packet conversion

Definition 2.2.20 (Level conversion operator)Given one abstract unit streadd®) at the level?, the
stream at the level + 1 &+ such that

q)(f+1) — q)(g) AZ—W-Fl

is the converted stream of the input stream into the Iéwell. The output stream is conveyed \8a, |
packets.
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Figure 2.11.:Representation of a dependant generator (dependent enitldependent generators)

Here we can say
(D1 @ 02)° = (P2 &1)° (2.6)

because the level conversion operation is only relatedetgémeration of packets in the upper level and
independent of the inputs streams.
The conversion operator can follow different policies,tth@l be summarized hereafter in order to
show what the operator is practically doing on the input flow

Inventory of conversion policies
e Fixed sized with fragmentation: the output packets havesime fixed size and are composed of
an header and a fragment of the input packet. This results incaeased number of packets, but
the packet size is constant.
e Header adddition without fragmentation: the output pasket composed of the complete input
packet and an header.

Level conformation

Definition 2.2.21 ( operatorX). The operatorD is converting an input stream in an output stream
compliant with the format required on the output.

The format requirements can be for example a maximum cotigecwmber of packets on the output
(following a parameter like the maximum burst size), a tirpacing between the packets, a priority
scheme on the packets.

The difficulty for modelling comes from the operatarwhich action on the traffic stream is deeply
related to the level characteristics and that its modificetion the output stream are not easily traceable.

Another question arises when priorities between packetscansidered to decide whether one or
many outputs shall be considered. Considering one singfgublept the further description (at least
abstractly) simple and considering many output eases thdlihg of differentiated streams.

In order to approximate the action of the operatpra series of operations will be suggested for each
level that describe the more important action on the strerago the level conformation (refer to section
4.2).

2.2.2.3. Multi level traffic models ( P», P3, P+ models)

The models forP, are firstly similar to”; models in the sense that a description of the packet size and
time of occurrence is required, so that a description of bstract unit streams is necessary. What makes
the models different is the dependency of the consideredrstiof the streams present at the application
level.

For these reasons, let us introduce the following definstion
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Definition 2.2.22(Dependent generatorYhis generator is dependent of other generators locatedeat t
lower level. Letr, be the number of lower level generators. Each of these g@srsrhave an abstract
unit stream®;,. A dependent generator is then a function

G((pl,...,pk,(bl,...,(bng):(I) (27)

with @ is the output abstracts streams aqd, . . ., px) a list of parameters.

In then, lower level generators can be either dependent or indepegdeerators. Figure 2.11 shows
a dependent generator that is depending of three indepegeiearators at one level lower.

Definition 2.2.23(Equivalent model) An equivalent model is a independent generator having threesa
properties as a (multi-stage) dependent model

The unanswered question is what are the "same” propertiggeafbstract unit streams. Heuristically,
the properties of the abstract streams are the same if tlfiéepwb packets transmission are kept when
an equivalent is obtained. We will define this more precisatgr by defining performance measures in
order to have metrics to compare two abstract unit streams.

Definition 2.2.24 (Aggregation level) Considering one level of the pyramid (application, subiser
node or transport level), the traffic aggregated up to thielaepresents all the traffic generated by the
levels below this one.

2.2.3. Mapping of protocols within the pyramid model

The OSI (Open Systems Interconnection) model is a refenerockel for network architecture developed
by ISO (described in [Day95],[DZ83]) to describe the corimecof open systems. It is divided in seven
layers which are:

e the physical layer: concerned with the real transmissiotherphysical medium,

o the data link layer: itis concerned with the correct trarssioin of frame over the physical medium,

e the network layer: it is concerned with the routing of thekeds from one side to the other side of
the network,

e the transport layer: it is concerned with the provision ofk® to the network layer and the
determination of type of service to the sessions

e the session layer: it allows the establishment of sessitwdam users

e the presentation layer: it enables with a check of receiad dnd of the management of appro-
priate data structure for an exchange with the application

¢ the application layer: it contains protocols that are nddmeusers.

Application Layer

Presentation Laye
Session Layer
Transport Layer
Network Layer
Data Link Layer

Node Level

Application level

Aggregate traffic pyramid levels OsSl layers

Figure 2.12.:Comparison between the pyramid levels and the OSI refelayees

Finally, the level 5 and 6 (session and presentation layerg® not such a major role and sometimes
they are neglected as in [Tan96]. As we can see, the pyramidawe presented, has some analogies
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2.3. Performance evaluation

with the OSI reference model. For example, the terms "trart$jand "application” are present in both
models. But, in order to avoid confusion, the pyramid usesllmstead on layer for the OSI reference
model. Figure 2.12 presents the relationship between bottets.

2.3. Performance evaluation

The communication system under consideration is suppodaglih an operating state so all performance
concepts related to system recovery, faulty behavior, rea@mce issues are not considered here.

2.3.1. Principle for stream comparison and metrics evaluat ion
2.3.1.1. Comparison of abstract streams units

In this section, the comparison of two abstract streamsvisstigated. It is assumed that two traffic
streams have been measured at two reference points. THéuslmibetween the two finite streams
¢ = {1}, ,, and®y = {As},  need to be evaluated.

Definition 2.3.1 (Traffic comparator) A traffic comparator is providing a metric measuring the $imi
tude between two traffic streams. A traffic comparator is taémction from®; and &,

TC (D1, ®) > 0 (2.8)

The following properties can be observed:
TC(®1, P2) = TC(P2, P1) (2.9)

and
TC(®1,®1) =0 (2.10)

So, if ®; is similar to ®,, we should gefl'C(®,®5) ~ 0 and otherwise in absence of similitude
TC(®1,P2) >0

2.3.1.2. Metrics: definition and properties

Definition 2.3.2 (Metric). A metric M is derived from an observable value that is evaluated from on
or several entities in the network. An observable value ima variable real value that is obtained from
the abstract stream unit.

This metric can be evaluated at:

any time instant, it is an instantaneous mefit{¢)

at sequential points of time, it is a sequential meig,

as a (temporal) average, it is an average metfic

by its statistical distribution, it is a density metulel,,,; wherem is a metric value.
as its extremum value, it is a maximum or a minimum metig, .. or M in

The density metricM,,,) is the probability density of the values of. If a sequencgmy, .., m;} of
the metric M have been collected, this density can be evaluated by amghésh onN, interval bins

mapping at least the intervahin; (m;), max;(m;)]. For every binb,(k), b.(k)], the histogram takes the

valuesh(k) = #{i,miG[bb(k)l;be(k)]vlﬁiék} )

Of course, there exist some relationships between thereliffanetrics that can be calculated. Figure
2.13 shows these relationships. For example with an irestanus metric, it is possible to get the ex-
tremums or a sequential. Similarly from the density, it isgible to obtain the mean. The instantaneous
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Figure 2.13.:Relationship between the different metrics

metric enables the calculation of every other metrics, hetdvaluation of this metric requires a lot of
storage capacity.

The physical point at which the metric can be evaluated idégnt of the location in the network
where is was observed (or recorded). The following pointheasurement are possible:

e on alink
Metrics evaluated on a link are abstract stream metrics.y Bne providing information on the
internal structure of the data packets carried by the linkcé&the output of a generator is a link,
these metrics can be used also for generators

e at two generator outputs (for model comparison)
Metrics evaluated between two generators can be used faglrooehparison. They are monitoring
"how different” the outputs are.

e at two measurement points, located at the same level
At these points, the metrics are related to performanceuatiah because they access the differ-
ence that occurred during transmission.

The general metric\! needs to be stated more precisely. Here are some possildevable values
that can be evaluated and typical metric evaluation.

e Data Volume (instantaneous, average)
Packets inter arrival time (distribution)
Arrival Rate (average)
Size-weighted arrival rate (average)
Queueing statistics at double rate (statistical distim)t
Delay, Delay jitter (maximum, average)
Session length at receive side (maximal, average)
Metrics will be used to compare streams. If the models are/algunt, the metrics have similar values.
Different evaluation of the difference can be conducted.

2.3.1.3. Metrics for stream comparison

The following comparators can be distinguished.

e integral comparator,
e difference comparator,
o statistical comparator

Integral comparator

/(f(¢>1,t) — [(®q,1))%dt

The integral comparator can be used to compare functiaredametrics (for example the inter-arrival
time distribution of two streams). It is inspired by the naderived by the scalar product on the Hilbert
space of real-valued functions of real variable that aresglsintegrable. In practice, if two functions
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y

Figure 2.14.:Example of three metrics which are compared with the integmanparator

have a similar shape, the area of their squared-differehak lse small and if they mismatch, this area
should be significative.

On figure 2.14 a distribution metric derived from three difg abstract unit streams are compared.
The integral comparator can be used to say ftiét;) ~ f(®2) and thatf(®,) # f(®3)

Difference comparator
f(q)lvt) - f((I)Qvt))

The difference comparator can be used to compare scalagd/ahetrics. For example, two average
metrics can be compared by the difference comparator.

Statistical comparator From the series of values of one metric, a 95% or a 99% confidieerval can

be derived. If another metric has a range within this intervee values can be assumed to be equal. It
is assumed that two traffic streams have been measured atfsvenice points. The similitude between
the two finite streamé; = {A;}, , and®; = {A>}, , need to be evaluated.

2.3.2. Metrics available in the pyramid model
2.3.2.1. Metrics derived from a single abstract unit stream
Given an abstract unit streadn metrics from the abstract unit stream can be derived, famgte from

a finite sequence of abstract unit collected during a te sbghé&r.

Data volume evaluation  The observable value considered here is the volume of datgtis =

Zi]i(f) S;. Itis an increasing function defined an a continuous time bas the slotted approach, the
sequencé/,, can be obtained similarly.

Definition 2.3.3 (Metric data volumeM, (¢)). The data volume is a instantaneous metric obtained by
summing the size of all the packets seen in the intdéval. From an abstract stream uni¢ = {2(;} =
{(8,7)} the volume is the partial sum of the sequefiSe

Figure 2.15 represeni$ty (t) for a given stream unit. The volume is located on the loweplgrand
is the sum of the sizes of the packets represented on the gper.

Data rate evaluation  The ratio over time of the data volume is the data rate.

Definition 2.3.4 (Metric data rateM ,,). The data rate is evaluated with a resoluti@i® on a corre-
sponding time scale and is the ratio of the packets size tneslot duration.
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Figure 2.15.:Data Volume metric

Definition 2.3.5 (Metric Cumulated rateM g,,,)- The cumulated data rate is derived from the data
volume by the following formula

[y V(t)at

M Rcum(t) - 1

(2.11)

Definition 2.3.6 (Metric Inter-arrival time statistioM 47(,,,)). The lat is a density metric obtained by
the collection of the inter arrivals sequen¢é}

Arrival rate and similar metrics The observable value is the rate of arrival of the packetsghvh
in gueueing theory is called, it is measured from the inverse of inter-arrival time.

Definition 2.3.7. Arrival Rate metricM 4 is an average metric obtained from the evaluation of the new
packets arrival during a period of time.

If packets of multiples sizes or time synchronous packetas are considered, the definition of the
rate needs to be precisely defined. Inter-arrival of dunafidhave to be avoided. A first approach is to
consider all arrivals as a single arrival of a batch of patkéh this case, the arrival rate of batches is
considered and a probability of batch sizes is defiféd) = >, Pr(S = b)z" whereb is the batch
size varying from 1 tm. This point will be tackled again when batch traffic modeld i introduced.
Queueing properties of M/M/1 queues with batch arrivalslmaeasily computed.

Combined metrics  If the information present in both seri¢sS} and{Z} present inl = {(S,Z)}
is used, the metric is combining the information. Hencdpfaing metric can be defined.

Definition 2.3.8 (Metric ThroughputM ). The throughput is a metric evaluating the amount of bits
that have been transported over a stream. It is evaluatedailar basis.
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Figure 2.16.:Data Rate metric

Queuing Metrics  Queueing metrics furnish interesting metrics for a trafioevil They are obtained

by assuming that incoming packets are stored in a commoimgagom and are served with a particular
policy. If the queues do not correspond to a real physicaliguiécan be assumed that the queue is served
with a ratep~! = 2.\ (wherey is the inverse of the mean service time ani the mean arrival rate)
constituting a double rate queue. This value is interesingbtaining queue size statistics because the
queue size is kept under control (wher= 2 tends to 1, the queue size explodes) and the queue is not
constantly empty that occurs when the load is too low.

Queuing metrics related to the queue size can be evaluatiifieaént instant of time : i) at the arrival
of a new packet in the waiting room (at arrivals) ii) when akeds departs from the queue in order to be
serviced (at departure) iii) at randomly sampled instahtsme (arbitrary instant).

Figure 2.17 represents the principles of a metric relatepigueing properties. In the depicted period,
five packets arrivals have occurred with respective size 3, 3.5 and 1.5. The queue size at packet
departure is monitoring the number of packets in the queeact packet departure from the queue to
enter into service. If the queue is empty at one packet aif@gat the first and second arrival), a first
work unit can be serviced immediately. The queue size atrtlgpdas then the number of arrived packets
minus the one served immediately. When no arrival occues gtieue size is decremented after each
packet service. The service queue of one packet is strargtafdly indicated on the picture.

Definition 2.3.9 (Metric Queue size distribution at packet departive, ,(,,;). Given a queue with load
p, the queue size distribution is the number of packet remgiim the queue

Definition 2.3.10(Metric stationary Queueing time at raieVlyy(;))). The queueing time is the time that
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Figure 2.17.:Queueing metrics: packet arrivals and size, queue occydpacket departures, station-
ary queue length

a packet arriving at will have to wait before to be serviced.

2.3.2.2. Packet oriented metrics
Relationship between packets

Definition 2.3.11(Relationship between packetsFiven two abstracts unitd(!) and2(?) measured at
two reference pointg; andr, with 11 is beforery in the transmission path,

22 is afragmentof AL if the part of the information conveyed %) is contained irRl(?) and it is

notedAM) < AR = 1 otherwiseAM) « A2 = 0 if the information in both abstact units is not related
21 is anorigin atom of A1) if part of the information conveyed #(2 was originally contained in
A1 and it is notedA™®) > AR = 1 otherwise if the information in both abstact units is notated

AL L@ = o

Definition 2.3.12(Originating and destination mapspiven two abstracts flows streanks and @, of
size (1 andny), the originating map is a function that associates to antites unit of ®, the set of
abstract unit(s) ofb; which are the origin of the abstract unit (or the set of all twgin atoms of the
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Figure 2.18.:Exemplary originating and destination maps

abstract unit). The originating map is noted
o@?) = A a4V € o1, AW qA® =1} for 4 € @, (2.12)
the destination map is a function that associates to an abstrnit of®, the set of abstract unit(s) of

®, which are correspond to the transmission of the abstract (orithe set of all the fragment of the
abstract unit). The destination map is noted

DY) = (A 21 € @, AV b2l = 1}oral) € @, (2.13)
The destination map could be empfy, (on the contrary the originating map should not.

On figure 2.18, the originating and destination maps arectieghi In this case, the maps for the first
four packets have the following values:

o) ="y o@f) = {aMy o@) = {2y o@f) = (", 2V}
)= pal)=@P a1 pal) =) b)) =)

The size of the abstract units could have been modified, Becaiioverhead that is added during
transmission. This will happen in particular if the trafftoemams are considered at different levels.
Losses

Definition 2.3.13(Flow Packet Losses)Given two abstracts flows streanks and ®,, measured at the
SAME leve¥. Every abstract unit of,, 2; = (S;,Z;) shall have a corresponding originating abstract
unit O(j). The missing abstract unit§{O(j), j = 1..n3) have been lost during transmission.
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Delay Delay can be easily defined when the transmission is obseitvil® same levels for the emis-
sion and the reception. For each correctly transmittedgddtis possible to calculate the experimented
delay by this packet. The delay is related to the evaluatfdheotransmission time in the system.

Definition 2.3.14(Packet Delay) the delay is the measure of the time difference between tepseen
in the first reference point and in the second reference point

(4) (4)
5= -3}V j=1l.n (2.14)
k=1 k=1

If the packet is not received, the delay can not be evalugdedh packets shall be accounted in the
lost packets, as explained earlier.

2.3.3. Performance evaluation oriented metrics
2.3.3.1. ITU recommendations

In the document [IT95b] some guidelines are given for evagathe performance of an ATM link
supporting B-ISDN services. These recommendations coeléasily "translated” for every type of
transport level.

Classification of transferred cells At two reference points,; andr, with r; is beforers in the
transmission path and located at #ane leve(¢ = 4), two abstracts unitd(!) and2(?) are considered.

Successful cell transfer outcome A successful cell transfer outcome occurs when at the ne¢erpoint
ro @ ceIIngz) = (8§2),Ij(2)) with a corresponding ceﬁtgl) = (Si(l),Ii(l)) at the reference point (such

that ngl) > ng.z) = ngl) N 215.2) = 1) is received with a delay smaller tha},,,, and the content of the
received cell is identical to the transmitted cell and thad®ee of the received cell is valid.

Errored cell outcome An errored cell outcome occurs when at the reference poirt cell2l§.2) =
(S](.Q),ZJ(.Q)) with a corresponding ceuz(l) = (SZ.(”,IZ.(”) at the reference poim (such tha&lgl)wl;?) =

mg” <12l§2> = 1) is received with a delay smaller tH&t, .. but the content of the received cell is different
from the transmitted cell content and the header of thevedaiell is indicating the presence of errors.

Lost cell outcome A lost cell outcome occurs when a c@lfl) = (Si(l),Zi(l)) emitted at the reference
point ry is not received at the reference pointwithin T}, (Vj € <I>(2)Ql§1) > Qlf) = 0 where®®@ is
the abstract stream unit measuredsain the interval[0, 7; + T},,4..| @ndr; the time of emission dﬂgl))

Misinserted cell outcome A misinserted cell outcome occurs when a @95&’ = (S](.Q),ZJ(?)) received

at the reference point, had no corresponding emitted cells at the reference poiiti € (I)“’Qlﬁl) <
ng.z) = 0 where®(!) is the abstract stream unit measuredain the interval0, 7;] and; the time of

emission oﬁ2l§.2))
Performance parameters

Cell error ratio  The cell error ratio is the ratio of total errored cells to th&l of successfully trans-
ferred and errored cells.
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Cell loss ratio (CLR) The cell loss ratio is the ratio of total lost cells to the tatbsuccessfully trans-
ferred cells.

Cell transfer delay CTD (average cell transfer delay)
CTD =t, —ts

wheret,: receive time relative to the synchronized time referenbemthe cell reached the Test Cell
Output sidez,: transmit time relative to the synchronized time referemben the cell left the Test Cell
Input side.

Note: CTD is one of the cell transfer performance paraméteery much depends on the cell traffic
in the test traffic, the controlled traffic and the real traffscsuch, as well as on the background traffic.

Mean cell transfer delay (MCTD) The Mean CTD is the arithmetic average (mean) of the CTD mea-
sured over the time peridth. MCTD(1y) = % a where a: number of received and corrd{ells
(no payload CRC fault: correct test cells) cdt: SummatiothefCDT (tr - ts) of all correctd’

cells*

Maximum (resp. minimum) cell transfer delay (CTDmax, CTDm)i The maximum CTDmax(resp.
minimum CTDmin) is the maximum (resp. minimum) of the CTD mm@a&d over the time peridf; .

Cell delay variation (CDV) Two types of CDV can be defined (1-point and 2-points CDV) delieg
wether it is measured at one or two reference points.

- 1-point CDV:The 1 point CDV is measured at a singe reference poiiithe negotiated peak cell
rate is requiredfl—P. An expected time of arrival is defined for each celldpy= k x Tp.
- 2-points CDV:The 2 point CDV is measured as the difference in the sequefitbe cell delays.
The cell delay variation is the maximum cell transfer delayua the minimum cell transfer delay
measured over the time period t1. CDV=CTDmax-CTDmin CDTmaxaximum cell transfer delay
CDTmin= minimum cell transfer delay

Transfer delay jitter The transfer delay jitter can be seen as the average variafithe CTD (Cell
Transfer Delay) around the mean cell transfer delay(MCTiDgoretically it is represented by the vari-
ance of the random variable CTD. Using the mathematical ditam

J = E[(CTD — E[CTD])?] = E[CTD? — E[CTD]?

wherelE]] : is the expectation of a random variable. The transfer dgtiey can be computed by the
difference between the mean square cell delay transferrensbjuare cell delay transfer.

Evaluation method

e Cell Error Ratio (CER) A continuous test cell stream containing is sent at the first reference
point. At the second first reference point the received @elsanalyzed during a time interval of
T. CER is calculated as follows: CE% whereN; is the number of received test cells aiNd
is the number of errored cells in thed® received cells. This method is only valid in the absence
of misinserted cells.

e Cell Loss Ratio (CLR) A continuous test cell stream containing cells is sent at the first refer-
ence point. At the second reference pawit cells are analyzed during a time interval of duration
T. CLR is calculated as followsC LR(T') = (NlT*INQ) whereN; is the number of sent cells and
N5 the number of received cells. This method is only valid indbsence of misinserted cells.

Connection Level Performance metrics
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End-to-End Call Blocking Probability Number of end-to-end call blocked/Number total of end+td-e
call

Throughput Number of bits that can be transferred per unit of time ovemtétwork

Connection Set-Up Delay Time elapsed between the connection demand and the caymactinowl-
edgement

Connection Release DelayTime elapsed between the connection release demand andrthection
release acknowledgement

2.3.3.2. Link with Quality of service

QoS is defined in the ITU Recommendation E.800 ([IT93]) as¥ad: Collective effect of service perfor-
mances which determine the degree of satisfaction of a fislee service. The note of Recommendation
E.800 underlines that the QOS is characterized by to the tmdlaspects of: service support and
service operability performance; and servability and iserintegrity performance. The definition of
Quiality of Service in Recommendation E.800 is a wide one mmpassing many areas of work, includ-
ing subjective customer satisfaction. However, withirs tRecommendation the aspects of Quality of
Service that are covered are restricted to the identificatfoparameters that can be directly observed
and measured at the point at which the service is accessdt:lmséer. Other types of QoS parameters
which are subjective in nature, i.e. depend upon user actiosubjective opinions, will not be specified
in the I-Series Recommendations on QoS (like [IT95a]).

2.3.4. Performance evaluation on the different levels of th e pyramid

The evaluation of performance metrics can be required #&rdiit levels. The first case is related to
the transmission and the reception of packets with theroagid destination located at the same level.
The second case corresponds to an evaluation consideffagedt levels. Most problems occur in the

second case, because different packets entities are ecsid

2.3.4.1. Intra-level performance

The problem investigated here is concerned with the désivadf performance metrics from traffic
stream recorded at the same level, then the identificatigauicular stream inside a particular stream.

Stream performance measures  When two traffic streams are consideréd!, S'} and{Z?, 52},
for every received packet in the second stream, the delabeaalculated as

6 = iz,f — EZ:I;
k=1 k=1

where?’ is the index of the emitted cell in the origin stream. In thealbte time reference, the delay is
the difference between the transmitted and received alestitoe.

Sub-stream in a stream  The identification of a particular set of cells inside an edagtunit stream
can be performed using the information in the header. Tlierdifit type of streams that are distinguished
can be:

-) asingle application (for example to identify a partiaug@plication),
-) a kind of application (to identify a particular type of ffia)
-) akind of cell type (to identify a particular type of celf®f example a specific QoS type)).
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2.3.4.2. Cross level performance

Typical questions that need to be answered in cross levebappes are for example: Given a initial
stream®(!) and a measured AUS* what are the performance of application ?

It is not possible to compare two streams at different leumsause the cells format is different. For
example if 10 packet®; are packed in on®, packet, it is not possible to measure the delay between
each of the singlé>; and theP, packets.

In order to be able to perform comparison of two cells coidcat levell; and/,, two procedure are
possible: 1) from the cells located at le¥g] an equivalent generator of cells at le¥gl This is possible
if /1 > ly. 2) from the cells at levely the further (virtual) reception is build till to level, with the
minimal assumptions. For this it is necessary that- ¢;. Each procedure is then bringing the problem
to the comparison of two streams at the same level.

The measured metric will then be metrics valid only if theelegonversion has not modified the
structure of the structure of the streams.

In the simulator, an inverted pyramid is present in orderdban output stream until levél = 1.
Moreover, most traffic generator will generate a trafficatndocated at level = 1, even if they were
constructed from measurements collected at another level.

2.4. Summary

In this chapter, the aggregate traffic pyramid was introducEhe four levels (application, subscriber,
node and transport level) enable a hierarchical descnigtiohe traffic generated in a telecommunication
system that follows the topological organization of thenmgks. In the following, the application to an
aeronautical satellite communication system will get dipalar focus: the relevance of the hierarchical
model will be confirmed and some numerical results of sinnutat for this case will be used to justify
equivalencies of traffic models. With the help of the pyraapgroach, traffic streands = (S,Z) can be
described at all levels. In the next chapter, the traffic n®dee introduced, that reproduce the streams
at the lowest level (sources models) and that can be useathtesrievel to reproduce the overall level
traffic (equivalent models).
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Thou, nature, art my goddess; to tiayv
My servicesare bound. Wherefore should |
Stand in the plague of custom, and permit
The curiosity of nations to deprive me,

Shakespaere, King Lear | 2

Traffic models in the pyramid model

3.1. Single stream traffic models

3.1.1. Mathematical models for independent generators

In the previous chapter, the independent generators wicgluted. At this point, the following defini-
tion of a traffic model is given.

Definition 3.1.1 (Traffic model) A traffic model is a description of the data packets (abstrauts)
conveyed across a reference point.

This definition requires to describe packet size, time afgmaission and type of content. In general,
the content of the packet is not relevant for traffic modeiss then necessary to model the size of the
packetsS and the time between packets (inter-arrival tirie) The traffic models can be classified as
follow:

e Deterministic / Stochastic: if the size and the inter-adrivme follow a deterministic pattern or if
some randomness is introduced for example by the use dftitatidistribution

e Slotted / Absolutely timed: if the time reference is basedshmts, the traffic model reduce to a
description of the content of each slot (occupancy of staispber of packets in the slots) or if the
time is referenced absolutely, each packet conveyed ogaeference point can be dated.

e Fixed size / Variable size: if the size of the packets is agglioonstant, the abstract unit stream is
described by the inter-arrival tinig, otherwise it is a variable size model that need to be madielle
by a random variablé.

All traffic models are either deterministic or stochastid afotted or absolutely timed. Some mathemat-
ical objects useful to represent traffic model will now behtighted. The point process is a theoretical
process that can be used for stochastic, absolutely timedixed-size traffic models. Traffic models
are not concerned with the content of the packets. The cowaumd only be necessary to model errors
occurring during transmission

3.1.1.1. Point process and renewal process

The theory of point processes is exposed in [Cox67]. Rengreakss are useful to model the distribution
between events called arrivals (at the origin, they were tisanodel life duration of components in a
system where immediate replacement occurs). If arrivaiesponds to packet arrivals, then a first traffic
model can be derived.
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Figure 3.1.: Example of point process

Definitions  The theoretical process able to describe the generatiamegsas called a point process:

Definition 3.1.2 (Point process)A simple point procesg = {7,, : n > 0} is a collection of arrival
instants0 = Ty < 71 < Ty < ... with T,, — co asn — oc. Defining N (0) £ 0, N(t) is the number
of points in the interval0,t]. {N(¢) : t > 0} is called the counting process far. If 7,, are random
variable theny is called a random point proces$,, = T}, — T,,_1,n > 1 is called the H inter-arrival
time.

The point process was called simple because only one aisiadibwed at the same time.

More information on renewal process is presented in AppeAdi.1l. Point process and renewal
process (and their derivatives) are good tools to modelgiagkconstant size in an absolute timing
reference. If the size of the packets need to be modelled awagrately, other models will be needed.

3.1.1.2. The PH-renewal process

The following distribution is useful because it fits manytdisitions and eases many calculations. It
was introduced by [Neu75] and [Neu78]. The PH-renewal @ede based on PH-distributions which

are constructed using the following Markov process on thtes{1,...,m + 1} with an infinitesimal
generator
T T°
=g ; 3

where themn x m matrixT" satisfiesl; < 0for1 <i < mandT;; > 0fori # j andTe+T9 = 0. The
initial probability vector of Q is given bya, a;,,+1) with ae+ a1 = 1. Statedl, ..., m are transients
and the staten + 1 is absorbing. The probability distributioR(.) of the time until absorption in the
statern + 1, corresponding to the initial probability vect@g, v, 1) is given by

F(z)=1—aexp(Tzx)e forz > 0. (3.2)

Definition 3.1.3 (PH-distribution) A probability distributionF'(.) on [0, oc] is a distribution of phase
type (PH-distribution) if it is the distribution of the timentil absorption in a finite Markov process of
the type defined in 3.1. The pdix, T') is called a representation df ().

Some properties of this distribution are presented in AdpeA.1.2.

3.1.1.3. Markov renewal processes

Markov renewal process were introduced by [Cin69]. Somelizare recalled in Appendix A.1.3.
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3.1. Single stream traffic models

Figure 3.2.:Example of a poisson process with batch arrivals

3.1.2. State based models
3.1.2.1. The batch Markovian arrival process

The versatile Markovian point process was introduced inu[;Rg. TheBatch Markovian Arrival Process
was shown to be equivalent to Neuts’ point process, with arntransparent notation.

Definition  Consider a Poisson process with batch arrivals. The rateeoPbisson process dsand
batch size probability ig; for j > 1. Let N(¢) be the counting process. Then the procgs$t)} is a
Markov process on the state spdéei > 0} with the infinitesimal generatap

do di do dj
do dyi do
Q= do dy --- (3.3)

wheredy, = —\ (probability of non arrival) and; = Ap; for j > 1 (probability of an arrival of a batch
of sizey). Figure 3.2 is representing an example of a poisson pragi#issrrivals at rate\.
The BMAP is a generalization of the previous batch Poissoegss to allow non exponential times
between the arrivals of the batches.

Definition 3.1.4(Batch Markovian Arrival ProcessA 2-dimensional Markov process (Continuous Time
Markov Process Y N(t),J(t)} on the state spac€(i,j) : i > 0,1 < j < m} with the infinitesimal
generator@ having the following structure

Do D; Dy Ds
Do Dy Do
Q= Dy Dy - (3.4)

N(t) is the counting process anl{t) is the phase of the process. Itis required ththas negative di-
agonal elements and non-negative off-diagonal eleméhtsire non-negative, and thdd = >, Dy,
is an irreducible infinitesimal generator.

The BMAP/G/1 queue The BMAP/G/1 queue can be solved using matrix geometric austh In
[Luc91] the results are presented, some of them are recalladnex C. The key is the computation
of the matrix G (related to arrivals in busy period) which lelea the estimation of the moments of the
gueue size (at departure, at arbitrary size) and of thealiviiting time can be easily obtained. For this
reason, the queueing properties of BMAP generators willHeeked,

If the batch arrivals size is widely spread, very large gferapace will be needed for the complete
solution (storage of thd,, matrices), which can limit the precision of obtained disition.
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3. Traffic models in the pyramid model

As a conclusion, the BMAP traffic is an important class withwvpdul modelling capacity. The draw-
back of this class is the number of parameters requiredatieainore reduced for the next models.

3.1.2.2. The Markov Modulated Poisson Process

The MMPP is a particular case of BMAP with an infinitesimal gextor Q and arrival rate matrix
A = diag(\, ..., A\ ). The parameters characterizing an MMPP are a m-state contnMarkov chain
with infinitesimal generator Q and the m-Poisson arrivagsat , ..., A,,,. All arrivals have the same size
(no batch arrivals). In the notations from the BMAP we theweha

Dy=Q—A Dy =A D=0, k>2 (3.5)
The stationary probability vectar of the Markov process with generatQrverifies
Q=0 me=1 (3.6)

The state of the underlying chain i&t) at¢. If the MMPP is not a renewal process, the sequence
{(Jn,Xn),n > 0} where.J; is the state of/(¢) att = 0, Xy = 0 and for thekth arrivals Jj, is the
state of the underlying process aiig is the time between thie— 1th andkth arrival is Markov renewal
sequence with the following transition probability:

F(z) = / exp [(Q — AN)u] du A
0
= {I-@VyQ-n)7"A
The element of the matrik;; are the conditional probabilitiér{.J, = j, Xj, < x| Jy_1 = i}.

The matrixF(c0) = (A — Q) A is stochastic and is the transition probability of the Markbain
embedded at arrivals epochs.

Even if MMPP models are just modelling one size of packetis thodel forms a compact class
that don't have too many parameters and made them suitabtéffierent method for model parameter
derivation.

3.1.2.3. Circulant MMPP

Definition A sub-category of MMPP traffic models can be introduced bys@®ring the family of
models where th&/ x N matrix Q has the first raw of the form

a=la,ay ... an—_1]

withag = — fo:_ll ay, and the other rows are obtained by circulating the raw of éerent to the right.
The matrix Q is can be written with th¥ x N permutation matrix P:

0 1 0 0 ag ai as anN—1
0 0 1 anN—1 ag aq anN—2
0 0 1 as aop ay
1 0 0 0 ai aN-1 ap

The circulant MMPP have tractable properties for the cakioih the power spectrum. The properties
of additivity of the power spectrum for aggregated modelnsappealing property. Practical problems
were encountered for the implementation of parametersatem procedure (the constraint minimiza-
tion procedure, to be used was giving incoherent resultsthat these models were not used in the
numerical investigation. The order of the model to haveutiat form is in the range of 50, 100 (with
many nul parameters), so that the handling of the paramistatsit more difficult than for the MMPP(2).
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3.2. Considered generators in the pyramid

3.2. Considered generators in the pyramid

The traffic streams generators are the elements generadifig in the pyramid model. The models to
be used are particularized for some models that fit well tiggral sources.

3.2.1. Application level

A generator at the application level will need to considertifpe of service that is considered.

3.2.1.1. Voice model

The model considers an alternating process of talk andcglland was exposed in [HL86]. The burstiness
of the traffic has its origin in these alternating periods. Aam talking duratiom ' of 351 ms and a
mean silence duration ¢f—'= 649 ms have been considered. During the talk period, the sounis e
packets at fixed intervals of lengih In the case of ISDN telephony at a data rat&4kbit/s, we have

T = 6,625 ms. The mean number of packets sent during the active takiagepisN = a~!/T = 53.
This model uses the following law for the arrival betweenkeac

Talkspurt ) Silence
/(geometnc multiple of T:/
e —
I : I I : I
= T | =T
| | | |
I I I I
I I I I
I I I I
I I I I
I I I I
I I I I
I I I I
: X

Geometric distributed
number of packet arrival

Figure 3.3.:Model for a voice active source

FOw =1) = por(t) + (1 = p)Be " Dig, (¢ - T)

In this work, the following parameters have been used

- mean ON duration\gy, = 0.350s (as in [HL86])

- mean OFF duration g = 0.630s (as in [HL86])

- T=0.01s (corresponding to the aggregation of 5 GSM packeis & simular codec working at 12k)
- the packet sizé&; is 800 bits .

The aggregation of a numbéf,, of active voice sources can be modelled by an unique globdkmo
In [HL86] a 2 states MMPP (Markov Modulated Poisson Procesaged to capture the behavior of the
global traffic. In [KOS97] the model was used for single vaicedel and an MMPP(2) equivalent model
was derived. Measurement from [Bra68] have confirmed theaiod

Table 3.1 shows the parameters of some voice codecs andzéhefdhe generated packets. There is
the possibility to aggregate a certain amount of packetsthay to reduce header importance by putting
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3. Traffic models in the pyramid model

Codec Name Size of Data packets Slot duration Aggregatia le
GSM 256 bits (13.2 kbps) 20 ms 1-5
G.711 20 bytes (64 kbps) 5ms 1-10

Table 3.1.:\oice-codecs

together the data of many time slots into a single data padket selected size f&#; corresponds to the
size of the G.711 voice codec, with an aggregation factor. of 5

3.2.1.2. Video model

Models with constant bit rate (CBR) have been used Wit kbps, in addition with ON/OFF process
for audio with a CBR of64 kbps. In [GW94] a model for VBR video has been developed. Tima-n
ber of bytes sent per fram& (= 1/24 s) is modelled by a fractional ARIMA model corrected by a
Gamma/Pareto distribution. The study was based on a 2 heard\&irs movie trace. The estimation
of the autocorrelation function (ACF) was an evidence ofjloange dependence. A stationary process
X, is called process with long range dependence (LRD) if thé lofhthe correlations can be written
lim, 00 p(k) = ¢,k with a € [0, 1] [Ber94]. A (0,d,0) fractional ARIMA process was used to miode
such a process. The f-ARIMA has the following correlation:

P(1—dT(k+d) T1—d) s
P = Sttt 1—a) ~ T LA

The process can be generated using Hosking’s algorithms@#p. The generation involves the gener-
ation of a sample sequenes, x1, ..., x,_1 Of sSizen from a stationary process with a normal marginal
distribution and correlation functiopy. Step 1: a starting valuey from the stationary distribution of the
process\V (0, 1) is generated wherg, is the required variance of the. Set/Ny = 0, Dy = 0.

Step 2: Fort = 1,...,n — 1, calculateg;, j = 1, ..., ¢ recursively via the equations :

-1
Ny = Pt—Zthfl,jptfj
=1

Dy = Dy —Ni1?/Diy
¢ = Ni/Dy

btj = Pu—1); — PetPr—14—jJ = 1,..., 1 =1
Calculatern; = 22:1 Gjri—; andyy = (1_¢tt2)-7/t71- The sample;, is generated from the distribution
N (my, vy). For ARIMA(O,d,0) process the algorithm may be simplifiedtby fact thatp,; = d/(t — d).
Others traces (for example the one studied in [FM98]) hase laihg range dependency but are using a
different probability distribution. Moreover, the diditition of the required bandwidth per frame exhibits
an important probability for the tail of the distribution.eBlvy tailed distribution have to be used as the
suggested Gamma/Pareto distributions. It is build withftlewing densities:

[ Fr(z) ifz<az*
UP= Fp(z) ifz>a*

wherefr is the cumulative distribution of the Gamma probabilfiy

_ s—1_—wzx >0
I’(s)x e , x>

with s andw being the shape and scale parametersignglis the Gamma function anélp is the cdf of
the Pareto distribution :
{ 1—(9) ifz>a
Fp = z

0 ifr <a
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Figure 3.4.:The generation of video sizes samples

with a starting point of the Pareto distribution anctharacterizing the slope. The figure 3.8 shows how
the two sections of the distribution fits together. The i@wl ARIMA is used to model the variability of
the traffic. The self similarity parameter (Hurst paramstéf as estimated to be aroudd + 0.088 for

this trace. The Pareto/Gamma is used to shape the disbribwith the required heavy tailed behavior.

The two important characteristics of video traffic can be borad using the method highlighted in
figure 3.4. The samples of the Hosking sequence are mappethmtgaussian distribution, and then
using the inverse of the Gamma-Pareto distribution the &sripr the video size are obtained. The
obtained sequence has of course the Gamma-Pareto dismitand has the long range dependency
property too.

3.2.1.3. Web Model

Model Parameters  The ETSI model [ETS98] considers a WWW browsing session,dbasists of
a sequence of packet calls. During a packet call, severdemcan be generated. So that a bursty
sequence of packets is generated.

In a www session, a packet call corresponds to the downloadwiw document. When the document
is received, the user content of the page is analyzed. The magel has then the following parameters.

e Session arrival process

e Number of packet calls per sessidW,**

e Reading time between packet calls,.. The reading time starts when when the last datagram of
the packet call is completely received by the user. The ngatiine ends when the user makes a
request for the next packet call.

e Number of datagrams within a packet cally;

e Inter arrival time between datagramis

e Size of a datagranfy,.

These parameters are defined at different level as shownuref®)5. The model suggests the use of
the following statistical distributions for modelling wwirowsing:

e for the session arrival rate, Poisson arrivals for the be@session,

o for the number of packet call per sessidij;** a geometrical distribution with meanysess,

¢ for the reading time (time between last page packet reaepiial next packet emission), an expo-
nential distribution that can be approximated by a geomadtdistribution with mear;uﬁc.

¢ for the number of datagrams in a packet caﬂgfg), a geometrical distribution with meanyre
can be used if it fits well to case under study. Alternativélg transmission of a single "big”
packet can be considered, in this cage= 1

e for the inter-arrival time between datagramg an exponential distribution which is approached
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Figure 3.5.: Definition of the ETSI model

by a geometrical distribution.
¢ for the datagram siz§,, a Pareto distribution with cut-off.

The document gives also some default numerical values éopdlnameters of the distribution. For the
number of packet calls in a session a geometric distribwtith meany:ysc=« = 5; for the reading time
between packet calls a geometric distribution with m)eﬁn: 412s; for the number of datagrams in a
packet call a geometric distribution with meﬁﬂgfq = 25; for the packet size a Pareto distribution with
a = 1.1 k = 81.5 bytes with a cut off at66666 bytes (the mean size is thetB80 bytes) are respectively
suggested.

The literature dealing with IP traffic models, and web traifigparticular, can not be exhaustively
cited. Every research team has developed its own model. URG80], the parameters from different
web models have been compared. In particular the models [ikir@7] and [CL99b] are compared
because of the Pareto distribution (that is "heavy-tajled”

DLR also developed a web model based on recording from simgleser activity. A set of distribution
was chosen and fitted with the recording of logs from diffenesers collected during 10 days. An
complete list of the used distributions and their paransetan be found in [BG05b]. When multiple
instances of the model are multiplexed together, the iiaguttace exhibits self similarity as it is expected
from a realistic web traffic.

BMAP model In addition to the previous modelling, BMAP models for webrevavestigated like in
[KLLO3] who have proved that they provide superior resusPaisson and MMPP models. Moreover,
these models are compatible with the other selected models.

The web model that will be used in the following will be a BMARdeI. First the values proposed by
[KLLO3] will be used. As a comparison, the parameters for & wedel from the DLR measurements
will be presented and the one from the WirelessCabin tesefignding.

It has to be noted that the BMAP is (even if it has distinctestata "continuous” model without
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Figure 3.6.: The web model developed by DLR

consideration of the period of inactivity. For this reastime author of the previous study have used
measurement on high loaded trunk, in order to prevent tombég arrival times in the recording. On the
contrary, during the capture of web sessions on a few indalirowsers investigated by DLR, silent
phases were measured between the pages download and b#tewesssion. If these measurements
are used to derive BMAP parameters, the inter-arrivals toéd be considered only inside each web
browsing session.

Session duration estimation One of the issue that occurs, when a BMAP model is used, is that
the information on the session duration is lost because thelypackets are modelled without protocol
information. Nevertheless, it could be of interest to gétrimation on session duration

DLR organized in the framework of the WirelessCabin proptest flight where provision of GSM
services and other web based services were demonstrated.fliht was performed from Blagnac
Airport near Toulouse, in September 13th, 2004 with an ASri&B40-600 with few passengers with
maximum 10 users enjoying the new services ([JMBHA]). The recordings of a capture performed
with et her eal during the whole flight duration were analyzed (of a duratbi 1756 s - 3h15m56s).
706848 packets were collected in total. These packets wereded with an average transmission rate
of 60,124 packets per second. From them, 94941 were filtsreld &P packets (13%). The transmission
rate is then of 8 packets per s. For the HTTP traffic, the aeepagket size is of 990.73 bytes.

Afterward, the trace was further investigated with thept r ace tool that is able to process each
HTTP connections. The number of connections can get verly begause every data transfer with a
server is accounted as a connection. For these connectinresstimation of the data throuput can be
obtained and the variation of the rtt (round trip time) carobseerved.

Figure 3.7 shows the data throughput collected for one oftimmection during the test flight.

3.2.2. Subscriber level and node level

There are no models particular for a subscriber since tliictgenerated by the user is determined by
the applications in use at the application level. In the ads®@ngle application subscribers, subscriber
models can be straightforwardly derived, but do not cowadgo any simplifications.

In this study, the number of applications at subscriberllevébe kept small. If it is really needed to
have an high number of applications for a subscriber, theiier can be decomposed in many different
virtual subscribers with an reduced number of applicatitimsn it could be of interest to have aggregate
equivalent. In the numerical study only up to two applicasigper subscribers were considered.

45



3. Traffic models in the pyramid model

bytsisecond bytes pr scond aper i by port

123000 Tag000

5
1080 ,\— L P—L‘—A—‘
143000 155000 153000 165000
time
time

133000 140000 143000 15:0000 153000 160000

Figure 3.7.:Recording of the HTPP from WirelessCabin test flight (in sind volume)

More gain can be obtained at the next level i.e. the advastaglebe evidenced clearer at the node
level that at the subscriber level. At this node level, theaathge of aggregate models is more stringent
because the number of models the aggregate model is rapladirigher. The number of applications
and subscriber replaced leaves some margin for more compeels.

The candidate models for aggregate models are the MMPP ar@MAP. The MMPP and BMAP
models revealed as being easy to implement in a simulatce. nfidst computational effort is required
in the initial phase for the computation of the state tramsiprobabilities and for the stationary state
probabilities. After these calculations have been peréatnat each state transition, the next state remains
to be calculated. If it correspond to a packet emission, &gigof the corresponding size if applicable)
is sent.

Moreover, dedicated routines have been written to deriveABMind MMPP parameters from the
traffic traces recorded. In particular, a C program has beealdped to derive model parameters using
the EM algorithm. Having it in C makes the execution fast,ref@n increase of the number of records
or of the required precision for convergence will reducedpeed.

3.2.3. Transport level

Since the transport level is the upmost level, some genavdkfa could be used to describe the level of
occupancy. The level of abstraction is maximum and the numbeetails if minimum, a synthetic and
well known distribution has been used.

For example the number of occupied traffic slots in the frame lbe modelled by a gaussian law
(described in appendix D). It is straightforward to deterenihe parameter from the mean and variance
of the recorded traffic. To take into account the differeotsscategory, a multi dimensional model is
required. When two classes of QoS are considered, a twordioeal model can be used. If (X,Y) are
gaussian random values, the density is then:

foxn(@9) = 5 expl=5 (@) = 2" (.9) = )’

wherey is the vector of the mean andthe covariance matrix ok, Y’

In the case under consideration, the load of the satelltesport level is built on a regular frame
basis. Each frame is accepting packets with different tyggas. When two classes are considered, the
number of occupied cell in each category for every frameeésstries{ V;, N, } that is modelled with a
two dimensional gaussian law.
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3.3. Determination of parameters for aggregated models

Simulation of gaussian random values In order to simulate one or two normal law, the method
from Box-Muller can be used to obtain them from uniform ramdealues.

If U, etU, are independent uniform random values[@ri], then

X, = (—2log(U1)) x cos(2mUs) (3.7)
Xy = (—2log(U1)) x sin(27Us) (3.8)

ThenX; and X, are two normal centered standard distributions.

Then using the Cholesky factorization of the covariancerimat = LL!, themy + LX is following
the normal distribution oN (., ).

The gaussian models are then furnishing a basis for liglgitwenodels, that can be used at high level.
This is a rich family of models, that represents synthdijdile measured traffic.

3.3. Determination of parameters for aggregated models

In this chapter, the methods to obtain the aggregated méwelsthe models considered at the lower
levels are considered. The first case considers derivatitregarameter of the MMPP(2) model using
statistics from the aggregation of the source models, thensecase considers a second method that
furnish more accurate queueing results. The derivatioratdmpeters for video models is also explained
and, finally, the EM method is explained.

3.3.1. Determination of MMPP(2) parameters with counts sta tistics

This method is exposed in [HL86]. A MMPP with arrival matrixand( is considered.

A:()‘l 0> Q:<—r1 7"1) 3.9)

0 )\2 9 —T9

The mean arrival rate in an interval can be evaluated frontvabtrace. The theoretical value is

Airg + Aor
E(N,) = ﬁt (3.10)

Similarly for the variance, we have

2(A1 — Xo)’rima > » Airg + )\27°1t_ 2(A1 = Ao)’riry

5 — (1—e 72ty (3.11)
(r1 4+ 72)"(Airg + Aorp) rL+ T2 (r1+19)

var(Ny) = (1 +

The index of dispersion of counts from the simulated data vedsulated (IDC= V]%E(fvft)), defined in

3.1.1.1)
For the fitting proposed by Heffes, the evaluation of thedtihitoment is also required:

- Pg(z,t —_ var(V, - _
E[(N, - V)’ = # — 3Ny(Ny — 1) L ) _ Ne(Ny — 1)(Ny — 2) (3.12)
with
839(2’ t) 6 AH 3 A21 2 _ _
SATN o2 (B3 B A+ Apate T Ay (1 — e () (313
023 lz=1 ri4re 6 Tt Amt A Aite FAu{l—e )] G13)
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where
A Aorp)?
Ay = Quratden)” (3.14)
(’1“1 + 7'2)
2r1ra(A1 — A2)2 (A A
n rira(A1 — Ao)%( 137“2+ 211) (3.15)
(7“1 + 7”2)
A = 7200 X"+ dara = Airs + Do) (3.16)
(7“1 +72)
—2r1r (AL — Xo)?(ry — 7
Ay = 172(M 2)5( 1 2) (3.17)
(7’1 + 7'2)
2
Ay = r1r2(A1 — A2) ()\122+)\2r1) (3.18)
(7“1 +72)

The parameters are derived using the method described ligd18fo determine the parameters, the
mean arrival rate is evaluated, the IDC is evaluated fmall. The method hence requires to evaluate:

1) the mean arrival rate

2) the variance-to-mean ratio of the number of arrival&irt; )

3) the long term variance-to-mean ratio of the number ofalsi(or the limit of the k-squared coefficient
of variation of the intervals )

4) the third moment of the number of arrivals(it ¢2).

All these parameters can be estimated from a trace with tbepéon of the long-term of (¢). (An

estimation close to the origin can be provided, but the graae time, the more unprecise it becomes).

[HL86] derives it from the single model in an aggregated sa$@therwise, the following formula can

be used: 1)
var(Z) + 2&8=1=2)
@ L=p (3.19)

lim ¢} =
Fovoo K E(T)

where it is assumed thabv (Z;,Z;+;) = cov(Zy,Zs)p’ 1. The derivation of 3.19 is detailed in Annex
C.12 for an MMPP(2) traffic model. Using the following notats,

a = w (3.20)
~ var(INVy)

by = BN, (3.21)

b = lim b (3.22)

i) = B[N - N (3.23)

The solution is obtained by the following equations:

A A
et = (3.24)
2(\1 — A2)?ri7g
= boo—1 3.25
(7“1 + 7“2)2()\17“2 + )\27“1) ( )
ﬂ — bOO — btl (3 26)
(7"1 + Tg)tl boo — 1 :
3z, t
793(23 2 o 13 (t2) + 3aty(aty — 1)by, + ata(aty — 1)(aty —2)  (3.27)

by posingd = r{ + r9, 3.26 can be solved iteratively by

_l boo — 1  _dn
d—tl(iboo_btl)(l e )
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assuming thal,, is greater that 1". By posing in the fully developed equa8dv,
K=\ —X)(r1 —r2)

K can be determined from equation, obtained by the comlinaif 3.27 and 3.13

D3g(z,t2)

3a(bs — 1) K 3a 6a

A a3t23—|—3a2(b00—1)t22+T[E—a]tﬁ—ﬁ(bm—l)[K—|—ad]t26_dt2—E(boo—l)K(l—e_dtz)
(3.28)
If K 0,
 (boo — Dad?
T T K2
gives
d 1
= —(1 3.29
no= 0t ) (3:29
ro = d— ™ (330)
ad K r
Ny o= (—-— (— (3.31)
Ty Toa—T1 T1+T2
K
A = + )Xo (3.32)
T —T9

This enables to determine the parameters of the MMPP(2) mode

3.3.2. Determination of MMPP(2) parameters based on queuei  ng statistics

The method has been proposed by [KOS97]. Four input parasnate considereds the geometric
factor of the autocorrelation function; ands; of the asymptotic of the steady state waiting distribution,
andp the load of the system. The method has 4 input parametetBe geometric factor of the autocor-
relation function,a; ands; of the asymptotic of the steady state waiting distributiand » the load of
the system. These four parameters can be determined

i) p depends of the model parameters= % wherem is the inter-arrival time between two cells in
the superposed process dnthe cell service time.
i) o is obtained from the autocorrelation assuming it can betewritk] = coo” (it is the case for
MMPP(2) target model)
iii) a; ands; are the linear parameters asymptotic of the waiting timeildigion in the infinite queuing
monitor. They are such that

a181 ags9
W(s) =
S — 81 S — 89
so that
lim W(x),_ . = a1e’*®

The fit procedure is performed like the method described Y3 7] with the following steps :
Stepl: Guess an initial vectgr

Step2: Compute; from the limit equation foiV (s)

Step3: Computeq, 72, Ao from the others equations (rate, autocorrelation and [olg(e))

Step4: Computg again

Stepb: ifg is converging stop otherwise go to Step2

To obtain convergence, this method was customized. Inqodati for Step 4, we calculategl by using
the following recurrence for the G matrix

_ ’I“QGSL
r1 + ()\1 — )\Q)Gg

)\2T2G8

0 ry + ()\1 — )\1)G8 )]

—exp [ = (r1 4o+ MG +

(3.33)
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3. Traffic models in the pyramid model

Mqreover, for Step 2, inconsistent solutions had to be adidFor that, it was proved thay €
A Aman)] where

min s1exp (s
Amim 51 Slp( 1)
est — 1
)\(mam) __ 081€Xp (31)(31 exp (31) - p)
i =

po —eS1(p+ osy) + e2s1s;

The method corresponds to the simultaneous solution ofdtermination of the input process and the
derivation of its queueing solutions.

This method is working well if the load of the observation igh) otherwise, little statistics on the
gueueing behavior are gathered.

3.3.3. Derivation for video sources

Frame size distribution In the preceding, a Gamma-Pareto distribution has beeandinted to
model the frame size distribution. In this section, thegdidn of the parameter for the Gamma Pareto
are explained with more details.

The parameters for the gamma distribution are chosen totfietonean and variance of the measured
video size.

E[l = (3.34)

S
w

S
E[l == 3.35
= (3.35)
Then the shape of the Pareto is chosen in order in fit to thee stéphe tail of complementary cu-
mulative distribution function of measured trace. The selcparameter is chosen in order that the two

distributions have a common slopeadt The distribution is then a Gamma-Pareto distribution

Ar(Az)st
fr(z) = e_)‘wix(r(?) if v <a* (3.36)
ak® N

The parameters for the gamma distribution are chosen todfintban and variance of the measured
video frame size distribution. Since, for the Gamma distitn we have:Er[X] =  varp = 35 the
parameters for the Gamma part can be obtained. The shape Bfatieto (k) is chosen in order to fit
the slope of the tail of complementary cumulative distitutfunction of measured trace. The second
parameter is chosen in order that the Gamma and the Pargibutisns have a common slope at the

junction point x.

Measurements  The frame size fitting procedure was applied to differentesacollected with the
study of [FRO1]. Table 3.2 summarizes the results.

The degree of self similarity (not relevant for the rest af #tudy) is indicated by the Hurst pa-
rameter. The two parameters of the Gamma part of the diftiibhave been indicated. These are part
results of a procedure for the determination.

Figure 3.8 shows the cdf of the video frame size. The first pathe distribution is fitted with a
Gamma distribution, obtained to have good agreement in raadrvariance. In order to include the
heavy tail, a Pareto tail is fitted to the distribution. Thep& of the Pareto distribution is fitted to the
last part of the distribution. This part is then adapted at gthint where the Gamma and the Pareto
distribution have the same slopes. All these operationswarenarized in the figure.
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3.3. Determination of parameters for aggregated models

Trace H Gamma.s| Gammaw Fit
StarWars (MPEG?2) 0.86 19.58 7.08e-4 Good
StarWars (MPEG4 - high quality) 0.838 3.06 0.00223 Ok
Silence of the Lambs (MPEG4 - high quality)0.894 2.24 7.77e-4 Average
Office Cam (MPEG4 - medium quality) 0.886 4.36 0.0246 | Average/Good

Table 3.2.:Parameters of the gamma distribution for different movies
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Figure 3.8.:Fit of cdf of video frame size using a Gamma-Pareto distidout

3.3.4. EM methods

These methods are based on the iteration of a two steps pirecebhe first step (E) is the expectation
calculation and the second step (M) is the maximization isfphocedure.

3.3.4.1. Principle

Maximum likelihood  The objective of such methods is to obtain the most probadnlarpeter® of
a density function depend 6f(f(z | #)). For a data seX of length V, the likelihood is formed (or the
log-likelihood) £L(0 | X) = f(X |0) = Hﬁvzl f(x;]6). The maximum likelihood estimatis the one
maximizing £(0 | X).

Example: determination of the parameters of a gaussiaribdisbn
The exponential distribution has the density

(1‘ — 91)2
01,02) = -
Halbrb2) = o= oxp =5
with ; mean valuegs variance. in this caséog(L(61,02| X)) = —N(log (V2r) + 1 log (62) +
SV —% The maximum likelihood is obtained foa.'log(ﬁ(ggl’@“x)) = 5109(13(252,92”()) = 0,
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3. Traffic models in the pyramid model

which gives

1
7. (3.38)

—61)* (3.39)

i

It corresponds to the standard estimation of mean and arifiom a sequence.

EM algorithm  The EM procedure is providing a maximum-likelihood estiemathen some obser-
vations are missing ([Bil97],[DLR77]). X are the observed data afdare the missing data, then
= {X,Y} is the complete set of data. The complete data likelihoodhes formed’c(¢|z) =

LO|X,Y) = f(Z|0) = f(X,Y|0) = f(Y|Y,0)f(Y|6). Since onlyX andé are known, the
complete likelihood can be seen as a random variablg,of(0 | X,Y) = hx(Y). The EM algo-
rithm consist of two steps: the E (expectation) and M (mazation) steps. The E step consists in the
calculation of the expected value of the complete-datdilajihood

E[logf(X7Y‘0) ‘X7é(i—1)] - /eylog (f(X7y‘0))f(y‘X7é(z—1)))dy
Y

The M step consists in the maximization of the expectation.
Oy = m@ax]E[log FX,Y10)| X, 06 1))

The two steps are repeated as often as necessary. Eadoitésahcreasing the log-likelihood, so that
a (local) maximum is reached.

The determination of (Y | X, 9(2‘71)) may not always be easy. In particular if the state of unknown
values is huge. If not accessible it is replacedfy, X | 6;_1)) = f(Y | X. 04 1)) f(X |0-1))

Example:
As an example of the EM, the step ii) of the initialization edure proposed by [Ryd96] is explained.
The hypothesis made is that the sequence of inter-arriv@{Z,, } (known parameters) is completed by
a state variable,. An MMPP(2) is considered, it can be assumed thadre i.i.d on 1,2 and, has the
density\; exp(—\;Z) if s = . The model has parametéts= (a1, ag, A1, A2) With a3 + a2 = 1. The
incomplete log likelihood function is

log L, a0, A\, A2 |T) = Z log (a1 A1 exp(—A1Zk) + agAg exp(—AoZy))
k=1

The goal of the EM is to maximize this log likelihood functiofhe complete likelihood is formed taking
advantage of the knowledge gf,

log L1, a0, A1, A2 | Z,8) = Zlog (aes, As, exp (=g, Zk))
k=1

At each step of the EM algorithm, the following updates anégomed

(i—=1)y (i=1) (i-1)
B a; N exp (A k)
pi(k) = TN (3.40)

o U exp (_)\gi—l)zk) + agi—l))\(zi—l) exp (_)\g‘—nzk)
p2(k) _ angl))\glfl exp (_)\ngl)l-k)
AN exp (AT 4+ of TN exp (-8 TVT)

(3.41)
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Log likelihood for lat
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Figure 3.9.: Example EM algorithm (second step of the initializationgedure)

MO Zk; p1(k) ol = M (3.42)
A = S m(k) A = 2 p2(h) (3.43)

Y T (k) e Tipa(k)

Figure 3.9 shows the level lines of the incomplete log liketid (og E(%, %, A1, A2) for (A1, \2). The
function has a maximum that can be seen on the graph. Thal ivdtiue was guessed using the first step
of the procedure indicated by Ryden. It can be seen that éeph sf the EM algorithm is approaching

to this maximum, so that the maximum is reached after somatibes.

3.3.4.2. Principle for MMPP and BMAP

For MMPP or BMAP models, if the parameters of the models hauegetestimated, the problem is that
at packet arrival no knowledge of the Markov chain state @lable and the instants of transition are
unknown. These method was used by [Ryd94], [AR99] for MMPR® @an be used also for BMAP
after minor modifications. The parameters of the modelsfate (7;, Q, A) for the MMPP and =

(mi, Do, D1,..DpR) for the BMAP. If a sequence of inter-arrivals time are a\@eel = 7,7, ...,7Z,,

The objective is to find) that maximizesC(6 |Z). As suggested in the previous paragraph, some un-
knowns will be added to the collected data to have a moreatoéeL“(60 | Z, X), so will be used to
obtain iteratively the requested maximum. The order of tleel@hdefining the dimension of the matri-
ces (number of states in the underlying Markov processppased to be known and is noted

BMAP packet size mapping  The difference between BMAP and MMPP is that BMAP is taking
into account the packet size. The BMAP is using a range ofgiagike from 1 to K to describe packet
sizes. Each packet from a measurement has to be classifeednietof the K-th category. [KLLO2]
affirmed that a range up t& = 3 shall be sufficient to model IP traffic. The span of the packat s
is then splitted inK intervals. The size of each packet is then mapped to the ateegategory. The
sequence of mapped size for each sample of the inter-atirivalis available

Complete likelihood for MMPP and BMAP Assuming a MMPP with infinitesimal generatQr
and arrival raté\. Given some observation of, arrivals with the inter-arrival time sequenté,, ..., Z,, },
the unknown information is the instants at which the MMPP dtenged its state. Even if not available
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3. Traffic models in the pyramid model

itis denoted{, 7o, ..., T, } if there weren, transitions. The state of the process after the state has bee
changed is, = J(7x+). The time spend in statg, is notedA7y 1 = 7411 — 7%. The procesg.7 (¢)}

is called the underlying continuous time Markov chain. Thenber of arrivals in the intervalsy,_, 7%]

is written zy,.

If Y} is the time between thg: — 1)st event andith event{.7;_1, Y} } is a Markov renewal process
with transition matrix

fy) = exp{(Q — My}A (3.44)
and the transition probability matrix of the Markov chdif, } is

P= [ty = a-@ (3.45)
0

The maximum likelihood of the MMPP with absolute knowledge i

LO|T1,Tos o, Lngy T15 T2 - Tiy) = (3.46)
nt AT 9x,X —(s ATpg 41 ng+1 (ASkATk)zk’ —As, AT 2!
mxry) X4 Ty axne™ > x Tax Jox e Bnant Bt LT T € TR X (ATk)Zk}

The first term is the initial state probability, the secona dime conditional density of the realization
of X and the third the conditional density of the observedvals

The derived-algorithm is them as follows

1. setL(0) = and fork = 1,...,n L(k) = L(k — 1) x f(AT})

2. setR(n+1) =1andfork =n,...,1setR(k) = f(AT)R(k+ 1)
3. setd;; =0andB; =0fori,j =1,...,7r.

4. fork=1,...,nset:

th
Aij — Aij + L(k — 1)/ F(t—tg) x 1; x 1;- X f(ty —t)dtR(k + 1) (3.47)

tr1
5. fork=1,...,n set:
Bi+ Bi+L(k—1)x1; x 1! x R(k+1) = B; + Ly(k — 1) x Ri(k + 1) (3.48)
6. compute likelihoodZ = L(n) x 1 and update estimate$; = Ai =

A ~ B;
q;j:q?jA—f?, ij=1,....n N=—i=1...r (3.49)
(4

For the BMAP, the sequence of batch sizes is also observeid dadotedb,, . . . , b, }. If the BMAP
is handlingM packet size categories, the following matrices are reduitg D, ..., Dj;. The transition
density matrix of each arrival if thefy,(t) = exp(Dot) x D 1 < k < M.

3.3.4.3. Initialization procedures
In order to have EM estimates converging quickly a goodathiitation procedure is required

Ryden - for MMPP(r)  Ryden suggests the following procedure for the initiaicat

() Initial Rate Estimation - Only the centré0% of the sorted samples are considered, form the
sequence of inter-arrival times in the ascending ofdey} and computel = (log y((o.95n)) —

log y([0.05n)))/ (7 — 1) the first estimates aaegl) = 1/ exp{log y(o.05n)) + (i —1)d} fori =1,....r
andagl) =1/rfori=1,..,r
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3.4. Traffic models for aggregated flows

(i) EM exponential
The EM algorithm for independent regime of exponential dsswith initial valuesa(!) and (")
shall be used to find estimates of the mod& and\(?). The obtained results are estimatesrof
and\.

(i) MAP estimation - After the determination of the paratmes in step ii) the states are reevaluated
using the maximum a posteriori probabilityi:(;) = arg max; 4, %, exp{—):i(Q)yk}. The
elements of the matri®® are evaluated byg’) = ny;/n; wheren;; = #{k : 1 <k <n,i(ty) =
1, Z(tgrr) = jrandn; = #{k : 1 <k <n,z(ty) =i}

(iv) EM HMM estimation Initial estimates®® and \®?... P® and A\ are estimates of and A
respectively.

(v) Final Forming - LetQ® = diag A\())[I — (P®W)~1]. Q©) is an estimate of).

Alternative Initialization procedure for MMPP(2) Because of the results of the previous method
were odd for some cases (the matrix Q had negative non dibgteraents and positive diagonal ele-
ments), alternatives method for the initialization pragedwere investigated. For example, a dedicated
method is presented in [MH87]. Initialization could also d@mpleted by an combination of EM al-
gorithm assuming an exponential independent model, faltblsy a Hidden Markov Chain estimation
to get into further precision, that making initial guességhe initial model parameters. For MMPP(2)
others procedures can be applied using the characteristibe inputs stream.

As each initialization procedure gives different initiatienates, the EM algorithm is then converging
to a different solution, since the MMPP model parametersiate@inique. Parameters obtained can then
not be compared directly but the mean arrival rate or othantjtative parameters have to be looked at.

3.4. Traffic models for aggregated flows

3.4.1. Theoretical aggregation

We suppose that we have 2 MMPP process with rate and generatores
o A O . —-rn
o= () e=( ) (3.50)
_ (M 0 (o
v () e=( (35D

If the first model had the statdd, 2} and the second the statgk, 2}, then the superposition has the
states{1+1/,1+2,2+1,2+2'}.

Then the superposition process is described by a MMPP wigharad generator matricés= (Q1HQ)-
andA = A; B A, where

MAN 0 0 0
B 0 M+XN, 0 0
A = 0 0 stk 0 (3.52)
0 0 0 Mot
—(ri+ 1) ] 1 0
B T —(r1 +rh) 0 1
Q = T 0 —(rg +11) ] (3:53)
0 9 rh (ro +1%)

with ABB = A® Iz + 14 ® B and® is the Kronecker product The Kronecker product of two matrix

The operation of Kronecker sum written wihis often noteds but was not used here because it is the notation used for the
aggregation operator
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C(m xn)and D  x s) is the (nr x ns) matrix

CllD e ClnD
C® D= : : (3.54)
e D CnmD

For the superposition of D-BMAP, [Spa02] considered theesppsition of M D-BMAP? with matrix
D,g’) k> 0,1<i< M and showed it is a D-BMAP with matriv;,, k > 0

M
D = (DY
i=1
M N
D, = QD (3.55)
i=1
M ) M—-1 )
D1 = Do (QRDY)+...+ (R DY) @ D™
=2 i=1

For the modelling of web traffic, & x 3 with M = 3 BMAP models is used, the size of the matrix D
for the superposition is the3 x 3M and the number of matri®),, is growing up toA/* ... This making
the superposition even more untractable, without furtimpsfications.

Superposition of ON/OFF processes Here, the states can be regrouped, so that the superposition
of M processes has ony/ + 1 states: in staté, where0 < ¢ < M there are sources in the ON state.
In this case, the state explosion can be prevented.

If it is assumed that each source has a input rate in the aagtat with an ON probability ofpon,
for the superposition of/ sources, it comes

Prli x yon] = Cis(pon) (1 = pon)™ ™

Hence, the M+1 states correspond to these arrival ratestraingtion towards the other states can be
derived by considering the probability that one source Hieésto send or that an additional sources get
active.

Usage report  In the numerical study, the aggregation of two MMPP(2) methels been derived. The
initial MMPP(2) model is the model that was derived basedharécording from the aggregation of 100
VolIP sources. For two of these models, using the EM methodVdPR(2) equivalent was derived. But
no conclusions were drawn from these results conductingriethod for simplifications.

3.4.2. Methodological directions

When the theoretic aggregation of MMPP models is consideteslnumber of states explodes quite
quickly. For example for the superposition of n MMPP(2) tlesulting matrixQ) are2™ x 2. The
storage of the matrix can quickly become a problem.

2for the considered result, D-BMAP are equivalent to BMAP#ese D-BMAP are just discrete time equivalent of BMAP
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3.5. Summary of models used

3.4.2.1. Asymptotics

[Neu81] introduces asymptotics for PH-distributiff, «) in theorem 2.3.1 if the complementary CDF
of the renewal distribution has the following tendency:

1—-Ft)=Ke ™ +o(e™™), t— oo (3.56)

where—n is the eigenvalue of’ with largest real part an& = av. v is determined from the couple
(u,v) of the left and right eigenvectors @f for the eigenvalue-n verifying uv = ue = 1. In other
words, every PH-distribution is asymptotically exponahtiistributed. For an MMPP withQ, A) since
f(s) = (sI —Q+ A)~1A, the pole are the eigenvalues@f- A, so—n is the eigenvalue of) — A with
the maximum real part.
Also for a MMPP(2)F (t) = 1 — g(e(=%11)) — (1 — ¢)(e(~¥21))

3.4.2.2. Matrix simplification

In [Ris02] two aggregation methods are discussed: first ¥aetedecomposition of the matrix Q and
secondly the stochastic complementation. The first oneistomsnot consider "small” terms of the
matrix to get a decomposable matrix Q. The second methodedban the combination of the states into
larger states: in stead of estimating the probabijity to jump from a state to another, the aggregated
probability is usedy; = Zj ¢i;- This enables to obtain much compacter results. But it ighwdor
models of quite larger states, in our case, the number asstatkept small in order to reduce the state
explosion.

Circulant matching procedure The purpose of such method is to find a circulant MMPP which
power spectrun,.(w) and cumulative distributior¥,.(w) matching with the spectrum and cumulative
distribution of the superposition.

it was used for example [Spa02] for discrete D-BMAP. A comtins version was developed within de-
velopment of the SMAQ tool (Statistical Match And Queueiogl} [LPA94] using results from [SqL93]
for discrete models and [qLH93] for continuous models.

In the case of circulant MMPP, the matrix Q has the first linghefform
[—apai ... an—1]
with ag = Zé\f:_ll ag
Two steps are necessary for the construction

1. construction ok in order to haveP, matchingP

2. construction ofy in order to haver, matchingF

The described method could not be completely reproducedot Afl procedure were not reaching
convergence with the criterion required, or using the dllgors suggested in the literature. For example,
the use of a constraint optimization algorithm was impdedilecause the constraints were too stringent.
This is due to a misinterpretation of the text of the corresjdaog articles. The corresponding authors
were contacted but were not able to furnish more informati@tause the work have been stopped for
many years.

3.5. Summary of models used

The table 3.3 summarizes the different models used in theeggte traffic pyramid.

At application level, the On/Off model is used for VoIP, asgies-based model is used for web and a
Gamma-Pareto distribution with a a self similar sequencéhi®video model.

At subscriber level, the interest of developing dedicatggiegate models was too low that no models
were suggested. The node models could be used if necessary.
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Level \VolP Video web
Applications| On/Off | FGN +I", Pareto| sessioned-BMAR
Subscriber
Node MMPP(2) BMAP
Transport | Gaussian Gaussian Gaussian
Table 3.3.:Summary of the traffic models used in the aggregate traffiamya
On/Off
BMAP BMAP
MMPP(2) | | MMPP(3)
On/Off . Circ. Circ.
cer | |Foisson MMPP(3) | | MMPP(100)
Traces

Figure 3.10.:Summary of models used in this work

At node level, the MMPP(2) is used for modelling the voicevasr and the BMAP is used for web
and heterogeneous traffic mixes.

At the transport level, a gaussian model is used for modgthie physical frame occupation.

Figure 3.10 summarizes the models used. The most realistiehis the one down in the picture and
consists of the collection of traffic traces.

Figure 3.11 shows the different models that will be investgl, the corresponding models and where

equivalency are considered

Aggregate traffic pyramid levels

Measure

&
e
]
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Figure 3.11.:Architecture of models in the aggregate traffic pyramid




Je prendrai mon baton et sur la grand route
Jiral, et je dirai aux anes, mes amis :
Je suis Francis Jammes et je vais au Paradis.

Francis Jammes, Le deuil des primeveres (1901)

Application of the pyramid approach to a
practical case

In this chapter, a practical case is discussed to illusthet@pplicability of the pyramidal approach. The
objectives of this chapter are to show how the system can laelied with this approach and to present
the simulator that will be used in the following chapters bow numerical results demonstrating the
interest of the aggregate traffic model pyramid.

4.1. Description of practical scenario

4.1.1. Presentation of case under study

The system under consideration is a satellite system offed aircraft passengers web access and tele-
phony via dedicated aeronautical terminals. The systeneruoohsideration is then composed of the
elements described on figure 4.1. Their single charadtexigtill be discussed in the following. Sys-
tems have also been designed for satellite-based prowsibmiernet access and voice telephony inside
airplane for example within the WirelessCabin project [B@3b],[BCC"04al].

The core element is a satellite system in order to providenconication services for aircraft. A
Geostationary Earth Orbit (GEO) satellite has been choseause it is providing a wide coverage where
a large number of potential aircraft are served.

Figure 4.1 illustrates the considered case using a pyrdmstidge. The application level is composed
of two applications that are voice and web services (forevaiervice VoIP will be preferred in regard to
GSM for modelling purposes). The subscriber level is coragax all passengers of the aircraft covered
by the system. The node level is composed of all these aircféie transport level is satellite system
providing the connectivity with the ground. For the diveysaf flying aircraft (from 4 seat-Cessna to
the latest Airbus A380 with up to 800 seats) and the diversitflight routes (ranging from a local
flight to intercontinental flights) no unique system is pding a high data rate connectivity with the
ground, even if, because of the cruise flight altitude up t&mOfor commercial jet, the access to the
terrestrial infrastructure is difficult (in particular aveceans) and legally restricted (like GSM usage
in commercial aircraft). Such satellite systems are stitler development or in early deployment. Itis
then interesting to investigate (or forecast) the futuaffitrload of such system. To use satellite services,
each aircraft will need a dedicated antenna and a satefit@inal on-board. The main part of the traffic
will be generated from the passengers instead of the crettifeucrew could require more secured
connections), so that the passengers are considered asofwilkers of the pyramid model introduced
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-

Web surfing Web surfing Web surfing

Figure 4.1.: Overview of the considered scenario

Levels | Application level | Subscriber leve| ~ Node level | Transport level
Entities Web surfing Passengers Aircraft Satellite system
VoIP Client Satellite Terminal| Up and Down-link

Table 4.1.:Location of entities generating traffic in the aeronautstanario

earlier. Table 4.1 is showing the mapping of the differerities into the pyramid levels.

4.1.2. Summary of system hypothesis
4.1.2.1. Protocols and packet sizes

In the considered system, the satellite could be kept gemaril it could be assumed that protocols
like Digital Video Broadcasting - Satellite version 2 (DVE&2) and Digital Video Broadcasting - Return
Channel via Satellite (DVB-RCS) (defined in the followingustlards [ETS05a],[ETS05b]) are imple-
mented. The capacity of the system is fixed for the aeroreluigers considered here.

At subscriber level, it is reasonable to assume that IP packe manipulated (for voice application
using GSM the effective translation is performed within these station installed inside the aircraft,
but as said earlier VoIP is preferred for this study). So thiessriber packets are obtained from the
applications data content after addition of an appropriegader. At node level, a scheme implying
packet fragmentation was chosen because the satellitesasckeme requires the transmission of fixed
size packets, so packets will eventually be fragmented néocm to the corresponding size (that will in
practice be the size of an ATM or MPEG frame) used in the traridpvel.

The transport level packets were modelled assuming ité&ioff V; free cells per frame and per node.
The frame duration is assumed to Be= 26.5ms, (P4 packets). Figure 4.2 shows the transport level
format. The packet has the capacity®W x IN,, Ps packets every frame. THe; packets are built into
the P, in two steps. The first step consists in assigning the pacietse first QoS up to the maximum
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Traffic Request QoS 1 Remaining TL Erame N

at frame N assignment free cells
() E H ITTTTT]
©
o
c
oy
o
; ") ot
m

1 2 3 4 5 1 2 3 Delayed Ce” 1 2 3 4 5 :

Nodes

QoS1 traffic (VolP) O
QoS2 traffic (web) [

Figure 4.2.: Format of the packet at the transport level

node capacity. The second step consists in assigning tapatie shared remaining cells of the second
QoS type. In case of insufficient resource, the second QdS am served according to queue length.
In the example if only 3 cells would be available for the setoategory, the 3 cells from tH#8< queue
would be served. The drawback of this policy is also shown guaré 4.2, where a first QoS type is
being delayed. It is assumed that these priority scheme amaged transparently because transmission
are handled over IP packets (in real system such situationisl e avoided by the procedure of Call
Admission Control / Connection Admission Control (CAC) ttlséaiould not accept traffic sources that
would generate a data volume above the node capacity).

The node level packet$ packets) are modelled assuming that the cells are of fixedvath a net
capacity of424 bits and an header &b bits . This corresponds to the classical ATM cell content®f 5
bytes and a satellite-specific header like the one used i&tiheSkyWay system ([CL99a]). It gives a
total sizeSs = 480 bits.

The subscriber level packet®{ packets) were modelled assuming a header of 48 bits. Indeed a
defined in their specifications, TCP and IP have each an hedd + 20 bytes [Pos81a], [Pos81b].
Data are included with an header of 48 bytes. A compressibanse of 1:8 was assumed. This can
be achieved using mechanisms like the ones described B0P@with a fixed size of 32 bits). It gives
Sy = &1 + 48 bits. Because of the size of th® is below 12000 bits (1500 bytes), only the header
addition has to be considered.

The application level packet$’( packets) are modelled by their real size in bits. For Voicerov
IP (VoIP), the value ofS; = 800 bits was often used. For web traffic variable size were used, f
instance the BMAP standard model uses a set of 752, 4600 &i@ hits packets like in [KLLOZ2].

These packet formats correspond to the original packetdaiz/oice packet and TCP packets for the
web model at the application level, at the subscriber ldebiddition of an header is similar to IP packet
header addition. The fixed format of the node level packetsesponds to the fixed size ATM or MPEG
frame. With the described format of the transport level pack model close to the real behavior with
a bounded capacity and a carrier allocation per termindbtgined. The values chosen for the packets
sizes and header and their respective characteristice aaordance with the values that would occur
in a real system.

4.1.3. QoS strategy

The DVB-RCS foresees some schemes for resources assigimtleatsystem

Continuous Rate Assignment (CRA)

Rate Based Dynamic Capacity (RBDC)

Volume Based Dynamic Capacity (VBDC) and Absolute Volume&hDynamic Capacity (AVBDC)
Free Capacity Assignment (FCA)
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4. Application of the pyramid approach to a practical case

In the simulator, since two types of traffic are considerea type of QoS are considered (cf. to 4.4
to further details on the simulator): the telephony sewiaere mapped to the first class of Quality of
service, web services were mapped to the second class. By thos, a minimum delay is expected for
voice service because these applications are sensitiveay dariations. The web applications shall be
able to use the over-assigned bandwidth for the transmisditypical best effort traffic. Each of these
categories describes the type of capacity assignment thaevwbtained in the system. In the simulator,
the first category of QoS is corresponding to the volume bdgadmic scheme (VBDC) and the second
category of of QoS is corresponding to a free-capacity assigt (FCA) taking into consideration the
limited amount of capacity of the satellite (or sub-portibonly a portion of the system is dedicated to
aeronautical applications).

At the reception of the packets, QoS parameters for the emsdotransmission can be evaluated.
For example, it can be checked if the range of the delay vamids acceptable or if the delay jitter
corresponds to the QoS requirements that were requesta@ifiemission are meet.

4.1.4. Resource allocation mechanisms

For the allocation of the satellite bandwidth to the diffgraircraft, it was assumed that the satellite
is regenerative i.e. the use of the available resource isagehautonomously by the satellite for the
downlink and the uplink links. Hence estimations of reseurequirements have to be exchanged by
the different actors via signalling. The different enstignplied in this process are depicted of figure
4.3. They include a Network Control Center (NCC) in charge¢hef management of new connections.
A Traffic Resource Manager (TRM) located on board of the k&ta$ responsible of the management
resource management (by enforcing the decision of res@ssignment on the physical link that were
taken either directly on board (short-term resource mamagé) or by the NCC (medium and long-term
resource management) and transmitted by signalling).dénie NCC, the CAC is the entity taking
decision on acceptance or refusal of new connections edtai#nt. For IP connections, the connection
life time need to be known and corresponds to the sessiorticlurthat can be keep "permanent” by
the transmission of periodic keep-alive packets. Befollgetable to exchange traffic, the node needs to
exchange information about the connection parametersthétfNCC. Inside the NCC, it is necessary to
store the requirements that were advertised by the useterwirds, this information is transmitted to
the resource handler in charge of resource management.eftifig (indicated with RM) will transmit
the assignment to the TRM on board of the satellite.

In the simulator, equivalent model will be used, so it is nosgible to get estimates of the approxi-
mated user. At the best, "approximated” estimates couldrbéyzed but they would not allow precise
resource management, where each source has to declarénaatiest of its traffic volume. Somehow,
the behavior of the resource allocation mechanisms will lbelified. Since the work was concerned
more with the elaboration of approximate models that with ékaboration of approximate estimate of
traffic volume, the inclusion of a policer after each soureeswot considered.

Moreover, the precise consideration of resource manageime#ndes the consideration of delay due
to the request / assignment procedure. Since a "statiorsystem was considered (with established
connections), no precise resource scheme was consideitecamaccurate modelling of establishment
time and potential delay occurring when the system is loaded

Anyway, even with these simplifications on the resource meh¢he following effects can be included.
1. Limited bandwidth of the satellite link;
2. Prioritized resource assignment;

At every node also, a mechanism for the management of thereliff connections of all passengers
though a common terminal as indicated in figure 4.4 is reduiféor example, inside an aircraft, the
number of outgoing calls could be limited by a preliminary ©/Aso that new outgoing calls could be
prevented and will remain refused temporarily as long asther calls have not been finished.

In the simulator, no particular focus to this topic is givemce this multiplex of subscribers is not
typical of a satellite network. Moreover, if the node traffigoliced by such scheme, it is easy to correct

62



4.1. Description of practical scenario

_-~ /fR'l}/l T — — Data connection
TN e Signalling connection

2 Dest.

| ; AN NCC s

| % | CAC || RM | gateway
: o : Y] 5o )|

I | e (e ]

' |

Figure 4.3.: Entities implied by resource management in the satellistesy
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Figure 4.4.: Entities implied in the node output elaboration

the results by introducing a corrective factor between thelver of active users and the number of
accepted users.
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4. Application of the pyramid approach to a practical case

4.1.5. Numerical parameters

In this paragraph, the numerical parameters necessarphdosytstem description are summarized and
together with the packet sizes introduced in 4.1.2.1 isritgeag numerically the case studied.

The operating capacity of the transport level has been fixd8lit = 250 P, cells per frame and per
node. This corresponds to a net capacity at the node level@ffQD bits per node and per frame. So a
net capacity rate of.52 10° bits per s for a single node. With such values the system aaomamodate
telephony services and web services for a reasonable nwhbsers (with the standard voice model, up
to 130 voice users can be accepted in the system) inside eaadsaircraft.

The standard system is defined with the following elemenviddions of these values are possible
but will be mentioned appropriately. The number of airceeftommodated by the system is set to 50,
hence corresponding to an overall capacity of 226 Mbits p&&3 Mbytes/s). This corresponds to the
full capacity of the system (or the portion of the systemated to aeronautical services). The number
of passengers per aircraft is set to 100. The duration ofradfrat transport level is set 86.5ms. With
all these schemes and numerical settings, a good desarigtibe case under study is available.

4.2. Characterization of the operators

The different operators that were defined in chapter 2 are deseribed in this application example.
Their effect on the flows generated by the traffic models vélitvestigated in the next chapter.

4.2.1. Subscriber level
4.2.1.1. Operator Addition &

At the subscriber level, the addition operatbris responsible of the aggregation of the flows coming
from the different applications the subscriber is conrette

The operator will consist in addition of two streams from #pplication level. If the packets have
different arrivals time, the addition is straightforwargacket output occurs in respect to arrival time
without modification of the packet lengths. If the arrivathé is the same, the two packets are output at
this time with their original size.

For the addition of two stream@il) and <I>§1) from two applications, the resulting streainis the
sequence of packet size ordered in respect to the absatuee fThe addition can be computed more
practically in the absolute time reference. For two seqee(‘kﬁfl),ﬁ(l)) and (8;2),7;(2)), a new se-
quence(Sy, T5,) is built with 7;, € {7, i € N}YU{T,”), j € N} and Ty < Tis1 k. S = S, if
T € {7;(1)}, otherwiseS;, = S]@).

4.2.1.2. Operator Level conversion A

At this level, the operator of level conversidyy ., consists only in the addition of a fixed header (of 48
bits) as suggested in 4.1.2.1. Internally, the informationtained in thé>; packet is copied into th@,
packet.

For a sequencéS;,Z;), the A;_,, transformed sequends;,Z}) is built with S; = S; + 48 and
T =17,

2

4.2.1.3. Operator Level conformation

At this level, the operator of level conformatian, consists in a minimal number of actions. Each
incoming packet (after the level conversion) has alreadyfthmat of the next level, so that no fur-
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Figure 4.5.: Aggregation of two level 1 traffic streams into a level 2 tiaffiream

ther modifications are required. An identifier is introdudedhe P, header to indicate the originating
application.

Finally, it can be written, without using the level confortioa operator.

A12

o = oV ¢ o)

4.2.2. Node level
4.2.2.1. Operator Addition @

The operatorp is performing the addition of the traffic streams from thessulier level. The operator
is identical to the one described previously.

4.2.2.2. Operator Level conversion A

Atthe node level, fixed size packets are requested. ThetsdlEarmat forP; packet is 480 bits including
a header of 56 bits. AP, packet of sizeS, is then fragmented inp = 49724 packets. The operator of
level conversiom\s .3 has to perform this size conversion.

Some information from th@, need to be recorded in tf/&; packet in order to be able to reconstruct
them after reception. Six different types Bf packets have been defined: SCM and SCMd for single
cell message with and without dummys, BOM for the first cethivi a sequence, COM for the next one
and EOM and EOMd for the final cell. If their is a mismatch bedwehe original information and the

net cell capacity, some dummy content is added in the lastifgie) packet.
For an abstract unitS, Z), the A,_,3 transformed abstract units sequeise, Z;) is built with S’ =
480 forj = 1,...,np andZJ’. = 7 wherenp = {52 |. These numerical values and the fragmentation

4
mechanism were chosen because they were in use in the EMa8lsystem [CL99a].

4.2.2.3. Operator Level conformation

The node level is preparing the insertion of the traffic ifite satellite transport level. For this reason,
the node level contains some buffers that enable to storedfiie during the connection establishment.
Since the concern was on established connections, the lingdef these buffers (implying a delay
between the first transmitted packet and the initiation ef ¢bnnection) is not capital: the limiting
element is the satellite level treated in the next paragratere capacity limits show their influence.
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Figure 4.6.: Modification of the level 3 traffic stream before transmissiver level 4

One important parameter is to decide the number of outputheofevel conformation operator. As
explained in chapter 2, one output is preferable for corbpiyi with the other operators, but one output
per QoS class would facilitate the expression of the nexd lagdition operator.

4.2.3. Transport level

The big difference when moving to the transport level is thattransport level is working with a given
clock time (I; = 26.5ms) used to build the frame. This value is the duration of thené duration in
the EuroSkyWay system [CL99a] and in the DVB-RCS specificefETS05b]. The transport level is
the level where the most modifications of the traffic streaamke place. These modifications are mainly
due to adaption required by the structure of the link (withbarded capacity) and the consideration of
different QoS.

Figure 4.6 shows the modification of the level 3 traffic strdaafore transmission over level 4. The
buffers are considered initially empty. They are 5 first gatg packet arrivals and 4 second category in
the first case depicted. The first category arrivals are &lbthe capacity allocated per node (4 packets
per node in this example), so these packets can all be sefisal remaining capacity is used for the
transfer of second category packets. On the second casesiteet O arrivals of first category packets and
6 arrivals of second category packets. One of the termisadxdeeding the capacity so some packets
are not served, 9 first category packets are served in a flistrdmaining 3 slots are assigned to second
priority packets.

First, there is a physical bound of the system capacity aléxt per node. This bound is not8dv so
thatzTS S < Bw X Nyodess WhereZTs S is the sum of the packets size conveyed by the transport level
during a slot of lengti’;. Secondly, in order to consider some QoS effects, the fatigwwounds have
also to be respected }ZTS Shode=i, Qos=1 < Bw, for i = 1..N,qcs, that is limiting the output of first
category packets transmitted per nodeil). Sqos=2 < Bw X Npodes — Zi]\i "P4e* > . Snode=i, QoS=1
that means that packets from the second category are agsimaé the capacity that was not taken by
first category packets.

The model of the transport level using the operators is itapbbecause they have to describe a major
modification of the final stream structure.

The traffic strean(¥) can be equivalently represented by the sefi¥s} and{N,}

4.2.3.1. Operator Addition @

The operatorp at the transport level has a different implementation tihanpreviously described oper-
ators. Indeed the transport level is considering the typ@as classes before the insertion in the frame
and the output of the transport level has a bounded capacity.

First, the addition operator for first QoS type is explainédch node has a certain amount of cells re-
served per frame. As explained earlier the addition is peréal in line with the individual constraints (at
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each node). The sum of each flows in then the addition of tlffectod each node up to the maximal node
level, with addition of cells that were previously delayeztause of insufficient capacity. Afterwards,
the total number of cells transmitted is this first categay be computed and the number of free cells
can be evaluated. This number of free cells is then the maxicapacity available during this frame for
cells of the second category.

Then, secondly, the action of the addition operator camsittollecting available cells of the second
category up to the obtained maximum. If this maximum is reddbefore all node have been served, a
round robin scheme is fairly collecting cells of each of thewe of each node. To increase the fairness,
the starting node is drawn randomly at each frame betweemahempty queues.

4.2.3.2. Operator Level conversion A and the operator Level conformation 3

Part of the actions required by these two operators are takertonsideration in the addition scheme
that was described previously.

The output of the level conversion operator has to be comipliéth the format of the transport level.
The constraints have been exposed before and they are ntetedr a proper insertion of the packets
in the frame. No constraints in the format are taken into icEmation except the constraints described
in the addition operation (individual node constraintsffst QoS cells and overall capacity constraint
for the second QoS cells). Hence the action of the level asitve will be considered as vooid.

The action of the level conformation operator is modelledh® modification of the single streams
composed of?; packets into a concatenated form describing the composifithe frame. This operator
is considering the limits on the number of packets to be dtedand their corresponding types by the
construction of the addition operation. In the simulatathbaction are realized in a single operation.

For coherence, the "transformation” from the node levehttransport level will be written:

34
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4.2.4. Other operators

In order to measure end to end metrics, some operations quéae to retrieve the packets in their
original format as they were emitted (usually at the apfiicalevel). The simulator then also includes
modules to perform these operations. These operators ddingufrom a stream from level + 1, a
stream at level, reconstructing lower level messages from the headerrirdton. This part of the
simulator is called the inverse pyramid because it reallzexounterpart of the operations described in
the pyramid description.

4.3. Investigation of aggregate models with a simulator

4.3.1. Justification of the simulation approach

The use of a simulator is first justified because a real depoyrof the system is not feasible at low cost
and rapidly. Also, the choice of a simulation approach petmiocus on the dimensioning problem.
Simulation are also easily reproducible, and enable a fimadwof the system. They can be adapted to a
different satellite transport level, permit to isolatefelient problems. As a conclusion, a traffic simulator
reveals to be a handy tool in order to investigate the behaiia satellite system under different load
conditions

4.3.2. Design principles

The implementation of the simulator was performed with @i event simulator (DES). There exist
different DES simulators for telecommunication netwotike IOpnet [0205] or NS2 [ns205]. In such
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4. Application of the pyramid approach to a practical case

simulators, the management of time is performed transggrbg proper management of the future
events send. All objects are implemented with a state macliat react to the occurred events. The
OMNET++ [Var01] has been retained because of its modulauity its portability and previous study
had been performed with this simulator [Bou05]. A set of baxdes are complementing OMNET for the
study of networks (for the IPSuite package with a TCP impletaton). In [Wat93], more details on
discrete event programming can be found. In the descrigtidhe traffic generation modules, the state
machine and the event generated will be described.

The simulator is programmed at three planes using diffefitagt with their own syntax that have
different functions. Presenting some details will help nolerstand the implementation of the simulator:

- Models implementation (c++ files), there the models arelémented (parsing of parameters, gen-
eration of packets...). There all mechanisms for packetgaging are also defined, the functionality
required for packet level conversion.

- Models architecture (ned files), there the architectuteséen the models are defined and the connec-
tions between the modules are performed.

- Scenario definition (ini file), here the parameters for dipalar scenario are defined.

The model implementation (in c++) corresponds to the tedimsi in computer language of the theoretical
models presented in chapter 3. If no other models are ratjuihe modules corresponding to each
modules don’t need modification. If a characteristic of teeayated packet needs to be modified, this
can be done in the model implementation.

The model architecture is defined in the ned language. Itlesab describe the organization of the
different modules and submodules. For the simulation ofiqéar scenario, in order to obtained the
proper organization of module a ned file is required. For gdarm this study, four different ned files
were produced for the node model, depending of the trafficatsad be used inside and the configura-
bility required.

The parameters used for a single simulation are modifiedvEnyerun via a new ini file. Each modifi-
cation of the ini file produce a new configuration of the sinmiaScripts have been produced in order to
set scenario with variable number of sources, that enablgeheration of results with different number
of passengers for example.

4.3.3. Expected benefits and limitations of the approach

The goal of the simulations is to demonstrate the use of atgnv traffic models. In order to show
that agreements can be obtained between original and tlgesieg equivalent in term of the generated
streams, both cases can be simulated to enable the conmpaniddhe results from a detailed simulation
can be used in order to obtain the parameters for the secoddl n#s such a simulation tool seems very
useful in order to investigate and optimize traffic modeliegjencies.

But of course, the usage of a simulator has also some drawbBaktly, the simulator can have poor
performance in the time domain (for example if the modelsgaténg slower that the applications that
they model). The level of details must be chosen accordirtddnvestigated phenomena. If the level
of details is too high, the complexity of the simulator withply that long simulation time are necessary
to collect significant results. Secondly, the use of randemegators may imply that the simulator has
a deterministic behavior and hence an high number of simoaktmay be required to get reasonable
interval of confidence. Thirdly the approach is well suited éxisting applications, but in the future,
new services may appear with very different structure witksibly complex peer structure that will
make the individual scaling of the application unrealistic

As expected benefits for the proposed approach, it comes

e Reduction of number of sources: Through the use of aggregatiels, it is possible to reduce
the number of users that are simulated because one modeiltigesizing the overall traffic. For
example, if a node model is considered, if the node is conthob&00 passengers with 2 applica-
tions each, there is a potential gain of 200. Neverthelegairain events can hardly be realized as
will be shown in the analysis of complexity.
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e Scalability: Aggregate model brings the advantage thatethreodels can be easily scaled down
or up. This property can be helpful for system design. Formgta after having determined an
aggregated model for a node the number of nodes can be degetnm order to reach a given
constraint of system parameters. With a single node madisl gasy to determine the maximal
number of nodes that offers voices services with a miniméydbound. This gain is obtained
because models at each level are self-contained. It thenteasodify the model at a particular
level. For example, if the system behavior needs to be iigastd with 10% more traffic, it can
be choose to increase the number of nodes or subscriberplarations. Increasing the number
of nodes will let the node model identical, but the satelitiél be stressed differently because
of the supplementary nodes. Increasing the number of apialits or subscriber will require the
determination of a new node model. Once available, it cartibead as before. On the other hand,
the effect of traffic increase could be also seen by redutiadandwidth allocated per node.

As a conclusion, even of some drawbacks are present, thei@varwhelming benefits that can be ob-
tained from an approach based on simulations. For thesengaa simulator was developped that will
now be described.

4.3.4. Simulator architecture

4.3.4.1. Simulator for traffic investigation

Our objective is to build traffic models for each level of tredided pyramid. From the previous approach,
a hierarchical traffic generation model can be construdtativill replace progressively all the levels by
equivalent models.

The architecture of the simulator is depicted on figure 4.fier€ are entities for each of the levels

o (1) _ (2) (3) _ (4)
Application e, Subscriber |1 Node @, Satellite q)
1 @ 3
Application ®} Subscriber |22 Node K
o
Application °
~ Measurement Measurement

Figure 4.7.: Architecture of the simulator

(application, subscriber, node and transport levels). ddeaments modules are included to evaluate
some metrics useful for the model parameters estimatiore shiulator structure is hierarchical and
follows the distinction of the different pyramidal levelstioduced in the previous chapters. At the
application level, the modules responsible of the traffinegation are the module implementing the
single traffic models.
Objectives: The objective is the characterization of théitr streams at the transport levl*) and the

elaboration of an independent generator capable of gémgithis traffic stream. This characterization
is done level by level.

For this purpose, there is the need to implement traffic geoes at the application level and all
the mechanisms to process packet up to the transport lebelseTmodules realize then the operations
described by the operators that were described in chapssrdyill be described now.

So the required functions of the simulator are:
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Figure 4.8.: First level of the simulator

e Models for traffic generation: The simulator shall be ablgdoerate traffic according to all models
that were discussed in chapter 3

e Operator of the aggregate traffic pyramid: the simulatoH sleeable to handle the different packet
format defined for each level of the pyramid, and to be abl@twert them from one format to the
other one.

e Evaluation of performance metrics: the simulator shat &€lude the modules for evaluation of
performance criterions as they were defined in chapter 2.

4.3.4.2. Postprocessing and parameter matching routines

When results have been obtained, the obtained results damtber processed to obtain more advanced
analysis (derivation of density, summary of different funBor the analysis of the simulation and the
matching of parameters, Matlab was used. On one hand, itssitiie to import the results obtained in
the simulator in particular when binary files are recordea tke second hand, some calculations can
be conducted. For the implementation of the EM algorithnttelbgoerformance could be achieved with
an implementation in C, so was first motivated by the use ofimes for handling high precision big
numbers modules.

4.3.5. Description of the simulator inside the pyramid

The purpose of the simulator is to validate the correct edency i.e. to show that a complete pyramidal
un-aggregated scenario can be replaced ideally by a unigfiic inodel or at least a model with less

levels. In this view, a traffic scenario with four levels asponding to the traffic generated inside an
aeronautical communication system has been chosen. Ténaiso will be described with the notations

introduced in the previous sections.

4.3.5.1. Application level

At the application level, two applications are consider#tke first one is a voice over IP application
(telephony) and second one a web surfer (uplink traffic froneh browser). Each of the applications is
generating its owrP; packets.

Figure 4.8 shows the first level of the simulator. The follogviraffic models have been considered.
The voice over IP source is generating fixed size voice padkeaccordance with a particular voice
codec. (cf. Table 3.1in 3.2.1.1). An appropriate model wagested in chapter 3. This is generating
a flow qs(l”. The web browser is using a BMAHR (= 3, m = 4) model that was explained in 3.1.2.1.
It is derived from measurement from a classical web sesdibe.parameters are derived from the web
packets size and time of arrival (the conversion to IP packéll not require a fragmentation of the
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Figure 4.9.: Construction of the subscriber level flow from the applicatilows

packets). The following flows have to be consideré&.) (VolP) and¢§” (HTTP). Afterwards, there
is the need of the conversion of the application packets/htto provide outputs compatible with this
format. The box "converterlP” on figure 4.8 is indicating tb@nversion toP, packets. This box is
realizing the operation\, 5 described previously on the flomgl) &) qsgl). The input towards the next

level can then be written
A12702

@ = (o) @ 03" (4.1)

The operation is depicted in the synthetic figure 4.9. Theegmion operation is written with the
operatord, the operatorA\;_,, represent the action of level conversion operator and tkeeabqr —1o
realizes the level conformation operation.

For the modelling of the operatarn, (conformation to the level = 2), the following elements have
to be taken into consideration:

- VoIP packets must have an higher priority as the HTTP packet

- Conversion of VoIP in IP packets: addition of an headers(tiéader is making use of compression
methods)

- No fragmentation becausg < MTU(S>)

4.3.5.2. Subscriber level - Passenger (abstract stream  $(2))

The subscriber level is representing the traffic generayeslfiassenger of an aircraft. A traffic model at
this level has to model th®, packets. There are two possibilities to generate this dréiéfiv ). The
first one is an independent generator that is directly géingr®, packets and the second one is obtained
from the aggregation of the output of the traffic models atapglication level.

Figure 4.10 shows the second level of the simulator. The floith applications are concentrated
to the subscriber level.

4.3.5.3. Node level - Aircraft

The node level is representing the traffic generated by aenvdiotraft. A traffic model at this level has
to model theP; packets. It is the flow that was notdd®. Here similarly the flow is constructed from
the inputscbz@) where the index indicates the different passengers inside the considéraaf (V).
The resulting flow@,_, <I>§2)) is the resulting aggregated trafficiy packets.

The node has also to cope with the mechanisms related todhéhéd the bandwidth offered on the
satellite system is limited. It has been assumed that the rsoproviding to a central entity (NOCS or
TLMU) estimates of its actual resource requirements.

For the modelling of the operatarns (conformation to the level = 3), the following elements have
to be taken into consideration:

- ldentical priority for every node (homogeneous case).

4.3.5.4. Satellite level - Overall traffic

A traffic model at this level has to model th#g packets.
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Figure 4.10.:Second level of the simulator
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Figure 4.11.:Third level of the simulator

In addition to the bandwidth management performed betweemaode and the TLMU, the access to
the physical resource needs also to be modelled. For thismethe frame content is described at a whole
as the result of the three operators (or two operators simckevel conversion operator has no particular
action because of this modelling based on the frame steictiitence the modelling of the operator
(addition) and the operatar, for the level/ = 4 is based on the implementation of an addition operation
in line with the earlier description and confirming for indiual constraints for the first QoS packets and
to an overall (and secondary) constraint for the second Q@a&ab type.

4.3.5.5. Cost of packet conversions

The conformance operator is modifying the packet size, litsequence of inter-arrival times are not
modified.

Convertef—~
|Transport Ievel//\\ 0P,

Node level ess s

Figure 4.12.:level 4
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Figure 4.14.:Principles of equivalency of traffic models with differemgigeegation levels

The only effect of the level conformance operator is themareiase of the overall data volume because
the overhead information included in the header has alse todiuded.

Figure 4.13 is showing the size of tis andP; packets depending on thé®; size. For the size g,
packet, a straight line is obtained, the effects of the dpesaare minimal and implied in the conversion
from level 1 to level 2 is quite minimal. For the size of the packets, because of the fixed size packets,
the amount of output is a step function corresponding to gitackilled with padding content in order
to maintain fixed packet size. For the packet size considerdte different models, the number B%
packets can be read. For VoIP packet$s;ackets are necessary. For medium size web packets (from
the web only model), 1P5 are generated.

4.3.6. Scenarios for investigation of traffic equivalences

Here, the cases for equivalence of traffic model are defined.
The different way to model the overall traffic flow at the skiteekb(*) can be considered

i) as a independent traffic generator
i) as a dependent traffic flow using independent generatibredbwer levels.

The following formula is describing how the transport letrefffic flow can be obtained from the lower
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4. Application of the pyramid approach to a practical case

levels generators.

" 3) N354T
o = < o, By >3 (4.2)
o)\ D2—373 A3—aT4
= < opey (@, o) (4.3)
3
A3_474
n s a 1 Al_ﬂjQ A2_>3:|3
= < @Zzl < @;';1 < EB?:1 (I)z( )>1 >2 > (4.4)
3

where(. . .); is representing the flow at the lewgln,, the number of nodes,; the number of subscriber
per nodepn, the number of application per subscriber.

The formula 4.2 is representing the aggregation of the pramdevel traffic flow from the node level
traffic flows, formula 4.3 the aggregation of the transpoveldraffic flow from the subscriber level
traffic flows, formula 4.4 the aggregation of the transpoveldraffic flow from the application level
traffic flows.

Three cases are defined:

1) a multilevel case where independent traffic generat@sised at the application level using 4.4
2) asingle level case, where a single traffic generator id tsgenerate the traffic flod(%).
3) a mixed case, where generator at different levels are icawdb

In chapter 7, the node models are described with types rgrigpm | to IV. It is indicated here if the
nodes components are using one of this type.

4.3.6.1. Not-aggregated case ( 50xtype I)

This is the case where no simplifications are considered.
The considered parameter are.

e Level 1l
— Application 1: VolP
— Application 2: Http
e Level 2
— Number of subscribers: 100
e Level 3
— Number of aircraft: 50
— Resource Scheme: based on traffic estimation
e Level 4 (Generic GEO1)

4.3.6.2. Aggregated case ( 50xtype lll)

e Level 3

— Model: OBM1

— Number of aircraft: 50

— Resource Scheme: based on traffic estimation
e Level 4 (Generic GEO1)

4.3.6.3. Mixed case

e Levell

— Application 1: Http (application to be evaluated)
e Level 2

— Number of subscribers: 1
e Level 3 Precise simulation
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4.4. Description of the principal modules of the simulator

— Number of aircraft: 1
e Level 3 Aggregate Model from previous case

— Number of aircraft: 49

— Resource Scheme: based on traffic estimation
e Level 4 (Generic GEO1)

4.4. Description of the principal modules of the simulator

In this section, the implementation is roughly presentedrier to give a background on how the ques-
tions dealing with implementation have been solved.

4.4.1. Traffic generation modules

In this paragraph, two examples of traffic models are desdrib order to show how they are imple-
mented using the discrete event approach. The modulesaffic tmodels are taking advantage of the
Discrete Events capabilities of the simulator kernel. |ggtmis approach, it is easy to implement every
models. The future events are created in the future evefEE&). The kernel is then responsible of the
proper scheduling of these events. It is taking care of nesig them at the time the future has become
the present.

4.4.1.1. Voice Model (on off with exponential duration)

Off time On time
distribution distribution

Init Off duration On duration Off duration

1
NYYYY vy

Init On duration Off duration On duration Off duration

X ¥ X
YYYYY Yy

Figure 4.15.:Principle for the implementation of on/off models

For the implementation of the voice model the principlesdagicted on figure 4.15. At model initial-
ization, the first state is drawn. The duration of each of tlvation is then drawn from the exponential
distribution with the corresponding mean duration. If iais ON period, the number of packets to be
send is calculated and the corresponding packets are sighe And of each period, the state is switched.
In a discrete event approach it is implemented easily witbwamt indicating the transition between the
on and off period. The following short extract of code sholes implementation of such model. In the
initialization procedure, a transition event is created e model parameters and variables are set. In
the example, the procedure called at event occurrence esho
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4. Application of the pyramid approach to a practical case

handl eMessage(cMessage *nsg) {
ASSERT(nmsg, "OnOF f Change") ;
if (state=StateON) {
Tof f =exponenti al (meanTof f);
st at e=St at eOFF;
schedul eAt (nmsg, now( ) +Tof f) ;

}
el se {
Ton=exponenti al (nmeanTon);
Npack=f| oor (Ton/ T);
for ( unsigned int i=0; i<Npack; i++)
schedul ePacket Tx();
schedul eAt (nmsg, now() +Ton) ;
}

The only difference in the implementation is that in the fiddt state when it is the starting state is
ON there are no packet transmission. It is to prevent thanigitl transitions occurs at= 0.

4.4.1.2. Web model (BMAP(3,3))

If a BMAP(3,3) with 3 packets sizes;, ma, m3 and with 3 states called ), (2) and3) is considered,
the elements of the matricé%,, D1, D5, D3 have the corresponding interpretatiddg (1, 1) is the mean
duration in staté1), Dy(2,2) in state(2), Dy (3, 3) in state(3).

Dy =| df, dh (| Dr = fah dy ddb]| Dy = [} a3 3
Prob. dgl .) (ihllﬂ dgaz <11’n ) [drl d?m IdQ;;I

| o 9 ] [ 4%2—4%3[———4% d%

|

|

1
v

| |
00 8 00 0 Time

Il
i

| ﬁ !

Figure 4.16.:Principle for implementations of the BMAP model

Figure 4.16 shows the principles for the implementationhaf BMAP model. The three colored
circles represent the different states, the differentaregie the packet transmission with the appropriate
size. Event with no packet transmission are indicated @iffhe duration between events in each state is
dependent of the diagonal elements of maiPix For each event, the type is derived from the parameters
of the corresponding "state” line (without considering tli@gonal term ofD,). The possible outcomes
are a transition to an another state, a transition with aqtauiksize 1,2 or 3 (with a possible transition
to the same state). In the graph, the transitions to stalg4 }{2)-(3)-(3)-(2)-(1)-(1) have occurred.
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4.4. Description of the principal modules of the simulator

4.4.2. Analysis modules

The modules for analysis are implementing:

- the queueing modules
- the end-to-end packet performance analysis module.
- the packet recorder.

The theoretical principles for the queueing module can btk from the results established by Pol-
lazek and Kinchine. Two different modules were implemeniitk first one is the packet based queueing
module where a fixed duration for the service time is assuriiéé. second one has a service time de-
pending of the length of the incoming packet, so this moduleharacterized by a service time per bits.
For the first case, a constant service time is used, so quetesnlts for thel//D/1 queue are of inter-
est. In the second case, the same service distribution dsitide incoming process is considered with
variable size packets. Queueing theory results are nowsexipo

4.4.2.1. Queuing

Queueing theory consider customers arriving at a serviciitya in particular the instants when they
arrive, pass through and hopefully leave the system. Rirstarrival process needs to be described. It
is done with the probability distribution of inter-arriveine of customer®r(Z < t) = A(t). Then, the
amount of work requested by the customer is called the setiite. Its probability distribution is noted
B(x). A queue has also a waiting room of capadifywhere K could be infinite. Finally, a queue has
also a discipline, that describes in which order customezgaken into service. Standard disciplines
are first-come first-serve (FCFS), last-come first-serveH&)C The discipline may also consider some
priorities between the customers. Queuing theory will gikcations on the waiting time of a customer,
the number of customer ion the system, the length of a busgdetc.

An important result when queues are considered are théordagstablished by Little [Lit61], who
has proved that the average number of customers in the gueystem is equal to the averaged time
spend in the systerfi times the average arrival rate of customars

N =T (4.5)
When only the waiting room is considered, it comes that
Ny =W

whereN, is the mean number of customers in the queueld@ind the average waiting time. The waiting
time I is the time spent for queueing, it is the time spend in theesygf") minus the time necessary
for service ), W + & = T. An important parameter is the parametearalled the utilization factor and
defined as follows:

p= AT (4.6)

In the previous termp = N — Ny, and corresponds to the average number of customers beiregise
Stable queues require that< 1. The background for the analysis of queueing systems aseipted
in [Kle76a] and [Kle76b]. The principal definitions and rétstare recalled hereafter, at least for the
simplest queues.

In figure 4.17, the definitions useful for the analysis for auging system are depicted for the case of a
first-come first-served server. These definitions are validfy A/ B /m queuing systemC,, represents
the nth customer to enter the system. The sequdngé represents the arrival time of this customer in
the system . The sequen¢g, } represents the inter-arrivals time between custor@grs andC,,. The
inter-arrivals time are drawn from a distributiott) (independent of n) such th&t(¢,, < t) = A(t).

At their arrival, the customers are either served if theesysis empty (like customer’, 5) or wait in
a queueing facility. When a customer has finished its send@ogaiting customer can be served. The
sequencez, } represents the service time o, and the sequencgw,, } represents the waiting time
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4. Application of the pyramid approach to a practical case

Sn
1 ClientC,_, ? ' 1 1
1 ClientC,, Servicer
: A  § A
1 ClientC,, .4 | Time ___ _
|
|
. Queue Tn Tn+l Tn+2
1 ClientC, - \
tn+1 tn+2

Figure 4.17.:Definition for a queuing system

for C,. The time spend in the systesp is thenw,, + s,. The service time is assumed drawn from a
distribution B(z) (also independent of n)such th&tz,, < z) = B(z).

To solve queues of the type M/G/1 (Poisson arrivals, gersaalice law and single server). In this
case, the method of the imbedded Markov chain can be usedli@”she queue. Two sequences are
introduced{q,, } and{v, } which represent respectively the number of customers é#firfl by departure
of C,, from service and the number of customers arriving duringstheice ofC’,. The evolution ofy,
can be described by the following equations

Gnt1 = Gn— 1+ vp41 if Gn >0
dn+1 = Un+il if gn =20

If the time of service is constanB(= D), v,,;1 can be easily obtained by a counter of the received
packets in the queue. So the sequepgcis obtained, via the Pollaczek Khinchin equation.

5 14+ CF

) 4.7)

g=p+p

2
whereCl? is the squared coefficient of variation for the service tim‘é E (‘%)
The main results are:
e Queue size distribution: the queue size distribution candiained from the Pollaczek Khinchin

transform equation.

Q() = B*(r — A2) ;(—A /i)(;z)—_zl 4.8)

e Waiting time: the Laplace transform of the waiting times bamobtained

s(1—p)

S SV IO

(4.9)

These methods have been extended later to solve the BMARI@Ues and provide useful metrics in
the study

4.4.2.2. |1AT and evaluation of autocorrelation of IAT

The procedure for the evaluation of Inter-Arrival Time igpkined with all details useful for implemen-
tation is described in the appendix A(1).
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Figure 4.18.:Estimator of session length

4.4.2.3. Estimation of delays

In figure 4.18 the method for estimation of the web sessiogtkeis explained. It requires two elements:
a dedicated transmission model and a module that analyzesdbived packets. The transmission model
is a modified on-off model (derived for example from the BMARaff model), with fixed duration of
the on-off period. The sent packets have an identifier cogritie on periods. These on periods are
assimilated to the active session of a web request. At rieceghe information is used to estimate the
session duration computed by the difference between theaficslast packet of a same on-period.

4.5. Characterization of simulator outputs

4.5.1. Metrics collected by the simulator

In this section the collected parameters from the simulaterdescribed

Traffic parameters
i) at Application level

The generation time of each packet is recorded togetherthétihpplD identifying the application.
It enables to get the sequence of ##} from the traffic streamb(!). If the models is emitting
packets of different size, these size are also recorded.

ii) at Subscriber level

The packet arrival time is recorded. The subscriber nodaeajisareceiving a backup of the generated
sequence.

iif) at Node level
The packet size, the number of packets, the arrival timeepttket are recorded for the ngtle
iv) at Transport level
The thruput is estimated, it is computed on a regular basi® fthe volume of data transmitted
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4. Application of the pyramid approach to a practical case

during the period of evaluation. The total number of cellwsé of QoS class 1 and 2 (3 and 4 are
not used in the scenario) are recorded for every frame. Ttleepaize, the number of packets, the
arrival time of the packet are recorded. The sequence of $h&} from the traffic strean®?) is
then collected.

Performance parameters

i) inverse pyramid
The inverse pyramid is receiving the packets after themsingission through the transport level.
At each level, it can be selected which packet are furtheverted (a destination node, subscriber
destination and applications destinations) (a list cao bésrecorded).

i) application sink
The application sink processes i) QoS information if the ed@lincluding this kind of information
(this a dedicated handling of page number for the computatigpage duration and size estimation)
i) all message for the record of packet size and end to eraydel
So, itis possible to estimate the distribution of sessiamiilon and of delay. These are performance
estimators considered in the numerical study.

4.5.2. Performance indicators and investigations

Performance indicators During a simulation execution (run in cmd mode), the simarlas dis-
playing every 100000 events the following information

event number,

e Simulation time in the simulated system

e Elapsed time in the computer

e ev/sec current estimate of the number of event per second

So after simulation it is possible to get indications abbetperformance of the simulations.

Discussion of events: The number of event is also dependitigeanumber of observation modules
that are present in the scenario. For example, the queuirdulemare generating events for the next
inspection (at arbitrary time) and at the end of packet setrvi

Investigations of performance The simulator is furnishing during execution of a scenanitica-
tions of the number of events generated.

The advantage of an aggregate model is that it reduces thbeturh entities required. In an event
driven approach, if every packet transmission is an evattyden the original model and its aggregate
equivalent, the number of events shall be similar. If theregate models (like the MMPP for example)
have transitions that are not related to packet arrivais,avents due to a state transition of the associated
Markov process are introduced in the simulator which aredetated from packet generation events.
This tends to increase the number of events in the aggregatedl with respect to a classical renewal
model.

In general, the simulator shall generate constantly theesaummber of events (large scale mean, of
course local variations will occur). Otherwise if the numbéevents generated over time is decreasing,
it means that the simulator is getting more and more diffiesifto generate the same models, it is likely
that one or more of the queue inside the simulator is gettatgrated (or this is the more probable
explanation). If a queue is heavily loaded, it will requicegixecute the simulation up to a point where
the saturation has occurred and then to inspect the obedstéct where the saturation has occurred.
Another point able to "saturate” the system is an overflow widable playing a role in the generation
of packet, this kind of error has its origin in a single modgbr this reason, the implementation of a
traffic model needs to be tested individually before to balusehe simulator.

In order to estimate the complexity of the models, it is nelddecompute approximatively the number
of events generated by the model. For example, for the voiogeinthe number of events generated
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4.6. Summary

can be evaluated. It is recalled that this model in an on/affleh withT = 0.01s, T,,, = 0.350s
Torr = 0.630(AF = 2.8). The number of events between two ON phase is then Neven{pa8kets) +

2 (on off transitions) / (Toff + Ton). This corresponds to 3@se If 100 sources are needed,, = 3800
ev/s. In order to simulate 150s, the simulator is ugihg0° events. The part required for the generation
is 5.6 10° events. Some events are required for the packets conveince the 4th level is based on a
regular clock, the number of events can not be reduced betoimianum level.

Another point to consider is the number of events neededhficbllection of metrics in the simu-
lator. For example, it was shown that the autocorrelatidimegion modules could have an expensive
computational cost in particular if the module is feedecdhvaih high number of packets.

Analysis of complexity For example if we have two applications per 100 subscribaregich node,
the precise simulation has a complexy0 x ¢, wherec, is the complexity of the application model.
An subscriber model of complexity, will have a node complexity of00 x n, so it is required that
cs < 2¢, to have a gain. When working at node level, the complexithefriode aggregate model brings
a gain if the aggregate node complexityis such hag,, < ¢,200.

4.6. Summary

In this chapter, the theoretical definitions from Chaptera2enbeen applied for a case that will after-
wards be studied numerically. This scenario was describddtie parameters used in the remaining
of the study. The actions of the operators were describell atails of the practical implementation.
The translation of this scenario into an appropriate sitouland the realization of this simulator was
described. Now the obtained results will be shown and dgsmiis
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Pyramidal aggregation of voice models

In this chapter, results concerning the aggregation ofeimodels are presented. The sources are
assumed to be homogeneous and identical. Equivalent moaelanyway be derived at the different
levels of the pyramid. For the aggregation of voice sourttesuse of an MMPP(2) model is suggested
at node level. At the transport level, gaussian equivaleiitalso be investigated.

5.1. Overview of presented results

Figure 5.1 shows the scenario considered for the aggregafibomogeneous subscribers. At first an

increasing number of subscribers with only VoIP traffic wasisidered. In the picture are depicted

different organizations with or without the use of aggregatodels. Scenario 1.1 is defined by the
consideration of 100 voices sources. The input stream istitoted of@El), 1= 1,100 Where<I>§1) is

the model for a single voice source. Scenario 1.4 is defindteaamggregated model corresponding to 1.1.
Scenario 1.2 is defined by the consideration of 99 voice ssur&cenario 1.3 is defined as composed
of a single voice source and an aggregated model equivalesdenario 1.2. If it is assumed that the

~

Scenario 1.2

Y

Scenario 1.1

(P

Scenario 1.3 Scenario 1.4

Figure 5.1.: Description of the first set of scenarios considered
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x 10° Satellite throuput for 1 voice source
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Figure 5.2.: Thruput for 1 voice source

aggregated models are generating a traffic stream at thellet@lowing traffic streams can then be
compared at the node level:

o %) generated fron®!}) (i) i = 1, ..., 100.
. q)f’i generated fron@Eé)MPP(IOO)
o o) generated frond{!) (1) and®\), . ,(99)

The traffic strean@f’i is the aggregated stream equivalent to the traffic stré%"r%q They must have
equivalent properties that will be investigated in ordepriave the validity of the equivalency. The traffic
stream@@ is also an equivalent model in which one application is kemirder to obtain performance
metrics.

5.2. Pyramidal description for this first case

5.2.1. Application level

The voice model was described in 4.4.1.1. Figure 5.2 is gigpwie activity of voice source measured
at the satellite level (throughput of streab’)). It was measured at the transport level. The maximum
throuput is obtained 4t0.8610* bits/s that corresponds to the transmission Bkfackets per frame. A
lower level of transmission rate can also be seenh2itl0* bits/s that corresponds to the transmission of
4 P53 packets per frame. The original traffic had a peak rate)6fP; packets per second. TH®& traffic
has similarly a peak rate a0 P, packets per second. This corresponds to 26packets per frame.
Depending from the instant the peak is starting relativééolteginning of the frame to 3 packets can
be sent per frame. Since the sizeffis 848 bits it fits exactly into 223 packets. So betweehx 2 or

3 x 2 P53 packets can be inserted in the frame during the ON period. bEhavior of the single voice
source reveals the importance of the peak data rate. It siegpostant to allocate resources up to peak
data rate.
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Figure 5.3.: Probability density function of the mean sources throuput

5.2.2. Subscriber/node level

In order to derive a MMPP(2) model to the aggregation of 10i@essources, any of the method de-
scribed in chapter 3 can be used. The methods based on tve &rrictions, where indicated to have
worst fit when used for the derivation. The method of Kang wseduvhen the traffic volume was suf-
ficient to get meaningful queueing statistic (i.e. to haveun@nce of "long” queues length). The EM
method was also used, it revealed stable enough to perferatiite evaluations for increasing traffic
load.

5.2.2.1. Properties of aggregated streams

Global behavior ~ When theN,, voice sources are aggregated, the effect of "averaginglldrappear
because the peak rate is reached at different instants.eé®dartcy towards the mean rate should appear.

Figure 5.3 is showing the probability density function of timean throuput per source for the aggre-
gation of 1,5 and 10 sources. The results where obtainedragort level. The pdf tends to a bell-shape
when the number of aggregated sources increases, the neranig the mean data size. For the single
source, two peaks are seen for the throuput that correspornde 4 and 6P; packets.

The aggregation of homogeneous sources is reducing thet effthe peak value and an averaging
effect can be evidenced. To confirm this, figure 5.3 showstalsdCDF of the throuput for increasing
number of sources. It can be seen that the CDF tends to a istiibdition (that is undoubtedly gaussian)
so that the peak behavior does not matter so much.

This can be used to reduce the bandwidth allocation neges$en sources are multiplexed together.
Even if, in the case of some models with long-range deperyddinis multiplexing gain is not obtained,
because big size packets arrivals can occur.

Autocorrelation ~ When the renewal processes were introduced, it was medtibaéthe aggregated
process was not a renewal process anymore. This can be séignrens.4 that represents the autocor-
relation of theZ for the 100 voices sources that are aggregated. There iskarp#ds autocorrelation,
that indicate a kind of period in the aggregated processaryl@ should be caused by the next packet
transmission of the same user if it remains in the On states. i$heached at = %Nv = %100 =36

In figure 5.5, the autocorrelation measured in the simuliothe aggregation of 100,110,120 and
130 is shown. The simulator is giving a sequence of autolatioes c(k) wherek is the number of
arrivals. When sequence is normalized by the mean arrite] tlae curves have a good superposition.
The Fourier transform of the series has very similar shaple avpeak, that corresponds to the damped
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Measured autocorrelation of interarrivals for 100 voices sources
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periodic component of the autocorrelation. The peaks afautelation occurs readily at= 0.01 =T

andt = 0.02 = 27T as explained earlier.

5.2.2.2. Parameters derivation

Different methods have been used to derive the parametding afggregated models from the recorded
stream. From a record @(13{ the parameter of the streaﬁf_)’i are obtained. The methods that were

used are:
e Based on increasing moments
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\Voice Sources A Ao 71 9
100 1.0661010 0.753172 1.59910e-3 3.3754¢-6
110 1.0592671 0.816444 1.2421e-3 3.941 -5
120 1.0372151 0.869265 4.8058e-4 1.17e4
130 1.060082 0.899490 2.591e-4 2.3420 ¢-4

Table 5.1.:Normalised parameters of the MMPP(2) for different numbesice sources

e Based on asymptotics
e EM method (initial parameters determined by IPP, HMM (Hiddéarkov Model))
e EM method (initial parameters determined by Kathleen MMPP)

In order to determine the aggregate model parameters tlogviog inputs are required:

case 1) Derivation from statistics of counts: it requires ttumber of packet arrivals as a function of
time.

case 2) Derivation using queueing statistics: it requineseistimation of the queue length statistics and
an asymptotic of the autocorrelation function. More overitean inter-arrival time is required.

case 3) Derivation using EM algorithm: it requires the seqeef time arrivals with the record of packet
sizes. If the number of packet sizes does not correspone toumber of packets categories that
are required, a mapping is necessary and then, an histodnaacket size repartition need to be
collected.

Many methods have been used because it was impossible to usegae method, for each of them
some cases occurred where the limits were reached: the Bthbohis using just the arrival process but
is generally unprecise, the second method was proposed@erfouming previous method, but in case
of low traffic the statistics on the queue size don'’t allow bain sufficient statistics for the asymptotic
to make sense. The EM algorithm can be used to obtain goodatss. Nevertheless it requires a high
precision and therefore the speed of convergence is lowedtgance speed can be increased by a good
initial estimate located not too far from the final solutiof first proposition for this initialization was
following a procedure introduced by Ryden but in some of #hes, inconsistent results were obtained.
The problem is due to the fact that all arrivals are classifiiedhe same state, that render inconsistent
the determination of the MMPP parameters. On the other htwedhypothesis of single state arrivals
(Poisson) was rejected by many statistical tests. To oweectinese difficulties, a second initialization
procedure was implemented, which is tailored for MMPP(2§lgle. The initial values obtained here are
in general different from previous initialization procedubut they also lead to convergence at another
solution. Indeed the parameters of an MMPP(2) are not unigue

The methods for the determination of the parameters arearihé MMPP, the first method is based
on the moments estimates of the arrival process , the secotitt@symptotic estimates of the queueing
statistics, the third is based on the EM algorithm. 2) forBiWAP first the packet sizes are chosen from
the histogram of the packet repartition and then the paakisabprocess is chosen taking into account
the packet size at arrival using the EM algorithm.

This derivation was performed for different number of vasoeirces aggregated together. The question
is how to retrieve the number of voices sources from an Initiedel. In a previous study [GRBO05], an
MMPP(2) (with 4 parameters;, Ao, 71, 72) has been derived.

The parameters in table 5.1 were derived using the methocanfKThis method was working cor-
rectly for the load described. When the traffic load was lake(for example for 30 and 15 voices
sources), the determination of the model parameters wasosstble (with a monitoring queue working
at a capacity of about 132 voice sources).

From the simulation of 100 VolP sources, an MMPP(2) equivalgas searched. Using the EM
algorithm, the following equivalent was found.

0= —5.8¢ —4 58e—4 I — 3644.09 0
N 4.096 —4.096 N 0 1017.62

87



5. Pyramidal aggregation of voice models

Parameter 11,12 for MMPP(2)
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Figure 5.6.: Parameters;, A, for MMPP(2) model for Nvoip

N | E[Ni]  E[N{]
100 (VoIP) | 192.4255 15.2167
100 (MMPP(2))| 193.3044 7.5181

Table 5.2.:Parameters of Gaussian models for one node (with bandwedttigtion)

For such a process, the mean arrival rateis 3643.7 packets per second. Since the voice model is
considering packets of 100 byteB;(packets), and the correspondifig packet has a size of 848 bits,
that fits completely in two packeB;. The packet rate at node level is two times the level 1 kgtes
7287.4 packets per second whéh of size 60 bytes are considered.

The methods for the derivation of equivalent parameters ilese investigated have been recalled
earlier. Not every method could be used in every case. Farake of voice only, a increasing number
of voice sources ranging froi®b to 120 was used to derive equivalent model. Figure 5.6 shows the
obtained parameters of a MMPP model based on recordingshforcaeasing number of users. The
parameters were obtained using the EM algorithm. The liziéiton procedure was the one described in
chapter 3. It must be noted that the values obtained duramitialization step were for some recordings
wrongs (the sign of the elements of the Q matrix was the contia expected), other procedures were
examined, but they were giving estimates with differenteordf magnitude. Moreover the hypothesis
of exponential arrivals tested with the different statistitests was refused. Anyway, the EM algorithm
was able to reach meaningful convergence, with cohereimasis in stead of the bad initial guess. The
figures show a "linear” behavior as was obtained using the KANethod for less cases.

5.2.3. Transport level

Since a single node was considered, the results obtainée &tainsport level are similar to the results
obtained at the node level.

First, in table 5.2 the parameters of a gaussian estimageshawvn, that was derived as the equivalent
of 100 instances of the VoIP model and for one instance of thP(2) (using the parameters from
table 5.1). These two gaussian models are transport leuiladents of the original and aggregated
equivalent having the maximal simplicity. A slight differee can be seen for between the mean of the
first model and the second (that will imply an higher rate far second model) and less variance for the
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Figure 5.7.: Comparison of the distribution of the number of cells vieva¢transport level

MMPP(2) model as in the original case. This difference is wutae characteristic of the MMPP, which
have an determined index of dispersion (and is "containedhé original traffic recording.)

To complete this analysis, figure 5.7 shows a comparison efpdtket composition of the frame
(distribution of V) for the original and aggregate equivalent.

5.2.4. Summary of the constructed case

To summarize the conducted actions, in this numerical sttty VoIP model has been implemented
and different equivalencies were investigated. It can legl tig simulate a full size system (for example
with 50 nodes and 100 subscribers). Aggregate models haredszived at node level: the MMPP(2)
revealed to be able to capture the characteristic of the.trac

As a complement, light-weight models were investigatedsiéch gaussian equivalents were derived
as equivalent for a node. These constructions of full-sizaysis will be presented in the next two
chapter using also other traffic sources.

5.3. Justification of equivalencies

Since the generated streams uses two distinct generatisrsnpossible to have exactly the same arrival
time and packet size (if applicable), so the reference manigthe aggregate equivalent will always have
different realization inZ, S). Anyway the analogy in the generated sequence can be menhitor

5.3.1. Node level

5.3.1.1. Traffic volume analysis in the pyramid

The first investigated metric is the general shape of thewdditene of two recorded traffic stream (for ex-
ample the amount of bit generated vs time). Since everydrgéfnerator is based on a random generator
that have their particular realization, equivalent models never reach a perfect match.
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5. Pyramidal aggregation of voice models

queue size distribution (scenario 1.1 and 1.4)
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Figure 5.8.: Queue size distribution for 100 voices sources

By comparing the trace of aggregation of on/off traffic an@qfiivalent MMPP(2) model, the agree-
ment is good, even if the ON/OFF model has a transition pethwt is not present in the other model.
The transition period is due to the implementation of the ehothat initiates the state either in ON or
OFF state, but with the duration of a normal ON or OFF periadirant of a remaining ON or OFF period
time. To prevent this faulty behavior, the model is impleieernwith no transmission during the first ON
period state, given that the first state is an ON state. Fer#ason, there is a clearly marked transition
period at the beginning of the voice model.

5.3.1.2. Queueing characteristics

A second investigated characteristic is the queue lengta fueue receiving the traffic stream as input.
If the queue is stable (corresponding to an incoming strealunve inferior to the maximum output
capacity of the queue), then a stationary length is reacAduboretical developments determine this
gueue length distribution for different hypothesis on thiéval process, the service time and the queue
parameters. In the simulator, a queue is implemented witierea fixed service time or a service time
proportional to the packet length. The service time (pekeiar per bit) has to be set according with the
input stream arrival rate (per packet or per bit). The sitghilf the queue has to be checked for example
by computation of the load factar.

Figure 5.8 is showing a comparison of the queue length atrdeparom packet from a monitoring
gueue located a the node level. Three cases are comparditstiome corresponds to a precise simula-
tion of 100 voice sources (the queue is using the input str@%f'ﬁr), the second ones corresponds to the
theoretical distribution for a MMPP with the parametersidmt from the asymptotic parameters of the
gueuing statistics and the third one from the implementaticthe MMPP model (which corresponds to
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Figure 5.9.: Throughput vs time

the input streani)f’i).

The packet service time in the monitoring queue was chosan o 2¢~*s, the generation rate is
A = 3643.7 ~ 100 * Tm% = 100 * 552255 =, SOp = 0.7287. The monitoring queue is working in
packet mode. This would give a probability of non queudm@§) = 0) = 1 — p = 0.271 = x¢. This
value corresponds to the first column in the queue size hligion. The theory of MMPP/Q/1 queue
is providingx1, the probability of having a queue length of 1. Ongeandx; have been derived, the
complete distributiork; can be obtained after computation of the maiand all derived values. In the

case of a constant service time, the iterative solutiofi ef [ exzp(Gx)dH (x) is obtained more easily.

5.3.2. Transport level
5.3.2.1. Analysis of volume

Figure 5.9 is representing the throughput measured atahsgort level. The curve in blue corresponds
to 50 x MMPP(2) model and the curve in red in 5 X00 VoIP}. It shows the visual equivalency of
both generated sequence. The parameters derived for daganssdel show that the variance of the
MMPP(2) is smaller but that the mean value corresponds.

5.3.2.2. Analysis of delay

Figure 5.10 shows a comparison of the probability densihction of the end to end delay for the one
voice application in the precise simulation as in scenarloahd with an aggregate model as in scenario
1.3. The delay is uniformly distributed in the frame duratibecause the allocated bandwidth is high,
so no significant delay is shown. The figure shows for clahigy minimum and the maximum of both
density, each density is in the darker area (drawing botiodriam results in a picture that is difficult to
interpret, the graph does not mean that both. The complamedénsity function shows that no major
difference between both distribution can be detected. Wiltconsidered allocated bandwidth (275 cells
/frame), the agreement between both model is good.
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5. Pyramidal aggregation of voice models

comparaison of packet delay with detailled model and aggregated model (single node)
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Figure 5.10.:Comparison of the pdf of the delay for the scenarios 1.1 aBd 1.
5.4. Summary

In this chapter, the focus was given to a simple case wherditfezent level and the form of equiva-
lencies can be viewed. The focus here was given a case whigréa@R sources were used. The origi-
nal application model was compared with aggregate (MMPR@)els and synthetic gaussian models.
These generators were compared from the point of view of themve, but also using supplementary
metrics related to performance (delay, queue size disiniu Good equivalencies were obtained.
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Equivalent nodes for different traffic
conditions

With the systems under study, the concept of equivalerfidrafodel at mode level is of interest as a
large number of subscribers per node are considered withitetl number of application per subscriber.

At node level, the influence of the operators modifying tladfic stream prior to the transport level is
quite strong. Since the transcription into a format conmligith the satellite transmission occur within
this level, most of the modifications of the traffic streamlwdcur within this level. In addition to the
effects of the operators on the traffic stream, the equivatedel are also investigated: for example in
the aggregation of web and voices, the use of a BMAP(3) with8mackets size is studied.

6.1. Overview of presented results

6.1.1. Description of investigated case

The aggregation of models from different sources are iiy&®d. To determine an equivalent aggregate
model for a strean® = {S,Z} a knowledge of the sequence of the aggregatedSized inter-arrival
time Z; is necessary. Because of the heterogeneity, the packetidineed to be modelled. The method
is then first to determine the distribution of the packet sind then to derive a model for the packet
arrival time taking into account the size of the packet atitiséant of arrival.

Figure 6.1 shows the scenario considered for heterogeraapligations. This scenario is consisting
of a single node with 100 subscribers using a VolP applioatiod a BMAP web request model. Using
the record of packet arrivals and packet size at node, a BIZ)AM(l be derived that has a traffic stream
equivalent to a node with this heterogeneous traffic. Theate indicated 3.1 corresponds to 100
subscribers with the VoIP application and the BMAP on/off &osingle user that will be derived later
on. The scenario 3.2 corresponds to 100 subscribers witkidhe application and a BMAP(3) model
representing all web browsing application. The scenarfBocBrresponds to an aggregated model that
is equivalent to the previous two. The derivation of this mlodill be explained hereafter and the
comparison with the original will be also investigated tstjty the usage of aggregate models.

6.1.2. Data collected at node level

During the simulations, following results were gathered:
e Queueing statistics collected at a queue located at nodke lev
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Figure 6.1.: Description of the second set of scenarios considered

e Analysis of volume of data generated vs time. (using recofdke instants of packet generation,
the packet size).

This data is derived from the streab®), measured at the "output” of the node, before its transimissi
to the last transport level. Some of the results are more imgfah when collected at the transport level,
the data are then derived from the stre@f? .

e Measured throughput at transport level

Results at collected at the node level can not be directlypewed with the results collected at the
transport level.

6.2. Additional traffic sources considered

In order to derive more realistic traffic sources, additlomadels are required modelling additional
applications.

6.2.1. Addition of video streaming traffic model

In a former study, video streaming traffic models were imm@atad and the equivalent model was de-
rived using again the method from Kang.

Table 6.1 presents the results of a MMPP(2) model that wasl fiti a trace composed of 10 and 12
video users or, in an heterogeneous case, with 30 VoIP usdrstavideo users or 15 VoIP users and 12
video users.

The model is not taking the packet size into account becaoserbodels were generating common
size packets. In the video model, the frame size was usedtpute the numbers of packets to be send
per frame and the duration between packets within the fraasemodified accordingly to accommodate
this number of packets.

In the following the addition of video traffic will not be cadered any more because the effects
implied by the video traffic (self similarity etc.) are nowvastigated. Their addition will not bring too
many benefits.
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6.2. Additional traffic sources considered

Video Sources
10 1.074758 0.74758  1.69e-3 7.851e-6
12 1.126232 0.82520 1.9868e-3 1.7872e+14
Voice and video
30+ 10 1.1836 0.8761 1.4911e-3 3.3174e44
15+ 12 1.35821 0.884 1.9161e-3 3.778487¢-4

Table 6.1.:Normalised parameters of the MMPP(2) for different mixtafeoice and video sources

6.2.2. Addition of a web surfing traffic model
6.2.2.1. Backbone web traffic model model

Model In order to model the backbone web traffic, a BMAP model candeglphere it is necessary to
include packets of different size to respect the charatiesi of this kind of traffic. These models were
presented in 3.1.2.1. Following the approach in [KLLO3] vha BMAP3 x 3 with three distinct sizes
was used. The sizes of the packets are modelled by threeodateg

Category | < 500 bytes| > 500, < 1000 bytes| > 1000 bytes
Mean size| 94 bytes 575 bytes 1469 bytes

The generation process depends of the following matrices:

—1578.53 0 289.79 41.08 0 84.04
Do = 1168.44 —5215.23 1903.48 | D; = 0 2088.27 55.04
0.81 11.52 —55.61 0 6.71  25.12
664.06 261.28 198.50 13.13 16.23 10.42
Dy = 0 0 0 D3 = 0 0 0
8.80 0.98 0.70 0.48 041 0.08

The corresponding generator was implemented in the siotul#itcorresponds to an overall arrival
rate of A = 27746 (bytes/s) using (A.41).

In order to test the generated stremﬁ) that consists of the packet generation time and the cor-
responding packet size, the queue size of a queueing systeéoh wput is the generated stream is
monitored at periodical instants. The queue serves packtita service time proportional to their size.

Queueing properties  Figure 6.2 shows the arbitrary time queue size distributioithe BMAP/D/1
queue Pr[Q® = k]) for a low loadp = 0.4. It is compared the theoretical queue distribution (of the
BMAP/G/1 queue) with the queueing statistics collectedhia simulator. Moreover, the asymptotics
for the queue length have been drawn computed for the BMAIP¢Géue. The service time is constant
for 1 byte and ist = —2— = 520x = 1.4410 s. The distribution has a peak fér[Q* = 0] =

1 — p which is not represented, but is present on simulationdteeas on theoretic distribution. In the
represented domain, an excellent match between thedmist@bution and simulated value is obtained.
The influence of the different packets size on the queue capdreby the two peaks at 94 and 575 which
are the small and medium packets. The peak at 94 bytes cone$p the arrival in an empty system of

a small packet. The decrease to the origin is mainly due tpitheessing of this small packet.

Packet size  Figure 6.3 shows the distribution of the web packets sizéseabutput of the generator.
. (qrx D xe) . .
The share of each packets in vquméﬁ%imT. Using the preceding values we have

—860.26  277.501  582.75

7T=(0.0223 0.0081 0.9696) D= 11684 —3126.7 1958.5
10.09 19.62  —29.71
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Figure 6.3.: Repartition of generated packets sizes for the web modsiZemand volume)
and hence

pv = (0.1726 0.7306 0.0968) pn = (0.5787 0.4005 0.0208) (6.1)

This corresponds to the values in the figure.

6.2.2.2. Individual web model

The BMAP model was derived from measurement on a backboné&irdy a model for a single ter-
minal requires some more efforts. The BMAP model can be natddliby an ON/OFF process that is
reducing the activity of the single source. Like for the winodel, two exponential distributions can be
used for the modelling of the on and off duration. For the BMABdel used during the on period, the
mean rate of the process has to be adapted to the packet eatévaxpected for

Another reason in favor of the usage of a modulated BMAP mizdisle capability to get indication
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Figure 6.4.: Aggregation of an On/Off model

on the session parameters. Indeed the BMAP model is justidiegcthe packet transmitted over time,
but no information about the evolution of the session daratian retrieved. Cells emitted during the
different activity period are marked with a session ideatifiAt cell reception, the cells identifier enable
the estimation of the duration of the session (by evaludtiegluration between the first packet reception
and the last packet reception). Such a metric is from far meaise estimate of the session duration
(because no modelling of the protocol implied in web surfieyise is performed), but it is sufficient to
give a rough idea of the session duration.

6.2.2.3. Aggregation of single web models

The model for web traffic was derived from measurements orckldmme. For this reason, the model is
already an aggregated model, that can generate a traffirst#€”. It is hence just needed to check if
the session-based model agrees with the aggregated model.

Figure 6.4 shows the aggregation of ON/OFF modulated madela global model. If the single
flow has a mean data rate of in the ON period, then the aggregation dfsources will have a mean
data rateM = Nm#ﬁﬁ. If T,;y = 0 (no pause in the model), it comes = M /N that shows
that just an adaption of the source rate is required. This ifvaijso guarantees that the aggregation
hasN active sources. Ifl;,;; > T, the ratio is denoted = 7,,,/7,;; and is the probability that
a modulated single source is active. The overall data ratieeisAM = Nmf. If T,, = 10min and
Torr = 50m we havef = 0.167. For N = 100, it means that\/ = 16.67m, the rate of the single
BMAP modulated model must be reduced accordingly. Conogrtiie number of active sources in this
case, it follows a distribution with parameters,(f) (Pr(i) = C4 fY~4(1 — f)?) which has a maximum
fori,, = (N +1)f]. It then gives,, = 16. The value (not equal to the mean value) is anyway close to
the ratioL of 16.67.

For the packet size distribution, the same repartition aghi® non-modulated BMAP model is used.
As aresult in the aggregation no modifications shall appear.

A comparison of the volume and packet repartition for thé ta® models is presented in section
6.5.1.
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6. Equivalent nodes for different traffic conditions

6.3. Equivalent model for heterogeneous traffic

The results here were obtained after simulations correipgrto the scenario 3.2. 100 VolP sources
were considered together with the backbone model. Frometterding collected, the sequencg S)

for the aggregated stream was collected. A BMAP model wasised that would be able to characterize
both web and VoIP.

The first step is to classify the packet size in order to dyassich packet of sizé& to one of the
category. The results of the packet repartition in the 3 dos@-500 bytes / 500-1000 bytes / 1000-
1500 bytes) gives the following mapping for the packet size:

Category | < 500 bytes| > 500, < 1000 bytes| > 1000 bytes

Mean size| 108 bytes 582 bytes 1473 bytes
With this information, the classification into the size catey (1),(2) or (3) is possible.

Using the EM algorithm, using as input the recording of irgeival time and of packet size category,
the convergence was obtained after consideration of alpksnbased on an initial value obtained after
consider of the first 5% of the samples. The obtained paramete¢his model for heterogeneous traffic
is then

—3904.5  0.0111 0 3373.02  0.1128 529.472
Dy = | 2514.25 —6337.24 0 D} = | 0.0103 2821.84 842.896
0 7016.5  —7049.51 0.0029 32.4798 0.5259

0.0001  0.0003  0.0001 1.878 0 0

Di = {0.0001 157.714 05304 | D5=1| 0 0 0

0 0 0 0 00

This model has an overall arrival rate df= 402282 (bytes/s) using (A.41). (It is a rate measured at
level 3).

Using the preceding values we have

—529.601900 0.124200 529.472100
77':(0.762802 0.160676 0.076522) D' = | 2514.260400 —3357.686000  843.426400
0.002900 7048.979800  —7048.984100

and hence
pv = (0.9580 0.0368 0.0052) py = (0.9925 0.0071 0.0004) (6.2)

An on-off version of this model could be derived in order tordan heterogeneous model at the
subscriber level. Because of the different activity facbthe web and VoIP application with different
ON distribution (and duration), such model would have notimteal sense. This model will hence be
mainly used as an equivalent at the node level.

So far, a aggregate model for the heterogeneous traffic wasde This is the model corresponding
to the scenario 3.3 in figure 6.1. The properties of the traceated with this model will be investigated
later on (in section 6.5.2)

6.4. Gaussian equivalents for node traffic
In this section, easy to use models are proposed at the level 4

6.4.1. Derivation for reference case

In table 6.2 the value of the parameters for a Gaussian teaaggregate model for N subscribers are
summarized. These values will be used as a generic Gaussidel for aircraft with variable number
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6.4. Gaussian equivalents for node traffic

N | E[N;] E[Ns] E[N} E[NiN3] E[N2N;] E[N2

100 | 192.3686 13.9524 677.1368 -36.5608 -36.5608 278.7556
101 | 193.6049 13.9731 688.0797 -32.467  -32.467 283.8626
102 | 195.758 14.6172 673.5927 -42.3139 -42.3139 291.2456
103 | 197.126 14.4281 687.4767 -48.952  -48.952  287.4916
104 | 199.5021 15.2741 716.9346 -73.1791 -73.1791 298.2165
105 | 201.2455 14.2794 747.6645 -81.2098 -81.2098 284.6159
106 | 203.7906 15.2553 709.6874 -81.5548 -81.5548 285.4518
107 | 204.7979 14.5328 698.8019 -81.8108 -81.8108 278.0913
108 | 205.3833 14.7514 688.3994 -76.1597 -76.1597 282.6594
109 | 209.4999 15.7619 754.5811 -139.2813 -139.2813 318.1602
110 | 209.4085 15.7545 714.3991 -128.8929 -128.8929 298.5579
111| 214.0236 15.3711 711.718 -178.9732 -178.9732 316.288
112 | 215.6324 15.3525 663.2123 -161.6952 -161.6952 305.4141
113| 216.7995 15.3654 694.4643 -195.3057 -195.3057 321.5179
114 | 218.4192 16.5474 655.0058 -231.5391 -231.5391 356.8913
115| 218.9856 16.8068 687.7415 -260.5305 -260.5305 374.7777
116 | 221.3499 16.4693 658.7701 -255.6933 -255.6933 345.4086
117 | 221.4676 16.9596 674.5477 -299.1251 -299.1251 389.8328
118 | 225.1854 16.2877 635.9014 -323.9917 -323.9917 388.5999
119| 228.4669 16.4404 620.928 -403.2007 -403.2007 439.8298
120 | 230.0413 16.7187 590.0656 -432.3814 -432.3814 457.1948
121 231.4236 17.3228 571.1954 -492.2139 -492.2139 502.1025
122| 233.8018 15.2491 508.0805 -424.7134 -424.7134 428.1476
123 | 236.0702 13.1045 488.883 -420.2514 -420.2514 420.1586
124| 237.0521 12.4173 438.611 -378.4547 -378.4547 378.4163
125| 239.8898 9.6096 383.3581 -329.3187 -329.3187 325.7864
126 | 242.2732 7.2559 310.4893 -251.7943 -251.7943 249.0017
127 | 243.3529 6.1746 302.4054 -240.8361 -240.8361 233.71
128 | 242.7198 6.6351 295.272 -233.1219 -233.1219 228.9654
129 | 246.4786 3.0037 177.728 -119.1915 -119.1915 111.2147
130 | 248.4163 1.1823 102.4532 -49.3176 -49.3176  43.3222

Table 6.2.:Parameters of Gaussian models for one node (with bandwadttiation)

of passengers in a study of complete satellite system diom@ng in the next chapter. These values are
only valid for a bandwidth/node of 250 cells.

It must be noted, that the mean number of cells of the secqmel Xy experiences a decrease for
increasing load. Hence, this synthetic load is not strgsstnmuch the system as a linear model would
do. But it is also difficult to study a system close to satwatbecause the delay have a dramatic increase
when the load is approaching the limit .

These parameters are sufficient to characterize the motlel tised at the transport level because the
mean and the autocovariance matrix are sufficient to cleriaetthe process.

6.4.2. Influence of Transport level bandwidth

Similarly these values were computed for a reduced bantwidith BW=225) and for an increased
bandwidth (with BW=275). Interesting results are gathdogdhe reduced bandwidth. The traffic gen-
erated with this model has then this limitation in volumettisaoccurring earlier. With less subscribers
the saturation will be attained, than in the reference case.
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In order to measure the differences between each caseaa firaglel is derived foN; and for N, for
varying passengers number. The linear model was derivedl the values collected with an increased
bandwidth limitation (BW=275), it camé/; (pax) = 1.932 % pax — 1.7755, with the 95% confidence
interval of these two parameters ([1.889 1.975] for the sl@nd [-6.745,3.236] for the ordinate), and
for No(pax) = 0.1247 % pax +5.756, with the 95% confidence interval of these two parameter& QL
0.1434] for the slope, and [3.608,7.904] for the ordinaldlis range is indicated in figure 6.5 where the
measured value are represented. It can be seen that fahe obtained result respect the linear model
(except to the reduced bandwidth if the number of customérriber increased). On the contrary, for
N5 the behavior is not linear when the traffic is too importartr & bandwidth limitation of 250 and 225
cells per s, the point outside this level is determinatedothes, for the first point outside the confidence
interval

e BW =250, N =123

e BW =225, N =109
Because of the quality of service scheme, the second cgtbggims first to suffer from the effects of the
bandwidth reduction. Concerniny, the linear behavior is remarkable and occur up to the maximu
bandwidth.

6.5. Traffic volume analysis

6.5.1. Web browsing case

In the simulator both models were implemented. In figure & 6pmparison volume of data between
the BMAP (continuous model) and the aggregation of On/Offinlated BMAP is depicted. For the
ON/OFF model, the modulating processes has following &lllg, = 1s, T, sy = 9s, AF' = 0.1. Two
sets of value have been used: 1) For 10 users, the same matsi¢e the continuous model have been
used, 2) for 100 users the matricd3y( D, ..., D3) have been divided by 10. They are both equivalent
to the continuous model. The growth rate of both curve islaintiecause both curves have a similar
slope. Following slopes were measured:

e case i) (web browsefy (t) = 2.7535e4 x t 95% confidencef2.7533¢4, 2.7537¢4]

e case ii) (10 times BMAP D/10Y (t) = 2.6225¢4 x t 95% confidencef2.6206e4, 2.6243¢4]

e case iii) (100 times BMAP D/100) () = 2.7589¢4 x t 95% confidencef2.7582¢4, 2.7597¢4]
This shows that the aggregation of the 100 individuals wetwber has a very good agreement with
the original BMAP model, because the generated traffic velisnequivalent (the difference of traffic
volume rate is of less that 0.2% ).The theoretical BMAP ratie® was of 27746 bytes/s.
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trafic volume
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Figure 6.7.: Aggregation of an On/Off BMAP model and comparison with BMAi®del - Analysis of
packet size

In figure 6.7, a comparison of the size of the packets for tifferdint size is included. A similar
repartition is obtained. Recalling the results obtaine6id) for the repartition of number of packets
theoretically presents using the parameters of the moges;%, 40.05%, 2, 08% of packets should be
of the first, second and third category. These percentagesrailar as the one obtained in the figure 6.7.
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6. Equivalent nodes for different traffic conditions
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Figure 6.8.: Data volume generated vs time with the two traffic compomegitb(and VoIP)

6.5.2. Heterogeneous case

Recalling the results obtained in (6.2) for the repartittdmumber of packets theoretically present in the
system using this equivalent model.

For the heterogenous traffic, using the BMAP(3) model that deaived previously in the case of VoIP
and web, a aggregate model at node level was obtained. Oe fig8irthe data volume generated by the
aggregate model is compared to the data volume generatéa lpydcise.

The volume rate was evaluated using a mean square procemuaarfodel of typéa x 2’ (polynom
starting at origin). We got the following estimates

e web only:V(t) = 2.2362e5 x t, 95 % confidence interva®.2361e5, 2.2363¢5],
e \VOIP only: V(¢) = 3.048710° x ¢, 95 % confidence intervd$.0487105, 3.0487106]
e all (sum of the two)V/ (¢) = 3.276610° x ¢, 95 % confidence intervd$.2765103.276610]

Moreover the repartition of the packet size is compared umréd.9.

pv = (0.9580 0.0368 0.0052) py = (0.9925 0.0071 0.0004)

Figure 6.9 shows the repartition of packets in the systene.répartition of the smallest packets is of
99%. This corresponds to the model valuedot25%(pn (1))

6.5.3. Influence of Transport level settings

Here each subscriber is using two applications that areevad web surfing. At the application level,
two streamsbgl) and<I>(21) are generated. Because the web surfing model is not so eadiljdualized,

the model is generating traffic directly at the node levehfratraffic strean®{w
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Figure 6.10.: Throuput on the satellite link for a single node
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35

Figure 6.10 shows a comparison of the throuput measuredeoimathsport level for a generated traf-
fic stream composed of 100 subscribers with VoIP applicatiod one web server. The effect of the
bandwidth allocated per node can be seen: in the zoomed miffiedent bandwidth were allocated
BW=240,250,260,270. When the generated traffic is over ltbeadied bandwidth, a plateau appears in
the throuput. When the bandwidth increases, it can be setithih occurrence of frame with the maxi-
mum number of packets is reducing. The practical conse@guisrtbat the delay is reduced with higher

capacity.
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6. Equivalent nodes for different traffic conditions

6.6. Summary

Equivalent models at node level have been investigatedsrctiapter. For this purpose, heterogeneous
traffic models were necessary. Tentative models were inted and a user-oriented model was sug-
gested in order to model web access transmission. The pnacefimodel derivation for this new traffic
composition was repeated and an analysis of the propeftibege model was conducted.
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Full size system investigations

The results presented in this chapter concern the tranigpettof the aggregate pyramid. First, the sce-
nario is presented where aggregation gains are investig&econdly, the results of node investigation
from previous chapter are verified at transport level andnghgfic model at the transport level is pro-

posed. Finally, investigations are performed to analyeerésults obtained with aggregate models and
the benefits that can be gained with their use.

7.1. Overview of presented results

7.1.1. Considered case

Figure 7.1 shows some of the nodes that can be considerediaeso The first case corresponds to
a "precise” node and is depicted on the left side where 108gmaers are considered with each two
models of an application.

Nrir Ny

@ ]| ||Ln.

[100] 3 | |[10]
=3 | |=8

Type llI Type IV

Figure 7.1.:Elements considered in the multiple mode case
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7. Full size system investigations

The different type of node are then:

e type | (precise model). Each of the application is usingiitgle model. The subscribers are homo-
geneous (each of them is using the same applications). Thbenof subscriber then characterize
the volume of traffic generated.

e type Il (realistic model). A synthetic model is used for thebmraffic (with a specific traffic
volume) and a certain number of VoIP users can be selected.

o type lll (aggregate model). In this case the node is usind3t&P D’ model that was described
in last chapter.

e type IV (gaussian model). In this case the number of packetmed at level 3 is following a
gaussian distribution. If two QoS classes are considetesbi-variate gaussian model is used
otherwise a single dimension gaussian model is used.

For the purpose of system evaluation other node profilestnagiuced later on, based on a similar "base”
load to which a test application is added.

The scenarios are then composed by a combination of theaiffeode type. It requires the descrip-
tion of the number of nodes of each type that are considerdu: Va@riables Ny Ny;, N, Niy
characterize these numbers.  Of course, other variatiand bave been performed: a fixed model per
aircraft could have been used with a variable number ofairar the bandwidth of the satellite could
have been reduced for a given traffic load. In the influencénefilandwidth will be investigated at a
given load. For more bandwidth, the delay shall decrease.leéSs bandwidth, the shared bandwidth
effect shall be attenuated, so the benefits in term of pedoom for web traffic shall be reduced.

7.1.2. Data collected at transport level

During the simulations, following results were gathered:

e Analysis of volume of data generated vs time. (using recofdke instants of packet generation,
the packet size).

e Density of transport level cells repartition (frame conipor: record of number ofV; and Ny
packet transmitted per frame)

e Performance indicators from the simulator. In the studyfgoered, the session duration and the
session volume in term of transmitted bytes during the Ohbgdeare calculated.

This data is derived from the streaff*), measured at the "output” of the satellite. Since in the
considered system the satellite is working with a consteroka7” = 26.5ms) and manipulates packets
of constant size and is allowing a certain numbePgfcells to be transmitted following the described
policy for quality of service, the stream can be describetheynumber of cell§ NV } that was transmitted
att = nT. This number can be decomposed by cell categories, thiditaing two series{ N, } and
{NQ} such thatv = N7 + Ns.

7.2. Validation of node equivalents at transport level

In this paragraph, the results obtained for single nodeyshadformed in the previous chapter are con-
firmed by an analysis of the records obtained at the trandpeet. A comparison of transport level
frame occupancy (the number of cells of type 1 an®y;2and /V5) that were calculated at the level 4
(from traffic strem®?) is performed.
The estimation of frames occupancy parameters was prdyipagormed for the following cases:
1) Single node with 100 subscribers with single VoIP appilica
2) Single node with aggregate equivalent for previous traffi
3) Single node with web server
4) Single node with VoIP and Web server
5) Single node with aggregate equivalent for previous traffinditions
6) Gaussian equivalent for heterogeneous traffic
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7.3. System description for investigations

# Scenario E[N1] E[N2] E[N?] E[N3] FE[N;No]
1 \oice (precise 100x) 193.73 X 639 X X
2 \oice (MMPP(100))| 193.31 X 386 X X
3 Web only (BMAP) X 19.31 X 505 X
4 \oice + Web 188 14.3 910 322 -11
5 BMAP(D’) 197.37 X 460 X X
6 Gaussian(2) 188,4 17,8 871 322 -15

Table 7.1.: Transport level analysis of traffic measured for differergrsarios

Remark for the scenarios 1,2,3 and 5 we have multiple ine&an€ a single model or a single ag-
gregated model that don't allow distinct quality of servidass, hence only a model for N2 and N1 or
N1+N2 is possible.

Table 7.1 summarizes the results. The mean number of ceéisydariance and, if applicable, the
cross-correlation for each cells categories was evaluated

For the voice case (scenario 1) and 2) ) a good agreement dretaath models is obtained. Both
mean amount of cells match precisely. The MMPP has a low@nee that the original model, because
the aggregate model was not derived strictly from the seaodér property but from the queueing
properties. A tentative explanation for the reduced vaeais that the aggregate model has lost some
information because of the fit of autocorrelation functioaswised, the fit is not done only on the basis
of the first order statistics. The constraint on the varigadence implicitly released.

The other scenarios are concerned with the heterogeneses. cehe web traffic, the complete traffic
and an equivalent are compared. The N1 cells correspondiBitkéffic and the N2 cells to web traffic.
The values in the table show that the similar first and secoter gtatistics are obtained. The distribution
of the correspond cell numbers is analysed afterwards. ticpkar the scenario 4 and 6 are compared.
Here again, it can be noticed that the BMAP (an aggregatedtadgat) has a reduced variance. For the
voice and web case, the global number of cells has a mean & 26Is / frame. The BMAP model
emits in average of 197.37. It represents a difference ofitaB® % in mean. The gaussian models
is transmitting on average of 206.2 cells per frame. Thatessnt a difference of about 2% with the
original case. These are good agreements from the poinewf ef traffic modelling.

7.3. System description for investigations

7.3.1. Investigation of performance metrics

Figure 7.2 shows the nodes with a test application congidérethe multiple node scenario. Two
approaches for this node can be considered: the one of thedesiders a node composed of the test
application, of N times the instance of the VoIP model and the BMAP on/off mptled node on the
right is composed of an aggregate model derived for 100 Vp#i@ations and 100 users browsing the
web.

Two type are then introduced:

e type Ip (precise model with test application). It is the typghere a supplementary application
which performance are investigated has been added
e type llip (aggregate model with test application). Simifait represent the type Il node with an
application for performance investigation
The typical full size simulation are performed with 50 no@desessing the satellite. Between them,
49 nodes are of type IV and are generating traffic accordinigetdi-dimensional Gaussian model. |

n the simulations the number of Gaussian sources was fixethéytarameters of the model can be
chosen in the list from a single node derived in previousgragh. The number of passengers per aircraft
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Figure 7.3.: Configurable parameters for performance evaluation case

(N_sub_per _node) is then the parameter that sets the volume of traffic (andatie of N1 and N2
cells). This parameter is then used as the parameter st#tgngumber of passengers is the aircraft with
the investigated application, and constituting the loathefnode. Hence, the load of the system is fixed
by this number of passenger per aircraft. The capacity o$dtellite is fixed by the number of cells per
frame and per node (BW). The overall offered capacity is B@fBW cells per frames.

7.3.2. Parameters of the problem - Description of traffic str eams

Because in the description of a full size system requirdsrdifit parameters in order to size the system,
the parameters having an influence on system dimension seeiloled hereafter.
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7.4. Investigations of system behavior
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Figure 7.4.:Mean value ofN; and N, for the single node case under varying load

Figure 7.3 is representing the elements involved in theoperdnce investigation study. The key
element is the test application. In the node where the tgdicagion is located, some generators repre-
senting other subscribers and applications are necedsaryhe other nodes, aggregate models can be
used to generate the traffic of the aircraft. The parametembrer of passengers per aircraft” sets the
number of "other” subscribers in the node with test applicabn one side and it sets the parameters of
aggregate model for all the other nodes on the other sideagtpeegate node models are derived from a
database with the values from table 6.2. By proceeding thig thhe number of passengers is modelling
the complete volume of usage of the system. The load in the witth the test application and the other
nodes could be decoupled, but it seems better to have a paglmeter conditioning the complete traffic
volume. Of course, investigating the influence of the load articular node could be an interesting
other issue, but the results will be similar to the resulbot#d with a single parameter.

Hence in the following system investigations, the follogvientities were considered: the system is
studied with one test node (either of type Ip or type llip) aptionally (for full size investigation) with
49 nodes of another type (I,11,11I or IV).

7.4. Investigations of system behavior

7.4.1. Influence of traffic volume

In this section, modifications of the traffic load are anatiyz®y proceeding this way, the system is
driven to a higher load, up to its maximal capacity. To manitos effect, the frame occupancy was
observed. Two cases have been distinguished: the first oresponds to a system with single node, the
second one corresponds to a system with 50 nodes.

7.4.1.1. Single Node

Figure 7.4 shows the repartition &f; and NV, cells for increasing load (number of subscribers) for an
unique node. The maximum bandwidth is set to 250 cells pardraOn the left side, the number &f
and N7 + Ns is represented. On the right side, the numbeivetcells is represented. Since thg have
the highest priority, as long as the overall amount of traffismaller that the bandwidth limit, there is a
linear increase of the volume.
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Figure 7.5.: Mean value ofV; and N, for the multiple node case under varying load

7.4.1.2. Multiple Node

Figure 7.5 shows the repartition 8f; and N, cells for increasing load (number of subscribers) for 50
nodes. The maximum bandwidth is set to 250 cells per frameth@ieft side, the number a¥; and

Ni + N, is represented. On the right side, the numbeNegfcells is represented. The results here were
divided by the number of node considered. Hence they cani@aed with single node volume.

It can be verified that the maximum bandwidth is never exage@edramatic loss of capacity trans-
ferred for the type 2 cells is obtained in the last part [130]lpassengers/node. With these volume of
traffic, type 2 cells can not be served at an acceptable ragori?l this limit capacity, any user of web
traffic will not any more be served with a satisfactory leviélwould be better to design the system in
order to prevent that such a state is reached either by dntfie usage of the application by alerting the
users or by limiting the admission of new users when the égpizcclose (with a given margin) of this
maximal limit. It must be kept in mind that the users closdrtkession after some time, so this limit
must be mixed with a factor taking into account the sessiosiieg rate in order to reach maximal system
capacity.

7.4.2. Node to transport level traffic modifications

Figure 7.6 shows the generated data volume observed att#iitesdevel. It can be seen that the both
generated traces have a common tendency. To confirm thed uispression both density functions of the
volume rate computed over a period of T=26.5 ms was displayke results presented correspond to the
comparison of the generation of web and VoIP traffic like ia tlase investigated earlier (heterogeneous
sources). For the precise generation the node is compos&d0Oo¥olP sources and a BMAP model
generating the traffic for the web surfers.

The volume at node level is obtained from the record of pasieetl/ (t) = fg S(u)du. The volume
at transport level is derived from the numberéf and N, cells recorded per frame. It com&gnT’) =
(N1 4 N2) x Sq whereS, is the size of cell at level 4. In the detail, the packets mestbat node level are
generated slightly early that they are transmitted on taesport level. The overhead for the transport
level (7 bytes added to the 53 bytes of content) conduct tora@sed overall volume. The consideration
of the information content in the transport level has a gag@é@ment with the node volume.

So far, the simulation approach seems to be suitable fosiigagion of the system behavior. This will
be confirmed in the following when investigating the matchhef model and their proposed equivalent
using different measures (based on volume and other pesfazenmetrics) in the next paragraphs.
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7.5. Validation of equivalent models
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Figure 7.6.: Throuput on the satellite link for a single node

7.5. Validation of equivalent models

This section shows that the use of equivalent models pradesilts similar to the ones obtained with
the initial traffic flows.

7.5.1. Analysis of frame occupancy

A first parameter to be analyzed in order to compare modeleiframe occupancy at the transport level.
Equivalent models shall deliver a similar load of tNg and N, frames, because equivalent models would
imply an identical distribution ofVy,/N>. For this comparison, the frame occupancy was monitored. Tw
cases have been distinguished: the first one correspondsystean with single node, the second one
corresponds to a system with 50 nodes. The purpose of havigig :10de result is to be able to analyze
the results at the node point of view to check that no mismatciirs. Furthermore, once validated, the
results with 50 nodes need to be analyzed again in ordertifyjubat the full size system study furnish
similar conclusions.

7.5.1.1. Single Node

First, results considering only one aircraft in the systemmesented. The advantage is that the effect
of limited bandwidth can be observed earlier and that sitioria are executed quicker than full size
simulations. With respect to the description of the scenaddes of the type |, lll and IV are considered,
each time with a single element.

At this point it need to be compared with aggregate modelsst,Rihe distribution ofN; and N,
for different models is compared by plotting the density led torresponding frame occupancies for
both type of packets. Figure 7.7 shows the correspondingtsesThe node traffic exhibits a Gaussian
distribution that is also followed by the transport levet traffic. At the transport level, the effect of
the bandwidth constraint per node can be evidenced. No rhare 250 cells can be transmitted per
frame. In order to fulfil this constraint, cells are delay@&tiis can be performed since the average traffic
is below this limit (around 200 cells/frames). Both gausdiistributions exhibit a good agreement, a
part for the maximum size of th&'1 cells (type 1), and the small size packet of fkié cells. This can
be easily corrected using bounded gaussian distributi@fierRo annex D.2.9 for a description of such
distributions.
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Figure 7.8.: PDF of N; and N, for the multiple node case

7.5.1.2. Multiple nodes

With respect to the description of the scenario, nodes dfghel, 11l and 1V are considered. Three cases
are distinguished. First the precise case Wth= 50, the aggregated case witfy;; = 50, a synthetic
one withN; = 1 and Ny = 49.

Figure 7.8 shows the repartition &f; and N, (divided by the number of nodes of 50) for the case
of multiple node with 110 subscribers. There is very littlfedence between the distribution for the
precise model and a global gaussian estimate. The meanofaiue gaussian distribution is them; =
IE[N;/50] = 208.9 andmy = IE[N3/50] = 17.3 is this case. Itis very close to the value in raw 110 of
the table 6.2 that were used as input for the type IV nodes.

An agreement in the distribution of the number of packet &highest guarantee that both models
matches. Nevertheless, the volume will be investigatedhéezk from another point of view that a good
match is obtained.

7.5.2. Volume analysis

In figure 7.9 the traffic generated by 50 nodes is depictedeigifit composition of the traffic generated
by the node have been simulated. First each node was compb$@d users of voice over IP, then each
node of web traffic, thirdly both traffic were considered amally an aggregate model was used for each
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7.6. Investigation of Web session duration
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Figure 7.9.: Comparison of throughput for 50 nodes with different trafienposition
node.

A good agreement can be seen between the aggregated modetaradP and web composite model
because they generate a similar throughput (ardusisl 08 bit/s).

For 100 subscribers, it as been derived in table 6.2 thatdfe wolume had a rate of 192 cells per
frame and the web traffic of 14 cells per frame. It implies amwd of Vi = 192 * (S4)/Ty where
Sa = 60 x 8, Tf = 26.5ms it comesV; = 1.7310°8 bit/s andVa = 14 x S4/Ty = 1.26107. In total,

Vi + Vo = 1.87108 bit/s. This corresponds to the observed means.

7.6. Investigation of Web session duration

The objective of these investigations is to perform simaoiet with the equivalent models that were dis-
cussed previously in order to obtain indications that cdwétp system design. The selected objective
was to determine which share of surfing services are acdeptathin the satellite system for aeronau-

tical communications and to derive limits that would limigaod service provision of the considered

services.

7.6.1. Single Node

Figure 7.10 shows the evaluation of the web session estimédr the reference scenario with a single
node. This case considers only one node of type Ip. It can &e &t the number of users has an
influence on the session duration. When the load increasesaibe of more users), the session duration
increases: the web traffic with quality class two has morfcdities to send its packets through the
system. With increasing load, the available service reimgifree for web traffic is decreasing and
simultaneously the load is increasing Hence, the ser
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Figure 7.10.:Evaluation of web session duration (Allocated BW=250)
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Figure 7.11.:Evaluation of web session duration(Allocated BW=275 onldfieBW=225 on the right)

Furthermore the effect of different bandwidth allocatioaswconsidered: in particular the cases for
10% more bandwidthBW = 275) and 10% less bandwidthB{1/ = 225) were simulated, with the
same parameters as in the previous cases.

Figure 7.11 shows the evaluated session length for inergasimber of subscribers. Both cases were
considered: the one on left side represents a greater batidaliocation, the one on the right a reduced
bandwidth. ForBW = 275, it can be seen that the session length increases with tdewdeat means
that when the utilization increases, it gets more and mdfieuli for web traffic to be transmitted over
voice traffic. In comparison with the bandwidth allocation260, the increase of the session length is
anyway slower. FoBW = 225, the increase is quicker, with a attained limit where theiseslength
reaches an unacceptable limit.

7.6.2. Multiple Nodes

A similar analysis was performed as previously but with bgtit nodes of type IV in order to obtain a
load of type 1 and 2. These node model was making use of thenpéees that were determined for the
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Figure 7.12.:Evaluation of web session duration (Allocated BW=250)

gaussian model (that were determined in table 6.2 in previbapter).

Figure 7.12 shows the session length evolution for incngasumber of users. This is quite different
from previous results, because a plateau in the intgiwal, 120] can be seen. In this range the web
traffic can be served without increase of the average sedsi@tion. This effect is due to the share of
resource that occur thanks to the collective usage of als@araffic between all users. This scheme was
used in order to provide such benefits to the second cateftffic. In the loaded case, the estimate of
session length is shorter than in the non-shared case. Bothe cases with too much load, the number
of estimates for the session length was reduced, tellinghibasessions were so long that the last sessions
were not completely received because their packets atedstala queue in the system. Another point to
mention, is that the use of the gaussian "load” model waveeénvith a bandwidth constraint set at 250
cells. The output per node as such a model is depicted on figbird-or high traffic load, a decrease in
the amount of the second category cells is included in thea&ar better results, a linear model could
have been used, but it places the study in another scenario.

Similarly, for a reduced bandwidth allocation, similarukts are obtained (plateau), the limit at which
performance start to be reduced is attainedvat= 107. This shows a straightforward dependency
between the allocated bandwidth and the size of this plat@aan more bandwidth is shared among the
different web users, an higher benefit in term of kept perforoce can be obtained.

7.7. Methodology for system dimensioning

In this section, a method for system design is describedur€ig.13 shows a methodology for investi-
gation and dimensioning of a complete aeronautical sysiém.system is supposed to be similar with
the considered numerical case: different aircraft areesbby a satellite system that have different traffic
profiles. For the design of the satellite system it is impurta know which traffic is transmitted by the
satellite.

For the analysis of this problem, the following approachrigppsed. It was derived by analogy with
the investigated case and make of course use of aggregatelandtlis assumed that the number of
aircraft types is not so high, so that an aggregate node ncaddbe derived for every aircraft considered
in the system (for example, 5 type of aircraft could be pdskib

The first step consists in the derivation of equivalent nodeleh For this purpose, a precise simu-
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Identify:

- Alc categories

- system limitations

- contained scenarios
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Figure 7.13.:Simulations principles

lation is required of each single aircraft. From the reaogdior such simulation (of reduced size ), the
parameters of an aggregate model for each aircraft can beedeA comparison may be performed in
order to check that both model produces similar outputs.ifiér@nt aircraft types are considered, an
aggregate model is required for each of them.

The second step consists in the derivation of an aggregatielnfar all aircraft, using the models
derived in step 1. From these data, a global model is avail@tltransport level) for a complete system
investigation. The results obtained at system level foraréference results.

In order to validate the model, precise simulation could &ls conducted in order to check that both
approach match. Since in general, these results are costlgtain. The goal of the aggregate model
usage is to obtain the same results than in the reference ¢ass a first round is dedicated to the
derivation of aggregate models for nodes (aircraft in thaeg.

The following aggregate models are then required

e aircraft aggregate model (one per type)
e global traffic model

The derivation of models can be performed using similar odshas the one that were derived in the
previous paragraphs. The methods for the investigatioguif/alencies between model can also be used
again.

7.8. Performance analysis

In this section, the focus is given to the analysis of perfomoe metrics gathered during simulations.
The results collected here are based upon a table of the mwheeents generated during a simulation.
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Figure 7.14.:Evolution of simulator performance for single node case

First, the optimization of simulator parameters that havanfluence on the system parameters is shown.
The purpose here is to present some results showing therperice obtained and concerning some
optimizations that were performed in order to increase imelgtion speed by comparing the execution

speed of different models.

7.8.1. Simulator optimization

In this paragraph, three simulations are presented witlioities on the analysis of simulator execution

time. The following timing are used: i) the simulated timetis time that is used in the simulator and

corresponding to the time managed by the simulator ii) thétmme is the time that is used on the com-

puter on which the simulator is executed. The first one is glsinode simulation with parameters that

enables fast results. The second case is a simulation witls&fhce of the previous node with identical

parameters that was only executed at a very low speed anewher performance was suspected. The
performance monitoring has highlighted this problem andlat®n has been proposed. With the modi-

fied case, the performance are analyzed again, with a sioktecuting at acceptable speed indicating
that the problem has been solved.

Figure 7.14 shows the number of events generated for thésprsicnulation of 100 voices sources.
This number is almost constant with a small deterioratiogr dvne. It means that the number of events
generated over time is constant. It is in phase with the mib@elwith an high number of users, should
have a stationary behavior ("constant” number of sourcéisaérconstant bit rate ON phase). The deteri-
oration of performance is probably due to an internal séituwaof the simulator (for example increasing
access time to the log file as time increase). When the reld@dween real time and simulated time
time is monitored, the linear behavior is not affected, tidsrease has not big influence on the simulator
execution time.

When the simulator is used with the same parameters, forreagoewith 50 nodes, the simulator is
taking more than 50 times more for execution and gets vemy slith increased simulation duration.
This is confirmed by an examination of figure 7.15 where thelemof events treated by the simulator
against real time is monitored. There, it can be seen that tisea dramatic reduction of the number
of events. It means that the simulator is then busy by peifayrother tasks as processing events. By
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Figure 7.15.:Evolution of simulator performance for 50 nodes (with samiisgs as in previous case)
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Figure 7.16.:Evolution of simulator performance for 50 nodes (with opsied settings)

monitoring the sizes of the queues in the simulator, a irsinga(high) size was seen for some of them.
This evidenced that proper settings for the queue proagdsite is necessary otherwise the queue is
unstable.

Figure 7.16 shows the same graphs as before when the siomufzarameters were adjusted. For
example, at node level and transport level, the queue sctivie was reduced by a factor 50 because the
load is expected to be increased by a factor 50. With thisereettings, the simulator behavior is more
stable. The burstyness observed on the picture is a consegjof the BMAP models, that have states
with the transmission of more packets. These events atdevisere. The real time for simulation is of
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Figure 7.17.:Evolution of number of events manipulated by the simulatodifferent models

about 500 s, it was of more than 3500 s in the previous case.

A second improvement of the simulator execution time wasiobt, by reducing the amount of
metrics logged. By proceeding like this, less delays dueatd kisk access are obtained. But of course
less data after simulation execution are available... Sarefa selection of the collected material is
necessary.

7.8.2. Comparison of performance measure

In the following, the execution speed of different modelsampared. Figure 7.17 compares the number
of events generated versus real time for the execution ahalation scenario with 100 precise voice
sources, a MMPP(2) model and a MMPP(2) model where the autdation estimator was disabled
(set to a very small buffer). When comparing the time spenttiéndifferent module, it was found that
the simulator was spending a lot of time in this analysis ni@dMVhen this module was suppressed a
similar speed for the MMPP(2) that for the precise model wasesed. This brings to the conclusion
that the complexity of aggregate models, making them géingraome more events for the change of
state without packet transmission, is not penalizing theukition speed since the difference in time is
negligible. All three simulations correspond to the sanmeusation duration, the real-time execution
duration of each can be seen for each of them: the precisdatioruhas required 150s, the MMPP(2)
without analysis was executed in 180s, and the first MMPR&2eH about 400s. No big loss of execution
time are due to the use of the aggregated models.

For the models at the transport level, the gain is even alebeeause the model used is simple and
the generated traffic is injected directly at the node lesellogically less monitoring effort is needed.
Moreover, the traffic is directly in a format compatible witte level/ = 3, so no operations are required
for the packet conversion.
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It must be noted, that when these aggregated models wererimepted as an equivalent source model,
they will never generate less "events” that a precise mafigtley will act so, it will mean that less packet
are send, and then it will be an unrealistic representatidheotraffic sources.

7.9. Summary

In this chapter, equivalent models were used in a full siztesy with heterogeneous applications. Most
of the results are related to the investigation of how goedetipuivalence of the proposed models are to
validate the obtained equivalents. After these evaluatiarshort study evaluates the deterioration of a
web session duration when the traffic increases to demdmgtrat this service can be accommodated
with the other applications. From this example, guideliftescapacity analysis with traffic models are
described. Finally, performances of the equivalent modetsshown to prove that their usage can be
realistically considered and is competitive with the araimodelling.
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Mon Quatuor comporte huit mouvements.

Pourquoi ? Sept est le nombre parfait,

la creation de six jours sanctifiée par le sabbat divin;

le sept de ce repos se prolonge dans I'éternité

et devient le huit de la lumierére indéfectible , de I'ibéahble paix.

O. Messiaen a propos du Quatuor pour la fin du temps.

Conclusions

8.1. Summary

In this work, the following investigations have been peried.

e Definition of an abstract model to describe hierarchicdily traffic models.

e Review of traffic models for the different levels

e Definition and validation of aggregate models (first a simgdse, then the aggregation at node
level and finally complete pyramidal aggregation)

The main results will be summarized in the next subsections.

8.1.1. Aggregate traffic model pyramid

In Chapter 2, a hierarchical model called the aggregatBdi@mframid has been introduced.

A number of definitions that enable the description of genéiffic scenarios have been introduced.
The hierarchy of the different levels is represented witlyramid with four levels: on the base the appli-
cations are the origin of the traffic, then the subscribedsrandes levels are the above levels providing
access to the transport level.

First, the four levels of the pyramid have been described: application, the subscriber, the node
and the transport levels were introduced and are the basis fderarchical modelling. The natural
applicability to a general communication system and inipaldr to the aeronautical case investigated
numerically was shown. The requirements for traffic modelssdered on these different levels are
investigated: models representing the traffic streamsffatelnt levels shall be used in order to provide
scalable models. Prior to use of equivalencies, a carefakiigation of validity is necessary. Moreover,
the procedure for the derivation model parameters will rtedzk defined. Simultaneously this pyramid
can also be used to describe the data entities manipulaséteieach level. Packets manipulated at
each level were note®,,P»,P3,P,. Through the transmission over the different levels, themekets
go across inter-level interfaces that modify their sized are concentrated over the next level. These
mechanisms can be described in the framework of the pyramid.

Then, it has been shown that the pyramid model is a good todesaribe the aggregation of the
sources towards the final level. The framework is refined byemacterization of each of the levels. Then
the traffic models definition are given. For this purpose,abstract units are introduced, that enable to
describe traffic stream$® = (S,Z). With these definitions the problem of finding equivalentfita
models is reformulated by the necessity to derive indeparglenerators for some dependent generators
that are built using the aggregation operator. Furtherrttoee operators where introduced in order to
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describe the modification of size and time at the differemtle Each of the operators corresponds to a
simple operation: addition, level packet conversion andlleonformation. The characteristics of these
operators are reviewed. Finally, the relationship betwberpyramid model and the OSI model and the
protocols is addressed.

Finally, the pyramid model can be used to get performanceicaet The first goal of the metrics
is to enable the comparison of two distinct traffic streamke different evaluations of the metric are
discussed: instantaneous, time varying, sequence, méarpaints for evaluation of the metric. The de-
tails of metrics for stream comparison (to evaluate howiarstreams are) and for evaluation within the
pyramid (either evaluated at a single point or at packet)lane exposed. All definitions for these metrics
are given with indication on the evaluation procedure. Wl information provided, the evaluation of
performance can be conducted for any system.

8.1.2. Traffic models in the pyramid model

In chapter 3, the mathematical models for traffic modelliyenbeen introduced with some of the
details provided in the Appendix A. For the models seleatdthis work, the focus was then given to the
derivation of the parameters required for the aggregatedkeiao

First, the single streams traffic models are reviewed. Tiesdels could be used as independent
generator at any level. Models with gradual complexity aqgosed: Renewal based models are first
presented (a class including Poisson and PH-distribytidhen the Markov renewal process which en-
ables to derive the MMPP, BMAP models and their circulansizer. This gives a good understanding
of the traffic models. The description begins with the preation of the renewal processes. The renewal
process arises from renewal theory and represents a geatoal of the poisson process. The derivation
of their renewal properties like the distribution of timetlween events are derived. The superposition
of renewal process can also be described theoretically. observation of a renewal process can be
facilitated by the use of the index of dispersion of intesv@iDI) or the index of dispersion of counts
(IDC). Finally the alternating renewal process is desdibEehis first family of models is quite interest-
ing for the modelling of traffic streams of applications watihgle size models. Their implementation is
quite easy (only a distribution of the inter-arrival is nedjl the theoretical exposure shows what kind
of characteristics of the models can be derived. Afterwaits PH-distributions are explained. These
distributions have a particular form for the inter-arridédtribution, in this case more simple expressions
for the characteristic functions can be obtained. As an gkarthe model for a voice source was derived.
After this, Markov renewal processes are presented. A highau of models belongs to this family and
are reviewed afterwards. The principal theoretical foasulseful for different computation with these
models are recalled. An interesting result on superpasibfosuch process is recalled that explain the
states extension for the consideration. After having gizeébroad spectrum of potential mathematical
models for the modelling, three particularly suitable medee introduced: the BMAP, the MMPP and
the cMMPP models seemed to be good candidates for traffic lfimafdd-irst, the BMAP is introduced:
this model is a Markov renewal process, that is best writtiéh matrix notation. It enables different size
of packets to be modelled, hence can be used in many casesoWorthe queueing characteristics of
such processes can be analytically derived. To avoid todhrfarenulas, these results are presented in
annex C. In chapter 6 the theoretical results are comparidthé simulated measurements. Similarly,
the MMPP process is introduced, a particular case of BMAR wiihgle size packets. The formulae
for the computation of characteristic values are exposée. Waiting time function can also directly be
calculated, these being the basis of one method for thealienivof parameters exposed later on. The
cMMPP is a particular form of MMPP, for which many statistipeoperties can be derived in particular
in the spectral domain and are particularly suitable forstinely of aggregation of models because it was
shown that the aggregated spectrum is the addition of theidugl spectrum.

Secondly, models of potential interest in the pyramid miatigbre considered from the practical point
of view. First, models with adequate parameters for thelsiagplications are presented with the typical
values that could be used in order to model properly the ¢rgfinerated by the application. At this
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level models are suggested for voice, video, web models. VB¢ model is a constant bit rate on/off

model. The video model, which is Gamma/Pareto model inolydielf-similarity, is described even if

the investigations concerning self-similarity are notgemed in this work. The web modelling is pre-
sented with the ETSI model, the BMAP model, and results obthafter measurements in a particularly
interesting case. At the subscriber and node level the piakenodels for aggregation are mentioned:
here the model referred in the previous section will be isiterly used as potential equivalents. At the
transport level, a gaussian model is presented as a pot€hgiat weight”) equivalent to the measured

trace.

Thirdly, the procedures for model parameters derivatientackled. The best model would be use-
less, if its parameters can not be derived handily. Firgtftkcus is given to two different methods for
the derivation of parameters that are extensively destrifide first method is based on the measure-
ments of the number of arrivals versus time and some derivaghg (derivative and second derivative
estimates). The validity of the method is hence dependetitesie estimates. The second method uses
different inputs: autocorrelation, queueing asymptotiesean arrival rates. It is an iterative method, that
finds a solution matching different criteria. A conditionr fmnvergence is that all initial estimates need
to be available, so the method can be used only at high loadr this two methods, the derivation of pa-
rameters for aggregated trace for video superpositiongaed and the results for different movies are
presented. Finally, the EM (expectation maximization)hodtis also explained as a powerful algorithm
for the derivation of parameters. The principle of the mdtiwofirst explained in general. Its usage for
the MMPP and BMAP models is then particularized and two ptaoes for initialization (initial guess)
are presented. They have an impact on the speed of convergétiwe algorithm.

Fourthly, some theoretical results related with the agafieg of traffic models are recalled. The
drawback of these theoretical formulae is the state exgnofiat occur with the number of sources.
The case of on-off models is mentioned because the effeetifanore limited. Afterwards different
possibilities for the simplification of the model are revesy

Finally, a classification of the models is indicated to shawla model can be extended in order
to increase its modelling capacity. As a conclusion, theanay between the different traffic models
described before is presented and the corresponding maskeis justified. This chapter has then given
an overview of different traffic models and their usage wittiie aggregated traffic pyramid has been
shown.

8.1.3. Description of a practical case with the pyramid mode I

In chapter 4, a scenario for aeronautical communicatiomstisduced and the operators and levels of
the aggregate traffic pyramid are described for this cade mdlistic values. The numerical values of
importance for the simulation are presented and justifidgae Background ideas justifying a simulation
approach are summarized and some critical modules of thdation are presented.

First, the case of study is described more precisely: amaetizal communication system is studied
which furnish internet and voice communication to passenfi@n aircraft. The necessary entities are
described within the pyramid model. The data manipulatediascribed with the vocabulary introduced
previously. The parameters for the data size are fixed, amdlifferent mechanism considered in the
transmission process are particularized. An overview db @oforcement policies and of resource allo-
cation mechanisms used typically in satellite systemsvisrgiThis is terminated by an indication of the
number of actors considered for a standard case, that isrfgrthe reference for numerical investiga-
tions.

Secondly, the operators introduced in the theoretical aartexplained for the case considered. A
proper description of the addition, level conversion anglleonformation operators, as they are really
operating at the subscriber level, node level and trandpeel. The most "influent” operator is the
level conformation for the transport level: it modifies thieeams because the bandwidth constraints are
significantly modifying the traffic stream. The role of ingerpyramid operators is emphasized because
it is necessary to compute the end to end performance metric.
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Thirdly, the choice of a simulation approach is justifiedidsting a system by simulation is a useful
method in order to investigate telecommunications systdines principles for the design of the simulator
are explained. The different levels of definition of a sintiola are detailed. Then, the benefits that are
expected to be demonstrated in the simulator are listedenAéirds, the simulator is presented, the
architecture of the simulator for traffic investigation own: the different levels are implemented and
the transmission of traffic streams from level to level osdoraccordance with the pyramid module. The
complementary part dedicated to result post-processidgradel parameter estimation is also shortly
described. After this, the simulator is described in refativith the pyramid level. Here, level by level
the different operators are described, so that the cotiglruof the stream at transport level from the
streams at application level is clearly identified. The dosterms of supplementary bit rate for the
conversion within the different layers is shown. Then, thiagiple of traffic equivalencies are explained
by combining the theoretical notations with solutions tatild be practically usable.

Fourthly, the main modules implemented in the simulatopaesented: the modules for traffic genera-
tion are presented to highlight the principle for implenagian and the modules that collect performance
metrics. On the generation side, a simple model is first shamchafterwards the BMAP model im-
plementation is detailed. On the performance analysis $igeprinciples of the models for queuing
estimation, end to end analysis and packet recordings.

Finally, a summary of the data collected during a simulaisgorovided. The raw data obtained after a
simulation run is described and the data meaningful for sessment of system performance are listed.
The measurements necessary for simulator performanceatiaal are also described. Afterwards, an
analysis of expectable performance gains is given. Thifsisashows that the complexity can be re-
duced with aggregate models, but that by choosing cros$ mewdels, the number of events can be
substantially reduced at the end. For equivalent modelmfdkieir input at the lowest level, this gain
can not be attained.

8.1.4. Validation of aggregate models

The purpose of the Chapter 5, 6 and 7 is to show the equivalegteesen the aggregate traffic models
and their original counterparts.

Fist case: voice only  In Chapter 5, the results of aggregation for a first case griaiered when only
\oIP sources were considered. The goal here is to give afiastof how aggregation can be considered,
to show the different models that can be used and to justifyesof the equivalencies obtained.

First, the case considered is explained in details to shoat ate the original models and what kind
of equivalent models are considered. This case is of cowserihed within the pyramid model.

Then, the particular models at each level are emphasizedheAapplication level the behavior of
the VoIP model is shown. At the node level the properties efafjgregated flows are investigated: the
distribution of data throughput per source in the aggrefsteeam is investigated to show the averaging
effect and the autocorrelation shows that the superpaositiaifferent number of sources conduct to the
same shape for the autocorrelation function. The procefiurthe parameters derivation is discussed
again showing the results that were obtained at node lewal.of the three methods were efficiently used
for the derivation of parameter of an MMPP(2) for variablemoer of passengers. Then at transport level
the results are presented for the reference case. At the§ E\gaussian model derived at node level is
used. The match between these models and the measureditrtafiiesport level is good and is visualized
by the coincidence of their probability distribution fuimets. The investigations are summarized by a
review of the different traffic models used in this first exdep

Afterwards the emphasis is given on the justification of medgiivalencies. The focus is first given
to results collected at node level and then at transport.ledenode level, the traffic volume and the
gueuing properties of the traffic stream are shown to dematesthat very close estimates for the original
and the suggested equivalent are obtained. At transpeat ke overall throughput and its distribution
are compared to show that a good agreement is obtained.
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Finally, the performance results that were obtained in thae are discussed. First the performance
of simulation in terms of number of events and ratio betwesal and simulated traces are obtained.
Secondly, the distribution of delay of packet are were miesistor different models is compared demon-
strating a very comparable distribution.

Also, this chapter is presenting the first investigationsraffic models considered at different levels
that were articulated following the principle of aggregatsfic pyramid. In the next chapter, similar
results are exposed for more complex traffic scenario. Theegation will be done progressively in two
levels.

General aggregation at node level In Chapter 6, the results of aggregation at node/aircraél le
(level 3) are explained. In this chapter and the following odifferent traffic sources are considered (a
mix of voice and web traffic). The difference with previouseds mainly that different packet sizes are
transmitted and that the two traffic stream with their ownligpiaf service category are considered. In
particular, the derivation of node models parameters tiatish aggregate equivalents is investigated.
The equivalency of these models with their "precise” edeivais investigated.

First, the different investigated scenario are presemtatidw which kind of results are collected. The
material collected during a simulation is summarized.

Secondly, the consideration of additional services reguaf course appropriate models. For the
addition of video service, MMPP(2) models could be deriveihg an approach similar to the one used
for voice models. For web service, a dedicated BMAP(3,3kiskd . This model is first discussed as
an aggregated model (or as a global traffic stream), it is thedulated by an On/Off process in order
to be usable as a single model. Aggregation of these singlielm@re also evaluated to prove, that
equivalency are obtained. For the global model, queueilagacheristic estimates can be obtained that
conform quite exactly with theoretical estimates.

Thirdly, a BMAP model for the heterogeneous traffic is dedivé\fter classification of the different
packet size, using the EM algorithm, the model parametarkidze derived.

Fourthly, gaussian equivalent models are derived for @iffenode composition in term of number
of passenger per aircraft. Two different bandwidth limdas have been considered. These results are
inputs for the study performed in the next chapter.

Lastly, an analysis of the generated traffic volume is peréat in order to justify the equivalencies
of models. To show the influence of the bandwidth settingsrésponding to the level conformation
operator for level 3 to 4), the node throughput with différeandwidth settings are compared.

General aggregation at transport level In Chapter 7, the aggregation of nodes was investigated to
prove that the method could be repetitively used at the pamgevel. At this level, the final justification

of the method can be given. Moreover, a scenario where syditagnsioning can be done using the now
familiar models is exposed. The results here have a praciidare, since estimations of future system
performance metrics are obtained, like for example theyaisbf the influence web traffic volume on a
loaded system and the evidence of a point at which the apiplicevill not be served well any longer.

First the case investigated is presented to present stlgdine entities and the model considered. The
material collected during a simulation is summarized.

Secondly, results from previous chapter (node equivalerg)analyzed at the transport level. The
frame composition is analyzed in detail both from the diaféand from the repartition point of view.
The goal there is to check that the equivalencies at nodédesalso valid at transport level.

Thirdly, the parameters that will be modified during the eliéint simulations are explained. This is
done by enumerating these parameters. In particular, tidauof passengers is an important parameter
for the description of the considered scenario and will eglis many of the presented results.

Fourthly, for a full system, some characteristics of theggated traffic are analyzed. This illustrate
the behavior of the system with different size and illugtridte case under study.

Fifthly, the equivalencies of the models are studied. Thpgase here is to justify the replacement of
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precise models by other more macroscopic models. In focgsiba gaussian bivariate model that can
well describe the frame occupancy. The equivalence of thaelrio volume is also checked.

Sixthly, a performance metric is investigated in order tegestimates of system performance with
aggregated traffic models. The evolution of web sessiontidarancreasing when the load is increasing,
could be estimated with the aggregate node models. Two tasesbeen analyzed: the first for single
node to prove a logical duration increase and the second dtipte node where the benefit of resource
sharing could be shown.

Afterwards, an iterative methodology for traffic dimensianof an aeronautical system is discussed.
This approach is based on the aggregate traffic pyramid anddsknable the design of systems similar
to the case investigated previously. Aggregated modelsieniged to progressively model the overall
traffic.

Finally, an investigation of the number of events generaiethe simulator representative of the simu-
lator general performance was performed. A first case ptedea optimization of the simulator settings
performed through the monitoring of the simulator perfoncea A second case compares precise and
aggregated models and how the performance of an equivalaitlroould be increased.

8.2. Interest and relevance of this work

8.2.1. Summary of achievements and findings

In this research work, the following results have been olei First an abstract baseline for the de-
scription of traffic generation scenarios has been propo$seén some theoretical traffic models were
reviewed and implemented in a simulator tool. Differentqaaures for the derivation of the parameters
have been compared. These theoretical developments hanebmpleted by a numerical analysis.

The abstract representation of the traffic models was foffiteetime represented using a pyramid
model. This organization is able to handle traffic model &edint level of abstraction. It represents
an alternative between high level simulation using just paeket level and a high precision modelling
including all protocols required in the traffic transmissio

The theoretical presentation of the traffic models givesé¢ointerested reader a good picture of mod-
els with different complexity. They can be of interest for adetling of other type of traffic or more
generally for the representation of any time series. Thadag given to heavily tested methods for the
determination of the parameters. The most applicable puoes are described step by step.

Completing these investigations by a numerical analysisgeod mean to switch to the practical im-
plementation of the traffic models in a (discrete event) fookimulative investigations of the models.
The overall framework for the investigations is presentéti the most important details concerning the
architecture of the simulator and the implementation of ikedules. First, a simple case was investi-
gated that is able to justify the usage of different modeidffierent simplifications. Afterwards, more
general cases were investigated with more diverse applicatixes, at node and at transport level.

8.2.2. Relation with project work

In the following section, the work of this thesis is relateithacorresponding work carried during the
activity at DLR. The project work was the background (somes quite time consuming) that has fruit-
fully put the seeds for the developments of some ideas. Merabese projects were sometimes a field
where the ideas developed in this thesis could be appliedesteld in practice. For these both reasons,
the activity conducted in those projects will be succindtlghlighted with a particular focus on the
relationship for this work.
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Figure 8.1.: Top level interface of the ESW GUI

8.2.2.1. Euroskyway Phase Il: GTS

The goal of the EuroSkyWay project was to design an Europadtimedia satellite system. DLR was
implied in the project and had to realize the GTS (Groundfir&imulator) that was an element of the
EVA (EuroSkyWay VAlidator) responsible of the ground testfor the system [NGJV02]. The GTS was
responsible of generating the traffic equivalent to a loaystem. Its output was at the input of the EPS
(EuroSkyWay Payload Swicth) and had to be compliant withréa format of the system at physical
level.

During this project, a review was conducted on traffic modeld the implementation of some of them
was performed. Meanwhile for the design of a graphical fater in order to set the scenarios to be used
for traffic generation, the basis of a hierarchical orgaimrawas conceptually derived.

Figures 8.1 and 8.2 show two screen-copies of a graphicaliniseface that was conceived by DLR
to configure the traffic generation of the GTS prior to operatiThe first picture 8.1 is the main picture,
where the transport level configuration is fixed. Each of tinelecis a carrier-group. In the pyramid
model, each of them corresponds to a node. When the useckinglion each spotbeam, a window
appears for the configuration of the node. Later, in the hibga the window of kind of the one present
in 8.2 enables to configure the type of applications used é¥tiroskyway user. Clearly, it corresponds
to the configuration of the applications used by the subsrsilike in the pyramid. These examples show
that the pyramid is a good tool to describe the entities nesipte of the generation of traffic in the GTS.

As a conclusion, the traffic generation of the GTS was condigyand implemented) following the
principles of the aggregated traffic model pyramid. Thissshthat this model can be used for effective
generation of traffic in a dedicated system.
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Figure 8.2.: ESW GUI: configuration of the subscriber level
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Figure 8.3.: Architectural organization for Wireless Cabin

8.2.2.2. Wireless Cabin

The project has given birth to the scenario that was studiexhsively during this study. In the project, |
participated to the definition of system deployment foreti#nt phases (demonstrator, first commercial
system, next generation). A study was also performed toyaedéhe amount of traffic volume generated
by the communication services. A market study based omardj aircraft manufacturer and passengers
surveys showed that some services had a good expectedaumept

Figure 8.3 shows the architecture of the Wireless Cabiretasgstem. In this description, different
domains have been introduced: the local access domain,ntfmard service integrator domain, the
transport domain, the ground service integrator domairtagublic network domain. But it could also
be seen with the view of the aggregate traffic pyramid modiel ttansport domain is the transport level,
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the service integrator is the node level. The generatioraffi¢ on the transport level from the different
aircraft can be viewed as a pyramid. For the consideratichebystem with the ground counterparts,
the inverted pyramid necessary for performance evaluatigpears again, this showing that even system
architecture are well described within our pyramid model.

Moreover, a demonstration flight was performed (on boardnofebus A340-600 on 29/11/2004)
where the different services of the WirelessCabin systene wsleown (GSM calls, Bluetooth application
and wireless LAN Internet access). Access was granted tieetuedings of traffic during this flight and
they allow us to compare our theoretical assumptions widh life data. This data were presented in
chapter 3.

8.2.2.3. Other projects

The results presented in this study could be also used in ther ctudies performed by DLR. The
first one is the ESA ACM Modem (European Space Agency Adaj@iveing and Modulation Modem)
project where DLR was responsible of the implementatiorraffit generator to be integrated within
a demonstrator for DVB-RCS satellite with advance codind arodulations. Within this project, the
single traffic models that are described here were implesgenthis tool was configurable via SMTP.
The configuration of the traffic generation was done usingeeahthy quite similar to the one developed
within this thesis.

Similarly, in the project ULYSS (Ultra Fast Switching), wieeDLR was responsible of the realization
of the simulator of a satellite switch (the kernel elementhaf transport level), it was necessary to
determine which application were responsible of the lorffgemes (that are critical for a good switch
operation). This analysis and another similar study mocadeed on HTTP traffic ((Bou05]) were used
to measure this information and gave valuable input for tliestigation of switch performance.

8.3. Perspectives for further research

This work provides a large and in-depth overview of the usafgeaffic models for the design of multi
services satellite system.

The thematic is rich since it covers telecommunication amthematics. The construction of a the-
oretic model for the description of traffic sources was penfed and then applied to a case of interest.
Of course, not all questions have been addressed and theyenisfor further work. For example os
tiere a medd for other type of traffic models ? Also a categdtyadfic models that showed interesting
properties but which could not be integrated in this workitsdduced as a potential direction for further
work.

8.3.1. Reaching new traffic models objectives

As pointed in the introduction, the number of availableftcaihodels in literature is very high. Because
of that, in this thesis, not all models could be evaluatedhmared and optimized. This gives a feeling of
limitation in the exploration of a quasi-infinite field. Buhe objective of traffic modelling is to mimic
the behavior of a recorded traffic trace: the mimicry will alxg be limited because even a perfect fit
to the recorded data, no guarantee can be given for the fitdth@nrecord. On this point, this work
intended to show that the proposed models have good agréemith the original traces (or original
models) and that they have the same properties as the dffigiva.

In order to remain accurate, traffic models will need to fitite hew applications that will appear in
the next years. For example, the growth of Digital Subscribee (DSL) connections for home users
and the birth of file sharing applications has caused a matlidic of the composition of web traffic.
This requires a modification of the terrestrial models usgchétwork design. If these applications are
considered to be used also on satellite networks, the BMA&eingsed in this thesis could still be used
to model the traffic because it is modelling the packets djzesr traffic is essentially composed of two

129



8. Conclusions

big categories of traffic: "mices” for very small packets detkphants” for the very big packets), so in
order to follow the birth of new services, the models shodddapted within the same framework.

So although the work was limited to a few applications, thehodology exposed here can easily be
extended to any other application.

8.3.2. Simplifications for aggregated models

A possibility that was not explored in this thesis is the usgrgulant MMPP for the simplification of the
models. The spectral density of these models can be easigddor aggregated streams (the spectrum
is additive and has the same shape for every identical coemppn

In the derivation of the parameters of the c-MMPP(101) frokmawn spectrum, two steps are re-
quired: first the vector of eigenvalues of the process arneimed|\ and then the vectax of the circulant
matrix Q (first row). Difficulties occurred in the implemetita of the second step, so that model param-
eters could not be derived properly (because may be of mésatathding of the described procedure).
The MMPP(3) generator was used with the parameters of cMB)PR(order to check the statistical
properties. The implementation of a circulant MMPP(n) reightforward from the MMPP generator;
only a dedicated handling of parameters is necessary.
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Synth ese du travalil

Résum é

Cette these s'intéresse a la modelisation du trafic de&les transitant sur des systémes de communica-
tions par satellite. Les services concernés sont mustifWeix, surf web, courrier €lectronique, diffusion
audio/vidéo...) et le lien satellitaire est caractmsr une capacité limitée.

Les recherches suivantes ont &€té menées :

e Définition d'un cadre général hiérarchique permettandescription du trafic pour les systéemes
étudiés avec plusieurs niveaux d’abstraction,

e Revue de modeles de trafic et définition de modeles asigpié chaque niveau,

e Détermination des parametres de ces modeles, étudgnpalation d’un scénario ,

e Etude des équivalences des modeles agrégeés.

Dans le premier chapitre, des notions sont introduites tim®maine de I'ingénierie de trafic et
des systemes de communication par satellite. Ensuitedeeae I'étude est précisé et les problemes a
résoudre sont posés. Puis I'état de I'art est étudis résultats essentiels sont les principales études de
modeélisation du trafic dans les réseaux terrestres (quaddent une modélisation de la dépendance a
long terme), les méthodes matricielles géométriquasggrmettent I'étude théorique de certaines files
d'attente).

Dans le second chapitre, un modeéle hiérarchique estnittoCe modele est basé sur differents ni-
veaux d’'abstraction denommeés applications, souscriptarceuds et transport. Dans ce cadre, des flux
de trafic sont définis et leur modification a chague niveaué@srite par des opérateurs. Ces opérateurs
manipulent des paquets dont le format est spécifique auehaigeau. On définit aussi la comparaison de
modeles et les métriques observables dans le systemadeffient, I'architecture d’'un simulateur congu
sur cette organisation hiérarchique est définie.

Le chapitre 3 est dédié a I'etude des modeles de trafipr&mier lieu, les modeles les plus appropriés
sont présentés théoriguement (on considére notamieeprocessus de renouvellement et les modeles
d'arrivées poissoniens Markoviens MMPP et BMAP). Les gled 'des services sont ensuite présentés
qui serviront de base pour la détermination de modelesgégr pour les niveaux supérieurs. Diverses
méthodes pour la détermination des modeles sont erdgsag

Dans le chapitre 4, un scénario pour les communicationsnaétiques est présenté qui servira de
cadre pour les études par simulation ultérieures. Powasele modele hiérarchique en pyramide est
utilisé et les opérateurs sont décrits de facon peé&ssuite les principes essentiels de certains modules
sont décrits (générateur de trafic, analyseur type figtehte, analyseur des temps d’arrivée, analyseur
de session) synthétiquement.
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Les chapitres 5, 6 et 7 présentent les résultats obtespsatvement aux niveaux souscripteurs, nceuds
et transport. Au niveau souscripteur, les proprietésagpsications sont vérifiees et des modeles agrégés
sont dérivés. Les résultats sont étendus au niveau .nbesdéquivalences entre modeles agrégés et
précis sont demontrés a differents points de vue (uelde donnée, distribution des files d’'attentes,
...). De méme, au niveau transport, des estimations dgehaont effectués et généralisent les résultats
précédents. Finalement, une estimation de performastaffectuée a I'aide des modeles développés.

Le dernier chapitre résume les résultats obtenus, évakifuturs besoins en terme de modélisation
du trafic et envisage divers prolongements de cette thaseef@mple I'utilisation de modeles circu-
lants pour la simplification des modeéles agrégés ou leneions probabilistes (basées sur la théorie du
network calculuy.

9.1. Introduction

Ce chapitre d'introduction fixe I'objet du travail, les défions de base, la formulation de la problématique
traitée, la méthode de résolution choisie et I'orgaisadu travail.

9.1.1. Les concepts d’analyse du trafic de donn  ées dans les r éseaux de
communication par satellite

9.1.1.1. Ling énierie du trafic

L'ingénierie du trafic est une discipline répondant astiabjectifs principaux : la conception, I'analyse et
I'optimisation des réseaux de communications. Pourarawux résultats, trois actions sont nécessaires :
la mesure du trafic, la caractérisation du trafic et la mesdébn du trafic. Les deux derniers themes sont
abordés dans ce travalil.

9.1.1.2. Systémes satellites

Le développement des systemes par satellites a dabd@6€ pour la couverture de larges zones, I'avan-
tage des systémes par satellite étant leur adaptatmudiffusion d’information. De nombreux systemes
ont été envisagés pour fournir des services multingedides protocoles possibles ont été standardisés.
Les principales caractéristiques de tels systemes ésatrées dans ce chapitre.

9.1.2. Formulation du probl éme et cadre du travalil
9.1.2.1. Scénarios étudiés

Ce travail vise a étudier les échanges de données dasigstéme de communication entre deux appli-
cations paires. En particulier, ce systeme peut étre taflismde telecommunication permettant diverses
applications. On parle alors de satellite multiservices.

9.1.2.2. Objectifs

Le théme du travail est I'elaboration d’'un modéle poutdacription hiérarchique de la génération de tra-
fic au sein d’'un réseau satellite. Une modélisation ductradi un cadre hiérarchique a travers differents
niveaux d’abstraction a été conduite. Des études parlations ont été menées pour démontrer et valider
l'intérét de la modélisation hiérarchique. Les obifsadlu travail sont :

- i) Définition d’'un cadre général hiérarchique perranttla description du trafic pour les systemes

étudiés avec plusieurs niveaux d'abstraction,
-ii) Revue de modeles de trafic et définition de modéleptidapour chaque niveau,
iif) Détermination des parametres de ces modeélesegbad simulation d’'un scénario,
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-iv) Etude des équivalences des modéles agreges. Extratimlicateurs de performance du réseau
pour ces modeles.

9.1.2.3. Méthode de r ésolution

L'approche choisie est basée sur un modele hiérarchequstructure pyramidale qui sera présenté au
chapitre 2 (ou en 9.2 dans ce résumeé) et précisé pourapratque. Une partie de I'étude sera réalisée
par simulation numérique pour ce qui concerne la mise ateaee des équivalences entre les modeles.

9.1.3. Etat de l'art

Une fois les objectifs du travail fixés, les résultats deaux de recherche utiles pour ce travail sont
présentées. En particulier on revoit tout d'abord dssiltats sur le télétraffic et ensuite sur le trafic de
données transmises par satellite :

9.1.3.1. Etat de I'art des domaines de I'analyse du trafic de donn ées et les r éseaux de
communication par satellite

Systemes satellites Le développement des systemes par satellites a débuseieant une idée
d’Arthur C. Clarke. Il a montré que des relais extratenesspouvait &tre utilisés pour fournir des services
de communications a de vastes régions. Un état des liesisybtemes en cours de développement a été
conduit.

9.1.3.2. Etatde l'art pourlet élétrafic

Une analyse de la littérature concernant la modélisatiotrafic dans un réseau de telecommunication a
été menée. Les principaux résultats sont les suivants :

Résultats pour les r éseaux terrestres

Les principales études traitant du télétrafic concertesréseaux terrestres. Le premier concept répandu
est la notion d’auto-similarité détecté sur des édlans de trafic web. En effet, de nombreuses études
on montré que le profil du trafic web avait un caractére lagie I'on modélise par des modeles auto-
similaires. L'utilisation de modeles poissoniens est agdptée car elle conduirait a un sous dimension-
nement de ces liens.

Théorie des files d’attentes

Un grand nombre de résultats sont issus de la théorie @éssdifttentes. En cherchant & étendre les
formules d’Erlang pour le dimensionnement des liens basésa voix, les propriétés statistiques des

files d'attente ont été calculées pour des modéles miogptexes permettant de décrire des applications
plus évoluées. Les principales avancées dans ce chamhpagportées.

Revue des mod eles de trafic

Ce paragraphe commence par lister un certain nombre delesode trafic classés par la catégorie a
laguelle ils appartiennent. Ensuite les differenceseenire approche aléatoire ou déterministe pour la
modeélisation sont explicitées afin de justifier I'emplei thodéles aléatoires. Finalement, le principe de
modele multiservice est introduit avec les parameétregptis pour représenter difféerentes applications.

9.1.3.3. Modélisation du trafic pour le satellite

Des protocoles spécifiques ont été développés poptaddéveloppés pour fonctionner dans un systeme
satellite. Les protocoles ATM et DVB-S sont par exemplei@&aux applications multimédia par satel-
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lite. Dans le cadre du développement de ces protocolepelésrmances du systeme ont été étudiées.
Differentes architectures peuvent étre envisagéess ma@apacité limitée du lien implique une limita-
tion des performances possibles. Pour décrire la spdt@adies applications, certains concepts comme
la bande passante équivalente ont été proposés. Fieateles services considérés sont les applications
qui devraient &tre les plus populaires sur les reseaas@ 'lP. On considere donc les applications voix,
d’envoi d’email, de visualisation vidéo, et le web browgsin

9.1.4. Organisation du travail

Le plan du travail est le suivant.

e Le chapitre 2 (resumé en 9.2) décrit notre modélisatiérarchique du trafic : la pyramide de trafic
agrégeé. Lensemble des définitions servant de cadétudé sont précisées ainsi que I'organisation
structurale du modele.

e Le chapitre 3 (réesumé en 9.3) décrit les bases de madtiélisdu trafic de données. Les définitions
du chapitre 2 donnant un cadre a la modélisation du trafiaylodéles les plus pertinents pour notre
étude sont expliqués. En particulier, les modeles dartalfe des MAP (Processus a arrivees Mar-
koviennes) sont décrits, pour présenter les modele©®nMMPP et BMAP qui sont trés utiles
pour modéliser differentes applications. Ensuite, léthodes de détermination des paramétres
convenant a une modeélisation sont décrites. Comme Histe pas de méthode universelle, on
précise pour chaque cas la méthode adaptée pour chasunadiles.

e Dans le chapitre 4, on expose le systeme étudié pourllequaodélise les trafics échangés et on
précise la nature des opérateurs. Le lien entre les dé&xcégents chapitres théoriques se fait au
travers du systeme que I'on étudiera par la suite avecrnnlateur. Le scénario de cette étude est
donc présenté en utilisant le formalisme exposé danisdpite 2.

e Le chapitre 5 présente les résultats d'une étude digagié@n de sources de type voix dans les
differents niveaux de la pyramide. Cet exemple particydermet de construire des agrégations
a different niveaux et, en particulier, d’étudier leguevalences entre les difféerents niveaux. La
généralisation s'effectuera au cours des deux proclthiagitres.

e Les chapitres 6 et 7 présentent les résultats obtenuadamveau nceud et transport. Les premiers
gains sont illustrés au niveau nceud ou I'agrégation kst importante gu’au niveau souscrip-
teur. Une généralisation est effectuée au niveau tahdpes modifications des flux de trafic sont
modelisés en tenant compte des différents niveaux dgréarpde.

e Dans le chapitre 7, une étude portant sur le dimensionnedesystemes est réalisée en utili-
sant les modeles precedemment développés. Dans & dad résultats numériques sont obtenus
par exemple pour estimer les métriques de performance fdtum systéme. La validation des
équivalences de modeles est conduite.

e Le chapitre 8 résume les principales réalisations deasitret conclut en indiquant les directions
pour de futures recherches.

9.2. La pyramide de trafic agr égé (chapitre 2)

Ce chapitre introduit la notion de pyramide de trafic agrggi sert de cadre a I'ensemble de I'étude.

Cette pyramide est définie sur plusieurs niveaux qu'il is'dg caractériser. Ensuite, sur cette base, on
développe un cadre théorique pour décrire la gérmaratu trafic ainsi que la mesure des performances
permettant de comparer les caractéristiques des flux file tra

9.2.1. Principe de mod élisation hi érarchis ée

On modélise les sources d'informations d’'un systemestBcémmunications de maniére hiérarchique.
Le principe d’organisation est celui d’'un modele hiehésé bati de la fagon suivante :
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| Transport level|

Application level

Aggregate traffic pyramid

FIGURE 9.1.:Le concept de pyramide de trafic agrégé

i) Chaque souscripteur est supposé utiliser plusieurBcagipns. Ces applications sont la base de la
génération de trafic.
i) Chaque nceud est constitué d’'un certain nombre de sptesars.
iif) Le niveau de transport est constitué d’'un ensembleaeids.

Cette représentation définit ainsi la pyramide de trafiég@ La Figure 9.1 illustre le concept avec les
differents niveaux. Un scénario qu’on désire observenigeau transport est donc composé d’un certain
nombre d’applications, de souscripteurs et de nceuds.

Méme si le modele en pyramide est défini de maniere géménous I'appliquerons a des systemes
utilisant le satellite comme composant du niveau transpertadre de I'étude est précisé au paragraphe
9.4.

9.2.1.1. Exemple d'utilisation du mod éle

Cet exemple illustre le modéle en pyramide. Dans le casaged's d’un utilisateur consultant des pages
d’Internet par l'intermédiaire d’'un systéeme satellitepplication est le logiciel de visualisation des
données (web browser par exemple). Symétriquementplitgtion fournissant ces données situés a
l'autre bout de la chaine de transmission est aussi coasti@ du niveau applicatif. Le niveau souscrip-
teur est la machine de I'utilisateur et le niveau nceud estidaé du terminal satellite permettant I'accés
au service. C’est un scénario typique pour un systeme ghentmication et le modele en pyramide s’y
applique bien.

9.2.1.2. Définition des besoins du mod éle

Modéliser le trafic au sein d’'un systeme ne peut se fairawtravers d’'une certaine abstraction des
élements constitutifs du systeme. Il faut donc défiminiveau d’abstraction avec lequel on décrit le
systeme, afin de définir les exigences auxquelles les le®devront répondre.

Par ailleurs, la comparaison entre deux modeles de traficette possible. L'évaluation des ca-
ractéristiques de differents modeles doit tre pdssitEme si certaines simplifications ont été effectuées
En particulier le volume total doit étre conservé, I'espalisponible pour d’autres applications doit &tre
décrit et les performances comme le retard ou des critbgegualités de service doivent rester mesu-
rables. Finalement, les modeles doivent aussi permetldethir des mesures caractéristiques des per-
formances du systéme pour estimer par exemple : le volumeatguets échangés, la charge disponible
pour un service supplémentaire, certains criteres dinpeance relatifs a la gestion de la qualité de
service.
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9.2.1.3. Le mod ele des paquets : un organisation par niveau

Les données échangées au sein du systeme (paquetgssontées a un niveau de la pyramide. De
maniére générale, les données échangées sontedgoar des formats génériques que l'on précise dans
le cadre hiérarchique. Les paquets pour le transfert da@msont décrits par leur taille qui est propre
au niveau considéré. A cela s'ajoute la decompositionp#Ejuets en un entéte et une charge utile (qui
correspond a la portion du paquet correspondant au tramffectif d'information). Les opérations de
transfert de niveaux sont ensuite décrites. Pour fairssiter les paquets dans la hiérarchie, les opérations
de fragmentation, d’agrégation (regroupement) et trasson inter-niveaux se produisant doivent étre
décrites et leur action est formalisée au moyen des défisi(2.1.4, 2.1.5 et 2.1.6).

Ces opérateurs doivent en particulier permettre de ideles opérations de stockage temporaire (buf-
fering) et d’agrégation-concentration entre diverseses et une destination commune. Un exemple est
donné pour les types de paquets qui sont manipulés loestdaismission de paquets IP dans un systeme
satellite.

9.2.2. Larchitecture en pyramide : 'agr  égation par niveaux
9.2.2.1. Niveaux et entit és consid érées

Tout d’'abord, le vocabulaire suivant est défini : réseawséenble d’entités et de liens), lien (médium
capable de transmettre des données), entité (elermaitdau), niveau (caractéristique de la position de
I'entité dans la pyramide, variant de 1 a 4), le niveau iepfif (ou se trouve la source et la destination
des données), le niveau du souscripteur (ou se trougaipément communiquant, le niveau du nceud
(terminal d’acces au systeme final) et le niveau trangjsgateme central que I'on cherche a observer).

9.2.2.2. Modeéles de trafic

La notion de modele de trafic est définie : en distinguantde@fe simple (ou primaire) qui est I'origine
d’'un flux de trafic et un modele composé résultant de diétaent et de la composition de diverses
sources.

Modeles simples :Pour décrire le trafic généré par une source simple damsveau, les définitions
de l'unité abstraite (composé de deux variables alésgdndiquant l'instant de passage d’'un paguet
de maniere relative ou absolue et sa taille) et du flux dasniabstraites (qui est I'ensemble des unités
abstraites vues en un point du systeme) sont introduite$luk d’unités abstraites représente ce qu’on
désire obtenir en sortie d’'un modele de trafic. Des opératgénériques sont ensuite introduits pour
décrire les modifications qui affectent un flux entre I'éetet la sortie (on précisera plus tard trois d’entre
eux ainsi que leur rdle dans le cas étudié en simulationamigue). Finalement le modeéle indépendant
qui représente la source simple au sein d’'un niveau estinitr.

Opération d’agrégation : L'agrégation de flux est une opération importante quiessite une des-
cription détaillee pour modéliser les differents &fgui interviennent ainsi que pour étre a méme de
reproduire ses effets sur un flux de trafic synthétique. &letout d’abord explicitee pour I'ajout de
deux flux de trafic et se généralise par la suite. Cetteabip@r est divisée en trois étapes qui sont I'ad-
dition de flux, la conversion de niveau et la mise en confoionasivec le niveau supérieur. Chacune
de ces opérations est décrite par un opérateur. Ceatepés permettent de passer du flux d’un niveau
inférieur a un niveau supérieur. L'opération d’aduliti(premier opérateur élémentaire) consiste a obtenir
le flux de sortie d’un certain nombre de flux d’entrée qui geesposent. Deux modes sont considérés :
I'addition absolue et I'addition en salve. Pour chacun d&s tes regles de construction des flux sont
explicitees. Dans le cas en salve, un seul paquet dansvia st considéré dont la taille est calculee
en sommant les tailles de chacun des paquets en entréeadsaisd. Ce paguet sera émis a un instant
plausible durant la durée de la salve. Si la capacité dudsat insuffisante, on fera appel a I'opérateur
de conformation qui sera décrit ultérieurement. Dansake @bsolu, les instants d’émission de chacun
des paquets des flux d’entrée sont conservés avec lellgs taitiales. La conversion de niveau (second
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opérateur élementaire) consiste a convertir le fordest paquets recus de I'opérateur d’addition au for-
mat en vigueur au niveau supérieur. La conformation deani(groisieme opérateur élémentaire) vise a
modeéliser les opérations nécessaires pour respesteoldraintes imposées par le niveau final.

En pratique, les opérateurs permettent de décrire ttegemractéristiques du flux de sortie, comme dans
le cas de deux flux poissoniens, dont la loi superposée plestpoissonienne, car les caractéristiques
du flux de sortie ont été modifiees par I'opération déggtion.

Modeles multi-niveaux : L'architecture des modeles nécessitant d’'incorporesiplrs niveaux, le
modele dépendant est introduit a cet effet. || permgitina tard de donner un cadre pour la comparaison
de modeles utilisés a des niveaux différents. Cettepesaison s'effectuera en utilisant les criteres de
performance définis dans la section suivante dédiéevalliation des performances.

9.2.2.3. Relations entre le mod éle OSI et les niveaux du mod éle en pyramide

Les relations entre le modele standard ISO 8478/0OSI et i@etecen pyramide sont évoquées afin de
mettre en lumiére leur interactions. Une correspondante ées 4 niveaux de notre modele et les sept
couches du modele OSI est établie.

9.2.3. Evaluation des performances

L'hypothése est faite d’'un systéme en fonctionnemeninab(c’est a dire que les phases d’établissement
de connections ne sont pas considérées). Pour un tehsysties mesures de performances sont définies
et leur role est également précisé.

9.2.3.1. Principes pour la comparaison des flux etI”  évaluation des mesures

Comparaison des flux d’unites abstraites : Les caractéristiques qu’un comparateur de trafic doit
posséder pour distinguer numériquement deux flux sofmidé. La réponse fournie permet de juger
dans quelle mesure un flux équivalent est semblable ogréaiu flux initial. A I'aide du comparateur,
la validité de modeles équivalents pourra étre &@lu’

Définition et propri étes des mesures Les differents types de mesures sont inventoriées. £elle
sont instantanées, séquentielles, en moyenne temmogalldistribution statistique, basées sur un extre-
mum sont distinguées. Ces mesures se distinguent enadid@eion des points ou elles sont évaluées :
elles peuvent étre sont évaluées en un point unique, tre eeux points, ou entre deux sorties de
générateurs (éventuellement virtuels pour la comparadans deux scénarios), etc. Finalement, des
exemples de mesures telles gu’elles peuvent étre raegallhns un systeme réel sont données.

Mesures issues de la comparaison des fluxDans le cas ou deux flux sont observés en deux points
distincts, ces mesures indiquent si les flux sont similainepeu similaires. Le comparateur intégral
(basé sur un calcul d'intégrale) qui généralise le carafeur de difference est introduit.

9.2.3.2. Mesures disponibles dans le mod éle en pyramide

Mesures cerivées d’un unique flux d’unités abstraites : Ces mesures sont évaluées en un point donné
unique. Cela correspond a une sonde mesurant une grarataatésistique du trafic passant en ce point.
On décrit en particulier I'eévaluation du volume de doesémesure instantanée), du volume de transfert
moyen (mesure instantanée), du taux d’arrivee (mesumaaenne), du taux de transfert net. Par la
théorie des files d’attente on peut aussi calculer la tiégjoar théorique d’'une série de mesures (comme
par exemple la taille de la file d’attente & un instant quadc®, sa taille a I'instant de I'arrivée d’'un
paquet ou a la fin du service d’'un paquet etc). Son évaludiar la mesure) renseigne donc sur I'état
du systeme.

Mesures orien€es paquets :Les types de relations existants entre paquets originaim@sstinations
sont caractérisées (selon qu’ils sont considéréstdeantransmission ou apres leur réception). Grace a
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ces relations, on peut définir des mesures suppléementirame les pertes de paquets et la mesure du
retard subi par un paquet. Le taux de perte est une granderanoment utilisée pour fixer des objectifs

de qualité de service que le réseau doit maintenir. Gersaile ces mesures demandent a ce que source et
réception soient considérées au sein d'un méme nivegus{non I'évaluation est imprécise ou n'a pas
de valeur significative).

9.2.3.3. Mesures d édiées a I'étude des performances

Recommandations de I'I'TU : Des documents de référence indiquent les parametm@ficagifs pour
I'évaluation des performances de réseaux de télecanwation. Les définitions essentielles sont in-
diquées comme le taux de cellules insérées incorrectergec le modéle en pyramides des mesures
de performance sont obtenues qui sont similaires a cediesalérences normatives.

Lien avec les concepts de quaktde service :La corrélation entre I'approche issue du modeéle en
pyramide et les définitions traditionnelles de la quali#éservice est demontrée.

9.2.3.4. Evaluation des performances aux diff  érents niveaux de la pyramide

L'évaluation des mesures exposées precédemment setaniceuvre dans cette section pour des cas
courants.

Au sein d’'un niveau : En particulier, pour deux flux, le délai de transmission mpdifferents types
d’'applications est évaluée a I'occasion de la comboraide deux flux.

Au travers plusieurs niveaux : Les difficultés d’une telle approche et les erreurs qui patiétre in-
troduites sont expliquées. La pyramide inversée, rgadespour les fonctions de réception, est également
décrite. Elle compléte si nécessaire la pyramide p@waluation des performances.

Dans cette section, le modele de la pyramide de trafic agesf) décrit. Cette organisation per-
met d’agencer les modeles de trafic hierarchiqguement dédere I'évaluation des performances d’'un
systeme de télecommunication.

9.3. Modéles de trafic organis és en pyramide (chapitre 3)

9.3.1. Modeles de trafic pour les flux  élémentaires
9.3.1.1. Modeles math ématiques pour les g énérateurs ind épendants

Le générateur indépendant, ainsi que les définiti@essaires a la définition d’'un modele de trafic ont
été données au chapitre 2 (section 9.2). Cela ouvre Imgldala description des paquets dans le temps,
puisque le modele de trafic permet la description des pagleetionnées (unités abstraites) en un point
donné.

Les modeles de trafic peuvent avoir des natures diffesgmiesqu’ils peuvent étre déterministes ou
probabiliste (par exemple les variables que sont le temips ks arrivées et la taille des paquets peuvent
étre considérées comme fixes ou aléatoires), avoir &iéeence cadencée ou une référence absolue (en
fonction de la référence temporelle choisie pour la dpon des paquets dans la trame).

Les modeles indépendants suivants sont présentés :

- les processus ponctuels et de renouvellementCes modeles simples (et aux capacités de descrip-
tion limités) permettent de comprendre ensuite des nesdells complexes construits sur leur base : un
certain nombre de leurs propriétés sont rappeléeslearfatiliteront I'exposition des autres modeles. En
particulier, la définition des processus ponctuels et deueellement, du temps de récurrence progressif
ou rétrograde est rappelée. La fonction de renouvell¢ifedrsa transformée de Laplace) qui se calcule
aisément pour certains types de processus standardadstrisgt présentée. Le comportement asympto-
tique peut en étre déduit. En outre, la superposition elesprocessus est considérée pour montrer que
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le comportement asymptotique est poissonien. Finalernerigines méthodologies liées a I'observation
de tels processus sont présentées.

- le processus de renouvellement PH Ce processus qui généralise le cas précédent estuittrbe
notation matricielle facilite certains calculs. La magrite phase T et le vectewidécrivent complétement
la distribution des temps d'inter-arrivées et de la fametde renouvellement. La combinaison de deux
modeéles se calcule aussi aisement par des opérationsigiks.

- le processus de renouvellement Markovien Ce processus, qui est une nouvelle généralisation du
cas précédent, est également introduit car il offredigage de pouvoir calculer la superposition exacte
de flux. En revanche, le nombre d’états nécessaire pauire@&ette superposition explose rapidement,
ce qui rend son utilisation difficile.

9.3.1.2. Le Processus markovien d’arriv  ées par salves (BMAP)

Ce processus permet des descriptions tres généraldésixiele paquets. En effet, il repose sur un pro-
cessus markovien a plusieurs états (version en tempmuoatitine chaine de Markov discrete) pouvant
décrire differentségimesde génération auquel on adjoint une distribution deeaik paquets. Il re-
pose donc sur une matrice décrivant le processus de Matkaw @in jeu de parametres décrivant les
differentes tailles de paquets. En outre les propri@tesfiles d’attentes pour ce générateur sont calcu-
lables analytiquement.

9.3.1.3. Le Processus de Poisson Markov modul & (MMPP)

Le MMPP est un cas particulier de BMAP qui mérite une anadypart entiere. C’est une simplification
puisqu’une seule taille de paquet est considérée et quatidace du processus de Markov sous-jacent est
décrite par une matrice stochastique caractérisantripdale séjour dans chacun des états du processus
et un vecteur décrivant le taux d’arrivee dans chacuretis.'Beaucoup de résultats analytiques exposés
pour le BMAP sont simplifies pour le MMPP et certains réatslisupplémentaires sont obtenus. Certains
se simplifient encore davantage lorsqu’on considere un MM BEeux états appelé MMPP(2) qui n'a que

4 parametres.

9.3.1.4. Le Processus de Poisson Markov modul & circulant

La catégorie des MMPP circulants est une classe padieupour laguelle la structure de la matrice de
saut du processus de Markov qui module le processus a une fpétifique dite circulante. Un certain
nombre de simplifications sont alors possibles. En paréiculétude du spectre des processus peut étre
réalisée aisément. La forme particuliere de la fomctiauto corrélation et de densité de puissance d’'un
tel processus est indiquée. Toutes les opérations i@guce peuvent ensuite se faire sur la base des
fonctions approchant les spectres.

9.3.2. Générateurs consid érés dans notre étude du mod éle en pyramide
Apres la présentation théorique des modéles, les lasdgii seront utilisés dans le reste de I'eétude sont
décrits plus en détails en incluant les parametres dekeles utilisés dans cette étude.

9.3.2.1. Niveau application

Les modeles utilisés pour les applications sont les sisva

- le modele voix on/off : Il s’agit d’'un modéle a deux états on et off correspondanhe phase active
et une phase inactive. Durant la phase active, les paquetgaonérés de maniere constante. Durant la
phase inactive, il N’y a pas de génération de paquet.
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- le modkle video : Ce modele a la propriété d’étre auto-similaire. Ce tygpetrafic peut avoir des
conséquences pénalisantes pour le dimensionnemenmfupuile gros paquets peuvent saturer les liens.
En effet, il repose sur une taille de paquets décrits pardistebution a queue lourde (heavy tailed)
issu d’'une distribution Gamma-Pareto. Les échantilloitgiix sont issus d’une séquence auto-similaire
obtenue a partir de I'algorithme énoncé (algorithme dskihg). La distribution des tailles de paquet
peut étre adaptée pour correspondre a un film partic@ieigénérateur, utilisé dans le cadre de [FM98],
a été utilisé pour les résultats énoncés au paragréph

- le modele web : Une premiére modélisation du trafic web est issue du neodel'ETSI [ETS98].
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La liste des parametres qui caractérisent le modeletabtié. lls servent a décrire la durée et le nombre
d’événements se produisant durant la visualisation elpage web. Ces paramétres comprennent par
exemple le nombre de paquets contenus dans un datagrammaeéonnbre de requétes par pages. Des
valeurs typiques sont suggérées pour ces parametrdsiglee 9.2 précise I'architecture du modele.
Le DLR a aussi dérivé son propre modele (ou une simpliboatou les paramétres sont basés sur
des mesures comme décrit dans [BGO5b]. Ses principes sposé&s dans la Figure 9.3. Une seconde
modeélisation reposant sur les modeles BMAP est envisagé

9.3.2.2. Niveaux Souscripteur et Nodal

Il nexiste pas de modele spécifiqgue pour ce type d’'utidises regroupant plusieurs classes qui soit
couramment utilisé. La proposition est faite d’employeBMAP pour du trafic hétérogéne (issu de
differentes applications) et le MMPP. Le résultat de dégation des flux de trafic issus des niveaux
inférieurs sera également considéré et consisteranemadéle composite issus du trafic des niveaux
inférieurs.

9.3.2.3. Niveau Transport

Pour élargir la gamme des modeéles présents a ce nivesaus(ile differents types d’agrégation et de com-
binaison des autres modeles), un modele simple a é&dé&d pour décrire le trafic d’'une facon trés
macroscopique. Dans ce cas, le modele utilisé reposensudistribution gaussienne dont les éléments
essentiels sont rappelés et dont 'utilisation est epsandue. Les méthodes de simulation de la distribu-
tion sont également décrites.

9.3.3. Détermination des param etres des mod eles agr égés

9.3.3.1. Détermination des param étres du MMPP(2) bas & sur les statistiques de
comptage

Cette méthode vise a faire correspondre les statistigeed’'ordre 1 2 et 3 (moyenne, variance, etc)
du processus agrégé avec celui du processus en entéqguations sont indiquées qui permettent de
passer des parametres mesurés sur la fonction de consptagarametres du modele. On arrive au final
a un jeu de parametres caractérisant le processuséadrég parametres obtenus sont cependant tres
dépendants de la maniere dont la fonction de comptage @bétnue (taille des intervalles éléementaires,
durée de I'évaluation). Pour obtenir plus de stabilitautres approches ont été envisagées.

9.3.3.2. Détermination des param eétres du MMPP(2) bas & sur les statistiques des files
d’attentes

Cette méthode repose plutdt sur les proprietés desdfideentes associées. On fait se correspondre les
transformées de Laplace des processus agrégés. Parétinede itérative, lieée au calcul de la matrice
G (caractérisant les sauts du processus d'attente engddberinstants d’arrivees), on obtient les pa-
rametres du processus agrégé. Cette méthode fonetimmnectement si I'on peut donner un caractéere
asymptotique a la distribution de la taille de la file d’ate2 Pour cela il faut obtenir des tailles d'at-
tente de I'ordre de 30 40 paquets en choisissant un taux dies@déquat. Il faut donc éventuellement
modifier la valeur du temps moyen de service par paquetadilgr le module de mesure.

9.3.3.3. Détermination des param etres pour les sources vid éo

Dans le cas des modeles vidéo, il faut determiner lespetras de la distribution des paquets modélisée
par une distribution Gamma Pareto. Pour cela, on détermigarameétres d’une distribution de Gamma
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représentant la distribution des tailles par les stqtiss d’ordre 1 et 2, ensuite on ajoute une partie de
Pareto ayant la méme pente que la distribution asymptatiga Figure 9.4 montre cette procédure.

9.3.3.4. Méthode EM

Principes. La méthode EM est basée sur la maximisation d’'une fonat®araisemblance. La fonc-
tion de vraisemblance est issue de la distribution de dewlstprobabilité objectif dans laquelle les
parameétres inconnus du modele sont inclus. Un exempke mé&ihode EM est donné ou une distribution
gaussienne ayant le maximum de vraisemblance pour un neageint est recherchée. Les inconnues
sont les parameétres du modele objectif et se composest w@yenne et de la variance de la distribu-
tion gaussienne. Dans ce cas, la solution maximisant laem#lance est la gaussienne de moyenne la
moyenne des points du nuage et pour variance la varianceoitds gu nuage. Quand I'évaluation est
moins simple, on doit faire appel a une maximisation iteea La méthode EM estime la fonction de
vraisemblance quand certaines variables sont inaccesgitlmmme les instants de saut du processus de
Markov d’'un modéle MMPP). On calcule donc une fonction deisemblancd.. compléte a partir des
données accessibles. C'est la phase E (Expectation). @olehensuite a obtenir le maximum de cette
fonction, lors de la phase M (Maximisation). La fonction daisemblance étant partielle on réitere la
méthode jusqu’a atteindre un maximum. Dans le cas d’unéecsimple & deux états, on peut mettre a
jour facilement les parametres de modele. Par itéraimeessives, un maximum est atteint progressive-
ment (cf Figure 3.9 pour le lecteur intéressé par la visadbn du chemin de convergence).

Principe pour le MMPP et le BMAP. Dans le cas du MMPP, les parametres du modéle maximisant
la fonction de maximum de vraisemblance peuvent étremi@iés. Les observables sont les arrivées de
paquets. Les équations de mises a jours du modele sdquées ainsi que la forme des distributions
de probabilité pour la fonction de vraisemblance congplees données manquantes sont les instants
de saut du processus de Markov sous-jacent. Le cas du BMAderstiable au cas du MMPP. Chaque
observable est également une arrivee de paquet. Laoceé&lg taille est connue par la taille indiquée du
paquet et ne fait pas I'objet d’'une conjecture. La procéakst donc identique.

Procédure d’initialisation. En raison du caractere itératif de la méthode EM, la @docé d'initia-
lisation est une étape cruciale, puisqu’elle conditiofmedurée de la recherche du maximum du vrai-
semblance. La procédure (empirique) proposée par Rymem,se placer suffisamment proche des pa-
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FIGURE 9.5.: Synthése des differents modeles utilisés

rametres idéaux, est employée. Des convergences sagiaé alors obtenues.

D’autres procédures pour linitialisation de la méthdeM pour le cas de MMPP de dimension 2 sont
envisagées, mais chacune d’elle est adaptée a un aas erd se trouve toujours des cas ou l'initialisa-
tion est tres éloignée de la solution définitive et indui temps de convergence plus lent. Les procédures
les plus adaptées sont indiquées.

9.3.4. Modeles de trafic pour les flux agr égés
9.3.4.1. Agrégation th éorique

D’un point de vue formel, la superposition de deux MMPPs deetlision 2 est décrite par un nou-
veau MMPP de dimension 4, dont I'expression exacte estemrirg principe de la suppression d'états
équivalents pour simplifier la gestion d’événementdgprsés est également expliqué.

9.3.4.2. Méthodes envisag ées

Des suggestions pour I'étude théorique de modelegagréont données. Chacune représente une direc-
tion intéressante pour des études plus poussées. Erupart:

- simplifications asymptotiques : Dans ce cas, seul le comportement approché des distrisutist
conservé. Ce parametre s’obtient a partir de la plusdgrates valeurs propres des matrices du MMPP
par exemple. Les modeles se simplifient beaucoup.

- simplifications des matrices : Dans [Ri02], le regroupement des états est introduit. cartegue
est principalement utile pour le calcul des statistiqueBlele’attente mais relativement peu intéressante
pour la détermination de modeles simplifies. La méthodrilante semble capable de fournir des simpli-
fications de modeles. La méthode a été revue mais cersultats n'ont pu étre reproduits. Ces travaux
meériteraient d’étre reexaminés et étendus.

9.3.5. Inventaire des mod eles utilis és
Les modeéles préconisés et inventoriés sont placéslddmérarchie du modele en pyramide pour montrer

a quel niveau ils seront utilisés. La Figure 9.5 montrentesleles étudiés et la Figure 9.6 indique leur
localisation dans le modele en pyramide.
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Aggregate traffic pyramid levels

Measure

FIGURE 9.6.: Architecture des modeéles dans la pyramide des traficgagré

9.4. Application du mod é€le en pyramide a un cas pratique
(chapitre 4)

i & i

Web surfing Web surfing Web surfing

FIGURE 9.7.:Vue d’ensemble du scénario considéré

L'applicabilite du modéle en pyramide est illustré paraas particulier, qui permettra la construction
d’'un simulateur afin de demontrer differentes équivedsnentre les modeles. Ce simulateur est décrit
dans ce chapitre et démontre l'intérét des modélesgig:.”
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9.4. Application du mod éle en pyramide a un cas pratique (chapitre 4)

9.4.1. Description d’'un sc énario pratique
9.4.1.1. Présentation du cas étudié

Le systeme considéré est un systeme de communicatiosagellite offrant aux passagers d’'avions un
acces au web et a la télephonie sans fil durant le vol. Usysteme a été décrit en particulier dans
le cadre du projet WirelessCabin [BCC+04a,BCC+04b]. &mgéént principal d'un tel systéme est un
satellite desservant une large zone géographique etamude larges zones ou l'accés terrestre est

,,,,,

Le modele en pyramide se révele approprié pour déteseclements contribuant a la génération
de données. Le niveau applicatif est composé des deuicapphs fournissant les services d’'accés
web et voix (du point de vue de la description des services odete de voix sur IP sera préféré a un
modele GSM, méme si I'architecture de WirelessCabirvgyéit le contraire). Le niveau souscripteur
est composé de I'ensemble des passagers de I'avion ntilessaysteme. Le niveau nodal est composé de
'ensemble des avions. Le niveau transport est constanéesystéme satellite. La Figure 9.7 illustre un
tel systeme. La pyramide en fond indique les corresporetaantre les modeles et les source de trafic a
considérer.

9.4.1.2. Résum é des hypoth éses sur le syst eme

Il est difficile de construire le simulateur en gardant let&yge générique sans préciser les protocoles
utilisés. La capacité dédiée aux services aéronaesigst considérée comme fixe et le but de I'exercice
est de déterminer si les applications envisagées soresearorrectement.

Au niveau souscripteur, on suppose de fagcon standard cu@atpiets IP sont échangés. Au ni-
veau du nceud, un procédé fragmentant les paquets a @té car la transmission par satellite s’ef-
fectue préférentiellement avec des paquets de taille fiagransmission par satellite est modélisée en
considérant une capacité de N1 cellules par durée destfade 26.5 ms. Les cellules considérées sont
de typeP, puisqu’on se situe au niveau transport. La ressource disigosst attribuée aux differentes
cellules en fonction du type de cellule recues de la couduale (paquet$s). L'affectation se fait
d’abord pour le trafic de catégorie de service la plus exigegusqu’a atteindre la capacité maximale
pour chacun des nceuds considérés. Les cellules nonéafepar cette premiere étape sont ensuite par-
tagées entre tous les noeuds pour la seconde catégoradideGe procédé introduit un retard si le trafic
de premiére catégorie d’'un noeud est en exces mais iittnadyartage de ressource pour le trafic de
seconde catégorie.

Les paquet$’; sont des cellules offrant une capacité nette de 424 biteetn-téte de 56 bits. On
s'aligne sur la taille d’'une cellule ATM de 53 octets a lalirien adjoint une en-téte spécifique pour le
satellite. Le niveau nodal manipule donc des paquets de 40 b

Les paquets de niveau souscriptér ont été modélisés avec une en-téte de 48 bits. En aie®,
et IP ajoutent chacun une entéte de 20 octets chacun, caitjgjufen moyenne pour un paquet de
données, un ajout de 48 octets doit eétre considérée @attte est cependant compressée en utilisant un
mécanisme la reduisant a 32 bits dans le meilleur cas. Wnda compression de 1 :8 a été considére, ce
qui correspond bien a une entéte de 48 bits. Cette valeprashe de la compression d’entéte maximale
(32 :(48*8)).

Au niveau applicatif, les tailles réelles des paqguets ic@nés sont pour la voix une taille standard de
800 bits et pour le web une taille variable de 752, 4600, 1bitkAmodele BMAP).

D’autres détails numériques complétant les informmetioi-dessus et concernant la construction des
scénarios simulés est donnée dans les paragraphes#41125.

9.4.1.3. Stratégies de qualit & de service

Le standard DVB RCS prévoit 4 types de catégories de seifdénommés CRA, RBDC, VBDC et
FCA). Le simulateur se limite a deux types de trafic corresjpmt aux deux catégories prioritaires.
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9. Synth ése du travail

L'application voix sur IP est plus contraignante au niveas dariations de délai et de gigue acceptables.
On a donc pour la voix un mécanisme proche du CRA (assigniecoatinu de ressource). Pour le trafic
web, on a une gestion proche du meilleur effort possiblete@gstion est proche du FCA (assignement
de la ressource disponible).

9.4.1.4. Mécanismes d’allocation de ressources

Les mécanismes de gestion, en particulier, tel qu'impléi®s dans les satellites regénératifs sont trop
complexes pour étre reproduits exactement dans le sieunldn effet differentes entités, comme le ges-
tionnaire bord de ressource ou le nceud de gestion centitalesponsables de la gestion des ressources.
Elles travaillent de maniére dynamique en échangearniinfiermation pour chacune de connections qui
sont initiées ou terminées. Dans le simulateur, on cé@nsites connections établies, le mécanisme de
gestion de ressource peut étre simplifie. Principalepdestmulateur doit modéliser la ressource limitée
du lien satellite et la gestion de ressource donnant lait&iarcertain type de trafic.

9.4.2. Particularisation des op érateurs

Les opérateurs introduits au chapitre 2 sont repris. Egigant certains parametres (numériques) les
caractérisant, leur action est davantage particulariséurs effets sur les flux de trafic sont étudiés avec
plus d'exactitude que lors de leur introduction générale

9.4.2.1. Niveau souscripteur

Tout d’abord, I'opérateur d’addition est présenté. betie de cet opérateur correspond a I'ajout des flux
de trafic appliqués en entrée. Dans le cas présent, led'lakrée sont des flux du niveau applicatif. La
construction du flux de sortie en termes de taille de paqudirestant d’émission est précisée. Ensuite
I'opérateur de conversion de niveau est présenté. Leagasde paquets du nive@y a des paquets de
niveauP, est expliqué. Dans ce cas, I'opération se limite a I'ajune en-téte. Seule I'information de
taille est modifiée. Finalement, 'opérateur de mise erf@mnité avec le niveau est introduit. A ce niveau
particulier, il n'y a pas d’action sur la nature des flux.drigure théorique de la construction d'un flux de
niveau 2 a partir de deux flux de niveau 1 est introduite, disant les trois opérateurs précédemment
définis.

9.4.2.2. Niveau noceud

L'opération d’addition est identique a l'opération aiveau précédent. L'opération de conversion de
niveau nécessite d'assurer une taille constante des {sacpesidérés au niveau 3, puisque ces paquets
P3 ont une taille fixe de 480 bits. L'opération de segmentagshdonc présentée, ainsi que l'action
gu’elle a sur le nombre de paquets. L'opérateur de confilomau niveau supérieur est ici a nouveau
supposé sans influence particuliere puisque la taillgpdgaets est fixe.

9.4.2.3. Niveau transport

Le niveau transport a un fonctionnement synchronisé pasdles cadencéesla= 26.5ms. C'est-a-
dire que les paquets ne sont envoyés qu’'a ces instantetiseégulierement espacés. Ce comportement
est reproduit dans le simulateur. Siles paquets a tratriEnseint plus nombreux que ne le permet la salve
en cours, ces paquets seront retardés jusqu’a ce quedeantission soit possible dans une future trame.
Le flux de niveau 3 subit des modifications lors de sa transomissi niveau transport. De plus, la regle
de construction de la cellule de sortie limitant le volumesdeie de chaque nceud pour le trafic de type 1
perturbe les flux émis et cette limite affecte les volunmegsédes flux de type 1 (servis avec la premiéere
gualité de service). La bande passante restante est @aréagiitablement entre les cellules de niveau
inferieur. Ces actions sont modélisés pour décrireriedifications intervenants au niveau transport.
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9.4. Application du mod éle en pyramide a un cas pratique (chapitre 4)

9.4.2.4. Autres op érateurs

D’autres actions ne correspondant pas aux opérateucsliits au chapitre 2, doivent étre introduites
dans le simulateur. |l s'agit des opérateurs effectuatibn réciproque de celles des opérateurs au ni-
veau de la réception, podésagggerle trafic. Le principe de ces opérateurs supplementairexgéitjué.

9.4.3. Etude avec un simulateur
9.4.3.1. Justification d’'une approche reposant sur un simul ateur

L'utilisation d’un simulateur permet I'évaluation desrfiemances d’un systeme avant sa mise en ser-
vice. Ceci se justifie en particulier pour des systemes demuanication dont le déploiement est long
et coliteux. Cela permet aussi de se concentrer sur legonebtle dimensionnement sans la nécessité
d’avoir chacun des systemes préts a étre testés. Bt ke facteurs dimentionnants du systeme peuvent
ainsi étre modifiées a loisir. De plus, le simulateuregigte au systeme deployé et permet d’appréhender
tres tot les caractéristiques du fonctionnement duesyst Ainsi, par exemple, un compromis perfor-
mance et complexité peut étre finalisé progressivement.

9.4.3.2. Principes de conception

Le simulateur est construit sur la base d’'un systtmeea@wents discrets (DES - discrete event simu-
lator) se nommant OMNET++. Ce systéme permet d'intégiedes modeles en C++ implémentant les
générateurs de trafic, differents éléments de 'aechire (opérateurs et éléments de mesure), ii) une
description de I'architecture des differents modelesh{fir NED de description de réseau), iii) une des-
cription des parameétres en entrée du simulateur. Unddaisnulateur élaboré (implémentation et tests
des modules nécessaires au simulateur), les differeatmsos sont décrits avec differentseauxcor-
respondant a chacun des cas avec leurs parametres (légeatirest utilisé par OMNET++).

9.4.3.3. Gains attendus et limite de I'approche

Le but des simulations est de montrer que les modeles spiiadents. Pour cela, on simule chacun
des cas et on prouve par I'observation de certaines mesuedgg deux cas se correspondent bien. Les
inconvénients de l'utilisation d’'un simulateur sont q@s performances peuvent rapidement baisser et
gue le simulateur peut devenir plus lent qu'une agrégatioriemps réel des flux, si trop d’€léments
sont considérés, modelisés et mémorisés dans ldatigon En conséquence, il faut que le simulateur
n’integre juste que le niveau de détails nécessairemida en évidence de certains phénomeénes. Uti-
liser trop de détails complexifie inutilement le simulatéimplémentation, validation des modeles) et
inversement un simulateur trop simpliste ne permet pas dearen valeur certains effets. Puisque I'on
travaille ici a differentes échelles (et avec difféienvues allant de modeéles détailles a un niveau macro-
scopigue), considérer ces questions est particuliarem®ortant. Finalement, on attend du simulateur
gu’il mette en valeur les gains en terme de complexité deilsition (modélisation de flux semblables
pour une complexité moindre) lorsque des modeles agrégnt utilisés. Il justifiera également la grande
granularité et modularité de I'approche proposée.

9.4.3.4. Architecture du simulateur

L'architecture du simulateur est présentée en Figure@rBy voit des modules dédiés a la génération
de trafic et des modules dédiés a I'analyse du trafic. Onirguee (horizontalement) les differents ni-
veaux du modeéle en pyramide. Sur le plan vertical, songjuneks les differentes instances des niveaux
considérés. On exposera rapidement le fonctionnemergsimodules de génération plus loin. On inclut
également des modules pour réaliser les opératioas #iax transformations requises par les opérateurs.
De plus, le simulateur doit inclure une interface pour letyprecessing. En général, Matlab a été utilisé
pour la réalisation des analyses de post-processing.
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FIGURE 9.8.: Architecture du simulateur

9.4.3.5. Liens entre le simulateur et le mod éle en pyramide

Comme I'objectif du simulateur est de valider numériquetries équivalences au sein du modele en
pyramide, les opérateurs sont repris pour indiquer il$ sos en ceuvre dans le simulateur.

e Niveau application : la conversion du niveau 4 au niveau 3 s’effectue au moyerogedpérateurs.
Dans le cas étudié, on peut se limiter a I'opérateur ditaah des flux puisque le générateur ne génére
aucun paquet nécessitant une segmentation et qu'il n's @@aontrainte sur les paquets du niveau 3.

e Niveau souscripteur / passager :I'opération principale est la conversion des paquets deani 3
en paqguets de niveau 2. Cette opération correspond dédeteoties trafics de chaque utilisateur pour les
transmettre a un nceud central.

e Niveau noeud/ avion :on aici un nceud permettant I'acces au satellite pour l'afde des passa-
gers d’'un avion.

e Niveau transport / satellite : de méme, on passe ici de flux du niveau 2 a des flux de niveaesl. L
mécanismes d’'acces a la ressource y exercent leur icBugm la transmission et les propriétés des flux
de trafic.

De plus, le colit supplémentaire liees aux conversios$atenats de paquets est analysée. Par exemple,
le colit de I'encapsulage jusqu’au niveau de transportregysée en fonction de la taille initiale des pa-
quets.

Scénarios pour I' étude d’ équivalences de trafic Les difféerents cas (dans la composition des
sources ou des modeles utilisés) considérés lors dapamaisons pour justifier les équivalences sont
énumeérés. Ces cas sont donnés tant en terme des fluxum@iuivalence potentielle dont I'écriture
abstraite est indiquée, qu’en inventoriant la compasities entités composant les difféerentes pyramides
de trafic.

9.4.4. Description des modules principaux du simulateur
9.4.4.1. Modules de g énération de trafic

Les modules dédiés a la génération de trafic sont imet&és en respectant le principe des événements
discrets qui facilite leur implémentation puisque la gastiu temps est assurée par un moteur interne au
simulateur. En particulier I'implémentation comprend :

- un modele voix - On-Off alterné a durée exponentielle :Pour modeéliser les sources de voix, un
modele On-Off oscillant entre deux états a été choies principes de conception du module sont ex-
posés avec des exemples en pseudo code qui illustrergti@itsdie I'implémentation.
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9.5. Agrégation pyramidale de mod éles voix (chapitre 5)

- un modele web BMAP(3,3) : Le principe d'implémentation de ce modele est exposéBMAP
est basé sur une chaine de Markov dont les sauts détetnfigtat (la phase dans laquelle se trouve la
chaine).

9.4.4.2. Modules d’analyse

Deux types de modules d’analyses sont décrits : ceux eaitakrtaines statistiques obtenues en mettant
le trafic en entrée d'une file d'attente et ceux obtenuesrér @ séquence des instants d’arrivée. Les
points suivants sont traités :

- files d'attente : Comme de nombreux résultats concernant les files d’attesutet disponibles, un
module dédié permet d'obtenir ces statistiques. Sansid@rer que les transmissions dans le systeme
peuvent étre décrites par la théorie des files d’attemiegouloir construire un modele de file d’attente
pour I'ensemble de la pyramide, le flux d'entrée est carisi au travers des variables que traite la
théorie des files d’attente. Ainsi, le retard subi par degipts traité par un serveur avec un temps de trai-
tement donné peut &tre obtenu par un module dédié gact&isera le flux. Les parametres du module
doivent étre adaptés. Le retard subi par les paquetsgpeutiécrit de diverses maniéeres : par la distribu-
tion de la taille de la file d’attente lors de I'arrivee d’'uaquet ou a un instant quelconque (distribution
discrete) ou par la distribution du durée d’attente (ojudgu’a la fin du service - distribution continue).
Des résultats théoriques sont disponibles pour de hamhypes de queues.

- temps inter-arriv €e : Voir en annexe A ou la description est faite d’'une méthaelative pour esti-
mer des grandeurs basés sur les temps inter-arrivée i@upar I'obtention de la fonction de corrélation
est décrite).

- estimation de la durée des sessions Ce module évalue la durée des sessions de transfert web en
se basant sur les paquets recus et en utilisant un ident#jenté lors de la génération. Il permettra
d’évaluer la distortion de la durée des sessions poukrdifites charges.

9.4.5. Description des sorties d  élivr és par le simulateur

Durant une simulation, le simulateur collecte divers pates qui sont ici précisés. En particulier, le
simulateur permet d’'obtenir :

- des mesures qui se se regroupent en deux catégories principales. Inai@re liee a la transmission
du trafic et la seconde liée I'estimation des performanessfldx échangés.

- des indicateurs de performance :lls renseignent sur les performances du simulateur luieé
comme, par exemple, le decompte des occurrences d'éa@ie ou le ratio entre le temps simulé et
le temps réel qui c’est ecoulé durant la simulation. Celicateurs sont élaborés a partir de données
internes du simulateur.

9.5. Agr égation pyramidale de mod éles voix (chapitre 5)

Dans cette section, les résultats obtenus dans un cassiomt présentés. Une architecture hiérarchique
respectant le modele en pyramide a été choisie, ou ubrehmité de modeles est employé. L'idée est
de parcourir les differents niveaux de la pyramide et ddigeles équivalences attendues.

Les résultats présentés correspondent a des congpesitlles que celle décrite dans la Figure 9.9
ou I'agrégation homogene d'utilisateurs est présent’e systeme est étudié avec un nombre croissant
d'utilisateurs utilisant la voix sur IP (MolP). Chaque noezamtrespond a une agrégation de modeles
identiques. Ainsi, par exemple, le scénario 1.1 corred@ot00 sources voix. En partant de ce type de
sources, un modele agrégé sera progressivement dbesias équivalences entre modeles seront mises
en évidence.

149



9. Synth ése du travail

. ‘ . /
7

~

Scenario 1.2

Y

Scenario 1.1

(P

Scenario 1.3 Scenario 1.4

FIGURE 9.9.: Description du premier jeu de scenarii considérés

9.5.1. Représentation en pyramide du cas étudi é

La modélisation dans les différents niveaux de la pyranpieut étre effectuée.

Niveau applicatif Un unique modeéle identique a celui décrit au chapitret&employé. Ce modele
représentent une source de voix en générant un certaibreode paquets de niveau?,|.

Niveau souscripteur / niveau nceudUn modele MMPP(2) comme équivalent de 100 sources Vvoix
est dérivé, en utilisant les méthodes de déterminal&mparametres exposées au chapitre 3. Les équivalences
seront basées pour la plupart sur la méthode de Kang bakissasymptotes du retard de la file d'attente
(le modele équivalent est construit pour avoir la ménmaportement pour une file d’attente donnée que
le modele initial). Les flux de trafic ont les propriétésvantes :

- caracéristiques des flux agrges
le comportement général est le suivant : au travers deskaililition de débit moyen des sources, un
comportement moyen qui tend vers la moyenne est obtenu panodiele agrégé. Il y a perte de repre-
sentativité lorsqu’un modele agrégé est employédplgtie les modeles individuels initiaux. Cependant
cette perte ce fait par un gain de modélisation en utilidastmodeles reproduisant le comportement glo-
bal. Ainsi, la bande passante peut étre économisée epanbles sources, au lieu de réserver la valeur
maximum de la source a sa valeur moyenne. Les propric@sodorrélation des instants d’arrivées ob-
tenus lors de I'emploi des modeéles agrégés ont étéecodss par rapport a celles des modeles initiaux.
Ceci indique un comportement similaire.
- parameétres @terminés
Les méthodes utilisées pour la détermination des petr@ssont décrites. En fonction des cas, differentes
méthodes sont utilisées. La méthode la plus efficace glmague cas a été employée. Pour les méthodes
EM, la difficulté vient des procédures utilisées pounitialisation. Pour une plage allant de 80 a 130
utilisateurs les parametres du MMPP(2) ont été obtehpgemnettent de comparer chacun d’entre eux.
Un comportement linéaire des parametres est obsendgigrouve que le modele agrégé s’adapte a la
charge de trafic désirée. La proportionnalité avec lagehde trafic est donc conservée par le modéle
macroscopique.

Niveau transport A ce niveau, un premier équivalent gaussien est obtenurquip I'équivalence
entre modeéle précis et le modele agrégé correspondant
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9.6. Modeéles nceuds équivalent pour diff érentes conditions de trafic (chapitre 6)

9.5.2. Justification des équivalences

Les équivalences ne peuvent pas aboutir a la générdgodeux flux identiques puisqu’il s'agit de
modeéles aléatoires. En revanche on doit obtenir des mesimilaires des distributions, puisque les
comportements statistiques des modeles doivent resetidaies.

Niveau Nceud
Les équivalences suivantes sont vérifiees :

Volume généré dans la pyramide : Le volume de deux modeles doit forcement correspondre pour
gu’on puisse parler d’équivalent. Ce critere est vérifi’

Caractéristique des files d’attentes Au niveau transport, I'analysé)(montre que la distribution des
tailles de paquets des differents modeles est identique i@ modele initial, I'equivalent MMPP(2)
simulés ainsi que la distribution obtenue théoriquemiggqjuivalence des modeles est ainsi demontrée.

Niveau Transport
Les analyses suivantes sont conduites :

Analyse du volume La bonne adéquation entre deux réalisations de dédpiisd@ents pour un modele
constitué de 50 modéles agrégeés et de 50 fois un nceudddsolifce voix a été verified)(

Analyse des retards : La répartition des retards au niveau applicatif pour deas<équivalents est ana-
lysée ¢). Des estimations semblables de cet indicateur de perfarendu systéme sont obtenus pour
chacun des cas.

9.6. Modéles nceuds équivalent pour diff érentes conditions de
trafic (chapitre 6)

Il'y a un plus grand intérét a utiliser un modele équevdlau niveau du nceud gu’au niveau souscripteur,
car l'agrégation est plus importante et qu'au niveau sgpsur seul un nombre restreint d’applica-
tions peuvent étre considéré. L'intérét d'un éqlevd au niveau nceud est dégagé dans cette section.
Cependant, l'influence des opérateurs est plus marqugqueudavantage de niveaux de transmission
sont traversés. Des modeles plus complexes que pracéeiet sont employés, par exemple, le modele
BMAP(3) qui permet de décrire des tailles de paquets mifftes.

9.6.1. Présentation des r ésultats
9.6.1.1. Casd’'étude

La Figure 9.10 présente les scénarios considérés pEsiapplications hétérogenes. Par exemple, un
scénario incluant 100 sources voix et un modele indiiBMAP(3) pour le trafic web est considéré. Ce
scénario est denommé 3.1. Le scénario 3.2 consiste sauimodele pour le trafic web et 100 modeles
individuels pour le trafic voix. Le scénario 3.3 consisteuenunique modele BMAP(3). L'équivalence
entre chacun des ces modeles, une fois les paramétresodetesidéterminés, sera demontrée.

9.6.1.2. Donn ées collect ée au niveau nodal

Les résultats collectés durant les simulations sonerabtes : des estimations statistiques de la répartition
de la taille des paquets dans une file d’attente située ad déecces et du volume de trafic généré sont
obtenus. De plus, au niveau de la couche transport, le vokshenesuré pour valider les équivalents
obtenus. C’est avec ces analyses que les équivalencedésoantrées.

L¢f. figure 5.8 pour la visualiser
2cf. figure 5.9
3¢f. figure 5.10
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FIGURE 9.10.:Description du second jeu de scenari considérés

9.6.2. Sources suppl émentaires consid érées
9.6.2.1. Emploi d'un mod éle pour le flux vid éo

Un modéle vidéo, utilisé uniquement a ce niveau, estiié®ans le cadre d’'une étude indépendante, des
modeles MMPP(2) ont été déterminés pour du traficwidées parametres du modele déterminé pour
differentes charges sont indiquées pour les differeass

9.6.2.2. Emploi d'un mod éle de surf web

Les modeéles suivants ont été utilisés :

Modele pour le moctle de surf web sur un lien dorsal Pour modéliser un tel trafic, un modele BMAP
a 3 états et avec 3 tailles de paquets a été choisi. Disstde 94 bytes, 575 bytes et 1469 bytes pour
chacune des catégories sont employées. Ce modele estgriaentrée d’'une file d’attente a durée de
service fixe (par byte de paquet a servir) et la distributienla taille de la file d’attente est observée.
Les résultats sont représentés Figure 9.11. Une tn@sebcorrespondance entre la distribution obtenue
par simulation et la répartition théorique est obtenwe (g graphes les courbes sont presque confon-
dues). Le comportement asymptotique est étudié. Unespondance avec I'analyse théorique (basée
sur les valeurs propres des matrices du modele) est égatarhtenue. La Figure 9.12 indique les dis-
tributions de paquets obtenues. Les paquets de taillaepétnoins de 500 bytes) et moyenne sont les
plus fréquentes, ce qui est cohérent avec les répaditiite €léphants-souris qui ont été mesurées pour
le trafic web.

Modele web individualise  Pour obtenir un modele individualisé, le modele pdes# a été modulé
par un processus on/off. Deux distributions exponentigleur chacune des phases on/off ont été em-
ployées. Durant la phase ON, les paquets sont indiquéseamniginaire une méme session. Cela permet
d’obtenir des indications a la réception sur les retaelsr@ansmission pour une session. En particulier,
I'effet de la bande restreinte du niveau transport peet&alué (avec une prolongement de la durée des
sessions) et ce pour differentes charges.

Agrégation de moetles individuels Une premiere vérification a été effectuée a l'aide detiples
modeles individuels. Pour 100 modeles individualisesddréeln,, = 10 min etTp sy = 50 min, on
s'attend a un trafic similaire a celui obtenu pdr modeles BMAP initiaux. Le nombre de sources
actives a un instant donnée a une distribution binomiale.
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9.6. Modeéles nceuds équivalent pour diff érentes conditions de trafic (chapitre 6)
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FIGURE 9.11.:Propriétes de la file d’attente pour le flux généré partilisateur de surf web unique
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FIGURE 9.12.:Repartition des tailles de paquets générés par le raadéh (en taille et volume)

9.6.3. Modele équivalent pour le trafic h étérog éne

Les parametres d’'un modele BMAP(3,3) obtenus commevabpiit d’'une trace correspondant au modele
BMAP précédemment présenté auquel on a adjoint 100efesd/oix (modele précis voix) est indiqué.
Les tailles de paquets générés par le modeéle a d'aliérdéberminée. Une comparaison de la répartition
pour chacune des catégories est effectuée : la taille datégorie inférieure a été augmentée de par la
génération de davantage de paquets de 100 bytes par edenvaik ; les tailles pour la catégorie médiane
et supérieure sont relativement semblables.

9.6.4. Equivalents gaussiens pour le trafic au nceud

Des modeles au niveau 4 sont proposés pour lequel latéatidil'équivalence est vérifiee au niveau de
chaque nceud.
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FIGURE 9.13.:Comparaison du nombre de cellules transmises (de type Gchgade type 2 a droite)

Déetermination des paranetres dans le cas gaussiehes parametres (moyenne variance et coeffi-
cient d’auto/corrélation) ont été obtenu pour difféles charges (un nombre croissant d’utilisateurs du
modele voix et BMAP individualis€). Deux catégories dafit sont considérées : la premiere pour la
voix et la seconde pour le web. L'hypothese a été faiteel'capacité maximum au niveau transport de
250 trames par salve. Il en résulte que le nhombre de celtldetype 1 augmente de facon constante
lorsque le nombre d’utilisateur augmente. Par contre, isnuio maximum atteint, le nombre de cellules
de type 2 décroit a cause des mécanismes de gestionsgdeimess.

Influence de la bande passante au niveau transporDifférentes limites maximales de la capacité
du lien au niveau transport ont été considérées. Enfiaatlia capacité maximale du lien (a 225 ou 275
cellules par trame), il est observé que le volume de trafityde 1 n’est pas modifié (pour une limite
de 225 par trame, I'étude s’est limitée a 120 utilisasepour rester en dessous d’un trafic maximum).
En revanche en déplagant le seuil, le nombre de cellulagp#e?2 transmises diminue. La distinction
de deux types de qualité de service permet d’affecter emiprdieu les cellules classifiees comme les
moins importantes. Ceci est représenté sur la Figure 9.13

9.6.5. Analyse du volume de trafic

Les analyses suivantes ont été conduites :

- cas du surf web : Dans ce cas, des simulations du trafic de surf web utilisantiddéle BMAP
original et le BMAP modulé par un processus on-off ontéftectuées ( des valeurs g, = 1s et de
Tors = 9s ont été utilisees ). Un volume total de trafic identiqse genéré dans chacun des cas. La
Figure 9.14 montre le volume global généré. En outregpertition des tailles des paquets générés a été
comparée. Lutilisation d'un modele individuel est aiaalidée.

-cas hetéerogene : Le volume généré par chacune des applications a étarepsur un trafic com-
posé d'applications web et de I'application voix.

9.7. Etude d’un syst éme complet (chapitre 7)

9.7.1. Synth ése des r ésultats pr ésentés
9.7.1.1. Cas étudiés

La Figure 9.15 montre les noeuds ou se situeront les souecesfit. Le premier cas est denommeé type
| et est constitué de modeles précis. Le second cas egpééltet utilise le modele équivalent de nceud
web décrit au chapitre précédent. Le troisieme casouai@né type lll, utilise un modéle agrégé unique.
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FIGURE 9.15.:Elements considérés dans le cas d’'un nceud multiple

Le type IV utilise un modéle gaussien pour simplifier le fl@es cas sont construits pour pouvoir établir
les équivalences entre chacun de ces modeles.
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FIGURE 9.16.:Paramétres ajustables pour le cas d'évaluation desrpeafces

9.7.1.2. Donn ées collect ées au niveau transport

Le simulateur permet de collecter le volume de trafic g&rdr cours de la simulation, d’obtenir la
répartition du nombre de cellules transmises pour chaeamnygpes considérés et des mesures d’'un critere
de performance. En particulier, le simulateur permet aiésr la durée des sessions web. L'étude vise
bien & caractériser les flux de trafic jusqu’au niveau parieen utilisant le modele en pyramide.

9.7.2. Validation des équivalents nceuds au niveau transport

Les résultats du chapitre précédent pour un nceud unapigevisités et visualisés au niveau transport.
En particulier le type de cellule de chaque catégorie tméges par la couche transport est analysé pour
chaque trame, afin de conclure qu’une bonne adéquatioa eiffierents types de modele est obtenue.
Si certains modeéles ne sont pas capables de reproduireemert les propriétés statistiques des flux,
la cause est qu'une perte d’'information s’est produite d@da simplification ou bien que les modeles

sont construits a partir de propriétés differentes geie observées pour I'equivalence (par exemple,
les modeles batis sur I'auto corrélation peuvent avog tres faible équivalence lorsqu’on observe la
correspondance de la variance).

9.7.3. Description du syst éme étudi é

Pour cette étude, les nceuds de type I(p) et lli(p) sonttdétine analyse de la durée des sessions apres
sa transmission dans la pyramide est menée.

Indicateurs de performances Des nceuds dans lesquels un application de surf web margesnt s
paquets est employée, afin d’obtenir des informationsastrahsmission de bout en bout en identifiant
I'appartenance des paquets aux differentes sessions.

Description des flux de trafic La Figure 9.16 précise quels modules sont considérésneog@nérateurs
exclusifs et comme des générateurs permettant I'analgseperformances. La charge choisie pour une
simulation particuliére est réglée par un seul paraggi est le nombre de passagers par avion qui confi-
gure le nombre d’instances utilisé au niveau applicatfnbmbre de nceuds considéré est de 50 nceuds.
Les flux étudiés seront composées, dans un cas ou I'ntegisse aux performances, d’un nceud I(p) ou
[1l(p) et de 49 nceuds d’un type autre (1, II, Il ou IV). L'englde nceuds similaires a &été privilégiée.

9.7.4. Etude du comportement du syst éme

Linfluence du nombre de nceuds sur les résultats obtenusv@auntransport est étudiée. Les modifica-
tions subies par le flux de trafic lors de sa transition du miveadal au niveau transport sont également
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FIGURE 9.18.:Valeur moyenne dé&/; et N, pour des nceuds multiples pour une charge variable

considérées. Suivant les cas, le systeme se composEwoitnique nceud soit de 50 noeuds identiques.
Les résultats suivant sont obtenus :

Influence du volume de trafic La conformité du simulateur au systeme étudié esfia@tien le sou-

10° 10°
7r 2]
—— TL traffic (without overhead) —— TL traffic (without overhead)
TL traffic (with overhead) TL traffic (with overhead)
- Node traffic - Node traffic
61 i
101 . : 4
50 i
2 2 8 )
k= a
£ <
gar 1 g
3 3
e S 6 |
- °
2 2
8 3r y g
o 5}
8 8
4+ 4
21 i
20 4
1k i
0 I I I I I I I I 0 — I I I I I
0 20 40 60 80 100 120 140 160 180 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (in s) Time (in s)

FIGURE 9.19.:Débit du lien satellite link pour un nceud unique
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FIGURE 9.20.:PDF deN; et N5 pour un noeud unique

mettant & des charges variables. En augmentant le nomigiksdteurs, le volume de trafic augmente.
La Figure 9.17 indique la moyenne du nombre de cellulee@g@s pour chaque type de cellule pour
un nceud unique. La Figure 9.18 reprend ces distributiorssjler 50 nceuds sont considérés. Dans les
deux cas, un comportement linéaire jusqu’a la saturgtiomr le nombre de cellules de type 1 et un
comportement de croissance lente puis de décroissandaisewdés qu’une valeur seuil est atteinte sont
observés.

Effets de la conversion du niveau nceud au niveau transport.a Figure 9.19 montre la variation tem-
porelle du taux de transfert vue au niveau nceud et au nivaaggort. Le volume au niveau transport
est supérieur a cause du transport de signalisation &mgpitaire. Un léger décalage temporel du au
transfert du niveau nceud au niveau transport est égalesheatvé.

La modeélisation du systeme dans le simulateur permet ddrerales effets caractéristiques du com-
portement du trafic transitant au sein du systeme.

9.7.5. Justification des équivalences
9.7.5.1. Etude de I'occupation de la trame

La correspondance entre deux modeles en tout d’abords®bomparant la distribution d’occupation
des trames. Ensuite les statistiques de la répartitiontygees de trames a chaque transmission pour
chacune des deux types de cellules sont employées powrgpideguivalence des modeles.

Neceud unique La similarité de la distribution des deux types de paqugtser chacune des modélisation
du nceud : type |, lll et IV est demontrée. La Figure 9.20dunei chacune des distributions. Elle indique
gu’'une bonne correspondance des répartitions entre I@lmoéel et sa simplification gaussienne est
obtenue.

Noeuds multiples La Figure 9.21 montre également la bonne correspondanieedatacun des nombres
de trames échangées lorsque I'on considere 50 nceudadot4 0 utilisateurs (voix et web) sont considérés.
Les moyennes du modele gaussiens sont en ligne avec ceataguobtenu dans le cas précis.

9.7.5.2. Etude du volume de donn ées

La Figure 9.22 montre le volume de trafic généré pour 50dsoew cours du temps, lorsqu’on si-
mule un trafic hétérogene. Ceci prouve qu’avec le modgk&gé ou les modeles précis web et voix,
la génération d'un volume équivalent est obtenue. Léstsfransitoires (liés a l'initialisation progres-

sive des differentes applications) sont méme plus céortgue le modele agrégé est utilisé.
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FIGURE 9.22.:Comparaison du débit total pour 50 nceud avec des comptsidetrafic differentes

9.7.6. Etude de la dur ée des sessions web

9.7.6.1. Nceud unique

Dans ce cas, I'évolution de la durée des sessions wehlelaccharge du systeme augmente est étudiée.
Le mécanisme de priorité impose au trafic web une prionitdndre qui se traduit par une augmentation

de la durée des sessions. Plus la bande passante du sgsttgrande, moins cette augmentation se
produit puisque la limite n’est pas plus atteinte aussidapient.
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Identify:

- Alc categories

- system limitations

- contained scenarios

Scenario

Alc categories System limitations

For all Precise System | | | | Perfomance
categories of a/c simulation Parameters Evaluation
Precise alc | 1. Simulation with System |_| Perfomance
simulation aggregated a/c Parameters Evaluation
—T
Derive model | | Derive model
parameters parameters
Simulation with System Perfomance
aggregated model Parameters Evaluation
Traffic generation System Evaluation

FIGURE 9.23.:Principe des simulations

9.7.6.2. Nceud multiple

Dans ce cas, le comportement est distinct du cas précdelerfet, la collectivisation des cellules du
type 2 permet d’obtenir un palier durant lequel la duréesdssions n'augmente plus. Lorsque l'alloca-
tion sur la trame physique est de 250 trames par cadenceuypowmbre d'utilisateur variant de 100 &
120 utilisateurs, la durée des sessions web reste coastantlela, le trafic web est servi de fagcon insuf-
fisante pour I'utilisateur. En réduisant la capacité leotiu systeme, la plage de fonctionnement correct
du systeme est également réduite (pour une charge de#2fiBg, la limite se situe a 107 utilisateurs).

9.7.7. Méthodologie pour le dimensionnement des syst  emes

Une méthode pour le dimensionnement d’'un systeme sateBt proposée. La Figure 9.23 indique les
differentes étapes. La méthode est basée sur la cotistrae modeles agrégés pour I'étude d’un systeme
complet. Un modele de chacun des nceuds du systéeme estudonqsi sera ensuite utilisé pour I'etude
globale du systeme. En procédant de la sorte, des simngafirécises qui sont coliteuses en ressources
peuvent étre éviter a I'echelle la plus grande. Uneesétlide a grande échelle est requise pour valider
I'approche sur les équivalents et peut étre distincteagghhse de dimensionnement. Pour la conception
d’'un systéme aéronautique comme étudié précédemmermodele équivalent de nceud pour chaque
type d'avion est construit (ou catégorie significative emte de nombre de passagers) et ces modeles
sont utilisés pour I'étude du niveau transport.
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FIGURE 9.24.:Evolution des performances du simulateur (nceud unique)
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FIGURE 9.25.:Evolution des performances du simulateur ( 50 nceuds aveéraenconfiguation que le
cas précédent)

9.7.8. Analyse de performance

Les performances du simulateur (vitesse d’exécution,bmerd’événements générés...) sont analysées.

En particulier les points suivant ont été étudiés

Optimisation du simulateur : La Figure 9.24 montre qu’un taux constant d’événemeat®gs dans
le simulateur est obtenu. Les Figures 9.25 et 9.26 montreexemple ou les réglages d’'un module
d’observation ont été corrigés afin de ne pas compromiesrperformance du simulateur. La chute
de performance du premier cas est corrigée dans le secendaraun ajustement adéquat du taux
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FIGURE 9.26.:Evolution des performances du simulateur (50 nceuds réglagtimisés)

d’observations activees dans le simulateur.

Comparaison des performances :Les performances du simulateur pour differents niveaurlé&tails
sont comparées. Des performances équivalentes somuasten utilisant le modeéle agrégé et le
modele précis. Les événements comptabilisés pamelateur sont de deux types : i) les créations
de paquets ii) les états de chaine de Markov pour le MMPPMARB Les transitions d'états
introduites ne font pas chuter les performances du simulafeutefois le trafic du modéle agrégé
est injecté a un niveau plus élevé, ce qui permet d'ésoser la modélisation de niveau inférieur.

9.8. Conclusion

9.8.1. Résumé

Dans la partie du manuscrit en anglais, les travaux &=ak®nt resumés avec davantage de détails. De
facon trés synthétique, les themes suivants ontlaiédés :

1. La pyramide de trafic agrégé

2. Les modeles de trafic de la pyramide

3. Description d’'un scénario avec la pyramide

4. Résultats par simulation i) équivalences des modébés ii) Agrégation au niveau nceud iii)
Agrégation compléte au niveau transport

9.8.2. Intérét et pertinence du travail
9.8.2.1. Revue des r éalisations et points d écouverts

Ce travail a permis de construire un cadre abstrait pourdargdion du trafic organisé selon des prin-
cipes hiérarchiques. Des modeles de trafic pour la géinérde flux de trafic y ont été définis. Des
opérateurs ont &té introduits pour décrire les modifics subies par ces flux au fil de la transmission.

Differentes mesures ont été décrites pour obtenirdeaatéristiques de ces flux de trafic. Par la suite,
certains modeles de trafic ont été revus et les diffeseniéthodes pour la détermination de leurs pa-
rametres ont été mise en ceuvre et comparées. Enfin, whaséuar construit sur la base de la pyramide
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des trafic agrégé et implémentant les modeles de tr&fie atilisé pour collecter les differentes mesures
nécessaire pour prouver les équivalences entre divedglemde trafic.

9.8.2.2. Apport a d’autres projets

Cette these s’étant déroulée au DLR, un certain nombigrajets réalisés pour le DLR ont bénéficié de
ces travaux. Il s'agit principalement du projet de I'agespatiale européenne ESA EuroskyWay et du
projet de commission européenne WirelessCabin. Pourskywnay, dans le cadre de la validation de ce
systeme de communication européen fournissant desesrmiultimédias, le DLR devait concevoir un
générateur de trafic reproduisant les données écbardgns charge du satellite. Cet équipement a été
concu de fagon hiérarchique et été configuré par leses niveaux que ceux proposés dans le modeéle en
pyramide. Le cadre de WirelessCabin (fourniture des seswoix, acces IP a bord des avions) a donné
le cas pratique de notre travail. L'architecture déve@mppour WirelessCabin comprenait un segment
satellite. Les études de capacité de ce segment onffétéuées en considérant des scénarios issus du
modele en pyramide. Enfin, d’autres projets ont pu béiegfite nos résultats : il s’agit de ACM Modem
(Advanced Coding and Modulation - Codage et modulationsi@aes) et du projet ULYSS (switching
optique ultra rapide) ou les modeles implémentés dasgulateur ont été utilisés.

9.8.3. Perspective pour poursuivre la recherche

Une thése menée en un temps fini ne peut aborder tous leeshét laisse parfois certains champs de
coté qui demanderait d’étre étudié plus avant. Deuaations pourraient étre approfondis.

9.8.3.1. Adaptabilit & des mod éles

La modeélisation du trafic ne s’effectue qu’un instant dan®i’de nouvelles applications naissent et que
la capacité des liens augmente, il se peut que le companteses utilisateurs soit modifie. Par exemple,
les applications de partages de (gros) fichiers via ligneSIABodifient peu a peu la composition du
trafic web. Néanmoins, le modele BMAP semble suffisammeniidfle pour qu’on détermine un nouveau
jeu de parametres correspondant davantage aux fututiggueia Les méthodes exposées dans ce travall
reste bien entendu toujours d’application.

9.8.3.2. Simplification des mod éles

Nous avons cherché a remplacer un modéle par un modéaieadent. Une approche complémentaire
consisterait également a se doter pour la simplificatian chodele donné. Le modele circulant MMPP
possede de telles propriétés puisqu’il permet d’'obtdes modeles avec moins d’'états ayant un spectre
équivalent. Ce type d’étude mériterait un traitemenaét entiere. Il aurait I'avantage de rester dans
une unique famille de modele. Toutefois, les gains en tateeapidité d’exécution ne serait que par-
tiels, puisque cette a montré que les principaux gainsamenus en utilisant le modéle macroscopigue
gaussien au niveau transport et demande d'utilisé degle®tres simples.
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Complements on traffic models

The concepts that could not be fully presented in chaptee &gposed with more details.

A.1. Renewal models

A.1.1. Points process and renewal process

Definition A.1.1 (Renewal process)A random point proces® = {7} for which the inter-arrival
times{Z,} form an i.i.d sequence is called a renewal proceSs.is called the #' renewal epoch and
F(t) = P(Z <t) denotes the common inter-arrival time distribution. Theeraf the renewal process is
defined as\ = 1/E(Z).

The survival function of a renewal proceg8sis defined as the complementary of the distribution
functionF', §(¢t) = 1—F'(t). As pointed in the historical introduction about queuirig tiniform Poisson
process is a currently used point process which is built fabnexponential inter-arrivals distribution

F(t) =1 — exp[—\{] (A.1)

The counting procesd (t) follows a Poisson law. P[N(t) = n| = (Ar'f!)n exp[—At])
When a renewal process is considered at a timne have

T <t <Tn+1

Definition A.1.2 (Forward recurrence time)The forward recurrence time is the time till the next point
strictly after timet:

A(t) & Tygysr —t, t>0 (A.2)

Similarly, we define

Definition A.1.3 (Backward recurrence time)'he backward recurrence time is the time since the last
point before or at time:

B(t) £t —Tng), t >0 (A.3)
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Furthermore,

Definition A.1.4 (Density ofZ). the densityf7 is defined by

fz(t) = %P(t <I<t+dt)= %it) (A.4)

Definition A.1.5 (Laplace-Stieltjes Transform (LST))'he Laplace-Stieltjes Transform (LSf)(s) of
the densityf is defined by

£ = [ (A5)

Definition A.1.6 (Renewal function) The functionH (¢) defined as
H(t) =Y rP(N(t) =r) =E(N(t)) (A.6)
r=0

and equal to the expectation 0f(¢) is the renewal function of the renewal process

In [Cox67] it was shown that:

Ho(s) = — 1) (A7)

for normal (started at = 0) renewal processes.
For stationary process (startedtat —oc)) for which at¢ = 0 does not necessary correspond to an
arrival,

H*(s) (A.8)

:E

which shows thaty(N (t)) =t/u

Asymptotic distribution of recurrence time If considered whem — oo, the limit density of the recur-
rence time is

5(z)
,u

(A.9)

This can be used to characterize the asymptotic probabgitgity of the process when it is established.

Superposition of Renewal process

Definition A.1.7 (Superposed renewal proces§)iven N renewal processes with densify(t), i =
1..N, the superposed process is the counting process where tilvalarcorrespond to arrival of one of
the input renewal processes. In general the superposeckpsds not a renewal process.

On figure A.1 the superposition of three renewal processdsgited. The superposed renewal pro-
cess is NOT a renewal process. Anyway, the distribution eftitme between arrivals can be derived.
The density of the interval duration probability is denotéd) can be obtained by formula A.15 that is
derived hereatter.
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Figure A.1.: The superposed renewal process

Interval between two successive eventShe calculation is performed using the backward recurrence
time. It is notedU for the superposed process.

U= min(Ul, UQ, Up) (AlO)

By the independence of the single process,

P(U > z) HPU>m (A.11)
_ / S(w) (A12)
So the density ot/ is obtained by differentiation and is :
oo p—1
)y / g;“) du} (A.13)

Since the mean interval between arrival is for the superbpsecess./p. It then comes

5
- /p ) / (A.14)

with & is the survival function of. It gives flnaIIy.

o0 u p—1
o) =~ 5 [ Wauy ] (a.15)

This is the formulation of the inter-arrival density furarti of the superposition process.

Approximation for the superposition process[Cin72] has showed the following result. The superpo-
sition of p independent and identically distributed renewal processeh with rate\ /p tends to be a
Poisson process with rateasp tends for infinity. Indeed, in the poissonian case, eachlesipgisson
process ha§(u) = exp[—At/p] andpu = E[Z] = p/\. So

oo u p—1
o(z) = —%[g(m){ / %du} | using A.15

-1

R T T

p—1
= (Ao exp(-Ae/p) |
= L lexp(— )

g(x) = MXexp(—Az) (A.16)
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which shows that the superpositionopoisson processes with ra%eis a poisson process with rake

Observation of renewal process The following definitions are referred from [CL66].

Definition A.1.8 (Index of Dispersion of Intervals (IDI))Given a renewal process with inter-arrival
sequence(Z,k > 1}. The sum ofc consecutive inter-arrival times are noted*). The Index of
Dispersion of Intervals (IDI) is the sequen(:%, k > 1} defined by

kvar(Z®)  kcov(Zy, 1) + 2 Zf;ll(k — j)cov(Zh, Ti4)
[EE®)]2 k[E(Z1)]?

& = (A.17)

The covariance betweef) andZ; is writtencov(Z;, Z;) = E(Z,Z;) — E(Z;)E(Z;).

Definition A.1.9 (Index of Dispersion of Counts (IDC))Given a renewal process with associated count-
ing functionN (¢). The Index of Dispersion of Counts (IDC) is the function

B var[N (t)]

(t) = BN ()] (A.18)

For a renewal process, the following results are available:
1) For a Poisson procesk(t) = c; = 1 for all t andk.
2) For a renewal process;, = ¢ for all .
3) If ¢2 = ¢ for all k, thencov(Z;,Z,) = 0 forall i, j i # j
Whenp renewal processes independent and identically distidbarte superposedi , andI(t;p) are
the two indexes of dispersion of the superposed process.awethe following result:
I(c0;p) = tlglgo I(t;p) =c% , = lim ci’p = cil (A.19)

P k—o00

These indexes can be used to characterize some particités poocesses (i.e. the poissonian process).

Alternating process

Definition A.1.10 (Alternating renewal process)Given two renewal probability functiong; (¢) and
f2(t) the point process verifiying
d

EP(IQHH <t)= fi(t) and %P(Izn <t) = fa(t) (A.20)

is an alternating renewal process

Definition A.1.11 (Stationary alternating renewal procesg)Yhen an alternating process was started at
t = —oo and is observed froh= 0, we have the stationary version of the alternating process.

For example, if we consider a model with exponentially distted "ON” durations and exponential
distributed "OFF” durations (with meadf,, and7y¢. The mean duration of the ON state can be obtained:

Tont Tont 1 1

B(Ton() | S(0) = ON) = 72 sl —ospl- (g + 7000) (A2

Definition A.1.12 (k-state renewal process§iven ak x k stochastic matrix P where thg ; are the
probability to be in statg after an arrival in statei. Semi-Markov process

Point process and renewal process (and their derivativegyaod tools to model packet of constant
size in an absolute timing reference. If the size of the pakeed to be modelled more accurately, other
models will be needed.
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pdf and cdf of I(t) for single voice source
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Figure A.2.: Density and CDF of PH-model for a single voice source

A.1.2. The PH-renewal process

Definition (PH-distribution) A probability distributionZ(.) on [0, o] is a distribution of phase type
(PH-distribution) if it is the distribution of the time uhtibsorption in a finite Markov process of the type
defined in section 3.1. The pdit, T') is called a representation df/().

This distribution has following properties:

1) the distributionF'(.) has a jump of height,,,1 atz = 0 and a density¥”(x) on [0, co] such that
F'(z) = aexp (Tz)T°

2) the Laplace-Stieltjes transforyfi{s) of F'(.) is given by

f(s) = ams1 +a(sI — T)(_l)TO, for Res >0 (A.22)
3) the non central momentg of F'(.) all finite and given by:

1 = (~1)il(@T"e), for i >0 (A.23)

Examples:

1) the generalized Erlang distribution of order m with paggens\q,..., \,, has the representation
a=(1,0,...,0) and

A A0 0
0 X X 0 0

T=1|: - (A.24)
0 0 —Ano1 Aot
0 0 —Am

2) the hyperexponential distribution with distributidf(z) = " ; a;(1 — exp (—\;z)) has the repre-
sentatione = (o, ..., ay) and?T = —diag(A1, ..., Am)-

3) the IAT for the voice model can be approximated with a dhistion (-, L) from the convolution of
the two PH-distributiorie, T') and(3, S) where(«, T') is a 16-state Erlang with = 16 /7. approx-
imating a constant delay distribution afd, S) is the exponential silence duration. The calculation
of (v, L) is performed following theorem 2.2.2 from [Neu81].

From them + 1-state Markov process used to define the PH-distributionthen process can be

obtained by restarting instantaneously the process wétpthbabilitiesa;, . .., ay,, apmp1. The state
m + 1 is an instantaneous state. The corresponding process atatkel, . .. ,m has an infinitesimal
generatoi*.
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Definition A.1.13 (PH-renewal Process of canonic typd&he Markov process with infinitesimal gener-
ator

Q" =T+T"A°, (A.25)

whereT? is them x m matrix with identical columng™® and A° = 17a1m+1diag(a1, ce Q) is @

Markov process where the successive visits to the instaatenstaten + 1 form a renewal process with
underlying distributionF'(.) as in (3.2). The point process is a PH-renewal process.

[Neu81] has shown in theorem (2.4.1) that the expected nupfbenewalH (t) = E(N(t)) in (0, ¢]

IS :
t 1 2 I — )T
H(t)=— Lot ol exp QT e (A.26)
K Tam #T— amen)

The class of PH-process can be used to model different pitdpatensity functions. For example, it
has been used by [FW98] to approximate a Weibull distriloutiith an hyperexponentidll,, to model
a service distribution. Moreover, the class has been egtebgt Schewel([Sch01]) to include a Pareto
shape, to that the modelling of TCP connections can be peefdwith these distributions.

A.1.3. Markov renewal processes

semi-Markov matrices A non decreasing, right continuous point functidhon the real line with
F(o0) < 1is called a mass function. Such a function induces a measutheoBorel sets of?, an
interval (a, b] carries the measure F(b)-F(a).

Let J be a subset of the set of non-negative integers.

Definition A.1.14 (semi-Markov matrix) Let A be a matrix of mass function;,(j,k € J), and put
B; =3, Aj,. Then A'is called a semi-Markov matrix over J if, for alE J,

B;j(07) =0, Bj(+o0) <1

Definition A.1.15 (Markov matrix) A Markov matrix over J is a set of numbeA%k defined for each
J.k € Jsuchthatd;, >0and) , A;, <1.

_If Ais a semi-Markov matrix, then A(t) is a markov matrix fonyafixedt¢ € [0,00). In particular,
A = A(o0) is a Markov matrix, and is called the associated Markov matfiA. Let

0 t<0
A(O) 1) = ’ A.27
" 0 t <0,
A () = t _ A.28
# =4S () A0 —y) >0 (A:20)
14 0—
We have
40 _ 7 (A.29)
t
AW = [ Ady) A"Vt —y), n=12, ., (A.30)
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Markov renewal process  We let as before J be a subset of the non-negative integesuapose A

is a semi-Markov matrix defined on J. L&, F, P) be a probability space and suppose we have, defined

on it,

a) afunctionL(w)w € Q taking value in{1,2, ..., 00},

b) functionsX, (w) defined for0 <n < L(w), w € €2, and taking value in J,

¢) functionsT,,(w) defined for0 < n < L(w), w € Q taking values ir0, o) such that for anyw € Q
we have) = Tj(w) < T (w) < .... Suppose for each > 0, thatmathcal F' contains ther-algebra
generated by the sefs(,, = k,7,, <t,L >n}(m =0,...,n;k € J;t € [0,00)).

Definition A.1.16 (Markov renewal process) X,,, T,,; L} is called a Markov renewal process induced
by the semi-Markov matri¥ (¢) if

P{XnJrl :j,Tn+1 < t|X0,...,Xn;T0,...,Tn} (A3l)
=P{Xpt1=5,Tnp1 <t| X, T} = Ax,,;(t = Tp) (A.32)
almost everywhere ofi. > n} foranyj € J

The Markov renewal process can be related to some partimdeakov chains.

Proposition A.1.17.. The procesg X,,,T,; L} is a special case of 2 dimensional Markov chain with
state space/ x [0,00). We havel, = 0 and

P{X, =k T, <t|Xo=j} = A% (1)

with A" (1) are defined as in (A.27) and (A.28).

J

Exact superposition  The theoretical superposition is exposed in the articleGi»§3] which re-
quires the introduction of a Markov renewal process on aespae- .JJ x R where.J is on countable
set (asN or N%). We assume we have the following random varialigsind T, on E and Rt which

represent the system state and the corresponding trangitie. Ac-algebra= is associated to E.

Definition A.1.18. The stochastic proceqsS,, T,,;n > 0} is a Markov renewal process induced by the
kernel Q if

PriSni1 € A, Ty <t]So, ..., Sn, To, ..., Th]
= Pr(Sps1 € A, Tpy1 <t|Sn,Ty] = Q(A x [0,t —T,,] | Sn)
whereA € =,t € [0,00) andn > 0.
The kernel Q is an application frofE @ R™) x E into [0, 1].

Proposition A.1.19. Sojourn times: LetXo = 7o = 0 and X,, = 1,, — T,,_1, n > 1. Then given
N1y ooy N andtl, vees Ty WE have

k
Pr(Xp, <ti, .., Xn, <t |Spsn > 0] = [[PriXn, <ti[Sn,—1,5n,]

i=1
that is the sojourn time§X,,,, i = 1...k} are conditionally independent givety,,,_1, Sy, = 1...k}.

Proposition A.1.20. Underlying Markov chain: The stochastic procgss,,n > 0} is a time homoge-
neous Markov chain defined ¢, =) with transition probability given by

PriSpi1 € Al Sy =yl = lim Q(A X [0,¢][y) = Q(A x [0,00) [)

This procedure has the drawback that the number of shéfesquired to describe the superposition
is exploding quite fast, so that such processes are difficide used in practice.
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1-Pyp T

2 States Markov Chain

Figure A.3.: Example of a two state Markov Chain

A.2. State based models

A.2.1. Mathematical foundation
A.2.1.1. Markov Chains

Given an integefn and am x m matrix stochastic P, 2211 P;; = 1). The discrete procesk,, = i
on the states < i < m is said to be a Markov chain if the probability

and moreover
IP(Xn =1 | Xp1= k) = Py (A.34)

Given a discrete-time finite state stationary Markov chaitihransition matrixP, a statej is ac-
cessible from stateif there is a sequence of transitions frarto j that has non zero probability. The
probability of being in statg after thek-th transition, given that the initial state wais given by(P’“)Z-j.
Two states andj communicate if they are accessible from each other (one atays communicates
with itself).

Two states are said to belong to the same ergodic class iEthmaynunicate with each other. If the state
space by itself forms an ergodic class, the Markov chainlisc¢careducible. (differently said theFinally,
the state space of the Markov chain is a communicating dlassmeans that, in an irreducible Markov
chain, it is possible to get to any state from any state). @se it is called reducible. A state is called
transient if, given that we start in state i, there is a nam-peobability that we will never return back to
i.

Among reducible Markov chains, two types are distinguishetiodic and aperiodic ones. The period
of a Markov chain is concerned with the times at which the rimaight return to s state from which it
started. If this can only happen at times that are multipfe§ whered is the largest integer with

The stationary probability vectqr is a vector such asP = p andpe = 1. An irreducible chain has
a stationary distribution if and only if all of its states qu@sitive-recurrent. In that casp,is unique and
corresponds to the distribution that will be reached overstiates at the limit.

lim P(X,, =i)=p
n—oo
If the original chain state is chosen accordingptdhe chain remains in its stationary distribution.

For a Markov chainP, such thatP(X (t + 1) = j| X (t) = i) = P, P is stochastic. If P is regular,
there is an unique invariant distributianverifying Pm = 7. More overeP = e

Figure A.3 shows an example of a 2 states Markov chain. Thegponding transition matrix is:
p_ 1-P9 P

Py 1-P
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A.2.1.2. Continuous time Markov Process

Markov process are the time continuous version of MarkovnshaThey are defined by a matrix Q,
playing a similar role as the P matrix but suchias > 0,Q;; < 0 Qii = — 3=, ,; Qij

In probability theory, a continuous-time Markov processistochastic proces¥ (t) ¢ > 0 that
satisfies the Markov property and takes values from a seictcétle state space. The Markov property
states that at any times> ¢ > 0, the conditional probability distribution of the proceddime s given
the whole history of the process up to and including time petels only on the state of the process
at time t. In effect, the state of the process at time s is dmmdilly independent of the history of the
process before time t, given the state of the process at tiri@d process follows the strong Markov
property:

P(Xs=1i| Xyt €]0,s]) =P(Xs =i| Xy) (A.35)

Definition  Let X (¢) be the random variable describing the state of the procéisseat. Now prescribe
that in some small increment of time frohto ¢ + h, the probability that the process makes a transition
to some state j, given that it started in some statej at time t, is given by

P(X(t + h) = j|X(t) = i) = gijh + o(h),

whereo(h) represents a quantity that goes to zero faster than h as htg@eso. Hence, over a
sufficiently small interval of time, the probability of a paular transition is roughly proportional to the
duration of that interval.

Continuous-time Markov processes are most easily definexpbgifying the transition rates gij, and
these are typically given as the ij-th elements of the ttaorsrate matrix, Q (sometimes called a Q-matrix
by convention). Q is a finite matrix according to whether ot the state space of the process is finite
(it may be countably infinite, for example in a Poisson precgkere the state space is the non-negative
integers). The most intuitive continuous-time Markov @sses have Q-matrices that are:

e conservative: the i-th diagonal elemeptof Q is given byg;; = —¢; = — Z#i ij

e stable: if for any given state i, all elementg (andg;;) are finite.
In this case, we have

P(Xirae = j| Xe =) = Qig; i # j
and
P(Xyra =i| Xy =14) = 14 Qid; i # j

(Note, however, that a Q-matrix may be non-conservativetalohe or both.) When the Q-matrix is both
stable and conservative, the probability that no transitiappens in some time r is

P(X(s)=iVse(t,t+r]|X(t)=1) =e 4.

That is, the probability distribution of the waiting time tilrthe first transition is an exponential dis-
tribution with rate parameter gi (= -qii), and continuours¢ Markov processes are thus memoryless
processes.

The stationary probability distributiorr, of a continuous-time Markov process, Q, may (subject to
some important technical assumptions) be found from thpgutp

7@ = 0.

Note that
mT.e =1,

wheree is a column matrix with all elements consisting of 1's.
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Generation  Given a Markov ProcesX; of infinitesimal generator matrig), for A\ > max (—Q;;)
there exist a Markov chail, with a matrixP = @ + I/ and a Poisson proce$§ such that

X =Yn,
By generation of the time line using the events of the Poiggmeess/N;and of the state using the

transition of the Markov chai®, the Markov process can be generated.

A.2.1.3. Useful results

We summarize hereafter some results related to eigenvafudatrix having the form described previ-
ously (for Markov chains and processes).

Perron-Frobenius theorem

Theorem A.2.1. Given a non negative matrix A there is an eigenvalge that is real and non negative
with associated non negative left and right eigenvectoos.aRy other eigenvalug of A, |A| < Apf.

Moreover, if A is regular 4* > 0 for some k) the eigenvaluer has multiplicity one and the left and
right eigenvectors are positive and unique (up to posittediag).

Let T be a reah x n matrix with non negative entries.

Definition A.2.2 (Irreducible matrix) A matrix M is called irreducible if for allé, j there is ak such
that (Tk)ij > O)

Theorem A.2.3(Perron Frobenius)Let M/ > 0 be an irreducible matrix. There exist a unique positive
real numbem with the following properties

1. There is a real vectawy > 0 verifying Mwvg = nug
2. vg has geometric and algebraic multiplicity one.
3. For each eigenvalug of M, we havg\| <7

ugug = uge = 1, whereuyg is a left eigenvector ob/.

Asymptotic calculation of matrix exponential The following results are used to compute the
limits for the exponential of a matrix.

exp(Mt) = [vouo] exp(—nt) + o(exp(—nt)) (A.36)

wherevg andug are the Perron-Frobenius vector introduced previously.

Spectrum  If Q is the generator matrix of a Markov-Process with N stat€@scan be decomposed
using following formula:

N-1
Q= Z Uigihi (A-37)
i—0

whereV; is the eigenvalue of Q ang a right-eigenvector of Q antl; a left-eigenvector of Q for the
value W,

In addition to these results, [Bel70] summaries a lot of uisefsults on matrices.
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A.2.2. Batch Markovian Arrival Process

Definition (Batch Markovian Arrival Process)A 2-dimensional Markov process (Continuous Time
Markov Process YN (t),J(t)} on the state spac€(i,j) : ¢ > 0,1 < j < m} with the infinitesi-
mal generator) having the following structure
Dy Dy Dy Ds
Dy Dy Do
Q= Dy Dy --- (A.38)

N(t) is the counting process anf{t) is the phase of the process. Itis required ththas negative di-
agonal elements and non-negative off-diagonal eleméhtsire non-negative, and thdd = ;" ) Dy,
is an irreducible infinitesimal generator.

Definition A.2.4 (BMAP matrix generating function)

23 Dk, for |2 <1 (A.39)

The stationary probability vectar of the Markov process with generatbr verifies
D=0 me=1 (A.40)

Dy governs the transitions without arrivalS, transitions with batch of sizg
In this case the arrival rate is

At =7) kDge (A.41)
k=1

Interpretation useful for implementation of BMAP model. In each state, the diagonal term b
(Do;;) is the mean sojourn time in the statd i< ¢ < m. The sojourn time in stateis exponentially
distributed with mear\;. At the end of it, there occurs a transition to another (orsfibg the same)
state and this transition is potentially correspondingrt@aival. The non-diagonal terms @f, can be
used to form the probability; (0, k) with 1 < k& < m, k # i that there is a transition to state k without
arrivals. Forj > 1, arrivals of batches of sizgare considered with the probability(j, k) of a transition
to statek with a batch arrival of sizg. The relationship between the probability and the matrix is

(DO)zk (D])zk

Ai = —(Do)ii i(0, k
(D) pio) =2 2

vk #a pi(J, k) = (A.42)

Since the matrixD is stochastic we have:

> pil0k) + ZZ (A.43)
7=1 k=1

k=1,k#i

The counting function Let V; be the number of arrivals if0, t] and J; the state of the Markov
process at time t. Let
Pij(n,t) =Pr{N, =n,J; = k| Nog = 0, Jo = i} (A.44)
be the (i,j) entry of a matrix°(n,t). The matric generating functioR*(z,t) = > > P(n,t)z"
verifies
P*(z,t) = P& (A.45)
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A.2.3. The Markov Modulated Poisson Process

Definition  The MMPP is a particular case of BMAP with an infinitesimal gextor ) and arrival
rate matrixA = diag(A1, ..., \,). The parameters characterizing an MMPP are a m-state coosn
Markov chain with infinitesimal generator Q and the m-Paisawival rates\q, ..., \,,. All arrivals have
the same size (no batch arrivals). In the notations from té&B we then have :

Dy=Q — A D1 =A D=0, k>2 (A.46)
The stationary probability vectar of the Markov process with generat@rverifies
Q=0 me=1 (A.47)

The state of the underlying chain i&t) at¢. If the MMPP is not a renewal process, the sequence
{(Jn,Xn),n > 0} where.J, is the state of/(¢) att = 0, Xy = 0 and for thekth arrivals Jj, is the
state of the underlying process aig is the time between thie— 1th andkth arrival is Markov renewal
sequence with the following transition probability:

F(z) = /Om exp [(Q — AN)u]du A
= (1@ - ) A

The element of the matrik;; are the conditional probabilitielr{.J, = j, X, < x| Jy_1 = i}.

The matrixF (o) = (A — Q) A is stochastic and is the transition probability of the Marktain
embedded at arrivals epochs.

The counting function and rate related results Let V; be the number of arrivals if0, t] and.J;
the state of the Markov process at time t. Let
Pij(n,t) =Pr{N; =n,Jy = k| Ny =0, Jy =i} (A.48)

be the (i,j) entry of a matrix°(n,t). The matric generating functioR*(z,t) = > ° ; P(n,t)z"
verifies
P*(z,t) = (@ (1=2)A) (A.49)

The arrival rate can be obtained from
Mt =mAe (A.50)
The autocovariance function of the MMPP can be expressed as
Clk] = p(A — Q) *A{F(00)" —ep}(A - Q) *Ae (A.51)
where
F(x)=(A—Q)'A (A.52)
andp is the steady-state vector 6f(co). In the MMPP(2) case, we have:

A1 A9
o =
A1 A+ A9 + Ag.ry

(A.53)

Even if MMPP models are just modelling one size of packetssehmodels form a compact class
that don't have too many parameters and made them suitabtiffierent method for model parameter
derivation.
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A.2.4. Circulant MMPP
A.2.4.1. Definition

A sub-category of MMPP traffic models can be introduced bysering the family of models where
the N x N matrix Q has the first raw of the form

a=la,a; ... an_1]
withag = — fo:_ll ay, and the other rows are obtained by circulating the raw of éeraent to the right.
The matrix Q is can be written with th¥ x N permutation matrix P:
0 1 0 0 agp ay as aN—1
0 0 1 anN—1 ag aq anN_—_2
0 --- 0 1 as - ag ay
1 0 0 0 ay anN-1  ao

Using thisP matrix, Q can be written
N—-1
Q=)> aP* (A.54)
k=0

whereP is the permutation matrix. Q is then called a circulant chain

The eigenvalues of P are thd"Noots of unity and are obtained from; = ¢>~¥/N j = 1,.. N, the
eigenvalues of’* are sow) = ¢*™/*/N j = 1,.. N. Using A.54, the eigenvalues of Q are derived as

o N—-1 ik
Y = o axw’".
The eigenvectors are common to P and Q and obtained frodv tkeV Fourier matrix

1

F=—J[w7*
e
The matrixF" does not depend cf, Q can be called an eigenvalue only matrix. Its eigenvalaesbe
retrieved as .
¢ =V NaF*

A.2.4.2. Autocorrelation and Power density

When stochastic process are involved (by stochastic pspisaseant a real value random variable which
realization isX;(w) wherew is random) , a correlation function is defined by

R(r,t) = E[X(t+ 7)X ()]
and reduced to a continuous function for stationary stdehpsocesses. When a time series is consid-

ered, the correlation function is similarly defined ®¢n, m) = E[X (n + m)X (n)] = R(m)

This notion needs to be extended for point process. If thesef the arrival instants is known, the
corresponding rate functiaf(¢) can be considered. The autocorrelation of the rate fundtitwen

R(1) = Ela(t)a(t 4+ 7)] (A.55)

In the case of circulant MMPP, the rate function is descripe®® the state transition matrix arﬁ the
rates vector. As for other MMPP, the steady state vectorliscca and verifiest(Q = 0 andwe = 1.
The average input rate is defined py= 7+

if Q is diagonalizable, we get

N—-1
R(r) =70(0) + Wo + Y _ [0[RI cos(Im(ypy)|7] + arg ¥)) (A.56)
=1
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with

U= miviviguilu;

? J

For the circulant MMPP,
M
R(r) = Z T,Z)leAlM (A.57)
1=0

and

W= {3 et HY e}

L . —
That can also be written in matrix fornr = %WF*P

Using the Wiener-Khintchin theorem (as exposed in [LacGBB power density’, (w) is the Fourier
transform ofR (1)

~1
—2V;1;
V2 + w?

N
Py (w) = /G_QMUJTR(T)dT =217%5(w) + v +
i=0

whered(w) is the Dirac distribution. The terrA\25(w) represents the constant mean arrival rate and
the term\ represents the white noise created in each phase of theoR@BsCess.

E(X;)=-®C e

where® = Ailel

B(X1X}) = —0C~Y(—~C~'D) e

(k) = dCY(I — ed)(—C-D)'Cle
P = PGgGgC~1(21 — ed)C~ e

The circulant MMPP have tractable properties for the cakioih the power spectrum. The properties
of additivity of the power spectrum for aggregated modelnsappealing property. Practical problems
were encountered for the implementation of parametersatem procedure (the constraint minimiza-
tion procedure, to be used was giving incoherent resultsthat these models were not used in the
numerical investigation. The order of the model to haveutiat form is in the range of 50, 100 (with
many nul parameters), so that the handling of the paramistatsit more difficult than for the MMPP(2).
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Appendix - Measurements from a stream

In the Chapter 2, the concept of stream has been introdudeglddfinition of a stream is recalled here.

Definition (Abstract unit in the absolute time referenc@)pair (S, Z) is defined for every new incoming
packet.S is the size of the packet arfdis the inter-arrival time i.e. the difference between theva
time of the packet and the arrival time of the previous one.

Definition (Abstract unit in the slotted time referenc&jonsidering a given time slot duratiah,, a pair
(S8,7) is required for every: describing the traffic seen in the time slof, (n+ 1)T5]. S is the overall
size of the packets in the time slot dhds the position in the time slot of the first packet. If the tistod
is empty S = 0 and the value of has not importance.

Definition (Abstract unit stream)A sequence of abstract unifis = {2(;,7 € N} is an abstract unit
stream

Definition (Absolute abstract unit stream} sequence of absolute abstract units = {,7 € N} is
an abstract unit stream

When these abstract concepts need to be measured at a painbimmunication network, different
statistics can be obtained, that are exposed hereafter.

B.1. Second order properties of times between events

In [Cox67] the evaluation of many statistics from series wérés is presented. For the series of time
between event$,, 7o, ..., their common marginal distribution 5,

() = / (e

0

var(Z) = / t2 fr(t)dt — {B(T)}?
0

and the ratio
_ var(Z)

{ED)}?
The ratioC(Z) is called the coefficient of variation @. For exponential distributior’(Z) = 1. The
correlation in the sequend€} can be evaluated, for example the autocorrelation
cov(Z;, Tivy)

var(Z)

C*(Z)

Pr = (B.1)
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or the autocovarianc€’, = var(Z)py
A variance function is introduced

Vi =var(Zy + ... + Iy)
k—1 1
=kvar(Z) +2 Z Z cov(Z;, Zit 1)
I=1 h=1
k—1

=kVi+2) (k=1 (B.2)
=1

An index of dispersion for intervalg]y, is also introduced.

Vi

= T EOP

(B.3)

These formulas show that it is possible to compute the comiffiof variation, the variance function
and the coefficient of dispersion from the sequence of theg-entrivals time.

B.2. Second order properties of counts

The counting proces$/; can also be used to evaluate the characteristics of thealamiocess. The
process need to be evaluated on the continuous time inférval The mean time curve and the variance
time curve are defined. The mean time curve is the evolutiov ¢f) = E(N;) versus: and the variance
time curve is the evolution df (t) = E(N?) — E(N;)?

Similarly, the index of dispersion of counts (IDC) can bedisemeasure the properties on the incom-
ing traffic stream. It is defined bi(t) = ]\‘%)) For a Poisson procegst) is constantly 1, for a renewal
process it tends t0'(Z).

In order to define a covariance time plo{(¢), let C;(7) be the covariance between the number of
arrivals in two intervals of length separated by — 1 similar intervals.

k 2k
Ci(kr) =Y iCi(r)+ > (2k —i)Cy(r)
i=1 i=k+1
k—1 1

V(kr) =kV(r)+2> Y Ci(r)

i=1 j=1

k—1
= kV(r)+2) (k—1)Cj(7) (B.4)
i=1
aw="8 v (B.5)

B.3. Estimation

In this section, it is explained how to evaluated in practice

e First and second order moments of intervals.
e Correlation between counts.
e Variance-time plot.
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B.3. Estimation

B.3.1. Theoretical construction of the estimates

First and second order moments of intervals Given the observatiofZ,,Z,, ..., Z,, }. An esti-
mate of[E(Z) is obtained

T (B.6)

The recurvive version is obtained from the following eqoati

— ng X Ino —+ Ino-i—l

= B.7
no+1 no + 1 ( )
To estimate the covariance, an estimate of
Cj = E({Z; - E(Z)H{Ziy; — E(D)}) (B.8)
is required. Since the mean valuelbfs unknown, the estimator is
N 1 =y 7/ 11
Ci= Y (T - I)(Tivs - I)) (B.9)
i=1
1 no—Jj e
= (> LTiy;) - I/Z) (B.10)
[
whereZ) = =310 T, andZ) = L= 3T T,
Correlation between counts If n arrival events have been observedr,], the interval is divided

in k intervals of lengthr if n; is the observed number of events in itk interval of lengthr. Then

B 1 k—i 1 k—1 k—1
Gilr) = m;”j% - m(; ”J‘)(; Mjti) (B.11)

Variance-time plot  V(¢) can be estimated by segmenting the time interval in intergélengthr
andn; is again the number of events in tita interval.

B.3.2. Analysis of inter-arrival times

The autocorrelation of a randon sequence of interval fimés defined as[(Z,, — E(Z)) x (Z,—k —

E(7))], k € [1,N] and the autocorrelation coefficient is define = E[(I”_ﬁ((?)fg&;)’g]_mlm.
The inter-arrival time sequence is obtained by the segrtientaf the time axis of the instant of arrivals
t, defined in the previous module &, = ¢, — t,_1=X,7 wherer is a sufficiently small interval.
The sequenc¢ X, } is then the discrete approximation of the sequefite}. From this sequence the

coefficientC;,) = can be obtained iteratively by the scheme indicated in figute

It is estimated with a recursive formula up to rakk At every new sample, a new estimate of the
mean is calculatedi{(n) = {E(n —1) x (n — 1) + X, }/(n)). This estimate is combined with tidast

samples to calculate the k ne’ﬂ%) estimatef[(,g) = (X, — E(n)) x (X,—r — E(n). These value are

again put in recursive mean estimator, in order to ge(ﬁt/b(a) = {C/'k(\n)(n —-1)+ C,i”)}/n.
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Figure B.1.: Mode of operation autocorrelation
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Appendix - Results for the queues with
BMAP/MMPPs inputs

This chapter gathers results about a queuing system with BMAMMPP arrivals that are served by a
service unit. These queues are noted BMAP/G/1 or MMPP/Glitating the arrival process (BMAP or
MMPP), the service law G and the service of one customer dirtiee

C.1. Arrival Properties of the MMPP process

We first summarize results characterising the arrival mece

C.1.1. Notation

The considered MMPP has a state mafixvith an arrival matrixA. The matrixZ'(co) of the transition
probability of the Markov chain embedded at arrivals epashisnportant in order to characterize the
arrival process and can be expressed with a matrix form.

F(oo) = (A= Q)'A (C.1)

andp is the stationary vector df'(co) (i.e. p.F'(c0) = p andpe = 1). The stationary vector af'(co)

can be obtained .

The mean arrival rate can be expressed as:

Ag =T (C.3)

C.1.2. Conditional moments of the time between arrivals in a n MMPP
C.1.2.1. Laplace transform of the arrival process

The laplace transform is defined for renewal process. Fadirtiebetween the arrivals of the MMPP , a
Laplace transform is defined equivalently.
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C. Appendix - Results for the queues with BMAP/MMPPs inputs

[ (s) = E(eiSI) = (sl — Q—FA)*lA

n n

Fr(s1,-y8n) = B{(exp [ Y sy} = [[{(sk] —Q + A)'A}

k=1 k=1

C.1.2.2. Moments for the m-state inter-arrivals

Results on the moments of the inter-arrivals times can bengissing the characteristic matrices of the
arrival process.

pipy = B{If}
O f*(s1, -+ ,85)

OFs; $1=0,..,5;=0
— K[A-Q A" (A-Q) A, i1, k>1 (C.4)
k1 = E{T1Tpq}
[ (s1,7 - Skt1)
0510841 51=0,..,554+1=0
= A-Q7A[A-Q A T A-Q) A, k>1 (C.5)

The k-step correlation matrix is given by

E{(Z: — E[Z1])(Zky1 — E[Zr41])}
= (A-Q)A[A-Q A I - (@ - N)TIANA-Q)T2A (C6)

C.1.2.3. Moments for the interval-stationary version

T, is the time betweerith and (i + 1)st arrivals in the interval-stationnary version (for a se that
was startet at = —oo and nott = 0.

E(T};} = Kp[(A—Q) A I (A-Q) ¥ Ae
= klp(A—Q) e (C.7)

E{(Ta,y — BTo1])(Tapr1 — BTy x41])}

=p(A - Q) A{[(A - Q) 'A]  —epf(A - Q) Phe (oX:)
where
P1r P2 - DPm 1 (pl Py e pm)
P1 P2 Pm 1
ep= . . . . = . X
P1 P2 Pm 1
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C.2. MMPP/G/1 - Queues with MMPP input

C.1.2.4. Simplifications for MMPP(2)

Notation When a MMPP(2) with two states is considered with charastiermatrices

(A0 _ (1 mn
A= ( 0 )\2 > Q o < 9 —T9 ) (C9)
The parametes is defined.
A1 A2
— C.10
A1 A9+ A1y + Ag.ry ( )
It is the smallest eigenvalue #f(co) = (A — Q)"

The auto-covariance of the inter-arrivals can be written:

Clk] = C[l]o* 1, k>1 (C.11)

Computation of cﬁ for the MMPP(2) In [SW86] the MMPP(2) is used to model the superposition
of single known renewal process. In the general case, ifishi®t known the following asymptotic has
been derived.

cov(Z1,77) + 2 Zk L hi cov(Il,Ilﬂ)

ct =
E[Z;]?
cov(Zy, Th) + 2 35—} B 1)o7
E[Z;]*
cov(Zy,Th) + Ckm ofl
Jim G = E[Z,]?
0 1]
cov(Ty, Ty) + 20 (C.12)
E[Z,)? '
Using the fact that
n n n _ . nt+l k ] 2a
kaZkzlq nq dlim 2 1—Lyad = C.13
> 1= andfin 2) (1-p'=7=3 (€19

C.2. MMPP/G/1 - Queues with MMPP input

In this section, queues with MMPP arrival are considered.

It is assumed that the service time has a generic distribatemoted by (¢) with meanh. The input
process is a MMPP with matrigg and A with mean arrival rate\ 4 = 7\ With these assumptions, some
gueueing results can be obtained.

C.2.1. The descrition of MMPP/G/1 queue

The queueing properties of such an arrival process can bemwhy a semi-Markov process with transi-
tion probability matrixQ(t)

By(t) Bi(t) Bolt)
Ag(t) Ai(t) As(t) ...

Qt) = 0 A) A4t) ... [¢t>0
0 Ao(1)
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The probabilities4,, (t) and B,, (t) have their transforms:

An(s) = /000 e A, (t) By(s) = /OOO e ' dB,, (t)

A(z,s) = Z Ay (s)z" B(z,s) = Z By, (s)z"
n=0 n=0
with the particular values of:
A, = A,(0) B, = B,(0)
A = A(1,0) B = B(1,0)

Some results are obtained to express the matipxmatrix of the probabilityA;; that a service ends with
the MMPP in state/ given that the service began in stajeand the vectoB (with the j** component
beeing the conditional number of arrivals during a servibéctv starts with the arrival process in state j)
can be used to describe the queue. We have

A = / eQ dH (t)dt
0

= pe+(Q+em) H(A-T)A
B, = (A—Q)'AA4,

C.2.2. Waiting time distribution

The joint transform of the waiting time distribution and ttate of MMPP can be determined by

s(l—p)glsl +Q - A1 —H(s))]™" s>0

T s=0

W(s) = { (C.14)

The transform of the virtual waiting time is given by

Wi(s) =W(s)e (C.15)

wherer is the stationary vectar@ = 0, e = 1 andg is the steady state of the mati®& the matrix
G is explained hereatfter.
C.2.2.1. Approximation of the virtual waiting time
The complementary density function of the virtual waitimge P (W, > ) can be approximated by

P(W, > x) = aj exp (—s1x) + ag exp (—$21) (C.16)

For a MMPP(2)/D/1 queue, the roats and s, of W, (s) need first to be obtainedy = [g11 — ¢1]
can be calculated. Afterwards, the approximate queingsstat can be computed for the approximated
queue.

C.2.3. The queue length at departure and the matrix G

The queue length at departure can be obtained through tledi@ugi verified b)@(oo) of the Markov
chain at departure. Its stationnary vector is writtea (X, X1, ...). We have the following equation

i+1
xTr; = .%'oBZ‘ + Z qui-i—l—u (C.l?)

v=1
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C.2. MMPP/G/1 - Queues with MMPP input

The matrix G is the root of -
G = / Q= ATAG G (1) dt
0

The matrix G can be computed iteratively (or depending/dtster calculation can be obtainagijs the
steady state of the matri3. It can be shown that
1—p

——9(A - Q)

Trog — )\A

The queue length could be obtained recursively but otherogghes may lead to exact results. Two
types of queue size distribution:

e at packets departure instants

o steady state (at an arbitrary instanf):

e at packets arrivals instan.
The determination of the sequence is derived from the emuagrified by thez-transform of the se-
quencesX(z),Y (z) andX?(z)) (derived in [Ram80]). The calculation of the matricés is necessary.
The following method is recommended because otherwis¢ables:; sequence are obtained.

X(2)[zI — A(2)] = (—20(Q — A)"")D(2)A(2) (C.18)
Y(2)D(z) = Az - 1)X(2) (C.19)
MX(2)Ae = -2 1 XY(2)(Q — Ae (C.20)
Calculation of G A scaling paramete® is used from the arrival matricesand@).
0= maX( — Qi) (C.21)
Vo = /OO exp(—0Ot) (Qt') dH (t) (C.22)
0 n

From there, the following recursion can be used:

Initial step Given Gy = 0, andHy = I for k = 0,1,2,...,, computey,, for n = 0,1,..,n*
(1 e > 1 — e ande; << 1).

Recursion For k=0,1,2,..., compute

Hn+1,k‘ = |: (Q A+AGIC):| n,k n_o 17'7 *
Gry1 = Z’Yan,k
n=0

Stopping step
|Gr—1 — Gil| < €2

Simplifications ~ Using a deterministic arrival ratef((t) = 4(t)), the serie{v,} can be directly
computed.
9n
Yo = exp(=0) (C.23)

189



C. Appendix - Results for the queues with BMAP/MMPPs inputs

C.2.3.1. Moments of queue length

Knowing the queue size-transform (for exampleX (z)), the moments of the queue length can be ob-

tained for thei-th derivative ofX() = X () (1). The mean is given fronX (Ve and the variance from
X@e,

Using
[ee]
i=0

By differentiating,

X(2)[2l = A(2)] = =x0(Q — A) "' D(2) A(2)
whereD(z) = (Q — A) + zA

This enables to write ;

X(1) =7 —x0(Q —AN) QA — A—em)? (C.24)
1 _
XWe = T {X(1)A<2>e+ UPe+2{UM - X(1)[T — AV — A — er) 1ﬂ} (C.25)
X = (XWeyr + {UW - X(1)[T - AV} T - A—em)”! (C.26)
1
X@e = m{3X<1>A<2>e+ 3X(1)A®e+ UB®e (C.27)
+3{U@ 4+ X(1)A® —2X ()T — AV} (I —A— ew)_lﬂ} (C.28)
These equations require the computation of the derivafit¢ o
U(z) = —x0(Q — A)7'D(2) A(2) (C.29)
U'(2) = =x0(Q — A) 7' [D(2)A'(2) + AA(2)] (C.30)
U"(2) = —%0(Q — A) ' [D(2)A" (2) + 2A4'(2)] (C.31)
U (2) = —x0(Q — A) 7' [D(2)A®) (2) + 3AA"(2)] (C.32)

and of the derivatives of A.

C.2.3.2. Moments for arbitrary queue

YWe=XWe— 2A D<2>e+[A 7DW — X(1)](er + D) 'DWe (C.33)
YW = (YWe)r 4+ [AX(1) — wDW)(er + D) ! (C.34)
1 1 1 1
Pe—-XPe - —YOPQRe_ ~ 1aDBe _ M _ ZyOp® _ Zxp@ )
YWe=XWe )\Y D%e 3)\71'D e—2[X )\Y D )\ﬂ'D |(er + D) "DWe
(C.35)
C.2.4. Queue sizes distribution computation
C.2.4.1. Principle
The principle is to compute
i—1
;= [woéz‘ + quAi-l-_l—u} (I-A)"", i1 (C.36)

v=1
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C.2. MMPP/G/1 - Queues with MMPP input

where the matriced; and B}, are defined as
A, = Z A,GR B, = Z B,G"* k> 0. (C.37)
i=k i=k

They can be calculated by the backward recursion

/Lg = A, + Ak—f—lG , Bk = B + Bk+1G- (C.38)

C.2.4.2. Computation of A using the backward approximation

A can be calculated using the recursiquy(Lj)} is defined recursively byfg‘” =1, K,(LO) =0,n>1,
and

Kéj+1) _ KT(lj) [@—1(Q —A)+ [] (C.39)
KUt = KD [0 Q- A) + 1] + KV 07 'A (C.40)
N e ®)
Ai =Y K| (C.41)
k=1

So A is approximated by the following partial sum to approach

A= i A; (C.42)
=0

C.2.4.3. Calculation the derivatives of A
A and its derivatives are computed with the help of the maitii is defined by :

A 0 O

Q20 Of ..~ (00
0 Q 3A with 0_<O O) (C.43)
0

Q
0
0
0 Q

Writing
L=]A A" A" AB)] (C.44)

L will be obtained by the following recursion:

Ly=I3=[, 0 0 O
Liy1 = Ly x (Is+ 5071

that enables the approximation of L through:

L=> Ly (C.45)
k=0
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C.3. Queues with BMAP input arrival process

C.3.1. Notation

The BMAP arrival process is defined by a seriedxfof non negative matrices fér > 1 and with Dy
having negative diagonal elements and nonnegative ofbdiagelements.

o0
D= ZDk
k=0

is an irreductible infinitesimal generator.
The matrix generating function is defined by

D(z) =) Dypz"for |2 < 1.

k=0
7 is stationary probability vector of the process with getmrd). 7 satisfies
D =0 me=1

With these assumptions, some queueing results can be ethtain

Link with the MMPP  The BMAP generalizes the MMPP withg = Q — A, D1 = A andD;, =
0, k>2

Dyyvpp = Z Dy =Q (C.46)
k=0
The functionD(z) is calculated
k=0

C.3.2. Properties of the arrival process

The mean arrival rate is written: -
A =m) kDpe=md
k=1
whered = "7 | kDye.

C.3.3. BMAP/G/1 - Queues with MMPP input
It is assumed that the service time has a generic distribut@noted byH (¢). This distribution has a

Laplace-Stieltjes transform writteH (s) and a mean value gf;. The traffic intensityp is defined by

_m
P=xi

C.3.3.1. Embedded Markov Renewal Process at departures

The BMAP/Q/1 queue can be analyzed through the embeddedoMagkewal process at departures.
The transition probability matrix is given by

By(t) Bi(t) Bolt)
Ao(t) Ai(t) As(t) ...
P(t) = 0 A) A4@®) ... [¢t>0
Ao(t)

0 0
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C.3. Queues with BMAP input arrival process

the following mass functions are used:

e [A,(t)];;: the probability at time 0, which left at least one custonmethie system and the arrival
process in phasg the next departure occurs no later than tinvéth the arrival process in phase
4, and during that service there wetearrivals.

° [Bn(t)]l-j: the probability at time 0, which left the system empty anel dinrival process in phase
i, the next departure occurs no later than tinveth the arrival process in phageand leavingn
customers in the system.

The same transform matrices are defined:

An(s) = /000 e LA, (t) By(s) = /000 e 'dB, (t)

A(z,s) = Z Ap(s)z" B(z,s) = Z By, (s)z"
n=0 n=0
with the particular values of:
A, = A,(0) B, = B,(0)
A = A(1,0) B = B(1,0)

The same relation betweehand H can be obtained as for the MMPP/Q/1 queue.

A= / ePtdH (t)dt
0

C.3.3.2. Virtual waiting time

The Laplace-Stieljes distribution of the virtual waitinme is

Wo(s) = syo[sI+ D(H(s))] ‘e (C.48)
W,(0) = m.e (C.49)

where H(s) is the Laplace Stieljes transformfbfthe service time distribution and D is the infinitesimal
generator

C.3.4. Tail probabilities

In [ACW92a], asymptotics for the BMAP/G/1 queuing metrics derived. Since the BMAP (also called
N process or versatile Markovian Point Process) is a gamatiain of MAP (Markovian arrival process)
that includes PH-renewal process and MMPP), so the proadgohptotics are quite useful.

The considered queue is a BMAP/G/1, a single server withdwate first-served discipline , unlimited
waiting room and i.i.d (independent and identically dmited) service time to serve customers that have
BMAP arrivals.

The following variable in the queuing system are conside€@@ the steady state queue length (num-
ber in system) and L the workload (virtual waiting time) atabitrary time and¥ is the steady-state
waiting time (experienced by an arriving customer befogtm@ng service)“ is the steady state queue
length (number in system) just before an arriv@t, is the steady state queue length (number in system)
just after a departure.

lim €™ Pr[L > t] = ar, lim e Pr[W > t] = aw (C.50)
t—o0 t—o00
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C. Appendix - Results for the queues with BMAP/MMPPs inputs

Jim ok Pr[Q >k =5 Jim o FPr[Q > k] =p*  lim o *Pr[Q? > k] =p¢ (C.51)

k—o0

with the following positive constants and# are the asymptotic decay rates angl, oy, 3, 3%, 3¢
are associated asymptotic constants.

Some relations between these parameters can be derived:
ar, _ p(l—o)

B = aw B =qay = =0 - (C.52)
aw no

and also )
E(e"‘/) — (C.53)

g
where V is the service time distribution, with charactégistinction ¢(n) = E(e"V).
In order to determine all asymptotics just one of the asytigptiecay rate (e.gr) and one constant is
required to derive all other asymptotics.
For the BMAP/G/1, with the characteristic matricBs,0 > k > M (where M is the maximal batch
size), the normalized arrival polynonie(z) can be formed by

M i M
Du(2) =Y Dk% whereh = Y kmDye (C.54)
k=0 k=1

wherer is the stationary probability vector @ = Zﬁio Dy.. They have shown that the cougle, n
shall be the unique solution of
1 1 v 1
f(Dp(=)) = ~ o= — C.55
Pi(Dn(-)) = § € - (C.55)
with o €]0,1[ andn > 0. Andpp(z) = pf(D,,(z)) is the Perron-Frobenius eigenvaluelof(z). The
left side equation is based on characteristics of the dpiaess and the right side equation is based on
the service characteristics.
From there it remains to calculate= L:e wherel? is the asymptotic for the queue length distribution

at departure derived fromi(z)[zI — A(2)] = (—xdDy ') D(2) A(2).

= (C.56)

wherep' (1) = p@' (n)pp (L)

The authors have also studied exponential approximatiderige this asymptotic like in [ACW92b],[ACW92c]
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Probability density

Many of the following distribution are described in [STC95]

D.1. Discrete densities

D.1.1. The uniform distribution

It is a discrete random value that takefteger values(, 2, .., n) with the same probability

n?—1

The mean igE[X] = ! and the variance? = 2551

D.1.2. The binomial distribution

The binomial distribution takes two values (0 and 1) with pine@bability
Pr(X =0)=¢q Pr(X=1)=p p+qg=1p,¢>0

The mean id5[X] = p and the variance? = pqg = p(1 — p)

D.1.3. The geometrical distribution
The geometrical distribution takes integers value in ran@e.. with the probability
Pr(X =i)=p(1-p)"" pel0,1]p+qg=1i>1

The mean idE[X ] = % and the variance? = z% = (1});2;;)_ It can be used as a discrete equivalent of the
exponential distribution
D.1.4. The binomial distribution
Itis a discrete random value that takes- 1 integer values( 1, 2, .., N) with the same probability

Pr(X =k)=Ckp"1—p)V* pel0,]] 0<k<N

The mean idE[X] = Np and the variance® = Np(1 — p). It can be used as a discrete equivalent of
the poisson arrivals.
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D. Probability density

D.2. Continuous density

D.2.1. The uniform distribution

This law is used to model a random value U in an intefwab]. The distribution is constant in the whole
interval. So the probability density function is the follimg

dP 1 .

% = b_a|fU€[CL,b]
dP .

— = (0 otherwise

du

The statistical parameters of this distribution are sthdayward.

b

Mean :E[U] = ot
N2

Variance 07, = (b 1;)

D.2.2. Exponential distribution

The exponential distribution is a positive random value Xwén exponential probability density func-
tion. For this law, the probability density function and aulative density function are :

dPx

Y —\x
dx ¢
tdp,
P(X <t) = / dx
0 d.%'
- 1- 6—>\t

The parameter of the law\] can be characterized by the following statistics:
Mean :E[X] =

Variance :0% =

M| ==

D.2.3. Delayed Exponential Distribution

If random value only takes value in the interyal oo|, the law is generalized using the following density

dPx

X N\ MEw)
dx ¢

The mean is then shifted, but the variance remains the same.

Mean :E[X] = +u

—_ > =

Variance 0%

D.2.4. Weibull Distribution

The Weibull Distribution W is a random value taking value lie interval], oo[, which generalizes the
exponential delayed distribution, with the following padiility density and cumulative density functions
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D.2. Continuous density

dPyw QO W—T (] —(¥=T)a
= —(—= B
T dP
PW<z) = / =W qw
0 dw
_ 1 B e_(xET)Q

The parameters are :
1. « shape factor
2. 3 scale factor
3. 7 localization factor

When the shape factor] is equal to 1, we retrieve the exponential distributionthis case =
is also describing the starting point of the distribution.
These parameters can be characterized by the followinigtatat

L7
“w

Mean :E[W] = ﬁ.F(é +1)+p
Variance 03, = ﬁz.[l“(é +1) - F(é +1)%]

wherel'(z) = / et lat
0

D.2.5. Pareto Distribution

The Pareto is a random probability functidhtaking its value ina, co[ with the following probability
density and cumulative density functions are :

dPp QLo -
— = — (=) ifp>
o a(p) p>a
= () otherwise
T dPy
PIl<z) = ——dp
( ) N
a
_ 1— (= a+1
(=)

This function can be characterized by the following stiafist

Mean :E[II] = a 7o o> 1
a_

. o
Variance 10 = a? a>2

o — 2

D.2.6. Gamma Distribution

The probability density function of the gamma distributien
e—x/0

. _ k-1
Fr(x;k,0) =x TR

forz >0

wherek > 0 is the shape parameter afd> 0 is the scale parameter of the gamma distribution. This
function can be characterized by the following statistics:

Mean :E[I'] = k6
Variance 102 = kb?
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D. Probability density

D.2.7. Log Normal distribution

The log-normal distribution has probability density funot

1

6—(ln x—p)?/20°
xoV2m

flzp,0) =

for z > 0, wherep ando are the mean and standard deviation of the variable’s libgariThe expected
value isE(X) = e#+2°/2 and the variance isar(X) = (e° — 1)e241o” .

D.2.8. Erlang E(r, \)

The Erlang distribution is derived from the exponentialgignand is the sum af exponential distribu-
tion with mean\ /r.

A e
The laplace transform of this distribution is
* )\T
fE(r,)\)(S) = (S + )\)r

(D.2)

D.2.9. Gaussian models
D.2.9.1. Classical bell model

The continuous probability density function of the normiatigbution is the Gaussian function

1 (z—p)?\_ 1 (a—p
Pu,o? (I’) U\/ﬂ exXp < 252 o ¥ o y X ’

whereo > 0 is the standard deviation, the real parametés the expected value, and

@(m) = 900,1(1.) - \/% )

is the density function of the "standard” normal distriloutj i.e., the normal distribution with = 0 and
o=1.
As a Gaussian function with the denominator of the exponenékto 2, the standard normal density
function is an eigenfunction of the Fourier transform.
Some properties of the probability density function are:
e The density function is symmetric about its mean value
e The meary is also its mode and median.
e The inflection points of the curve occur at one standard tieviaway from the mean, i.e. at-o
andy + o.

D.2.9.2. Bounded model

When the values from the classical bell model are boundedjigtrubution can be bounded betwégn
andby,. In that case, the probability function has to be rescalds: Scaling factor can be written

by —u?

S = exp —du
by o
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D.2. Continuous density

D.2.9.3. Bivariate and multivariate gaussian model

More generally, than the classical bell curve, a randonatdeiwith the density:

Px(T1y ey Ty) = %.exp < - % Z(:U] —mj)ajp(Ty — mk))
J.k

wherem = (my,...,m,) € R is a gaussian multivariate.
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ARIMA AutoRegressive Integrated Moving Average
AVBDC Absolute Volume Based Dynamic Capacity

ATM Asynchronous Transfer Mode
BW Bandwidth
BMAP Batch Markovian Arrival Process

CAC Call Admission Control / Connection Admission Control
CCITT Comite Consultatif Internationale de Telegraphie et Tiedeye

CDF Complementary Distribution Function
CRA Continuous Rate Assignment
DES Discrete Event Simulation

DVB-RCS Digital Video Broadcasting - Return Channel via Satellite
DVB-S Digital Video Broadcasting - Satellite

DVB-S2 Digital Video Broadcasting - Satellite version 2

ETSI European Telecommunications Standards Institute

EM Expectation Maximization

FCA Free Capacity Assignment

GEO Geostationary Earth Orbit

IDC Index of Dispersion of Counts

IDI Index of Dispersion of Intervals

ITU International Telecommunication Union
ITU-T ITU Telecommunications sector
LAN Local Area Network

IAT Inter Arrival Time

IP Internet Protocol

LST Laplace-Stieltjes Transform

LEO Low Earth Orbit

MAP Markov Arrival Process

MMPP Markov Modulated Poisson Process
NCC Network Control Center

PASTA Poisson Arrivals See Time Average
PH Phase Type

PDF Probability Density Function

QoS Quiality of service

RBDC Rate Based Dynamic Capacity

RM Resource Management

TDMA Time Division Multiple Access

TRM Traffic Resource Manager

Acronyms
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D. Probability density

TCP Transmission Control Protocol

TL Transport Level

\VolP \oice over IP

VBDC Volume Based Dynamic Capacity
WWW World Wide Web
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Principal notations

(.)x  Converter from abstract unit to absolute abstract unit .................20
(.)» Converter from absolute abstract unit to abstract unit..................20

Y ={Tp,m >0} SIMpPle POINtPrOCESS . ...ttt it e e e e 38
®()  Traffic stream measured atlevel i .................cccovvniin... 20

S Addition Operator ... e 22

T Aggregation OPerator . ............eueeeiiteeee e e 21

T Level conformation operator ............... . 23

A Level conversion Operator ............ueeeiiiiie e 22

A= (S,Z) Abtsract Unit ......... ...t 19
a;  ApPlicatioNd ... .. e 12

f*(s) Laplace-Stieljes trnsfrom of the densitys) ....................... 168

o Levell e 18

N NOBK o 12
s; SubsCriber ........... 12

7 Packetinter-arrival time .......... ... i e 20

My (t) Datavolume metric ...... ...ttt e 27

N(t) Counting process fap . ..........uiuriiii e 38

N;  Number of type | nodes in a full size test scenario ..............106
Nrr Number of type Il nodes in a full size test scenario ............. 106
Ny Number of type Il nodes in a full size test scenario .............106
Ny Number of type IV nodes in a full size test scenario ............. 106

N, Number of cells of type 1 cells measured for the traffic stragf .. 106
N>  Number of cells of type 2 cells measured for the traffic strddfh .. 106

Pe Packetatlevel ....... ... 4.1
Q(z) z-transform of queue size distribution .......... ... .ol 78
T Packet absolute arrivaltime .................. ... oo .. 19
W*(s) Laplace transform of waiting time (in queue) ..........cc.......78
S PaCKel SIZE ... 20
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Analyse des modéeles de trafic agrégé
pour les télécommunications multiservices par satellite

Le theme de la thése est la modélisation du trafic de données transitant sur des systemes de
communications par satellite. Les services concernés sont multiples (voix, navigation sur la
toile, courrier électronique, audio/vidéo) et s’effectuent au travers d’un lien satellitaire.

Aprés un chapitre introductif précisant le cadre de I’étude, le second chapitre introduit un
modéle hiérarchique pour la description du trafic: le modéle en pyramide. Ce modéle est basé
sur différents niveaux d’abstraction dénommés application, souscripteur, nceud et transport.
On y introduit également des opérateurs qui manipulent les paquets au sein de chaque niveau.
Le chapitre 3 est dédié a I'étude des modeles de trafic. On y aborde certains modéles
théoriques ainsi que les modeéles choisis pour la description des applications. Diverses
méthodes pour la détermination des modeles sont envisagées.

Dans le chapitre 4, un scénario de référence pour les communications aéronautiques est
présenté. Le modéle hiérarchique en pyramide est utilisé et les opérateurs peuvent étre
décrits de fagon précise. Ensuite les caractéristiques des principaux modules d’un simulateur le
reproduisant sont décrites synthétiquement.

Les chapitres 5, 6 et 7 présentent les résultats obtenus aux niveaux souscripteur, nceud et
transport. Au niveau souscripteur, les propriétés des applications sont vérifiées et des modéles
agrégés sont dérivés. L'utilisation d'un modéle agrégé au niveau nceud étant d'un intérét
supérieur, les résultats sont ensuite étendus a ce niveau. Les équivalences entre modéles
agrégés et précis sont démontrées sous différents points de vue (volume de donnée,
distribution des files d’attente, ..). Finalement, le dernier chapitre résume les résultats

obtenus.

Mots clés : Systémes de communication satellitaire - Modéles de trafic - Ingénierie du trafic -
Métrologie - Réseaux large bande - Réseaux de communication multiservices - Processus de
Markov Poissonien en salve - Algorithme EM (Expectation Maximisation)

Analysis of aggregate traffic models for multiservice satellite communications

This thesis deals with the modelling of data traffic transmitted over satellite communications
systems. Various type of traffic are considered from a broad range of applications (voice, web
surfing, email, audio/video broadcast) and data are exchanged over a satellite link.

After an introduction chapter setting the framework, the second chapter introduces a
hierarchical model for the modelling of traffic: the pyramid traffic model. This model is based
on different abstraction levels called application, subscriber, node and transport. Some
operators are also introduced to describe the modifications of packet inside the different
levels.

Chapter 3 is devoted to traffic models and some theoretical models are described together
with the selected models describing the applications under study. Different methodologies for
the models parameter determination are reviewed.

In chapter 4, a study case scenario for aeronautical communications is introduced. The
hierarchical pyramid traffic model can be applied and the operators are described accurately.
The principal modules of a simulator describing this case are described.

Chapter 5, 6, 7 summarize the results gathered at the subscriber, node and transport level. At
subscriber level, the match between the models and the real application traffic is checked.
Aggregate models bring more benefit at the node level and are hence described at this level.
The equivalency of aggregate and precise models is demonstrated from different point of view
(identical volume, queuing statistics). At last, chapter 8 summarize the results obtained.



