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Abstract

Whenusinganon-demandmediastreamingsystemon top of
a network with Multicast support,it is sometimesmoreeffi-
cientto usebroadcastto distributepopularcontent,especially
whenclient demandis high. Therehasbeena lot of research
in broadcastingon-demandcontentto multiple,asynchronous
receivers.In thispaper, weproposeafamily of novel,practical
techniquesfor broadcastingon-demandmedia,which achieve
lowest known server/network bandwidthusageand I/O effi-
cientclientbuffer management,while retainthesimplicity of a
frame-basedsinglechannelscheme.We alsoproposeplayout
schedulingstrategiesthatmake it practicablefor servingboth
constantbitrate(CBR) andvariablebitrate(VBR) media.

1 Intr oduction

Recentadvancesin technologyhavemadeon-demandstream-
ing of digital mediafeasible.However, for severalyearsthese
systemshavenotachievedthenotablecommercialsuccessthat
technologyseemedto promise.Theprimaryreasonis thattra-
ditional on-demandsystemsdo not scalewell. All available
server bandwidthtendsto get quickly swampedby client de-
mand, forcing providers to invest in expensive network and
hardwareresourcesto ensurequalityof service.

The threeprincipalmetricsfor measuringthe performance
of on-demandstreamingsystemsare

Bandwidth: This could be network, server or client band-
width.

Delay: While on-demandmediain its truestsenseis instanta-
neous,mostdiscussionson broadcast-basedon-demand
streamingsystemsallow a reasonabletime interval be-
tweenrequestandplayout.

Buffer Space: In an on-demandstreamingsystemin which
segmentscanarriveoutof order, theclientrequiresmem-
ory or persistentstorageto storeout-of-ordersegments.

In somebroadcastschemes,peakrequirementscanrunto
severalmegabytes.

The most popular techniquesrely on efficient broadcast
mechanismsto simultaneouslysatisfythedemandsof multiple
clientswithout sufferinga linearincreasein bandwidthusage.
Priorstudiesof requestpatternsin videorentals[DSS94]sug-
gestthata largefractionof theserequests(40–60%)arefor a
small number(10–20)of videos. This statisticsuggeststhat
usingsomeform of broadcastfor themostpopularmediacan
beveryeffective in scalableon-demandmediadistribution.

We presentherea family of highly efficient schemesfor
lowestserver andnetwork bandwidththatareknown, aswell
asefficient client resourceusage.They arealsoarguablythe
simplestsolutionsthatareavailable. In thenext few sections,
wediscusstheseschemesbothin theoreticalbasisandin prac-
tical implementation,performancecomparisonswith thebest
possibleandthebestextantschemesareprovidedfor different
issues.In Section2 wewill discussanew approachto address
theoptimalserver andnetwork usages,aswell asoptimalav-
eragebandwidthsatclients.Bothconstantbitrateandvariable
bitratemediawill be discussed.In Section3 we presenttwo
heuristicschemesfor efficient clientbuffer management.

1.1 Background

The techniqueswe describeapply to an on-demandstream-
ing system,which comprisesa centralserver that distributes
digital mediato clients over a distribution network. We as-
sumethat thenetwork supportsa broadcastprimitive andthat
broadcastinga pieceof datato a groupof clients is in some
waymoreefficient thanunicastingit to eachclient. Theserver
storesasetof movies from whicheachclient is freeto choose.
A movie is a pieceof mediadatathatconsistsof a numberof
fixed-sizeblocks of data(frames) that arealways consumed
in serialorder. For convenience,we assumea framecanbe
transmittedover the network without further fragmentation,
althoughthis is not aprerequisitefor our work.
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Clientsarrive at timesof their choosing,requesttheserver
for moviesandafteranoptionalwaiting period � , getout-of-
orderframes.Clientuseslocalcachewhichconsistsof internal
andexternalmemoryto hold theframesthatarenotneededto
beplayedout soon.Themediaplayerconsumestheframesin
the cachefrom beginning to endin serialorder. For the rest
of this paper, let the unit of time (an instant) be that time re-
quiredto consumea singleframe,so that eachclient spends��� � instantson a movie of � frames. This, of course,as-
sumesthat the contentis constantbit-rate. In Section2.5 we
mentionthat this maybeextendedto includevariablebit-rate
media.We alsoassumethatclientsarrivesynchronouslywith
instantsandareable to receive andstoreframestransmitted
during the instantof their joining. In practice,this is not an
unreasonableassumptionsincean instant,by our definition,
would correspondto roughly ��� millisecondsfor ��� frames-
per-secondvideo.This sequenceis illustratedin Figure1.
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Figure1: Playout

1.2 RelatedWork

One of the earliest proposalsfor bandwidth-efficient on-
demandstreamingsystem was Batching [DSS94], where
the Server aggregatedrequeststhat cameclose togetherin
time. Subsequently, many periodic broadcastmethodshave
beenproposed,while sometheoreticallowerbounds[EVZ99,
SGT99]havebeenobtained.

PyramidBroadcasting[VI96] dividesdatainto segmentsof
geometricallyincreasingsizesandbroadcaststhemon a few
high bandwidthstreams.A derivative,SkyscraperBroadcast-
ing [HS97]offersmuchbetterperformance.

More currently, a family of protocolsrelatedto Harmonic
Broadcasting[JT97,PCL98a]seemsto bethemostpromising

insofar as the bandwidth-delaytradeoff is concerned.These
protocolssplit a movie into fixed-sizesegmentsandbroadcast
thesesegmentsin streamsof harmonicallydecreasingband-
width. Segmentsaregroupsof adjacentframesandarehence
of muchcoarsergranularitythanframes.

Onevariant,PolyharmonicBroadcasting[PCL98b], while
in theory offering near-optimal performance,unfortunately
encountersformidableobstaclesin implementation,since it
requireseachclient to simultaneouslysubscribeto a large
numberof low-bandwidthstreams.Anotherrelatedprotocol,
PagodaBroadcasting[PCL99] sacrificessomeperformance
for theability to usea few, constant-bandwidthstreams.

For theclient side,buffering problemcanbeformulatedas
anexternalmemorysortingprobleminvolving randominser-
tionsandminimumelementdeletion.A heapor priority queue
basedalgorithm naturally suggestsitself. One high perfor-
mancevariant is a radix-heapbasedstructure,which stores
framesin multi-level bucketsaccordingto an optimal radix.
Accordingto acomparativeanalysisperformedby [BCFM99],
radix heapsarethe bestextant schemewhenthe keys arein-
tegersin a pre-definedrange.Anotherefficient scheme,based
on acollectionof fixed-sizelists, is presentedby thesamepa-
per. However, whenapplyingthesetwo schemesto our sys-
tem, they both neglect to take linear accessinto account,re-
sulting in suboptimalperformance.We have useda modified
version(which improvestheefficiency) of thealgorithmspre-
sentedin [BCFM99] for performancecomparison.But there-
sult still shows thatour schemeswork better.

2 Bandwidth

An importanttradeoff in designingthe on-demandstreaming
systemis that of server bandwidthversusclient delay; most
workhasbeento improvethisperformance:Thatis,givenone,
to minimize the other. In this section,we presentanefficient
techniqueto achieve near-optimal performancein server and
network/clientbandwidth.

2.1 Fuzzycast

2.1.1 Theoretical Basis

Considerthebroadcastof a“popular” movie thatconsistsof �
frames.Assumetheframesareto bebroadcastedin awaythat
satisfiestheon-demandrequirementsof clientswith different
join-times.Now, a client with a join-time of � anda wait-time
of � will requireframe 
 attime ��� nolaterthantime � � � � 
 ,
i.e., ����������� � � � 
 . For this to hold truefor all � , it is
necessaryandsufficient that thereis at leastonetransmission
of frame 
 in everystretchof � � 
 instants.Theoptimalway
to do this is to broadcastframe 
 every � � 
 instants.This is
thetheoreticalbasisfor our work.
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for ( ��� � ; ����� ; ��� ����� ) �
for (� � �!�#" ; �$����%'&)( ; �*� �+�,�!�
" ) �

transmit( �.-/� );00
Figure2: Algorithm NAIVE

Herethetransmit functionschedules
 for transmissiondur-
ing time � in a transmissionqueue.

Thebandwidthusageof algorithmNAIVE (Figure2) atboth
server and client endsis: 1�3254 4687 �:9<;>=�? 1 7@66 . Earlier
work [EVZ99] has determinedthat this is optimal for any
broadcastbasedscheme.

AlthoughAlgorithm NAIVE is simple,elegantandoptimal,
a fatalflaw rendersit unusable.Thenumberof framessched-
uledfor transmissionat time � is thenumberof integersA5BC�
suchthat A divides � . This function,thefactorfunction,is ex-
tremely spiky, varying from D for prime � to new highs for
highly composite� . It is becauseof this reasonthatAlgorithm
NAIVE hasbeenconsideredandthenregretfully abandonedby
variousresearchers.Two approachesexist to counterthis. The
stream-basedapproach,insteadof transmittingframe1 
 every
 � � instants,transmitsit continuouslyin a seperatechan-
nel of bandwidth 4� 7E6 times the basebandwidth. Most of
the harmonicbroadcastingprotocolstake this approach,with
Polyharmonicbroadcasting[PCL98a]offeringthebestperfor-
mance.Thispromisesuniformbandwidthaccess,but alsoruns
into thesedifficulties:

1. In all formsof Harmonicbroadcasting,segmentsizesare
constrainedby theinitial delay. To gainuseracceptance,
theinitial delayhasto beasmallfractionof movie length,
requiringamovie to betransmittedoveralargenumberof
streams.Managinghundredsof low bandwidthstreams
over a packet network is a nontrivial exercise. In Poly-
harmonicbroadcasting,thenumberof streamsincreases
by anadditionalfactorof F , FHGJI beinga reasonable
value.In practicalterms,usingPolyharmonicBroadcast-
ing for asingle2-hour, 1.5Mbpsmovie with a30second
initial delay translatesto maintaining960 streamswith
serverbandwidthsthatvary from 1.5Mbpsto a few hun-
dredbps.

2. It only partially solves the problem, becauseat some
level, streamsmap to network packets. Sincepackets
cannotbearbitrarilysmall,multipletransmissionsof later
frameshave to beaggregated.Aggregatingagainbrings
in theschedulingissueswe have just described.

3. Usually, information cannot be retrieved from partial
framesand they must be discarded. Unlesserror cor-

1or segment

rection techniqueslike Forward Error Correction(FEC
[NBT98]) areused,transmittinga segmentover an ex-
tendedperiod and over multiple packets increasesthe
likelihoodof thishappeningfor framesin latersegments.

The alternateapproachis to time-division multiplex the
framesin a deterministicway thatavoids theschedulingcon-
flicts of Algorithm NAIVE. Pagodabroadcasting[PCL99]does
this,but sacrificessomeperformancein theprocessbecauseit
hasto settlefor suboptimalschedules.Wenow proposeasim-
pleframe-basedalgorithmthatis at leastasefficientasthebest
stream-basedalgorithm.

2.1.2 The BasicAlgorithm

Aswehaveseen,Algorithm NAIVE is infeasiblesinceit results
in spiky bandwidthusage.Our solutionto this is (Figure3):
Whenevera frame 
 hasto bescheduledat aninstantthathas
usedup thebandwidthallottedto framesKML3LNLO
 ( G ;>=�? � 7@66 ),
we allow it to stray from its scheduledinstant to one of its
neighbouringinstantswth bandwidthto spare. The intent is
to spreador smearout a bandwidthpeakover time, flattening
peaksandfilling uptroughs,whileensuringthatfor eachframe
 , the gap betweensuccesive transmissionsis kept roughly
 � � .

Thepurposeof the P5A �RQTSVU AXW+Y8Z\[�]8^ function is to find an
alternateneighbouringtime slot for framesoriginally sched-
uled in relatively ‘crowded’ time slots by algorithm NAIVE.
This is achieved by letting a frame ‘stray’ backward or for-
wardfrom its scheduledtimeslot.

At this point, we needto distinguishbetweenadvancinga
framein time anddelayingit. Advancinga frameschedulesit
beforeit is due,wastingsomebandwidth.On theotherhand,
delayinga frameincreasesinitial delayfor clientsthatexpect
it. Bandwidthwastagedueto advancinga framedecreasesas
theframenumberincreases,sincethefractionaleffect of this
advancediminisheswith increasinginter-framegap. On the
other hand,averageinitial delay due to delayingany frame
increasessincemoreclientswait for later frames. Therefore
we usetwo parameters_�` and _ � so that the limits for shift-
ing frame 
 from time � are �!ab_�`dc>� � 
fe and � � _ �hg � .
Reasonablevaluesare _�` 9 �ji ��k and _�l 9 �minK .

Giventheselimits, therearemultiplewaysto implementtheP5A �RQTSVU AXW+Y8Z\[�]8^ function.Someexamplesare:

L-R-SCAN: Startingfrom � , scanfirst left from � to �oa
_ ` cp
 ��#e andthenright from � to � � _�� g � , looking for time
slotswith availablebandwidth.

R-L-SCAN: Similar to L-R-SCAN,but startoff goingright.

SPIRAL: Do a distortedSpiral, alternatively going left and
right, so that �qar_�`dc>� � 
 is evaluatedjust before � �_ �sg � .
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for ( ��� � ; ����� ; ��� ����� ) �
EstimatedBandwidth � EstimatedBandwidth + tuOvxw ;
for (�$� �q�/" ; �$��� %'&)( ; �$� �+�y�q�/" ) �

if (ActualBandwidth[ � ] � EstimatedBandwidth) �
transmit( �.-/� );
ActualBandwidth[ � ] � ActualBandwidth[ � ] + 1;0

else ��Xz+� FindNeighbour( �.-/� );
transmit( �.-/� z );
ActualBandwidth[ � z ] � ActualBandwidth[� z ] + 1;000

Figure3: Algorithm BASIC

Further, it could find the instantwith minimum bandwidth
(Bestfit) or stopat the first instantwhich canaccommodate
frame 
 (First Fit). 2 Finally, asa fallback,if all instantsin
theinterval cn�{a|_�`}c>� � 
fe�~p� � _ ��g ��e exceedtheir allotted
bandwidth,
 is scheduledin theinstantwithin this rangewith
minimum bandwidth. However, our simulationssuggestthat
for sanevaluesof _ ` and _�� , thisseldomhappens.

As shown in Figure4(a), thesestrategiescouldbepictured
asdifferentpathsfrom cn�3~p�de to cn�5a�_�`Ncn� � 
fe�~p� � _ �,g �#e .
SPIRAL couldbethoughtof asthestraightline pathbetween
the two pointsmappedby Bresenham’s line algorithm. Ex-
tensive simulationover a wide rangeof parametersseemsto
indicateSPIRAL is a particularly robust way to implementP5A �RQ�ShU AXW�YmZ3[�]m^ . Figure5(a) shows bandwidthdistribution
for different P5A �RQTSVU AXW+Y8Z\[�]8^ functions. Figure5(b) shows
typical distribution of bandwidthsfor a 30 frames-per-second
2-hourmovie for variousvaluesof initial delay � , with SPI-
RAL for FindNeighbourfunction.

As canbe seen,the algorithm BASIC hasoneminor prob-
lem: When scheduling,we deal with framesas indivisible
units. Therefore,if the theoreticalserver bandwidthis (say)Iji k ,3 theactualbandwidthvariesequallybetweenI and k , re-
sultingin peakbandwidthsthatovershoottheaverageby aboutKO�+� . However, this is easilyremedied:If multiple moviesare
broadcastsimultaneously(a likely scenario),they canbe co-
scheduledby modifying Algorithm BASIC to be awareof the
actualandpredictedglobalbandwidthwhenmakingschedul-
ing decisions.Figure6 shows thatfor asfew as � streams,the
peakserverbandwidthusagematchesoptimalusageto withinD percent.

Figure7 comparesbandwidth-delayperformanceof Fuzzy-
castwith existing protocolsandwith the theoreticalbestper-
formance.

Basedon theseresults,we arguethat Fuzzycastis a feasi-

2For Bestfit, thescanmethoddoesnot matter.
3expressedin framestransmittedperinstant

ble broadcastschemethatoffersoptimalperformancefor on-
demandstreaming.

2.2 Layered Multicast

One problemwith the basicschemeoutlined in Section2.1
is that every client continuesto receive redundanttransmis-
sions,wastingclientandnetwork bandwidth.While this is un-
avoidablein a purebroadcast-basedsystem4, it is wastefulin
a multicastsituationwherethereis network supportfor sub-
scribingto andunsubscribingfrom a multicastsession.It is
thereforedesirablethateachclient explicitly deregisterits in-
terestin unwantedframewith themulticastinfrastructure.The
idealsolutionof transmittingeachframein its own multicast
groupcreatesunacceptablyhighnetwork overheadin theform
of subscription/unsubscriptionmessagesandstateinformation
in thenetwork routers.

The solution is to useLayered Multicast (LM) [JMV96].
Most commonly, LM is usedto deliver multiple versionsthe
sametransmission,differingonly in quality, to heterogeneous
receivers in a resource-efficient manner. Here, it is usedto
resource-efficiently deliver different time slots: Each client
subscribesto all the groupson startup,sheddinglayersone
by oneasit is no longerinterestedin receiving datait already
hasreceivedor playedout.

An interestingproblemin this connectionis that of opti-
mally splitting � framesinto � groups.Makingagroupbigger
increasescostin two ways:

1. At any giventime,moreclientsaresubscribedto it. Even
for broadcastmechanisms,this consumesmorenetwork
resources,albeitsub-linearly.

2. Thoseclientsareforcedto listen to redundanttransmis-
sionslonger.

4e.g.,asatellitebaseddistribution network
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On the other hand,sincethe numberof groups, � , is finite,
droppingtoo early andtoo often would meanrunningout of
groupssooner. As we shallsee,thereis anoptimalsolution.

2.2.1 Optimal allocation of Multicast Layers

Our first goal is to find the splitting that minimize the num-
berof framesthateachclient receives.Considerputtinggroup
boundariessuchthatgroup � will last ��� instantsandwill con-
tain frequencies 4�������n7 4 LNL3L 4��� (�8�/G���~�����G �y� � ). The
total numberof framesthata client receiveson an averageis
thengivenby:

P GC� 4 c 4�N��7 4 � 4�3��7�� � L3L3L � 4� � e� � � c 4� � 7 4 � 4� � 7�� � L3LNL � 4�3� e � LNL3L� ���@c 4��� ��� 7 4 � 4�T� ��� 7�� � LNL3L � 4��� e (1)
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Figure5: BandwidthDistribution

In otherwords,

P 9 �� 2{4 ��� ;>=�?
� ����o� 4 (2)

Differentiatingpartially w.r.t. ��� andequatingto � for mini-
mum P , we get

� � 7 4qGy� � c)K � ;>=�? � ����o� 4 e (3)

Descendingrecursively, the first boundary� 4 is determined
by,

���VG�� 4 c)K � ;>=�? � 4� � ejc�K � ;>=�? c�K � ; =�? � 4� � e�e!LNL3LNc�� termse (4)

where ���JG ��� � and �+��G¡� . This equationcanbe nu-
mericallysolved(weuseNewton-Raphsoniteration)to getthe

5



0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8 10

N
or

m
al

iz
ed

 B
an

dw
id

th

¢

Time (Hours)

Peak Bandwidth Usage: CBR Fuzzycast

single CBR stream
8 CBR streams

Figure6: Bandwidthusagewith Co-scheduling

2

3

4

5

6

7

8

9

10

0 0.02 0.04 0.06 0.08 0.1

B
an

dw
id

th£

Delay

Fuzzycast
Optimal

Polyharmonic
Pagoda

Figure7: Performancecomparisonof Fuzzycast

valueof � 4 . Once� 4 is found,higherboundariescanbecal-
culatedusing(3). This setof boundariesis theonethatmini-
mizesthenumberof framesthateachclient receives.For ex-
amplefor atwo-hour, 30frames-per-secondmovie, �yG�� and�¤G����j¥ U}¦ , theoptimalgroupboundariesareat K�K§i I minutes
and I�¨minK minutes,leadingto an averageclient bandwidthus-
ageof 54 fpsasopposedto 165fpswithout layering.Figure8
shows the reductionin bandwidthfor various � . In the ideal
case,wheneachframeis transmittedin its own group,average
client bandwidthis exactly K , so it is apparentthatusingeven
a smallnumberof groupsresultsin significantlyfewer frames
receivedby eachclient.

2.2.2 Minimizing Network cost

A connectedproblemis thatof splitting � framesinto � groups
suchthattheoverallnetwork bandwidthis minimized.Thatis,
wewould like to minimizethetotalnumberof framessentout

1

1.5
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2.5
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3.5

4

4.5

5

5.5

1 2 3 4 5 6 7 8 9 10

Figure8: AverageClient BandwidthVs. �
in thenetwork atany time. If thenumberof links in adelivery
treeof F clientsis ©5cnF�e andtheaverageclient arrival rateisª

thenthenumberof clientssubscribedto group � atany given
time is 9 ª ��� . Therefore,thetotalnetwork bandwidthis:

S 9 �� 2{4 ©5c
ª ���me ;>=�? ���� �o� 4 (5)

Previouswork [CS98,PTS99]suggeststhat for Internetmul-
ticast, ©5cnF�e is fairly accuratelyapproximatedby a power law
of the form, ©!c>F�e 9�«]mFh¬ where­ 9 �mi � and «] is the aver-
ageunicastpathlength.Thisrepresentsits network bandwidth
advantageovermultiple unicast,which has ©5cnF�e{G «]8F . The
functionto beminimized,then,is:

S 9¯® g �� 2{4 � ¬� ; =�?
�������� 4 (6)

where ® G «] ª ¬ is a constantfor a giventransmission.5 Pro-
ceedingasin Section2.2.1, theanalogyof (3) is:

��� 7 4 G����xc�K � ­ ;>=�? ���� �o� 4 e
�° (7)

For the sameparametersas in Section2.2.1, optimizing net-
work bandwidthresultsin groupboundariesat ¨mi D�I minutes
and I�I minutesfor a network bandwidth9 �+±�� of thatwith-
out layering. Figure9 shows thenetwork bandwidthfor vari-
ous � , normalizedto thebandwidthwithout layering.

2.3 An AdaptiveHybrid Scheme

PeriodicBroadcastingis attractive for servingpopularmedia
becauseserverbandwidthis independentof clientarrival rates.

5For now, we assumeconstant² . Section2.3 describesa schemewith
variable² .
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However, in reality, mediacannotbeclassifiedasmerelypop-
ularor unpopular:popularityoccursin acontinuousspectrum.
In broadcastschemeswheredifferent frameshave different
impact on the bandwidth,algorithmsthat classify mediaas
eitherpopularor unpopularendup makingsuboptimaluseof
bandwidth.Furthermore,userpreferenceschangeovertimeso
thatthesetof “hot” videosis in astateof constantchange.So,
anadaptive,hybrid mechanismhasthebestchanceof scaling
well in an on-demandstreamingsystemwith widely varying
client demands:adaptive, to handlechangesin popularities
gracefully;hybrid,to treatmovieswith widely differentpopu-
laritiesuniformly.

In our hybrid scheme, instead of broadcastingframesK§~Ni3iNi\~ � with frequencies 4687 4 ~Ni3iNi3~ 4687 1 , we unicastthefirst³
(say)framesto eachclient. Eachclient startsoff listeningto

boththeunicastprefixandthebroadcast,startingplayoutafter
an initial delayof � instants.Theunicastfeedof

³
framesis

stretchedover time � � ³ , leadingto a unicastbandwidthof´687 ´ perclient. This is illustratedin Figure10. Our goal is to
usebroadcastfor only thoseframesin which it would resultin
bandwidthsavings.

2.3.1 Optimizing for Server Bandwidth

First, considerthe choice of
³

that minimizes server band-
width. If clientarrival rateis

ª
, unicastingframe 
 would take

up a constantserver bandwidth
ª

framesper instant,whereas
broadcastwould consumebandwidth 4� 7@6 . Therefore,broad-

castis moreeffective for frames
 for which
ª B 4� 7@6 or all

frames
�B 4µ a�� . Thustheoptimalvalueof
³

thatminimizes
serverbandwidthis 4µ ah� .

This is illustratedin Figure11. Somenotablepointsare:

1. A unicastprefix is requiredonly when
ª

falls below 46 ,
i.e.,client inter-arrival timeexceedsinitial delay.
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Figure10: Hybrid Scheme
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Figure11: Bandwidthimpact: UnicastVs. Multicast (�<G¨����m~ � GCD+KOºm� )
2. Decreasing

ª
increases

³
, sothatfor

ª G 46 ,
³ G|� (pure

broadcast)andfor
ª G 41 7@6 , i.e., just oneclient for the

entiremovie,
³ G � (pureunicast).

3. Eachunicastlastsfor � � ³ instantsandthe numberof
concurrentunicastsatany timeis roughly

ª c>� � ³ e . Thus,
in theoptimalcase,at any giventime, theexpectednum-
berof clientsreceiving unicastis exactly K .

ServerBandwidthusage»m¼}½\`X¾)¿>À for thehybridschemeis:

»m¼}½\`X¾�¿ À 9 ª ³ � ;>=�? � �,�� � ³9 K!a ª � � ;>=�? ª � ;>=�? c>� �,� e (In theoptimalcase)GbK!a ª � � ;>=�? c ª ��e � » 1oÁ ¾)Â!l\Ã (8)
where» 1�Á ¾�Â!l\Ã is theoptimalbandwidthfor thepurebroadcast
case.
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plottedagainstinitial waiting times�
Thepeakclient bandwidth,Ä ¼}½\`X¾�¿ À is:

Ä'¼}½\`X¾)¿>ÀÅG ³
� � ³ ��Æ [�W �

�,�
� � ³GbK!a ª � � ; =�? c ª �#e � Ä 1oÁ ¾)Â!l\Ã

(9)

Thus,in thehybridscheme,clientbandwidthis reducedby the
sameamountastheserverbandwidth.

Figure12 comparespredicted»m¼}½\`X¾�¿ À and » 1oÁ ¾�Â!l\Ã for dif-
ferent

ª
.

2.3.2 Network Bandwidth

WhenLayeredMulticastisusedfor broadcast,adjacentframes
belongingto different groupscan have widely different im-
pactson the network bandwidth. In this case,the bandwidth
impactin Figure11is nolongermonotonicallydecreasing.In-
stead,we geta frame-impactgraphasin Figure13(b) Instead
of a singleunicastprefix asin Figure10, we getmultiple uni-
caststreams,at mostonefor eachlayer, asin Figure13(a).

2.4 Adaptive Scheme

Thehybridschemein Section2.3workswell for bothpopular
andunpopularvideos.But theoptimalvalueof

³
dependson

ª
.

With variableclientarrival rate,thesystemstartsto drift away
from optimality. Thesolutionto this is to vary

³
dynamically

accordingto the client arrival rateat that time, i.e. increase
it on decreasing

ª
anddecreasingit with increasing

ª
. How-

ever, this introducesthecomplicationof dealingwith existing
clients. Increasing

³
cancelsplannedmulticastschedulesthat

theseclientsdependon. Decreasing
³

is lessharmful,sinceit
merelyschedulesframesto be broadcastthat existing clients
do not really needby virtue of their longer-running unicast
connection.Figures14(a)14(b)illustratethis. Assumeclients

arrive at times Ä'¿ arrivesat time ��¿ , startsplayoutat time ¥O¿
andfinishesat U ¿ , for A
G¤KMLNL3Lp� . Increasingthe unicastpre-
fix from

³ 4 to
³ � at time ��Ç meansthat Ä � now hasto follow

thepath � � a�È|a�PÉa U � insteadof � � a�ÈÊa�Ëra U � . This
meansthattheunicastbandwidthfor all suchclientsshouldbe
increasedto meetthebroadcastat thenew

³
. However, this is

not an option for clients like ÄÌ4 , who arealreadydonewith
their unicastpart.Thiswould meanthat

³
cannotbeincreased

arbitrarily fast,but canonly be increasedwithout cancelling
any framesthatarescheduledwithin theplayoutof the latest
client. This can be doneaggresively, i.e. at evert instant � ,
if the latestclient arrived � framesearlier, broadcastof frame�/a�� canbe canceled.Alternately, this canbe donelazily
on arrival of eachclient. In comparison,decreasing

³
poses

few problems.It schedulesframebroadcaststhatarealready
promisedto clientsby unicast,but sincethe server, with per-
fect knowledgeof both the unicastand broadcastschedule,
skipsover unicastingframe 
 for client Ä if 
 is scheduled
for broadcastbeforeplayout for client Ä . For example,the
unicastpathfor client Ä�4 , would follow a trajectorybetween�d4+ayÈhayÍCayÄya U 4 and�d4�ayÈhayÄ�a U 4 , dependingonhow
many of theseframesit getsthroughbroadcast.

2.5 Variable Bitrate

Till now, we have assumedour media is CBR. In practice,
however, popularmedialike MPEG-2or MPEG-4areVBR,
i.e., framesizesarenot constant.The basicschemeoutlined
above can be modified for VBR streamingby incorporating
frame sizesinto Algorithm BASIC. i.e for a � frame movie
with frame sizes 
�4O~3
 � ~NL3LNL�~3
 1 , the expectedbandwidthfor
thefirst 
 framesis:

Í!ÎEÏEÐÌcp
feMG �¿ 254

N¿� � A (10)

In conjunctionwith our global schedulingalgorithm, this
smoothsbandwidthusagedown to agreatextent.

For example,Figure15 shows thebandwidthusage6 of 1-
hourMPEG-4movie streams,overa 10-hourperiod.

2.5.1 FragmentedFuzzycast

As Figure15 shows, Fuzzycastdealsquite well with VBR
sourcesas far as server bandwidthis concerned. However,
dealingwith VBR mediais still undesirablebecause:

1. Clientbandwidthdoesnotbenefitfrom thesmoothingef-
fectof multiplestreamsandsuffersfromsignificantband-
width variability.

2. Having extremelyvariableframesizescomplicatesbuffer
management,especiallyat theserverside.

6Normalizedto predictedbandwidth
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(a)MultilayeredAdaptive scheme
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(b) Network Impact:UnicastVs. LayeredMulticast

Figure13: LayeredMulticast

Network Support Bandwidth
Scheme Feedback Transmission Server Network andClient

Basic no broadcast » 1oÁ ¾�Â5l3Ã » 1oÁ ¾�Â!l\Ã
LayeredMulticast no multicast » 1oÁ ¾�Â5l3Ã å �æ » 1oÁ ¾)Â!l\Ã
Hybrid yes broadcast »m¼}½\`X¾�¿ À »8¼d½3`�¾�¿>À
LayeredHybrid yes multicast » ¼}½\`X¾�¿ À å � » ¼}½\`X¾)¿>À» 1oÁ ¾�Â!l\Ã G ;>=�? 1 7@66 » ¼}½\`X¾�¿ À G�» 1oÁ ¾�Â5l3Ã a ª � ��Æ [�W�c ª �#e � K

Table1: Schemeselectionguideandsimplifiedperformancecomparison

One way to circumvent the problemof VBR media is to
‘pretend’ that mediais CBR i.e divide the contentinto con-
stantsize segments7, cutting acrossframe boundaries.This
might increaseinitial delaysto an unacceptablyhigh level,
sincebigger-than-averageframestake multiple instantsto ar-
rive in their entirety. If frame 
 arrivescompletelyby time ���
theninitial delayis ç#è�é+ê����!a�
�ëÒBC� , asshown in Figure16.

An effective compromiseis to usea smoothingmechanism
like PiecewiseConstantRateSmoothing(PRCTT)[SZKT98,
MR97], but this typically involvessomeincreasein initial de-
lay.

FragmentedFuzzycastis a more effective solution: Con-
sider a VBR encodedmovie with a set of frames P Gêo
 4 ~3
 � ~NLNL3L�~N
 1 ë . Split it into a set of fixed sized blocksÍ*GìêoZ 4 ~3Z � ~dL3LNL�~3Z)ÂÅë . Now, for eachblock Z)¿ , thereis a setÄÅcpZ ¿ eîí:P of frameswhich areeitherfully or partially con-
tainedin Z ¿ . If theearliestframein ÄÅcpZ ¿ e is 
Nï , thentransmit
block Z ¿ at frequency 4687 ï .

7with sizeequalto averageframesize

It is easyto prove that FragmentedFuzzycastdeliversall
dataontime. Block Z)¿ is scheduledsuchthattheearliestframe
in it reachesontime. Thisimplieslaterframesin theblockalso
reachon time to every client, exceptpossiblyfor thelastone,
which is truncated.Howevera frametruncatedin Z)¿ is theear-
liest framein Z ¿ 7 4 , thusreachingon time. The lastblock has
no truncatedframesat the end,thusdelivering all its frames
on time.

As Figure17shows,theeffectof fragmentedfuzzycastis to
replaceauniformplayoutline asin Figure1 with asegmented
oneconsistingof diagonalsinterspersedby vertical linesand
horizontallines.Verticallinesoccurwhena framespansmul-
tiple blocks,horizontallineswhena block holdsmultiple ad-
jacentframes.

FragmentedFuzzycastis simpleto implement,asFigure18
shows: We just maintainpointersto the end of the current
block in Z `XÃ Á�ð � andthecurrentframein Z)� ¾�l\Â!ñ , whichgrow at
ratesZ Æ [ ¦ �x¥)A\ò U and ¥)A\ò U cnóje respectively. Whenever theblock
pointerovertakesthe framepointer, the framenumberis in-
creaseduntil this is reversed.
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Figure14: Adaptingnetwork bandwidth
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Figure16: Starvationdueto VBR media

Figure19 shows that FragmentedFuzzycastis quite effec-
tive in smoothingrate variability of VBR traffic: The graph
is virtually a duplicateof the CBR bandwidthusagegraph
Figure6.

2.6 Implementation

Obviously, the moresupportfrom the network, the moreef-
ficiently network resourcescan be utilized. As summarized
in Table1, having a return channelfrom the receivers or a
resource-efficient multicastcapabilitywill greatlyhelp to re-
ducethebandwidthusage.Thefour simpleandpracticalsche-
mesthat have beenintroducedin this paper, closely model

  Join Playout Start

Leave

Playout is faster

Normal Rate

Arrival is faster

Figure17: FragmentedFuzzycasttransmission

the respective theoreticaloptima, for wherethey areknown.
Weareconfidentthatfor thecombinationsof network support
whereboundsarenot known yet,ourschemesarecloseto op-
timal.

Our prototypeimplementation,comprising 9 500 lines of
JAVA code8, streamsmultiple movies over our campusnet-
work. Preliminarytestsindicatethatperformancematchesour
predictedresults.

Despitethesometimesrathercomplex formulae,theimple-

8for bothserver andclient
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procedure Fragmentê Z `XÃ Á�ð ��� Z)� ¾)l\Â!ñ�� � ;
foreach frame 
dïê

while ( Z)`XÃ Á)ð � B Z � ¾�l\Â!ñ and ó�� � )ê Z � ¾)l\Â!ñ � G size( 
 ï );ó �|� ;ë
transmit next block at frequency

46 7 ï ;Z)`XÃ Á�ð � � G Z Æ [ ¦ �j¥�A\ò U ;ëë
Figure18: Fragmentedtransmission

mentationconsistsof simplecomponentsonly: theBASIC and
FINDNEIGHBOUR algorithms,a precomputedtable of layer
boundaries.Even for the adaptive schemes,keepingtrack of
thejoin timesof justthetwo mostrecentreceiversis sufficient.

3 Client Disk Bandwidth Management

Theschemeproposedin Section2 involvessegmentationand
asynchronousbroadcastof mediadata,which requiresclients
to efficiently buffer out-of-ordersegmentsand reorderthem
for serial playout. The conversionof out-of-orderarrival to
in-orderplayoutsuggeststheuseof externalmemorypriority
queues,but their content-agnosticnaturepreventsthemfrom
performingwell underon-demandstreamingloads.In thefol-

lowing wewill proposeandevaluateaseriesof simpleheuris-
tic schemeswhichachievesignificantimprovementsin storage
performanceoverexistingschemes.

Buffermanagementcouldalsobetreatedasacachereplace-
mentproblem,with the additionalpropertythat thereare at
mosttwo accessesto eachblock, onerandom(duringarrival)
andthe otherserial (during playout). The optimal cachere-
placementstrategy of writing out theframewith mostdistant
playoutto disk,while minimizingthenumberof diskaccesses,
endsup usingoneseekfor every framereador written, incur-
ring a highoveralldisk I/O cost.

11
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3.1 Disk space

3.1.1 Expecteddisk spacefor Algorithm NAIVE

For a receiver that joins sometimein the middle, the frames
arriveoutof orderandhaveto becachedondisk, to beplayed
out in their time. Theprobability that frame 
 ¿ arrivesin timeó (relative to thejoin time) is:

� ¿)c>� Gyóme'G 4¿ Kî�Có#��AO~� otherwise.
(11)

Theprobability that frame 
N¿ is on disk duringtime ó (ó���A )
is then:

� ¿�cn�q��óme'G ï� 2{4 � ¿�cn�qG��meMG
ï ¿ ó�� i,� otherwise.

(12)

So,thenumberof framesondiskatany giventime ó is simple:

Q c>óme'G 1¿ 2{4 � ¿ c>���CómeMG�� �
1
¿ 2@ï 7 4 � ¿ c>���CómeMG

1
¿ 2@ï 7 4

ó A
G'ó 1
¿ 2{4
KA a
ï
¿ 254
KA

9 ó ; =�? � ó (for large ó and� )

(13)
It caneasilybeseenthatthepeakdiskspaceuseis Q Â!l � G 1 ñ ,
at time 1 ñ ( U beingtheEuler’sconstant).

3.1.2 Disk spacemeasurementsfor Algorithm BASIC

Figure20 plots the disk spacedemandfor severalvariantsof
algorithmBASIC. We find that thevariationis not significant
enoughto chooseonealgorithmoveranother.
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Figure20: Disk spacedemand

3.1.3 Reducingdisk space

Sincevideoframesarrive largely out of orderfor a typical re-
ceiver, disk spacerequirementsare large andpeakat aroundI��8� of thetotal lengthof themovie. This disk spacerequire-
mentcanbe reducedat the costof somebandwidth. Corre-
spondingto a server usingalgorithmBASIC asthescheduler,
theclient grabsandholdson to thefirst instanceof any frame
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thatcomesalong.If theclientknowsthatanotherinstancewill
comealongbeforethatframeis to beplayedout, it canafford
to ignore the first. By transmittinglater framesat a higher
ratethanabsolutelynecessary, we cantradea small increase
in bandwidthfor significantreductionin disk spacedemand.
Oneway to do it is to asktheclient to ignoreframes��� ask-
ing to be storedfor more than

ª
instants. To make goodon

this promise,all frames ��� needto be transmittedevery
ª

instants.A client,knowing � and
ª
, cansafelyignorea frame
 ( ��� ) thatit encountersatatime �r
Ra ª . Arguingalongthe

samelinesasin Section3.1.1,wegetthesediskspacedemand
patterns:

Q c>óme'G
ó ;>=�? c�� ï e ó����#a ª ,ó ;>=�? c�� ï e ��� ï � � 7 µ� �� µ �
a ª ��ó��!� ,µ � ����ó�� � a ª ,µ � a � ï � 1 7 µ" �� µ � a ª ��ó�� � .

(14)

Theincreasedbandwidthis givenby:

ZÌG ;>=�? c#�fe � � a$�ª (15)

Figure21givesthetheoreticaldiskspacedemandovertime,
for 200kframes.
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Figure21: Reduceddiskspacedemand

3.2 Efficient Buffer ManagementSchemes

FromSection3.1we know thatthepeakbuffer sizeis 1 7@6ñ of
theentiremovie, at a fraction 1 7@6ñ of theentireplayouttime
into movie. For a two hour MPEG-2 movie with a transfer
rateof 4Mb/sanda 30 secondinitial delay, this would trans-
lateto a peakbuffer requirementof around700MB. Thusthe
typical client is forcedto distributeits buffer betweena small
fastcachein primarymemoryanda large,slow harddisk that

holdsthe bulk of the bufferedframes. As framesarrive over
thenetwork, existing framesaredisplacedfrom thecacheand
written to disk till playouttime. This naturallyleadsusto the
questionof doingthis efficiently from a disk I/O performance
perspective. Why is this important?Somemotivationsare:

% For set-topboxes,moreefficient buffer managementob-
viatesneedfor higherperformancehardware,leadingto
lowercosts.% ClientscouldbecommodityPC’s runningmultiple con-
current tasks: both memoryand storageare sharedre-
sourcesthatshouldbeusedoptimally.% Someproxiesor transcodingdeviceslocatede.g. at ca-
ble head-endsreceive,buffer andreorderframes(among
other things) before streamingthem serially to con-
strainedend-systemslike disklessset-topboxes. Better
buffer managementcontributesto greaterscalability.

3.2.1 Disk Metrics

We usea relatively simplemetric for estimatingdisk perfor-
mance:Consideradiskwith theseparameters:

RANDOM SEEK TIME, »m¾ : This is the averageseektime for
unrelatedread/writes.

SEQUENTIAL SEEK TIME, »'& : This is theseektime for adja-
centblocksof thesameread/write.

BLOCK SIZE, Í : Disk spaceis alwaysallocatedin blocks.
TRANSFER RATE, ( : This is the rate at which datacan be

read/written.

If we assumethat the disk allocatorwrites datain onewrite
over multiple adjacentblocks,the time taken for a read/write
of Z bytesis givenby:

�dcpZNe 9 » ¾ � » & ZÍ � Z(
Effectively, the time to transfera block of � framesin one
read/writebetweenmemoryanddisk is of theform:

�dc � e 9 Ä 4 � Ä � g � (16)

where Ä 4 and Ä � areconstantfor a given disk. This model
might seemsimplistic in thesetimes of intelligent caching
disk controllers,but consideringthemassive amountsof data
involved, our analysisshows that (16) provides a closeap-
proximation. For typical disk and transmissionparameters,Ä 4 9 KO�oF�¥ and Ä � 9 D§FC¥ . We have arrivedat theseparam-
etersby experimentingwith simulationsof the Seagate Bar-
racuda disk, asobtainedfrom DiskSim[Gan95]. Further, we
areworkingonrefiningthesemeasures,possiblythroughmore
complex diskmodels.

During the courseof playout of the movie, a numberof
framesarewritten to disk andreadbackagain.Our goal is to
minimizetotal I/O time spentover theseframes,asestimated
by (16). In thefollowing sections,wepresentouralgorithms.
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3.2.2 Most Distant Playout (MDP) Replacement

MDP is similar to the optimal cachereplacementalgorithm:
the principle is to replaceframesthat would be requiredfar-
thestin thefuture. With sequentiallyaccessedmediadata,the
highestnumberedframein cacheis theidealcandidatefor re-
placement.

In MDP, insteadof replacingjust thelastframein thecache,
a number ) of framesin cacheare written out to disk as a
singlechunk.Preemptively writing outabunchof likely-to-be
replacedframesamortizesseektimeover ) frames,insteadof
usingup aseekfor eachframe.Whentheearliestframein the
sequenceis to beplayedout,theentirechunkis readbackinto
cacheagain.

κCache
Size

Time

Figure22: Buffer growth with batchedwrites(Schematic)

MDP is suboptimalin thenumberof total accessesto disk,
someframescyclemorethanoncebetweenmemoryanddisk.
But since accesstime for reasonableframe sizes is much
lower then seektimes, MDP, by effectively trading in more
reads/writesfor fewer seeks,is ableto achieve a reductionin
overalldisk I/O time.

3.2.3 Most CompactSequence(MCS) Replacement

Anotherstrategy is to takeadvantageof linearaccessof frames
and write out the ) long run of framesthat has the most
compactplayout scheduleof the framescurrently in mem-
ory, in anattemptto reducetherateof blockscycling between
disk andmemory. For a run of ) frameswith playout times* 4 ~ * � ~NL3LNL *,+ , we defineits sparseness (asopposedto com-
pactness)by

»�G
+

¿ 2{4 c
* ¿ a * 4Ne

Wechoosetherightmostsuchsequencewith minimalS.In the
bestcase,this is a stretchof ) continuousframes.Sparseness
canbe thoughtof asa cumulative measureof wastedbuffer
occupancy: theearliestframein a sparserun wastefullydrags

Start

Run 2

P Pκ1

 Start End

End
Run 1

PP1 κ

Figure 23: Two compactruns. Squaresrepresentframesin
memory, dotstheir absence.

alongmuchlaterframesfromdisktomemory. Replacingcom-
pactrunslowerstherisk of later framesin therun gettingre-
placedagainbeforeplayout.

An advantageof this definition is that it selectsRun-1over
Run-2in Figure23, althoughbothhave thesame‘density’. A
run with more framesnearthe headis a bettercandidatefor
replacementbecausefewer frames(if atall) getcycledbackto
disk,while fetchingotherframesnecessaryfor playout.

3.3 Optimal Block sizes

The rationalefor writing out blocks of ) framesinsteadof
single framesis to trade increasesin cheaperdisk transfers
for fewercostlyseeks.Theoptimalvalueof ) dependson the
relativecostof seeksvs.read/writesaswell asthecachesize.

Increasing) reducesseeksand buys lower disk I/O time
uptoa point. Thereafter, increasedaccesstimespredominate
andour techniqueis no longeroptimal. Figures3.3 and3.3
plot ) asa fractionof Ä , thecachesizeagainstI/O time asa
fractionof ��� � , theplayouttimefor MDP andFigure3.3for
MCS.It canbeseenthat ) 9 D�iNi3i��+� of cachesizegivesbest
performancefor bothMDP andMCS.All I/O timesaregiven
relative to theactualplayouttime. We find thata seekwould
take roughly thesametime astransferingk frames.As all of
theblockswritten to disk areof thesamesize,disk allocation
managementbecomestrivial. Wehavealsoexperimentedwith
a variable ) , but we feel that the performancegainsaccrued
might not beworth theincreasedcomplexity in disk manage-
ment.

3.4 PerformanceComparison

Figure26 summarizestheperformanceof MDP andMCS re-
placementschemesin comparisonwith the radix heapbased
algorithmandtheoptimalcachereplacementalgorithm.In our
implementationof radix heapalgorithmpresentedin [BK98]
, we have improved its efficiency somewhat by modifying it
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to take advantageof all the memoryavailableandwrite out
bucketsto diskonly whenthis memoryis usedup.

It canbeseenthatin thefeasibleoperatingregionsof Cache
size = 0.2 % to 2 % ( 9 6 to 60 MB for typical MPEG-2
movies), our schemesoutperformexisting schemesby more
thana factorof two in disk I/O. Radix tries asdescribedby
the authors[BCFM99] would have performedan additional
three times worse. Experimentalresultsusing array heaps
[BCFM99], anotherpromisingdatastructure,performedno
better.

3.4.1 Computational Complexity

We notethatbothMDP andMCSarequiteeasyto implement
comparedto heapbasedschemes,since they use relatively
simple structureslike lists or arrays. A simple array based
implementationof MDP with a cacheof size Ä framestakes. cpÄÅe time to inserta frameand

. c�K�e time to delete) frames
from cache. Implementingthe cacheasa binary treewould
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Figure26: Cachesizevs. I/O time

resultin
. c Æ [�WfcpÄÅe�e time for insertinganddeletinga frame.A

simplearraybasedimplementationof MCS takes
. c�ÄÅe time

to inserta frameand
. c�ÄÅe time to replacea run of ) frames.

Sincememoryconstraintswill typically limit Ä to not more
thana few hundred,this is not prohibitively expensive.

4 Conclusions

4.1 Summary

We have proposeda practicalmethodto achieve near-optimal
performancein on-demandmediastreaming. Our technique
matchesthe performanceof the bestexisting protocol while
sharingnoneof its complexity andperformssignificantlybet-
ter thanthebestexisting schemeof comparablecomplexity.

Most current analysishas tendedto focus on the server
bandwidth. We have chosena novel approachin using the
Chuang-Sirbu law to minimize network cost. We are con-
vincedthatour techniquewill find broadapplication.

We alsodiscussan adaptive approachthatusesan optimal
mix of unicastandmulticast,againusingthemulticastscaling
law to find a solutionthatminimizestotalnetwork costs.

In our scheme,theclient only needsabout37%( 4ñ ) storage
of the whole content,even in the worst cast. However, it is
still a heavy load on the client in termsof buffer space.For
designingcheaperend-systemsor morescalableproxies,effi-
cient buffer managementassumesimportance.We have pro-
posedandevaluatedtwo simpleschemesdrawing uponthese
principles:

BATCHED I /O: Cache replacementin blocks of multiple
framesamortizesseektimesover theseframes. Empir-
ically, we foundreplacing2-3% of thecacheoptimal.

USING ACCESS PATTERNS: Using knowledge of linear ac-
cessin continuousmediato replacecompactsequences
reducescycling betweenmemoryanddisk.
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Together, thesetechniquesachieve significant performance
gainscomparedto algorithmsdescribedin literature.

4.2 Future Work

So far, we have addressedoptimal server and network us-
ages,andoptimal averagebandwidthsat clients. Depending
ontheparameterschosen,weexpecttheratiobetweenaverage
andpeakbandwidthat theclient to be in the rangeof D�iNi3i�k .
For clientswith narrow network connections,this smallfactor
might be enoughto considerablyreducethe maximumqual-
ity availableto the viewer. We arethuslooking at efficiently
smoothingthepeakbandwidthin thenetwork, e.g.,at DSL or
cablehead-ends.We arealsoworking on makingour scheme
work with variablebit-rate media,employing somekind of
smoothingmechanismlikePiecewiseconstantratesmoothing.
We believe this is a straightforwardextensionof our work.

Meanwhile,weareworkingonimprovingourheuristicsand
providing theoreticalupperboundsfor client disk bandwidth
management.We are looking forward to finding out more
aboutoptimal cachereplacementstrategies when the server
transmissionscheduleis known to theclients.Someof theal-
gorithmsmight alsobeableto take moreadvantageof a vari-
able ) .
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