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ABSTRACT

Periodicbroadcasts an effective paradigmfor large-scalalissem-
ination of popularvideos. Various periodic broadcastprotocols
have beenproposedo effectively utilize sener network bandwidth
andclient resources.Neverthelesspracticaldeploymentof these
protocolsposesseveral importantquestionghat have not beenin-
vestigated.This paperstudiestwo suchquestions:(i) givena set
of popularvideosanda sener with limited disk and memoryre-
sourceswhich videosshouldbe broadcasto maximizerevenue?
and(ii) whatarethe senerresourceequirementsor broadcasting
a setof videos? To answerthesequestionswe presenta Gener
alizedPeriodic BroadcastServer(GPBS)modelthat supportsary
periodic broadcasiprotocol. We formulate and solve a new op-
timization problemthat maximizesthe broadcastevenuesubject
to the sener's memory disk bandwidth,andjitter-free broadcast
constraints. We presentthe analyticalresultsto demonstratehe
effectivenesof our solution. Finally, we discussour prototypeim-
plementatiorof GPBSto validateour analysis.

Keywords
PeriodicbroadcastyVideo-on-Demandyideo streaming,memory
anddisk management.

1. INTRODUCTION

Recentyearshave seertheproliferationof severalimportantappli-
cationssupportingvideo datasuchas movie-on-demanddistance
learning,anddigital libraries,just to namea few. Periodicbroad-
castis aneffective paradignfor large-scalalisseminatiorof popu-
larvideos.In this paradigmavideo le islogically partitionedinto
anumberof segments.Thesesggmentsare periodicallybroadcast
on the sener channels.We refer to a serverchannelas a logical
unit of thesener network bandwidthrequiredto supporta continu-
ousdelivery of videodata.A clienttunesinto oneor morechannels
at propertimesto downloadthevideo seggmentsnto theclientdisk
buffer. The client typically switcheschannelso download subse-
quentsegmentswhile playing out one of the buffered segments.

Thiswork is partially supportedy the NationalScience~ounda-
tion underGrantNo. CCR0092914.

Periodicbroadcasis suitablefor popularvideossinceit guarantees
aboundedservicedelayregardlesof thenumberof concurrente-
quests. This characteristianakes periodicbroadcasan attractve
technologyfor contentprovidersto servicea large numberof cus-
tomersresultingin increasedevenue.ln recentyears,anumberof
periodicbroadcasprotocolshave beenproposedo reducebounded
servicedelays, utilize sener network bandwidthef ciently, and
minimize client resourcerequirementdl, 2, 3, 4, 5, 6, 7, 8, 9].
To date,only a few periodic broadcasseners for somespeci ¢
protocolshave beenimplemented10, 9].

Practicaldeploymentof periodicbroadcasprotocolsraisesseveral
importantissueghat have not beeninvestigated Amongthemare
the issuesof (i) effective managementf the sener memoryand
disk bandwidthresourcesand (ii) the impactof theseresources
on broadcastrevenue By broadcastevenue,we referto the rev-
enuea contentprovider obtainsfrom using periodic broadcasto
distribute videosto his customersEffective managementf sener
memorybuffer anddisk bandwidthresourcesn a periodicbroad-
castsener is important. Allocating too few resourceger video
doesnot guarantegitter-freet broadcast.On the otherhand,allo-
catingtoo mary resourceger video limits the numberof videos
the sener canbroadcastoncurrently In addition,differentvideos
have differentrequirementen senerresourceandgenerataliffer-
entrevenue.Hence givenasetof videosanda sener with limited
diskandmemoryresourcesthe problemof selectingwhich videos
to broadcasandhow to allocatesenerresourceso broadcasthese
videosto maximizethe broadcastevenueis worth investigating.

In this paper we study the two aforementionedssues. The dif-
ferenceamongtheperiodicbroadcasprotocolsmight promptone
to ask why not study theseissuesunder eachseparateprotocol.
However, we adwocatea generalapproachand solution that cor-
rectly captureshecommoncharacteristicsf the protocolswhenit
comesto sener resourceallocation. This stratgy hastwo adwan-
tages. First, it providesinsight of the sameissuesin several pro-
tocols. Secondthe solutioncouldbe veri ed independentlyinder
morethanoneprotocols. Our implementatiorprototypebasedon
thesolutionis anactualimplementatiorof mary periodicbroadcast
protocols.

The contrikutions of this paperare asfollows. First, we present
a Genealized Periodic BroadcastServer(GPBS)modelthat sup-
portsary periodic broadcasprotocol. Second we formulatethe
buffer managemenproblemfor the GPBSmodelasan optimiza-

We only consideijitters causedy incorrectsener memorybuffer
or disk bandwidthallocation. Jittersdueto network conditionsare
beyondthe scopeof this paper



tion problemthat maximizesthe broadcastevenuewhile satisfy-
ing memory disk bandwidth,andjitter-free broadcastonstraints.
The sener memoryspaceandthe disk characteristicghe periodic
broadcasprotocol andits broadcasiparametersand the charac-
teristicsof videosandtheir correspondingevenuearetaken into
accountin our problemformulation. We provide a solutionwhich
speci esthe maximumbroadcastevenue,the videosto be broad-
castandthebuffer sizefor eachbroadcasthannel.Third, ouranal-
ysis also determinesmemory spaceand disk bandwidthrequire-
mentsfor broadcasting particularsetof videosconcurrently This
informationis usefulfor contentprovidersto determinethespeci -
cationof the sener machineandthe servicefeefor eachbroadcast
video to achieve the desiredpro t. Finally, we validatethe ana-
lytical resultswith experimentalresultsfrom our prototypeof the
videosener.

The remainderof this paperis organizedasfollows. In Section2,

we provide the backgroundfor our work. We presentthe GPBS
modelin Section3 anddiscusghe formulationof the buffer man-
agemenproblemandour solutionin Section4. In Section5, we
derive the upperboundof the sener performancevhenusingan
idealdataplacementechniqueln Sectior6, we presenbur perfor

mancestudy We brie y discusgelatedwork in Section2. Finally,

we give our concludingremarksin Section8.

2. BACKGROUND

In this sectionwe give anoverview of memorybuffer management
techniguedor on-demandenersandan overvien of recentperi-
odic broadcasprotocols. By on-demandseners,we meanvideo
senersthatservicevideosbasedn individual requestasopposed
to periodicbroadcassenerswherethesenersonly broadcassome
popularvideosregardlesof therequestsWe usethefollowing no-
tationsthroughoutherestof the paper

Disk transferratein Mbps

Maximumdisklateng includingtheseekiimeand
therotationaltime in seconds

Playbackrateof avideoin Mbps
Maximumnumberof concurrenthannelsa sener
cansupport

2.1 Memory Buffer Managementfor

On-demand Sewers
The buffer managementechniquesfor on-demandseners were
primarily developedfor a databaseof videoswith homogeneous
playbackrates[11, 12, 13, 14, 15]. Thesetechniquesallocate
a memory buffer for eachrequeston the y. They usea single
retrieval threadto retrieve datain roundsfrom a disk subsystem
into multiple memorybuffers for the requestsn service. To en-
surejitter-free streaming,the buffer size is carefully determined
suchthat eachbuffer is not emptiedbeforethe retrieval threadre-
turnsto Il up the buffer in the next round. The techniquepro-
posedin [11, 12] calculateshe buffer sizewhenthe seneris in a
fully-loadedstate,a statewherethe sener cannotadmitary more
requests.In this state,the formulafor calculatingthe buffer size

is ———— where is the largestnumberthat en-
suresa positive buffer size(i.e., — . Obserethatthe
buffer sizeis directly proportionalto , and is inversely

proportionalto . Effective disk schedulinganddataplacemente-
duce [11, 14], which in turn, reducesthe buffer size. Since
anon-demandsener lIs up the buffer allocatedfor a requeste-
fore startingto sene it, theinitial servicedelayof arequesis also

reduced.Note thatthe network lateng is typically not takeninto
accountn thesestudies.

The abore buffer size formulais extendedto handlevideoswith

different playbackratesasfollows [11]. Either the maximumor

the greatestommondivisor of all the playbackratesof thevideos
in a video databasds usedasthe value of . We call the for-

merthe MAX schemeandthe latterthe GCD schemerespectiely.

Sincethe valueof underthe MAX schemeis the largestplay-

backrate,the buffersfor smallerratevideosarelargerthanneces-
sary Hence fewer concurrenstreamsanbesupportedUnderthe
GCD schemesereralchannelsareneededo sene the videoswith

the rate higherthanthe commonrate, resultingin a larger buffer.

This is dueto the fact that the more the concurrentstreamsthe

larger the buffer becomessincethe retrieval threadhasto spend
moretime to fetchthedatainto all the buffers. Theseinef ciencies

aremoreserioudor periodicbroadcassenerssinceseveralbuffers

areneededor broadcastin@ singlevideo.

In summarythe mainfocusof the studieson memorybuffer man-
agemenfor on-demandenershasbeenreducingthebuffer sizeto
achieve lower servicedelays. We arguethat memorybuffer man-
agementfor periodic broadcasseners doesnot aim at reducing
the servicedelaysinceit is boundedand determinedby the peri-
odic broadcasprotocolsandtheir parametersThereforewe focus
onreducingthebuffer sizesuchthataperiodicbroadcassenercan
broadcasmorevideosandgeneratenorerevenue.

2.2 Overview of Periodic BroadcastProtocols
Existing periodic broadcasprotocolscanbe classi ed into three
major groups: the equal-bandwidtigroup, the equal-sizegroup,
andthehybrid group.Fig. 1 depictsan exampleof periodicbroad-
castprotocolfrom eachof thegroups.In this gure, threeprotocols
areusedto broadcasthesamevideowith thesameboundedservice
delay The gure illustratesthedifferencesn theway the protocols
segmenta video, constructthe broadcasthannelsandassignthe
broadcastate (bandwidth)to eachchannel.

In theequal-bandwidtigroup,thesenerlogically partitionsavideo
into sgmentsof increasingsize andbroadcastshemon channels
of equalbandwidth. Thereis one-to-onemappingof sggmentsto
channels.Thatis, onesegmentis broadcasbnly on one channel
andonechannels usedto broadcasbnly onesggment. Examples
of periodicbroadcasprotocolsin this group are PyramidBroad-
cast[1], PermutationBasedPyramid Broadcast[2], Skyscraper
Broadcas{3], GreedyDisk ConservingBroadcas{4], Optimally
StructuredSchemd7], andOptimizedPeriodicBroadcas{8]. For
instance SkyscrapeBroadcastisessggmentof sizes
of thatof the rst sggment,respectiely, where

is the size of the largestsegment(s). In Fig. 1(a), the videois
partitionednto four sgmentsand  isequalto ve. Thesenersi-
multaneouslhstartsbroadcastingll the segmentsof avideo. Each
segmentis repeatedlybroadcasbn its own channelat the video
playbackrate.

In the equal-sizggroup,the sener logically partitionsa videointo
equal-sizesggmentsand broadcastshemon channelsof de-
creasingpandwidth.Thereis alsoone-to-onenappingof segments
to channels.HarmonicBroadcastandits variants[16, 5, 17] be-
longto this group.Fig. 1(b) depictsanexampleof usingHarmonic
Broadcastwherechannel hasthe bandwidth(or broadcastate)
of — where . Thesener alsosimultaneouslystarts
broadcastingf all thesegmentsof avideo. Segment isrepeatedly
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Figure 1: Examplesof periodic broadcastprotocolsin the threegroups.

channelsis indicated above the arr ows.

broadcasbn channel atthebroadcastateof thechannel.

In the hybrid group, the sener logically partitionsa video into
equal-sizesggmentsand broadcastdhem on channelsof equal-
bandwidth. The mappingof segmentsto channelsis the differ-
encefrom the previous two groups. A segmentis still broadcast
onechannelput onechannekouldbeusedto broadcasmary seg-
ments. For example,in Fig. 1(c), threesggments, , ,and
are broadcasbn channel2. Periodicbroadcasprotocolsin this
grouparePagodaBroadcasandits variants]6, 18]. Thebandwidth
of eachchannels the playbackrateof thevideo.

Supportingvariablebit rate (VBR) encodedvideosandVCR-like
functionsin periodic broadcasprotocolshave also beeninvesti-
gated. Although the bandwidthof eachchannelremainsconstant
for the entire broadcastall periodic broadcasprotocolscansup-
port a VBR encodedvideo by mappingit to a constantbit rate
streamusingthe peakbandwidthof the video asthe bit rateof the
streamor by using a better mappingapproach7]. Recentstud-
ies [19, 20, 21] modify existing periodic broadcasiprotocolsto
supportVCR-like functionssuchas fast-forward and fast-reverse
in a scalablefashion. Thesetechniquesuse a larger client disk
buffer and/oradditionalsener channelgo periodically broadcast
VCR versions(e.g.,1 frameoutof frames)of the video. Users
achiee VCR-like interactionsby automaticallyswitchingbetween
theappropriatechannels.

3. GENERALIZED PERIODIC BROADCAST
SERVER MODEL
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Figure2: GeneralizedPeriodic BroadcastServer Model
In this sectionwe rst presenbur GeneralizedPeriodicBroadcast
Sener (GPBS)model. We discussthe role of eachentity in the

denotessegment . The broadcastrate (bandwidth) of

modelandhow the sener startsup. We thendemonstratehatthe
modelsupportsary periodicbroadcasprotocol.

Fig. 2 depictsour GPBSmodel. One delivery threadis usedfor
eachof the broadcasthannelsThis malesit easietto supportdif-
ferentbroadcastatesfor differentchannelsSomeperiodicbroad-
casfprotocols(i.e.,HarmonicBroadcasandits variantg16, 5, 17])
requiredifferenttransmissiomratesfor differentsegments.Broad-
castingalayerencodedrideomayrequiredifferentbroadcastates
for differentlayers. In practice,popularvideosdo not necessarily
have equalplaybackrates.

The datato be broadcasbn eachchannelmustbe retrieved from
the disk storageinto the memorybuffer of the channelfor the de-
livery threadto broadcasthe datato the network. For instance,
in Fig. 2, memorybuffersareallocatedfor channels.
In this model,only onedataretrieval threadis usedto retrieve the
neededdatafor all the channelgo preventa competitionfor disk
accessewithin our own video sener application.To supportcon-
currentbroadcastef mary videos,eachbuffer mustbeassmallas
possible yet ajitter-free broadcasbn eachchannelmustbe guar
anteed.

The dataretrieval threadservicesthe buffersin rounds. In each
round,thedataretrieval thread lls upthebuffersoneby oneusing
the entiredisk bandwidthto fetchthe datafor eachbuffer. Hence,
the model closely capturesa normal disk operationthat usesthe
whole disk transferrate for datatransfer To guaranteea jitter-
free broadcasbn eachchannelthe buffer mustbe large enoughto
ensurethatthe delivery threadassociateavith the buffer doesnot
runoutof thedatato broadcasbeforethebuffer is servicedagainin
thenext round.Oncethevideodatain a buffer hasbeenbroadcast,
the memory spaceoccupiedby the datais madeavailable (on a
memorypagebasis)for storingnen dataof the next serviceround
of the buffer.

Givenaperiodicbroadcasprotocol,systenparametersandavideo
databasethe sener executesour MaximumRevenueBuffer Man-
agement(MRB) algorithm describedn Section4 to determinea
setof videosto be broadcastindthe buffer sizefor eachchannel
suchthatthe total revenueis maximized. Then,the sener creates
thenecessarthreadsallocatesand lls up all thebuffers,andtrig-
gersthe delivery threadsto startbroadcasting.Note that the data
retrieval threadalsostartsretrieving datain rounds.

The GPBSmodel supportsary periodic broadcasprotocolsince
it captureghe two mostbasicrequirement®f periodicbroadcast.



Thatis, ary periodicbroadcasprotocolrequireqi) broadcasthan-
nelsand (ii) the continuousbroadcasbf the datain eachof the
channels Besideghe two requirementsthe modeldoesnot make
ary other assumptionsaboutthe broadcastprotocols, making it

very e xible. To understandhow our modelworkswith a particu-
lar periodicbroadcasprotocol,oneonly needsto nd out how to
mapthe channelsthe broadcastateof channelsandthe dataseg-

ment(s)beingbroadcastn eachchannelof the protocolto that of

our model,respectrely. The mappingis often straightforward as
illustratedin the following examples.

To broadcast video using SkyscraperBroadcasin Fig. 1(a), we
map Channell to the rst delivery channelwith the delivery rate
( ) setto in our GPBSmodel. Thebuffer associateavith the
rst delivery threadis usedto retrieve the dataof the rst segment
() during the broadcast. This mappingprocessis repeatedor
the otherchannels. The sameprocesss applicablefor otherpe-
riodic broadcasprotocols.In Fig. 1(b), HarmonicBroadcastises
nine channels.Hence,nine buffers and delivery threadsare used
in our model. The delivery rate of the delivery threadis -
andthe associateduffer is usedto retrieve the datafor segment .
To broadcasthe samevideo using PagodaBroadcasin Fig. 1(c),
threebuffersandthreedelivery threadsareused.The rst delivery
threadperiodicallybroadcastshe rst sggment. The seconddeliv-
erythreadbroadcastthedatafor ChanneR, treatingsegments2, 4,
2, and5 asits data. The othersegmentsare periodicallybroadcast
by thethird delivery thread.

In Section2, we mentionedthat all periodic broadcasprotocols
canbroadcasvariablebit rate videos,andit is preferableto pro-
vide VCR interactionsusingadditionalclient storagespaceand/or
moresener channelgo broadcasthe VCR versionsof thevideos.
Hence the GPBSmodelalsosupportsvariablebit ratevideosand
provides VCR-like functionsthroughperiodicbroadcasprotocols
with broadcast-basedteractiond19, 20, 21].

4. MAXIMIZING BROADCAST REVENUE
FOR GPBS

In this sectionwe formulateandprovide a solutionto anoptimiza-
tion problemthatmaximizeshroadcastevenuesubjecto thesener
memoryanddisk bandwidthlimitations. We assume simplebusi-
nessmodelin which the broadcastrevenueis determinecby the
sumof the revenueof the videosbeingbroadcast.Intuitively, the
morevideosthat canbe broadcastthe more broadcastevenueis
obtained. However, the memoryspaceandthe disk transferrate
preventthesenerfrom broadcastingnunlimitednumberof videos
concurrently. In whatfollows, we rst establistthe disk-memory
constaint to ensurea jitter-free broadcasof the channels.Then,
we formulatean optimizationproblemthat maximizesthe broad-
castrevenuesubjectto the establisheatonstraint.Finally, we pro-
vide a solutionto the optimization problem. The solution gives
the maximumbroadcastevenue,the list of videosthat shouldbe
broadcastandthe buffer sizefor eachchannebf thevideos.Since
the GPBSmodel supportsary periodicbroadcasprotocol, maxi-
mizing the broadcastevenueunderthe GPBSmodel ensureshe
maximumbroadcastevenuefor a senerthatusesghemodelto im-
plementa speci ¢ broadcasprotocol.

We usethefollowing assumptionén our discussion.First, differ-
entvideosmay have differentplaybackratesandlengths.Second,

2This paperdoesnot aim to studythe limitation of the sener net-
work /O bandwidth.

therevenuegeneratedrom repeatediybroadcast particularvideo
is knawn. A contentprovider could obtainthis revenueinforma-
tion from a market researctor by someother means. Third, the
amountof memoryspaceand the disk transferrate dedicatedo
video broadcastingirealsogiven. Finally, the sener hasonly one
physicaldisk. In therestof the paper we usethe notationdistedin
Tablel.

Table 1: Notationsin the model
Term De nition

Sener memoryspacgMbits) for broadcasting

Disk transferrate(Mbps)for broadcasting
Maximumdisk lateny (seconds)ncluding

boththe seektime andtherotationaltime

Total numberof videosavailablein thesener
Revenuegeneratedrom broadcastingideo
Totalbandwidthrequired(Mbps)to broadcastideo
Totalnumberof channelsequiredto broadcasvideo
The  delivery channebf thesener

Main buffer size(Mbits) for

Cushionbuffer size (Mbits) for

Delivery rate(Mbps)for

Maximumnumberof concurrentelivery channels
thesener cansupport

A serviceperiod(seconds)

Total disk seekandrotationaltime (secondsyluringa
serviceperiod

Total datatransfertime (secondsyluringa serviceperiod

In our GPBSmodel,thedataretrieval thread lls upthebuffersas-
sociatedo thedelivery channelsn rounds.Eachbuffer getssened
only oncein a serviceround. The time durationof one service
roundis calledtheserviceperioddenotediy . It is constanfrom
roundto round. To ensurea jitter-free broadcasfor eachchannel,
theassociatedbuffer musthave enoughdatafor the corresponding
delivery threadto broadcasturing a serviceperiod. Thatis, the
buffersize  canbe calculatedusingEquation(1).

@)

Whenthedataretrieval threadservicesabuffer, thediskarmmoves
to the cylinder storingthe neededdata. The sectorhaving the de-
sireddatais rotatedto be underthe disk head. The worst latengy
for completingthesetwo actionsis denotecby . Sincewe have

buffersto sene during the serviceperiod |, thetotal seek
androtationaltime is

@)

Note that Equation(2) doesnot hold for the casethatanadwanced

dataplacemenschemeor RAID [22] is used. is thetime
takenfor transferringthe amountof dataneededy buffers
atthedisktransferate.

(3)

The serviceperiod , therefore,canbe expressedn termsof the
total seekandrotationaltime andthetransfertime.

4)

Equation(1) canalsobeexpressedn thefollowing form.
— EE— ®)

By substitutingequationg1-3) andEquation(5) into Equation(4),



we have

(6)

Since  mustbe positive, the disk transferrate mustbe greater
thanthetotal broadcastatesof all the channelsDepending
on the sener disk schedulingalgorithm, /0O requestgo the disk

subsystenmay not getsenedin the requestedrder In this case,
we usea cushionbuffer of size to preventnon-consumedata
in the buffer to be replacedby the new datathatis retrieved early

from the disk. The cushionbuffer sizeis variedbasedon the un-

derlying disk schedulingalgorithm. For instance the SCAN disk

schedulingalgorithmrequiresthat and bethesame.The

sizeof the cushionbuffer canbereducedy ensuringthatthe disk

subsystenmetrievesthedatain therequesterder Usingthis disk

schedulingalgorithm,the size of the cushionbuffer becomeseg-

ligible.

Thesizeof the buffer for  is thesumof  and . In each
serviceperiod,the dataretrieval threadretrievesonly ~ amount
of datain the buffer for this channel. Thetotal size of the buffers
(includingbothmainandcushionbuffers)for all thechannelsnmust

notexceedthetotalmemoryspaceaeseredfor videobroadcasting.

Thatis,

@)

We usea positive constant to expressthe relationshipbetween
thesizesof the cushionbuffer andthe mainbuffer of achannel.

®)

Thevalueof is onewhenSCAN disk schedulings used.When
the cushionbuffer sizeis negligible, we setvalueof to zero.By
substitutingequationg5), (6), and(8) into Equation(7), we have

©)

We useavectorof  binaryvariables, to rep-
resentwhethervideo is selectedor broadcasbr not. The value
of isoneif video is selectedor broadcastingptherwise the
valueof is zero. Thereforethe sumof the delivery ratesof all
thedelivery channelsn Equation(9) is equalto thetotal bandwidth
requiredfor broadcastingll the selectedrideos.Thatis,

(10)

The maximumnumberof concurrenthannelghe sener cansup-
portis equalto the total numberof the delivery channelgequired
for broadcastingll the selected/ideos.

(11

Equation(9) becomes

(12

(13)

Hencewe have successfullestablishethedisk-memoryconstraint
asshavn in Equation(13). The problemstatemento maximize
broadcastevenuesubjecto theestablishedisk-memoryconstraint
is asfollows.

Problem statement Given a disk transferrate of Mbps, a
memoryspaceof  Mbits, a periodic broadcasprotocol, broad-
castparameterge.g. the boundedservicedelay),a databasef
videos,broadcastevenue  for video , determinethevideosto
broadcassuchthatthe broadcastevenueis maximizedsubjectto
the disk-memoryconstraintin Equation(13). This problemstate-
mentcanbeformally expressedsthefollowing optimizationprob-
lem.

subjectto

where
if video is selectedor broadcastptherwise,

The solutionto this problemis anoptimal assignmenbof the value
of , Where . Our optimization prob-
lem is neithera linear nor a non-linearprogrammingproblembe-
causeof the non-linearconstraint with respecto thevariables ,

. However, we obtainthe solutionto the above op-
timization problemby repeatedlysolving several simpli ed linear
programmingnstancef the original problem. The bestsolution
obtainedfrom this processs the solutionto the original optimiza-
tion problem.

In whatfollows,we rst discusgheideabehindour solutionto the
above problem. After that, we presenthe algorithm. We obsere
that canonly be one of the positive integersin the range

, where isthetotal numberof delivery channelgequired
to broadcastll the  videosusingthe given periodic broadcast
protocol. To formulatea simpli ed linear programmingproblem,
we rst predictandsubstitutea constanintegervalue,taken from
the above range,for , i.e., , in Equation
(13)to obtainalinearconstraint.Givenapredictedvalueof ,
denotedby P , our simpli ed linear programming
problemis asfollows.

subjectto

3To considerthe sener network I/O bandwidth we canadda con-
straint _ _ _

4Note that the dynamicprogrammingapproachfor solving the 0-
1 Knapsackproblemis not applicablein this casebecausehe 0-1

Knapsackproblemis a specialcaseof linear programmingprob-
lems.



The simpli ed linear programmingproblem usesthe sameinput
parameterandhasthe sameobjective asour optimizationproblem
does.Theonly differencebetweerthesetwo problemss their con-
straints. The solution of the simpli ed linear programmingprob-
lem indicatesa setof chosernvideosthat generateshe maximum
broadcastevenuefor the giveninput parameterandthe value of
. However, whenthe total numberof the deliv-
ery channelsrequiredto broadcastll the videosin this set, i.e.
, is lessthanor equalto , the
setof chosenvideos also satis es the constraintin our original
optimizationproblem. In that case,this setof videosis one of
the possiblesolutionsto our original optimizationproblem. This
is becausehe setof the videosmaximizesthe broadcastevenue
while satisfyingthe original non-linearconstraintgiven the value
of . We recordthe solutionin this case. We re-
peatthe sameprocesso formulateanothersimpli ed linear pro-
grammingproblemwith anothervalue of . Fi-
nally, whenall possiblevaluesof areconsideredyve select
the bestsolutionthat givesthe highestbroadcastevenuefrom the
recordedsolutionsto bethe nal solutionto ouroptimizationprob-
lem. The following MAXREVENUEBUFFERMANAGEMENT algo-
rithm demonstratethisidea.

Input: VideoDatabas&BroadcastBrameters, , ,
Output: The maximumtotal revenue the selectedrideos,
andtheminimumbuffer sizefor eachchannel

MAXREVENUEBUFFERMANAGEMENT
1. VideoDB= SEGMENTATION(BroadcastBrameters,

VideoDatabase);
2. = CALCULATE BouND(VideoDB);
3. MaxRevenue= 0; VideoList= empty;
4. Predicted =1,
5. while (Predicted )
6. Result= Lp_SoLvE(Predicted , VideoDB,
D ¢
7. if ((Predicted Result.NumChannel)
&& (Result.Regenue MaxRe/enue))
8. MaxRevenue= Result.Rgenue;
9. VideoList= Result.\ideoList;
10. MinBuffList = Result.MinBufList;
11.
12. Predicted ++;
13.

14. returnMaxRevenue VideoList,andMinBuffList;

Figure 3: Maximum RevenueBuffer ManagementAlgorithm

The rst input (VideoDatabase&)f our algorithmis a collectionof
popularvideos ; eachvideois associatedvith its
revenuets length,andits playbackrate. Thesecondnput (Broad-
castRrrametersjndicatesthe periodic broadcastprotocol imple-
mentedby the sener andthe desiredboundedservicedelaysfor
the videos. Note that eachvideo may have a differentmaximum
servicedelay Theotherinputsfor our algorithmarethedisk trans-
ferrate( ), thememorysize( ), theworstseekandrotational
delay( ), andtheparameter for thecushionbuffer size.

First, our algorithm calls the function SEGMENTATION to deter
minesgymentsizesthenumberof channelsandthechanneband-
width sothatthe requiredboundedservicedelayis satis ed. Note

that this function strictly follows the periodic broadcasprotocol.
ThereturneddatastructureVideoDBhasonerecordfor eachvideo
indicatingthe numberof channelsequiredto broadcasthatvideo,
theratesof thosechannelstherevenuefor broadcastinghevideo,
etc. Then, the function CALCULATE BoOuND computeshe
upperboundof

The while loop (lines 5-12) basicallysearcheshroughall possi-
ble valuesof to nd the solutionto our original optimiza-
tion problem. For eachpredictedvalue of (denotedby the
variable Predicted ), the module L P_SOLVE solves our sim-
plied linearprogrammingproblemandputstheresultin the data
structurenamedResult This datastructurestoresthelist of the se-
lectedvideos (Result.\ideoList), the correspondingotal revenue
(Result.Reenue),the numberof channelsrequiredto broadcast
thesevideos (Result.NumChanneljand the list of the minimum
buffer sizesfor eachchannebf thesevideos(Result.MinBufList).
Theif statemenin line 7 ensureshatonly thegoodpredictioncase
thatgivesthebestrevenuesofaris recordedn lines8-10. Whenthe
while loop stops the solutionto our original optimizationproblem
is returnedline 14).

The compleity of our algorithmis determinecdby the compleity
of theLP_SoLvE modulebecause¢hestepsn lines1 and2 take lin-
eartime. Therearemary availablelinearprogrammingsolver soft-
warepackage®nthe Internetthatcouldbeusedasthe LP_SOLVE
module. In our experiments,we obsere that our algorithm n-
isheson the order of few secondswhenthe linear programming
solver[23] is used.

In additionto determiningthe popularvideosto be broadcasto

achieve themaximumrevenue oursolutioncandeterminghenum-
ber of videosthe sener canbroadcastoncurrentlyby settingthe
revenuefor all the videosto be the same. Furthermore,Equa-
tion (12) is useful for contentproviders to determinethe sener

resourcedor broadcasting desiredsetof videosandthe associ-
atedtotal revenue.In addition,Equation(12) canbe usedasoneof

theadmissiorcontrolcriteriato determinewhetherit is possibleto

addthe broadcasbf new videoswithout violating the broadcasof

existing videos.This allows new videosto beaddedo anon-going
broadcast.

5. IMPACT OF IDEAL DATA PLACEMENT

In this section,we develop a modelto determinethe upperbound
on the impactof a dataplacementtratgy on periodic broadcast
seners. Using an effective dataplacemenstrateyy reduces ,
resultingin a smallermemory spacerequirement. In the analy-
sisdiscussedn Section4, the sener is expectedto make onedisk
armmovementandonerotationwhile servicingeachof the
buffersin a serviceperiod. In the ideal situation,the sener only
needsto performonedisk arm movementand onerotationto get
all the dataneededfor all the buffers in the serviceperiod (i.e.,

). Assumingthis ideal situation,we derive the upper
boundfor the effectivenesof dataplacemento determinevhether
it is worthwhileto introducea nev dataplacemenscheméor pe-
riodic broadcasseners.In this case Equation(6) becomes

Equation(9) becomes




Finally, our disk-memoryconstrainin Equation(13) becomes

We usethis new disk-memoryconstraintin our optimizationprob-
lem to derive the maximumtotal revenueandthe list of broadcast
videoswhenidealdataplacements used.

In summarywe have presentedi) the generalizednodelfor peri-
odic broadcasseners(GPBS)supportingary broadcasprotocol,
(i) resourcenalysigo obtainthemaximumbroadcastevenueand
the videosto be broadcasfor ary periodic broadcassener, and
(i) the analysisfor the upperboundof the effectivenessof data
placementor periodicbroadcasseners.

6. PERFORMANCE STUDY

For analyticalexperimentswe implementthe Maximum Revenue
Buffer Managemenalgorithm(Fig. 3) in C. Theprogramincludes
SEGMENTATION functionfor SkyscrapeBroadcas{SB),Harmonic
BroadcastHB), andPagodaBroadcastPaB). Wemodify thesource
codeof asolutionof ageneralinearprogrammingproblem[23] to
obtainthe Lp_SoLvE module. The analyticalexperimentsallow
usto investigateeffect of varioussystemparametersvithout being
constraintby the availability of our hardware resources.We also
implementeda prototypeof the GPBSmodelto demonstratehat
our sener designand memoryallocationtechniquework in prac-
tice. In thefollowing, we rst discusghe validationof GPBSde-
signandmemoryallocationby runningthe prototypeon the hard-
wareavailableto us. We thenpresenthe resultsof the analytical
experimentaundervarioussystemcon gurationsandworkload.

6.1 Validation of the Analysis with Experi-

mental Results

The prototypeof GPBSis implementedn Microsoft Visual C++.

Thesoftwareis availablefor downloadat our website(http://ww-
midea.cs.iastate.edu/softve.html). The choice of this erviron-

mentis only subjectto our resourceavailability. Our GPBSdesign
canbeimplementedn Unix platforms. We testour prototypeon

a machinerunning Windows XP Professionalvith the following

con guration: processoPentiumlV 2.26 GHz, RAM 1 GB, hard
disk SeagatdBarracudaATA IV (modelnumberST380021A)The
averageseektime of the disk is 9.16 ms, the averagelateny time

is 4.16ms. The sustainedransferrateof thediskis from 27 to 44

Mbytes/sec.The clientsalsorun on Windows XP machines Both

thesener andclientsareconnectedo thesamel00MbpsEthernet
subnet.The sener useslP Multicastto broadcasthevideo datain

RTP paclet format. Sinceour focusis on the memorybuffer allo-

cationat the sener, connectingthe sener andclientsto the same
network helpsto verify the correctnes®f the memoryallocation
andschedulingn our sener. We considertestingthe systemon a
wide areanetwork partof our futurework.

We useour prototypeto do SB andHB broadcastsf 0.3Mbpsand
1.5Mbpsvideos. We replicatethe video les into differentplaces
onthesener disk to emulatethe factthatthe sener arebroadcast-
ing differentvideos.Somesamplevideoclipsencodedat0.3Mbps
and 1.5 Mbps are also available for dowvnload from our website.
We useEquation(12)to calculatethe buffer sizefor eachchannel
of the video and assignthe value to the sener setup. After the
sener startbroadcastingye useclient softwareto randomlyjoin
channeldroadcasby the sener. We obsere theinter-arrival time
of pacletsin thosechanneldo seeif thereis ary lossor delay We

alsoobsere theinter-departurdgime (thetime the sener sendsout
consecutie paclets)of pacletsfrom thesenerto seef atary point
the sener fails to sendout a paclet on time dueto incorrectbuffer
sizeor disk schedulingoroblem.

Themainresultwe wantto reportfrom this validationexperiment
is that our GPBS prototypecan do jitter-broadcaswith SB and
HB until the point the sener network bandwidthis saturatedThis
con rms the correctnesof our design, memory allocation, and
schedulingat the sener. Although we have not donevalidation
of PaB broadcastlueto time constraint,t is easyto concludethat
our prototypecanalsodojitter-freePaB broadcastThisis because
for thesamevideoandbroadcasparameters$B needsmorenum-
ber of channelghan PaB does;and eachchannelin SB and PaB
hasthe samebroadcastatewhich is equalto thevideo's playback
rate;andour prototypecando jitter-free SB broadcast.

Thefollowing tablespresenthe memoryusageby the GPBSpro-
totypewhendoing SB broadcast®n the systemdescribedabore.
Thevideolengthis 10 minutesandthe boundedservicedelayis 1
minute. Note thatthe amountof memoryallocatedto eachvideo
by our analysis(the secondcolumn)is far more smallerthanthe
actualamountof memoryusedby the prototypeapplication(the
third column)becauseén our analysiswe discardthe memoryus-
ageof programvariablesandruntimelibrariesneededor running
anapplicationin Windows XP.

Table 2: Memory usagefor SB broadcastof 0.3 Mbps videos

# of videos | Memorypervideo | App. memorysize
(MBytes) (MBytes)
10 0.09 6
20 0.18 12
40 0.41 40
60 0.7 93
80 1.09 188

Table 3: Memory usagefor SB broadcastof 1.5Mbps videos

# of videos | Memorypervideo | App. memorysize
(MBytes) (MBytes)
1 0.04 4
5 0.23 6
10 0.55 15
15 0.98 38
16 1.09 40

6.2 Evaluation Setup for Analytical Experi-

ments
Ourvideodatabaseonsistof 100videos.We alternatvely useho-
mogeneousndheterogeneouddeodatabases our experiments.
In the homogeneousideo databaseall the videoshave the same
length,the sameplaybackrate,andthe samerevenue.We usethe
default value of the playbackrate andthe lengthin Table4 asthe
playbackrate and the length of the videosin our homogeneous
video database.The revenueof all the videosis setto 1. In the
heterogeneougideo databasevideoshave differentlengths play-
backrates,andrevenues.The lengthandthe playbackrate of the
videosin theheterogeneousatabasarerandomlychoserfrom the
correspondingsetin Table4. Thesesetsof lengthsand playback
ratesare selectedo re ect popularvideo types(e.g., news clips,
documentarylms, movies) and playbackrates. The revenueof
thevideosareassignedasedn a Zipf distribution [24].



We ranour analyticalexperimentswith a numberof practicalval-

uesof the disk transferrateandthe memorysizeobtainedthrough
a sunwy of several vendorwebsites.We usethe sustainedransfer
rateof adisk asour disk transferratein the analyticalexperiment.
This sustainedransferrateis therealthroughpuof thedisk, which

is smallerthanthe interface(or external)transferrate’. For exam-
ple, a SeagateBarracudaUltra ATA/100 model hasan interface
transferrate of 100 MBytes/sec.However, the real throughputof

the disk variesonly in the rangeof 24-41 MBytes/sed25]. Same
maximumservicedelaysare usedin all the experiments.The ex-

perimentparameteraresummarizedn Table4.

Table 4: Parametersfor analytical experiments

Parameter Default Variation
value
Numberof videos 100 n/a
Playbackrate(Mbps) 15 0.056,0.128,0.3,
15,2,6
Videolength(minutes) 60 10, 30,45,
60,90,120,150
Revenueskew factor 0.7 n/a
Systemmemory 1000 1000 5000
( MBytes)
Disk transferrate 50 20 100
(  MBytes/sec.)
Maximumdisk lateny 0.02 n/a
( sec)
Worstservicedelay(sec.) 30 n/a
0 0,1

We study the effect of the disk transferrate and memorysize on
the numberof videosthat canbe broadcastoncurrently In the
homogeneousideodatabasethe numberof concurrenvideosde-
terminesthe broadcastevenuesinceall the videoshave the same
revenue. We provide the memorysize and the disk transferrate
requirementso broadcast predeterminesiumberof videos. We
presenthecomparisonsf ourbuffer managemer(iMRB) with the
MAX andthe GCD buffer managemergchemesFinally, we study
theimpactof idealdataplacementn periodicbroadcasseners.

6.3 Impact of ResourcesLimitation on Homo-

geneousVideos
We studytheeffect of thedisktransferateandthememorysizeon
thehomogeneousideodatabase.

6.3.1 EffectofDiskTransferRatesandMemorySizes
Thememorysizewasvariedfrom 1000to 5000MBytes(1-5GBytes)
while thedisk transferratewasvariedfrom 20 to 100 MBytes/sec.

Fig. 4(a-b)demonstratetheincreasan the numberof videossup-
portedby SB and PaB as the disk transferrate and the memory
sizeincreaseTheincreasdn the disk transferrategeneratesnore
numberof concurrenvideosfasterthantheincreasen thememory
sizedoes.Thisis evidentby thefactthatthe slopeof the plotswith

the increasein the disk transferrateis greaterthanthat with the
increasan the memorysize. Thereasonis thatwith a fasterdisk
transferrate,we canretrieve the datafrom thedisk in lessamount

SManufacturersoftenusethe higherexternaltransferateto adwer-
tisetheirdisks.

of time. Therefore we may spendthosesavedtime on broadcast-
ing new videos. To broadcasbne video with the samebounded
servicedelay SB andPaB usemuchlessnumberof channelghan
HB does.Hence they requirelessnumberof buffers. In addition,
HB incursthe longestseektime sinceit hasto retrieve datafor
mary buffersin eachround. Although HB requiresthe leastdisk
bandwidth,the total buffer size per video for SB and PaB is still
lessthanthatfor HB. Dueto limited spacewe do not presenthe
plot for HB. In contrasto SB andPaB, theincreasen the memory
sizeallows HB to broadcastore videosthanthe increasen the
disk transferratedoes. This is becauseHB requiresthe leastdisk
transfemrate,but needamorememoryspacepervideo.

6.3.2 Effectof Sizesof Memoryand CushionBuffer

50 T

Number of Concurrent Videos

2000 3000 4000
Memory Size (MBytes)

5000

Figure5: Effect of sizesof memory and cushionbuffer

Fig. 5 depictstheimpactof memorysizeon the numberof concur

rentvideosandthe performanceomparisorwhensinglebuffering

( =0) and doublebuffering ( =1) are used. In single buffering,

very smallcushionbuffer is used.Thedisk transferbandwidthand
otherparametersveresetat their default value. Fig. 5 depictsthat
the numberof videosthat canbe broadcasby theseprotocolsin-

creaseslowly asthe memorysizeincreases.In single buffering,

PaB broadcastsnorevideosthanSB andHB do. Whenthe mem-
ory sizeis abore 2000 MBytes, HB broadcastsnorevideosthan
SB doesbecauseB startsexperiencingthe limit of the disk trans-
fer rate. Thereasonis that SB requireshighertotal bandwidthper
broadcasvideo. SB-MRB-DB, PaB-MRB-DB, andHB-MRB-DB

representhe numberof videossupportedy SB, PaB, andHB, re-

spectvely whendoublebuffering is used. The gure shaws that
thenumberconcurrenwideosin eachof thetechniquess reduced.
Thenumberof videosin HB is reducedhemost(24%on average)
becauseHB requiresthe largestmemory spaceto broadcasbne
video. Therefore,whenthe requiredbuffer sizeis doubled,even

lessmemoryspaces availablefor broadcastingdditionalvideos.
SBandPaB only experienceabout10%and8% reduction respec-
tively, in termsof the numberof videos.

6.4 ResourceRequirementsfor Homogeneous

Videos

In this subsectionwe presentrequirementof memoryand disk
transferratesto supportthe broadcasof a givennumberof videos.

6.4.1 MemorySizeRequiements
We calculatedhe minimumamountof memoryrequiredto broad-
castagivennumberof videoswhenthedisktransferratewas x ed.
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Figure 6: Memory sizerequirementsfor broadcastinga num-
ber of videos

We plot the memoryrequirementdor two setsof homogeneous
videosencodedat 1.5 Mbps and0.3 Mbps, respectiely. Thedisk
transferrateandtheotherparametersveresetto theirdefaultvalue.
For 1.5 Mbpsvideos,the maximumnumberof videosthatcanbe
broadcasby HB, PaB,andSBare49, 38,and24,respectiely. This
is becauseHB requiresthe leastdisk bandwidth. For all thethree
broadcasprotocols,the amountof the memoryrequiredincreases
exponentiallyasthe numberof videoincreasedinearly. The upper
limit on the numberof videosthatcanbe supportedn this experi-
mentis determinedby the disk transferrate. Whenthe numberof
videosis closeto its upperlimit, the amountof the requiredmem-
ory becomewerylarge®. We obsene thesametrendwith 0.3Mbps
videos.However, the upperlimit onthe numberof videosthatcan
be broadcasfor eachof the threetechniquess higherbecausef
thesmallerplaybackrate.

When broadcastinghe samenumberof videos(e.g., 20 videos),
HB demandghe largestmemoryspace followed by SB. Interest-
ingly, PaB requiresthe leastmemoryresourcedecausét requires
7 channelscomparedwith 11 and 120 channelsrequiredby SB
andHB, respectiely. In otherwords,the lessnumberof channels

5We do not plot thesedata points becausehey skew the entire
graph.

is requiredpervideo,thelessamountof sener memoryis needed.
Hencethenumberof channelgequiredto broadcasavideois also
importantfor aperiodicbroadcassener, in additionto therequired
sener network bandwidthanddisk bandwidth.

6.4.2 Disk TransferRateRequiements
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Figure 7: Disk transfer rate requirementsfor broadcastinga
number of videos

Fig. 7 demonstrateshe minimum disk transferrate requiredto
broadcastwo setsof homogeneousideosencodedat 1.5 Mbps
and0.3Mbps,respectiely. Thememorysizeandotherparameters
weresetto their default value. To broadcasthe samenumberof
videos,SB requiresthe highestdisk transferrate, followed by HB
andPaB, respectiely.

6.5 Comparisonwith On-demandBuffer Man-

agementSchemes
In this section,we compareour buffer managemenschemewith
theMAX andGCDschemeg§l1] discusseih Section2. Themem-
ory sizewasvariedfrom 1000to 5000 MBytes. Otherparameters
were set at their default value. We useda heterogeneousideo
databasasdiscussedn Section6.2. The maximumplaybackrate
for the MAX schemds 6 Mbps andthe greatescommondivisor
for the GCD schemes 4 Kbps. Since[11] did not focuson maxi-
mizing thetotal revenue we settherevenueof all thevideosin our



databas¢o one. We comparethe maximumnumberof videosthat
canbe broadcast.The formulain [11] only providesthe number
of concurrentrequestsThis humberis equivalentto the numberof
concurrendelivery channelsn our GPBSmodel. To computethe
numberof videostheMAX andthe GCD schemegansupportwe
convertedthis numberof channelgo the numberof videosin this
plot. The corversionmaximizesthe numberof videosthatcanbe
broadcasby mappingthe videowith theleastnumberof channels
satisfyingthechannebandwidth rst.
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Figure 8: Comparison with on-demand buffer management
schemes

In Fig. 8, the numberof videosthat can be broadcastusing our
buffer managemertechniquefor SB, HB, andPaB is depictedby
the lines SB-MRB, HB-MRB, and PaB-MRB, respectrely. The
otherlinesarethenumberof videosthatcanbebroadcastisingthe
maximumratemethod(MAX) or the GCD ratemethod(GCD) for
thesethreebroadcastechniquesFig. 8 shavs thatusingeitherthe
maximumrate methodor the GCD ratemethodof the on-demand
buffer managemenschemeon the heterogeneousideo database
is not effective. Becausehesemethodsbroadcasapproximately

ve to eighttimeslessnumberof videoswhencomparedwith our
technigue Thisis becauseur buffer managemeris tailoredto the
delivery rate of eachchannelinsteadof usingthe maximumrate
for all the channelsor usingtoo mary channelf smallrates(the
GCD scheme).

6.6 Impact of the Ideal Data Placement

We study the effect of the disk transferrate on the total revenue.
We usethe modeldiscussedn Section5 for calculatingthe upper
boundof the effectivenesof dataplacementWe usethe heteroge-
neousvideodatabasasdescribedn Section6.2.

In Fig. 9, the revenuefor the ideal dataplacementin PaB, SB,

and HB are depictedby lines PaB-MRB-DP, SB-MRB-DP, and
HB-MRB-DP, respectiely. The otherlines arethe total revenue
obtainedvhenno dataplacemenis used.Therevenueof HB isim-

provedthe most(approximatel\60%)whenanoptimaldataplace-
mentschemds emplg/ed. The othertwo protocolsalsoexperience
someincreasesn the total revenuewhen an optimal dataplace-
mentis available. The approximatamprovementfor SB andPaB

arel3%and17%,respectiely. Thesaesultssuggesthatanimple-

mentationof a periodicbroadcassener usingHB shouldconsider
dataplacemento maximizethe effectivenesof thesener.

7. RELATED WORK
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Figure9: Effect of data placementon the total revenue

To the bestof our knowledge, the problem of managingmem-
ory buffer and disk schedulingspeci cally for periodicbroadcast
seners hasbeenlittle documented.Bradsha et al. [10] imple-
mentedaperiodicbroadcassener prototypefor GreedyDisk Con-
servingBroadcasiprotocol[4] anda patchingprotocol[26]. The
sener emplo/s pervideo application-leel cachingto reducethe
demandnthesenerdiskaccessThatis, anamountof mainmem-
ory is allocatedfor eachvideo beingstreamed.The sener issues
disk requestonly whenthe video blocks neededor streaminga
videoarenotin theapplication-leel cacheof thatvideo. Thesener
usegheleastFrequentlyUsed(LFU) cachereplacemenpolicy to
managethe caches.lIt is unclearhow the size of the application-
level cacheis calculatedo maintainajitter-free broadcasof mary
videos. One of the contritutions of our paperis that our analy-
sis helpsto derive a minimum buffer requirementor eachvideo.
Finally, our GPBSmodelcould be easilyextendedto cachesome
segmentof avideoin thememoryduringthe entiretime thevideo
is broadcast.

8. CONCLUDING REMARKS

For periodicbroadcasto becomearealityastheon-demandtream-
ing counterpartioes severalimportantissueneedbeinvestigated.
This paperaddresseswo suchissues,namely (i) effective man-

agemenbf sener memoryanddisk bandwidthand (ii) theimpact

of theseresource®n broadcastevenuefor ary periodicbroadcast
protocol. We formulatethe sener resourcemanagemenproblem

asan optimizationproblemthat maximizesthe broadcastevenue.

We provide a solutionthat determineghe maximumrevenueand

the videosto be broadcast.Our analysisdetermineghe resource
requirementgivenadesiredsetof videosto bebroadcast.

Thefollowing remarksarebasedon our analyticalexperimentson
differentperiodicbroadcasprotocols.First, the numberof broad-
castchannelsper broadcaswideo hasa signi cant impacton the
memory requirement. Second,the extent of the impact of disk
transferrate and the memorysize on broadcasrevenuealso de-
pendson the total bandwidthrequiredfor broadcastinga video.
Third, dataplacemenhelpsimproving the sener performancey
asmuchas50%, especiallyfor thebroadcasprotocolthatrequires
a large numberof channelsper broadcaswideo suchasthe Har
monic Broadcasfamily. Finally, a sener canbroadcasthe most
numberof videos concurrentlywhen using a broadcasfprotocol
thatrequiresbotha smallnumberof channelsanda smalltotal de-
livery bandwidth.Neverthelessto determinavhich protocolto use
in practice requirementsf clientresourcesnustalsobetakeninto
accountFuturework will considetheextensionof ouranalysisor



avideo sener supportingboth periodicbroadcastind on-demand
delivery paradigms.
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