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Measuring available bandwidth

e What is available bandwidth?

e The available bandwidth on a network link is a measure of the
unutilized capacity
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Measuring available bandwidth

e Why measuring available bandwidth?

e Network monitoring
e Server selection
e Verifying service level agreements

e Tuning of audio/video codec
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BART - Bandwidth Available in Real-Time

e Characteristics of BART

Active probing
Kalman filtering
Real-time estimation

Tuning possibilities:

The probe packet size

The number of probe-packet pairs in each measurement
The organization of the probe pairs (separated or as a train)
The inter-measurement time separation

The probability distribution for the probing intensity

The covaraiance matrix of the process noise (Q)

‘Er

ERICSSON 2 3}&

S

Linkdpings universitet

INSTITUTE OF TECHNOLOGY



BART - Bandwidth Available in Real-Time

e Active probing
Alternate the probe traffic intensity v

Use timestamps to compute the strain between probe
packet pairs

. Ain | P Aout o~
—1 Network ' —
Probe traffic Probe traffic
Transmitter Receiver
AN —A
& = relative time dispersion of probe pair j = —2*—=
Al

n
The average strain £ of N probe packet pairs serves as an
input parameter to the Kalman filter
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BART - Bandwidth Available in Real-Time

e Active probing

[Use Kalman filtering to estimate «wand S]
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Kalman Filtering

e We have a system which is described by a state vector x
e We can affect the system with an input v
e We can only observe the system through measurements z

e The evolution of the system state: X; = f(x,_;)+w,_,

e The measurements: z, =h(x;)+v,

The functions fand A represent the system evolution model and the
measurement model, respectively

wis the process noise and vis the measurement noise
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Kalman Filtering

e The Kalman filter is known to be the optimal filter if:
fand A are linear functions
The noise wand vare white Gaussian

e Kalman filters often work well, even for non-Gaussian noise
and slightly non-linear models

e |In BART:

The state vector x consists of owand S
The input v is the probe traffic
The measurement zis the observed inter-packet strain &
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Kalman Filtering

e Kalman filtering - an overview

Correct

Adjust the projected estimate
(v and B) with respect to
a measurement €£.

. W

The precision of the measurement (R)
The expected variations in the system (Q)

Predict

Project the current state
estimate (o and £) ahead
in time.

Of great importance:
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Kalman Filtering

e Kalman filtering - the equations

Correct

)%k 232]; +Kk(Zk —H),(\,'];)
P, =(I-K,H)P{

| WV

Initial estimates for K, is the Kalman gain:

Yrand B K, =P HT(HP HT +R)™

Predict
Xp = AxXp
P; =AP_, AT +0
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The Process Noise Covariance (Q)

e The Kalman gain Kis important since it describes the relative
weight given to the new measurement

Measured strain &

»

A

Updated straight line -

high gain: /(high\

New measurement \O /<
7
7 \

Previous straight line: ¢ =a,_,-u+ f5;_;

7
74 =

Probing intensity v

Updated estimate of
available bandwidth

e The values of Q are important since Q affects the Kalman gain
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The Process Noise Covariance (Q)

e In BART, the evolution of the system state can be written as:

_ U | | 2
xk = xk_l + Wk—l = = + Wk—l
ﬂk ﬁk—l

e The process noise wis defined as the change of the system
state between two consecutive measurements:

|:/:|
w=Ax =

e So, the process noise covariance becomes:

Q{QH le}{ V(AQ) C(Aa,A,B)}
Or1 Ory C(Aa,AB)  V(AD)

(01120, 0020, =010 <0 <0100, On=0n)
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The Process Noise Covariance (Q)

e The values of Q affects the characteristics of BART
e Stability can be traded for agility
e [woO extreme cases:

10

Available bandwidth
9r BART estimate (Q: diagonal = 10%)
— BART estimate (Q: diagonal = 10'6)
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The Process Noise Covariance (Q)

e Stability vs. agility:
The choice depends on the characteristics of the true available
bandwidth

e The available bandwidth is dependent on both the link
capacity and the link load
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e The traffic load (and thus also the available bandwidth) is
often defined relative some time resolution T
e Two factors affecting the available bandwidth characteristics:
The time resolution and the cross-traffic aggregation
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Experiments

e Optimization of Qwith respect to different time resolution
and cross-traffic aggregation

Cross traffic
Generator 7
%
&

Cross traffic
Sink

10 Mbit/s

Router 1 Router 2

Probe traffic
Receiver

Probe traffic
Transmitter

e True available bandwidth:
Averaging time scalet =1, 2, 4, 8, 16, 32, 64, 128 seconds

e Traffic cases:
Synthetic cross traffic: approximately 10 and 100 active users
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Experiments

e What should we expect?

A single bottleneck link ->

No/small variations in o« —>

Q (1,1) should be small - recall: 0, =V(Aa), 0!=%3
link

Variations in cross-traffic intensity ->

Variations in S proportional to variations in cross-traffic intensity ->

Q (2,2) should be different depending on time resolution and/or cross-
traffic aggregation level - recall: 0,, =V (Ap), B:_%

Small time resolution and/or low aggregation level -
Large variations in f-> Q(2,2) should be large

Large time resolution and/or high aggregation level -
Small variations in f-> Q(2,2) should be small

No obvious and connection between variations in « and variations in g ->
Q(1,2) = Q(2,1) should be small - recall: 0, =0, =C(Aa,Ap)
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Experiments

e In order to tune the temporal characteristics of the estimation:

Variability = \|[V{AB, | = VB, — B, By — B,,...|

(5=". 0n-rp))

e We expect an improved performance of BART if the variability
of the estimates coincide with the cross-traffic variability
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Experiments

e Approx. 10 active users (low aggregation):
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Experiments

e Approx. 100 active users (high aggregation):
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e A power-law behavior is observed:

Experiments
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Optimal Q(2,2) vs. time resolution (left figure)
Cross-traffic variability vs. time resolution (right figure)
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Experiments

e The correlation between the optimal Q(2,2) and the variability
of the cross traffic:
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Available bandwidth [Mbit/s]
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Experiments

e BART estimation: Approx. 10 active users - T = 4 seconds

— Available bandwidth
—— BART estimate

Available bandwidth
BART estimate

| |
900 950

|
1000
Time [s]

P
& %,
) " ki
- PRy -
e _ Y4
4%2 §

s gyi®

| |
1050 1100 1150

Linkdpings universitet

INSTITUTE OF TECHNOLOGY



Experiments

e BART estimation: Approx. 10 active users - T = 32 seconds
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Experiments

e BART estimation: Approx. 100 active users - T = 4 seconds
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Experiments

e BART estimation: Approx. 100 active users - T = 32 seconds
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Summary

e Measuring available bandwidth
What is available bandwidth?
Why measuring available bandwidth?

e BART - Bandwidth Available in Real-Time

Active probing
Kalman filtering
The process noise covariance matrix Q

e Experiments

Tuning Q for optimizing the tracking for desired temporal
characteristics

Focus on variability - Q(2,2) is the crucial element

e Conclusion
It is feasible to tune BART for enhanced tracking performance

ERICSSON g AL Linkdpings universitet

B’ of
%,% &@* INSTITUTE OF TECHNOLOGY
Gs UN




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


