Contents

1 Introduction to IP Traffic............ .. .. .. .. ... .. .. ... 1
1.1 TCP/IP Architecture Model ............ ... ... .. . ..., 1
1.1.1 Physical Layer ...... ... .. .. . . . . . 3
1.1.2 Data Link Layer ...... ... .. .. ... .. .. . ... 4
1.1.3 Network Layer ........ .. .. .. . i i 5
1.1.4 Transport Layer......... .. .. . . .. 5
1.1.5 Application Layer ........ ... ... . i 8

1.2 Aspects of IP Modeling .......... ... ... .. 9
1.2.1 Levels of Modeling .......... ... .. 10
1.2.2 Traffic Relations ........ .. .. .. .. ... .. ... ... ..., 13
1.2.3  Asymmetry in IP Traffic ...... ... ... ... .. .. ...... 17
1.2.4 Temporal Behavior .......... ... .. .. .. . .. .. .. 17
1.2.5 Network Topology . ...... .. .. . . .. 18

1.3 Quality of Service ....... ... 19
1.3.1 Best Effort Traffic ........... ... ... ... ... ... .... 19
1.3.2 Time Sensitive Data Traffic......................... 20
1.3.3 Overprovisioning ......... ... ... .. .. 20
1.3.4 Prioritization ........ .. . .. 21

1.4 Why Traditional Models Fail . ............. ... ... ... ... 22
2 Classical Traffic Theory........... .. .. .. .. .. ... ... .. .... 29
2.1 Introduction to Traffic Theory ........... ... ... ... ... ... 29
2.1.1 BasicExamples ........ ... .. i 29
2.1.2 Basic Processes and Kendall Notation................ 32
2.1.3 Basic Properties of Exponential Distributions ......... 33

2.2 Kolmogorov Equation .......... .. .. ... i i 34
2.2.1 State Probability ........... .. ... .. i 36
2.2.2  Stationary State Equation ............ ... ... ... .... 37

2.3 Transition Processes ......... .. .. .. . i 38
2.4 Pure Markov Systems M/M/n ..., 40

2.4.1 TLoss Systems M/M/n ... i i 40



XII

Contents
2.4.2  Queueing Systems M/M/n ........ ... ... ... 44
2.4.3 Application to Teletraffic ........................... 52
2.5 Special Traffic Models. . ..... ... .. ... i i, 58
2.5.1 Loss Systems M/M/oo ... 58
2.5.2  Queueing Systems of Engset ........................ 58
2.5.3 Queueing Loss Systems ........ ... .. .. .. .. 59
2.6 Renewal Processes ......... ... .. . i 60
2.6.1 Definitions and Concepts . ......... ... . 60
2.6.2 Bounds for the Renewal Function.................... 65
2.6.3 Recurrence Time ........ .. ... .. ... 66
2.6.4 Asymptotic Behavior ......... ... .. . oL 68
2.6.5 Stationary Renewal Processes ....................... 70
2.6.6 Random Sum Processes ............ ... .. ... .. ... 71
2.7 General Poisson Arrival and Serving Systems M/G/n ........ 73
2.7.1 Markov Chains and Embedded Systems .............. 73
2.7.2  General Loss Systems M/G/n....................... 73
2.7.3  Queueing Systems M/G/n ..., 74
2.7.4 Heavy-Tail Serving Time Distribution................ 80
2.7.5 Application of M/G/1 Models to IP Traffic ........... 95
2.7.6 Markov Serving Times Models GI/M/1 .............. 102
2.8 General Serving Systems GI/G/n............... ... ....... 107
2.8.1 Loss Systems . ......o.iiiii 107
2.8.2 The Time-Discrete Queueing System GI/G/1 ......... 109
2.8.3 GI/G/1 Time Discrete Queueing System
with Limitation ......... .. .. . . .. . 117
2.9 Network Models .. ... ... . i 122
2.9.1 Jackson’s Network ........ .. .. ... ... . ... 122
2.9.2 Systems with Priorities......... .. .. ... .. .. L. 130
2.9.3 Systems with Impatient Demands ................... 131
2.9.4 Conservation Laws Model .......................... 133
2.9.5 Packet Loss and Velocity Functions on Transmission
Lines ... 134
2.9.6 Riemann Solvers ......... ... .. .. .. ... .. ... 141
2.9.7 Stochastic Velocities and Density Functions........... 146
2.10 Matrix-Analytical Methods ......... ... ... ... ... . ... .. 148
2.10.1 Phase Distribution ........... ... ... ... ... .. ... 148
2.10.2 Examples for Different Phase Distributions ........... 153
2.10.3 Markovian Arrival Processes .......... ... ... ... ... 156
2.10.4 Queueing Systems MAP/G/1 ....................... 161
2.10.5 Application to IP Traffic ............ .. ... .. ...... 173
Mathematical Modeling of IP-based Traffic ................ 181
3.1 Scalefree Traffic Observation .............................. 181
3.1.1 Motivation and Concept............ ..., 181
3.1.2 Self-Similarity. ...t 183
3.2 Self-Similar Processes .......... .. .. . i 184



Contents  XIII

3.2.1 Definition and Basic Properties ..................... 184
3.2.2 Fractional Brownian Motion ........................ 190
3.2.3 «a-stable Processes ......... ... ... ... ... ... 194
3.3 Long-Range Dependence ........... .. ..., 202
3.3.1 Definition and Concepts . .................... ... . 203
3.3.2 Fractional Brownian Motion and Fractional Brownian
Noise ... . 207
3.3.3 Farima Time Series . ..............oiiiii ... 211
3.3.4 Fractional Brownian Motion and IP Traffic
— the Norros Approach ........ ... .. ... ... .. ... 218
3.4 Influence of Heavy-Tail Distributions on Long-Range
Dependence. . ... ..o 226
3.4.1 General Central Limit Theorem ..................... 226
3.4.2 Heavy-Tail Distributions in M/G/oco Models .......... 233
3.4.3 Heavy-Tail Distributions in On-Off Models ........... 235
3.4.4 Aggregated Traffic...... ... .. .. .. ... L. 240
3.5 Models for Time Sensitive Traffic.......................... 245
3.5.1 Multiscale Fractional Brownian Motion .............. 245
3.5.2 Norros Models for Differentiating Traffic ............. 249
3.6 Fractional Lévy Motion in IP-based Network Traffic ......... 259
3.6.1 Description of the Model ......... ... ... ... ... .... 259
3.6.2 Calibration of a Fractional Lévy Motion Model. . ...... 260
3.7 Fractional Ornstein-Uhlenbeck Processes and Telecom
Processes . ... 261
3.7.1 Description of the Model ........... .. .. .. ... .... 261
3.7.2 Fractional Ornstein-Uhlenbeck Gaussian Processes. . ... 262
3.7.3 Telecom Processes .............c i, 263
3.7.4 Representations of Telecom Processes ................ 263
3.7.5 Application of Telecom Processes.................... 265
3.8 Multifractal Models and the Influence of Small Scales ........ 267
3.8.1 Multifractal Brownian Motion ...................... 267
3.8.2 Wavelet-Based Multifractal Models .................. 270
3.8.3 Characteristics of Multifractal Models................ 280
3.8.4 Multifractal Formalism . ............................ 292
3.8.5 Construction of Cascades........................... 296
3.8.6  Multifractals, Self-Similarity and Long-Range
Dependence ........ ... i 308
3.9  Summary of Models for IP Traffic ............ ... ... ... ... 316
Statistical Estimators . ............. ... ... . ... ... ... ... ..... 321
4.1 Parameter Estimation........... ... ... ... ... ... ......... 321
4.1.1 Unbiased Estimators............. ... ... ... ........ 322
4.1.2 Linear Regression ............. .. .. ... . .. .. .. ... 329
4.1.3 Estimation of the Heavy-Tail Exponent o ............ 335

4.1.4 Maximum Likelihood Method ....................... 344



XIV  Contents

4.2 Estimators of Hurst Exponent in IP Traffic ................. 349
4.2.1 Absolute Value Method (AVM) ..................... 349
4.2.2 Variance Method ......... .. ... . .. . ... o 352
4.2.3 Variance of Residuals .............................. 354
424 R/SMethod ... 356
4.2.5 Log Periodogram — Local and Global ................ 359
4.2.6 Maximum Likelihood and Whittle Estimator.......... 363
4.2.7 Wavelet Analysis ....... ... .. i 368
4.2.8 Quadratic Variation .......... ... ... ... .. ... 378
4.2.9 Remarks on Estimators ............................ 379

5 Performance of IP: Waiting Queues and Optimization ... .. 383

5.1 Queueing of IP Traffic for Perturbation with Long-Range
Dependence Processes. .. ... 383
5.1.1 Waiting Queues for Models with Fractional Brownian

Motion. ... .o 384
5.1.2  Queueing in Multiscaling FBM ........... ... ... .... 392
5.1.3 Fractional Lévy Motion and Queueing in IP Traffic

Modeling . .. ..ot 395
5.1.4 Queueing Theory and Performance for Multifractal

Brownian Motion............ ... ... ... ... .. ... .... 405

5.2 Queueing in Multifractal Traffic .......... ... .. ... .. ... 411
5.2.1 Queueing in Multifractal Tree Models . ............... 411
5.2.2 Queueing Formula . ........ ... ... .. ... ... . ... 417

5.3 Traffic Optimization ........ ... .. .. .. 423
5.3.1 Mixed Traffic ......... ... . . 423
5.3.2 Optimization of Network Flows ..................... 424
5.3.3 Rate Control: Shadow Prices and Proportional

Fairness .. ... 435
5.3.4  Optimization for Stochastic Perturbation ............. 442
5.3.5 Optimization of Network Flows Using an Utility
Approach ... ... . 449
References. ... ... ... . . 465




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


