Abstract

We take the position that it is time to revisit and challengethe
dogmathat TCPis undesirabldor audioandvideo streaming.We
conterd thatnew compressiompracticesandreducedstoragecosts
male TCP a viable and attractve basisfor streamingstoredcon-
tent. Our approachhasmuchin comma with the recentprolif-
erationof work on TCP-friendly streaming,but using TCP itself
posedistinctchallengesandprovides several advantags. To sup-
port our position, this paperdescribesan architecturefor content
preparatioranddelivery intendedto demonstrateffective stream-
ing of storedcontentover TCP. We presenpreliminaryresultsfrom
implementinga QoS-adaptie video systembasedon the proposed
architectureanddescribeour ongoingwork on streaming.

1 Intr oduction

Lossycompressions anold ideafor digital video. The basicprin-
cipal is to allow droppng of datain excharge for higher com-
pressionratios. Lossy compressionhasbeendeeplystudied,and
mary heuristicsfor haw to bestdrop dataare now well known.
Theseheuristicsoften work by taking advantage of characteris-
tics of humanperceptuakystems.Lossy compressioriechniqes
areusuallyjudgedthroughrate-distortionmetrics. Rate-distortion
metricsare measuresvhich relatethe compressiorratio to some
objectve measureof quality loss. Much of the progressin the
field hasconcermedimproving rate-distortionperformance While
the rate-distortiontrade-of hasalways beenfundametal to lossy
video compres®n work, it is only recentlythat commonvideo
compres®n standardshave addedsupportfor adjustmentof the
trade-of during the delivery stepratherthanjust during encoding
step[8 1, 7] Thenew challengis to factorthecompres®mn process
in away thatkeeps the computationatompleity in theinitial en-
codingstep yetstill allowsthedelivery stepto preciselycontrolthe
rate-distortiortrade-of. In this paperwe classifythesenew com-
pressionformatsas QoS-adaptive video. Therearemary possible
usesfor QoS-adaptie video.

QoS-adaptie videomay be usedto expandthelife-expectanyg
of encodedcontent. For example,a movie may be encodel with
highestquality possible but deployedatlow quality level this year
andre-deplyedathigherquality next yearwhennetwork capacity
is greateror cheagr. QoS-adaptie compressia hasbenefitbe-
causeencodirg is time andcostintensie.

QoS-adaptie video may be usedto increaseutilization on
broadasttransmissiorchannels Transmissiorchanrelsmay mul-
tiplex VBR video flows to take advantageof statisticalmultiplex-
ing. The utilization in suchaggreateflows can be increasedf
videodegradegracefullyduringtransienbverloadconditions.For
video-n-demandVOD) systemsthis translatesnto highernum-
bersof simultaneos streamserunit cost.

Finally, QoS-adaptie video canbe usedfor delivery over the
currentinternet,evenwith its best-efort servicemodel. In partic-
ular, the thesisof this paperconcens how to besttake advantage
of QoS-adaptie videofor streamedlelivery over the Internet.Our
initial focusis on VOD applicationswherecontentis compressed
offline andat delivery time is streamedrom a storagesener. Our
work straddleghetwo area®f QoS-adaptie compressiomndnet-
work streaming.

The readermight wonder aboutwhat distinguishesstreaming
from download For avideo, we definethe download modelto be
wherethe transferof the video mustcompletebeforethe videois
viewed. Transferandviewing aretemporallysequential With this
definition, it is asimplematterto emplogy QoS-adaptie video. One
algorithmwould be to deliver the entire video in the order from

low to high quality compaents.Theusermayterminatethe down-
loadearly andtheincomgetevideowill automaticallyhave ashigh
quality aswaspossiblé. Thus,QoS-adaptie downloadcanbeim-
plementedn an entirely best-efort, time-insensitie, fashion. On
theotherhand,we definethe streamingmodelto bewheretheuser
views the video at the sametime that the transferoccurs. Trans-
fer andviewing areconcurent. Therearetimelinessrequirements
inherentin this definition, which canonly bereconciledwith best-
effort delivery by a time-sensitre adaptve approach. The chal-
lengewe poseis this: atwhatlevel shouldthis adaptatioroccur?

1.1 Anti-TCP Dogma

Numerousworks on streamingvideo have assertedhat TCPis un-
desirableor videoandaudiostreamingyet proposealternatesolu-
tions compatiblewith the samebest-efort IP infrastructure[4,11,
18, 15]. We identify two comma objectionsat the root of this
dogma.

1.1.1 Packet Retransmissions

OneobjectionstateghatTCP'suseof pacletretransmissioniitro-
ducesunaccepableend-to-en lateng. Theclaimis thatresending
the datais not appropriatebecausggiven the real-time natureof
video, the resentdatawould arrive at the recever too late for dis-
play. This lateng constraintcanbe addressedhroughclient-side
buffer managenent—if it doesnot conflict with application-leel
lateny requirements. The point of conflict occurswhen the la-
teng requirementsretight relative to pathround-triptime (RTT),
becausea TCP senders earliestdetectionof lost paclets occursin
responséo duplicateACKsfrom therecever. Forinteractve appli-
cationssuchastele-conferening or distributed gaming,usersare
highly sensitve to end-to-enddelaysmorethan200 milliseconds.
This end-to-enddelay requiremenipersistsfor the durationof in-
teractive applications.Our target applicationis VOD from stored
media.Interactie events,sucha start,pausefast-forward, etc. are
infrequent. Oncethe video is started,the useris not affected by
end-to-endateng, aslong asthevideoappeardo play correctly

An alternatgroblemwith retransmissiofs its potentialto limit
the effectivenesof end-to-endeedba& mechanismsNamelythe
QoSfeedback, which controlsthe video's rate-distortiortrade-of.
We expectthis controlshouldoperateon amuchcoarsetime scale
than RTTs, sincefrequentquality changes are unpleasanfor the
viewer. This implies that large client-sidebuffers are desirable,
which is consistentwith the resultspresentedn [5, 16], where
client-sidebuffersarelarge enowgh that QoS-adaptatioganoccur
on timescalef minutes. With today’s low costsfor storageijt is
feasibleto buffer suchlarge amouris of data.

1.1.2 CongestionAvoidance

Anotherobjectionstateshat abruptrate variationsdueto conges-
tion avoidanceimpedeeffective streaming.The congestioravoid-
ancealgorithmsof TCP have beenheaily studiedandfrequently
discussedn the literature[6,9, 13]. Briefly, the congestionalgo-
rithm is designedo probeavailablebandvidth, throughdeliberate
manipulationof the transmissiorrate. The client applicationcan
smoothout the rate variationsby employing buffering, which es-
sentiallyborronvs somecurrentbandwidthto protectagainstfuture
reductions.This only worksfor transientratedecreasesyhoseef-
fectsaresmallrelative to the buffer capacity Therecanandwill be
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sustainedeductiongn TCP'srate,whichwill leadto buffer unde-
flows regardlesof buffer size. QoS-adaptatiofeedbackmitigates
sustainedatechangesy adaptingtherate-distortiortrade-of.

Many TCP-friendly protocolswith claims of bettersuitability
for video have beenpropased[4,11, 18, 15, 19]. Theseprotocols
recogrize the needfor congestioravoidance but proposemecha-
nismswhich provide servicewith smoothe short-ternratebehar-
ior. Smoothetransmissiorwould allow a QoS-adaptie controlto
work with smallerclientsidebuffers. Againthoudh, we expectthat
our targetapplicationworksbetterwith large client sidebuffersbe-
causethey afford lessfrequentQoS-adaptationFurthermoreijt is
difficult in generalto achieve acceptancend deploymentof new
network protocols[2].

1.2 QoSAdaptation: Application or SystemLevel?

Someof therecentwork on QoS-adaptie streaminghasbeenbased
on tight integrationbetweenthe QoS-feedbaclandthe congestion
avoidancemechanism[1p In particular the QoS-adaptatiomlgo-
rithm expectsdirectaccess$o congestionavoidancestatesuchasin-
stantaneosroundtrip time, andexpectssynchraizationwith con-
gestionwindow adjustmentsOneway to achiese thisis to imple-
mentthe QoS-adaptatiodirectlyin thekernel,alongsidehetrans-
portprotocol. Alternatively, thetransportinterfaceto the userlevel
might be expandel to expose congestionavoidancebehaior[3],
but with this approactthe precisionof userlevel controlwould be
less, due the non-realtimeperformanceprovided by generalpur
posekernels. Either way, the advartage of tight integration with
congestioncontrol is similar to the payof for smooth-ratetrans-
port; thatis, amoreresponsie feedbacknechaismwhich affords
smallerclient sidebuffers.

Wethinkit is clearthatapureapplicationlevel approactshould
be studied. At the very least,the performanceof an application
level solutionis neededo sene asa control datato quantify the
incrementabenefitof systemsupportfor QoSadaptation.

The restof this papermapsout our approacho video stream-
ing. Section2 describeourwork atthe QoS-adaptie videolevel.
Section3 discussestreamingover TCP. We compae our approach
with relatedwork in Section4. Section5 containsour concluding
discussion

2 QoSAdaptive Video

We describeour work on QoS-adaptie video in orderto provide
a foundationfor introducirg our approat to QoS-adaptie TCP-
streaming.In QoS-adaptie video-ondemand(VOD), thereis an
intimate mutual deperleny betweenvideo format and network
transportpecauseate-distortioradjustmets aspartof the stream-
ing. We startedour work at the video level, andassumeaur tar-
get network would at leastsupportthe simplestmodel for QoS-
adaptve delivery we could imagine: priority-labeledpaclets. We
describethevideolayerof our architecturenow. In section3, we'll
discusshow we're usingpriority-dropwith TCP streaming.

In addition to testing our choice of priority-drop discipline,
we have anotherimportantgoal. In our prior experierce with
QoS adaptationfor video[2Q, we obsered that video quality is
multi-dimensiond For example, video has both temporaland
spatial quality dimensions. We realizedthat adaptationpolicies
were neededto specify the most apprgriate use of available
bandvidth[17]. In particularwe wishedthe architectureto sup-
port deplgying the samecontentwith multiple adaptationstrate-
gies. The adaptatiorstrategies could be usedto tailor the content
differently betweenuserswith conflicting requiremets. For ex-
ample,a userwith a small screenmay placelessimportanceon

spatialdetail. For a differentexample,a userwith limited process-
ing might benefitmore by droppingtemporalquality’. We were
thereforeinterestedo seeif asimplemechanisniik e priority-drop
would be expressie enoudh to implementmulti-dimensionalQoS-
adaptatiorstrateyies.

We describeour solutionin threebrief steps:our QoS-adaptie
video formatis describedn section2.1; section2.2 will describe
how adapation strategjies are specifiedand how a specificationis
mappednto a priority labelingfor our QoS-adaptie format. Sec-
tion 2.3 will shav performarte highlights of our appro&h based
on our prototypeimplementation. Furtherdetailsof our work on
QoSadaptve videoareavailablein [10].

2.1 SPEG:A spatial scalability extensionfor MPEG-1

Althoughlayeredscalabilityextensionsarepresentn severalof the
commonvideo compressia standardsfreely availableimplemen-
tationsarenot available. For our purpo®s,the easiessolutionwas
to develop a rapid prototypewith an open-souce MPEG-1 soft-
warecodec[14]. We call our modifiedMPEG-1formatSPEG10].
SPEGaddsspatialscalabilityto MPEG-1,throughlayeredquanti-
zationof DCT data.Our currentimplementatiorhasfour levels of
SNRscalabilityin eachMPEG-1picture.Ourimplementatiordoes
transcodingrom MPEG-1to addthe spatialscalability andfrag-
mentsthe streamsothatspatiallayersfor eachpicturearein sepa-
ratepaclets. Transcodingvascorvenien becausét allowedusto
reusea maximumamouri of availablecodeandvideocontent.The
importantdesignprinciple in SPEGis that a QoS-adaptie video
formatmustfragmentthevideo sothatdatacontributing to orthog-
onal quality-dimersionsare separatednto distinct paclets. This
principleis thekey to separatingQoS-adaptatiomechanisnfrom

policy.
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Figurel1: A utility function. The horizortal axis describesan ob-
jective measureof video quality, while the vertical axis describes
the subjectve utility of a presentatiorat eachquality level. The
region betweerthe ¢nq. andgmi» thresholdds wherea presenta-
tion is acceptate. The ¢, thresholdmarksthe point wherelost
quality is sosmallthatthe presentatiolis “as goodasperfect. The
areato theleft of thisthreshold evenif technicallyfeasible brings
no additionalpercevable value. Therightmostthresholdg,, ., de-
limits the point wherelost quality hasexceedd whatis tolerable,
andthe presentations no longerof ary use. The utility levelson
theverticalaxisarenormalizedsothatzeroandonecorrespondo
the“useless’and“as goodasperfect’thresholdsin theacceptale
region of thepresentationtheutility functionshouldbecontinuows
andmondonically decreasingreflectingthe notion thatdecreased
quality shouldcorrespmd to decreasedtility.

2.2 QoS Specificationand Mapping

A utility functionis thesimpleandgeneraimeanswe useto specify
QoSpreferencesor video. Figurel depictsthe generalform of a
utility function.

2In our experience frame-droppiry is more effective for reducingCPU require-
mentsthandroppingspatialdetail



We have developedanalgorithmfor dynamicallymappingfrom
utility functionsto a priority assignmentor the pacletsof a QoS-
adaptve video. Our implementatiorof the QoS- mapper works for
the two quality dimensiors, temporaland spatialresolution,sup-
portedby the SPEGformat. Separatautility functionsare given
for eachdimension The currentimplementatioremplays 16 prior-
ity levels. We expectfiner-grainedadaptatiorwould be necessey
in practice,but 16 priority levels wereenoughfor usto be ableto
getagoodideafor the potentialperformanceof the approab. We
summarizeour resultsnext.

2.3 QoS-Mapping Results

In this section,we presentresultsof experimentsto characterize
the adaptationperformanceof our approach.The adaptatiorper
formanceis measuredvith respectto both presentatiorQoS and
resourceQoS. The experimentswere conduded for threeadapta-
tion policies,asspecifiedby differentsetsof utility functions.The
presentatioQoSresultsshav thatour approactsuppatstailorable
adaptatiorin multiple QoSdimensions.The resourceQoSresults
demorstratethatthe adaptationcoversa wide rangeandis evenly
distributed.
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Figure3: QoSMapping Appliedto SPEG

In figure 3(a)and(b) we seea QoS-adaptatiostrateyy consist-
ing of equallinearutility functionsfor temporalandspatialquality.
We will explaintheresultsfor this strategyy here.Furtherresultsfor
otherstratgjiesarepresentedn [10].

Figures3(c) and (d), shav the presentatiorQoS derived from
this policy for variouspriority-drop thresholds.Thatis, giventhe
priority-labeling producedby the QoS mapper the graph shavs
whatquality level is realizedat eachof the 16 priority-dropthresh-
olds. The priority dropthreshold areon the horizortal axesof the
graphs An increasedoriority drop thresholdmeansmore paclets
aredropped.

Ideally, the presentation-Qographswould look the sameas
theutility functionsthey werederivedfrom. In particulartherange
of acceptabl@resentatioQoSwould be covered,andthe shapeof
adaptationwould follow the shapef the utility functions.Figure
3(c) shaws the relationshipbetweenpresentation-Qo%or tempo-
ral resolution(framerate)andpriority-drop threshold.It shouldbe
notedthat figure 3(c) containslines for eachof the test movies,
but they overlap very closely becausethe mapperis able to la-
bel paclets to follow the utility function policy closely Although
desirable,this resultwas not entirely expectedbecaus MPEG’s

inter-framedepen@nciesconstrainthe orderin which framescan
be dropped, andsomeGOP patternsare particularly poorly suited
to framedroppng. On the spatialresolutionside, in figure 3(d),
we notethat our currentmapperdropsresolutionlevels uniformly
acrossall frames resultingin a stairshapedyraph,sincethereare
only 4 SNRlevelsin SPEGIn asmuchasthe SPEGformatallows,
the presentation-Q8 matcheghe specifieduserpreferences.
Resourc&oSadaptatiomprofilesareshavn in thethird pair of
graphsin Figures3(e)and(f). We shav the averagebandwidthof
themoviesateachdropthresholdasapercentagef thebandwidth
whenno paclets aredropped. Similarly, we shov the CPUtime re-
quiredfor clientsideprocessig of thevideoateachdropthreshold.
A goodshapefor thesegraphswould be smoothandlinear over a
wide rangeof resourcdevels. We seethatbandwidthin Figure3(e)
doesindeedrangeall theway down to only afew percentalthough
thereis a rathersharpdrop whenthe first SNR layer is droppel.
CPUtimein Figure3(f) is very nice andsmooth,althoughit does
not cover asmuchrangeasbandwidth andreachesa minimum of
aboutl0percentWe alsonotethatthemoviesarecloselyclustered
in theirresource-Qo$raphsjndicatingthatadaptations indepen
dentfrom differencesn encodes or encode parameters.

2.4 The Price of Adaptation

We now describesomeof the performarce costsassociatedvith
dynamicquality adjustment. Figure 4 compaes performarce for
MPEGandSPEGversionsof moviesatthe samepresentatiorQoS
level.

Giventhewide rangeof adaptatiorshovn in the adaptatiorex-
perimentstherelatively smallbandvidth overheadof SPEGis en-
couragirg, especiallyconsideing the simplicity of the approach
usedin SPH5. The CPU overheadis more severe, but we know
thereis greatroom for improvement. The choiceof transcoding
SPEGbackto MPEG was convenientfor constructingthe experi-
ment,but is anobvious majorsourceof un-necasaryoverhead.

We alsostresshatalthoughour videoimplementatioris based
on MPEG-1video, thetechnigesareapplicableto the othermost
popuar openformats:MPEG-2,MPEG-4,andDV[8, 1, 2]. Webe-
lieve our approad will apply especiallywell to theupcaming Fine
GranularityScalabilityextensionto MPEG-4visual standard[1P

3 TCP Streaming Approach

We now considerthe problem of streamingQoS-adaptie video
over TCP. The main challengeis to do our bestto take advantage
of available bandwidthwhile maintainingreasombly smoothpre-
sentationquality. We usethe notion of goodput to quantify the
bandwidthefficiengy. We definegoodput as the rate of dataar-
riving on-time at the client, thus contributing to the video quality
experiencel by theuser Somedatawill arrive late,reducinggood
put. Sincegoodpd is limited to the actualthroughpt provided by
TCR we shouldensurghatwe maximizeTCP’sthrought. Given
TCP’s flow andcongestioravoidancemechanisms[p the way for
an applicationto maximizethe throughpt of a TCP flow is to be
work-conserving atthe sener—the sener shouldalwayssenddata
asfastasTCPwill accept.

With our QoS-adaptie video architecture goodput translates
into two-dimensios at the applicationlevel. One dimensionof
goodoutis theprogressn time. The otherdimensionof goodpu is
the quality-level, asemboded in paclet priorities. Keepingthese
two dimensionsn mindwill helpin undestandingour approacto
streaming.They arecentralnotionsin our streamingnodel,which
we now describe.



Video Resoluion | Length | GOP
(frames) | pattan
Giro d'ltalia 352x240 1260 BBIBBPBBPBBPBBP
WalliceandGrommit | 240x176 756 IPI
Jacke Chan 720x480 2437 IBBBPBBB
Apollo 13 720x480 | 864 BBIBBP
Phanton Mena@ 352x240 | 4416 BIBPBPBPBPBPB®BP

Figure2: Movie Inputs. The movieswerecodedwith several differentMPEG encocers. A variety of contenttypes,movie resolutionsand
GOPpatternswverechoserto verify our techniquegperformconsistently

Video MPEG SPES Increase | MPEG | SPEG| Increase
bandvidth | bandwidth| bandwidth| CPU CPU | CPU
(Mbps) (Mbps) (%) (secs) | (secs)| (%)

Giro d'ltalia 1.823 2.121 16.3 45.8 729 | 59

WalliceandGrommit | 0.968 1.081 12.7 12.1 16.6 | 37

JackieChan 1.839 2.479 34.8 216 252.2 | 17

Apollo 13 3.474 4.193 20.7 89.3 1215 36

PhantomMenace 1.228 1.313 6.9 103.7 | 180.4 | 74

Figure4: Overheadof SPEG

3.1 Priority-Pr ogressStreamingModel

The basicabstractionwe usefor QoS-adaptie video is what we
call a priority-progress stream. A priority-progressstreamis a se-
querceof paclets,eachwith atimestampmanda priority. Thetimes-
tampsexposethe timelinessrequiremets of the streamandallow
progresgo be monitored The priorities allow informed-drgping
in timesof resourceoverload
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Figure5: Priority-ProgresStreamingStreaming

The priority-progressstreamingmodelis depictedin figure 5.
A senerandclientprocessreseparatedy a bottleneck.The bot-
tleneckprovidesbest-efort, reliableservice. TCPis the bottleneck
we're concerred with in this paper The sener sendsthe paclets
throughthe bottleneckto the client at a rate which matchesthe
progresgatewith thereal-timerateof the presentationlf the bot-
tleneckcant keepup with thesenders currentdatarate,thesender
reducesthe rate through priority-droppng. The data-rateof the
streamwill often be kept somavhat belav the rate of the bottle-
neckin orderto allow client side buffers to reachsometamet fill
level. Thedataheldin bufferswill be usedto absorbtransientre-
ductionsin the bottleneckrate. Before we considerthe detailsof
the streamingalgorithmandprotocols we mustrefinesomedetails
of paclet semantics.

We assumeno two paclets may be labeledwith the samepair
of timestampand priority. This is a logical consegenceof our
informed-drgpingobjective. Sincewewish all droppirg decisions
to be informed, it doesnot make senseto have paclets that can
not be distinguished either by priority or timestamp. If we did,
the droppingalgorithm might be facedwith making arbitrary de-
cisions: given a pair of pacletswith equd timestampandpriority,
which is the betterto drop? If therereally aresucharbitraryrela-
tionshipsin the data,we disambiguatesuchpacletsaheadof time

in the QoS-mappestage.

Eachpacletin a priority-progressstreamalsocontainsonead-
ditionallabel,a dependency-barrier flag. In our model,thepriority
orderingis cumulative, lower priority dataalways depend on at
leastsomeof the higherpriority data. This reflectsthe structureof
quality-adapive video formats,which usecumulatve quality lay-
ers.Thevalueof thedepemleny barrieris truewhenall preceding
paclets arefree of depemlencieson the currentor ary subsequen
paclets. Thedepenéng/-barrierflag is meantto capturethe scope
of cumulatve depemencies,informationwhich the streamingal-
gorithmscanuseto improve goodout. Without the flag, an adap-
tive dropping mechanismmight never be surethatit is notsending
a paclet which hasa danding-dependacy. A paclet hasa dan-
gling depen@&ng/ whensomeotherpaclet on which it depend is
droppeal. Wheneerthesener’s sendingrateis increasedpriorities
aloneprovide insuficient informationto avoid sendingdangling
depemleny paclets. Sendingsuchdanding-depeneéng/ paclets
is awasteof throughpt, andit eatsaway from potentialgoodput.
Thestreamingalgorithmcanavoid this problemby waiting for the
next depemleng barrierbeforeit raisesthe sendingrate.

This completeour modelof QoS-adaptie streaming.To sum-
marize,eachpacletin a priority-progresstreamcontainsthreela-
bels:time-stamppriority, anddepemleny barriet

3.1.1 The Streaming Algorithm:
Client-Buffer Management

Priority-Dr opping and

Our QoS-adaptie streamingprotocolis client-driven. The sener
periodicallyrecevesrequestdrom the client which consistof two
values: a drop time, and a prefetch-horiza time (seeFigures5
and®6). In responsdo the client-messageshe sener pushe data
in a best-efort fashion. Thetimesin the client requestarein the
sametime unitsasthepriority-progresaclet timestampsAt ary
giventime, the sener is sendingpaclets with timestampsetween
the currentdrop time and prefetch-horiza time, in priority-order.
As we mentionedearlier the sener will attemptto sendasfastas
TCP will allow. The client side of the algorithm regularly send
requestmessage$o the sener to advance the two timesforward.
Thesenerwill notnormallyreachthe prefetch-hoizontime before



thetimesareadwanaedby theclient.

Presentation Drop Prefetch-Horizon
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Quality
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Figure6: QoS-adaptatioalgorithmtimeline

Eachtime the sener receves a new requestfrom the client,
somelow priority pacletswill be droppal andhigh-priority pack-
etsbecomenenly eligible for sending The dropped paclets are
thosewhosetimestampsarelessthanthe new drop-time. Thenum-
ber of paclets dropped will directly reflectthe deficit betweenthe
available bandwidthandthe maximumbandwidthrequiremets of
the stream.In this way, the sener automaticallydiscoversthe cor-
rect pacletsto send. The newly eligible paclets are thosewithin
the new prefetch-forizontime. The sener usesan enhancd form
of priority-queueto reorderthe paclets by priority. The sener
alsomaintainsa separatejueueto track of depemleny barriersin
the streamandadjuststhe drop-timeandprefetch-horizono align
with thebarriers.This ensureslangling-d@endenesdo notoccur
attheclient.

Theclient side of the algorithmusesheapdatastructureto re-
orderdatabackinto timestamporderbeforepassingt dowvnstream
tothevideodecodr. Theclientadvanesthedrop-timeatthesame
rate as the presentatiorrate, althoughit computesthe drop time
by addinga constantpreroll offsetto the presentatiortime. The
preroll shouldbe setto a conservatie estimateof the worst case
lateng for client-requestso reachthe sener. Theclientcancon-
trol the balancebetweenstability and responsienessof the QoS-
adaptatiorby adjustingthesizeof the adaptation interval, whichis
the distancebetweerthedroptime andthe prefetch-heizon time.

We arecurrentlyimplementingthesealgorithmsandsettingup
teststo measurethere performancethrough TCP simulations,as
well asreal-world testswith ourexisting QoS-adaptie videoplayer
implementation.

4 RelatedWork

Ourapproachs distinctfrom similarwork on TCP4riendly quality
adaptve streamind16] in thatour adaptatioralgorithmoperatest
theapplicationlevel. We do not requiredetailedinformationabout
the congestionavoidancedecisionsin the protocol stack. We do
not believe sucha tight integrationis necessaryor Internetvideo-
on-denand,andfavor avoiding unnecessarychangesto operating-
systemkernels. Fenget al. have had good resultswith priority-
basedtechniquefor streaming[$. Our approachextendstheirsto
aricher priority-progressnodel,which offersthe addedcapability
of multi-dimensionabhdaptatiorandtailorableadaptatiorpolicies.

5 Discussion

We have aguedthe casefor streamingvideo with TCP. We claim
that TCP is a viable and effective choice. We supportthis claim
with our experien@ in developing a QoS-adaptie video architec-
ture, anddescribethe designof the TCP-streamingystemwe are
implementing. TCP hasstrongpragmaticadwantagesbecausaet is

3If it does,it meansthe network hasenoughavailable bandwidthto handlethe
videoat maximumquality.

ubiquitous. Alternativesto TCP musthave clearadvantagsif they
areto justify the significanthurdlesof acceptane anddeploymert
in todays Internet.

Our current plans are to measurethe effectivenessof our
streamingapproachusinga mixture of resultsdrivenby TCPsimu-
lationandreal-world measurementsith our existing QoS-adaptie
video implementation.We are alsoplanningto explore the effec-
tivenessof our QoS-adaptatiomppraach for addressig the case
whereclient CPUis the bottleneck.The best-efort servicemodel
provided by TCP is analogos to the behaior of software video
decockrs, especiallyin the caseof variable-bitratecompressed
videos.
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