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Abstract—Due to random delay variations in current besteffort networks,
packetvideoapplicationsrely on end-systenbuffering and playout adaptation
to reducethe effectsof disruptions on the required smooth stream presenta-
tion. To study the effect of buffering and playout adaptation, we presentan
analytical model basedon the M/G/1 queueingsystemwith finite buffer ca-
pacity and traffic intensity equalto or greater than unity. This modelfits well
a range of new applications that have limited buffer resouicesfor the recep-
tion of incoming frames. We intr oducethe Variance of Distortion of Playout
(VDoP), a new metric that accountsfor the overall presentationdisruption
causedby buffer underflows, intentionally intr oducedgapsduring slowdown
periods and data lossfr om overflows. VDoP is an elegantand fair metric for
the estimation of playout quality and will hopefully assistthe development of
better adaptation algorithms. Furthermor e, the effect of finite buffer capac-
ity is examinedin relation to stream continuity, revealing a systembehavior
not previously accountedfor. The sensitvity of the systemto the variance of
the arrival processis also examinedby meansof simulation. Finally, an on-
line algorithm is presentedfor the exploitation of our study on implemented
systems.

Keywords—Adaptive video playout, video continuity, finite M/G/1, Mark ov
Modulated PoissonProcess

I. INTRODUCTION

In recentyearsmultimediaservicessuchasinternettelephoty,
videoconferencegndvideoondemandVVOD), havefoundaplace
next to traditional dataapplicationslike telnet, ftp or the world
wide weh Thesenew servicesrequirehigh transmissiormreliabil-
ity and stringentend-to-enddelay and delayjitter, to be ableto
maintaininterstreamsynchronizatiorbetweensuccessie media
units. The main effort in providing currentbesteffort networks
with QoS mechanismhasbeenundertalen by the IETF which is
standardizinghe IntegratedServicesand DifferentiatedServices
architectures.Neverthelessit is realizedthat the deploymentof
new protocolswill bea slow processso mucheffort is beingput
in copingwith currentnetwork limitations by incorporatingintel-
ligentadaptie algorithmsat the applicationlayer.

Adaptive rate applicationsfall into two generalcateyoriesde-
pendingon which end of the communicatingpartiesis adapting
its rate. In sourcerateadaptatior1], [2], it is the sendingsystem
thatadaptgo the time-varying bandwidthavailability by regulat-
ing therateof its outputvideo stream.On the otherhand,Paclket
Video Receving systemgPVRSs), adapttheir playoutratein an
effort to avoid underflavs (lack of a frameto display) causeddy
excessvely delayedramed3], [4], [5]. PVRsuseaplayoutbuffer
to accumulatencomingframesasa measureagainstnetwork jit-
ter. The amountof bufferedframescanbe dynamicallyadjusted
in responsdo network jitter. Whenthe variability of the arrival
processncreasesthe PVR mustbuffer more frames,increasing
the end-to-endateng, to avoid large underflavs. If thereis ala-
teng/ constraintthenin timeswhennetwork loadreducesandin-
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terframespacings notdistortedby varyingend-to-endlelaysthe

systemcandecideto reducethe amountof bufferedframes,thus
gainin end-to-endielayreduction.The playoutbuffer occupang

increasesvhenthe continuougpresentatiorof framesis disturbed
by idle time gaps,for exampleunderflavs. Underflavs seriously
degradevideo quality asthey canlastfor a considerableamount
of time. Adaptive playout PVRstry to reducethe frequeng of

underflavs by intentionallyintroducingvirtual time gapsbetween
successie frames,whenthe buffer level is too low. If thesevir-

tual gapsareshorterthanunderflavs, thenthey maybe unnoticed
dueto humanperceptualimitations. In principle, the anng/ance
causedy a large underflaw is spreadn time, so asto reduceits

impacton videoquality. Virtual time gapsarecreatedby keeping
the currentframeon displaylongerthanwhatthe video rate sug-
gestsjn otherwordsby displayingframesslower thantheir actual
rate. This unfortunatenecessitys not presenin pacletaudiosys-
tems,wherethe existenceof silenceperiodsgivesthe systemthe

ability to changethe size of the de-jitter buffer by modifying the

durationof the silenceperiodin a pertalkspurtbasiswithoutmod-

ifying the playoutrate[6], [7], [8], [9].

Bufferingframesatthe PVR increaseend-to-endateng atthe
end-usetevel. Differentapplicationgoleratedifferentmaximum
end-to-endatencies. Bidirectional applicationssuchas desktop
video conferencingapplications have very strict lateng require-
ments,typically of few hundredsof milliseconds. On the other
hand,unidirectionalapplicationdike VOD, allow for muchlarger
latencies,in the order of seconds. In a VOD application, the
PVR canbuffer massve numberof frames thusensureanalmost
pauselesyideo presentatioracrossthe widestrangeof network
jitter. Theabsencef critical lateng requirementslsoallows for
theadditionof techniquesuchasdataproxy-ingandclient-sener
feedbackwhich can help in using network resourceamore effi-
ciently, especiallyin thecaseof VariableBit Rate(VBR) encoded
video[10], [11], [12].

In this paperwe considera classof applicationswith alateng
requirementhatfalls betweerthehardreal-timevideoconferenc-
ing andthe delayimmuneVOD. We would includein this cate-
gory mostWeb-based/ideo Distribution (WVD) systems.Such
videoapplicationgdo not requirea minimal end-to-endateng as
in video conferencingbut cannottoleratea large startup buffer-
ing delayasin VOD. Thekey differentiatingfactorfrom VOD, is
the click level interactivity requirementj.e., the requirementor
a shorttime interval betweena uservideo selectioninstantand
the displayinstantof the first video frame. This requirements
largely dueto small reactiontimesthat mostweb basedapplica-
tions tendto provide. In otherwords, WVD systemsrequirea
small reactiontime (so they cannotpre-tuffer mary frames)but
arenot sensitve to end-to-endateng over the entiredurationof
thepresentationTheinteractivity requiremensuggestshatvideo



presentatiorstartsafter only a small numberof frameshasbeen
buffered. If the initial de-jitter buffer is not adequatd¢o smooth
out network delay variabilities, the buffer progressiely expands
by applyingreducedplayoutrates. A final note on our targeted
applicationareais thatthe buffer spacehatthey canutilize is lim-
ited. Thisis definitelythe casefor wide spreadveb basedPVRs,
designedevenfor the modestdesktopsystem.lt is alsoexpected
that PVRswith limited buffer spacewill be usedin third genera-
tion wirelessterminaldevices.

Il. RELATED WORK

In this sectionwe provide a brief presentatioron threshold
basedplayoutrate adaptatiorschemes.The mainideain thresh-
old basedrate adaptationis the linear reductionof playout rate
as the numberof buffered framesapproachesero. Yuang et
al. [3] proposea PVR that emplo/s a maximumplayoutrate g,
whenthe numberof bufferedframesi is greaterthan,or equalto,
a given thresholdvalue TH, and employs reducedplayout rates
w(i) = p-i/TH for i < TH. The analysisin [3] modelsthe
PVR asa queueingsystemwith Poissorarrivalsof rate A andex-
ponentialservicedurationswith statedependenmeanservicerate
u(i). It shouldbe noticedthat when the systemoperatesabore
TH it emplgys amaximumplayoutratey which is greaterthan,
the actualvideo framerate. Thatis, the systemdisplaysframes
fasterthanthe normalvideorate. Althoughthelatter mayleedto
a lateng reduction,it alsoproducesan undesirabldast forward
effect. Clearly, the value of TH impactson the systemperfor
mance.More specifically thevalueof TH is examinedin relation
to the probability of an empty buffer (thus a continuity metric)
o, the framelossprobability dueto buffer overflow, pg,, andthe
meanpresentatiomate,B. It is statedthatbothzr, andB decrease
with TH, while p;, increasesvith TH. The selectionof TH canbe
seenasatradeof betweerthe preseration of playoutcontinuity;
which is capturedby 7y, andthe reductionof meanplayoutrate
with respecto theactualvideorate,whichis capturecby B. The
continuity metric g, is replacedn [4] by the moregeneraNVari-
anceof Discontinuity (VoD) metric, which not only captureshe
frequeng of underflav gaps but alsoaccountdor gapsoccurring
dueto thedynamicregulationof framedurations.In sectionlll we
simplify the studyof a PVR by combininggapandlossmetricsin
asinglecontinuity metric.

I1l. SYSTEM MODEL

In this sectionwe describeananalyticalmodelfor thestudyof a
finite-buffer PVR, andexaminethe effect of TH onvideo quality.
In whatfollows, we definethe varianceof discontinuity(VoD, as
in [4]) andgeneralizat by introducingthe varianceof distortion
of playout (VDoP). We usethe analyticalresultsto demonstrate
the tradeof betweenplayout continuity and meanplayout rate.
Also, a new systembehaior that affects the selectionof TH is
broughtin light.

A. ModelDefinitionsand Assumptions

We modelthePVR asafinite queuewith capacityfor N frames.
The arrival procesds Poissonwith meanarrival rate A, equalto
thevideoframerate u. Admittedly, the choiceof anexponential
distribution to modelthe frameinterarrivalsis a poor one,asin-
dicatedby internetdelaymeasurementd 3], [14]. Nevertheless,
theexponentialdistribution providesfor alargecoeficientof vari-
ation,comparedo actualinterarrival distributionswhich fit better

to anormaldistribution, soit canbeusedasalower boundon sys-
tem performanceThe exponentialdistribution modelseffectively
theinterarrvalswhenthe network is overloadedandframestend
to arrivein clustersfollowedby large periodswith no arrivals.

The playoutcontroller of the systemdisplaysframesat a rate
1 equalto theactualvideorate A, wheni, the numberof buffered
framesjs greateithanor equalto athresholdvalueTH. In all other
casedt playsframesatalinearlydecliningrateu(#) corresponding
to anextendedramedurationB (%) accordingto:

. min(& 1) if 1<i<N
,u(z)é{ H e T 1)
T if i=0
TH 1 ;
. maz(-=, ) if 1<i<N
BG) 2 i S
@ { TH if =0

If T = 1/p is the normalframe duration,keepingthe frameon
display for morethanT', accordingto B(i), is equialentto in-
troducinglogicaltime discontinuitiesi() betweerframes during
which no new frameis displayedasit should. The enduserwill
realized(i)s asframefreezes Thedurationof d(¢) is statedepen-
dent;for non-zeradi, d(i) is thedifferenceB (i) minusT'. Thus,

{

Note thatd(0) is composedf two terms,S which is a random
variablefor thetime interval from buffer underflav instantto the
firstnew arrivalinstantand TH=L whichis thediscontinuityd(1),
correspondingdo the reducedplayoutratewhenthereis only one
framein the buffer 1. In IV-A we usethe exponentialdistributed
S, with meanvaluel/A, for the derivation of the steadystatebe-
havior of the system.

In [4] the varianceof discontinuity (VoD) is usedasa stream
continuity metric. VoD is justlim,, o, E{(d,, — d)?}, whered,,
is thediscontinuityoverthenth playedframeandd is theexpected
valueof d. VoD captureghe disruptie effect of underflavs and
of intentionallyintroducedgaps.We enhanceé/oD by introducing
theVarianceof Distortionof Playout(VDoP), which addsto VoD
thedisruptive effect of framelossesdueto buffer overflow. VDoP
canalsobeusedin systemsvherelate framesareconsideredost.
VDoP capturesthe varianceof the Distortion of Playout(DoP)
which is causedeither by interframegapsor by loss gaps. We
definethe statedependenboP as:

TH-i o) if 1<i<N

1=0

max(

(i) = s+ THO if @
)

DoP(i) £ a-d@)+6-1;-T (3)
I; is the expectednumberof lost framesduring the next frame
playout, given that the systemis left with i framesjust after the
last frame presentation.ac and § are weightsfor jitter gapsand
lost frames. Throughoutthe remaindernf the paperwe useequal
weightsa = § = 1. This selectionis basedn recentstudieq15]
thatreportanequaldegradationof perceptuabjuality in the pres-
enceof jitter andpacletloss.We definel’fn as:

i

If , £ Prob{k lostframesduringplayoutof n + 1th frame
nth playedframeleavesthe systemin statei}

LFollowing anunderflav, playoutwill startassoonasaframearrives. Theplay-
outdurationfor thatframewill be B(1).



1% £ lim,_,o I¥, is the steadystateprobability asn approaches
infinity. I¥ is givenby:

I¥=P{N —i+1+k,B(i)}

whereP{m,t} is thePoissordistribution for the probability of m
new arrivalsin aninterval of durationt andN is thebuffer size.l;
is the expectedvalueof 1.

Theintegrationof all causef discontinuity to a singleconti-
nuity metric, DoP, providesthe commongroundfor the compar
ison of all playoutadaptationrscheme®n the samebasis. In the
currentwork we have focusedon thresholdbasedateadaptation,
neverthelessDoP canalsobeusedto quantifythe performancef
moregeneraladaptatiorschemese.g.,schemeshat not only ex-
pandthe durationof framesbut alsoshortenit to controllateng.

B. TheM/G/1 Queueandthe Embeddedarkov Chain

In this sectionwe derive the steadystateprobability distribu-
tion for {I,, }»>0, the playoutbuffer occupang on the nth frame
departuranstant(completionof the nth framepresentation)Un-
derthe Poissonassumption{I,,} becomesa Markov chain. The
statetransitionprobabilitiesp; ; for thebuffer occupang chainare
givenby:

P{j,B(0)}

1- Y0 P{k, B(0)}
P{j—i+1,B(i)}
1- Y7 P{k, B(i)}
P{0,B(i)}

0

i=0,0<j<N
i=0,j=N
0<i<N,i<j<N
0<i<N,j=N
0<i<N,j=i-1
elsavhere

Dij =

4)
We useaniterative methodfor the solutionof the stationaryequa-
tions 7(3)("t1) = 7(§)(™ . P, whereP is the transition matrix
of (4) andn(i),i = 0,..., N, arethe steadystateprobabilitiesof
{I,}. Thesuperscriptndicatestheiterationstepnumber

IV. RESULTS AND DISCUSSION

In this sectionwe studythe effect of TH onthetwo antagonistic
metrics,the reductionof the MeanPlayoutRate(MPR), with re-
specto theactualplayoutrateu, andthestreamcontinuitymetric.
For streamcontinuity we useboth VoD andVDoP andjustify the
adwantage®f the secondoverthefirst.

A. AnalyticalResults

The resultsare derived underthe Poissonarrival processas-
sumptionandthe forementionedV/G/1 formulation. MPR is the
expectedvalue of (1); VoD and VDoP, are the variancesof (2),
(3), respectiely. In Fig. 1, weillustratetheeffectof TH onaPVR
with abuffer spacdor N=100framesandA==30frames/second.
The top graphillustratesthe reductionof MPR with TH. This is
an expectedbehaior asthe scheduleremploys reducedplayout
ratesmorefrequentlyunderalarge TH value.In themiddlegraph
we plot VoD againsfTH. This graphrevealsaninterestingsystem
behavior. Contraryto whatwe would expect,increasinglH does
not alwaysleadto lower (better)valuesfor VoD. This occursbe-
causefrom a TH valueandon, the meanoccupang of the buffer
is relatively high comparedo the maximumbuffer capacity This,
in conjunctionwith the variability of the arrival processcauses
substantiapacletlossesdueto buffer overflow. Buffer overflows
increasethe frequeng at which the occupang dropsbelon TH.

Effect of TH on MPR, VoD, VDoP for finite capacity state-dependant M/G/1 chain
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Fig. 1. Analytical resultsfor a systemwith buffer for N=100frames.

This in turn meansthat the playout controllerhasto apply a re-
ducedplayoutratenotdueto thearrival variability andthedanger
of underflaw, but dueto the massve overflovswhich dropthe oc-
cupang belov TH. Thisis clearlyanundesirableffectthatlimits
the areawherea healthytradeof betweenvoD and MPR exists.
Moving to theright of thatcritical valueof TH, resultsin adeterio-
rationof bothmetricsof interesthusshoulddefinitelybeavoided.
The positionof the critical TH valuedependn the relationship
betweenthe variability of the arrival processandthe size of the
buffer. In SectionlV-B we study this relationshipby meansof
simulationusinga two stateON-OFFMarkov ModulatedPoisson
Process.

In the bottomgraphof Fig. 1 we plot VDoP againsfTH. Com-
paring VDoP with VoD we recognizethat both metricshave the
samebehavior with TH. Thevaluesof VDoP arehigherthanthose
of VoD for thesameTH value. Thatis becaus&DoP addsto VoD
thedisruptie effect of overflovedframes.Moreover, we seethat
themonotonicityof theVDoP curvechangestsomeTH andisin-
creasingaggressiely asTH approachethe maximumbuffer size.
Therearetwo reasondor this behavior. Thefirst is the sameas
theonealreadydiscussedor VoD, andhasto do with slovdowns
causedy thebuffer occupanyg reductionbecaus®f lossesdueto
overflon. The secondreasonnot capturedby VoD, is dueto the
rapidlossof overflowedframeswhenoperatingathigh TH values.

B. SimulationResultsMth MMPP Souces

In this sectionwe studythesensitvity of the playoutrateadap-
tationmechanisno network congestionCongestiorcreategitter
which is realizedas burstinessof the frame arrival process.We
have constructed simulationmodelthatemploys an exponential
ON-OFFMarkov ModulatedPoissorProces$16] for thegenera-
tion of framearrivals. By choosingappropriatgparameter$or the
ON-OFF model,we createan arrival procesghatis more bursty
thanthe Poissormprocesf equalrate. The statisticalbehavior of
thetwo-stateexponentialON-OFFsources completelydescribed
by thefollowing parametersiAow, therateof the Poissormprocess
—in framespersecond- during ON state;uon, therateatwhich
the underlyingMarkov procesdearesON state;uorr, the rate
at which the Markov procesdeaves OFF state. The meanframe

. fe _ . HOFF
generatiorratefor theprocesss: A = Aon Ty



In Tablel we presenthethreeMMPP sourcesf thesimulation
study in anincreasingorderwith respecto burstinessThesimu-
lationresultsfor VoD, VDoP, MPR for thethreesourceof Tablel
areillustratedin Figures2, 3, 4. Both VoD and VDoP curves
for bursty MMPP sourcesnove towardshighervaluescompared
to the lessvariable Poissonsourceof Fig. 1. Also we obsene
thatthe declineof MPR with TH is more aggressie with bursty
sourceqFig. 4). As for thatcritical TH value,wheremonotonic-
ities for VoD and VDoP change(startto increase)we obsene
thatit movestowardsthe left (lower values)asthe sourcebursti-
nesgecreasegndtowardstheright (highervalues)for increasing
burstiness Assumingthatthe underlyingarrival distribution does
not changesignificantly with time, we can estimatethe position
of the critical TH valueby usinganalyticalor simulationresults.
The selectionof a desirableTH valuefor the PVR will bea com-
promisebetweenMPR andstreamcontinuity. In all casegshe TH
valuemustresideon the left sideof the critical TH value. It is in
thisareathatthedeclineof MPRis tradedfor betterstreamconti-
nuity. Moving to theright of thecritical thresholdvalueresultsin
bothworseMPR andworsestreamcontinuity.
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V. CRITICAL THRESHOLD ONLINE DETECTION ALGORITHM

The critical thresholdvalue (TH.) that minimizesVVDoP has
beendeterminedanalytically for Poissorarrivals(IV-A) , andvia
simulationfor MMPP sourcegIV-B). Here, we presentan on-
line algorithmfor the detectionof TH, whenthe underlyingar-
rival processis an unknavn MMPP or Poissonprocess’. The
linearrecursve filter [17] of (5),(6) is usedfor the online estima-
tion of the valuesfor VDoP, on a per framebasis. The estimates
V DoP are averagedover a window W to provide the smoothed

estimatel’ DoP. Apartfrom beinga samplinginterval, W is also
the control interval for the TH, detectionalgorithm. The algo-

rithm looksfor aminimumV DoP by startingfrom aninitial small
valueTH, andincreaseshethresholdby 6 TH every W samples,

until achangen the monotonicityof V DoP is detected Thelast
thresholdvalue senes asthe estimatefor TH,. We assumehat
the arrival processchangesdts statisticalpropertiesvery slowly
comparedo the durationof the detectionprocess.A sampleim-
plementatiorof thealgorithmis presentedh Tablell. Fig. 7 illus-
tratesthe 2-level controllerfor the detectionof TH,..

DoP, 2 a-DoP,_; + (1 —a) - DoP, (5)
VDoP, 2b-VDoP,_1 + (1 —b) - (DoP, — DoP,)?> (6)

Fig. 5 illustratesthe evolution of V. DoP with time, for a PVR
thatstartswith aninitial thresholdvalueTH=1, andincrementst
in stepsof §TH=10 every W=1000playedframes. Frameinter-
arrivals are generatedy the first MMPP sourceof Tablel. The
linearrecursve estimatorusesa = b = 0.9999. In Fig. 6 we plot
V DoP, the correspondingmoothedversionof V DoP. Theav-
eragingover the window W actsasa low passfilter on V DoP.
Runningthe onlinealgorithmon thesesettingswould return21 as

2Basedon thejustificationof the relationshipbetweervDoP and TH, we don't
have reasongo believe that the detectionalgorithmwill not work with general
distributions,notonly MMPP andPoisson.

TH— TH,
VWH LE TH<N DO
for every frame n DO
updat e estimates DoP,,VDoP,
store VDoP,in WVDoP[n mod W
every W sanpl es of VDoP DO
cal cul ate VDoP,,, over W sanpl es

| F VﬁOPnow < V.lePpreviouS

TH— TH+6TH
VﬁOPprevious — VﬁOPnow
ELSE
break fromwhile | oop
END VHI LE
TABLE 1l

ONLINE ALGORITHM FOR THE DETECTION OF TH,.
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the valueof TH,. Thisis anaccurateestimationfor the optimal
long termvalue of TH, of Fig. 3 which is obtainedby calculat-
ing VDoP (actualvalue)from four hour simulationruns. It must
be notedthat the scenariopresentechereis only to supportthe
feasibility of the TH, detectionalgorithm. For an actualimple-
mentationthe choiceof systemparameterga, b, W, §TH) should
bebasedn trueinterarrval measurements.

For the operationof the online algorithmfor TH,, a staticar
rival processhasbeenassumediuring the detectionphase. The
valuethatwill bedetermineddy the algorithmis accuratedor that
specificarrival process.The arrival processhowever, canexhibit
changef its statisticalbehaior acrossvarioustime scales. In
this casethe valuefor TH, returnedby the online algorithmcan
differ significantly from the real value for TH, associatedvith
thenew arrival processA controlmechanisnis requiredto iden-
tify the new critical threshold.Sucha mechanisnshouldmonitor

V DoP andinitiate a new searchphasewhenthe currentV DoP

valuediffersfrom the V DoP valueof theinitial TH. morethana
maximumdistance:. Thesearctor thenew thresholdTH?, would
follow the paradigmof thedetectionalgorithm,usingacontrolin-
terval W andastepdTH. Thedirection,relativeto thecurrentTH,
in which the new detectionphaseshouldmove canbedetermined
from the understandingf the systembehaiior asrevealedfrom
Fig. 3, whereTH,. movestowardshighervalueswith increasedn-
terarrival variability. Consequentlya detectionalgorithmwould
1

comparethe currentV DoP with the V. DoP of the initial TH,

and searchfor TH’, towardsthe left, if VDoP < VDoP and
towardstheright, otherwise.

VI. CONCLUSIONS

In this paperwe have presented playoutadaptatioralgorithm
for paclet video recevvers. The performanceof the algorithm
has beenstudiedaroundtwo antagonisticperformancemetrics,
the streamcontinuity andthe reductionof meanplayoutrate. A
new metric, the Varianceof Distortion of Playouthasbeenintro-

Target
minimize VDOP VD?JP(n) buffer level (n)
¢ ¢ ¢ playout
TH(n) playout rate (n)
TH controller controller

Fig. 7. 2-level controllerfor thedetectionof TH,.

ducedandits potentialadvantageoverapreviouslyusedcontinuity
metric hasbeenpointedout. We have extendedprevious knowl-

edgeon continuity/playout-ratdradeof, by identifying the area
of thresholdvalues,wherea beneficialcompromisebetweenthe
two performancemetricsexists. Basedon analysisand simula-
tion we have studiedthe behaior of the playoutalgorithmandits

sensitvity to the variability of the arrival process.Basedon that
knowledge,we have proposedan online algorithmfor the control
of therateadaptatiormechanisnin implementedsystemswhere
thedistribution of interarrivalscanbeallowedto changewith time.
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