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Abstract— Many multimedia applications rely on video
streamingtechniques.However, largescalevideodelivery is
still very challengingsinceit requiresa largeamount of re-
sourcessuch as storagespace,network bandwidth and I/O
bandwidth. In this paper we proposea proxy-assistedpe-
riodic broadcastarchitecture for video delivery to a large
number of clients over the Internet. Our video delivery
techniqueis basedon a combination of periodic broadcast
by central server and proxy sewer caching A proxy sewer
cacheseither part or the whole video basedon the video
popularity. We assumethat eachpr oxy sewver may have dif-
ferent capability and that the video popularity in eachcom-
munity can be differ entand dynamically changing A video
stored in the central sewer is partitioned into two parts, a
sewver prefix and a sewer suffix, basedon the aggregated
demand for the video from all communities. In principle,
the sewver prefix is delivered by unicast and the server suf-
fix is delivered by periodic broadcast. Such an approach
allowsto significantly reducethe required /O bandwidth at
a sewver. The combination of proxy prefix and sewer prefix
definesa wide spectrum of differ ent video delivery modes.
The transmission of a video can be either partially unicast
or partially period broadcastdependingon the relationship
betweenproxy prefix and sewer prefix. We further define
and solwve the optimization problemsfor proxy prefix selec-
tion and sewer prefix selectionin order to minimize the to-
tal resource requirements. Performance of our systemis
evaluated thr ougha number of tests.

Keywords: Systemdesign, Mathematicalprogram-
ming/optimization,

. INTRODUCTION

A numberof multimediaapplicationssuchasdistance
learning, digital library, video-conferencig, and enter
tainmenton-demandrely on the techniqueof streaming
storedor real-timevideo. Video-on-DemandVoD) en-
ables userto selecta videofrom a sener andview it on
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alocal device. Datais transferredover the communica-
tion network using streamingtechniques,.e., the client

canstartthe playbackof the video almostinstantly and
procesghe dataasa continuousstream.This areahasre-

ceivedquiteabit of researchattentionin thelasttenyears.
However, it still remainsvery challengingto provide VoD

servicet millions of subscribersver Wide AreaNetworks

(WANS).

In this paperwe assumehata centralsener works to-
getherwith a numberof proxy seners, one per commu-
nity, to delivervideoto alargenumberof clients. Thecen-
tral sener andproxy senersareconnectedvia WAN and
theclientsin acommunityareconnectedo its associated
proxy via Local Area Networks (LANs). An efficient ar
chitecturefor such an evironmentis a cost-efective way
to satisfy all clients’ demandin eachcommunity based
on its viewing profile by accessingideoseitherfrom its
proxy sener or a centralvideo sener. The costinvolved
includesthe requiredVAN bandwidth the capacityof the
centralvideo sener aswell asthe capacityof eachproxy
sener. It is alsoimportantto reducethe buffer require-
mentsandthe processingpower of eachclient.

The goal of this paperis to proposesuch anarchitec-
ture for large-scalevideo streamingbasedon two essen-
tial techniques: periodic broadcast(PB) [1] and proxy
caching[2, 3]. The buffer spaceat eachproxy is allo-
catedto minimize the aggreate network bandwidthus-
agebetweena sener and a client. The periodic broad-
castis usedby the centralvideo sener to save the serer
I/0 bandwidthrequirementor popularvideos. Our main
contrikution is anefficient senertransmissiorscheduleas
well asa proxy prefix selectionalgorithmfor a given set
of videosof differentpopularitiesfor differentproxies.In
the proposedarchitecture,a video prefix can be cached
by a proxy basedon thelocal popularityof avideoin the
correspondingcommunity The proxy prefix is accessed
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via unicastby a client from the proxy andthe restof the
videois accesseffom thecentralsener via eitherunicast
or periodicbroadcastependingon the global popularity
(i.e.,theaggregatediemandrom all communities)f the
video.

In the proposedarchitecturethe central sener can
choosenot only betweerdifferenttransmissiormodesfor
ary given video but can also partition a video into pre-
fix andsuffix deliveredin differentways. By introducing
a conceptof sener prefix in additionto proxy prefix, we
can pravide awide spectrunof videotransmissioimodes.
Suchflexibility allows usto chooseatransmissiorsched-
ulethatresultsin optimalsener I/O bandwidthusage By
combiningan efficient cachingschemewith an efficient
sener transmissionmechanismwe are able to optimize
I/O bandwidthand network bandwidthrequirementdor
large scalevideodelivery.

This paperis organizedasfollows. In Sectionll we
presentanovervien of the proposedarchitectureln Sec-
tion Il we formulate an optimization problemto deter
minethe besprefix sizefor eachproxy senerandcentral
video sener. In SectionlV we discussissuesrelatedto
periodic broadcasischemes.We presenta heuristic ap-
proachto solving the problemin SectionV. We evaluate
the proposedsolutionin SectionVI. SectionVIl contains
a brief summaryof the relatedwork andin SectionVlI|
we concludethe paper

1. PROPOSED TWO-LEVEL ARCHITECTURE

Wefirst describe th@roposedarchitectureandstateour
assumptionsboutits components.Next we addresghe

issuesof resourcerequirementsn a large-scalesystem
anddescribe thenechanisnthat allavs usto improve the
scalabilityandefficiengy of sucha system.

A. Architectue Components

Our proposedarchitectureconsistsof a centralsener
providingaccesgo alarge setof videos,andalarge num-
berof clientsfrom mary communitiesspreadover theIn-
ternetasillustratedin Figure1. All clientsfrom a com-
munity are connectedio the samelLocal Area Network
(LAN), thesamecablehead-endr the samelnternetSer
vice Provider. Each community hasa proxy sener to
sene its clients andthe network bandwidthbetweenthe
proxy and the clients is consideredadequateand inex-
pensve. We assumethat the centralsener hasan ade-
quatestorage processingand I/O bandwidthcapacityto
satisfythe demandandthe connectionsetweerthe cen-
tral sener and proxiesare throughIP basedWAN. The
storagespaceand I/O bandwidthavailable at the proxy
senersandtheclientsarelimited. Our goalis to provide
accesso asetof ConstanBit Ratevideosto a potentially
large numberof clientsin sucha way that the resource
consumptionj.e., centralsener I/O bandwidthandWAN
bandwidthjs minimized,subjecto theresourceavailabil-
ity at proxiesandclients. We assumehatthe proxiesmay
have differentcapabilitiesin termsof buffer spaceandl/O
bandwidth(heterogeneousype of proxies). The commu-
nitiesthatthey sene may alsobediversein size (number
of clients)andvideopopularity The popularityvariesnot
only from one communityto anothey but alsoover time



in asinglecommunity

The coreof our architecturds a two-level video deliv-
ery mechanismlit utilizestwo techniquesyvideocading
at proxy seners and periodic broadcastat the central
sener. Our mechanismcombinesthesetwo techniques
andintroducesanothedevel of scalabilityon top of them.
Periodicbroadcasschemegartition a video into a num-
berof sggments.The sggmentsarerepeateditransmitted
over anumberof broadcasthannels Eachclient collects
video seggmentsfrom thesechannelsandbuffersthemun-
til their playbacktimes. The total bandwidthrequiredfor
broadcasttransmissiondoesnot dependon the number
of clients, but only on the segmentationof the video and
thetransmissiomateof eachchannel.Therefore periodic
broadcasts anefficient wayto save sener /O bandwidth
to satisfy a large numberof requestdor popularvideos.
Video cachingby a proxy further reducesnetwork band-
width consumption. A proxy cachesa part of the video
to decrease thamountof datathathasto be deliveredby
the centralsener. We chooseto utilize proxy resources
by cachingtheinitial portionof avideoto reducestart-up
delay Therefore,a clientin a given communityreceves
proxy prefixfrom the proxy andthe sufix fromthecentral
sener.

The idea behind our two-level video delivery mech-
anismis basedon two obsenations. First, in a large-
scale system, video prefixes selectedby proxy seners
for cachingmay vary a lot from one communityto an-
other Thus, it may not be efficient to have the same
prefix cachedby all proxies. Second,periodic broad-
castreducesbandwidthrequirementonly for very pop-
ular videos. Only for such popular videos the band-
width requirementof a broadcastransmissionis lower
thanthe sum of the requirementsf individually unicas-
tedtransmissionsTherefore popularityshoulddetermine
the mode of transmission.Due to different proxy prefix
sizes,the aggreyate popularity may be different for dif-
ferentportionsof the samevideo atthe centralsener and
thevideo shouldbe partitionedinto unicast-delieredand
multicast-deleredparts.

We introducethe conceptof central serverprefix and
utilize the concepiof proxy prefix A videoprefix selected
by a proxy determineswhich part of the video a client
canobtainfrom a proxy in its own communityandwhich
parthasto be requestedrom acentralsener. Thesener
prefix size determineswhich part of video is transmitted
in a unicastmodeandwhich partin a periodicbroadcast
mode.

B. Limitationsof Periodic Broadcast

Video delivery through periodic broadcastin the In-
ternet,althoughscalable hassomelimitations. Periodic
broadcastequireshatavideois transmittecby the serer
all the time regardlessof clients’ requests. Thus, some
part of the transmissionmay be utilized by none of the
clients. The sener /O bandwidthis reducedsignificantly
but PB may be quite demandingwith respectto client’s
bandwidthand capability We take the limited client ca-
pability into considerationby assumingthat thereis a
limit onthe numberof broadcasthannelghatneedto be
receved simultaneously The numberof concurrentac-
cessedso eachbroadcasthannelis considerablyreduced
comparedo the schemeghat requirea client to receve
mary channelssimultaneously and the fraction of the
broadcasttransmissionwhich is actually receved by a
clientis evensmaller

The network bandwidthrequiredby continuoustrans-
missioncanbereducedandthe utilization level increased
by giving the servicea moreon-demandcharacter Such
amodeof transmissiorcanbe implementedusing multi-
cast[4]. We realizethat multicastcapabilityis not ubig-
uitousin the Internetyet. However, we expectthatin the
future it will becomewidely available. We addressthe
issueof resourcerequirementsat a sener assumingthat
multicastis away to deliver periodicbroadcasbf avideo.
However, sincethenetwork bandwidthsaving dueto mul-
ticastis very hardto predict,we do notinclude suchsav-
ing in our problemformulation.

The network bandwidthconsumptioron the serer de-
pendson the actualmulticasttransmissionyhile the I/O
bandwidthconsumptiondependson the underlying peri-
odic broadcasschedule.The latter is causedby the fact
thatthe serer hasto maintainthe propertiming among
channelsfor eachvideo. Therefore,we use the term
broadcastwhentalking aboutl/O bandwidthatthecentral
sener and multicast when talking about network band-
width.

C. ProxyPrefixand NetworkBandwidthRequirements

Proxy cachingreducesthe bandwidthrequirementin
the network aswell asthe /O bandwidthrequirementat
the serer. Ideally all videoswould becachedcloseto the
clients.However, sincea proxy haslimited 1/O bandwidth
andstoragespace(buffer size),sucha solutionis not fea-
sible. Therefore the goalis to utilize proxy resourcego
achieve the highestpossiblereductionof the WAN band-
width requirementWe assumehat from the proxy point
of view, sener I/O bandwidthusages proportionalto the
network bandwidthusage.
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We examinenow the generalguidelinesfor proxy pre-
fix selection.Video popularity playsanimportantrole in
the processof selectingthe prefix sizefor eachvideo. In-
tuitively, the higherthe popularity of the video, the larger
reductionin bandwidthconsumptioncanbe achiered by
cachingalargerprefix. Thereforethe prefix sizesfor pop-
ularvideosshouldbelargerthanprefixesfor thelesspop-
ularvideos.Thisis the casewhenproxy buffer sizeis the
bottleneck.For a popularvideo, anincreasdn the prefix
sizeresultsin ahigherreductionof the network bandwidth
than for less popularvideos. When the I/O bandwidth
is the bottleneck,larger prefixes canbe selectedfor less
popularvideosbecauséor suchvideosthe I/O bandwidth
consumptiorincreaseslower with the prefix sizethanfor
the popularones. Hence,by selectinglarger prefixesfor
somelesspopularvideos,we canmake betteruseof the
availablebuffer spacewithout violating thel/O bandwidth
constraint.

D. ServerPrefixandl/O BandwidthRequirements

The goal of periodic broadcasis to reducethe band-
width requirementat a sener. Suchan approachs ben-
eficial only if avideois very popular For alesspopular
video, individually unicastedransmissionsnay consume
lessbandwidth. Hence,we canoptimize the resourcere-
quirementsby choosingone mode or the other depend-
ing on the video popularity Video popularity definedin
eachcommunity as a numberof concurrentaccesses$o
the video hasonly a “local” meaning. Global popularity
expresseshe numberof concurrentaccesgo thevideoat
a central server Recallthatpopularity at a sener is not
uniform for thewhole video sincedifferentproxiescache
potentially different-lengthprefixes. Therefore,we need
to decidewhich part of a videois deliveredin a unicast
modeandwhich in a multicastmode. We first definethe
globalpopularityin amoreformal way andthenintroduce
aconceptof serverprefix

Let us considera singlevideo andlet {b;} be a setof
proxy prefixes ofthis videoin a setof communities.For

the convenienceof discussionwe assumehat the setis
arrangedn the increasingorder: b; < b;y1. Let a; be
the video popularity correspondingdo prefix b; (popular
ity in thecommunitywhoseproxy selectedrefixb;). The
globalpopularityof the partof thevideoequalto the mini-
mumproxy prefix b; is 0 sincenoneof theclientsrequests
that part of the video from the centralsener. The part of
video correspondingo the differencebetweenprefix b
and b, hasa global popularity equalto a; 22, where
m is the total length of a video. This part of the videois
requestedrom the serer only by the clientsin the com-
munity whoseproxy choseb; asthe prefix size.In agen-
eralcasethepartof thevideocorrespondingdo the differ-
encebetweerb; andb; ; hasaglobalpopularityequalto:
il Bt 1t is requesteddnly by clientsfrom the
communitieswhoseproxiesselectedprefix sizessmaller
thanor equalto b; 1. Thus,only the local popularitiesin
thesecommunitiesaretakeninto account.Figure 2(a)il-
lustrateghevideodivision into partswith differentglobal
popularities.

The sener makes a decisionwhethera given part of
thevideo shouldbetransmittedn eitherunicastor multi-
castmodebasedon the global popularity Thehigherthe
global popularityis the morelikely thatthe partis trans-
mittedin the multicastmode. Notice that global popular
ity increasesaswe move from the beginning toward the
end of the video. Hence,thereis alwaysa cutoff point.
All video segmentsfrom the beginning to the cutoff point
aretransmittedn theunicastmode,andthe onesafterthe
cutoff pointtransmittedn the multicastmode. The cutoff
point may be at the beginning aswell asat theendof the
video. It is possiblethatthe wholevideois transmittedn
multicastmodeif the cutof is atthe beginning or unicast
modeif it is atthe end. All video segmentstransmitted
in the unicastmodeconstituteserverprefix asillustrated
in Figure2(b). Thedashedinesin thefigure separatehe
videointo differentpartsof differentglobal popularities.

Video popularity variesnot only amongcommunities,
but alsovariesover time in a singlecommunity There-
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fore,in orderto minimizetheresourceaequirementshoth
proxy andsener prefix sizesneedto be adjusteddynami-
cally. Noticethatthechangein a sener prefix sizeaffects
the periodicbroadcasschemausedfor the sufix delivery.
In addition, the division of the video into a prefix anda
suffix deliveredusingdifferentmethodgunicastvs. mul-
ticast)alsoimposesadditionalrequirement®n the broad-
castscheme We addresghis issuein sectionlV.

E. Video TransmissiorModes

The video delivery mechanisnbasedon proxy prefix
andsener prefix combinedhasa high degreeof flexibil-
ity. We shav that a wide variety of scenariodfor video
streamingareenabledby this technique.lts flexibility al-
lows usto fully exploit the potentialreductionof resource
requirements.

We discussthe possiblevideo modeshy examining
the relation betweenproxy prefix and sener prefix for a
video. The length of both prefixes can be a value from
0 to the length of the whole video. A proxy prefix can
be smalleras well aslarger than a sener prefix. If a
given proxy prefix is smaller thanthe serer prefix, the
client receves the proxy prefix from the proxy, the part
of video in the serer prefix but not in the proxy prefix
from the serer through a unicasttransmissionand the
suffix of the serer partition in the multicastmodefrom
the serer (Figure3(a)). If the proxy prefixis larger than
or equalto the serer prefix, thenthe client obtainsproxy
prefix from the proxy andthe remainingpartof thevideo
through multicastfrom the serer (Figure 3(b)). Notice
thatour formulationcoversall possiblescenariosTablel
summarizesll possiblecombinationswherem denotes
the video length, ¢ and b are the lengthsof sener and
proxy prefix, respectiely.

Popularityis one of the factorsthat determinewhich
combinationis selectedor the videotransmissionlIf the
videois very popularin mostcommunitiesmostproxies
will choosea large prefix. In the extremecase thavhole
videowill becachedby mostproxies.Theresultingglobal
popularity of (all partsof) the video at the serer will be

TABLE |
VIDEO TRANSMISSION MODES

proxy prefix | senerprefix | modeof transmission
b=0 a=10 periodicbroadcast
b=20 a=m unicastfrom sener
b=m a=m unicastfrom proxy
0<b<m b < a < m | (a)prefixunicastfrom proxy,
(b) prefix unicastfrom sener,
(c) sufiix periodichroadcast
(Figure3(a))
O<b<m 0<a<bd (a) prefix unicastfrom proxy,
(b) suffix periodicbroadcast
(Figure3(b))

low. Hence,the serer will choosea small (potentially

zero-sizesuffix for themulticasttransmissionA medium
popularity video will have somepartof it cachedby the

proxiesandthe global popularity of the initial segments
will below. The sener will chooseunicasttransmission
for theinitial partof thevideoandthemulticastfor there-

mainingpart. A low-popularity video may not be cached
atall by the proxies. Theresultingglobal popularitymay

bestill low sothatthe sererchoosesinicasttransmission
for thewholevideo. In the casavhenthelocal popularity

is notuniform andvariesalot from onecommunityto an-

other the sererwill likely choosesomepartof thevideo

for theunicasttransmissiorandtheremainingpartfor the

multicasttransmission.

1. PROBLEM FORMULATION

Having definedanarchitectureor proxy assistedrideo
delivery we proceednow to definethe problemof select-
ing the proxy prefix sizefor eachvideo in eachcommu-
nity andthe serer prefix size for eachvideo. We first
assumehat popularity doesnot changeand make prefix
selectionthat resultsin the optimal resourceusage. We
then addresghe issueof dynamic popularity and prefix



TABLE I

NOTATION
m? | lengthof videoj
ozg popularityof video j in communityi
bf_ prefix sizeof videoj atproxy i
a’ sener prefix sizeof video j
nd | numberof suffix segmentsof video j
7"% unicastiransmissiomateof video j
TZ transmissiomateof the kth segmentof video j
Uij portionof video j deliveredto communitys in unicast
CZ portionof video j deliveredto community: by sener
Si sizeof ith segmentof jth video
|z| | numberof segmentsin =
B; | buffer sizein proxy i
W, | 110 bandwidthavailablefor proxy i

size adjustment. Notation usedthroughoutthe paperis
summarizedn Tablell.

Thelengthsof the proxy prefixandsener prefix deter
minethemodeof videodeliveryto aclient. Wefirst exam-
ine thedependencef theresourceequirementsiponthe
choiceof bothtypesof prefixesandusethe resultsof this
investigationto choosethe optimal delivery mode. Since
theresourceavailability in the sereris muchhigherthan
thatin the proxy, our approachis to minimize sener re-
sourceconsumptionwhile respectingresourceconstraint
atthe proxy. We definethe consumptiorof the I/O band-
width ata sener andthe WAN bandwidthasfunctionsof
sener prefix sizea’, proxy prefix sizesb! andvideo pop-
ularity a{ for video j at proxy i. Eachvideoj is further
characterizedy the following setof parametersiength
mJ andtransmissiorrater] . The popularityof avideois
expressedsthe expectednumberof concurrentaccesses
to thatvideo. In otherwords, it is an averagenumberof
clientsin a given communityreceving the video at ary
instantof time. Notice that a longer video with a given
accesrobability hashigheraveragenumberof concur
rentaccessethanashorteronewith the sameprobability

A. WAN Bandwidth

The network bandwidthrequirementis determinedcby
the amountof datathat hasto betransmittedby a central
sener, i.e., all segmentsof the video that arenot cached
by the proxy. The network bandwidthis definedin the
following way:

R(b], ) =" alC] @)

i=1j=1

where M is the numberof proxies(communities),N is
the numberof videos, and Cf is the relative size of the
partof the videothatis deliveredeitherthrougha unicast
or multicasttransmissiorby the centralsener:

ol =" b @)
mJ

The network bandwidthrequirements independenbf
the serer prefix size selection,which affects only the
modeof transmissiorbut not the amounttransmittedby
the serer. Hence,the network bandwidthis minimized
by choosing anoptimal proxy prefix for eachvideo in
eachproxy. The choiceis limited by the following two
constraints.Eachproxy hasa limited buffer size B; and
limited 1/O bandwidthW;. The buffer size constraintis
formulated as: Zf’:lbg < B; andthe I/O bandwidth

b.z .
ﬁ’f‘% < Wz No-
h) >

—<
mJ

constraintis formulatedas: Y-, o
tice thatR(bg,%?) = Zi‘il(ZL o — Z;Vﬂ o]
Y ML (S of — Wy). Hence,the /O bandwidthcon-
straintdefinesthe lower limit on the network bandwidth.
It is intuitive sinceincreasinga proxy prefix of avideode-

creaseshenetwork bandwidthconsumptiorbut increases
the I/O bandwidthconsumption.

B. Serverl/O Bandwidth

The central sener I/O bandwidthconsumptionis af-
fectedby the proxy prefix size of eachvideo, the broad-
castschemeusedfor the sufix, andthe video popularity
determiningthe frequeng of the unicasttransmission®f
the part of prefix not cachedy the proxies. It is defined
in thefollowing way:

nJ

>

k=1

N M N
W(aj,bg,ag)zz Ti—I-ZZagUijr% 3
7j=1 i=1j=1

Whereri is the transmissiorrate of the kth segmentof
video j in the broadcasschemeandn’ is the numberof
segments(channels¥or the sufix portion of the videoto
be accessedisinga periodicbroadcasscheme.Thefirst
partof the summationrepresentshe I/O bandwidthcon-
sumptiondue to the broadcastbof all sufix segmentsof

video j. The secondcomponenbf the summationrepre-
sentsthe I/0O bandwidthconsumptiondue to the unicast
transmissionof a part of the video prefix, which is not
cachedby someproxies. Sinceeachproxy may choosea
different prefix for video 7, we calculatethe unicastl/O

bandwidthrequirementfor eachcommunity: and each
video:
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Uij is the relative size of the part of video j thatis de-
livered through a unicasttransmissionby the serer to
community . Its value dependson the differencebe-
tweensener prefix size and proxy prefix sizerelative to
the length of the video. The producta? U7 is interpreted
asanaveragenumberof concurrentaccesset this partof
thevideo. Thetotal I/O bandwidthconsumptiordepends
on both sener andproxy prefix sizesaswell asthe popu-
larity of eachvideoandthusis denotedoy W (a’, b}, o}).
For a fixed popularity and proxy prefix size, decreasing
the serer prefix increasesl/O bandwidthdue to peri-
odic broadcastput decrease/O bandwidthdueto uni-
casttransmissionsThereis atrade-of betweernthesetwo
gquantitiesandthe goalis to find the optimal point.

To summarizethe objectve is to chooseproxy prefix
in suchaway thatthe network bandwidthrequiremenis
minimized,andto choosesener prefix sizein suchaway
thatthe I/O bandwidthrequiremeniat the serer is mini-
mized. The problemis constrainedy the buffer sizeand
I/0 bandwidthavailableat eachproxy.

IV. PERIODIC BROADCAST WITH PREFIX

Beforewe proceedwith a solutionfor the resourcere-
quirementoptimizationproblem,we examinethe condi-
tions a periodic broadcastschemehasto satisfy for the
two-prefix level video delivery to be feasible. Next we
describea schemehatsatisfiegheserequirements.

Periodicbroadcasschemehasto satisfythe following
threerequirementsThe prefix transmissiormustbe syn-
chronizedwith the multicasttransmissiorof the sufix in
away thatalwaysresultsin afeasiblereceptionschedule.
The periodicbroadcasschemeghat minimize the serer
bandwidth usually have high network and client band-
width requirements.In orderto limit theserequirements
we assumehatthenumberof broadcasthannelseceved
simultaneoushpy theclientis limited to 2. Thebroadcast
schemehasto be ableto handleprefix sizechanges.The

desirablefeatureis, therefore,a smoothtransition prop-
erty: the changeof prefix size shouldnot disruptthe on-
going transmissiongndshouldnot increasehe resource
usagesignificantly during the transition period. We first
addresghe feasibility of receptionscheduleandthe lim-
ited client's bandwidth.Then,we examinewaysto imple-
mentthe dynamicadjustment®f prefix size.

A. FibonacciPeriodic Broadcast

A schemethat minimizes sener bandwidth require-
mentsandrespectghe constrainton the numberof chan-
nels receved simultaneouslyby a client usesFibonacci
seriesasa sggmentsizeprogressioril]. Eachsegmentis
broadcasbn a separatechannelat the playbackrate. A
client canstartreceptionof a video at ary time andthe
start-updelay is equalto the receptiontime of the first
sgment.Eachseggmenthasto bereceved beforeits play-
backstartsin orderto ensureafeasiblereceptionschedule
asillustratedin Figure4(a). We usethis schemeasabase
for the serer sufiix delivery. In orderto achieve the syn-
chronizatiorbetweemrefixandsuffix receptionwe over-
lap thereceptionof thefirst sener suffix segmentwith the
possiblereceptionof the prefix. A clientrecevvesall seg-
mentsin the maximumof (proxy prefix, sener prefix) se-
guentiallyeitherfrom theproxy or from thecentralsener.
Eachof thesesegmentscanbe playedimmediately which
reducesthe start-updelay The receptionof the first re-
maining suffix segmentis alignedwith the prefix recep-
tion in sucha way thatit is completelyreceved by the
endof the prefix playback. Figure 4(b) shavs the recep-
tion scheduldor a prefix consistingof threesegments.

B. PrefixSizeTransition

Due to a changein video popularity the serer may
have to adjustits prefix sizefor a givenvideo andconse-
quentlythebroadcastransmissiorof the sufix. Thereare
two waysto dealwith the dynamicchangesn sener pre-
fix size. Oneof themis to adjustvideo segmentationfor
the sufix whenerer a changeoccur Anotheris to usea
fixed segmentationof the video and make prefix consists
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of a numberof initial sggments. We examineboth pos-
sibilities in termsof their resourcerequirementsandthe
complity of transitionto a differentprefix size.

1) Dynamic Sgmentation: Assumefirst that prefix
can have an arbitrary length. Onceits size is decided,
the sufix is partitionedinto a numberof segments. We
still usethe Fibonacciseriesas a sggmentsize progres-
sionto satisfyclientbandwidthconstraint.The sizeof the
first sufiix segmentis equalto the serer prefix size and
both are receved simultaneously Sincevideo segmen-
tation is redesignedafter eachprefix change ,we expect
anoptimal /O bandwidthconsumptiorfrom this scheme,
i.e.,aminimal numberof broadcasthannelqseggments).
This schemedoesnot exhibit smoothtransitionproperty
Switching from one broadcastscheduleto anotherre-
quirestransmissiorof a setof channeldor both, the old
andthe naw, sggmentationschemes.The I/O bandwidth
consumptionduring the transition period is equalto the
sumof thel/O bandwidthrequirement®f bothschemes.

2) Fixed Sgmentation: Assumenow thata videois
partition into segmentsfollowing Fibonacciseriesprior
to the serer or proxy prefix choice. The prefix mustnow
consistof anumberof initial segments.Its sizeis adjusted
by including or excluding someseggments. With sucha
stratgy the transmissiornof segmentsthat are not being
maoved betweenprefix and sufiix is not affected by the
prefix sizeadjustmentThetransitionis moresmooth but
the serer /O bandwidthrequiremenimaybe higher

3) FPB: In orderto provide a fair comparison,we
consideronemoreschemeproposedn [5]. In thisscheme
Fibonacci-basegeriodic broadcas{FPB)is designedo
adjuststhe video segmentationaccordingto the demand,
but the designdoesexhibit a smoothtransitionproperty

The I/O bandwidthrequirementuring the transitionpe-
riod is equalto the maximumof two requirements:the
old andthe new schemesHowever, this schemds much
morecomple thanthe schemeproposedn this paper

All threeschemesuseFibonacciseries forsufiix seg-
mentation. We refer to the first schemethat can choose
prefix of an arbitrary length as dynamic segmentation
schemethe secondschemeoffering a setof discreteval-
uesfor prefix size asthe fixed sggmentationschemeand
theschemeproposedn [5] asthe FPB scheme.

Figure 5 presents thecomparisonof the number of
broadcasthanneldetweerthethreeschemesThevideo
lengthis setto 3600s(seconds).The sizeof thefirst seg-
ment.S; in the fixed sggmentationschemes equalto 1s
in the first testandto 100sin the secondtest. Sincethe
prefix sizefor thefixed sgmentatiorschemas limited to
asetof discretevalues we useonly thesevaluesfor com-
parison. Eachpoint on the fixed sgmentationcurve cor
respondgo asingle prefix sizeexpressedn secondsFor
eachvalue, a new segmentationis calculatedfor the dy-
namicsegmentationschemeandthe correspondinghum-
ber of broadcasthannelss shavn on the dynamicseg-
mentationcurves. The prefix in this casealwaysconsists
of onesgmentof avariablesize. Thedifferencebetween
the numberof broadcasthanneldor the fixed segmenta-
tion schemeandthe dynamicsegmentationschemedoes
not exceedone channel. The sameresultholdsfor vari-
ouslengthsof first sgmentS;. The numberof channels
in FPB is closeto the numberof channelsusedby the
fixed sgmentationschemefor small valuesof Si. For
largervaluesof S;, the numberof segmentsusedby FPB
is smallerthanthe fixed segmentationschemebut larger
thanthatof thedynamicsegmentatiorschemeThisresult
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is expectedsinceFPB paysthe price for the smoothtran-
sition propertyby havingworsethanoptimalperformance
during non-transitionperiods. It performsbetterthanthe
fixed sgmentationschemesinceit adjuststhe segmenta-
tion.

We concludethatthe performancegain of the dynamic
segmentationschemeis not significantenoughto com-
pensatefor the lackof smoothtransition. On the other
handthe complity of FPB schemeis quite high. Our
proposedfixed segmentationschemehasanotheradvan-
tageover the othertwo schemesThe prefix changeatthe
sener doesnot enforcesimilar changeat the proxy. Both
canbe doneindependenthyif needed.The dynamicseg-
mentationrmayface thesituation,whereproxy prefixdoes
notconsistof aninteger numberof segments.Receving a
partial sgmentfrom the multicastchannelposesa much
more difficult challengein designof receptionschedule.
For moredetailson implementingprefix changesee[6].

C. PrefixChange Implementation

We now presenthow the prefix size changeis imple-
mentedby both the proxy andthe serer with the fixed
sgmentatiorschemeWe examinethelengthandthe cost
of transitionperiod.

1) ProxyPrefixChange: Theprefixsizeis adjustecby
the proxy by including or excludingavideo segmentfrom
the prefix. If the prefix changas madefor morethanone
video, we have to make surethat the cumulative change
in buffer occupang doesnot causethe buffer overflov at
the proxy. The changehasto be madegradually i.e., a
segmentof onevideois graduallyreplacedby a sggment
of anothervideo.

a) SgmentRemeal: Foreachsegmentthatis to be
removed from the buffer, we checkwhat part of the seg-
ment hasalreadybeenreceved by the client, which re-
questedhe segmentmostrecently This partis removed
from thebufferimmediately Therestof thesegmentisre-
movedattherate,atwhichit is transmitted Basedon this
schedulewe canfind how the buffer occupang increases
with time.

b) SementAddition: Next, we designthetransmis-
sion scheduléor eachnen sggmentthathasto bereceved
fromthe serer, by choosingthestarttime of thetransmis-
sion. Thereis atrade-of betweenrthelengthof thetransi-
tion periodandthe network bandwidthneededo transmit
all new sggments. The length of transitionperiodis de-
fined asthetime needto completethe prefix changej.e.,
theremoval of old prefix sggmentsor transmissiorof new
oneswhichever takeslonget

If thelengthof thetransitionperiodis themainconcern,
eachof the new sggmentsshould be receved from the
sener assoonaspossiblewithout overfloving the buffer.
A simpleheuristiccanbe usedor thatpurpose.The new
segmentsare sortedby the time neededfor their trans-
missionin theincreasingorder Next we find the earliest
feasibletransmissiortime for the video with the longest
time. The procedurds repeatedor eachof theremaining
segments. If a prefix sizeis extendedby morethanone
segment,we treatall nev segmentsasone with the size
equalto thesumof segmentsizes.

2) ServerPrefixChang: Theprefixsizechangeatthe
sener is implementedby addingor removing a channel
from the broadcastransmissiorschedule.

a) Sgmentremoval: A removal of sggmentfrom
prefixis implementedy startingabroadcastransmission
of this segment. All ongoingunicasttransmissiorof the
segmenthave to becompletedIn addition,all requestse-
ceived during the next segmenttransmissiorperiod need
to be sened througha unicasttransmission.Otherwise,
theremaynot be afeasiblereceptionschedule.

Figure 6 shavs an examplewherethe 4th segmentof
the video is removed from the prefix. Accordingto the
new schedulahe client shouldstartreceving the 4th seg-
mentattimet, i.e., simultaneouslyvith segments2 and3.
However, if thechangeoccursattime¢™, theclientis not
able to receve the whole sggmentbeforethe end of the
prefix playback.Hence the client shouldcontinuethere-
ceptionaccordingto the old schedule We may seeatem-
poraryincreasen the I/O bandwidthconsumptionwhile
both unicastandbroadcastransmissiongrein progress.
The two modesof transmissionoverlap during the time



period equalto twice the time of the sggmenttransmis-
sion. Thetransitioncostis definedasan I/O bandwidth
consumptiondueto unicasttransmissiorof all segments
removedfrom respectie prefixesduringtransitionperiod.

b) SementAddition: An additionof a segmentto
the prefix causegemoval of the correspondindroadcast
channel. Thebroadcastransmissiorhasto continuefor a
period of time equalto the sgmenttransmissiorperiod.
All new requestgeceied during this time aswell asall
subsequentequestdor the segmentare satisfiedthrough
unicasttransmissions.We obsene againan increasein
the I/O bandwidthconsumptionasbroadcasandunicast
transmissionsverlapfor the periodof the segmenttrans-
missiontime. Thecostof thetransitionis evaluatedn this
caseasthe /O bandwidthconsumedy the broadcasbf
all sgmentsaddedto the respectie prefixesduring tran-
sitiontime.

V. PROPOSED SOLUTION

The solution for the optimization problemformulated
in Sectionlll mustspecifythe proxy prefixlengthfor each
video at eachproxy andthe serer prefix lengthfor each
video. The problemof proxy prefix selectionis NP-hard.
It canbe shawn thatit is a variantof knapsackproblem.
Therefore we concentraten a heuristicsolutionfor this
step. We designa low-compleity algorithm for sener
prefix selection.

A. ProxyPrefix Selection

Sincethe network bandwidthEquation(1) doesnotde-
pendon the serer prefix size,we selectthe proxy prefix
for eachvideoateachproxyfirst andthenselectthe serer
prefix giventhe selectedoroxy prefixesfor eachcommu-
nity. The prefix selectedby a single proxy doesnot de-
pendon otherproxies’ choiceseither Therefore,we can
minimizethenetwork bandwidthseparatelyor eachcom-
munity:

N
= Z o) =
j=1

If the numberof concurrentaccessesor a videois 0,
thenthe prefix size for this video is automaticallysetto
0. Let V; denotethe setof videos whose popularity is
non-zeroin communityi: V; = {j : o > 0}, where
j is a video index. In the following we consideronly
videosfrom this set. Given a fixed segmentationof each
video, the problembecomesaninteger (binary) program-
ming problem. We introducea setof variablesz?, such
thatxf; = 0 if thekth segmentof video j doesnotbelong

to its prefix, andxi = 1 otherwise:

Zaf(l

i=1,..,M

10

maximize Y ;cy; =& Z‘m” Sizl
subjectto 1) Y.y, E'm |SJ 7 < B;

2) Sjevi s z'"“' SJ:,;; <Wi

Nz, —x;, <0, k=1,....|mI| -1, €V,

4zl €{0,1}, k=1,...|m7|,j €V

| (5)

where S is the size of the kth sggmentof video 5. The
first two conditionsrepresentghe buffer spaceand I/O
bandwidthconstraints Without lossof generalityandfor
simplicity of presentatiorwe assumehatrj = 1. Con-
sequentlythe value on the left side of the secondcondi-
tion mustbe multiplied by the unit of transmissiorrate
to achiese aproperunit corversion. The third constraint
ensureghat the prefix is continuous,i.e., sggmentk can
beincludedin the prefix only if all earlier(1,....k — 1)
sementsarealreadyin the prefix.

A problemformulatedin this way is a variantof knap-
sackproblem[7] with someadditional constraints,and
assuchis an NP-hardproblem. The exact solution can
be obtainedusinga numberof methodssuchasdynamic
programmingor branch-and-boun{B]. Theimplicit enu-
meration,which is a variantof the branch-and-bounds
promising. Thefactthatz], = 0 impliesthatall variables
zl, k =i+ 1,.., |m7| for videoj arealsoequalto 0, al-
lows to eliminatealot of possiblecombinationsof values
from evaluation. The compleity is reducedin this way
to O( 5\/':1 |m7|). Nonethelessthe proceduremay still
be quite costly Dynamic programmingcan be usedto
obtainsolutionsto the problemwith only buffer sizecon-
straintfor the following two reasons.First, considering
both constraintspuffer sizeand!/O bandwidth,increases
the complity considerably Secondthe /O bandwidth
requirementannotbe easilyexpressedhsaninteger We
considerthis approacHor evaluationpurposes.

In orderto obtain an approximatesolution of the op-
timization problemwe first ignore the integrality restric-
tion and solve the associatedinear programmingprob-
lem. The solution obtainedgives a lower bound onthe
value of network bandwidthfor a given buffer size and
I/0 bandwidthconstraints. Next, we adjust thesolution
to enforcethe integrality restriction. The numberof vari-
ablesin the associatedinear programmingproblemcan
bereducedby usingthefollowing formulation:

bl
maximize 3 jcy; o; 5

subjectto 1) dev ©6)
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The relation betweenvariablesin Equations(5) and
(6) is givenby : b} = Y™ §947  We adjust theob-
tainedsolutionin orderto enforcethe integrality restric-
tion. More precisely we find a numberof initial seg-
mentssuchthat the sum of their sizesis as closeto the
prefix size selectedby linear programmlngas possible:
k] = arg ming<j<|mi| abs(b] Yk Sj) Thenz], = 1if
k<K, andzj, = 0 otherwise Noticethatsuchasolution
may not be feasible.Thefirst two constraintsn Equation
(5) maybeviolated. It is alsopossiblethatthe solutionis
feasiblebut quite differentfrom the optimalone.In either
casewe usea greedyapproachto eitherlower the buffer
spaceandthel/O bandwidthrequirementgfirst case)or to
utilize the leftover buffer spaceand/orleftover I/O band-
width (secondcase).

B. ServerPrefixSelection

Givena proxy prefix sizefor eachvideo at eachproxy,
we choosethe serer prefix thatminimizesthe serer 1/O
bandwidthrequirement. Recall that proxy prefix selec-
tion determinesheamountof datathathasto bedelivered
by the centralsener. Thus,sener prefix selectioncannot
changehe network bandwidthrequirementasdefinedin
(). Our problemformulationdecoupleghe requirechet-
work bandwidthfrom the required seer I/O bandwidth
suchthat the compleity of the problemcanbe reduced.
The sener prefix selectionaffectsthe I/O bandwidthre-
quirementonly.

The sener prefix size for eachvideo can be selected
independently The requiredl/O bandwidthof a sener is
givenas:

N ‘mJ a]|

W = 21 g rk—I—ZZa U]rj

i=1j=1

where|m’ — 7| is the numberof segmentsin a sener
suffix of video j. Given the fixed sgmentationscheme
andassumingthat . = i = 1 for simplicity, the I/O
bandwidthfunctioncan be rewritten asfollows:

W=y wi=> <|m3 —dl| +Za§Uij>
7j=1 7j=1 =1
where:
0 if o > o/
Ul = m |
: Z’“—";“J"*l—k otherwise
k=1 k

Let ' denotethe minimumnumberof segmentsin ary
proxy prefix selectedfor video j: b = ming <;< |b7].
Thenl|a?| € {b7,b7 41, ...,|m?|}. Outof all possibleval-
uesfor o/, the optimal oneis found throughan iterative
approach.Thevalueof I/O functionis calculatedfor ev-
ery [a?| € {¥/,b + 1,...,|m?|}. Theonethatyields the
minimumvalueof W7 is selectedasa sener prefix. The
compleity of such anapproachis O(N|m?|). It scales
with the numberof videosandthe numberof segmentsin
eachvideo.

Furtherwe examinethe propertiesof thel/O bandwidth
function. The value of the function dependson two fac-
tors: the global popularity of the video and the prefixes
selectedfor the video by the proxies. We illustrate how
eachof thesetwo factorsaffectsthe serer prefix selec-
tion. We presenttwo hypotheticalcases.n eachcasewe
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fix the value of one factorand shav how the I/O band-
width consumptionchangesas a function of the serer
prefix sizefor differentvaluesof the otherfactor First,
we assumehat all proxiesselecta zero-sizeprefix. In
this way we eliminate the influenceof the proxy prefix
selectionand malke the global popularity o: the samefor
the whole video. Figure 7(a) shawvs the I/O bandwidth
asa function of a/ for variousvaluesof global popular
ity . The shapeof the I/O bandwidthfunction depends
on the value of the global popularity For the small val-
uesof «, /0 bandwidthconsumptiondecreasesvith in-
creasingprefix size.Hence theminimumis reachedor a
large prefix, potentially equalto the videolength. For the
mediumvaluesof « thereis anoptimalvaluefor theprefix
betweerthe zero-sizeprefixandthevideolength. Finally,
for the high value of «, the function increaseswith the
prefix sizeandthe minimum I/O bandwidthconsumption
is reachedor azero-sizeprefix.

Next we examinehow the proxy prefix selectioraffects
the serer prefix selection. We assumethat all proxies
choosethe sameprefix size. Thus,the global popularity
of the partof thevideowithin the proxy prefixis 0. Wefix
the global popularityof theremainingpart (sufix) ata =
10 which correspondgo a middle rangeof the number
of concurrentaccesseto the video at the serer. Figure
7(b) shawvs the I/O bandwidthasa function of the serer
prefix sizefor variousvaluesof the proxy prefix size. The
function is clearly concae with a minimum reachedfor
a certainprefix size. As the proxy prefix becomedarger,
thel/O bandwidthconsumptioris reducedndependentf
the sererprefix size. Thus,theproxy prefix selectionsets
thelower bound orthe consumptiorof thel/O bandwidth
atthe serer. It is alsotruethatthe smallerthe popularity
the smallerthe influenceof a proxy prefix on the serer

prefix selection.

VI. PERFORMANCE EVALUATION

In orderto to illustrate the behaior and evaluatethe
performanceof our proposedarchitecture we have con-
ducteda numberof tests. We concentrateon the proxy
prefix selectionfirst. We evaluatethe performancef pro-
posedheuristic algorithm and presentseveral examples
on haw the prefix sizeis selectedundervariouscircum-
stances. Next we shav how performanceimprovement
canbeachieved by applyingthe conceptof sener prefix.
We discussthe performancewith a setof homogeneous
andheterogeneougroxiesandcommunities.

A. Proxy Prefix Selection

1) Heuristic Algorithm Evaluation: We evaluatethe
performancef theheuristicalgorithmfor proxy prefix se-
lectionby comparingits network bandwidthrequirements
with anoptimalvalue. Theoptimalvalueis obtainedwith
animplicit enumeratiommethod!. We alsoincludethere-
sult of thelinear programmingn the comparisorto illus-
trate the differencewith the final heuristicsolution. The
videotestsetincludesl0videosof equallengthbut differ-
entpopularities.We usea smallsetdueto the compleity
of implicit enumeratiormethod.

In thefirst setof teststhel/O bandwidthis abottleneck.
The value of the network bandwidthobtainedby solving
associatedinear programmingandimplicit enumeration
are identical, althoughthe prefixes selectedby eachof
thesetwo methodsare diferent. The heuristicalgorithm
producesonly slightly higher requirements. The maxi-
mum differenceis lessthan 1% of the bandwidthneeded

!ResultswereobtainedusingOPBDP[9]
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for theexactsolution. Figure8(a)presents theomparison
betweenthe network bandwidthobtainedfor the optimal
solutionandthe bandwidthobtainedwith the heuristical-
gorithm. The differenceis expressedas a percentagef
the optimal solutionbandwidth.

In the secondsetof teststhe buffer sizeis a bottleneck.
In this casewe comparehe solutionfor associatedinear
programming,the optimal solution obtainedby implicit
enumerationand the solution producedby the heuristic
algorithm. The optimal network bandwidthis higherthan
the bandwidthyieldedby the solutionof associatedinear
programming.Figure 8(b) shows the differencebetween
the two requirementsas a percentageof the linear pro-
grammingsolution bandwidth. It shavs also thediffer-
encebetweennetwork bandwidthgiven by the heuristic
algorithmandtheimplicit enumeratiorexpresse@saper
centageof the implicit enumeratiorbandwidth. The dif-
ferenceis awayslessthan2 percentsThereforewe con-
cludethatthe heuristicalgorithm producesan acceptable
solutionwhile offering asignificantreductionof comple-
ity.

2) Prefix SelectionProperties: The solution for the
network bandwidth minimization problem dependson
whetherbuffer spaceor I/O bandwidthis a bottleneck.
Which oneof thetwo factorsis a bottleneckis determined
by the buffer sizeandl/O bandwidthavailableat a proxy,
but also on video popularity and, to a lesserdegree,on
video segmentation. Whenthe overall video popularityis
low, thebuffer space tendw beabottleneck.Forthelarge
valueof ¢, thel/O bandwidthtendsto be a bottleneck.

Figure9(b) andFigure9(c) shav the proxy prefix sizes
asa percentagef the video lengthwith a buffer bottle-
neckandan I/O bandwidthbottleneck,respectiely. All
videosin this testhave the samelengthbut their popular
ities vary. The popularity for eachvideo is dravn from
a Zipf distribution with paramete.27[10]. The distri-

bution is illustratedin Figure 9(a). The buffer sizeis set
to 10%of the storagespaceneededor cachingthewhole
video set. The amountof I/O bandwidthchangesrom

100unitsin thefirst case to five unitsin the secondcase
in orderto shift the bottleneckfrom buffer spaceto 1/0

bandwidth.

In the first casewe obsenre that only the mostpopular
videoshave prefixes ofnon-zerolength. In fact, the pre-
fix size of eachoneof themis equalto the video length.
Recallthatnetwork bandwidthrequirementsor very pop-
ularvideosdecreaséasterwith theincreaseof prefix size
thanthe bandwidthrequirementdor lesspopularvideos.
Therefore,we make a better usageof buffer spaceby
cachingprefixes ofmorepopularvideos. Thebuffer space
utilization is 100% and the I/O bandwidthutilization is
38%. In the secondcase,the I/O bandwidthis the bot-
tleneck. The buffer spaceutilization is reducedto 64%,
while thel/O utilization is 99%. We obsere thatthe most
popularvideosdo not have thelargestprefixesin this case.
Noticealsothatalargernumberof videoshave prefixes of
non-zerolength. We have obsened that asthe amountof
availablel/O bandwidthdecreaseshelargestprefixesare
“shifted” evenmoretowardto lesspopularvideos.

B. Serverprefix

Weillustratenext how we canimprove the performance
by usingthe conceptof sener prefix. The modeof trans-
missionby the serer is selectedbasedon video popular
ity: periodicbroadcastor popularvideosandunicastfor
lesspopularvideos.We shaw thatby partitioninga video
into unicast-and multicast-delveredsectionswe canre-
ducel/O bandwidthusageat the serer.

In the first setof testswe assumethat all proxiesare
homogeneousFor a given video all proxieschoosethe
sameprefix. Also the popularity is the samefor each
videoin eachcommunity We comparehel/O bandwidth
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consumptionat the sererin two cases.In thefirst case,
a sener prefix is the sameas the proxy prefix for each
video. Broadcasts the only transmissiormodefor the
sener. In the secondcase sermr choosests own prefix
for eachvideo and may transmita portion of a video in

unicastmode. We usea setof 100videosand20 proxies
in our tests. The proxy prefix selectionis madebasedon

the buffer sizeequalto 10% of theaggrayatevideolength
and the 1/0O bandwidthsuchthat the I/O bandwidthre-
quirements thebottleneck.The popularityfor eachvideo
is drawvn from a Zipf distribution asbefore.

Figure 10(a) presents thé/O bandwidthrequirements
in both casesas a function of video popularity We in-
creasepopularity by multiplying its valuefor eachvideo
by a factorwhosevalueis shaovn on the x-axis. We ob-
senethatevenwhenall proxieschoosehesameprefixfor
avideo, the serer /0 bandwidthusagemay be reduced
by partitioningthe videointo differenttransmissiormode
sections.The sener choosegarge prefixesfor low popu-
larity videosexploring thetrade-of betweerthel/O band-
width consumptiorfor theunicastandmulticast transmis-
sions.Thelargerthenumberof low popularityvideos,the
higherthe potentialreduction.

In thesecondsetof testswe assumehatthe proxiesare
heterogeneousVideo popularity distribution is the same
in every communityandis fixedthroughoutall tests.We
vary theamountof I/O bandwidthavailableat proxiesand
increaseits variability in eachtest. In all casesthe I/O
bandwidthis a bottleneck.As aresultof increasingvari-
ability of I/O bandwidth,the variability of proxy prefix
sizesalsoincreases.

Figure 10(b) presents thd/O bandwidthusagewhen
sener prefix is equalto the minimum proxy prefix and
whenan optimal sener prefix is selectedor eachvideo.
We obsenre that as the variability of proxy prefix sizes

increasesa larger reductionof 1/0 bandwidthusagecan
be obtainedwith the optimal sener prefix selection. The
reductioncanbe ashigh as50%.

VII.

VoD hasbeen aractve researchareafor a decadeand
mary approache$ave been proposedb reduceservice
delays,increasethe numberof concurrentsessionsand
provide certainquality for client playback.In thefollow-
ing, we briefly introducetwo major researchdirections
which arecloselyrelatedto ourwork: videoproxy seners
andperiodicbroadcast.

Video proxy seners are one of the most common
approachedor supportingVVoD acrossWANs. Many
proxy-assistedrzideo delivery schemeshave been deel-
oped[2,11-15]. Cachingat a proxy reducegshe start-up
delay as well asthe network and sener I/O bandwidth
requirementsDueto thelimited cache spacandl/O ca-
pacity, aproxyis notableto cacheall videosandsupporta
large numberof concurrensstreams Theseissuesaread-
dressedn severalproxy-cachingschemecluding prefix
caching[2], videostaging[15], progressie caching[16].

Sener-initialized broadcast address#dgeissueof high
network and 1/0 bandwidth requirementsat a sener.
In Pyramid Broadcasting[17], SkyscraperBroadcast-
ing [18], FastBroadcasting19], and FibonacciBroad-
casting[5], avideois dividedinto sggmentswith increas-
ing sizesandtransmittedin logical channelsof the same
bandwidth. In order to addressthe issue of relatively
large client-tuffer requirementof pyramid-basedroad-
casting,HarmonicBroadcastind20] dividesa videointo
equal-sizesggmentsandtransmitsthe sgmentsin logical
channelswith decreasindpandwidth.

Proxy caching and periodic broadcastcan be com-
binedto reduceresourceequirementsVideo prefixesare

RELATED WORK



stagedat proxy senersto reducethe startupdelayandPB
schemesreusedto deliver video sufiixesfrom a central
sener. To the bestof our knowledge, only few studies
have beendonein this direction [21-24]. Their focusis
onthereductionof WAN bandwidthconsumptionlin this
paper we addresghe issuesn similar settingsconsider
ing the I/O bandwidthlimitation at a centralsener and
proxy seners,the WAN bandwidthconsumptionandthe
heterogeneityf proxy seners.

The prefix caching assisted periodic broadcast
schemd?22] allocatesproxy buffer spaceoptimally for a
setof popularvideosandchosesappropriatgransmission
schemeseparatelyfor video prefix andsuffix. A greedy
algorithm is proposedto determinethe prefix size of
eachvideoto minimizethe numberof broadcasthannels
neededvith a given proxy buffer capacity

Our work differs from this approachin several impor
tant aspects.We considernot only the WAN bandwidth
requirementsout also thel/O bandwidthrequirementat
a central sener and proxy seners. Furthermore,our
schemesupportsheterogeneouproxy senersin diverse
communities. Thevideo setunderconsideratiorincludes
popularvideosaswell lesspopularvideosfor which PB
is notanoptimalmodeof delivery.

The assumptiorof multicastavailability in WANs and
LANSs is anotherfactorin systemdesign.In Mcache[23]
theassumptions madethatthe whole network pathfrom
a sener to a client is multicast-enabled.A sener uses
a combinationof patchingandbatchingfor transmission
scheduling.A client recevesa video prefix from a proxy
andsharesamulticasttransmissiorof the sufix with other
clientswhoserequestsarrive within the durationof a pre-
fix transmission.

In [24] theassumptioraboutnetwork multicastcapabil-
ity is different. The LAN betweena proxy andclientsis
multicastcapablewhile the WAN betweeracentralsener
anda proxy supportsonly unicast.In this schemea proxy
delayssuffix transmissiorio thefirst clientaslong aspos-
sible and batchesall client requestsarriving during the
prefix transmissionPatchingis usedfor the transmission
of video suffixes. In addition, a proxy also multicastsa
prefix from its cacheanda suffix receved from a central
sener to a numberof clients. The goal is to minimize
the aggreate network bandwidthby optimally utilizing
proxy buffer space We rely ontheassumptiorthat WAN
betweena sener and a communityis multicastcapable.
Therefor asener canutilize periodicbroadcasto exploit
datasharingbetweerclients.

15

VIII. CONCLUSIONS AND ONGOING WORK

We have designedan architecturefor large-scalevideo
delivery that allovs a significantreductionof resourcere-
quirements.We usevideo popularityto choosethe mode
of transmissionin such a way that the resourceusage,
namelycentralsener I/0O bandwidthand WAN network
bandwidth,is minimized. The optimizationis subjectto
resourceavailability at proxy seners and clients. The
combinationof the unicast/multicastransmissiorby the
central sener and prefix cachingby the proxies allows
us to provide a wide spectrumof possibletransmission
modes. The spectrumincludesthe specialcasesof the
wholevideo cachedat a proxy, thewhole video delivered
by a centralsener in either unicastor multicastmode,
andanythingin between.Themodeof transmissions de-
terminedby the lengthsof the serer andproxy prefixes.
We have formulatedand proposedsolutionsfor the prob-
lemsof prefix selection.We have demonstratethrougha
numberof teststhatintroducingthe conceptof sener pre-
fix in additionto proxy prefix leadsto an 1/O bandwidth
requirementeductionata sener.

We are further exploring this areaof researchby in-
cluding multiple geographicallydistributed senersin the
architecture. We investigatehow the numberof seners
affect the resourcerequirements We plan alsoto extend
ourresearchn videodelivery to wirelesservironment.
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