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Abstract— Many multimedia applications rely on video
streamingtechniques.However, largescalevideodelivery is
still very challengingsinceit requiresa largeamount of re-
sourcessuchasstoragespace,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 Inter net. Our video delivery
technique is basedon a combination of periodic broadcast
by central server and proxy server caching. A proxy server
cacheseither part or the whole video basedon the video
popularity. Weassumethat eachproxyserver may havedif-
ferent capability and that the videopopularity in eachcom-
munity canbediffer ent and dynamically changing. A video
stored in the central server is partitioned into two parts, a
server prefix and a server suffix, basedon the aggregated
demand for the video fr om all communities. In principle,
the server prefix is delivered by unicast and the server suf-
fix is delivered by periodic broadcast. Such an approach
allowsto significantly reducethe requiredI/O bandwidth at
a server. The combination of proxy prefix and server prefix
definesa wide spectrum of differ ent video delivery modes.
The transmissionof a video can be either partially unicast
or partially period broadcastdependingon the relationship
betweenproxy prefix and server prefix. We further define
and solve the optimization problemsfor proxy prefix selec-
tion and server prefix selectionin order to minimize the to-
tal resource requirements. Performance of our systemis
evaluatedthr ougha number of tests.

Keywords: Systemdesign, Mathematicalprogram-
ming/optimization,

I . INTRODUCTION

A numberof multimediaapplicationssuchasdistance
learning, digital library, video-conferencing, and enter-
tainmenton-demandrely on the techniqueof streaming
storedor real-timevideo. Video-on-Demand(VoD) en-
ables usersto selecta video from a server andview it on

Thiswork is partially supportedby NSFGrantEIA-0224424

a local device. Data is transferredover the communica-
tion network using streamingtechniques,i.e., the client
can start the playbackof the video almostinstantly and
processthe dataasacontinuousstream.This areahasre-
ceivedquiteabit of researchattentionin thelasttenyears.
However, it still remainsverychallengingto provide VoD
servicet millions of subscribersoverWideAreaNetworks
(WANs).

In this paperwe assumethata centralserver works to-
getherwith a numberof proxy servers,oneper commu-
nity, to delivervideoto alargenumberof clients.Thecen-
tral server andproxy serversareconnectedvia WAN and
theclientsin a communityareconnectedto its associated
proxy via Local AreaNetworks (LANs). An efficient ar-
chitecturefor such an environmentis acost-effective way
to satisfy all clients’ demandin eachcommunitybased
on its viewing profile by accessingvideoseitherfrom its
proxy server or a centralvideo server. Thecostinvolved
includesthe requiredWAN bandwidth,the capacityof the
centralvideoserver aswell asthe capacityof eachproxy
server. It is also important to reducethe buffer require-
mentsandtheprocessingpower 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 aggregatenetwork bandwidthus-
agebetweena server and a client. The periodic broad-
castis usedby thecentralvideo server to save the server
I/O bandwidthrequirementfor popularvideos.Our main
contribution is anefficientservertransmissionscheduleas
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 a videoin the
correspondingcommunity. The proxy prefix is accessed
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via unicastby a client from theproxy andthe restof the
videois accessedfrom thecentralservervia eitherunicast
or periodicbroadcastdependingon theglobal popularity
(i.e., theaggregateddemandfrom all communities)of the
video.

In the proposedarchitecturethe central server can
choosenotonly betweendifferenttransmissionmodesfor
any given video but can also partition a video into pre-
fix andsuffix deliveredin differentways. By introducing
a conceptof server prefix in additionto proxy prefix, we
can provideawidespectrumof videotransmissionmodes.
Suchflexibility allows usto choosea transmissionsched-
ule thatresultsin optimalserver I/O bandwidthusage.By
combiningan efficient cachingschemewith an efficient
server transmissionmechanismwe are able to optimize
I/O bandwidthandnetwork bandwidthrequirementsfor
largescalevideodelivery.

This paperis organizedas follows. In SectionII we
presentanoverview of theproposedarchitecture.In Sec-
tion III we formulatean optimizationproblemto deter-
minethe bestprefixsizefor eachproxy serverandcentral
video server. In SectionIV we discussissuesrelatedto
periodic broadcastschemes.We presenta heuristicap-
proachto solving theproblemin SectionV. We evaluate
theproposedsolutionin SectionVI. SectionVII contains
a brief summaryof the relatedwork andin SectionVIII
we concludethepaper.

II . PROPOSED TWO-LEVEL ARCHITECTURE

Wefirst describe theproposedarchitectureandstateour
assumptionsaboutits components.Next we addressthe

issuesof resourcerequirementsin a large-scalesystem
anddescribe themechanismthat allows usto improve the
scalabilityandefficiency of suchasystem.

A. Architecture Components

Our proposedarchitectureconsistsof a centralserver
providingaccessto a largesetof videos,andalargenum-
berof clientsfrom many communitiesspreadover theIn-
ternetasillustratedin Figure1. All clients from a com-
munity are connectedto the sameLocal Area Network
(LAN), thesamecablehead-endor thesameInternetSer-
vice Provider. Each community has a proxy server to
serve its clientsandthe network bandwidthbetweenthe
proxy and the clients is consideredadequateand inex-
pensive. We assumethat the centralserver hasan ade-
quatestorage,processingandI/O bandwidthcapacityto
satisfythedemandandtheconnectionsbetweenthe cen-
tral server and proxiesare throughIP basedWAN. The
storagespaceand I/O bandwidthavailable at the proxy
serversandtheclientsarelimited. Our goal is to provide
accessto asetof ConstantBit Ratevideosto apotentially
large numberof clients in sucha way that the resource
consumption,i.e.,centralserver I/O bandwidthandWAN
bandwidth,is minimized,subjectto theresourceavailabil-
ity atproxiesandclients.Weassumethattheproxiesmay
havedifferentcapabilitiesin termsof buffer spaceandI/O
bandwidth(heterogeneoustypeof proxies).Thecommu-
nities that they serve mayalsobediversein size(number
of clients)andvideopopularity. Thepopularityvariesnot
only from onecommunityto another, but alsoover time
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in asinglecommunity.

Thecoreof our architectureis a two-level videodeliv-
ery mechanism.It utilizes two techniques:videocaching
at proxy servers and periodic broadcastat the central
server. Our mechanismcombinesthesetwo techniques
andintroducesanotherlevel of scalabilityon top of them.
Periodicbroadcastschemespartition a video into a num-
berof segments.Thesegmentsarerepeatedlytransmitted
over anumberof broadcastchannels.Eachclient collects
videosegmentsfrom thesechannelsandbuffersthemun-
til their playbacktimes.Thetotal bandwidthrequiredfor
broadcasttransmissiondoesnot dependon the number
of clients,but only on thesegmentationof thevideo and
thetransmissionrateof eachchannel.Therefore,periodic
broadcastis anefficient way to saveserver I/O bandwidth
to satisfya large numberof requestsfor popularvideos.
Videocachingby a proxy further reducesnetwork band-
width consumption.A proxy cachesa part of the video
to decrease theamountof datathathasto bedeliveredby
the centralserver. We chooseto utilize proxy resources
by cachingtheinitial portionof avideoto reducestart-up
delay. Therefore,a client in a given communityreceives
proxyprefixfrom theproxyandthe suffix from thecentral
server.

The idea behind our two-level video delivery mech-
anism is basedon two observations. First, in a large-
scalesystem,video prefixes selectedby proxy servers
for cachingmay vary a lot from one community to an-
other. Thus, it may not be efficient to have the same
prefix cachedby all proxies. Second,periodic broad-
castreducesbandwidthrequirementsonly for very pop-
ular videos. Only for such popular videos the band-
width requirementof a broadcasttransmissionis lower
thanthe sumof the requirementsof individually unicas-
tedtransmissions.Therefore,popularityshoulddetermine
the modeof transmission.Due to different proxy prefix
sizes,the aggregatepopularity may be different for dif-
ferentportionsof thesamevideoat thecentralserver and
thevideoshouldbepartitionedinto unicast-deliveredand
multicast-deliveredparts.

We introducethe conceptof central serverprefix and
utilize theconceptof proxyprefix. A videoprefixselected
by a proxy determineswhich part of the video a client
canobtainfrom a proxy in its own communityandwhich
parthasto berequestedfrom a centralserver. Theserver
prefix sizedetermineswhich part of video is transmitted
in a unicastmodeandwhich part in a periodicbroadcast
mode.

B. Limitationsof Periodic Broadcast

Video delivery through periodic broadcastin the In-
ternet,althoughscalable,hassomelimitations. Periodic
broadcastrequiresthatavideois transmittedby the server
all the time regardlessof clients’ requests.Thus, some
part of the transmissionmay be utilized by noneof the
clients.Theserver I/O bandwidthis reducedsignificantly
but PB may be quite demandingwith respectto client’s
bandwidthandcapability. We take the limited client ca-
pability into considerationby assumingthat there is a
limit on thenumberof broadcastchannelsthatneedto be
received simultaneously. The numberof concurrentac-
cessesto eachbroadcastchannelis considerablyreduced
comparedto the schemesthat requirea client to receive
many channelssimultaneously, and the fraction of the
broadcasttransmission,which is actually received by a
client is evensmaller.

The network bandwidthrequiredby continuoustrans-
missioncanbereducedandtheutilization level increased
by giving theservicea moreon-demandcharacter. Such
a modeof transmissioncanbe implementedusingmulti-
cast [4]. We realizethatmulticastcapability is not ubiq-
uitousin the Internetyet. However, we expectthat in the
future it will becomewidely available. We addressthe
issueof resourcerequirementsat a server assumingthat
multicastis awayto deliverperiodicbroadcastof avideo.
However, sincethenetwork bandwidthsaving dueto mul-
ticastis very hardto predict,we do not includesuchsav-
ing in our problemformulation.

Thenetwork bandwidthconsumptionon the server de-
pendson theactualmulticasttransmission,while the I/O
bandwidthconsumptiondependson the underlyingperi-
odic broadcastschedule.The latter is causedby the fact
that the server hasto maintainthe propertiming among
channelsfor each video. Therefore,we use the term
broadcastwhentalkingaboutI/O bandwidthat thecentral
server and multicast when talking aboutnetwork band-
width.

C. ProxyPrefixandNetworkBandwidthRequirements

Proxy cachingreducesthe bandwidthrequirementin
the network aswell asthe I/O bandwidthrequirementat
the server. Ideally all videoswould becachedcloseto the
clients.However, sinceaproxyhaslimited I/O bandwidth
andstoragespace(buffer size),sucha solutionis not fea-
sible. Therefore,thegoal is to utilize proxy resourcesto
achieve thehighestpossiblereductionof theWAN band-
width requirement.We assumethat from theproxy point
of view, server I/O bandwidthusageis proportionalto the
network bandwidthusage.
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We examinenow thegeneralguidelinesfor proxy pre-
fix selection.Videopopularityplaysanimportantrole in
theprocessof selectingtheprefix sizefor eachvideo. In-
tuitively, thehigherthepopularityof thevideo,thelarger
reductionin bandwidthconsumptioncanbe achieved by
cachingalargerprefix. Therefore,theprefixsizesfor pop-
ularvideosshouldbelargerthanprefixesfor thelesspop-
ularvideos.This is thecase,whenproxybuffer sizeis the
bottleneck.For a popularvideo,an increasein theprefix
sizeresultsin ahigherreductionof thenetwork bandwidth
than for lesspopularvideos. When the I/O bandwidth
is the bottleneck,larger prefixescanbe selectedfor less
popularvideosbecausefor suchvideostheI/O bandwidth
consumptionincreasesslowerwith theprefixsizethanfor
the popularones.Hence,by selectinglarger prefixesfor
somelesspopularvideos,we canmake betteruseof the
availablebuffer spacewithoutviolating theI/O bandwidth
constraint.

D. ServerPrefixandI/O BandwidthRequirements

The goal of periodic broadcastis to reducethe band-
width requirementat a server. Suchan approachis ben-
eficial only if a video is very popular. For a lesspopular
video,individually unicastedtransmissionsmayconsume
lessbandwidth.Hence,we canoptimizetheresourcere-
quirementsby choosingone modeor the other depend-
ing on the video popularity. Video popularitydefinedin
eachcommunityas a numberof concurrentaccessesto
the video hasonly a “local” meaning.Global popularity
expressesthenumberof concurrentaccessto thevideoat
a central server. Recall that popularityat a server is not
uniform for thewholevideosincedifferentproxiescache
potentiallydifferent-lengthprefixes. Therefore,we need
to decidewhich part of a video is deliveredin a unicast
modeandwhich in a multicastmode.We first definethe
globalpopularityin amoreformalwayandthenintroduce
aconceptof serverprefix.

Let us considera singlevideo andlet ������� be a setof
proxy prefixes ofthis video in a setof communities.For

the convenienceof discussion,we assumethat the set is
arrangedin the increasingorder: �����	�
����
 . Let ��� be
the video popularitycorrespondingto prefix ��� (popular-
ity in thecommunitywhoseproxyselectedprefix ��� ). The
globalpopularityof thepartof thevideoequalto themini-
mumproxyprefix ��
 is � sincenoneof theclientsrequests
thatpartof thevideo from thecentralserver. Thepartof
video correspondingto the differencebetweenprefix ���
and ��
 hasa global popularity equalto ��
����������� , where� is the total lengthof a video. This partof thevideo is
requestedfrom the server only by theclientsin thecom-
munity whoseproxy chose� 
 astheprefix size.In agen-
eralcase,thepartof thevideocorrespondingto thediffer-
encebetween� � and ��� � 
 hasaglobalpopularityequalto:! � � 
"�# 
 � " �%$%���%$�& �� . It is requestedonly by clientsfrom the
communities,whoseproxiesselectedprefix sizessmaller
thanor equalto � � � 
 . Thus,only the local popularitiesin
thesecommunitiesaretaken into account.Figure2(a) il-
lustratesthevideodivision into partswith differentglobal
popularities.

The server makes a decisionwhethera given part of
thevideoshouldbetransmittedin eitherunicastor multi-
castmodebasedon theglobalpopularity. Thehigherthe
global popularity is themorelikely that thepart is trans-
mitted in themulticastmode.Notice thatglobalpopular-
ity increasesaswe move from the beginning toward the
endof the video. Hence,thereis alwaysa cutoff point.
All videosegmentsfrom thebeginningto thecutoff point
aretransmittedin theunicastmode,andtheonesafterthe
cutoff point transmittedin themulticastmode.Thecutoff
point maybeat thebeginningaswell asat theendof the
video. It is possiblethat thewholevideois transmittedin
multicastmodeif thecutoff is at thebeginningor unicast
modeif it is at the end. All video segmentstransmitted
in the unicastmodeconstituteserverprefix asillustrated
in Figure2(b). Thedashedlinesin thefigureseparatethe
videointo differentpartsof differentglobalpopularities.

Video popularityvariesnot only amongcommunities,
but alsovariesover time in a singlecommunity. There-
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fore, in orderto minimizetheresourcerequirements,both
proxy andserver prefix sizesneedto beadjusteddynami-
cally. Noticethatthechangein aserver prefixsizeaffects
the periodicbroadcastschemeusedfor the suffix delivery.
In addition, the division of the video into a prefix anda
suffix deliveredusingdifferentmethods(unicastvs. mul-
ticast)alsoimposesadditionalrequirementson thebroad-
castscheme.Weaddressthis issuein sectionIV.

E. VideoTransmissionModes

The video delivery mechanismbasedon proxy prefix
andserver prefix combinedhasa high degreeof flexibil-
ity. We show that a wide variety of scenariosfor video
streamingareenabledby this technique.Its flexibility al-
lowsusto fully exploit thepotentialreductionof resource
requirements.

We discussthe possiblevideo modesby examining
the relationbetweenproxy prefix andserver 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 smaller as well as larger than a server prefix. If a
given proxy prefix is smaller than the server prefix, the
client receives the proxy prefix from the proxy, the part
of video in the server prefix but not in the proxy prefix
from the server through a unicasttransmissionand the
suffix of the server partition in the multicastmodefrom
the server (Figure3(a)). If theproxy prefix is larger than
or equalto the server prefix, thentheclient obtainsproxy
prefix from theproxy andtheremainingpartof thevideo
throughmulticast from the server (Figure 3(b)). Notice
thatour formulationcoversall possiblescenarios.TableI
summarizesall possiblecombinations,where � denotes
the video length, � and � are the lengthsof server and
proxy prefix, respectively.

Popularity is one of the factorsthat determinewhich
combinationis selectedfor thevideo transmission.If the
video is very popularin mostcommunities,mostproxies
will choosea largeprefix. In theextremecase thewhole
videowill becachedbymostproxies.Theresultingglobal
popularityof (all partsof) the video at the server will be

TABLE I
V IDEO TRANSMISSION MODES

proxy prefix server prefix modeof transmission
��� � ��� � periodicbroadcast

��� � ��� � unicastfrom server

��� � ��� � unicastfrom proxy

��� �	� m �
����� m (a)prefix unicastfrom proxy,
(b) prefix unicastfrom server,
(c) suffix periodicbroadcast

(Figure3(a))

��� �
� � ������� � (a)prefix unicastfrom proxy,
(b) suffix periodicbroadcast

(Figure3(b))

low. Hence,the server will choosea small (potentially
zero-size)suffix for themulticasttransmission.A medium
popularityvideo will have somepart of it cachedby the
proxiesandthe global popularity of the initial segments
will be low. The server will chooseunicasttransmission
for theinitial partof thevideoandthemulticastfor there-
mainingpart. A low-popularityvideomaynot becached
at all by theproxies.Theresultingglobalpopularitymay
bestill low sothatthe serverchoosesunicasttransmission
for thewholevideo. In the casewhenthelocal popularity
is notuniformandvariesa lot from onecommunityto an-
other, the server will likely choosesomepartof thevideo
for theunicasttransmissionandtheremainingpartfor the
multicasttransmission.

III . PROBLEM FORMULATION

Having definedanarchitecturefor proxy assistedvideo
delivery we proceednow to definetheproblemof select-
ing the proxy prefix sizefor eachvideo in eachcommu-
nity and the server prefix size for eachvideo. We first
assumethat popularitydoesnot changeandmake prefix
selectionthat resultsin the optimal resourceusage. We
then addressthe issueof dynamicpopularity and prefix
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TABLE II
NOTATION

��� lengthof video �
� � � popularityof video � in community �
� � � prefix sizeof video � atproxy �
� � server prefix sizeof video ���� numberof suffix segmentsof video �� �� unicasttransmissionrateof video �� � " transmissionrateof the �
	�� segmentof video �
 �� portionof video � deliveredto community � in unicast� �� portionof video � deliveredto community � by server� �" sizeof ��	�� segmentof ��	�� video� ���

numberof segmentsin �� � buffer sizein proxy �� � I/O bandwidthavailablefor proxy �

size adjustment. Notation usedthroughoutthe paperis
summarizedin TableII.

Thelengthsof theproxy prefix andserver prefix deter-
minethemodeof videodeliverytoaclient. Wefirst exam-
ine thedependenceof theresourcerequirementsuponthe
choiceof bothtypesof prefixesandusetheresultsof this
investigationto choosetheoptimaldelivery mode.Since
theresourceavailability in the server is muchhigherthan
that in the proxy, our approachis to minimize server re-
sourceconsumptionwhile respectingresourceconstraint
at theproxy. We definetheconsumptionof theI/O band-
width at a server andtheWAN bandwidthasfunctionsof
server prefix size � � , proxy prefix sizes� � � andvideopop-
ularity � � � for video � at proxy � . Eachvideo � is further
characterizedby the following setof parameters:length��� andtransmissionrate ���� . Thepopularityof a videois
expressedastheexpectednumberof concurrentaccesses
to that video. In otherwords,it is anaveragenumberof
clients in a given communityreceiving the video at any
instantof time. Notice that a longer video with a given
accessprobability hashigheraveragenumberof concur-
rentaccessesthanashorteronewith thesameprobability.

A. WANBandwidth

The network bandwidthrequirementis determinedby
theamountof datathathasto betransmittedby a central
server, i.e., all segmentsof the video that arenot cached
by the proxy. The network bandwidthis definedin the
following way:

��� � � � � � � �"! �
#$
� # 


%$
� # 
 �

� � � �� (1)

where & is the numberof proxies(communities),' is
the numberof videos,and

� �� is the relative size of the
partof thevideothat is deliveredeitherthrougha unicast
or multicasttransmissionby thecentralserver:

� �� �
���)( � � �� � (2)

Thenetwork bandwidthrequirementis independentof
the server prefix size selection,which affects only the
modeof transmissionbut not the amounttransmittedby
the server. 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

� � and
limited I/O bandwidth

� � . The buffer sizeconstraintis
formulatedas:

! %� # 
 � � � � � � and the I/O bandwidth

constraintis formulatedas:
! %� # 
 � � � �+* $� *

�"�� � � � . No-

tice that
��� � � � � � � � ! � ! #

� # 
 � ! %� # 
 � � � ( ! %� # 
 � � � � * $� * !�,! #
� # 
 � ! %� # 
 � � � ( � � ! . Hence,the I/O bandwidthcon-

straintdefinesthe lower limit on thenetwork bandwidth.
It is intuitivesinceincreasingaproxyprefixof avideode-
creasesthenetwork bandwidthconsumptionbut increases
theI/O bandwidthconsumption.

B. ServerI/O Bandwidth

The central server I/O bandwidthconsumptionis af-
fectedby the proxy prefix sizeof eachvideo, the broad-
castschemeusedfor the suffix, andthe video popularity
determiningthefrequency of theunicasttransmissionsof
thepartof prefix not cachedby theproxies. It is defined
in thefollowing way:

�-�
� � � � � � � � � � ! �

%$
� # 


. *$
"�# 


� � "0/
#$
� # 


%$
� # 
 �

� � 
 �� � �� (3)

where � � " is the transmissionrate of the 13254 segmentof
video � in thebroadcastschemeand �6� is thenumberof
segments(channels)for the suffix portion of thevideo to
beaccessedusinga periodicbroadcastscheme.Thefirst
partof thesummationrepresentsthe I/O bandwidthcon-
sumptiondue to the broadcastof all suffix segmentsof
video � . Thesecondcomponentof thesummationrepre-
sentsthe I/O bandwidthconsumptiondue to the unicast
transmissionof a part of the video prefix, which is not
cachedby someproxies.Sinceeachproxy maychoosea
differentprefix for video � , we calculatethe unicastI/O
bandwidthrequirementfor eachcommunity � and each
video � :
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 �� �
� � if � � � , � �� * ���+* $� * otherwise

(4)


 �� is the relative sizeof thepartof video � that is de-
livered through a unicast transmissionby the server to
community � . Its value dependson the differencebe-
tweenserver prefix sizeandproxy prefix sizerelative to
the lengthof the video. Theproduct � � � 
 �� is interpreted
asanaveragenumberof concurrentaccessesto thispartof
thevideo. Thetotal I/O bandwidthconsumptiondepends
on bothserver andproxy prefix sizesaswell asthepopu-
larity of eachvideoandthusis denotedby

�-�
� � � � � � � � � � ! .

For a fixed popularity and proxy prefix size, decreasing
the server prefix increasesI/O bandwidth due to peri-
odic broadcast,but decreasesI/O bandwidthdueto uni-
casttransmissions.Thereis a trade-off betweenthesetwo
quantitiesandthegoalis to find theoptimalpoint.

To summarize,the objective is to chooseproxy prefix
in sucha way that thenetwork bandwidthrequirementis
minimized,andto chooseserver prefixsizein suchaway
that the I/O bandwidthrequirementat the server is mini-
mized.Theproblemis constrainedby thebuffer sizeand
I/O 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
describeaschemethatsatisfiestheserequirements.

Periodicbroadcastschemehasto satisfythe following
threerequirements.Theprefix transmissionmustbesyn-
chronizedwith themulticasttransmissionof the suffix in
away thatalwaysresultsin a feasiblereceptionschedule.
Theperiodicbroadcastschemesthatminimize the server
bandwidthusually have high network and client band-
width requirements.In order to limit theserequirements
weassumethatthenumberof broadcastchannelsreceived
simultaneouslyby theclient is limited to 2. Thebroadcast
schemehasto beableto handleprefix sizechanges.The

desirablefeatureis, therefore,a smoothtransitionprop-
erty: thechangeof prefix sizeshouldnot disrupt the on-
going transmissionsandshouldnot increasetheresource
usagesignificantlyduring the transitionperiod. We first
addressthe feasibility of receptionscheduleandthe lim-
itedclient’sbandwidth.Then,weexaminewaysto imple-
mentthedynamicadjustmentsof prefix size.

A. FibonacciPeriodic Broadcast

A schemethat minimizes server bandwidth require-
mentsandrespectstheconstrainton thenumberof chan-
nels received simultaneouslyby a client usesFibonacci
seriesasa segmentsizeprogression[1]. Eachsegmentis
broadcaston a separatechannelat the playbackrate. A
client canstart receptionof a video at any time and the
start-updelay is equal to the receptiontime of the first
segment.Eachsegmenthasto bereceivedbeforeits play-
backstartsin orderto ensureafeasiblereceptionschedule
asillustratedin Figure4(a).Weusethis schemeasabase
for the server suffix delivery. In orderto achieve thesyn-
chronizationbetweenprefixandsuffix reception,weover-
lap thereceptionof thefirst serversuffix segmentwith the
possiblereceptionof theprefix. A client receivesall seg-
mentsin themaximumof (proxy prefix,server prefix) se-
quentiallyeitherfrom theproxyor from thecentralserver.
Eachof thesesegmentscanbeplayedimmediately, which
reducesthe start-updelay. The receptionof the first re-
mainingsuffix segmentis alignedwith the prefix recep-
tion in sucha way that it is completelyreceived by the
endof theprefix playback.Figure4(b) shows the recep-
tion schedulefor a prefixconsistingof threesegments.

B. PrefixSizeTransition

Due to a changein video popularity, the server may
have to adjustits prefix sizefor a givenvideoandconse-
quentlythebroadcasttransmissionof the suffix. Thereare
two waysto dealwith thedynamicchangesin server pre-
fix size. Oneof themis to adjustvideosegmentationfor
the suffix whenever a changeoccur. Another is to usea
fixedsegmentationof thevideoandmake prefix consists
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Fig. 5. Comparisonbetweenfix edanddynamicsegmentationschemes

of a numberof initial segments. We examineboth pos-
sibilities in termsof their resourcerequirementsandthe
complexity of transitionto a differentprefix size.

1) Dynamic Segmentation: Assumefirst that prefix
can have an arbitrary length. Once its size is decided,
the suffix is partitionedinto a numberof segments. We
still usethe Fibonacciseriesasa segmentsize progres-
sionto satisfyclientbandwidthconstraint.Thesizeof the
first suffix segmentis equalto the server prefix sizeand
both are received simultaneously. Sincevideo segmen-
tation is redesignedafter eachprefix change,we expect
anoptimalI/O bandwidthconsumptionfrom thisscheme,
i.e., a minimal numberof broadcastchannels(segments).
This schemedoesnot exhibit smoothtransitionproperty.
Switching from one broadcastscheduleto anotherre-
quirestransmissionof a setof channelsfor both, the old
andthe new, segmentationschemes.The I/O bandwidth
consumptionduring the transitionperiod is equalto the
sumof theI/O bandwidthrequirementsof bothschemes.

2) Fixed Segmentation: Assumenow that a video is
partition into segmentsfollowing Fibonacciseriesprior
to the server or proxy prefix choice.Theprefix mustnow
consistof anumberof initial segments.Its sizeis adjusted
by including or excluding somesegments. With sucha
strategy the transmissionof segmentsthat arenot being
moved betweenprefix and suffix is not affected by the
prefixsizeadjustment.Thetransitionis moresmooth,but
the server I/O bandwidthrequirementmaybehigher.

3) FPB: In order to provide a fair comparison,we
consideronemoreschemeproposedin [5]. In thisscheme
Fibonacci-basedperiodicbroadcast(FPB) is designedto
adjuststhevideo segmentationaccordingto the demand,
but the designdoesexhibit a smoothtransitionproperty.

The I/O bandwidthrequirementduring the transitionpe-
riod is equal to the maximumof two requirements:the
old andthenew schemes.However, this schemeis much
morecomplex thantheschemeproposedin this paper.

All threeschemesuseFibonacciseries forsuffix seg-
mentation. We refer to the first schemethat canchoose
prefix of an arbitrary length as dynamic segmentation
scheme,thesecondschemeoffering a setof discreteval-
uesfor prefix sizeasthefixedsegmentationscheme,and
theschemeproposedin [5] astheFPBscheme.

Figure 5 presents thecomparisonof the number of
broadcastchannelsbetweenthethreeschemes.Thevideo
lengthis setto 3600s(seconds).Thesizeof thefirst seg-
ment

� 
 in the fixed segmentationschemeis equalto 1s
in the first testandto 100sin the secondtest. Sincethe
prefixsizefor thefixedsegmentationschemeis limited to
asetof discretevalues,weuseonly thesevaluesfor com-
parison.Eachpoint on thefixedsegmentationcurve cor-
respondsto a singleprefix sizeexpressedin seconds.For
eachvalue,a new segmentationis calculatedfor the dy-
namicsegmentationschemeandthecorrespondingnum-
ber of broadcastchannelsis shown on the dynamicseg-
mentationcurves. Theprefix in this casealwaysconsists
of onesegmentof avariablesize.Thedifferencebetween
thenumberof broadcastchannelsfor thefixedsegmenta-
tion schemeandthe dynamicsegmentationschemedoes
not exceedonechannel.The sameresultholds for vari-
ouslengthsof first segment

� 
 . Thenumberof channels
in FPB is close to the numberof channelsusedby the
fixed segmentationschemefor small valuesof

� 
 . For
largervaluesof

� 
 , thenumberof segmentsusedby FPB
is smallerthanthe fixed segmentationschemebut larger
thanthatof thedynamicsegmentationscheme.Thisresult
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is expectedsinceFPBpaysthepricefor thesmoothtran-
sitionpropertyby havingworsethanoptimalperformance
during non-transitionperiods.It performsbetterthanthe
fixedsegmentationschemesinceit adjuststhesegmenta-
tion.

We concludethat theperformancegainof thedynamic
segmentationschemeis not significant enoughto com-
pensatefor the lackof smoothtransition. On the other
handthe complexity of FPB schemeis quite high. Our
proposedfixed segmentationschemehasanotheradvan-
tageover theothertwo schemes.Theprefix changeat the
server doesnot enforcesimilar changeat theproxy. Both
canbe doneindependentlyif needed.The dynamicseg-
mentationmayface thesituation,whereproxyprefixdoes
notconsistof aninteger numberof segments.Receiving a
partial segmentfrom themulticastchannelposesa much
moredifficult challengein designof receptionschedule.
For moredetailson implementingprefixchangesee[6].

C. PrefixChange Implementation

We now presenthow the prefix size changeis imple-
mentedby both the proxy and the server with the fixed
segmentationscheme.We examinethelengthandthe cost
of transitionperiod.

1) ProxyPrefixChange: Theprefixsizeis adjustedby
theproxyby includingor excludingavideosegmentfrom
theprefix. If theprefix changeis madefor morethanone
video, we have to make surethat the cumulative change
in buffer occupancy doesnot causethebuffer overflow at
the proxy. The changehasto be madegradually, i.e., a
segmentof onevideo is graduallyreplacedby a segment
of anothervideo.

a) SegmentRemoval: For eachsegmentthatis to be
removed from thebuffer, we checkwhat part of the seg-
menthasalreadybeenreceived by the client, which re-
questedthe segmentmostrecently. This part is removed
from thebuffer immediately. Therestof thesegmentis re-
movedat therate,atwhich it is transmitted.Basedonthis
schedulewe canfind how thebuffer occupancy increases
with time.

b) SegmentAddition: Next, wedesignthetransmis-
sion schedulefor eachnew segmentthathasto bereceived
from the server, by choosingthestarttimeof thetransmis-
sion.Thereis a trade-off betweenthelengthof thetransi-
tion periodandthenetwork bandwidthneededto transmit
all new segments. The lengthof transitionperiod is de-
finedasthetime needto completetheprefix change,i.e.,
theremoval of old prefixsegmentsor transmissionof new
ones,whichever takeslonger.

If thelengthof thetransitionperiodis themainconcern,
eachof the new segmentsshould be received from the
server assoonaspossiblewithout overflowing thebuffer.
A simpleheuristiccanbe usedfor thatpurpose.Thenew
segmentsare sortedby the time neededfor their trans-
missionin the increasingorder. Next we find theearliest
feasibletransmissiontime for the video with the longest
time. Theprocedureis repeatedfor eachof theremaining
segments. If a prefix size is extendedby more thanone
segment,we treatall new segmentsasonewith the size
equalto thesumof segmentsizes.

2) ServerPrefixChange: Theprefixsizechangeatthe
server is implementedby addingor removing a channel
from thebroadcasttransmissionschedule.

a) Segmentremoval: A removal of segmentfrom
prefixis implementedby startingabroadcasttransmission
of this segment. All ongoingunicasttransmissionof the
segmenthaveto becompleted.In addition,all requestsre-
ceivedduring thenext segmenttransmissionperiodneed
to be served througha unicasttransmission.Otherwise,
theremaynot bea feasiblereceptionschedule.

Figure6 shows an examplewherethe 4th segmentof
the video is removed from the prefix. According to the
new scheduletheclient shouldstartreceiving the4th seg-
mentat time 2 , i.e.,simultaneouslywith segments2 and3.
However, if thechangeoccursat time 2 � , theclient is not
able to receive the whole segmentbeforethe endof the
prefix playback.Hence,theclient shouldcontinuethere-
ceptionaccordingto theold schedule.Wemayseea tem-
poraryincreasein the I/O bandwidthconsumptionwhile
bothunicastandbroadcasttransmissionsarein progress.
The two modesof transmissionoverlap during the time
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period equalto twice the time of the segmenttransmis-
sion. The transitioncost is definedasan I/O bandwidth
consumptiondueto unicasttransmissionof all segments
removedfrom respectiveprefixesduringtransitionperiod.

b) SegmentAddition: An additionof a segmentto
theprefix causesremoval of thecorrespondingbroadcast
channel.Thebroadcasttransmissionhasto continuefor a
periodof time equalto the segmenttransmissionperiod.
All new requestsreceived during this time aswell asall
subsequentrequestsfor thesegmentaresatisfiedthrough
unicasttransmissions.We observe againan increasein
theI/O bandwidthconsumption,asbroadcastandunicast
transmissionsoverlapfor theperiodof thesegmenttrans-
missiontime. Thecostof thetransitionis evaluatedin this
case,astheI/O bandwidthconsumedby thebroadcastof
all segmentsaddedto therespective prefixesduring tran-
sition time.

V. PROPOSED SOLUTION

The solution for the optimizationproblemformulated
in SectionIII mustspecifytheproxyprefixlengthfor each
video at eachproxy andthe server prefix lengthfor each
video. Theproblemof proxy prefix selectionis NP-hard.
It canbe shown that it is a variantof knapsackproblem.
Therefore,we concentrateon a heuristicsolutionfor this
step. We designa low-complexity algorithm for server
prefix selection.

A. ProxyPrefixSelection

Sincethenetwork bandwidthEquation(1) doesnotde-
pendon the server prefix size,we selecttheproxy prefix
for eachvideoateachproxyfirst andthenselectthe server
prefix given theselectedproxy prefixesfor eachcommu-
nity. The prefix selectedby a singleproxy doesnot de-
pendon otherproxies’ choiceseither. Therefore,we can
minimizethenetwork bandwidthseparatelyfor eachcom-
munity:

� � �
%$
� # 
 �

� � � �� �
%$
� # 
 �

� � ��� ( � � �� � !�� � � � ��������� &

If the numberof concurrentaccessesfor a video is � ,
then the prefix size for this video is automaticallyset to
0. Let � � denotethe set of videoswhosepopularity is
non-zeroin community � : � ��� ����� � � �	� � � , where
� is a video index. In the following we consideronly
videosfrom this set. Givena fixedsegmentationof each
video,theproblembecomesaninteger(binary)program-
ming problem. We introducea setof variables

� � " such
that

� � " � � if the 132 4 segmentof video � doesnotbelong
to its prefix,and

� � " � �
otherwise:

maximize
! ��
�� $


 * $� *
!�� � * �"�# 
 � �" � � "

subjectto 1)
! ��
�� $

!�� � * �"�# 
 � �" � � " � � �
2)

! ��
�� $

 * $� *

!�� � * �"�# 
 � �" � � " � � �
3)

� � " ��
 ( � � " � � , 1 � � ��������� � ��� � ( �
, ����� �

4)
� � " � ��� � � � , 1�� � ��������� � � � � , ����� �

(5)
where

� �" is the sizeof the 132 4 segmentof video � . The
first two conditionsrepresentsthe buffer spaceand I/O
bandwidthconstraints.Without lossof generalityandfor
simplicity of presentationwe assumethat � �� � �

. Con-
sequently, the valueon the left sideof the secondcondi-
tion must be multiplied by the unit of transmissionrate
to achieve aproperunit conversion. The third constraint
ensuresthat the prefix is continuous,i.e., segment 1 can
be includedin the prefix only if all earlier (

� ��������� 1 ( �
)

segmentsarealreadyin theprefix.
A problemformulatedin this way is a variantof knap-

sackproblem [7] with someadditional constraints,and
assuchis an NP-hardproblem. The exact solution can
beobtainedusinga numberof methodssuchasdynamic
programmingor branch-and-bound[8]. Theimplicit enu-
meration,which is a variantof the branch-and-bound, is
promising.Thefact that

� � " � � implies thatall variables� � " , 1 � � / � ��������� � � � � for video � arealsoequalto � , al-
lows to eliminatea lot of possiblecombinationsof values
from evaluation. The complexity is reducedin this way
to � ��� %� # 
 � ��� � ! . Nonetheless,the proceduremay still
be quite costly. Dynamic programmingcan be usedto
obtainsolutionsto theproblemwith only buffer sizecon-
straint for the following two reasons.First, considering
bothconstraints,buffer sizeandI/O bandwidth,increases
the complexity considerably. Second,the I/O bandwidth
requirementcannotbeeasilyexpressedasaninteger. We
considerthis approachfor evaluationpurposes.

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

maximize
! ��
�� $ �

� � � * $� *subjectto 1)
! ��
�� $ �

� � � � �
2)

! ��
�� $ �
� � �+* $� * � � �

3) � � � � � � ��� , ����� �
(6)
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The relation betweenvariablesin Equations(5) and

(6) is given by : � � � � ! � � * �" # 
 � �" � � " . We adjust theob-
tainedsolution in order to enforcethe integrality restric-
tion. More precisely, we find a numberof initial seg-
mentssuchthat the sumof their sizesis ascloseto the
prefix size selectedby linear programmingas possible:
1 � � � �������	��

��� " � � � * � � ��� � � � � ( ! " � # 
 � �� ! . Then

� � " � �
if

1 � 1 � � , and
� � " � � otherwise.Noticethatsuchasolution

maynot befeasible.Thefirst two constraintsin Equation
(5) maybeviolated. It is alsopossiblethat thesolutionis
feasiblebut quitedifferentfrom theoptimalone.In either
casewe usea greedyapproachto either lower the buffer
spaceandtheI/O bandwidthrequirements(first case)or to
utilize the leftover buffer spaceand/orleftover I/O band-
width (secondcase).

B. ServerPrefixSelection

Givena proxy prefix sizefor eachvideoat eachproxy,
we choosethe server prefix thatminimizesthe server I/O
bandwidthrequirement. Recall that proxy prefix selec-
tion determinestheamountof datathathasto bedelivered
by thecentralserver. Thus,server prefix selectioncannot
changethenetwork bandwidthrequirementsasdefinedin
(1). Our problemformulationdecouplesthe requirednet-
work bandwidthfrom the required server I/O bandwidth
suchthat the complexity of the problemcanbe reduced.
The server prefix selectionaffects the I/O bandwidthre-
quirementsonly.

The server prefix size for eachvideo can be selected
independently. TherequiredI/O bandwidthof a server is
givenas:

�
�

%$
� # 


� � * � � * �$
"�# 


� � " /
#$
� # 


%$
� # 
 �

� � 
 �� � � �

where
� � � ( � � � is the numberof segmentsin a server

suffix of video � . Given the fixed segmentationscheme
and assumingthat � � " � � � � � �

for simplicity, the I/O
bandwidthfunctioncanberewritten asfollows:

�
�

%$
� # 


� � �
%$
� # 


� � � � ( � � � /
#$
� # 
 �

� � 
 ����
where:


 �� ����� ��
� if � � � , � �!�� � * ���� �  * � ! �#" * �!$� � * ���� � " * � otherwise

Let %� � denotetheminimumnumberof segmentsin any
proxy prefix selectedfor video � : %� � � �&�'
 
 � � � # � � � � � .
Then

�
� � � � �(%� � � %� � / � ��������� � ��� � � . Outof all possibleval-

uesfor � � , the optimal oneis found throughan iterative
approach.Thevalueof I/O function is calculatedfor ev-
ery

�
� � � � �)%� � � %� � / � ��������� � ��� � � . Theonethat yields the

minimumvalueof
� � is selectedasa server prefix. The

complexity of such anapproachis � � ' � � � � ! . It scales
with thenumberof videosandthenumberof segmentsin
eachvideo.

Furtherweexaminethepropertiesof theI/O bandwidth
function. The valueof 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 factorsaffects the server prefix selec-
tion. We presenttwo hypotheticalcases.In eachcasewe
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Fig. 8. Evaluationof proxy prefix heuristicalgorithm

fix the value of one factor and show how the I/O band-
width consumptionchangesas a function of the server
prefix size for different valuesof the other factor. First,
we assumethat all proxiesselecta zero-sizeprefix. In
this way we eliminate the influenceof the proxy prefix
selectionandmake the global popularity � the samefor
the whole video. Figure 7(a) shows the I/O bandwidth
asa function of � � for variousvaluesof global popular-
ity � . The shapeof the I/O bandwidthfunction depends
on the valueof the global popularity. For the small val-
uesof � , I/O bandwidthconsumptiondecreaseswith in-
creasingprefixsize.Hence,theminimumis reachedfor a
largeprefix,potentiallyequalto thevideolength.For the
mediumvaluesof � thereis anoptimalvaluefor theprefix
betweenthezero-sizeprefixandthevideolength.Finally,
for the high value of � , the function increaseswith the
prefix sizeandtheminimumI/O bandwidthconsumption
is reachedfor azero-sizeprefix.

Next weexaminehow theproxyprefixselectionaffects
the server prefix selection. We assumethat all proxies
choosethe sameprefix size. Thus,the global popularity
of thepartof thevideowithin theproxyprefix is 0. Wefix
theglobalpopularityof theremainingpart (suffix) at � �� � which correspondsto a middle rangeof the number
of concurrentaccessesto the video at the server. Figure
7(b) shows the I/O bandwidthasa function of the server
prefixsizefor variousvaluesof theproxyprefixsize.The
function is clearly concave with a minimum reachedfor
a certainprefix size. As theproxy prefix becomeslarger,
theI/O bandwidthconsumptionis reducedindependentof
the serverprefixsize.Thus,theproxyprefixselectionsets
thelowerbound ontheconsumptionof theI/O bandwidth
at the server. It is alsotruethatthesmallerthepopularity,
the smallerthe influenceof a proxy prefix on the server

prefix selection.

VI. PERFORMANCE EVA LUATION

In order to to illustrate the behavior and evaluatethe
performanceof our proposedarchitecture,we have con-
ducteda numberof tests. We concentrateon the proxy
prefixselectionfirst. We evaluatetheperformanceof pro-
posedheuristic algorithm and presentseveral examples
on how the prefix size is selectedundervariouscircum-
stances. Next we show how performanceimprovement
canbeachievedby applyingtheconceptof server prefix.
We discussthe performancewith a setof homogeneous
andheterogeneousproxiesandcommunities.

A. ProxyPrefixSelection

1) Heuristic Algorithm Evaluation: We evaluatethe
performanceof theheuristicalgorithmfor proxyprefixse-
lectionby comparingits network bandwidthrequirements
with anoptimalvalue.Theoptimalvalueis obtainedwith
animplicit enumerationmethod1. Wealsoincludethere-
sult of thelinearprogrammingin thecomparisonto illus-
tratethe differencewith the final heuristicsolution. The
videotestsetincludes10videosof equallengthbut differ-
entpopularities.Weuseasmallsetdueto thecomplexity
of implicit enumerationmethod.

In thefirst setof teststheI/O bandwidthis abottleneck.
Thevalueof thenetwork bandwidthobtainedby solving
associatedlinear programmingandimplicit enumeration
are identical, althoughthe prefixes selectedby eachof
thesetwo methodsare different. The heuristicalgorithm
producesonly slightly higher requirements.The maxi-
mumdifferenceis lessthan1% of thebandwidthneeded

� ResultswereobtainedusingOPBDP[9]
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Fig. 9. Proxyprefix dependenceon I/O bandwidthandbuffer size

for theexactsolution.Figure8(a)presents thecomparison
betweenthenetwork bandwidthobtainedfor theoptimal
solutionandthebandwidthobtainedwith theheuristical-
gorithm. The differenceis expressedasa percentageof
theoptimalsolutionbandwidth.

In thesecondsetof teststhebuffer sizeis a bottleneck.
In this casewe comparethesolutionfor associatedlinear
programming,the optimal solution obtainedby implicit
enumerationand the solution producedby the heuristic
algorithm.Theoptimalnetwork bandwidthis higherthan
thebandwidthyieldedby thesolutionof associatedlinear
programming.Figure8(b) shows thedifferencebetween
the two requirementsas a percentageof the linear pro-
grammingsolution bandwidth. It shows also thediffer-
encebetweennetwork bandwidthgiven by the heuristic
algorithmandtheimplicit enumerationexpressedasaper-
centageof the implicit enumerationbandwidth. Thedif-
ferenceis alwayslessthan2 percents.Therefore,wecon-
cludethat theheuristicalgorithmproducesanacceptable
solutionwhile offeringasignificantreductionof complex-
ity.

2) Prefix SelectionProperties: The solution for the
network bandwidth minimization problem dependson
whetherbuffer spaceor I/O bandwidthis a bottleneck.
Whichoneof thetwo factorsis abottleneckis determined
by thebuffer sizeandI/O bandwidthavailableat a proxy,
but also on video popularity and, to a lesserdegree,on
videosegmentation.Whentheoverall videopopularityis
low, thebuffer space tendstobeabottleneck.For thelarge
valueof � , theI/O bandwidthtendsto beabottleneck.

Figure9(b)andFigure9(c) show theproxy prefixsizes
asa percentageof the video lengthwith a buffer bottle-
neckandan I/O bandwidthbottleneck,respectively. All
videosin this testhave thesamelengthbut their popular-
ities vary. The popularity for eachvideo is drawn from
a Zipf distribution with parameter0.27 [10]. The distri-

bution is illustratedin Figure9(a). Thebuffer sizeis set
to 10%of thestoragespaceneededfor cachingthewhole
video set. The amountof I/O bandwidthchangesfrom
100units in thefirst case,to five units in thesecondcase
in order to shift the bottleneckfrom buffer spaceto I/O
bandwidth.

In thefirst casewe observe thatonly themostpopular
videoshave prefixes ofnon-zerolength. In fact, the pre-
fix sizeof eachoneof themis equalto the video length.
Recallthatnetwork bandwidthrequirementsfor verypop-
ular videosdecreasefasterwith theincreaseof prefix size
thanthebandwidthrequirementsfor 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 theI/O utilization is 99%.Weobserve thatthemost
popularvideosdonothavethelargestprefixesin thiscase.
Noticealsothatalargernumberof videoshaveprefixes of
non-zerolength. We have observed thatastheamountof
availableI/O bandwidthdecreases,thelargestprefixesare
“shifted” evenmoretowardto lesspopularvideos.

B. Serverprefix

Weillustratenext how wecanimprovetheperformance
by usingtheconceptof server prefix. Themodeof trans-
missionby the server is selectedbasedon videopopular-
ity: periodicbroadcastfor popularvideosandunicastfor
lesspopularvideos.Weshow thatby partitioninga video
into unicast-andmulticast-deliveredsections,we canre-
duceI/O bandwidthusageat the server.

In the first setof testswe assumethat all proxiesare
homogeneous.For a given video all proxieschoosethe
sameprefix. Also the popularity is the samefor each
videoin eachcommunity. WecomparetheI/O bandwidth
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Fig. 10. Server I/O bandwidth

consumptionat the server in two cases.In the first case,
a server prefix is the sameas the proxy prefix for each
video. Broadcastis the only transmissionmodefor the
server. In the secondcase server choosesits own prefix
for eachvideo andmay transmita portion of a video in
unicastmode.We usea setof 100videosand20 proxies
in our tests.Theproxy prefix selectionis madebasedon
thebuffer sizeequalto 10%of theaggregatevideolength
and the I/O bandwidthsuch that the I/O bandwidthre-
quirementis thebottleneck.Thepopularityfor eachvideo
is drawn from aZipf distribution asbefore.

Figure10(a)presents theI/O bandwidthrequirements
in both casesas a function of video popularity. We in-
creasepopularityby multiplying its valuefor eachvideo
by a factorwhosevalueis shown on the x-axis. We ob-
servethatevenwhenall proxieschoosethesameprefixfor
a video, the server I/O bandwidthusagemay be reduced
by partitioningthevideointo differenttransmissionmode
sections.Theserver chooseslargeprefixesfor low popu-
larity videosexploringthetrade-off betweentheI/O band-
width consumptionfor theunicastandmulticast transmis-
sions.Thelargerthenumberof low popularityvideos,the
higherthepotentialreduction.

In thesecondsetof testsweassumethattheproxiesare
heterogeneous.Videopopularitydistribution is thesame
in every communityandis fixedthroughoutall tests.We
vary theamountof I/O bandwidthavailableatproxiesand
increaseits variability in eachtest. In all cases,the I/O
bandwidthis a bottleneck.As a resultof increasingvari-
ability of I/O bandwidth,the variability of proxy prefix
sizesalsoincreases.

Figure 10(b) presents theI/O bandwidthusagewhen
server prefix is equal to the minimum proxy prefix and
whenan optimal server prefix is selectedfor eachvideo.
We observe that as the variability of proxy prefix sizes

increases,a larger reductionof I/O bandwidthusagecan
beobtainedwith theoptimal server prefix selection.The
reductioncanbeashigh as50%.

VII . RELATED WORK

VoD hasbeen anactive researchareafor a decadeand
many approacheshave been proposedto reduceservice
delays,increasethe numberof concurrentsessions,and
provide certainquality for client playback.In thefollow-
ing, we briefly introducetwo major researchdirections
whicharecloselyrelatedto ourwork: videoproxyservers
andperiodicbroadcast.

Video proxy servers are one of the most common
approachesfor supporting VoD acrossWANs. Many
proxy-assistedvideo delivery schemeshave been devel-
oped[2,11–15]. Cachingat a proxy reducesthestart-up
delay as well as the network and server I/O bandwidth
requirements.Dueto the limited cache spaceandI/O ca-
pacity, aproxyis notableto cacheall videosandsupporta
largenumberof concurrentstreams.Theseissuesaread-
dressedin severalproxy-cachingschemesincludingprefix
caching[2], videostaging[15], progressive caching[16].

Server-initialized broadcast addressesthe issueof high
network and I/O bandwidth requirementsat a server.
In Pyramid Broadcasting[17], SkyscraperBroadcast-
ing [18], Fast Broadcasting[19], and FibonacciBroad-
casting[5], a videois dividedinto segmentswith increas-
ing sizesandtransmittedin logical channelsof the same
bandwidth. In order to addressthe issueof relatively
large client-buffer requirementsof pyramid-basedbroad-
casting,HarmonicBroadcasting[20] dividesa videointo
equal-sizesegmentsandtransmitsthesegmentsin logical
channelswith decreasingbandwidth.

Proxy caching and periodic broadcastcan be com-
binedto reduceresourcerequirements.Videoprefixesare



15

stagedatproxyserversto reducethestartupdelayandPB
schemesareusedto deliver video suffixesfrom a central
server. To the bestof our knowledge,only few studies
have beendonein this direction [21–24]. Their focus is
on thereductionof WAN bandwidthconsumption.In this
paper, we addressthe issuesin similar settingsconsider-
ing the I/O bandwidthlimitation at a centralserver and
proxy servers,theWAN bandwidthconsumption,andthe
heterogeneityof proxy servers.

The prefix caching assisted periodic broadcast
scheme[22] allocatesproxy buffer spaceoptimally for a
setof popularvideosandchosesappropriatetransmission
schemesseparatelyfor videoprefix andsuffix. A greedy
algorithm is proposedto determinethe prefix size of
eachvideoto minimizethenumberof broadcastchannels
neededwith a givenproxy buffer capacity.

Our work differs from this approachin several impor-
tant aspects.We considernot only the WAN bandwidth
requirementsbut also theI/O bandwidthrequirementat
a central server and proxy servers. Furthermore,our
schemesupportsheterogeneousproxy servers in diverse
communities.Thevideosetunderconsiderationincludes
popularvideosaswell lesspopularvideosfor which PB
is not anoptimalmodeof delivery.

Theassumptionof multicastavailability in WANs and
LANs is anotherfactorin systemdesign.In Mcache[23]
theassumptionis madethatthewholenetwork pathfrom
a server to a client is multicast-enabled.A server uses
a combinationof patchingandbatchingfor transmission
scheduling.A client receivesa videoprefix from a proxy
andsharesamulticasttransmissionof the suffix with other
clientswhoserequestsarrive within thedurationof a pre-
fix transmission.

In [24] theassumptionaboutnetwork multicastcapabil-
ity is different. TheLAN betweena proxy andclientsis
multicastcapablewhile theWAN betweenacentralserver
andaproxy supportsonly unicast.In thisschemeaproxy
delayssuffix transmissionto thefirst clientaslongaspos-
sible and batchesall client requestsarriving during the
prefix transmission.Patchingis usedfor thetransmission
of video suffixes. In addition,a proxy alsomulticastsa
prefix from its cacheanda suffix received from a central
server to a numberof clients. The goal is to minimize
the aggregatenetwork bandwidthby optimally utilizing
proxy buffer space.We rely on theassumptionthatWAN
betweena server anda communityis multicastcapable.
Therefor, aservercanutilize periodicbroadcastto exploit
datasharingbetweenclients.

VIII . CONCLUSIONS AND ONGOING WORK

We have designedanarchitecturefor large-scalevideo
delivery that allows asignificantreductionof resourcere-
quirements.We usevideopopularityto choosethemode
of transmissionin such a way that the resourceusage,
namelycentralserver I/O bandwidthandWAN network
bandwidth,is minimized. The optimizationis subjectto
resourceavailability at proxy servers and clients. The
combinationof the unicast/multicasttransmissionby the
central server and prefix cachingby the proxies allows
us to provide a wide spectrumof possibletransmission
modes. The spectrumincludesthe specialcasesof the
wholevideocachedat aproxy, thewholevideodelivered
by a central server in either unicastor multicastmode,
andanything in between.Themodeof transmissionis de-
terminedby the lengthsof the server andproxy prefixes.
We have formulatedandproposedsolutionsfor theprob-
lemsof prefix selection.Wehave demonstratedthrougha
numberof teststhatintroducingtheconceptof serverpre-
fix in addition to proxy prefix leadsto an I/O bandwidth
requirementreductionataserver.

We are further exploring this areaof researchby in-
cludingmultiple geographicallydistributedserversin the
architecture. We investigatehow the numberof servers
affect the resourcerequirements.We plan alsoto extend
our researchin videodelivery to wirelessenvironment.
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