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Outline of the Talk Outline of the Talk –– Revisited Revisited 

�� Background [10%] Background [10%] 

�� ComputerComputer--Supported Collaboration [25%] Supported Collaboration [25%] 

�� Dynamically Customized Web Touring [25%] Dynamically Customized Web Touring [25%] 

�� Multimedia Computing Networking [35%] Multimedia Computing Networking [35%] 

�� Building Robust Network Performance IndicatorBuilding Robust Network Performance Indicator

�� Distributed Resource Management for MultimediaDistributed Resource Management for Multimedia

�� WrapWrap--Up [5%]Up [5%]
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Network Network SuperheterodyneSuperheterodyne
““Building Robust Network Performance IndicatorsBuilding Robust Network Performance Indicators””

Work at IBM Thomas J. Watson Research CenterWork at IBM Thomas J. Watson Research Center

““Applying Statistical Process Control to the Adaptive Rate Applying Statistical Process Control to the Adaptive Rate 
Control ProblemControl Problem””,  by Manohar, Nelson R.; ,  by Manohar, Nelson R.; WillebeekWillebeek--LemairLemair, , 

Marc H.; Prakash, Marc H.; Prakash, AtulAtul, in Proceedings of Multimedia , in Proceedings of Multimedia 
Computing and Networking Conference, pp. 45Computing and Networking Conference, pp. 45--60, San Jose, 60, San Jose, 

CA, January 1998. CA, January 1998. 
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MotivationMotivation

�� Multimedia Computing NetworkingMultimedia Computing Networking

�� handling the impact of multimedia over the networkhandling the impact of multimedia over the network

�� e.g., sessione.g., session--oriented, multimedia flows, endoriented, multimedia flows, end--toto--end end 

QoSQoS reqsreqs., resource management, value., resource management, value--asset model, asset model, 

etc.etc.

�� handling of the handling of the ““impedance mismatchimpedance mismatch”” that existsthat exists

�� between multimedia applicationsbetween multimedia applications

�� and (toand (to--be provisioning, present or future) networksbe provisioning, present or future) networks

�� we would like the resulting mechanisms or building we would like the resulting mechanisms or building 

blocksblocks

�� to be robustto be robust

�� easy to implementeasy to implement

�� low (signaling and tracking) overheadslow (signaling and tracking) overheads
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Related WorkRelated Work
�� mechanisms to handle mechanisms to handle ““impedance mismatchimpedance mismatch””

�� (traditionally) from applications to the network:(traditionally) from applications to the network:

�� inducing multimedia application inducing multimedia application reqsreqs. into networking . into networking 
middleware middleware 

�� for example, for example, diffservdiffserv (TCP), multicast (routing), etc.(TCP), multicast (routing), etc.

�� (but also) from network to multimedia infrastructure:(but also) from network to multimedia infrastructure:

�� enhancing network capacity (internet2, enhancing network capacity (internet2, vBNSvBNS, etc.), etc.)

�� enhancing the intelligence of multimedia infrastructure to enhancing the intelligence of multimedia infrastructure to 
adapt to the network state (RSVP, adapt to the network state (RSVP, QoSQoS, etc.), etc.)

�� network state measurementsnetwork state measurements
�� (active) network probing(active) network probing

�� probeprobe--andand--adapt: shortadapt: short--term fluctuations, unnecessary term fluctuations, unnecessary 
adjustmentsadjustments

�� (passive) network and web traffic characterization(passive) network and web traffic characterization

�� (web) spatial/temporal stability: different time(web) spatial/temporal stability: different time--scale scale 
componentscomponents

�� ethernetethernet/web traffic fractal: similar shape regardless of /web traffic fractal: similar shape regardless of 
timescaletimescale



66

40

50

60

70

80

90

100

ro
u

n
d

tr
ip

 t
im

e
 

(m
il

is
e
c
o

n
d

s
)

1 101 201 301 401 501 601 701

x(i)

time (seconds)

Network Performance EnvelopeNetwork Performance Envelope:

Factoring Process Variability on SessionsFactoring Process Variability on Sessions

�� From:From:

�� probeprobe--andand--
adaptadapt

�� fast indicatorsfast indicators

�� very lowvery low setup setup 
costcost

�� no confidenceno confidence

�� To:To:

�� process stateprocess state

�� forecastforecast--
strengthstrength

�� somesome setup setup 
costcost

�� confidence confidence 
analysisanalysis
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Building Reliable Building Block:Building Reliable Building Block:

Network Performance IndicatorNetwork Performance Indicator

�� Reliable process performance indicators (PPI)?Reliable process performance indicators (PPI)?
�� robust forecastsrobust forecasts

�� strength of sampling and smoothingstrength of sampling and smoothing
�� capable of associating confidence to forecastscapable of associating confidence to forecasts

�� assimilation of process variabilityassimilation of process variability

�� to recognize significant changesto recognize significant changes
�� generation/tracking of process stategeneration/tracking of process state

�� to understand where we standto understand where we stand

�� Important to adaptive applicationsImportant to adaptive applications
�� atop (i.e., guiding) proveatop (i.e., guiding) prove--andand--adapt protocols adapt protocols 
�� such as Adaptive Rate Control (ARC)such as Adaptive Rate Control (ARC)

�� Statistical Process Control (Statistical Process Control (SPCSPC) as ) as PPIPPI--kernelkernel
�� typically longtypically long--term horizon, industrial processesterm horizon, industrial processes

�� runrun--toto--run feedback control vs. onlinerun feedback control vs. online--SPCSPC
�� centralized onlinecentralized online--SPCSPC vs. vs. distributeddistributed onlineonline--SPCSPC

�� adapt onlineadapt online--SPCSPC for for distributeddistributed ARC problemARC problem

PPI

ARC
x(t) x’(t)
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Network Performance Envelope:Network Performance Envelope:

Statistical Process Control FormulationStatistical Process Control Formulation

�� Supplier: adaptive rate controlSupplier: adaptive rate control

�� to match production to deliveryto match production to delivery

�� Process: network deliveryProcess: network delivery

�� goodsgoods: media packets, frames, : media packets, frames, 
buffersbuffers

�� Consumer: smoothing problemConsumer: smoothing problem

�� adapts delivery to presentationadapts delivery to presentation

�� SPCSPC: end: end--toto--end end 
process performanceprocess performance
�� quantizes quantizes 

performance performance 
measurements measurements 

�� into statistical process into statistical process 
state state –– a quality a quality 
indicatorindicator

�� then drives ARC() then drives ARC() wrtwrt

such quality indicatorsuch quality indicator

Process: network delivery

Goods: media frames

Supplier: media server Consumer: media client

SPC

ARC
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Network Measurements Network Measurements –– SetupSetup
�� (active) network probing and monitoring(active) network probing and monitoring

�� network indicatornetwork indicator: : RTTRTT roundtrip delay (measure of congestion along path)roundtrip delay (measure of congestion along path)

�� e.g., available bandwidth, e.g., available bandwidth, network congestion, stability, jitternetwork congestion, stability, jitter

�� probing methodology (time series acquisition)probing methodology (time series acquisition)

�� end nodesend nodes: (Univ. Michigan at A2) : (Univ. Michigan at A2) -- (Univ. North Carolina (Univ. North Carolina –– CH)CH)

�� network probenetwork probe: ping (: ping (ICMPICMP))

�� test durationtest duration: 3600 seconds: 3600 seconds

�� timescaletimescale: seconds to minutes: seconds to minutes

�� smoothersmoother: 120/30 : 120/30 UWMAUWMA smoothersmoother

�� sampling frequencysampling frequency: 1 random sample per second: 1 random sample per second

�� sampling loadsampling load: negligible (40ms to 400ms) with respect to sampling : negligible (40ms to 400ms) with respect to sampling 

frequency (1 second) with respect to available network bandwidthfrequency (1 second) with respect to available network bandwidth

�� sampled distributionsampled distribution: no constraining assumption due to law of large : no constraining assumption due to law of large 

numbers, random sampling, temporal/spatial stability, and networnumbers, random sampling, temporal/spatial stability, and network k fractalityfractality

�� bottleneck spots, router instability, underlying distr.bottleneck spots, router instability, underlying distr.

�� timescale leads to aggregation effect on multiple path routing atimescale leads to aggregation effect on multiple path routing and nd 

corresponding random sampling of underlying corresponding random sampling of underlying distribution(sdistribution(s) across ) across ii--thth

samplessamples

a b
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Network Performance EnvelopeNetwork Performance Envelope:

OnlineOnline--SPCSPC Floating Performance Floating Performance 

EnvelopeEnvelope
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- 1.5 σσσσ(x(i),m=120)

UCL(i) = µµµµ(x(i),m=120) + 1.5 σσσσ(x(i),m=120)
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Network Performance Envelope:Network Performance Envelope:

Process State Process State –– Basic IdeaBasic Idea

�� floating performance envelope floating performance envelope 
�� tracking window over process state tracking window over process state (µ, σ) (µ, σ) 
�� under associated statistical confidence region under associated statistical confidence region 

((kkσσ))
�� reacts to statistically significant changesreacts to statistically significant changes

�� process stability indicator process stability indicator 
�� quantizes performance into statistical process quantizes performance into statistical process 

statestate

�� providing context for state changesproviding context for state changes
�� between between fastfast (fractional process state) signal (fractional process state) signal 
�� wrtwrt slowslow (full process state) signal(full process state) signal

�� compare fast against stable signalcompare fast against stable signal
�� approx. sameapprox. same versus versus significantly differentsignificantly different
�� two types of two types of piecepiece--wise linearwise linear segmentssegments

�� horizontalhorizontal segments (process state)segments (process state)
�� linear linear slopesslopes (process changes)(process changes)

�� building block for adaptive infrastructuresbuilding block for adaptive infrastructures

x µµµµ

kσσσσ

that is, just with
online-SPC, but 
now three signals!
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Network Performance Envelope:Network Performance Envelope:

OnlineOnline--SPCSPC Process State Tracking KernelProcess State Tracking Kernel
� Running Window Indicators

� UWMA(xi,m) smoothers

� µµµµ(i,m’) = µµµµ(xi .. xm’-i)

� µµµµ(i,m) = µµµµ(xi .. xm-i)

� σσσσ(i,m) = σσσσ(xi .. xm-i)

� Hypothesis Testing

� H0 : µµµµ(i,m’) = µµµµ(i,m)

� Z0 = µµµµ(i,m’) – µµµµ(i- m/2, m)

� Process State Generation

� if |Z0| < k * σσσσ(i,m)  

� then moni = moni-1

� else moni = µµµµ(i,m)

� mon*
i+1= moni

� error = mon*
i - moni

online-SPC

present state

handling

“long-term”

process state

(slow) signal

“short-term”

process state

(fast) signal

do both

signals represent 

same underlying 

process?

update

“long-term”

process state

online-SPC

data & outlier

forecast handling

yes

no
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Network Performance Envelope:Network Performance Envelope:

Network Stability MonitorNetwork Stability Monitor

Z0 = µµµµ(x(i),m=30) –

µµµµ(x(i-m=120/2),m=120)

Stability monitor
over online-SPC signals
over RTT time series
w/ 120/30 smoothers

& 1.5σσσσ control limits
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Network Performance Envelope:Network Performance Envelope:

StationarityStationarity Test: Comparison of Sampled MeansTest: Comparison of Sampled Means

� Hypothesis tested by comparing two indicators

� (a) slow signal and 

� (b) fast signal

� This resulting in two process states

� (a) stationary state or 

� (b) process change 

� Sensitization parameters

� m’ (fast signal), m (slow signal)

� k (confidence), m/c (decorrelator)
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Network Performance Envelope:Network Performance Envelope:

Equality Between Two Population Sampled MeansEquality Between Two Population Sampled Means

�� tt--test on unknown mean and unknown variance for a ~normal test on unknown mean and unknown variance for a ~normal 

population with test statisticpopulation with test statistic

�� at (at (αααααααα=0.5, m=120) =0.5, m=120) �������� t t ≈≈ 3.33.3

µµµµ1,σ,σ,σ,σ

µµµµi,m

µµµµi,m’=m/4

µµµµi=(m/c=2)%m,m

kσσσσi,m

µµµµ2,σ,σ,σ,σ

µµµµi,m’ - µµµµi,m
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Sensitivity Parametrization

1201 2401 3601

time (seconds)

Stability monitor sensitization –
(1) inertia – how  sensitive to shifts
(2) lag – how fast it reacts
(3) confidence – how reliable
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Network Performance Envelope:Network Performance Envelope:

Comparative Analysis Test Space

�� ParametersParameters
�� m m –– size of the moving window outlook for the slow signalsize of the moving window outlook for the slow signal

�� mm’’ –– size of the moving window outlook for the fast signalsize of the moving window outlook for the fast signal

�� K K –– number of sigma levels used to clip outliers from the input number of sigma levels used to clip outliers from the input 
time seriestime series

�� k k –– approx. number of sigma levels used to recognize as approx. number of sigma levels used to recognize as 
statistical significant the current variability on the state trastatistical significant the current variability on the state tracking cking 
signal (i.e., how sensitive to process state shifts)signal (i.e., how sensitive to process state shifts)

�� c c –– point (t point (t -- mm//cc) into the ) into the recentrecent’’ss past of the slow moving used to past of the slow moving used to 
decorrelatedecorrelate the windows of the slow signal from the fast signalthe windows of the slow signal from the fast signal

�� ConstraintsConstraints
�� 1 < K 1 < K ≤≤ 33

�� 1 < k 1 < k ≤≤ 33

�� mm’’ < m< m

�� c < mc < m
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Network Performance Envelope:Network Performance Envelope:

Test Case Structure

�� input time seriesinput time series

�� approximately normal distributed random variable signalapproximately normal distributed random variable signal

�� 3600 samples 3600 samples –– representing random 1representing random 1--secondsecond--spaced samplesspaced samples

�� three process state shifts (three process state shifts (µ,σµ,σµ,σµ,σµ,σµ,σµ,σµ,σ))

�� RTTRTT ((µµ=80,=80,σσ=10)=10) from t=2 from t=2 to 1201to 1201

�� RTTRTT ((µµ=160,=160,σσ=20)=20) from t=1202 from t=1202 to 2401to 2401

�� RTTRTT ((µµ=40,=40,σσ=5)=5) from t=2402 from t=2402 to 3601to 3601

�� signal recognition setupsignal recognition setup

�� state recognition lag test state recognition lag test –– square wave signalsquare wave signal

�� state recognition accuracy test state recognition accuracy test –– process state shiftsprocess state shifts

�� tracking error test tracking error test –– random generated signalrandom generated signal
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Network Performance Envelope:Network Performance Envelope:

Comparison Metrics

�� state monitorstate monitor’’s overall accuracys overall accuracy

�� monitormonitor’’s sum of error squaress sum of error squares

�� [mon(t|m[mon(t|m’’))--RTT(t)]RTT(t)]22 + [mon(t|m+ [mon(t|m’’))--mon(t|m)]mon(t|m)]22

�� state monitorstate monitor’’s s fractalityfractality

�� monitormonitor’’s number of statess number of states

�� monitormonitor’’s standard deviations standard deviation

�� monitormonitor’’s state tracking accuracys state tracking accuracy

�� R1: R1: RTTRTT ((µµ=80,=80,σσ=10)=10) from t=2 from t=2 to 1201to 1201

�� R2: R2: RTTRTT ((µµ=160,=160,σσ=20)=20) from t=1202 from t=1202 to 2401to 2401

�� R3: R3: RTTRTT ((µµ=40,=40,σσ=5)=5) from t=2402 from t=2402 to 3601to 3601
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Network Performance Envelope:Network Performance Envelope:

Findings (to be updated)

�� Fast vs. Slow Signal Window SizeFast vs. Slow Signal Window Size

�� m, mm, m’’ ………………....

�� Outlier DetectionOutlier Detection

�� K, m K, m ……………………....

�� DecorrelatorDecorrelator PointPoint

�� c, m c, m ……………………....

�� ErrorError

�� k, k, m/mm/m’’ ……………………....

�� State State FractalityFractality

�� k k ……………………....
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Network Performance Indicator Comparative AnalysisNetwork Performance Indicator Comparative Analysis

c, c, K/kK/k, m , m �������� stdevstdev, , numstates,rangenumstates,range



2222

Network Performance Envelope Comparative AnalysisNetwork Performance Envelope Comparative Analysis

mean,stdev,summean,stdev,sum �������� numstatesnumstates, , ……..
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Network Performance Envelope:Network Performance Envelope:

Network Superheterodyne (Armstrong)

�� www.answers.comwww.answers.com, , www.fas.org/man/dodwww.fas.org/man/dod--101/navy/docs/es310/101/navy/docs/es310/

�� Of, relating to, or being a form of radio receptionOf, relating to, or being a form of radio reception

�� in which the frequency of an incoming radio signalin which the frequency of an incoming radio signal

�� is mixed with a locally generated signalis mixed with a locally generated signal

�� and converted to an intermediate frequency and converted to an intermediate frequency 

�� in order to facilitate amplification and the rejection of unwantin order to facilitate amplification and the rejection of unwanted ed 
signalssignals

�� superheterodynesuperheterodyne receivers have better performance because the receivers have better performance because the 
components can be optimized to work a single intermediate components can be optimized to work a single intermediate 
frequencyfrequency

tuner
(sampling)

pre-
amplifier

(fast signal)

mixer
(differentiator)

demodulator
(decorrelator)

amplifier
(SPC)

transducer
(state signal)

mixing
frequency

(slow signal)

µµµµ(i,m’)=
SQC(RTT(i)|K,m’)

RTT(i)

µµµµ(i,m)=
SQC(RTT(i)|K,m)

mon*(i)=

∆∆∆∆(i,i-m/c)

∆∆∆∆(i,j)=
mu(i,m)-mu(i,m’)

mon(i)=

SPC(mon*(i),k,m’)

RTT(t) MON(t)
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Network Performance Envelope:Network Performance Envelope:

Network Stability Monitor RequirementsNetwork Stability Monitor Requirements

�� robust process state trackingrobust process state tracking
�� quantifiable confidence intervalquantifiable confidence interval

�� forecast confidenceforecast confidence

�� low tracking overheadlow tracking overhead
�� moving window kernels have moving window kernels have 

straightforward O(1) complexitystraightforward O(1) complexity

�� easy to implementeasy to implement
�� moving window process state and moving window process state and 

control rules are simple (see flowchart)control rules are simple (see flowchart)

�� low signaling overheadlow signaling overhead
�� process state communicated only when process state communicated only when 

necessary, that is, when it changes (i.e., necessary, that is, when it changes (i.e., 
only when statistically significant)only when statistically significant)
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Research ContributionsResearch Contributions

�� online generation of a robust floating envelopeonline generation of a robust floating envelope

�� showed the particular relevance of onlineshowed the particular relevance of online--SPCSPC -- despite its despite its 
simplicity simplicity 

�� used to track the process performance associated with an indicatused to track the process performance associated with an indicatoror

�� shown for shown for RTTRTT –– indicator for indicator for network congestion and flow network congestion and flow 
managementmanagement

�� formulated online SPCformulated online SPC--based monitor of network statebased monitor of network state

�� detection of stationary conditions (temporal stability, detection of stationary conditions (temporal stability, process process 
statestate))

�� detection of piecedetection of piece--wise linear (wise linear (process changesprocess changes))

�� fast, robust, reliable , and low overheadfast, robust, reliable , and low overhead

�� some setup vs. some setup vs. parametrizableparametrizable statistical performancestatistical performance

�� robust state tracking building blockrobust state tracking building block

�� nearnear--stationaritystationarity conditions used to distinguish between process conditions used to distinguish between process 
state and process changesstate and process changes

�� timescale and robustness targeted for processtimescale and robustness targeted for process--performance performance 
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Future WorkFuture Work

�� simulations of simulations of SPC+ARCSPC+ARC()()

�� further sensitivity analysis of further sensitivity analysis of SPC+ARCSPC+ARC kernelskernels

�� lag (m, mlag (m, m’’), confidence (), confidence (kkσσ), smoothing (m), ), smoothing (m), 
smoother/sampling (smoother/sampling (UWMAUWMA, , EWMAEWMA, etc.), adaptation (, etc.), adaptation (ωω) ) 
and adaptation strategy (linear, multiplicative, constant), and adaptation strategy (linear, multiplicative, constant), 

quantization process (quantization process (monmon), outlier recognition (), outlier recognition (kkσσ), ), 
fitness/residual analysis (err*), etc.fitness/residual analysis (err*), etc.

�� further performance g and optimalityfurther performance g and optimality

�� comparative performance of comparative performance of SPC+ARCSPC+ARC()()

�� statistical performance (alpha errors, beta errors, etc.)statistical performance (alpha errors, beta errors, etc.)

�� implementation of applications of implementation of applications of SPC+ARCSPC+ARC()()

�� multimedia networking performancemultimedia networking performance

�� other distributed online process control (see next segment)other distributed online process control (see next segment)


