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Abstract

Streamingof continuousmediaoverwirelesslinks is anotoriouslydifficult problem.Thisis dueto the strin-
gentQuality of Servicerequirement®f continuousnediaandthe unreliability of wirelesslinks. We developa
streamingprotocolfor the real-timedelivery of gprerecordeadontinuousmediafrom a centralbasestationto
multiple mobile clientswithin a wirelesscell. Our protocol prefetchegartsof the ongoingcontinuousmedia
streamsinto prefetchbuffersin the clients. Our protocol prefetchesaccordingto a Join—the—Shortest-Queue
policy. By exploiting rateadaptatiortechnique®f wirelessdatapaclet protocols the Join—the—Shortest-Queue
policy dynamicallyallocatesmoretransmissiorcapacityto clientswith smallprefetchedeseres. Our protocol
useschannelprobingto handlethe location—dependentime—arying, and bursty errorsof wirelesslinks. We
evaluateour prefetchingprotocolthroughextensive simulationswith VBR MPEG encodedvideo traces. Our
simulationsindicatethatfor bursty VBR videowith an averagerateof 64 kbit/secandtypical wirelesscommu-
nicationconditionsour prefetchingprotocol achievesclient stanation probabilitieson the orderof 10~* anda
bandwidthefficiency of 90 % with client buffersof 128kBytes.
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. INTRODUCTION

Due to the popularity of the World Wide Web retrievals from web seners are dominatingtodays
Internet.While mostof theretrieved objectstodayaretextual andimageobjects web—basedtreaming
of continuousmedia,suchasvideo andaudio, becomesdncreasinglypopular It is expectedthat by
2003, continuousmediawill accountfor morethan50 % of the dataavailableon the web seners[1].
Thistrendis reflectedin arecentstudy[2], which found thatthe numberof continuousnediaobjects
storedonwebsenershastripledin thefirst ninemonthsof 1998. At thesametime thereis increasingly
thetrendtowardsaccessinghe Internetand Web from wirelessmobile devices. Analystspredictthat
therewill be over onebillion mobile phoneusersby 2003 and more peoplewill accesghe Internet

from wirelessthanwireline devices|3].



The stringentQuality of Service(QoS)requirementof continuousmediaandthe unreliability of
wirelesslinks combineto make streamingover wirelesslinks a notoriouslydifficult problem. In this
papemwe developahigh performancetreamingprotocolfor thereal-timedelivery of prerecordedon-
tinuousmediaover wirelesslinks. We considerthe streamingfrom a centralbasestationto multiple
mobile clientswithin a wirelesscell. We notethatto our knowledgeour studyis thefirst to develop
and evaluatea protocol for the streamingof prerecordedcontinuousmediaover wirelesslinks. Our
protocolallows for immediatecommencemendf playbackaswell asnearinstantaneouslientinter
actions,suchas pause/resumand temporaljumps. Our protocol gives a constantperceptuaimedia
guality at the clients while achieving a very high bandwidthefficiengy. Our protocol achieves this
high performanceéy exploiting two specialpropertief prerecoded continuougnedia: (1) theclient
consumptiorratesover the durationof the playbackareknowvn beforethe streamingcommencesand
(2) while the continuousmediastreamis being playedout at the client, partsof the streamcanbe
prefetchednto the client's memory The prefetchedreseresallow the clientsto continueplayback
during periodsof adwersetransmissiorconditionson the wirelesslinks. In addition, the prefetched
resenesallow the clientsto maintaina high perceptuamediaquality whenretrieving bursty Variable
Bit Rate(VBR) encodedstreams.

Theprerecordedontinuousnediastreamsareprefetchedccordingo aspecificJoin—the—Shortest—
Queue(JSQ)policy, which strivesto balancethe prefetchedreseres in the mobile clients within a
wirelesscell. The JSQprefetchpolicy exploits rateadaptatiortechnique®f wirelessdatapaclet pro-
tocols[4]. Therateadaptatiortechniquesllow for the dynamicallocationof transmissiorcapacities
to the ongoingwirelessconnectionsin the CodeDivision Multiple Access(CDMA) I1S—95(Revision
B) standardfor instancethe rate adaptationis achiezed by varying the numberof codes(i.e., the
numberof parallelchannelsusedfor the transmissions$o theindividual clients. (Thetotal numberof
codechannelasedfor continuousmediastreamingn thewirelesscell is typically constant. ) Roughly
speakingthe JSQprefetchpolicy dynamicallyallocatesnoretransmissiorcapacityto mobile clients
with small prefetchedesereswhile allocatinglesstransmissiorcapacityto the clientswith largere-
senes. The ongoingstreamswithin a wirelesscell collaboratethroughthis lending and borraving
of transmissiorcapacities.Channelprobingis usedto judiciously utilize the transmissiorcapacities
of thewirelesslinks, which typically experiencdocation—dependw, time—arying, andbursty errors.

Our extensive numericalstudiesndicatethatthis collaborationis highly effective in reducingplayback



stanation at the clientswhile achiezing a high bandwidthefficieng. For bursty VBR video with an
averagerate of 64 kbit/secandtypical wirelesscommunicationconditionsour prefetchingprotocol
achievesclient stanation probabilitieson the orderof 10~* anda bandwidthefficiengy of 90 % with
client buffers of 128 kBytes. Introducinga start—uplateny of 0.4 secreduceshe client stanation
probabilityto roughly 10=5.

This paperis organizedasfollows. In Sectionll we describeour wirelessstreamingarchitecture.
In Sectionlll we develop the JSQprefetchingprotocol. We outline how to emplgy our prefetching
protocolin third generatiorCDMA systemandTDMA systemsWe alsodescribeour simulationset—
up. In SectionlV we introducechannelprobing; a mechanisnthat handlesthe location—dependah,
time—arying, andbursty errorsof wirelessernvironments. We also evaluateour prefetchingprotocol
throughextensve simulations.In SectionV we discusshow our prefetchingprotocolallows for client
interactions,suchas pause/resumand temporaljumps, with minimal delays; numericalresultsfor

clientinteractionsarepresentedWe discusgherelatedworkin SectionVl andconcludéan SectionVIl.

1. ARCHITECTURE

Figurelillustratesourarchitecturdor continuousnediastreamingn wirelesservironments.A cen-
tral basestationprovidesstreamingservicego multiple wireless(andpossiblymobile) clientswithin a
wirelesscell. Let J denotethe numberof clientsservicedby the basestation. We assumdor the pur
poseof this studythateachclientrecevesonestream;thusthereare J streamsn process(Although
someclients might receve the samestream,the phaseqi.e., startingtimes) are typically different.)
The basicprinciple of our streamingprotocol— exploiting rateadaptatiortechniquedor prefetching
— canbeappliedto ary type of wirelesscommunicatiorsystemwith a slottedTime Division Duplex
(TDD) structure. The TDD structureprovidesalternatingorward (basestationto clients)andbackward
(clientsto basestation)transmissiorslots.

Tofix ideaswe initially considera CodeDivision Multiple Acces§(CDMA) systenthatadaptgates
in the forward direction by aggrejating orthogonalcodechannelsthatis, by varying the numberof
codechannelsisedfor transmissionso individual clients. The secondgeneratiorCDMA IS-95(Rev.
B) system[5] is anexampleof sucha system;asis thethird generationrJMTS systemin TDD mode.
(We considercontinuousmediastreamingn third generatiorCDMA systemsand TDMA systemsn
Sectionlll-C.) Let S denotethe numberof orthogonalcodesusedby the basestationfor transmitting

the continuousmediastreamsdo the clients. Let R(j), j = 1,...,J, denotethe numberof parallel
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Fig. 1. Architecture: A centralbasestationstreamsprerecorded:ontinuousmediato wireless(and possibly
mobile) clientswithin a wirelesscell.

channelssupportedoy theradio front—endof client ;. The CDMA 1S-95(Rev. B) standardprovides
upto eightparallelchannelsperclient;in the TDD modeof UMTS upto 15 parallelcodechannelsan
beassignedo anindividual client. Let C' denotethedatarate(in bit/sec)providedby oneCDMA code
channeln theforwarddirection.

Our streamingprotocolis suitablefor ary type of prerecordedtontinuousmedia. To fix ideaswe
focusonprerecordedideostreamsn this paper A key featureof our protocolis thatit accommodates
ary type of encoding;it accommodate€onstanBit Rate(CBR) andbursty VariableBit Rate(VBR)
encodingsaswell asencodingwith afixedframerate(suchasMPEG)anda variableframerate(such
asH.263). Forthetransmissiomoverthewirelesslinks thevideoframesarepacletizedinto fixedlength
paclets. The paclet sizeis setsuchthatone CDMA codechannelaccommaodateeaxactly one paclet
in oneforward slot; thusthe basestationcantransmitS pacletson the orthogonalkodechanneldn a
forwardslot.

Let N(j), 7 = 1,...,J, denotethe length of the video streamsn frames. Let z,,(j) denotethe
numberof pacletsin thenth frameof videostreamj. Notethatfor a CBR encodediideostreany the

z,(j)’s areidentical. Let ¢,(j) denotethe interarrival time betweernthe nth frameandthe (n + 1)th



frameof video streamj in secondsFramen is displayedfor a frameperiodof ¢,,(j) secondon the
client’s screen.For a constanframerateencodingthe frameperiodst, () areidentical. Becausehe
videostreamsareprerecordedhe sequencef integers(z:(j), z2(4),-- -,z n(;) (7)) andthesequence
of realnumbers(t1(j), t2(4),-- -, tn(;) (7)) arefully knovn whenthe streamingcommences.

Whena client requestsa specificvideo the basestationrelaysthe requesto the appropriateorigin
sener or proxy sener. If the requestipasseghe admissionteststhe origin/proxy sener immediately
beginsto streamthevideovia the basestationto the client. Ourfocusin this paperis onthestreaming
from the basestationover the wirelesslink to the client. The streamingfrom the origin/proxy sener
to the basestationis beyond the scopeof this paper We assumdor the purposeof this studythatthe
videois deliveredto the basestationin a timely fashion. Upon grantingthe client’s requesthe base
stationimmediatelycommencestreamingthe video to the client. The pacletsarriving at the client
areplacedin the client’s prefetchbuffer. Thevideois displayedon the client’s monitorassoonasa
few frameshave arrived at the client. Undernormalcircumstancetheclient displaysframen of video
streamy for ¢,,(j) secondsthenremovesframen + 1 from its prefetchbuffer, decodest, anddisplays
it for ¢,,11(j) secondslf atoneof theseepochshereis no completeframein the prefetchbuffer the
clientsuffersplaybackstanationandlosesthe currentframe. Theclientwill try to conceathemissing
encodingnformationby applyingerrorconcealmentechnique$6]. At thesubsequergpochtheclient
will attemptto displaythe next frameof thevideo.

In our protocolthe basestationkeepstrack of the contentsof the prefetchbuffers in the clients.
Towardsthisend,let b(j), 7 = 1,..., J, denotethe numberof pacletsin the prefetchbuffer of client
j. Furthermorelet p(j), 7 = 1,...,J, denotethe length of the prefetchedvideo segmentin the
prefetchbuffer of client j in seconds.The countersb(j) andp(j) areupdated(1) whenthe client j
acknavledgesthereceptionof sentpaclets,and(2) whenaframeis removed,decodedanddisplayed
atclientj.

First, considerthe updatewhenpacletsareacknavledged.For the sale of illustration supposedhat
the z,,(j) pacletsof framen of stream; have beensentto client j during the just expired forward
slot. Supposehatall z,(j) paclets are acknavledgedduring the subsequenbackwvard slot. When
the lastof the z,,(j) acknavledgmentsarrivesat the basestation,the countersareupdatedby setting
b(j) <= b(j) + zn(s), andp(j) < p(j) + tn (7).

Next, consideitheupdateof thecountersvhenaframeis removedfrom the prefetchbuffer, decoded,
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anddisplayedattheclient. Giventhesequence,(j), n» = 1,..., N, andthestartingtime of thevideo
playbackat the client the basestationkeepstrack of theremoval of framesfrom the prefetchbuffer of
client j. Supposehatat a particularinstantframe () is to be removed from the prefetchbuffer of
clientj. Thebasestationtracksthe prefetchbuffer contentsy updatingb(j) < [b(5) —.’Eg(j)(j)]+ and
p(j) < [p(4) — tog;) ()], where[z]™ = max(0, z). Notethatthe client suffers playbackstanation
whenb(j) — zg(;)(j) < 0, thatis, whentheframethatis supposedo beremavedis notin the prefetch
buffer.

1. JSQ PREFETCH PoLicY

For eachforward slot the basestationmustdecidewhich pacletsto transmitfrom the J ongoing
streams.The prefetchpolicy is therule thatdeterminesvhich pacletsaretransmitted. The maximum
numberof pacletsthatcanbetransmittedn aforwardslotis S. The Join—the—Shortest—Quie (JSQ)
prefetchpolicy strivesto balancethe lengthsof the prefetchedrideo sgmentsacrossall of the clients
servicedby the basestation. The basicideais to dynamicallyassignmore codes(andthustransmit
morepacletsin parallel)to clientsthathave only a smallresere of prefetchedsideoin their prefetch
buffers. TheJSQprefetchpolicy isinspiredby the EarliestDeadlineFirst (EDF) schedulingpolicy. The
EDF schedulingpolicy is known to be optimalamongthe classof non—preemptie schedulingpolicies
for asinglewirelinelink [7]. It is thereforenaturalto basethe prefetchpolicy on the EDF scheduling
policy. With JSQprefetchingthe basestationselectghe paclet with the earliestplaybackdeadlinefor
transmissionln otherwords,the basestationtransmitsthe next paclet to the playoutqueueswith the
shortessegmentsof prefetchedrideo(i.e.,theshortesgueues).

In orderto simplify the discussiorandhighlightthe main pointsof our approactwefirst introducea
basicprefetchpolicy. Thisbasicprefetchpolicy assumethatall clients(1) supportS parallelchannels,
and(2) have infinite prefetchbuffer space We shalladdresshesetwo restrictionsn arefinedprefetch
policy. Also, we initially excludeclientinteractionssuchaspause/resumandtemporaljumps;these

arediscussedn SectionV.

A. BasicJSQPrefett Policy

Letz(j), j = 1,...,J, denotethe lengthof the video segment(in second®f video run time) that
is scheduledor transmissiorto client j in the currentforward slot. The following schedulingpro-

cedureis executedfor every forward slot. At the beginning of the schedulingprocedureall z(j)’'s
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areinitialized to zero. The basestationdetermineghe client j* with the smallestp(j) + z(j). The
basestationschedule®ne paclet for transmissior(by assigninga codeto it) andincrementsz(j*):
2(3%) < 2(3%) +to(j+)(7%) /7o) (7*), whereo (5*) is theframe(number)of stream;* thatis carried
(partially) by the schedulegaclet. (Althoughthe lengthof the prefetchedrideo segmentgrowsin in-
crementf ¢, (j) secondsvheneerthetransmissiorof thez,,(j) pacletscarryingframen of streany
is completedfor simplicity we accounfor partially transmittedramesby incrementinghe prefetched
sggmentby ¢, (j)/z, () for eachtransmittedpaclet. This approachs further justified by error con-
cealmenttechniqueghat can decodepartial frames[6].) The basestationrepeatshis procedureS
times, thatis, until the S availablecodesareusedup. At eachiterationthe basestationdetermineghe
J* with thesmallestp(j) + z(j), schedule®nepacletfor client ;* andincrements:(j*).

Throughoutthis schedulingprocedurethe basestationskips paclets from a framethatwould miss
its playbackdeadlineat the client. (Specifically if frame#(j) is to be removed beforethe endof the
upcomingforwardslotandif p(j) < t(;)(j) thebasestationskipsframed(;) andprefetchesor frame
(7 + 1). Moreover, framef(j) is skippedif b(j) + k - R(j) < wg(;)(j), wherek is the numberof
forwardslotsbeforeframef(3) is removed.)

Duringthesubsequertackwardslotthebasestationwaitsfor theacknaviedgmentgrom theclients.
(Typical hardwareconfigurationf wirelesscommunicatiorsystemsallow theclientsto acknavledge
the pacletsrecevedin aforwardslot of the TDD timing structure jmmediatelyin the following back-
wardslot[8].) If all pacletssentto client j areacknavledgedby the endof the backward slot we set
p(j) < p(4) + 2(4). If someof theacknavledgmentdor a streany aremissingattheendof theback-
wardslot, p(7) is left unchanged(This approachs conserative in thatit considersall of the paclets
sentto a client in a forward slot aslost whenone (or more) of the paclets (or acknavledgments)s
lost. An alternatve approachwould beto selectvely accountfor the acknavledgedpaclets, however,
thiswould leadto "gaps”in the prefetchedrideosthataredifficult to keeptrack of.) At theendof the
backward slot the schedulingorocedurestartsover. The z(j)’s arere—initializedto zeroandthe base
stationschedulepacletsfor the clientswith thesmallesip(j) + z(j).

With prefetchingt is possiblethatall N (5) framesof videostream; have beenprefetchednto the
client’s prefetchbuffer but not all frameshave beendisplayed Whena streanreacheghis statewe no
longerconsiderit in theabore JSQpolicy. Fromthe basestations perspectie it is asif thestreamhas

terminated.



B. RefinedlSQPrefetd Policy

In this sectionwe discussmportantrefinement®f the JISQprefetchpolicy. Theserefinementdimit
(1) the numberof paclets,thataresent(in parallel)to a clientin a forward slot, and(2) the number
of pacletsthat a client may have in its prefetchbuffer. Supposehatthe clientsj, j = 1,...,J,
supportat most R(j) parallelchannelsandhave limited prefetchbuffer capacitiesof B(j) paclets.
Letr(j), 7 = 1,..,J, denotethe numberof paclets scheduledor client j in the upcomingforward
slot. Recallthatb(5) is thecurrentnumberof pacletsin the prefetchbuffer of client ;. Therefinements
work asfollows. Supposehatthe basestationis consideringschedulinga paclet for transmissiono

client 5*. Thebasestationscheduleshe paclet only if

r(*) < R(G") - 1, (1)

and

b(j%) < B(j*) — 1. (@)

If one of theseconditionsis violated, that s, if the paclet would exceedthe numberof parallel
channelsof client j* or the packet would overflow the prefetchbuffer of client j*, the basestation
removesconnection;* from considerationThebasestationnext findsanew j* thatminimizesp(j) +
z(j). If conditions(1) and(2) hold for the new client j*, we schedulethe paclet, updatez(5*) and
r(j*), and continuethe procedureof transmittingpaclets to the clientsthat minimize p(j) + z(j).
Wheneer one of the conditions(1) or (2) (or both) is violatedwe skip the correspondinglient and
find anew j*. This procedurestopswhenwe have either(1) scheduleds paclets,or (2) skippedover
all J streams.The JSQschedulingalgorithmcanbe efficiently implementedwith a sortedlist (using

p(j) asthesortingkey).

C. JSQPrefetdingin third geneation CDMA system&nd TDMA systems

We emphasizat this juncturethat our streamingprotocolbasedon the JSQprefetchpolicy canbe
emplged with ary of the rateadaptatiortechniquegor wirelesscommunication We have illustrated
the JSQprefetchpolicy in the context of a secondgenerationlCDMA 1S—-95 (Rev. B) system,where
rateadaptatioris achieved throughcodeaggreation,thatis, by dynamicallyassigningmultiple code

channelgo oneparticularclient (stream).We have considered scenariovherethebasestationusesS



orthogonalcodesfor the streamingserviceandclient j canreceve (andprocess)?(j) codechannels
in parallel.

We notethat JSQprefetchingis equallywell suitedfor the rateadaptatiortechniquesisedin third
generatiorlCDMA systemsThethird generatiorNorth AmericanCDMA standardcdma2000,adapts
dataratesby emplg/ing codeaggrgationandvariablespreadingyains[9]. With a5 MHz carrier for
instancethe datarateof oneCDMA codechannelcanbe adjustedrom 9.6 kbit/secto 614.4kbit/sec
by varying the spreadingfactor With codeaggregation a maximumdatarate of 2,048kbit/seccan
be achieed. Similarly, the UniversalMobile TelecommunicationSystem(UMTS) WidebandCDMA
(WCDMA) standardor Europeand Japanadaptsdataratesby emplo/ing codeaggreationin con-
junction with variablespreadinggainsand codepuncturing[10]. UMTS may run in the Frequeng
Division Duplex (FDD) or the Time Division Duplex (TDD) mode. In the TDD mode, which we
assumehroughoutthis papertime is dividedinto 10 msecframes,which aresubdvidedinto 16 min-
islots of 625 useceach. A minislot is spreadwith a uniquecodeand may carry either forward or
backwardtraffic. Eachminislot hasatotal of 15 codechannelswhichmaybedynamicallyassignedo
theindividual clients. To illustrate JSQprefetchingn thesethird generatiorCDMA systemssuppose
thatthe forward (basestationto clients)transmissiorcapacityallocatedto streamingservicesallows
for the transmissiorof S pacletsin oneforward slot of the TDD. The basestationexecuteshe JSQ
schedulingalgorithmto determinehe numberof pacletsz(j) scheduledor clientj, j =1,...,J,in
the upcomingforward slot. The spreadingactorsandcodechanneldor the forward slot areassigned
accordingto thetransmissiorschedule: (), 7 =1,...,J.

The JSQprefetchpolicy is alsosuitedfor the rate adaptatiortechniquef wirelessTime Division
Multiple AccesdTDMA) systemsin GeneralizedPacket RadioService(GPRS)andEnhancedGPRS
(EGPRS),the GSM standarddor paclet dataservicesrate adaptationis achiezed throughadaptve
codingandtime slot aggrgation, thatis, by assigningmultiple time slotswithin a GSM frameto a
particularclient (stream)[11]. Up to eight time slots per GSM frame can be allocatedto a client,
giving maximumdataratesof 160kbit/secin GPRSand473kbit/secin EGPRS Similarly, in GPRS—
136,theIS-136TDMA standardor paclet dataservicesrateadaptations achiered throughadaptve
modulationandtime slot aggrgation[12]. Up to threetime slotsper 20 msecTDMA framecanbe
allocatedto a client, giving a maximumdatarate of 44.4. kbit/sec. Supposethat the basestation

allocatesS time slotsof theforward portionof the TDMA frameto continuousnediastreaming.The



10

basestationexecutesthe JSQschedulingalgorithmto determinethe numberof time slots (paclets)
z(7) assignedo clientj, j = 1,...,J, in theupcomingTDMA frame. The basestationthenassigns
z(7) timeslotsto client j in theforward portionof the TDMA frame(using,for instancethe Dynamic

Slot Assignmen{DSA++) protocol[13]).

D. Simulationof Prefetd Protocol

In this sectionwe describethe simulationsof our protocolfor continuousnediastreamingn wire-
lesservironments.In our simulationswe considermgenericwirelesscommunicatiorsystemwith Time
Division Duplex. We assumeahroughouthatthe basestationallocatesS = 15 channelqe.g.,orthog-
onal codesin CDMA or time slotsin TDMA) to continuousmediastreaming.We assumedhat each
channelprovidesa datarate of C' = 64 kbit/secin the forward (downlink) direction. Throughoutwe
considerscenariosvhereall J clientshave the samebuffer capacityof B pacletsandsupporthe same
numberof parallelchannelsk, i.e., B(j) = BandR(j) = Rforallj =1,...,J.

We evaluateour streamingprotocolfor two differentencodingf video streams{(i) video streams
encodecht a ConstanBit Rate(CBR) anda constantframerate,and(ii) video streamsncodecat a
VariableBit Rate(VBR) andaconstanframerate(e.g.,MPEG-1encodings)In the CBR scenariave
assume video streamwith a framerateof 25 frames/se@nda bit rate(including paclet headersand
padding)of 7 = 64 kbit/sec.

For the VBR MPEG-1scenariowe obtained7 MPEG-1traces,which give the numberof bits in
eachencodedvideo frame, from the public domain[14], [15], [16]. The7 videotraceswereusedto
createlO pseudaraces,each40,000frameslong. The statisticsof the pseudaracesare summarized
in Tablel. Thebean bond soccer andterminatortraceswerecreatedoy multiplying the framesizes
of thevideotracesfrom [16] by a constanto bring the averagebit rateof the pacletizedvideo stream
(includingheaderandpadding)to 7 = 64 kbit/sec. The oztracewascreatedoy takingthefirst 40,000
framesof the MPEG encodingfrom [15] andscalingthe framesizesto bring the averagebit rateto 7
= 64 kbit/sec. Finally, the four star wars traceswere obtainedby dividing the MPEG encodingfrom
[14] into four sgmentsof 40,000frameseachandthenscalingthe averagebit rateof the segmentsto
7 = 64 kbit/sec. Although the 10 pseudadracesarenot tracesof actualvideo objects,we believe that
they reflectthe characteristicef VBR video streamge.g.,basicquality layersof hierarchicaMPEG
encodinggd17]) thatwill bedeliveredin wirelessernvironments.In summarywe have 10 VBR video

streamswith 40,000framesanda constanframerateof 25 frame/sec.



11

TABLE |
MPEG-1 TRACE STATISTICS; THE AVERAGE BIT RATE IS 64 KBIT/SEC FOR ALL VIDEOS.

Frames

Trace Peak Peak/Mean Std.Dev.

in kbit/sec in bits
bean 646 10.1 752.2
bond 832 13.0 1919.8
lambs 1178 18.4 551.9
0z 538 8.4 636.1
soccer 441 6.9 377.3
starwars 1 698 10.9 616.5
starwars 2 845 13.2 1362.4
starwars 3 768 12.0 522.0
starwars 4 544 8.5 669.2
terminator 467 7.3 479.6

For eachof the J ongoingstreamsn the wirelesscell we selectrandomlyoneof the MPEG traces.
We generateandomstartingphase9(j), j = 1,...,J, into theselectedraces.The 6(j)’s areinde-
pendentanduniformly distributed over the lengthsof the selectedraces.The frameé(j) is removed
from the prefetchbuffer of client j at the end of the first frame period. All clients startwith empty
prefetchbuffers. Furthermorewe generateandomstreamlengthsN (5), j = 1,...,J. The N(j)'s
areindependenandaredravn from anexponentialdistribution with meanN, frames(corresponding
to a video run time of T' seconds).We initially assumethat the client consumeswithout interrup-
tion N(j) framesstartingat frame numberé(j) of the selectedrace. The traceis wrappedaround
if 8(j) + N(j) extendsbeyond the end of the trace. Whenthe N(;j)th frameis removed from the
prefetchbuffer of client j, we assumehat the clientimmediatelyrequestsa new video stream. For
the new video streamwe againselectrandomlyone of thetraces,a new independentandomstarting
phasel(j) into thetrace,anda new independentandomstreamlifetime N (j). Thustherearealways
J streamsn progress.

In simulatingthe wirelesslinks we follow the well-knavn Gilbert—Elliot model [18], [19]. We
simulateeachwirelesdink (consistingof upto R(j) parallelcodechannelspsanindependendiscrete—
time Markov Chainwith two states’good” and"bad”. (We assumehatall parallelcodechannelof a
wirelesdink (to aparticularclient) areeitherin thegoodstateor badstate.)Thetransitionprobabilities
of the Markov Chainsare setto typical valuessuchthat the steadystateprobability of beingin the

"good” stateis m, = 0.99 (andm;, = 0.01 accordingly);the averagesojourntimesare9 secondsor the
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"good” stateandl secondor the"bad” state.We setthe channelerror probabilitiessuchthata paclet
is lost with probability P’ = 0.05in the good channelstate,and with probability Plb = 1in thebad
channektate.We assumdhatacknaviedgmentsarenever lostin the simulations.

Figures2 and 3 shaws typical samplepath plots from the simulations. In this experimentwe
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Fig. 2. Samplepathplot: Prefetchbuffer contentqin kBytes)of 3 clientsasa function of time: Client 1 starts
over

simulatethestreamingpf VBR MPEG-1videosto clientswith abuffer capacityof B = 32 kBytes.The
figureshawvs the prefetchbuffer contentsof threeclientsin kBytes. Theplotsillustratethecollaboratve

natureof the JSQprefetchpolicy in conjunctiorwith therateadaptatiorof thewirelesscommunication
system.We obsere from Figure 2 thatattime ¢ = 5.1 secthe buffer contentof client 1 dropsto zero.
Thisis becausehe video streamof client 1 endsat this time; the client selectsa new video streamand
startsoverwith anemptyprefetchbuffer. Notethatalreadyattime ¢ = 1.0secondall framesof the”old”

video streamhave beenprefetchednto the client’s buffer andthe client continuedto consumerames
without receving ary transmissionsWhenthe client startsover with an empty prefetchbuffer, the
JSQprefetchpolicy givespriority to this clientandquickly fills its prefetchbuffer. While the prefetch
buffer of client 1 is beingfilled the JSQprefetchpolicy reduceghetransmissionso the otherclients;
they "live off” their prefetchedeseresuntil client 1 catchesup with them. Notice that the buffer of

client 1 is thenfilled fasterthanthe buffers of clients2 and3. Thisis because¢he JSQprefetchpolicy
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Fig. 3. Samplepath plot: Prefetchbuffer contents(in kBytes) of 3 clients as a function of time: Client 1
experiences badchannel.

strivesto balancethe lengthsof the prefetchedvideo sgments(in secondsf video run time) in the
clients’ buffers; clients2 and3 just happerto have video segmentswith lower bit ratesin their buffers
in thetime periodfrom 5.8 secto 6.4 sec.

Noticefrom Figure3 thatattime ¢ = 0.4 secthebuffer occupang of client 1 drops.Thisis because
thisclientexperiencesbadchannethatpersistdor 2.1sec(aratherlong periodchoserfor illustration,
in our numericalwork we setthe averagesojourntime in the bad channelstateto 1 sec),thatis, the
clientis temporarilycut off from the basestation. The prefetchedeseresallow theclientto continue
playbackduring this period. As the prefetchedreseres of client 1 dwindle the JSQprefetchpolicy
allocateslarger transmissiorcapacitiesto it. This, however, cutsdown on the transmissiongo the
other clients, causingtheir prefetchedreseres to dwindle aswell. This degradesthe performance
of the streamingprotocolas smallerprefetchedresernes make client stanation morelikely. Loosely
speaking the JSQprefetchpolicy tendsto wastetransmissiorresource®n clientsthat experiencea
badchannel Adversetransmissiorconditionsto justoneclient candecreas¢he prefetchedeseresof
all clientsin thewirelesscell. We addresshis shortcomingof the purely JSQbasedstreamingprotocol
in the next sectionwherewe introducechannelprobing. In the next sectionwe alsoconducta detailed

guantitatve evaluationof the JSQprefetchprotocol.
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IV. CHANNEL PROBING

In this sectionwe introducea channelprobing refinementdesignedto improve the performance
of the purely JSQbasedprefetchprotocol. Note that the prefetchprotocolintroducedin Sectionlll
doesnot directly take the physicalcharacteristicof the wirelesschannelsinto consideration. The
JSQtransmissiorschedulds basedexclusively on the prefetchbuffer contentsat the clients(andthe
consumptiorratesof the video streams).Wirelesschannelshowever, typically experienceocation—
dependenttime—arying, andbursty errors,thatis, periodsof adwersetransmissiorconditionsduring
which all pacletssentto a particularclient arelost. Theseperiodsare modeledby the "bad” channel
statein the Gilbert—Elliot model. Especiallydetrimentato the prefetchprotocols performancearethe
persistentad channelof long—termshadaing thatis causedoy terrain configurationor obstacles.
Long—termshadwving typically persistsfor hundredsof milliseconds,even up to secondq20]. To
seehow long—termshadaving degradesthe performanceof the prefetchprotocol, considera client
that is just experiencingthe onsetof a bad channel. Supposehat the JSQ algorithm schedulesa
paclet for this client in the upcomingslot. Due to the bad channelthe paclet is lost. At the same
time, the ongoingconsumptiorreduceghe client’s prefetchedresere. It is thereforelikely thatthe
JSQalgorithmagainschedulesa paclet (or multiple paclets) for the client in the next slot. As the
bad channelpersiststhe client’s prefetchedresere dwindlesand (provided the other clients are not
experiencinga bad channelor the consumptiorof extraordinarilylarge framesat the sametime) the
JSQalgorithmtendsto schedulemoreandmore (up to R(j)) pacletsfor the clientin the following
slots. All thesepaclets arelost, however, aslong asthe bad channelpersists. Thus, by scheduling
multiple paclets per slot for a client experiencinga persistenbad channel the JSQalgorithmtends
to wastetransmissiorresources.As illustratedin Figure 3(b), the excessie transmissiorresources
expendedon the client that experienceghe bad channel,tend to reducethe prefetchedreseres of
all the otherclientsin the wirelesscell. This makes playbackstanation — not only for the client
experiencinghe badchannelbut all the otherclientsaswell — morelikely.

To fix this shortcomingwe introducethe channelprobingrefinementwhich is inspiredby recent
work on channelprobingfor power saving [21]. The basicideais to startprobingthe channel(client)
whenacknavledgment(s)are missingat the end of a backward slot. While probingthe channelthe
basestationsendsat mostonepaclet (probingpaclet) perforwardslot to the affectedclient. (A more

comple stratgy might senda probingpaclet every k, k > 1, forwardslots.) The probingcontinues
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until an acknavledgmentfor a probingpaclet is receved. More specifically if the acknavledgment
for atleastonepaclet sentto client j in aforwardslotis missingattheendof thesubsequerttackward
slot,we setR(j) = 1. Thisallows the JSQalgorithmto scheduleat mostonepaclet (probingpaclet)
for client j in the next forward slot. If the acknavledgmentfor the probingpaclet is returnedby the
endof the next backward slot, we set R(j) backto its original value; otherwisewe continueprobing

with R(j) = 1.

A. SimulationResults

We now presenta detailedquantitatve evaluationof the JSQprefetchprotocol. We first definetwo
key measure®f the performanceof a streamingprotocol. We definethe bandwidthefiiciency¢ of a
wirelessstreamingprotocolasthe sumof theaverageratesof the streamsupportedy the basestation

divided by thetotal availableeffective transmissiorcapacityof the basestation,i.e.,

J-r

Tl =P+ m- (1= PP)]-C-min(RJ, 5)’

We definethe client starvation probability Possasthe long run fraction of encodinginformation
(paclets)thatmissests playbackdeadlineat the clients. We conseratively considerall z,(-) paclets
of framen asdeadlinemissesvhenatleastoneof theframes pacletsmissests playbackdeadline We
warmup eachsimulationfor a perioddeterminedvith the Schrubers testandobtainconfidencenter-
valson the client stanation probability Poss usingthe methodof batchmeans We run the simulations
until the 90 % confidencdntenal of Pyssis lessthan10% of its point estimate.

Unlessstatedotherwise,all the following experimentsare conductedfor the streamingof VBR
MPEGvideoto clientswith abuffer capacityof B = 32kBytesandsupporfor R = 15parallelchannels.
Theaveragdifetime of thevideostreamis setto 7' = 10 minutesunlessstatedotherwise.Throughout,
the basestationhasatotal of S = 15 channelsvailablefor video streaming.

Figure4 shavs theclient stanation probability Poss withoutandwith channelprobingasafunction
of theaveragesojourntimein the”bad” channektate.For this experimenthenumberof clientsis fixed
atJ = 13(and12respectiely). Weobsenre from thefigurethatoverawide rangeof channetonditions,
channelprobingis highly effective in reducingthe probability of client stanation. In scenariosvith
persistenbad channelconditions,probing reducesPqss by over one orderof magnitude.We setthe

averagesojourntime in the”’bad” channektateto 1 secfor all thefollowing experiments.
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Fig. 4. Clientstanationprobability Poss asafunctionof the averagesojourntime in the”bad” channektatefor
JSQprefetchingwithoutandwith channebprobingfor VBR video.

Figure5 shavstheclientstanationprobability Poss asafunctionof themaximumnumberof parallel
channelsR thatcanbe assignedo an individual client. The figure givesresultsfor JSQprefetching
withoutandwith channeprobing.We obsene from Figure5 thatbothfor prefetchingwvithoutandwith
channebrobing, Ppss dropsby over oneorderof magnitudeas R increase$rom oneto two, allowing
for collaboratve prefetchinghroughthelendingandborrowing of channelsNow considemprefetching
with J = 13 clients. For prefetchingwith channelprobing, Possdropssteadilyas R increases.For
prefetchingwithout channelprobing, however, Pgssincreasesas R grows larger than two, that is,
allowing for more extensve lendingandborroving of channelds detrimentalto performancen this
scenario.

Thisis becauseSQprefetchingwithout channelprobingtendsto wastetransmissiorchannelson a
client experiencinga persistenbadchannel. This reduceghe prefetchedeseresof all clientsin the
cell, thusincreasinghe likelihood of client stanation. The larger the numberof parallelchannelsk
thatcanbeassignedo anindividual clientthelargeris this wasteof transmissiorthannelgresultingin
alarger Poss). Now considerprefetchingwith J = 7 clients. Pqss dropsbothfor prefetchingwithout
andwith channeprobingasR increaseso nine. As R grows largerthannine,howvever, Possincreases

for prefetchingwithoutchanneprobing. Thisis becausén this low loadscenaricaclientexperiencing
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Fig.5. Clientstanationprobability Poss asafunctionof themaximumnumberof channelsk perclientfor JSQ
prefetchingwithout andwith channebprobingfor VBR video.

a bad channelmay occuy nine out of the 15 available channelswithout doing much harmto the
prefetchedesenesof the othersix clients. (The noiselevel, however, is unnecessariljncreased. As
R grows larger thannine, however, a client experiencinga persistenbadchanneltendsto reducethe
prefetchedeseresof theotherclients.

Anotherimportantobsenrationfrom Figure5 is thatalreadya low—costclient with supportfor afew
parallelchannelsllows for effective prefetching.

Figure6 shavs theclient stanation probability Poss asa functionof thebandwidthefficiengy €. The
plotsareobtainedby varyingthe numberof clientsJ. Noteworthy is againthe effectivenesf channel
probing: Pgssis generallyover one order smallerwith channelprobing. Importantly the resultsin
Figure 6 indicatethat a crudeadmissioncontrol criterion that limits the bandwidthefficiengy to less
than0.9, say is highly effective in ensuringsmall client stanation probabilities. We note, however,
thatmoreresearclis neededn admissiorcontrolfor streamingn wirelesservironments.

Figure7 shavstheclientstanationprobability P,ss asafunctionof theclientbuffer capacityB. The
resultsdemonstratéhe dramaticimprovementin performancdhat comesfrom prefetching.For J =
13 ongoingVBR streamgheclient stanation probabilitydropsby over two ordersof magnitudeasthe

clients’ buffersincreasdrom 8 kBytesto 128kBytes. (A buffer of 128 kBytescanhold on averagel6
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secondsegmentsof the VBR videoswith anaveragerateof 7 = 64 kbit/sec.)With clientbuffersof B =
128 kBytesandJ = 13 ongoingstreamsur prefetchprotocolachievesaclient stanation probability of
lessthan10~* anda bandwidthefficiency of 90%! Our protocolachievesthis remarkablgperformance
for the streamingof bursty VBR videoswith atypical peak—to—mearatio of theframesizesof ten. In
thelong run eachwirelesslink is in the"bad” state(whereall pacletsarelost) for one percentof the
time; theaveragesojourntime in the "bad” stateis onesecond.

Figure8 shaws the client stanation probability Pss asa function of the bandwidthefficiencgy ¢ for
the streamingof CBR videos. Figure9 shaws the client stanation probability Pyss asa function of
the client buffer capacity B for the streamingof CBR videos. Comparingthe CBR plots with the
correspondind/BR plotswe obsere thattherearesignificantdifferencesonly at very high bandwidth
efficiencies.For J = 14 ongoingstreamgi.e., a bandwidthefficiency of £ = 0.99)andclient buffers of
B = 32 kByteswe achieve a client stanation probability of roughly 3 - 10~* for CBR videowhereas
theclientstanationprobabilityis roughly 1.5 - 102 for VBR video. It is alsonotevorthy thatfor CBR

videofor a fixedbuffer capacityB the client stanation probability is roughly constantasthe number
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of ongoingstreamdncreasegrom 1 to 14. This is becauseén the the CBR scenaricclient stanation
is only causedy channelbutagegwhereasn the VBR scenariahe playoutof high ratevideoscenes
may also causestanation). We obsenred in our simulationsthat with the adoptedtypical channel
parameters;hannebutagedor a particularclient aresuficiently far apartto typically allow theclient
to refill it's buffer completelybetweenoutages.Whenan outageoccursthe client canthustypically
continueplaybackfor a durationof B/r. Sinceit is ratherrarethattwo or moreclientsexperiencethe
endof abadchannekoughly atthe sametime the buffer of the affectedclientis quickly refilled asthe
otherongoingstreamdend their transmissiorchannels.In the VBR scenariathe situationis slightly
differentasthe otherongoingstreamanay play out high ratevideo scenesat thattime andtherefore
notasreadilylendtheir channelsasin the CBR scenario.

Tablell givesthe client stanation probability Poss asa function of the averagestreamlifetime T'
for the streamingof VBR videoto J = 13 clientseachwith a buffer capacityof B = 64 kBytes. Our
prefetchingprotocol performsvery well for streamlifetimes on the order of minutesor longer For
streamlifetimes shorterthanoneminute Pgss increasesonsiderabhasthe lifetime decreasesThisis
becausstreamnifetimesthis shortallow for very little timeto build up prefetchedeseres. Evenfor an
averagestreamlifetime of T' = 10 sec,however, prefetchingreduceghe client’s stanation probability

from 2.810~2 without ary prefetchingto 4.510~2 with prefetching.We obseredin our simulations



21

TABLE Il
CLIENT STARVATION PROBABILITY P oss ASA FUNCTION OF THE AVERAGE STREAM LIFETIME T FOR
VBR VIDEO.

T [sec] 10 [ 50 [ 100] 600 | 1200
Poss[107%] | 45] 73] 46| 44| 21

TABLE Il
CLIENT STARVATION PROBABILITY P_oss AS A FUNCTION OF THE START-UP LATENCY FOR VBR VIDEO.

start—uplat. [msec]| 0 | 40 | 80 | 120 | 400
Pioss[107°] 7.7|/50[36] 22| 0.7

thatlossesoccurtypically right atthebeginningof thevideoplaybackwhentheclienthasno prefetched
resenes. This motivatesusto introducea shortstart—uplateng allowing the client to prefetchinto its
prefetchedbuffer for a shortperiodof time without removing anddisplayingvideo frames. Tablelll
givesthe client stanation probability Possas a function of the start—uplateny for J = 13 ongoing
VBR streamsandclient buffers of B = 128 kBytes. We obsere from Tablelll thatvery shortstart—
up latenciesreducethe client stanation probability significantly; a start—uplateny of 400 msec,for
instancereducedhe client stanation probability by roughly oneorderof magnitude. With a start—up
lateny of 400msectheclient prefetchegor 400msecwithoutremorving videoframesfrom its prefetch

buffer; thefirst frameis removed anddisplayedattime 400msect tg(;) (i), wherety(;(j) denoteghe

)
frameperiodof thefirst frameof thevideo stream.

V. CLIENT INTERACTIONS

In this sectionwe adaptour streamingprotocolto allow for clientinteractionssuchaspause/resume
andtemporaljumps. With JSQprefetchingtheseclient interactionscanbe performedwith minimal
delay Wheneer a userinvokesaninteractve requestthe client sendsa messagéndicatingthe inter-
actionto the basestation. The basestationforwardsthe messagéeo the origin/proxy sener providing
thevideostream.Thesupportof theclientinteractiondy theorigin/proxysener andthe network con-
nectingthe senerto the basestationis beyondthe scopeof this study We assumehatthe appropriate
portionsof thevideoaredeliveredto the basestationin atimely fashion.

Supposéhatthe userfor stream;j pauseghe video. Uponreceving notificationof the action,the
basestationcansimply remove strearry from consideratiomntil it recevesaresumemessagéromthe

client. While theclientis in the pausedstate,it’s prefetchbuffer contentgemainunchangedaslightly
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TABLE IV
CLIENT STARVATION PROBABILITY P oss AS A FUNCTION OF THE AVERAGE SPACING D BETWEEN CLIENT
INTERACTIONS FOR VBR VIDEO.

D [sec] 10 | 50 | 100] 250 ] 500 | 1000 | 5000
Ploss[10°7] | 586 | 214| 67 | 90| 75| 36 | 3.2

more comple policy would beto fill the correspondindpuffer onceall the other ("unpaused”)client
buffersarefull or reacha prespecifiedevel.

Supposdhatthe userfor stream;j makesatemporaljump of § frames(correspondingo ¢; seconds
of videoruntime)into thefuture.If t5 < p(j) we discardé framesfrom the headof the prefetchbuffer
andsetp(j) < p(j) — ts; b(j) is adjustedaccordingly If t5 > p(j) we setp(j) < 0 andb(j) + 0
anddiscardthe prefetchbuffer contents Finally, supposdhatthe userfor stream;j makesa backward
temporaljump. In this casewe setp(j) < 0 andb(j) + 0 anddiscardthe prefetchbuffer contents.

In termsof performancepausesactuallyimprove performancebecausedhe video streamghatre-
mainactive have moretransmissiorcapacityto share Frequentemporaljumps,however, candegrade
performancebecausegrefetchbuffers would be frequentlysetto zero. We now give somesimulation
resultsfor client interactions. In our simulationswe consideronly forward and backward temporal
jumpsandignore pausedecausgausesanonly improve performanceWe furthermoreassumehat
ts > p(j) for all forward temporaljumps. Thus,the prefetchbuffer is setto zerowheneer the cor
respondinguserinvokes suchaninteraction. Our resultsgive thereforea conserative estimateof the
actualperformanceln our simulationswe assumehateachuserperformstemporaljumpsrepeatedly
with the time betweentwo successie jumps being exponentiallydistributed with meanD seconds.
TablelV givesthe client stanation probability Poss asa function of the averagespacingD between
temporajumps. This experimentwasconductedor thestreamingpf VBR MPEGvideoto clientswith
buffers of B = 64 kbyte andsupportfor R = 15 parallelchannels.The bandwidthefficiengy is fixed
at92 % (J = 13). Theaveragestreamlifetime is fixedatT = 1200sec. As we would expect,theloss
probability increasessthe rate of temporaljumpsincreaseshowever, theincreases not significant

for asensiblenumberof temporaljumps.

VI. RELATED WORK

Thereis a large body of literatureon providing QoSin wirelessenvironments. Much of the work

in this areahasfocusedon mechanism$or channelaccessseeAkyildiz etal. [22] for asuney. Choi
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and Shin [23] have recently proposeda comprehensi channelaccessand schedulingschemefor
supportingreal-timetraffic andnon—real-timdraffic ontheuplinksanddownlinks of awirelessLAN.

Recently paclet fair schedulingalgorithmsthatguaranteelientsa fair portion of the sharedrans-
missioncapacityhave receved a greatdealof attention[24], [25], [26], [27]. Theseworks adaptfair
schedulingalgorithmsoriginally developedfor wireline paclet—switchedetworksto wirelessenviron-
ments. They addresghe key differencebetweenschedulingandresourcesllocationin wireline and
wirelesservironments:wireline links have a fixed transmissiorcapacitywhile wirelesslinks experi-
encelocation—dependéntime—arying, andbursty errors,which resultin situationswherethe shared
transmissiorcapacityis temporarilyavailable only to a subsetof the clients. Anotherline of work
addressetheefficieng of reliabledatatransferover wirelesslinks [28], [29].

We note that to our knowledge none of the existing schemesfor providing QoSin wirelesservi-
ronmentgakesadvantage of the specialproperties(predictability and prefettability) of prerecoded
continuousmedia thatareexpectedto accountfor a large portion of the future Internettraffic. There
is an extensve literatureon the streamingof prerecordedontinuousmedia,in particularVBR video,
overwireline paclet—switchedetworks; seeKrunz [30] for asunwy. In thisliteratureawide variety of
smoothingandprefetchingschemess exploredto efficiently accommodat®&BR videoon fixed band-
width wireline links. Amongtheseschemess a prefetchingschemebasedon the Join—the—Shortest—
Queue(JSQ)principle developedby Reissleinand Ross[31]. Their schemes designedor a Video
on Demandservicewith VBR encodedixed framerate MPEG video over an ADSL network or the
cableplant. The protocolproposedn this paperdiffersfrom the protocolin [31] in two majoraspects.
First,theprotocolin [31] is designedor asharedwireline link of fixedcapacity It doesnothandlethe
location—dependéntime—arying, and bursty errorsthat aretypical for wirelesservironments. Sec-
ondly, the protocolin [31] is designedor fixed frameratevideo. It assumeshat all ongoingvideo
streamdave the sameframerate. Furthermoreit requiresthe synchronizatiorof the frameperiodsof
the ongoingstreams.Our protocolin this paper on the otherhand,doesnot requiresynchronization
of the ongoingvideo streams.Our protocolaccommodategideo streamswith different(andpossibly
time—arying) framerates. It is thuswell suitedfor H.263 encodingswvhich are expectedto play an
importantrolein video streamingn wirelessenvironments.

ElaoudandRamanathaf32] proposea schemdor providing network level QoSto flows in awire-

lessCDMA system.Theirschemalynamicallyadjustthesignalto interferenceandnoiseratio require-
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mentsof flowsbasednMAC pacletdeadlineandchannetonditions.The Simultaneou$1AC Paclet
TransmissiofSMPT)schemef Fitzeketal. [33] providestransportevel QoSby exploiting rateadap-
tationtechniqueof CDMA systemsThe SMPT schemeleliverstransportayersegments(e.g.,UDP
or TCP sggments,which are divided into several MAC paclets)with high probability within a per
missibledelaybound. Our work in this paperdiffers from the network/transportievel schemeg32],
[33] in several aspects.First, [32], [33] proposedecentralizedschemedor backward (uplink) trans-
missions,thatis, the schemesre designedor uncoordinatedransmissiongrom distributed clients
to a centralbasestation. Secondlythereis no prefetchingin [32], [33]; the SMPT schemeesortsto
rateadaptation(i.e., parallel paclet transmissionsdnly to recover from gapscausedy errorson the
wirelesslink within agiven TCP or UDP segment.Moreover, [32], [33] do nottake the characteristics
of the applicationlayer traffic into considerationthe schemd32] operateson one MAC paclet at a
time and SMPT [33] operateson one TCP or UDP segmentat a time. Our protocolin this paper on
the otherhand,exploits two specialpropertiesof the prerecoded continuousmediastreamingraffic:
(1) theclientconsumptiorratesoverthedurationof the playbackareknown beforethe streamingcom-
mencesand(2) while thecontinuougnediastreamis beingplayedout atthe client, partsof the stream

canbeprefetchednto theclient's memory

VI1l. CONCLUSION

We have developeda high performanceprefetchingprotocolfor the streamingof prerecordedton-
tinuousmediafrom a basestationto wirelessclients. Our prefetchingprotocolcanbe employedontop
of ary of therateadaptatiortechniquesf wirelesscommunicatiorsystems.Our protocolaccommo-
datesCBR andVBR encodingaswell asfixedframerateandvariableframerateencodingsChannel
probingis critical for the performancef our protocol. With channelprobingthe basestationallocates
transmissiorresourcesn ajudiciousmanneravoiding the allocationof large portionsof the available
transmissiorcapacityto clientsexperiencingadwersetransmissiorconditions.

In our ongoingwork we studymoresophisticateathannebrobingschemesOneof theinvestigated
approachess to probemoreaggressiely (i.e., with multiple pacletsper slot) whenthe affectedclient
hasa small prefetchedesere. Clientswith a large prefetchedesene, on the otherhand,areprobed
lessaggressiely (i.e., with onepaclet every kth slot, with £ > 1). Anotheravenuefor futureresearch
is servicedifferentiationamongthe ongoingstreamsin acrudeservicedifferentiationschemeahebase

stationprefetchedor low priority clientsonly if theprefetchedeseresof thehigh priority clientshave
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reachedprespecifiedevels. In our ongoingwork we alsoconductmore extensve evaluationsof our

prefetchingprotocolwith tracesof MPEG—4andH.263encodedrideos.
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