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ABSTRACT
Periodicbroadcastis aneffective paradigmfor large-scaledissem-
ination of popularvideos. Variousperiodic broadcastprotocols
havebeenproposedto effectively utilize servernetwork bandwidth
andclient resources.Nevertheless,practicaldeploymentof these
protocolsposesseveral importantquestionsthathave not beenin-
vestigated.This paperstudiestwo suchquestions:(i) given a set
of popularvideosanda server with limited disk andmemoryre-
sources,which videosshouldbe broadcastto maximizerevenue?
and(ii) whataretheserver resourcerequirementsfor broadcasting
a setof videos? To answerthesequestions,we presenta Gener-
alizedPeriodic BroadcastServer(GPBS)modelthatsupportsany
periodic broadcastprotocol. We formulateand solve a new op-
timization problemthat maximizesthe broadcastrevenuesubject
to the server's memory, disk bandwidth,and jitter-free broadcast
constraints. We presentthe analyticalresultsto demonstratethe
effectivenessof oursolution.Finally, wediscussourprototypeim-
plementationof GPBSto validateouranalysis.

Keywords
Periodicbroadcast,Video-on-Demand,video streaming,memory
anddiskmanagement.

1. INTRODUCTION
Recentyearshaveseentheproliferationof severalimportantappli-
cationssupportingvideodatasuchasmovie-on-demand,distance
learning,anddigital libraries,just to namea few. Periodicbroad-
castis aneffectiveparadigmfor large-scaledisseminationof popu-
lar videos.In thisparadigm,avideo�le is logically partitionedinto
a numberof segments.Thesesegmentsareperiodicallybroadcast
on the server channels.We refer to a serverchannelasa logical
unit of theservernetwork bandwidthrequiredto supportacontinu-
ousdeliveryof videodata.A client tunesinto oneor morechannels
atpropertimesto downloadthevideosegmentsinto theclientdisk
buffer. Theclient typically switcheschannelsto downloadsubse-
quentsegmentswhile playing out one of the buffered segments.

�
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Periodicbroadcastis suitablefor popularvideossinceit guarantees
aboundedservicedelayregardlessof thenumberof concurrentre-
quests.This characteristicmakesperiodicbroadcastan attractive
technologyfor contentprovidersto servicea largenumberof cus-
tomers,resultingin increasedrevenue.In recentyears,anumberof
periodicbroadcastprotocolshavebeenproposedto reducebounded
servicedelays,utilize server network bandwidthef�ciently , and
minimize client resourcerequirements[1, 2, 3, 4, 5, 6, 7, 8, 9].
To date,only a few periodic broadcastservers for somespeci�c
protocolshave beenimplemented[10, 9].

Practicaldeploymentof periodicbroadcastprotocolsraisesseveral
importantissuesthathave not beeninvestigated.Amongthemare
the issuesof (i) effective managementof the server memoryand
disk bandwidthresources;and (ii) the impact of theseresources
on broadcastrevenue. By broadcastrevenue,we refer to the rev-
enuea contentprovider obtainsfrom usingperiodicbroadcastto
distributevideosto his customers.Effective managementof server
memorybuffer anddisk bandwidthresourcesin a periodicbroad-
castserver is important. Allocating too few resourcesper video
doesnot guaranteejitter-free1 broadcast.On theotherhand,allo-
cating too many resourcesper video limits the numberof videos
theserver canbroadcastconcurrently. In addition,differentvideos
havedifferentrequirementsonserverresourcesandgeneratediffer-
entrevenue.Hence,givena setof videosanda server with limited
diskandmemoryresources,theproblemof selectingwhichvideos
to broadcastandhow to allocateserverresourcesto broadcastthese
videosto maximizethebroadcastrevenueis worth investigating.

In this paper, we study the two aforementionedissues. The dif-
ferencesamongtheperiodicbroadcastprotocolsmightpromptone
to ask why not study theseissuesundereachseparateprotocol.
However, we advocatea generalapproachand solution that cor-
rectlycapturesthecommoncharacteristicsof theprotocolswhenit
comesto server resourceallocation. This strategy hastwo advan-
tages.First, it provides insight of the sameissuesin several pro-
tocols.Second,thesolutioncouldbeveri�ed independentlyunder
morethanoneprotocols.Our implementationprototypebasedon
thesolutionis anactualimplementationof many periodicbroadcast
protocols.

The contributions of this paperareas follows. First, we present
a GeneralizedPeriodic BroadcastServer(GPBS)modelthat sup-
portsany periodicbroadcastprotocol. Second,we formulatethe
buffer managementproblemfor the GPBSmodelasan optimiza-

1Weonly considerjitterscausedby incorrectservermemorybuffer
or disk bandwidthallocation.Jittersdueto network conditionsare
beyondthescopeof this paper.



tion problemthat maximizesthe broadcastrevenuewhile satisfy-
ing memory, disk bandwidth,andjitter-freebroadcastconstraints.
Theserver memoryspaceandthedisk characteristics,theperiodic
broadcastprotocol and its broadcastparameters,and the charac-
teristicsof videosandtheir correspondingrevenuearetaken into
accountin our problemformulation. We provide a solutionwhich
speci�esthemaximumbroadcastrevenue,thevideosto bebroad-
castandthebuffer sizefor eachbroadcastchannel.Third,ouranal-
ysis also determinesmemoryspaceand disk bandwidthrequire-
mentsfor broadcastingaparticularsetof videosconcurrently. This
informationis usefulfor contentprovidersto determinethespeci�-
cationof theserver machineandtheservicefeefor eachbroadcast
video to achieve the desiredpro�t. Finally, we validatethe ana-
lytical resultswith experimentalresultsfrom our prototypeof the
videoserver.

Theremainderof this paperis organizedasfollows. In Section2,
we provide the backgroundfor our work. We presentthe GPBS
modelin Section3 anddiscusstheformulationof thebuffer man-
agementproblemandour solutionin Section4. In Section5, we
derive the upperboundof the server performancewhenusingan
idealdataplacementtechnique.In Section6,wepresentourperfor-
mancestudy. Webrie�y discussrelatedwork in Section2. Finally,
we give our concludingremarksin Section8.

2. BACKGROUND
In thissection,wegiveanoverview of memorybuffer management
techniquesfor on-demandserversandanoverview of recentperi-
odic broadcastprotocols. By on-demandservers,we meanvideo
serversthatservicevideosbasedon individual requestsasopposed
to periodicbroadcastserverswheretheserversonlybroadcastsome
popularvideosregardlessof therequests.Weusethefollowing no-
tationsthroughouttherestof thepaper.

�����

Disk transferratein Mbps
�����

Maximumdisklatency includingtheseektimeand
therotationaltime in seconds

	

�

Playbackrateof a videoin Mbps

���
����

Maximumnumberof concurrentchannelsaserver
cansupport

2.1 Memory Buffer Managementfor
On­demandServers

The buffer managementtechniquesfor on-demandservers were
primarily developedfor a databaseof videoswith homogeneous
playbackrates[11, 12, 13, 14, 15]. Thesetechniquesallocate
a memorybuffer for eachrequeston the �y . They usea single
retrieval threadto retrieve datain roundsfrom a disk subsystem
into multiple memorybuffers for the requestsin service. To en-
sure jitter-free streaming,the buffer size is carefully determined
suchthateachbuffer is not emptiedbeforethe retrieval threadre-
turns to �ll up the buffer in the next round. The techniquepro-
posedin [11, 12] calculatesthebuffer sizewhentheserver is in a
fully-loadedstate,a statewheretheserver cannotadmitany more
requests.In this state,the formula for calculatingthe buffer size
is ��������������� �!��"$#
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buffer sizeis directly proportionalto
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is inversely
proportionalto 	 . Effectivediskschedulinganddataplacementre-
duce

���

[11, 14], which in turn, reducesthe buffer size. Since
anon-demandserver �lls up thebuffer allocatedfor a requestbe-
fore startingto serve it, theinitial servicedelayof a requestis also

reduced.Note that thenetwork latency is typically not taken into
accountin thesestudies.

The above buffer size formula is extendedto handlevideoswith
differentplaybackratesas follows [11]. Either the maximumor
thegreatestcommondivisor of all theplaybackratesof thevideos
in a video databaseis usedas the value of 	 . We call the for-
mertheMAXschemeandthelattertheGCD scheme,respectively.
Sincethe value of 	 underthe MAX schemeis the largestplay-
backrate,thebuffers for smallerratevideosarelargerthanneces-
sary. Hence,fewerconcurrentstreamscanbesupported.Underthe
GCDscheme,severalchannelsareneededto serve thevideoswith
the ratehigherthanthe commonrate,resultingin a larger buffer.
This is due to the fact that the more the concurrentstreams,the
larger the buffer becomessincethe retrieval threadhasto spend
moretime to fetchthedatainto all thebuffers.Theseinef�ciencies
aremoreseriousfor periodicbroadcastserverssinceseveralbuffers
areneededfor broadcastingasinglevideo.

In summary, themainfocusof thestudieson memorybuffer man-
agementfor on-demandservershasbeenreducingthebuffer sizeto
achieve lower servicedelays.We arguethat memorybuffer man-
agementfor periodic broadcastservers doesnot aim at reducing
the servicedelaysinceit is boundedanddeterminedby the peri-
odicbroadcastprotocolsandtheirparameters.Therefore,we focus
onreducingthebuffer sizesuchthataperiodicbroadcastservercan
broadcastmorevideosandgeneratemorerevenue.

2.2 Overview of Periodic BroadcastProtocols
Existing periodicbroadcastprotocolscanbe classi�ed into three
major groups: the equal-bandwidthgroup, the equal-sizegroup,
andthehybrid group.Fig. 1 depictsanexampleof periodicbroad-
castprotocolfrom eachof thegroups.In this�gure, threeprotocols
areusedto broadcastthesamevideowith thesameboundedservice
delay. The�gure illustratesthedifferencesin thewaytheprotocols
segmenta video,constructthebroadcastchannels,andassignthe
broadcastrate(bandwidth)to eachchannel.

In theequal-bandwidthgroup,theserverlogicallypartitionsavideo
into segmentsof increasingsizeandbroadcaststhemon channels
of equalbandwidth. Thereis one-to-onemappingof segmentsto
channels.That is, onesegmentis broadcastonly on onechannel
andonechannelis usedto broadcastonly onesegment.Examples
of periodicbroadcastprotocolsin this grouparePyramidBroad-
cast [1], PermutationBasedPyramid Broadcast[2], Skyscraper
Broadcast[3], GreedyDisk ConservingBroadcast[4], Optimally
StructuredScheme[7], andOptimizedPeriodicBroadcast[8]. For
instance,SkyscraperBroadcastusessegmentsof sizes

1325462�4�25762�7�2�898:8:2�;

of thatof the�rst segment,respectively, where
;

is the sizeof the largestsegment(s). In Fig. 1(a), the video is
partitionedinto foursegmentsand

;

is equalto � ve. Theserversi-
multaneouslystartsbroadcastingall thesegmentsof a video.Each
segmentis repeatedlybroadcaston its own channelat the video
playbackrate.

In theequal-sizegroup,theserver logically partitionsa videointo
< equal-sizesegmentsandbroadcaststhemon < channelsof de-
creasingbandwidth.Thereis alsoone-to-onemappingof segments
to channels.HarmonicBroadcastandits variants[16, 5, 17] be-
long to thisgroup.Fig. 1(b)depictsanexampleof usingHarmonic
Broadcastwherechannel= hasthe bandwidth(or broadcastrate)
of � > where =@?

�

132�8:898:2

<

� . Theserver alsosimultaneouslystarts
broadcastingof all thesegmentsof avideo.Segment= is repeatedly
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(a) Skyscraper Broadcast from

   Equal-bandwidth Group
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(b) Harmonic Broadcast from

Equal-size Group
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(c) Pagoda Broadcast from

Hybrid Group


Channel 2


Channel 9


Channel 1


Channel 2
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Figure 1: Examplesof periodic broadcastprotocolsin the thr eegroups. �

> denotessegment= . The broadcastrate (bandwidth) of
channelsis indicated above the arr ows.

broadcaston channel= at thebroadcastrateof thechannel.

In the hybrid group, the server logically partitions a video into
equal-sizesegmentsand broadcaststhem on channelsof equal-
bandwidth. The mappingof segmentsto channelsis the differ-
encefrom the previous two groups. A segmentis still broadcast
onechannel,but onechannelcouldbeusedto broadcastmany seg-
ments.For example,in Fig. 1(c), threesegments,��� , ��� , and ��� ,
are broadcaston channel2. Periodicbroadcastprotocolsin this
grouparePagodaBroadcastandits variants[6, 18]. Thebandwidth
of eachchannelis theplaybackrateof thevideo.

Supportingvariablebit rate(VBR) encodedvideosandVCR-like
functionsin periodic broadcastprotocolshave also beeninvesti-
gated. Although the bandwidthof eachchannelremainsconstant
for the entirebroadcast,all periodicbroadcastprotocolscansup-
port a VBR encodedvideo by mappingit to a constantbit rate
streamusingthepeakbandwidthof thevideoasthebit rateof the
streamor by usinga bettermappingapproach[7]. Recentstud-
ies [19, 20, 21] modify existing periodic broadcastprotocolsto
supportVCR-like functionssuchas fast-forward and fast-reverse
in a scalablefashion. Thesetechniquesusea larger client disk
buffer and/oradditionalserver channelsto periodicallybroadcast
VCR versions(e.g.,1 frameout of � frames)of thevideo. Users
achieve VCR-like interactionsby automaticallyswitchingbetween
theappropriatechannels.

3. GENERALIZED PERIODIC BROADCAST
SERVER MODEL
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Figure2: GeneralizedPeriodic BroadcastServer Model
In thissection,we �rst presentourGeneralizedPeriodicBroadcast
Server (GPBS)model. We discussthe role of eachentity in the

modelandhow theserver startsup. We thendemonstratethat the
modelsupportsany periodicbroadcastprotocol.

Fig. 2 depictsour GPBSmodel. Onedelivery threadis usedfor
eachof thebroadcastchannels.This makesit easierto supportdif-
ferentbroadcastratesfor differentchannels.Someperiodicbroad-
castprotocols(i.e.,HarmonicBroadcastandits variants[16,5,17])
requiredifferenttransmissionratesfor differentsegments.Broad-
castinga layer-encodedvideomayrequiredifferentbroadcastrates
for differentlayers. In practice,popularvideosdo not necessarily
have equalplaybackrates.

The datato be broadcaston eachchannelmustbe retrieved from
thedisk storageinto thememorybuffer of thechannelfor thede-
livery threadto broadcastthe datato the network. For instance,
in Fig. 2,


*� 
��

memorybuffersareallocatedfor

*��
��

channels.
In this model,only onedataretrieval threadis usedto retrieve the
neededdatafor all the channelsto prevent a competitionfor disk
accesseswithin our own videoserver application.To supportcon-
currentbroadcastsof many videos,eachbuffer mustbeassmallas
possible,yet a jitter-freebroadcaston eachchannelmustbeguar-
anteed.

The dataretrieval threadservicesthe buffers in rounds. In each
round,thedataretrieval thread�lls up thebuffersoneby oneusing
theentiredisk bandwidthto fetchthedatafor eachbuffer. Hence,
the model closely capturesa normal disk operationthat usesthe
whole disk transferrate for data transfer. To guaranteea jitter-
freebroadcaston eachchannel,thebuffer mustbelargeenoughto
ensurethat thedelivery threadassociatedwith thebuffer doesnot
runoutof thedatato broadcastbeforethebuffer is servicedagainin
thenext round.Oncethevideodatain a buffer hasbeenbroadcast,
the memoryspaceoccupiedby the datais madeavailable (on a
memorypagebasis)for storingnew dataof thenext serviceround
of thebuffer.

Givenaperiodicbroadcastprotocol,systemparameters,andavideo
database,the server executesour MaximumRevenueBuffer Man-
agement(MRB) algorithm describedin Section4 to determinea
setof videosto be broadcastandthe buffer sizefor eachchannel
suchthat the total revenueis maximized.Then,theserver creates
thenecessarythreads,allocatesand�lls upall thebuffers,andtrig-
gersthe delivery threadsto startbroadcasting.Note that the data
retrieval threadalsostartsretrieving datain rounds.

The GPBSmodelsupportsany periodicbroadcastprotocolsince
it capturesthe two mostbasicrequirementsof periodicbroadcast.



Thatis, any periodicbroadcastprotocolrequires(i) broadcastchan-
nels and (ii) the continuousbroadcastof the datain eachof the
channels.Besidesthe two requirements,themodeldoesnot make
any other assumptionsabout the broadcastprotocols,making it
very �e xible. To understandhow our modelworkswith a particu-
lar periodicbroadcastprotocol,oneonly needsto �nd out how to
mapthechannels,thebroadcastrateof channels,andthedataseg-
ment(s)beingbroadcastin eachchannelof theprotocolto thatof
our model,respectively. Themappingis oftenstraightforwardas
illustratedin thefollowing examples.

To broadcasta video usingSkyscraperBroadcastin Fig. 1(a),we
mapChannel1 to the �rst delivery channelwith the delivery rate
(

�����

) setto 	 in our GPBSmodel.Thebuffer associatedwith the
�rst delivery threadis usedto retrieve thedataof the�rst segment
( �

�

) during the broadcast.This mappingprocessis repeatedfor
the otherchannels.The sameprocessis applicablefor otherpe-
riodic broadcastprotocols.In Fig. 1(b), HarmonicBroadcastuses
nine channels.Hence,nine buffers anddelivery threadsareused
in our model. The delivery rate of the =

���

delivery threadis � >

andtheassociatedbuffer is usedto retrieve thedatafor segment = .
To broadcastthesamevideousingPagodaBroadcastin Fig. 1(c),
threebuffersandthreedelivery threadsareused.The�rst delivery
threadperiodicallybroadcaststhe�rst segment.Theseconddeliv-
erythreadbroadcaststhedatafor Channel2, treatingsegments2,4,
2, and5 asits data.Theothersegmentsareperiodicallybroadcast
by thethird delivery thread.

In Section2, we mentionedthat all periodic broadcastprotocols
canbroadcastvariablebit ratevideos,andit is preferableto pro-
vide VCR interactionsusingadditionalclient storagespaceand/or
moreserver channelsto broadcasttheVCR versionsof thevideos.
Hence,theGPBSmodelalsosupportsvariablebit ratevideosand
providesVCR-like functionsthroughperiodicbroadcastprotocols
with broadcast-basedinteractions[19, 20,21].

4. MAXIMIZING BROADCAST REVENUE
FOR GPBS

In thissection,weformulateandprovideasolutionto anoptimiza-
tion problemthatmaximizesbroadcastrevenuesubjectto theserver
memoryanddiskbandwidthlimitations.Weassumeasimplebusi-
nessmodel in which the broadcastrevenueis determinedby the
sumof the revenueof thevideosbeingbroadcast.Intuitively, the
morevideosthat canbe broadcast,the morebroadcastrevenueis
obtained. However, the memoryspaceandthe disk transferrate
preventtheserverfrom broadcastinganunlimitednumberof videos
concurrently2. In what follows, we �rst establishthedisk-memory
constraint to ensurea jitter-freebroadcastof the channels.Then,
we formulatean optimizationproblemthat maximizesthe broad-
castrevenuesubjectto theestablishedconstraint.Finally, we pro-
vide a solution to the optimizationproblem. The solution gives
the maximumbroadcastrevenue,the list of videosthat shouldbe
broadcast,andthebuffer sizefor eachchannelof thevideos.Since
the GPBSmodelsupportsany periodicbroadcastprotocol,maxi-
mizing the broadcastrevenueunderthe GPBSmodelensuresthe
maximumbroadcastrevenuefor aserver thatusesthemodelto im-
plementa speci�c broadcastprotocol.

We usethe following assumptionsin our discussion.First, differ-
entvideosmayhave differentplaybackratesandlengths.Second,

2This paperdoesnot aim to studythe limitation of theserver net-
work I/O bandwidth.

therevenuegeneratedfrom repeatedlybroadcasta particularvideo
is known. A contentprovider could obtain this revenueinforma-
tion from a market researchor by someothermeans.Third, the
amountof memoryspaceand the disk transferrate dedicatedto
videobroadcastingarealsogiven. Finally, theserver hasonly one
physicaldisk. In therestof thepaper, weusethenotationslistedin
Table1.

Table 1: Notations in the model
Term De�nition

�

Server memoryspace(Mbits) for broadcasting
���

Disk transferrate(Mbps)for broadcasting
	�


Maximumdisk latency (seconds)including
boththeseektime andtherotationaltime

�

Totalnumberof videosavailablein theserver

���� Revenuegeneratedfrom broadcastingvideo �

���

� Totalbandwidthrequired(Mbps)to broadcastvideo �

���

� Totalnumberof channelsrequiredto broadcastvideo �

�

> The �

���

delivery channelof theserver
�

> Main buffer size(Mbits) for
�

>

���

> Cushionbuffer size(Mbits) for
�

>

	��

> Delivery rate(Mbps)for
�

>

�

��
��

Maximumnumberof concurrentdelivery channels
theserver cansupport

�

A serviceperiod(seconds)
���������

Totaldisk seekandrotationaltime (seconds)duringa
serviceperiod

�

� �


"!

��#"�

� Totaldatatransfertime (seconds)duringaserviceperiod

In ourGPBSmodel,thedataretrieval thread�lls up thebuffersas-
sociatedto thedeliverychannelsin rounds.Eachbuffer getsserved
only oncein a serviceround. The time durationof one service
roundis calledtheserviceperioddenotedby

�

. It is constantfrom
roundto round. To ensurea jitter-freebroadcastfor eachchannel,
theassociatedbuffer musthave enoughdatafor thecorresponding
delivery threadto broadcastduring a serviceperiod. That is, the
buffer size $

> canbecalculatedusingEquation(1).

$

>

+ ���

>&%

�

(1)

Whenthedataretrieval threadservicesabuffer, thediskarmmoves
to thecylinder storingtheneededdata. Thesectorhaving thede-
sireddatais rotatedto be underthe disk head.Theworst latency
for completingthesetwo actionsis denotedby

���

. Sincewehave

���
��

buffers to serve during the serviceperiod
�

, the total seek
androtationaltime

�

�'�����

is
�

���'���

+ 
*� 
��

%

���
8

(2)

NotethatEquation(2) doesnot hold for thecasethatanadvanced
dataplacementschemeor RAID [22] is used.

�

� �


"!

��#"�

� is thetime
takenfor transferringtheamountof dataneededby


*��
��

buffers
at thedisk transferrate.

�

� �


"!

��#"�

�

+)(

�
���5�

>+*

�

$

>

��� (3)

The serviceperiod
�

, therefore,canbe expressedin termsof the
total seekandrotationaltimeandthetransfertime.

� + �

�'������,

�

�-�


�!

��#"�

� (4)

Equation(1) canalsobeexpressedin thefollowing form.

$

�

�����

+

$
�

���

�

+
8:898

+

$

�
���5�

���

�
� ���

+ �

(5)

By substitutingEquations(1-3)andEquation(5) into Equation(4),



we have

$

>

+

���

> %

���

%


���
:�

%

���

�@�

�

�

��� �

,

���

�

,

8:898

,

���

� �����

/

8

(6)

Since $

> mustbe positive, the disk transferratemustbe greater
thanthetotalbroadcastratesof all the


*��
:�

channels.Depending
on the server disk schedulingalgorithm, I/O requeststo the disk
subsystemmaynot getserved in therequestedorder. In this case,
weuseacushionbuffer of size ��$

> to preventnon-consumeddata
in thebuffer to be replacedby thenew datathat is retrievedearly
from the disk. Thecushionbuffer sizeis variedbasedon the un-
derlying disk schedulingalgorithm. For instance,the SCAN disk
schedulingalgorithmrequiresthat ��$

> and $

> be thesame.The
sizeof thecushionbuffer canbereducedby ensuringthatthedisk
subsystemretrievesthedatain therequestedorder. Usingthisdisk
schedulingalgorithm,thesizeof thecushionbuffer becomesneg-
ligible.

The sizeof the buffer for �

> is the sumof $

> and ��$

> . In each
serviceperiod,the dataretrieval threadretrievesonly $

> amount
of datain thebuffer for this channel.The total sizeof thebuffers
(includingbothmainandcushionbuffers)for all thechannelsmust
notexceedthetotalmemoryspacereservedfor videobroadcasting.
Thatis,

�
�����

�

>-*

�

�

$

>

,

��$

>

/��

$

8

(7)

We usea positive constant� to expressthe relationshipbetween
thesizesof thecushionbuffer andthemainbuffer of achannel.

��$

>

+

�

%

$

> (8)

Thevalueof � is onewhenSCAN disk schedulingis used.When
thecushionbuffer sizeis negligible, we setvalueof � to zero.By
substitutingEquations(5), (6), and(8) into Equation(7), wehave

���

%


���
��

%

���

%

(

�������

>-*

�

���

>

���

�

(

�!� ���
>+*

�

���

>

�

$

1

,

�

8

(9)

We usea vectorof



binaryvariables,�
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/

to rep-
resentwhethervideo

	

is selectedfor broadcastor not. Thevalue
of �

� is oneif video
	

is selectedfor broadcasting;otherwise,the
valueof �

� is zero. Therefore,thesumof thedelivery ratesof all
thedeliverychannelsin Equation(9) is equalto thetotalbandwidth
requiredfor broadcastingall theselectedvideos.Thatis,

�
� ���

�

>+*

�

���

>

+

�

�

�

*

�

�

$

�

�

%

�

�

/

8

(10)

Themaximumnumberof concurrentchannelstheserver cansup-
port is equalto the total numberof thedelivery channelsrequired
for broadcastingall theselectedvideos.



��
��

+

�

�

�

*

�

�




�

�

%

�

�

/

(11)

Equation(9) becomes
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Hence,wehavesuccessfullyestablishedthedisk-memoryconstraint
asshown in Equation(13). The problemstatementto maximize
broadcastrevenuesubjectto theestablisheddisk-memoryconstraint
is asfollows.
Problem statement: Given a disk transferrate of

���

Mbps, a
memoryspaceof $ Mbits, a periodicbroadcastprotocol,broad-
castparameters(e.g. theboundedservicedelay),a databaseof




videos,broadcastrevenue���

� for video
	

, determinethevideosto
broadcastsuchthat thebroadcastrevenueis maximizedsubjectto
thedisk-memoryconstraintin Equation(13). This problemstate-
mentcanbeformally expressedasthefollowing optimizationprob-
lem.
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Thesolutionto this problemis anoptimalassignmentof thevalue
of �
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?
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. Our optimizationprob-
lem is neithera linearnor a non-linearprogrammingproblembe-
causeof thenon-linearconstraint4 with respectto thevariables�

� ,
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. However, we obtainthe solutionto the above op-
timizationproblemby repeatedlysolvingseveral simpli�ed linear
programminginstancesof theoriginal problem.Thebestsolution
obtainedfrom this processis thesolutionto theoriginal optimiza-
tion problem.

In whatfollows,we �rst discusstheideabehindoursolutionto the
above problem. After that,we presentthealgorithm. We observe
that


���
��

can only be one of the positive integersin the range
�

132
���

, where
�

is thetotal numberof delivery channelsrequired
to broadcastall the




videosusing the given periodicbroadcast
protocol. To formulatea simpli�ed linearprogrammingproblem,
we �rst predictandsubstitutea constantintegervalue,takenfrom
the above range,for
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, i.e.,
(

�

�

*

�

�




�

�

%

�

�

/

, in Equation
(13) to obtainalinearconstraint.Givenapredictedvalueof
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, our simpli�ed linear programming
problemis asfollows.
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3To considertheserver network I/O bandwidth,we canadda con-
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4Note that thedynamicprogrammingapproachfor solving the0-
1 Knapsackproblemis not applicablein this casebecausethe0-1
Knapsackproblemis a specialcaseof linear programmingprob-
lems.



The simpli�ed linear programmingproblemusesthe sameinput
parametersandhasthesameobjectiveasouroptimizationproblem
does.Theonly differencebetweenthesetwo problemsis theircon-
straints. The solutionof the simpli�ed linear programmingprob-
lem indicatesa setof chosenvideosthat generatesthe maximum
broadcastrevenuefor thegiven input parametersandthevalueof
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. However, whenthe total numberof the deliv-
ery channelsrequiredto broadcastall the videosin this set, i.e.
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, is lessthanor equalto %
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, the
set of chosenvideosalso satis�es the constraintin our original
optimizationproblem. In that case,this set of videos is one of
the possiblesolutionsto our original optimizationproblem. This
is becausethe setof the videosmaximizesthe broadcastrevenue
while satisfyingthe original non-linearconstraintgiven the value
of %

�4�
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. We recordthe solutionin this case.We re-
peatthe sameprocessto formulateanothersimpli�ed linear pro-
grammingproblemwith anothervalue of %

�4�
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. Fi-
nally, whenall possiblevaluesof


 ��
��

areconsidered,we select
thebestsolutionthatgivesthehighestbroadcastrevenuefrom the
recordedsolutionsto bethe�nal solutionto ouroptimizationprob-
lem. Thefollowing MAXREVENUEBUFFERMANAGEMENT algo-
rithm demonstratesthis idea.

Input: VideoDatabase,BroadcastParameters,
���

, $ ,
���

, �

Output:Themaximumtotal revenue,theselectedvideos,
andtheminimumbuffer sizefor eachchannel

MAXREVENUEBUFFERMANAGEMENT

1. VideoDB= SEGMENTATION(BroadcastParameters,
VideoDatabase);

2.
�

= CALCULATE

*� 
��

BOUND(VideoDB);
3. MaxRevenue= 0; VideoList= empty;
4. Predicted



��
��

= 1;
5. while (Predicted


���
��

�

�

)
�

6. Result= LP SOLVE(Predicted



� 
��

, VideoDB,
���

, $ ,
���

, � );
7. if ((Predicted



��
��

�

Result.NumChannel)
&& (Result.Revenue� MaxRevenue))

�

8. MaxRevenue= Result.Revenue;
9. VideoList= Result.VideoList;
10. MinBuffList = Result.MinBuffList;
11. �

12. Predicted

���
��

++;
13. �

14. returnMaxRevenue,VideoList,andMinBuffList;

Figure3: Maximum RevenueBuffer ManagementAlgorithm

The�rst input (VideoDatabase)of our algorithmis a collectionof
popularvideos

	 �
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/

; eachvideois associatedwith its
revenue,its length,andits playbackrate.Thesecondinput(Broad-
castParameters)indicatesthe periodic broadcastprotocol imple-
mentedby the server and the desiredboundedservicedelaysfor
the videos. Note that eachvideo may have a differentmaximum
servicedelay. Theotherinputsfor ouralgorithmarethedisk trans-
fer rate(

���

), thememorysize( $ ), theworst seekandrotational
delay(

���

), andtheparameter� for thecushionbuffer size.

First, our algorithm calls the function SEGMENTATION to deter-
minesegmentsizes,thenumberof channels,andthechannelband-
width sothat therequiredboundedservicedelayis satis�ed. Note

that this function strictly follows the periodicbroadcastprotocol.
ThereturneddatastructureVideoDBhasonerecordfor eachvideo
indicatingthenumberof channelsrequiredto broadcastthatvideo,
theratesof thosechannels,therevenuefor broadcastingthevideo,
etc. Then, the function CALCULATE


*��
:�

BOUND computesthe
upperboundof


���
��

.

The while loop (lines 5-12) basicallysearchesthroughall possi-
ble valuesof


 ��
��

to �nd the solutionto our original optimiza-
tion problem. For eachpredictedvalueof


*��
��

(denotedby the
variablePredicted


 ��
��

), the moduleLP SOLVE solvesour sim-
pli�ed linearprogrammingproblemandputstheresultin thedata
structurenamedResult. Thisdatastructurestoresthelist of these-
lectedvideos(Result.VideoList), the correspondingtotal revenue
(Result.Revenue),the numberof channelsrequiredto broadcast
thesevideos(Result.NumChannel),and the list of the minimum
buffer sizesfor eachchannelof thesevideos(Result.MinBuffList).
Theif statementin line 7 ensuresthatonly thegoodpredictioncase
thatgivesthebestrevenuesofaris recordedin lines8-10.Whenthe
while loop stops,thesolutionto our original optimizationproblem
is returned(line 14).

Thecomplexity of our algorithmis determinedby thecomplexity
of theLP SOLVE modulebecausethestepsin lines1 and2 takelin-
eartime. Therearemany availablelinearprogrammingsolversoft-
warepackageson theInternetthatcouldbeusedastheLP SOLVE

module. In our experiments,we observe that our algorithm �n-
isheson the order of few secondswhen the linear programming
solver [23] is used.

In addition to determiningthe popularvideosto be broadcastto
achievethemaximumrevenue,oursolutioncandeterminethenum-
ber of videosthe server canbroadcastconcurrentlyby settingthe
revenuefor all the videos to be the same. Furthermore,Equa-
tion (12) is useful for contentproviders to determinethe server
resourcesfor broadcastinga desiredsetof videosandthe associ-
atedtotal revenue.In addition,Equation(12)canbeusedasoneof
theadmissioncontrolcriteriato determinewhetherit is possibleto
addthebroadcastof new videoswithout violating thebroadcastof
existingvideos.Thisallowsnew videosto beaddedto anon-going
broadcast.

5. IMPACT OF IDEAL DATA PLACEMENT
In this section,we develop a modelto determinetheupperbound
on the impactof a dataplacementstrategy on periodicbroadcast
servers.Usinganeffective dataplacementstrategy reduces

�

�'�����

,
resultingin a smallermemoryspacerequirement. In the analy-
sisdiscussedin Section4, theserver is expectedto make onedisk
armmovementandonerotationwhile servicingeachof the



��
��

buffers in a serviceperiod. In the ideal situation,the server only
needsto performonedisk arm movementandonerotationto get
all the dataneededfor all the buffers in the serviceperiod (i.e.,

�

�������

+����

). Assumingthis idealsituation,we derive theupper-
boundfor theeffectivenessof dataplacementto determinewhether
it is worthwhileto introducea new dataplacementschemefor pe-
riodic broadcastservers.In this case,Equation(6) becomes
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Finally, ourdisk-memoryconstraintin Equation(13)becomes
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We usethis new disk-memoryconstraintin our optimizationprob-
lem to derive themaximumtotal revenueandthe list of broadcast
videoswhenidealdataplacementis used.

In summary, we have presented(i) thegeneralizedmodelfor peri-
odic broadcastservers(GPBS)supportingany broadcastprotocol,
(ii) resourceanalysisto obtainthemaximumbroadcastrevenueand
the videosto be broadcastfor any periodicbroadcastserver, and
(iii) the analysisfor the upper-boundof the effectivenessof data
placementfor periodicbroadcastservers.

6. PERFORMANCE STUDY
For analyticalexperiments,we implementtheMaximumRevenue
Buffer Managementalgorithm(Fig. 3) in C. Theprogramincludes
SEGMENTATION functionfor SkyscraperBroadcast(SB),Harmonic
Broadcast(HB), andPagodaBroadcast(PaB).Wemodify thesource
codeof asolutionof agenerallinearprogrammingproblem[23] to
obtain the LP SOLVE module. The analyticalexperimentsallow
usto investigateeffect of varioussystemparameterswithoutbeing
constraintby the availability of our hardwareresources.We also
implementeda prototypeof the GPBSmodelto demonstratethat
our server designandmemoryallocationtechniquework in prac-
tice. In the following, we �rst discussthevalidationof GPBSde-
signandmemoryallocationby runningtheprototypeon thehard-
wareavailableto us. We thenpresentthe resultsof theanalytical
experimentsundervarioussystemcon�gurationsandworkload.

6.1 Validation of the Analysis with Experi­
mental Results

Theprototypeof GPBSis implementedin Microsoft VisualC++.
Thesoftwareis availablefor downloadatourwebsite(http://www-
midea.cs.iastate.edu/software.html). The choiceof this environ-
mentis only subjectto our resourceavailability. OurGPBSdesign
canbe implementedin Unix platforms. We testour prototypeon
a machinerunning Windows XP Professionalwith the following
con�guration: processorPentiumIV 2.26GHz, RAM 1 GB, hard
diskSeagateBarracudaATA IV (modelnumberST380021A).The
averageseektime of thedisk is 9.16ms, theaveragelatency time
is 4.16ms. Thesustainedtransferrateof thedisk is from 27 to 44
Mbytes/sec.Theclientsalsorun on Windows XP machines.Both
theserverandclientsareconnectedto thesame100MbpsEthernet
subnet.Theserver usesIP Multicastto broadcastthevideodatain
RTP packet format. Sinceour focusis on thememorybuffer allo-
cationat the server, connectingthe server andclientsto the same
network helpsto verify the correctnessof the memoryallocation
andschedulingin our server. We considertestingthesystemon a
wideareanetwork partof our futurework.

Weuseourprototypeto doSBandHB broadcastsof 0.3Mbpsand
1.5 Mbpsvideos.We replicatethevideo�les into differentplaces
on theserver disk to emulatethefactthattheserver arebroadcast-
ing differentvideos.Somesamplevideoclipsencodedat0.3Mbps
and1.5 Mbps are alsoavailable for download from our website.
We useEquation(12)to calculatethebuffer sizefor eachchannel
of the video and assignthe value to the server setup. After the
server startbroadcasting,we useclient softwareto randomlyjoin
channelsbroadcastby theserver. We observe theinter-arrival time
of packetsin thosechannelsto seeif thereis any lossor delay. We

alsoobserve theinter-departuretime (thetime theserver sendsout
consecutivepackets)of packetsfrom theserverto seeif atany point
theserver fails to sendout a packet on time dueto incorrectbuffer
sizeor diskschedulingproblem.

Themainresultwe want to reportfrom this validationexperiment
is that our GPBSprototypecan do jitter-broadcastwith SB and
HB until thepoint theserver network bandwidthis saturated.This
con�rms the correctnessof our design,memory allocation, and
schedulingat the server. Although we have not donevalidation
of PaB broadcastdueto time constraint,it is easyto concludethat
ourprototypecanalsodo jitter-freePaBbroadcast.This is because
for thesamevideoandbroadcastparameters,SBneedsmorenum-
ber of channelsthanPaB does;andeachchannelin SB andPaB
hasthesamebroadcastratewhich is equalto thevideo's playback
rate;andourprototypecando jitter-freeSBbroadcast.

Thefollowing tablespresentthememoryusageby theGPBSpro-
totypewhendoing SB broadcastson the systemdescribedabove.
Thevideolengthis 10 minutesandtheboundedservicedelayis 1
minute. Note that the amountof memoryallocatedto eachvideo
by our analysis(the secondcolumn) is far moresmallerthanthe
actualamountof memoryusedby the prototypeapplication(the
third column)becausein our analysiswe discardthe memoryus-
ageof programvariablesandruntimelibrariesneededfor running
anapplicationin Windows XP.

Table 2: Memory usagefor SBbroadcastof 0.3Mbps 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 SBbroadcastof 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

Ourvideodatabaseconsistsof 100videos.Wealternatively useho-
mogeneousandheterogeneousvideodatabasesin ourexperiments.
In the homogeneousvideodatabase,all the videoshave the same
length,thesameplaybackrate,andthesamerevenue.We usethe
default valueof theplaybackrateandthe lengthin Table4 asthe
playbackrate and the length of the videos in our homogeneous
video database.The revenueof all the videosis set to 1. In the
heterogeneousvideodatabase,videoshave differentlengths,play-
backrates,andrevenues.The lengthandtheplaybackrateof the
videosin theheterogeneousdatabasearerandomlychosenfrom the
correspondingset in Table4. Thesesetsof lengthsandplayback
ratesareselectedto re�ect popularvideo types(e.g.,news clips,
documentary�lms, movies) and playbackrates. The revenueof
thevideosareassignedbasedona Zipf distribution [24].



We ranour analyticalexperimentswith a numberof practicalval-
uesof thedisk transferrateandthememorysizeobtainedthrough
a survey of severalvendorwebsites.We usethesustainedtransfer
rateof a disk asour disk transferratein theanalyticalexperiment.
Thissustainedtransferrateis therealthroughputof thedisk,which
is smallerthantheinterface(or external)transferrate5. For exam-
ple, a SeagateBarracudaUltra ATA/100 model hasan interface
transferrateof 100MBytes/sec.However, the real throughputof
thedisk variesonly in therangeof 24-41MBytes/sec[25]. Same
maximumservicedelaysareusedin all theexperiments.Theex-
perimentparametersaresummarizedin Table4.

Table4: Parametersfor analytical experiments
Parameter Default Variation

value
Numberof videos 100 n/a
Playbackrate(Mbps) 1.5

�

0.056,0.128,0.3,
1.5,2, 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 latency 0.02 n/a
(

���

sec.)
Worstservicedelay(sec.) 30 n/a

� 0
�

0,1�

We studythe effect of the disk transferrateandmemorysizeon
the numberof videosthat can be broadcastconcurrently. In the
homogeneousvideodatabase,thenumberof concurrentvideosde-
terminesthebroadcastrevenuesinceall thevideoshave thesame
revenue. We provide the memorysize and the disk transferrate
requirementsto broadcasta predeterminednumberof videos. We
presentthecomparisonsof ourbuffer management(MRB) with the
MAX andtheGCDbuffer managementschemes.Finally, westudy
theimpactof idealdataplacementin periodicbroadcastservers.

6.3 Impact of ResourcesLimitation on Homo­
geneousVideos

Westudytheeffectof thedisktransferrateandthememorysizeon
thehomogeneousvideodatabase.

6.3.1 EffectofDiskTransferRatesandMemorySizes
Thememorysizewasvariedfrom1000to5000MBytes(1-5GBytes)
while thedisk transferratewasvariedfrom 20 to 100MBytes/sec.

Fig. 4(a-b)demonstratestheincreasein thenumberof videossup-
portedby SB and PaB as the disk transferrate and the memory
sizeincrease.Theincreasein thedisk transferrategeneratesmore
numberof concurrentvideosfasterthantheincreasein thememory
sizedoes.This is evidentby thefactthattheslopeof theplotswith
the increasein the disk transferrate is greaterthan that with the
increasein thememorysize. The reasonis thatwith a fasterdisk
transferrate,we canretrieve thedatafrom thedisk in lessamount

5Manufacturersoftenusethehigherexternaltransferrateto adver-
tisetheirdisks.

of time. Therefore,we mayspendthosesaved time on broadcast-
ing new videos. To broadcastonevideo with the samebounded
servicedelay, SB andPaB usemuchlessnumberof channelsthan
HB does.Hence,they requirelessnumberof buffers. In addition,
HB incurs the longestseektime sinceit hasto retrieve datafor
many buffers in eachround. Although HB requiresthe leastdisk
bandwidth,the total buffer sizeper video for SB andPaB is still
lessthanthat for HB. Due to limited spacewe do not presentthe
plot for HB. In contrastto SBandPaB,theincreasein thememory
sizeallows HB to broadcastmorevideosthanthe increasein the
disk transferratedoes.This is because,HB requirestheleastdisk
transferrate,but needsmorememoryspacepervideo.

6.3.2 Effectof Sizesof MemoryandCushionBuffer
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Figure5: Effect of sizesof memory and cushionbuffer

Fig. 5 depictstheimpactof memorysizeon thenumberof concur-
rentvideosandtheperformancecomparisonwhensinglebuffering
( � =0) anddoublebuffering ( � =1) are used. In single buffering,
verysmallcushionbuffer is used.Thedisk transferbandwidthand
otherparametersweresetat their default value.Fig. 5 depictsthat
thenumberof videosthat canbe broadcastby theseprotocolsin-
creaseslowly as the memorysize increases.In singlebuffering,
PaB broadcastsmorevideosthanSB andHB do. Whenthemem-
ory size is above 2000MBytes, HB broadcastsmorevideosthan
SB doesbecauseSB startsexperiencingthelimit of thedisk trans-
fer rate. Thereasonis thatSB requireshighertotal bandwidthper
broadcastvideo.SB-MRB-DB, PaB-MRB-DB, andHB-MRB-DB
representthenumberof videossupportedby SB,PaB,andHB, re-
spectively whendoublebuffering is used. The �gure shows that
thenumberconcurrentvideosin eachof thetechniquesis reduced.
Thenumberof videosin HB is reducedthemost(24%onaverage)
becauseHB requiresthe largestmemoryspaceto broadcastone
video. Therefore,whenthe requiredbuffer size is doubled,even
lessmemoryspaceis availablefor broadcastingadditionalvideos.
SBandPaBonly experienceabout10%and8%reduction,respec-
tively, in termsof thenumberof videos.

6.4 ResourceRequirementsfor Homogeneous
Videos

In this subsection,we presentrequirementsof memoryand disk
transferratesto supportthebroadcastof a givennumberof videos.

6.4.1 MemorySizeRequirements
We calculatedtheminimumamountof memoryrequiredto broad-
castagivennumberof videoswhenthedisktransferratewas�x ed.
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Figure 6: Memory sizerequirementsfor broadcastinga num-
ber of videos

We plot the memoryrequirementsfor two setsof homogeneous
videosencodedat 1.5 Mbpsand0.3 Mbps,respectively. Thedisk
transferrateandtheotherparametersweresetto theirdefaultvalue.
For 1.5 Mbpsvideos,themaximumnumberof videosthatcanbe
broadcastbyHB, PaB,andSBare49,38,and24,respectively. This
is becauseHB requiresthe leastdisk bandwidth.For all the three
broadcastprotocols,theamountof thememoryrequiredincreases
exponentiallyasthenumberof videoincreaseslinearly. Theupper
limit on thenumberof videosthatcanbesupportedin this experi-
mentis determinedby thedisk transferrate. Whenthenumberof
videosis closeto its upperlimit, theamountof therequiredmem-
ory becomesverylarge6. Weobservethesametrendwith 0.3Mbps
videos.However, theupperlimit on thenumberof videosthatcan
be broadcastfor eachof the threetechniquesis higherbecauseof
thesmallerplaybackrate.

Whenbroadcastingthe samenumberof videos(e.g.,20 videos),
HB demandsthe largestmemoryspace,followedby SB. Interest-
ingly, PaB requirestheleastmemoryresourcesbecauseit requires
7 channelscomparedwith 11 and 120 channelsrequiredby SB
andHB, respectively. In otherwords,thelessnumberof channels

6We do not plot thesedatapoints becausethey skew the entire
graph.

is requiredpervideo,thelessamountof server memoryis needed.
Hence,thenumberof channelsrequiredto broadcastavideois also
importantfor aperiodicbroadcastserver, in additionto therequired
server network bandwidthanddiskbandwidth.

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

Fig. 7 demonstratesthe minimum disk transferrate requiredto
broadcasttwo setsof homogeneousvideosencodedat 1.5 Mbps
and0.3Mbps,respectively. Thememorysizeandotherparameters
weresetto their default value. To broadcastthe samenumberof
videos,SB requiresthehighestdisk transferrate,followedby HB
andPaB,respectively.

6.5 Comparisonwith On­demandBuffer Man­
agementSchemes

In this section,we compareour buffer managementschemewith
theMAX andGCDschemes[11] discussedin Section2. Themem-
ory sizewasvariedfrom 1000to 5000MBytes. Otherparameters
were set at their default value. We useda heterogeneousvideo
databaseasdiscussedin Section6.2. Themaximumplaybackrate
for the MAX schemeis 6 Mbpsandthe greatestcommondivisor
for theGCD schemeis 4 Kbps. Since[11] did not focuson maxi-
mizing thetotal revenue,wesettherevenueof all thevideosin our



databaseto one.We comparethemaximumnumberof videosthat
canbe broadcast.The formula in [11] only providesthe number
of concurrentrequests.This numberis equivalentto thenumberof
concurrentdelivery channelsin our GPBSmodel. To computethe
numberof videostheMAX andtheGCDschemescansupport,we
convertedthis numberof channelsto thenumberof videosin this
plot. Theconversionmaximizesthenumberof videosthatcanbe
broadcastby mappingthevideowith theleastnumberof channels
satisfyingthechannelbandwidth�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 managementtechniquefor SB, HB, andPaB is depictedby
the lines SB-MRB, HB-MRB, and PaB-MRB, respectively. The
otherlinesarethenumberof videosthatcanbebroadcastusingthe
maximumratemethod(MAX) or theGCD ratemethod(GCD) for
thesethreebroadcasttechniques.Fig. 8 shows thatusingeitherthe
maximumratemethodor theGCD ratemethodof theon-demand
buffer managementschemeon the heterogeneousvideo database
is not effective. Becausethesemethodsbroadcastapproximately
� ve to eight timeslessnumberof videoswhencomparedwith our
technique.This is becauseourbuffer managementis tailoredto the
delivery rateof eachchannelinsteadof using the maximumrate
for all thechannelsor usingtoo many channelsof small rates(the
GCD scheme).

6.6 Impact of the Ideal Data Placement
We study the effect of the disk transferrateon the total revenue.
We usethemodeldiscussedin Section5 for calculatingtheupper
boundof theeffectivenessof dataplacement.Weusetheheteroge-
neousvideodatabaseasdescribedin 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, respectively. The other lines are the total revenue
obtainedwhennodataplacementis used.Therevenueof HB is im-
provedthemost(approximately50%)whenanoptimaldataplace-
mentschemeis employed.Theothertwo protocolsalsoexperience
someincreasesin the total revenuewhen an optimal dataplace-
mentis available. Theapproximateimprovementfor SB andPaB
are13%and17%,respectively. Theseresultssuggestthatanimple-
mentationof aperiodicbroadcastserver usingHB shouldconsider
dataplacementto maximizetheeffectivenessof theserver.

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

To the best of our knowledge, the problem of managingmem-
ory buffer anddisk schedulingspeci�cally for periodicbroadcast
servers hasbeenlittle documented.Bradshaw et al. [10] imple-
mentedaperiodicbroadcastserverprototypefor GreedyDisk Con-
servingBroadcastprotocol[4] anda patchingprotocol[26]. The
server employs per-video application-level cachingto reducethe
demandontheserverdiskaccess.Thatis, anamountof mainmem-
ory is allocatedfor eachvideo beingstreamed.The server issues
disk requestsonly whenthe video blocksneededfor streaminga
videoarenotin theapplication-level cacheof thatvideo.Theserver
usestheLeastFrequentlyUsed(LFU) cachereplacementpolicy to
managethe caches.It is unclearhow the sizeof the application-
level cacheis calculatedto maintaina jitter-freebroadcastof many
videos. One of the contributions of our paperis that our analy-
sis helpsto derive a minimum buffer requirementfor eachvideo.
Finally, our GPBSmodelcouldbeeasilyextendedto cachesome
segmentof a videoin thememoryduringtheentiretime thevideo
is broadcast.

8. CONCLUDING REMARKS
Forperiodicbroadcasttobecomearealityastheon-demandstream-
ing counterpartdoes,severalimportantissuesneedbeinvestigated.
This paperaddressestwo suchissues,namely(i) effective man-
agementof server memoryanddisk bandwidthand(ii) the impact
of theseresourceson broadcastrevenuefor any periodicbroadcast
protocol. We formulatethe server resourcemanagementproblem
asanoptimizationproblemthatmaximizesthebroadcastrevenue.
We provide a solutionthat determinesthe maximumrevenueand
the videosto be broadcast.Our analysisdeterminesthe resource
requirementsgivenadesiredsetof videosto bebroadcast.

Thefollowing remarksarebasedon our analyticalexperimentson
differentperiodicbroadcastprotocols.First, thenumberof broad-
castchannelsper broadcastvideo hasa signi�cant impacton the
memory requirement. Second,the extent of the impact of disk
transferrate and the memorysize on broadcastrevenuealso de-
pendson the total bandwidthrequiredfor broadcastinga video.
Third, dataplacementhelpsimproving theserver performanceby
asmuchas50%,especiallyfor thebroadcastprotocolthatrequires
a large numberof channelsper broadcastvideo suchas the Har-
monic Broadcastfamily. Finally, a server canbroadcastthe most
numberof videosconcurrentlywhen using a broadcastprotocol
thatrequiresbotha smallnumberof channelsanda smalltotal de-
liverybandwidth.Nevertheless,to determinewhichprotocolto use
in practice,requirementsof client resourcesmustalsobetakeninto
account.Futurework will considertheextensionof ouranalysisfor



a videoserver supportingboth periodicbroadcastandon-demand
delivery paradigms.
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