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Abstract

Whenusinganon-demandnediastreamingsystemon top of
a network with Multicast support,it is sometimesmore effi-
cientto usebroadcasto distribute popularcontent,especially
whenclientdemands high. Therehasbeena lot of research

In somebroadcasschemespeakrequirementganrunto
severalmegabytes.

The most popular techniquesrely on efficient broadcast
mechanism#o simultaneouslgatisfythedemandsf multiple
clientswithout suffering alinearincreasen bandwidthusage.

in broadcastingn-demanctontentto multiple, asynchronous Prior studiesof requespatternsn videorentals[DSS94]sug-

recevers.In thispaperwe proposeafamily of novel, practical
techniquedor broadcastinggn-demandnedia,which achieve
lowest known sener/network bandwidthusageand 1/O effi-
cientclientbuffer managementyhile retainthesimplicity of a
frame-basedinglechannelscheme We alsoproposeplayout
schedulingstratgiesthatmalke it practicablefor servingboth
constanbitrate(CBR) andvariablebitrate(VBR) media.

1

Recentadwvancedn technologyhare madeon-demandtream-
ing of digital mediafeasible.However, for severalyearsthese
systemd$ave notachievedthenotablecommerciabuccesshat
technologyseemedo promise.The primaryreasonis thattra-
ditional on-demandsystemsdo not scalewell. All available
sener bandwidthtendsto get quickly swampedby client de-
mand, forcing providersto investin expensve network and
hardwareresourceso ensurequality of service.

The threeprincipal metricsfor measuringhe performance
of on-demandtreamingsystemsare

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

Intr oduction

Delay: While on-demandnediain its truestsensas instanta-
neous,mostdiscussionn broadcast-basedn-demand
streamingsystemsallow a reasonabldime interval be-
tweenrequestindplayout.

Buffer Space: In an on-demandstreamingsystemin which
segmentscanarrive outof order, theclientrequireanem-
ory or persistenstorageto storeout-of-ordersegments.

gestthata large fraction of theserequestg40-60%)arefor a
small number(10-20)of videos. This statisticsuggestghat
usingsomeform of broadcasfor the mostpopularmediacan
bevery effectivein scalableon-demandnediadistribution.
We presentherea family of highly efficient schemedor
lowestsener andnetwork bandwidththat areknown, aswell
asefficient client resourceusage.They arealsoarguablythe
simplestsolutionsthatareavailable. In the next few sections,
wediscusghesescheme$othin theoreticabasisandin prac-
tical implementationperformanceomparisonsvith the best
possibleandthebestextantschemesireprovidedfor different
issueslin Section2 wewill discussanew approactto address
the optimal sener andnetwork usagesaswell asoptimal av-
eragebandwidthsat clients. Both constanbitrateandvariable
bitrate mediawill be discussed.In Section3 we presentwo
heuristicschemedor efficient client buffer management.

1.1 Background

The techniqueswve describeapply to an on-demandstream-
ing system,which comprisesa centralsener that distributes
digital mediato clients over a distribution network. We as-
sumethatthe network supportsa broadcasprimitive andthat
broadcasting pieceof datato a group of clientsis in some
way moreefficientthanunicastingt to eachclient. Thesener
storesa setof movies from which eachclientis freeto choose.
A movie is a pieceof mediadatathat consistsof a numberof
fixed-sizeblocks of data(frames) that are always consumed
in serialorder For corvenience we assumea frame canbe
transmittedover the network without further fragmentation,
althoughthisis nota prerequisitdor our work.
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Clientsarrive at timesof their choosing,requesthe sener
for moviesandafteranoptionalwaiting periodw, getout-of-
orderframes.Clientusedocalcachewhich consistof internal
andexternalmemoryto hold theframesthatarenot neededo
be playedout soon.The mediaplayerconsumesheframesin
the cachefrom beginningto endin serialorder For the rest
of this paper let the unit of time (aninstant) be thattime re-
quiredto consumea singleframe, so that eachclient spends
n + w instantson a movie of n frames. This, of course,as-
sumegthat the contentis constantit-rate. In Section2.5 we
mentionthatthis may be extendedto includevariablebit-rate
media.We alsoassumehatclientsarrive synchronouslyvith
instantsand are able to receve and storeframestransmitted
during the instantof their joining. In practice,this is not an
unreasonablassumptiorsince an instant, by our definition,
would correspondo roughly 33 millisecondsfor 30 frames-
persecondvideo. This sequencés illustratedin Figurel.
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1.2 RelatedWork

One of the earliest proposalsfor bandwidth-eficient on-
demand streaming system was Batching [DSS94], where
the Sener aggreyatedrequeststhat came close togetherin
time. Subsequentlymary periodic broadcasimethodshave
beenproposedwhile sometheoreticalower boundgEVZ99,
SGT99]have beenobtained.

PyramidBroadcastingV196] dividesdatainto segmentsof
geometricallyincreasingsizesand broadcastshemon a few
high bandwidthstreams.A derivative, SkyscrapemBroadcast-
ing [HS97] offersmuchbetterperformance.

More currently a family of protocolsrelatedto Harmonic
BroadcastingJT97,PCL98a]seemdo be the mostpromising

insofar asthe bandwidth-delaytradeof is concerned.These
protocolssplit amovie into fixed-sizesegmentsandbroadcast
thesesggmentsin streamsof harmonicallydecreasingand-
width. Segmentsaregroupsof adjacenframesandarehence
of muchcoarsegranularitythanframes.

Onevariant, PolyharmonicBroadcastindPCL98b], while
in theory offering nearoptimal performance,unfortunately
encounterdormidable obstaclesn implementation,since it
requireseachclient to simultaneouslysubscribeto a large
numberof low-bandwidthstreams.Anotherrelatedprotocol,
PagodaBroadcastinglPCL99] sacrificessome performance
for theability to usea few, constant-bandwidthtreams.

For the client side,buffering problemcanbe formulatedas
an externalmemorysorting probleminvolving randominser
tionsandminimumelementeletion.A heapor priority queue
basedalgorithm naturally suggestsdtself. One high perfor
mancevariantis a radix-heapbasedstructure,which stores
framesin multi-level buckets accordingto an optimal radix.
Accordingto acomparatreanalysiperformedoy [BCFM99],
radix heapsare the bestextant schemewhenthe keys arein-
tegersin a pre-definedange.Anotherefficient schemepased
on acollectionof fixed-sizdists, is presentedyy the samepa-
per. However, whenapplyingthesetwo schemego our sys-
tem, they both neglectto take linear accessnto account,re-
sulting in suboptimalperformance We have useda modified
version(which improvesthe efficiency) of thealgorithmspre-
sentedn [BCFM99] for performanceomparisonBut there-
sultstill showvs thatour schemesvork better

2 Bandwidth

An importanttradeof in designingthe on-demandstreaming
systemis that of sener bandwidthversusclient delay; most
work hasbeento improvethis performanceThatis, givenone,
to minimize the other In this section,we presentan efficient
techniqueto achieve nearoptimal performancen sener and
network/clientbandwidth.

2.1 Fuzzycast
2.1.1 Theoretical Basis

Considetthe broadcasbf a“popular” movie thatconsistf n
frames.Assumeheframesareto bebroadcastet away that
satisfieshe on-demandequirement®f clientswith different
join-times. Now, a clientwith ajoin-time of ¢ anda wait-time
of w will requireframe f attimet; nolaterthantimet+w+-f,
ie,t < ty < t+w+ f. Forthisto holdtruefor all ¢, it is
necessanandsufficient thatthereis at leastonetransmission
of framef in every stretchof w + f instants.Theoptimalway
to dothisis to broadcastrame f everyw + f instants.Thisis
thetheoreticabasisfor our work.



for (f — 1, f < n, f «— f+1) {
for (t — f‘|"lU, t < tmaz; t — t+f+w) {
transmt(f, t);
}

Figure2: Algorithm NAIVE

Herethetransmit functionscheduleg for transmissiomur-
ing timet in atransmissiomueue.

Thebandwidthusageof algorithmnAIvE (Figure2) atboth
sener and client endsis: >-%_, 1f log £, Earlier
work [EVZ99] has determinedthat this is optlmal for ary
broadcasbasedscheme.

Although Algorithm NAIVE is simple,elegantandoptimal,
afatalflaw renderst unusable The numberof framessched-
uledfor transmissiorattime ¢ is thenumberof integersi > w
suchthats dividest. This function, the factorfunction,is ex-
tremely spiky, varying from 2 for prime ¢ to new highs for
highly compositet. It is becausef this reasorthat Algorithm
NAIVE hasbeenconsideredndthenregretfully abandonedy
variousresearcherstwo approacheexist to counterthis. The
stream-basedpproachinsteadof transmittingframe* f every
f + w instants transmitsit continuouslyin a seperatechan-
nel of bandwidth——— times the basebandwidth. Most of
the harmonicbroadcastingrotocolstake this approachwith
PolyharmonidroadcastingPCL98a]offeringthebestperfor
mance.This promiseauniformbandwidthaccesshut alsoruns
into thesedifficulties:

1. In all formsof Harmonicbroadcastingsegmentsizesare

constrainedy theinitial delay To gainuseracceptance,

theinitial delayhasto beasmallfractionof movie length,
requiringamovie to betransmittecbveralargenumberof
streams.Managinghundredsof low bandwidthstreams
over a paclket network is a nontrivial exercise. In Poly-
harmonicbroadcastingthe numberof streamsncreases
by anadditionalfactorof m, m = 4 beingareasonable
value.In practicalterms,usingPolyharmonidBroadcast-
ing for asingle2-hour, 1.5Mbpsmovie with a30second
initial delay translatego maintaining960 streamswith
senerbandwidthghatvary from 1.5Mbpsto afew hun-
dredbps.

. It only partially solves the problem, becauseat some
level, streamsmap to network paclets. Since paclets
cannotbearbitrarily small, multiple transmissionsf later
frameshave to be aggregated. Aggregatingagainbrings
in the schedulingssuesve have just described.

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

lor sgment

rectiontechniquedike Forward Error Correction(FEC
[NBT98]) are used,transmittinga sggmentover an ex-

tendedperiod and over multiple paclets increaseshe
likelihoodof this happenindor framesin latersgments.

The alternateapproachis to time-diision multiplex the
framesin a deterministicway that avoids the schedulingcon-
flicts of Algorithm NAIVE. PagodabroadcastingPCL99]does
this, but sacrificessomeperformancen the procesdecauset
hasto settlefor suboptimakchedulesWe now proposeasim-
pleframe-basedlgorithmthatis atleastasefficientasthebest
stream-basedlgorithm.

2.1.2 The BasicAlgorithm

Aswe have seenAlgorithm NAIVE is infeasiblesinceit results
in spiky bandwidthusage.Our solutionto this is (Figure3):
Wheneeraframe f hasto be scheduledt aninstantthathas
usedup the bandwidthallottedto framesl1 - - - f (= log f+w)
we allow it to stray from its schedulednstantto one of its
neighbouringinstantswth bandwidthto spare. The intentis
to spreador smearout a bandwidthpeakover time, flattening
peaksandfilling uptroughswhile ensuringhatfor eachframe
f, the gap betweensuccesie transmissionss kept roughly
f+w.

The purposeof the Find N eighbour functionis 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 scheduledime slot.

At this point, we needto distinguishbetweenadwancinga
framein time anddelayingit. Advancingaframescheduled
beforeit is due,wastingsomebandwidth.On the otherhand,
delayinga frameincreasesnitial delayfor clientsthatexpect
it. Bandwidthwastagedueto advancinga framedecreaseas
the framenumberincreasessincethe fractional effect of this
adwancediminisheswith increasinginter-frame gap. On the
other hand, averageinitial delay dueto delayingary frame
increasesincemore clientswait for later frames. Therefore
we usetwo parameters, andédy sothatthe limits for shift-
ing frame f from time ¢ aret — &, (w + f) andt + §¢ x w.
Reasonablgaluesared, ~ 0.05 andd, ~ 0.1.

Giventhesdimits, therearemultiple waysto implementthe
FindN eighbour function. Someexamplesare:

L-R-SCAN: Startingfrom, scarfirstleft from¢ tot—d,(f+
w) andthenrightfromt to ¢ + 65 x w, looking for time
slotswith availablebandwidth.

R-L-SCAN: Similarto L-R-SCAN, but startoff goingright.

SPIRAL: Do adistortedSpiral, alternatvely going left and
right, sothatt — §,(w + f is evaluatedjust beforet +
5f X w.



for (f —« 1, f < mn f < f+1) {
Esti mat edBandwi dth < Esti mat edBandwi dth +
for (t « f+w t < tmas; t — t+f+w) {
i f (Actual Bandwi dt h[ ¢]
transmt(f, t);
Act ual Bandwi dt h[ ¢]
} else {
t' «— Fi ndNei ghbour ( f, t);
transmt(f, t);

1

< EstimatedBandw dth) {

«— Actual Bandwi dth[ #] + 1;

Act ual Bandwi dt h[ #'] « Actual Bandwi dth[¢] + 1;

Figure3: Algorithm BasiC

Further it could find the instantwith minimum bandwidth

ble broadcasschemehat offers optimal performancedor on-

(Bestfit) or stopat the first instantwhich canaccommodate demandstreaming.

frame f (First Fit). 2 Finally, asa fallback,if all instantsin
theinterval (t — d,(w + f),t + §¢ x w) exceedtheir allotted
bandwidth,f is scheduledn theinstantwithin this rangewith
minimum bandwidth. However, our simulationssuggesthat
for sanevaluesof 4, andd;, this seldomhappens.

As shawvn in Figure4(a), thesestratgiescould be pictured
asdifferentpathsfrom (¢,¢) to (t — §y(w + f),t + 05 x w).
SPIRAL could be thoughtof asthe straightline pathbetween
the two points mappedby Bresenhans line algorithm. Ex-
tensie simulationover a wide rangeof parameterseemso
indicate SPIRAL is a particularly robust way to implement
FindNeighbour. Figure5(a) shavs bandwidthdistribution
for different Find N eighbour functions. Figure5(b) shavs
typical distribution of bandwidthsfor a 30 frames-peisecond
2-hourmovie for variousvaluesof initial delayw, with SPI-
RAL for FindNeighbourfunction.

As canbe seen the algorithmBaAsic hasoneminor prob-
lem: When scheduling,we deal with framesas indivisible
units. Therefore,if the theoreticalsener bandwidthis (say)
4.5, theactualbandwidthvariesequallybetweerd and5, re-
sultingin peakbandwidthghatovershootheaverageby about
10%. However, thisis easilyremedied:f multiple moviesare
broadcassimultaneouslya likely scenario) they canbe co-
scheduledy modifying Algorithm BASIC to be aware of the
actualandpredictedglobal bandwidthwhenmakingschedul-
ing decisions Figure6 shows thatfor asfew as8 streamsthe
peaksener bandwidthusagematchesptimal usageto within
2 percent.

Figure7 comparedandwidth-delayerformancef Fuzzy-
castwith existing protocolsandwith the theoreticalbestper
formance.

Basedon theseresults,we arguethat Fuzzycasis a feasi-

2For Bestfit, thescanmethoddoesnot matter
Sexpressedn framestransmittecperinstant

2.2 Layered Multicast

One problemwith the basic schemeoutlined in Section2.1
is that every client continuesto receve redundanttransmis-
sions,wastingclientandnetwork bandwidth.While thisis un-
avoidablein a purebroadcast-basesystent, it is wastefulin

a multicastsituationwherethereis network supportfor sub-
scribingto andunsubscribingrom a multicastsession. It is

thereforedesirablethateachclient explicitly deregisterits in-

terestin unwantedframewith themulticastinfrastructure The
ideal solutionof transmittingeachframein its own multicast
groupcreatesinacceptablyigh network overheadn theform

of subscription/unsubscriptianessageandstateinformation
in the network routers.

The solutionis to uselLayered Multicast (LM) [IJMV96].
Most commonly LM is usedto deliver multiple versionsthe
sametransmissiongdiffering only in quality, to heterogeneous
receversin a resource-dicient manner Here, it is usedto
resource-diciently deliver differenttime slots: Each client
subscribego all the groupson startup,sheddinglayersone
by oneasit is nolongerinterestedn receving datait already
hasrecevedor playedout.

An interestingproblemin this connectionis that of opti-
mally splitting » framesinto « groups.Making agroupbigger
increasegostin two ways:

1. At ary giventime, moreclientsaresubscribedo it. Even
for broadcastnechanismsthis consumesnore network
resourcesalbeitsub-linearly

2. Thoseclientsareforcedto listento redundantransmis-
sionslonger

“4e.g.,a satellitebasedlistribution network
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On the other hand, sincethe numberof groups,«, is finite,
droppingtoo early andtoo often would meanrunning out of
groupssooner As we shallsee thereis anoptimalsolution.

2.2.1 Optimal allocation of Multicast Layers

Ouir first goalis to find the splitting that minimize the num-
berof framesthateachclientreceives.Considerputtinggroup
boundariesuchthatgroupk will lastz;, instantsandwill con-
tain frequencies.—— -+ .- (z0 = w, 2, = n +w). The
total numberof framesthata client receveson an averageis
thengivenby:

1 1
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Figure5: BandwidthDistribution

In otherwords,

F= Z Tk log

Differentiatingpartially w.r.t. z; andequatingto 0 for mini-
mum F', we get

)

Tk—1

T

) ®3)

Tpy1 = 2p(1 4 log

Tk—1
Descendingecursvely, the first boundaryz; is determined
by,
T = (1+log—) (1+log(1+log—)) - (atermsg (4)
wherez, = n + w andzy = w. This equationcanbe nu-
mericallysolved(we useNewton-Raphsoiteration)to getthe
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valueof z;. Oncex; is found, higherboundariesanbe cal-

culatedusing(3). This setof boundariess the onethatmini-

mizesthe numberof framesthat eachclient receves. For ex-

amplefor atwo-hour, 30 frames-peisecondnovie, « = 3 and
w = 30sec, the optimalgroupboundariesreat 11.4 minutes
and49.1 minutes,leadingto an averageclient bandwidthus-
ageof 54 fpsasopposedo 165fpswithoutlayering.Figure8

shaws the reductionin bandwidthfor variousa. In theideal

casewheneachframeis transmittedn its own group,average
client bandwidthis exactly 1, soit is apparenthatusingeven
asmallnumberof groupsresultsin significantlyfewer frames
recevedby eachclient.

2.2.2 Minimizing Network cost

A connectegbroblemis thatof splittingn framesinto « groups
suchthatthe overallnetwork bandwidthis minimized. Thatis,
we would lik e to minimizethetotal numberof framessentout

55

45 - B

35 B

25 B

15 B
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Figure8: AverageClient BandwidthVs. «

in thenetwork atary time. If thenumberof links in adelivery
treeof m clientsis L(m) andthe averageclientarrival rateis
A thenthenumberof clientssubscribedo groupk atary given
timeis ~ \zj. Thereforethetotal network bandwidthis:

T

N = ZL()\mk)log
k=1

®)

«
— Tp_1

Previous work [CS98,PTS99]suggestshatfor Internetmul-
ticast,L(m) is fairly accuratelyapproximatedy a power law
of theform, L(m) = &4m” wherep =~ 0.8 and is the aver
ageunicastpathlength. Thisrepresentits network bandwidth
advantageover multiple unicastwhich hasL(m) = am. The
functionto be minimized,then,is:

~
~

(6)

where K = 4.)\* is a constanfor a giventransmissior¥. Pro-
ceedingasin Section2.2.], theanalogyof (3) is:

)e

Ty

1 = xk(1 + plog @)

Tp—1
For the sameparameterasin Section2.2.1, optimizing net-
work bandwidthresultsin group boundariesat 9.24 minutes
and44 minutesfor a network bandwidth= 37% of thatwith-
out layering. Figure9 shavs the network bandwidthfor vari-
ousa, hormalizedo the bandwidthwithout layering.

2.3 An Adaptive Hybrid Scheme

PeriodicBroadcastings attractive for servingpopularmedia
becaussenerbandwidthis independentf clientarrival rates.

5For now, we assumeconstant\. Section2.3 describesa schemewith
variable\.
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However, in reality, mediacannotbe classifiedasmerelypop-
ularor unpopular;popularityoccursin acontinuousspectrum.
In broadcastschemeswhere different frameshave different
impact on the bandwidth, algorithmsthat classify mediaas
eitherpopularor unpopularendup makingsuboptimaluseof 0.0008 |- 1
bandwidth.Furthermoreusemreferenceshangeovertime so
thatthesetof “hot” videosis in a stateof constanthange So,
anadaptve, hybrid mechanisnhasthe bestchanceof scaling
well in an on-demandstreamingsystemwith widely varying 0.0004 1
client demands:adaptve, to handlechangesn popularities
gracefully;hybrid, to treatmovieswith widely differentpopu- 00002 - )
laritiesuniformly.

In our hybrid scheme, instead of broadcastingframes . %

1,...,n with frequencies;2, .. ., 7+, we unicastthefirst ° 50000 10000 0o 200000

¢ (say)framesto eachclient. Eachclient startsoff listeningto

boththe unicastprefix andthe broadcaststartingplayoutafter Figure 11: Bandwidthimpact: UnicastVs. Multicast (w =
aninitial delayof w instants. The unicastfeedof ¢ framesis 900, 7 = 216k)

stretchedover time w + ¢, leadingto a unicastbandwidthof
o7 perclient. Thisis illustratedin Figure10. Ourgoalisto 5 Decreasing\ increaseg, sothatfor A = L, ¢ = 0 (pure
L w L

0.001 q

0.0006 q

Bandwidth

usebroadcastor only thoseframesin whichit would resultin broadcastandfor A = —- i.e., just oneclient for the
. . n+w1 " "
bandwidthsavings. entiremovie, £ = n (pureunicast).

3. Eachunicastlastsfor w + ¢ instantsandthe numberof

concurrentinicastsatary timeis roughly A\(w+¢). Thus,
First, considerthe choice of ¢ that minimizes sener band- in theoptimalcaseatary giventime, the expectednum-
width. If clientarrival rateis A, unicastingframe f would take berof clientsreceving unicastis exactly 1.

up a constansener bandwidth) framesperinstant,whereas ggper BandwidthusageS),;i for the hybrid schemés:
broadcastvould consumebandwidthﬁ. Therefore proad-

castis moreeffective for framesyf for which A > HLM orall Shybria = M + log

framesf > % —w. Thustheoptimalvalueof ¢ thatminimizes
senerbandwidthis + — w.

2.3.1 Optimizing for Server Bandwidth

w+n
+ 4
~1—dw+log\+log(w+mn) (Intheoptimalcase)

Thisis illustratedin Figure11l. Somenotablepointsare: =1— 2w + log(Aw) + Shormat .
1. A unicastprefix is requiredonly when ) falls below % wheresS,,,rmaq! IS theoptimalbandwidthfor thepurebroadcast
i.e., clientinter-arrival time exceedsnitial delay case.
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The peakclient bandwidth,Cj,ypriq iS:

C ybrid =
hybrid =7, %)
=1- ) w+ log()\w) + Crormal

Thus,in thehybrid schemeglientbandwidthis reducecdy the
sameamountasthesener bandwidth.

Figure12 comparegpredictedSy,pria andSyormar for dif-
ferent\.

2.3.2 Network Bandwidth

WhenLayeredMulticastis usedfor broadcastadjacenframes
belongingto differentgroupscan have widely differentim-
pactson the network bandwidth. In this case the bandwidth
impactin Figurellis nolongermonotonicallydecreasingln-
steadwe getaframe-impacigraphasin Figure13(b) Instead
of asingleunicastprefix asin Figure 10, we getmultiple uni-
caststreamsat mostonefor eachlayer, asin Figure13(a)

2.4 Adaptive Scheme

Thehybrid schemen Section2.3workswell for bothpopular
andunpopulawvideos.Buttheoptimalvalueof £ dependsn \.
With variableclient arrival rate,the systemstartsto drift away
from optimality. The solutionto this is to vary £ dynamically
accordingto the client arrival rate at thattime, i.e. increase
it on decreasing\ anddecreasingt with increasing\. How-
ever, this introduceghe complicationof dealingwith existing
clients. Increasingl cancelsplannedmulticastscheduleghat
theseclientsdependon. Decreasind is lessharmful, sinceit
merely schedulegramesto be broadcasthat existing clients
do not really needby virtue of their longerrunning unicast
connectionFiguresl4(a)l4(b)illustratethis. Assumeclients

arrive at times C; arrivesat time ¢;, startsplayoutat time s;
andfinishesate;, for i = 1---3. Increasingthe unicastpre-
fix from /; to /5 attime t3 meanshat C> now hasto follow
thepatht, — A — F — e5 insteadof t; — A — E — e5. This
meanghattheunicastbandwidthfor all suchclientsshouldbe
increasedo meetthe broadcasatthenew ¢. However, thisis
not an option for clientslike Cy, who are alreadydonewith
their unicastpart. This would meanthat¢ cannotbeincreased
arbitrarily fast, but canonly be increasedwithout cancelling
ary framesthatare scheduledvithin the playoutof the latest
client. This canbe doneaggresiely, i.e. at evert instantt,
if the latestclient arrived k. framesearlier, broadcasbf frame
k — w canbe canceled.Alternately this canbe donelazily
on arrival of eachclient. In comparisondecreasing poses
few problems.It schedulegramebroadcastshatarealready
promisedto clientsby unicast,but sincethe sener, with per
fect knowledgeof both the unicastand broadcastschedule,
skips over unicastingframe f for client C if f is scheduled
for broadcasbeforeplayoutfor client C. For example,the
unicastpathfor client C, would follow a trajectorybetween
ty —A— B—C—ejandt; — A— C — e, dependingon how
mary of theseframesit getsthroughbroadcast.

2.5 Variable Bitrate

Till now, we have assumedur mediais CBR. In practice,
however, popularmedialike MPEG-2or MPEG-4are VBR,
i.e., framesizesare not constant. The basicschemeoutlined
above can be modified for VBR streamingby incorporating
frame sizesinto Algorithm BAsic. i.e for a n frame movie
with framesizesfi, fa, - , fn, the expectedbandwidthfor
thefirst f framesis:

f
Byr(f) = Z
i=1
In conjunctionwith our global schedulingalgorithm, this
smoothshandwidthusagedown to a greatextent.
For example,Figure15 shows the bandwidthusage® of 1-
hourMPEG-4movie streamspver a 10-hourperiod.

fi
w1

(10)

2.5.1 FragmentedFuzzycast

As Figure15 shows, Fuzzycastdeals quite well with VBR
sourcesas far as sener bandwidthis concerned. However,
dealingwith VBR mediais still undesirabléecause:

1. Clientbandwidthdoesnot benefitfrom the smoothingef-
fectof multiple streamsandsuffersfrom significantband-
width variability.

2. Having extremelyvariableframesizescomplicateduffer
managemengspeciallyatthesenerside.

8Normalizedto predictecbandwidth
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(a) MultilayeredAdaptive scheme

(b) Network Impact: UnicastVs. LayeredMulticast

Figure13: LayeredMulticast

Network Support Bandwidth
Scheme Feedback | Transmission | Sener | Network andClient
Basic no broadcast Snormal | Snormal
LayeredMulticast | no multicast Snormal | = ¥ Shormal
Hybrid yes broadcast Shybrid | Shybrid
LayeredHybrid yes multicast Shybrid | = /Shybrid

Snormal = 108 HTU)

Shybrid = Snormal — Aw + loy()\w) +1

Tablel: Schemeselectionguideandsimplified performanceomparison

One way to circumwvent the problemof VBR mediais to
‘pretend’ that mediais CBR i.e divide the contentinto con-
stantsize sggmentg, cutting acrossframe boundaries. This
might increaseinitial delaysto an unacceptablyhigh level,
sincebiggerthan-arerageframestake multiple instantsto ar
rivein their entirety If frame f arrivescompletelyby time ¢ ¢
theninitial delayis max{t; — f} > w, asshovnin Figure16.

An effective compromiséds to usea smoothingmechanism
like Piecavise ConstantRate Smoothing(PRCTT)[SZKT98,
MR97], but this typically involvessomeincreasen initial de-
lay.

Fragmented-uzzycastis a more effective solution: Con-
sider a VBR encodedmovie with a set of frames F' =
{f1, f2,---, fn}. Splitit into a setof fixed sized blocks
B = {b1,ba,--- , by }. Now, for eachblock b;, thereis a set
C(b;) C F of frameswhich areeitherfully or partially con-
tainedin b;. If the earliestframein C(b;) is f;, thentransmit

block b; atfrequeng w%r]

“with sizeequalto averageframesize

It is easyto prove that Fragmented-uzzycastdeliversall
dataontime. Block b; is scheduleduchthattheearliestframe
in it reache®ntime. Thisimplieslaterframesn theblockalso
reachon time to every client, exceptpossiblyfor the lastone,
whichis truncated Howeveraframetruncatedn b; is theear
liestframein b;, 1, thusreachingon time. Thelastblock has
no truncatedframesat the end, thus delivering all its frames
ontime.

As Figure 17 shows, theeffectof fragmenteduzzycasis to
replaceauniform playoutline asin Figure1 with a segmented
oneconsistingof diagonalsinterspersedby vertical lines and
horizontallines. Verticallinesoccurwhenaframespananmul-
tiple blocks,horizontallines whena block holdsmultiple ad-
jacentframes.

Fragmentedruzzycasts simpleto implement.asFigure18
shavs: We just maintain pointersto the end of the current
blockin byoc, andthecurrentframein b ¢,.q.m., Which grow at
ratesblocksize andsize(j) respectiely. Whenever the block
pointer overtalesthe frame pointer, the frame numberis in-
creasedintil thisis reversed.
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Figure19 shaws that Fragmented-uzzycasis quite effec-
tive in smoothingrate variability of VBR traffic: The graph
is virtually a duplicateof the CBR bandwidthusagegraph
Figure6.

2.6 Implementation

Obviously, the more supportfrom the network, the more ef-

ficiently network resourcesan be utilized. As summarized

in Tablel, having a return channelfrom the receversor a
resource-dicient multicastcapabilitywill greatlyhelpto re-

ducethebandwidthusage Thefour simpleandpracticalsche-

mesthat have beenintroducedin this paper closely model

Join Playout Start

Normal Rate

Arrival is faster AN

Leave

Figure17: Fragmentedruzzycastransmission

the respectie theoreticaloptima, for wherethey are known.

We areconfidentthatfor the combinationf network support
whereboundsarenotknown yet, our schemesrecloseto op-

timal.

Our prototypeimplementationcomprising= 500 lines of
JAVA codé, streamsmultiple movies over our campusnet-
work. Preliminarytestsindicatethatperformancenatchesour
predictedresults.

Despitethe sometimesathercomplex formulae theimple-

8for bothsener andclient
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Peak Bandwidth Usage: VBR streams
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Figure15: BandwidthUsagefor Fuzzycasting/BR streams

procedure Fragnment

{
bblock: — bframe — 05
foreach franme f;
{
while (bpock > bframe and j < n)
{
bf'rame + = Si Ze(fj);
Jj++
}
transmt next block at frequency —;
boiock + = blocksize;
}
}

SET——

Figure18: Fragmentedransmission

mentationconsistf simplecomponentsnly: thesasic and
FINDNEIGHBOUR algorithms,a precomputedable of layer
boundaries.Evenfor the adaptve schemeskeepingtrack of
thejoin timesof justthetwo mostrecentreceversis sufficient.

3 Client Disk Bandwidth Management

The schemeproposedn Section2 involvesseggmentatiorand
asynchronoubroadcasbf mediadata,which requiresclients
to efficiently buffer out-of-ordersegmentsand reorderthem
for serial playout. The corversionof out-of-orderarrival to
in-orderplayoutsuggestshe useof externalmemorypriority
gueuesput their content-agnostioaturepreventsthemfrom
performingwell underon-demandtreamingoads.In thefol-

lowing we will proposeandevaluatea seriesof simpleheuris-
tic schemesvhich achieve significantimprovementsn storage
performancever existing schemes.

Buffer managemertouldalsobetreatedasacachereplace-
mentproblem, with the additional propertythat there are at
mosttwo accesse® eachblock, onerandom(during arrival)
andthe otherserial (during playout). The optimal cachere-
placemenstratayy of writing out the framewith mostdistant
playoutto disk, while minimizingthenumberof diskaccesses,
endsup usingoneseekfor every framereador written, incur-
ring a high overall disk I/O cost.

11
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3.1 Disk space
3.1.1 Expecteddisk spacefor Algorithm NAIVE

For a recever that joins sometimein the middle, the frames
arrive out of orderandhave to be cachedn disk, to be played
outin theirtime. The probabilitythatframe f; arrivesin time
j (relative to thejoin time)is:

1 . .
= 1<5<q,

. t = q) = g - -
pilt=17) {0 otherwise.

(11)
The probability thatframe f; is on disk duringtime j (j < 4)
is then:

j <i,

j i
i(t <j) = it =Fk)=1. i 12
pi(t < 7) ;p ( ) {0 otherwise. 12)

So,thenumberof framesondiskatary giventime j is simple:

dSopit<i) = %

d() =D _pilt <j) =0+

i=j+1 i=j+1
&1 K1
:J{Z;‘Z;
i=1 i=1
~j logg (for large 7 andn)
(13)

It caneasilybeseerthatthe peakdisk spaceuseis d,q. =
attime (e beingthe Euler’s constant).

3.1.2 Disk spacemeasurementsfor Algorithm BASIC

Figure 20 plotsthe disk spacedemandfor several variantsof
algorithmBasic. We find thatthe variationis not significant
enoughto chooseonealgorithmoveranother
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30 [ ; NN FBSCAN oo ]
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— N -
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\
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.10 .20 .30 40 .50 .60 .70 .80 .90 1.0

Figure20: Disk spacedemand

3.1.3 Reducingdisk space

Sincevideoframesarrive largely out of orderfor atypical re-
ceiver, disk spacerequirementare large and peakat around
40% of thetotal lengthof themovie. This disk spaceequire-
mentcan be reducedat the costof somebandwidth. Corre-
spondingto a sener usingalgorithmBsAsic asthe scheduler
theclientgrabsandholdson to thefirst instanceof ary frame

12



thatcomesalong.If theclientknowsthatanotheinstancewill
comealongbeforethatframeis to be playedout, it canafford
to ignore the first. By transmittinglater framesat a higher

holdsthe bulk of the bufferedframes. As framesarrive over
thenetwork, existing framesaredisplacedrom the cacheand
written to disk till playouttime. This naturallyleadsusto the

ratethanabsolutelynecessarywe cantradea smallincrease questionof doingthis efficiently from a disk I/O performance

in bandwidthfor significantreductionin disk spacedemand.
Onewayto doit is to asktheclientto ignoreframes> v ask-
ing to be storedfor morethan )\ instants. To make goodon

this promise,all frames> v needto be transmittedevery A

instants.A client, knowing v and, cansafelyignoreaframe
f (> v) thatit encountersitatime < f— A. Arguingalongthe
samdinesasin Section3.1.1,we getthesedisk spacedemand
patterns:

jlog(%) j<v—2A
log(2) + U=20° 4\ < <o,

a) = { 1B TR v A s s gy
5 v<j<n—A\
%—(jfgj\')‘)z n—A<j<n.

Theincreasedandwidthis givenby:
b = log(v) + % (15)

Figure21 givesthetheoreticabisk spacedlemandbvertime,
for 200k frames.

10 T T T
v=30%, lambda=27.5%
v=20%, lambda=16%
v=40%, lambda=40%

0.75

original disk space demand

0.5

0.25

1.0

Figure21: Reducedlisk spacedemand

3.2 Efficient Buffer ManagementSchemes

From Section3.1we know thatthe peakbuffer sizeis '““T“’ of
the entiremovie, ata fraction 2 of the entire playouttime
into movie. For a two hour MPEG-2 movie with a transfer
rate of 4Mb/s anda 30 secondnitial delay this would trans-
late to a peakbuffer requirementf around700 MB. Thusthe
typical clientis forcedto distributeits buffer betweena small
fastcachein primarymemoryandalarge,slow harddisk that

perspectre. Why is thisimportant?Somemotivationsare:

e For set-topboxes, moreefficient buffer managemenbb-
viatesneedfor higherperformancehardware,leadingto
lower costs.

Clientscould be commodityPC’s running multiple con-
currenttasks: both memory and storageare sharedre-
sourceghatshouldbe usedoptimally.

Someproxiesor transcodingdeviceslocatede.g. at ca-
ble head-endseceie, buffer andreorderframes(among
other things) before streamingthem serially to con-
strainedend-systemdik e disklessset-topboxes. Better
buffer managementontributesto greaterscalability

3.2.1 Disk Metrics

We usea relatively simple metric for estimatingdisk perfor
mance:Consideradisk with theseparameters:

RANDOM SEEK TIME, S;.: Thisis the averageseektime for
unrelatedead/writes.

SEQUENTIAL SEEK TIME, Ss: Thisis theseektime for adja-
centblocksof thesameread/write.

BLoOCK SIZE, B: Disk spaces alwaysallocatedn blocks.

TRANSFER RATE, T: This is the rate at which datacan be
read/written.

If we assumehat the disk allocatorwrites datain onewrite
over multiple adjacentblocks,thetime takenfor a read/write
of b bytesis givenby:

=S+ —+ =

t(b

(b) 5 tr

Effectively, the time to transfera block of n framesin one
read/writebetweemmemoryanddiskis of theform:

Ssb b

t(n) = C1+Cy xn (16)

whereC; and C, areconstantfor a givendisk. This model
might seemsimplistic in thesetimes of intelligent caching
disk controllers,but consideringhe massve amountsof data
involved, our analysisshows that (16) provides a close ap-
proximation. For typical disk and transmissiornparameters,
C1 = 10ms andCs =~ 2ms. We have arrivedat theseparam-
etersby experimentingwith simulationsof the Seagate Bar-
racuda disk, asobtainedfrom DiskSim [Gan95]. Further we
areworkingonrefiningthesemeasuregossiblythroughmore
comple disk models.

During the courseof playout of the movie, a numberof
framesarewritten to disk andreadbackagain. Our goalis to
minimizetotal I/O time spentover theseframes,asestimated
by (16). In thefollowing sectionswe presenbur algorithms.

13



3.2.2 Most Distant Playout (MDP) Replacement

MDP is similar to the optimal cachereplacemenalgorithm:
the principleis to replaceframesthat would be requiredfar
thestin the future. With sequentiallyaccessethediadata,the
highestnumberedramein caches theideal candidatdor re-
placement.

In MDP, insteadof replacingjustthelastframein thecache,
a numberx of framesin cacheare written out to disk asa
singlechunk. Preemptiely writing outabunchof likely-to-be
replacedramesamortizesseektime over x frames,insteadof
usingup aseekfor eachframe.Whenthe earliestframein the
sequencés to be playedout, theentirechunkis readbackinto
cacheagain.

Cache
Size

Time

Figure22: Buffer grawth with batchedwrites (Schematic)

MDP is suboptimaliin the numberof total accesse® disk,
someframescycle morethanoncebetweermemoryanddisk.
But since accesstime for reasonablegrame sizesis much
lower then seektimes, MDP, by effectively tradingin more
reads/writedor fewer seeksjs ableto achiese a reductionin
overalldisk I/O time.

3.2.3 Most Compact SequencgMCS) Replacement

Anotherstratayy is to take advantageof linearacces®f frames
and write out the « long run of framesthat hasthe most
compactplayout scheduleof the framescurrently in mem-
ory, in anattemptto reducetherateof blockscycling between
disk andmemory For arun of x frameswith playouttimes
Py, Py, - P, we defineits sparseness (as opposedo com-
pactnesshy

S:i(Pl - Pl)

We chooséherightmostsuchsequenc&ith minimal S.In the

Start End

| l
e om T[T Je e o[ e oa]e o

Run 1
End

Start

| l
e ofm)e o [Jo oo [ [ [n]e s

Run 2

Figure 23: Two compactruns. Squaresepresenframesin
memory dotstheir absence.

alongmuchlaterframesfrom diskto memory Replacingcom-
pactrunslowerstherisk of later framesin the run gettingre-
placedagainbeforeplayout.

An advantageof this definitionis thatit selectsRun-1over
Run-2in Figure23, althoughbothhave the same'density’. A
run with more framesnearthe headis a bettercandidatefor
replacemenbecauséewerframes(if atall) getcycledbackto
disk, while fetchingotherframesnecessarjor playout.

3.3 Optimal Block sizes

The rationalefor writing out blocks of x framesinsteadof
single framesis to tradeincreasesn cheaperdisk transfers
for fewer costly seeks.The optimalvalueof « depend®n the
relative costof seeksvs. read/writesaswell asthe cachesize.

Increasingx reducesseeksand buys lower disk 1/0 time
uptoa point. Thereafterincreasedaccesgimespredominate
and our techniqueis no longeroptimal. Figures3.3and3.3
plot x asafraction of C, the cachesizeagainst/O time asa
fractionof n + w, theplayouttime for MDP andFigure3.3for
MCS.It canbeseerthatx = 2...3% of cachesizegivesbest
performancdor bothMDP andMCS. All 1/O timesaregiven
relative to the actualplayouttime. We find thata seekwould
take roughly the sametime astransferings frames. As all of
the blockswritten to disk areof the samesize,disk allocation
managemerttecomedgrivial. We have alsoexperimentedvith
avariablex, but we feel that the performancegainsaccrued
might not be worth theincreaseccompleity in disk manage-
ment.

3.4 PerformanceComparison

Figure26 summarizeshe performancesf MDP andMCS re-
placemenschemesn comparisonwith the radix heapbased

bestcasethisis a stretchof x continuousrames.Sparseness algorithmandtheoptimalcachereplacemenalgorithm.In our

canbe thoughtof asa cumulative measureof wastedbuffer
occupang: the earliestframein a sparseun wastefullydrags

implementatiorof radix heapalgorithmpresentedn [BK98]
, we have improved its efficiency someavhat by modifying it

14
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Figure25: MCS: & vs.I/O time

to take advantageof all the memoryavailable and write out
bucketsto disk only whenthis memoryis usedup.

It canbeseerthatin thefeasibleoperatingregionsof Cache
size=0.2% to 2 % (= 6 to 60 MB for typical MPEG-2
movies), our schemesutperformexisting schemedy more
thana factorof two in disk I/O. Radix tries as describedby
the authors|[BCFM99] would have performedan additional
three times worse. Experimentalresultsusing array heaps
[BCFM99], anotherpromising data structure,performedno
better

3.4.1 Computational Complexity

We notethatboth MDP andMCS arequite easyto implement
comparedto heapbasedschemessincethey use relatively
simple structureslik e lists or arrays. A simple array based
implementatiorof MDP with a cacheof sizeC framestakes
O(C) timeto insertaframeandO(1) time to deletex frames
from cache. Implementingthe cacheas a binary tree would
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Figure26: Cachesizevs. /O time

resultin O(log(C)) time for insertinganddeletinga frame. A
simplearraybasedmplementatiorof MCS takesO(C') time
to insertaframeandO(C') time to replacearun of x frames.
Sincememoryconstraintswill typically limit C' to not more
thanafew hundredthisis not prohibitively expensve.

4 Conclusions

4.1 Summary

We have proposed practicalmethodto achieve nearoptimal
performancdn on-demandnediastreaming. Our technique
matcheghe performanceof the bestexisting protocol while
sharingnoneof its compleity andperformssignificantlybet-
terthanthe bestexisting schemenf comparableompleity.

Most current analysishas tendedto focus on the sener
bandwidth. We have chosena novel approachin using the
Chuang-Sirb law to minimize network cost. We are con-
vincedthatourtechniquewill find broadapplication.

We alsodiscussan adaptve approactthat usesan optimal
mix of unicastandmulticast,againusingthe multicastscaling
law to find a solutionthatminimizestotal network costs.

In our schemetheclientonly needsabout37%(%) storage
of the whole content,evenin the worst cast. However, it is
still a heary load on the client in termsof buffer space. For
designingcheapeend-systemsr morescalableproxies, effi-
cientbuffer managemenassumesmportance.We have pro-
posedandevaluatedtwo simpleschemeslraving uponthese
principles:

BATCHED I/0O: Cache replacementin blocks of multiple
framesamortizesseektimes over theseframes. Empir-
ically, we foundreplacing2-3 % of the cacheoptimal.

USING ACCESS PATTERNS: Using knowledge of linear ac-
cessin continuousmediato replacecompactsequences
reducesgycling betweermemoryanddisk.



Togethey thesetechniquesachieve significant performance [Gan95]
gainscomparedo algorithmsdescribedn literature.

4.2 Future Work
[HS97]
So far, we have addressedptimal sener and network us-

ages,and optimal averagebandwidthsat clients. Depending
ontheparametershosenye expecttheratio betweeraverage
andpeakbandwidthat the client to bein therangeof 2...5.
For clientswith narronv network connectionsthis smallfactor [IMV96]
might be enoughto considerablyreducethe maximumaqual-
ity availableto the viewer. We arethuslooking at efficiently
smoothingthe peakbandwidthin the network, e.g.,at DSL or
cablehead-endsWe arealsoworking on makingour scheme [JT97]
work with variable bit-rate media, employing somekind of
smoothingnechanisnlik e Piecaviseconstantatesmoothing.
We believe thisis a straightforvardextensionof ourwork.
Meanwhile we areworkingonimproving ourheuristicsand [MR97]
providing theoreticalupperboundsfor client disk bandwidth
management.We are looking forward to finding out more
aboutoptimal cachereplacemenstratgies when the sener
transmissiorschedulds known to the clients. Someof theal-
gorithmsmight alsobe ableto take moreadvantageof a vari-
ablex.

[NBT98]
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