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Abstract—Lar gescalevideo streamingover Inter net requiresa
largeamount of resourcessuchasserver I/O bandwidth, network
bandwidth. A number of video delivery techniquescan be usedto
lower theserequirements.Periodic broadcastby a central server
combinedwith proxy cachingoffers a significant reduction of the
aggregatenetwork and server I/O bandwidth usage.However, the
resourcesavailable to a single server are still limited. In this pa-
per we proposea systemwith multiple geographically distributed
servers. Multiple servers besideoffering increasedresourcesand
service availability , allow a further reduction of network band-
width usage. The challenge is how to use multiple servers effi-
ciently. We first analyzethe dependenceof the resource require-
ments on the number and locations of the servers in a proxy-
assistedperiodic broadcastvideo delivery system. Basedon the
character of the function describing such a dependence,we for-
mulate and solve the problem of video location and delivery in a
way that minimizes resourceusage.We explore the trade-offs be-
tweennetwork and I/O bandwidth requirements.We evaluateour
proposedsolutionsthr ougha number of tests.

Keywords: video streaming, periodic broadcast,proxy
caching,distributedservers.

I . INTRODUCTION

Many multimediaapplicationssuchasdistancelearningand
video-conferencingrely on videostreamingtechniques.How-
ever, largescalevideo delivery requiresa large amountof re-
sourcessuchasstoragespace,server I/O bandwidthandnet-
work bandwidth.A numberof techniqueshave beenproposed
to reducetheserequirementand to addressthe scalability of
video delivery system. Periodicbroadcast[1] reducesserver
I/O bandwidthandnetwork bandwidthrequirementsfor popu-
lar videosby segmentinga videoandrepeatedlybroadcasting
thesevideosegmentsoverafixednumberof channels.Thenet-
work bandwidthrequirementreductioncanbealsoachievedby
employing proxyserversto cachedata[2] atcloseproximity to
theclients.Proxyserversstrategically placedat theboundaries
betweenWan Area Network (WAN) andLocal AreaNetwork
(LAN) utilize theirprocessingandbufferingcapabilities.

The two approachesarecombinedinto a proxy-assistedpe-
riodic broadcast[3, 4]. By cachingpartial video contentat a
proxyandbroadcastingtheremainingcontentatacentralserver
we can achieve a significant resourcerequirementusagere-
duction. However, in a large scaleof the video delivery sys-
tem, theserequirementscanstill be considerablylarge. Even
if theresourcerequirementsareindependentof thenumberof

clientsaccessingeachpopularvideo as in periodicbroadcast
schemes,the total requirementsstill dependon the numberof
availablevideos. Proxyservershave alsolimited capabilities,
hence,their ability to save the requirednetwork bandwidthis
alsolimited.

In this paperweproposeto employ multiplevideoserversto
further reducethe resourcerequirement.Multiple server sys-
tem offers threemajor benefits:1) an increasein the amount
of resourcesavailablesuchasI/O bandwidthandstoragespace,
2) increasedserviceavailability andfault tolerancedueto repli-
cation,and3) further reductionof resourcerequirementsuch
asWAN bandwidthby allowing clients to accessvideo from
a set of geographicallydistributed servers. A server cluster
canbe usedto increaseresourceavailability, while reduction
of resourceusagerequiresa geographicallydistributedsystem.
Sincewe considervideostreamingover the Internet,network
bandwidthis animportantfactorandhencewe concentrateon
thegeographicallydistributedserversystem.

Thechallengein efficient utilization of multiple server sys-
temlies in how to characterizethedependenceof theaggregate
I/O bandwidthandWAN bandwidthrequirementson thenum-
ber and locationsof serversemployed. WAN bandwidthus-
age canbeintuitively reducedbedeployingmultipledistributed
servers due to the reductionof distancebetweenclients and
servers.I/O bandwidthontheotherhand,exhibitsdifferentand
morecomplex behavior. We first show that the minimumI/O
bandwidthusageis obtainedwith a small numberof servers
andhow the distribution of client requestsimpactsI/O band-
width usage. We then formulatethe problemfor distributing
videosand client requestsfor thesevideosamonga number
of potentialserversthat allows to reachany desirablelevel of
I/O bandwidthusageincluding the minimum value. We also
explorethetrade-offs betweenI/O bandwidthandWAN band-
width requirements.

Weconsidersettingswith anumberof videoserversavailable
(Figure1). Theclientsaregroupedinto communitiesaccording
to theirlocations,andaregenerallyconnectedto thesameLAN,
thesamecablehead-endor thesameInternetServiceProvider.
Communitiesarespreadgeographicallyover theInternet.Each
communityhasa proxy server providing cachingservice.The
client requeststhat cannotbe satisfiedby the proxy are di-
rectedto oneof thegeographicallydistributedservers.Servers
havemoreresourcesavailablethanproxies,but therearefewer
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serversthancommunities.Hence,eachserver providesservice
to a numberof communities.Theproblemwe addressis video
placement, i.e., decidingwhich serverseachvideois available
from, andvideodelivery, i.e., distributing client requestsfor a
videoamonganumberof availableservers.Thegoalis to min-
imize theresourcerequirementswhile maximizingthenumber
of acceptedrequests.We considertheuncapacitatedversionof
the problemfor which minimizing the resourceconsumption
is themain target,aswell asthecapacitatedversion,in which
eachserver is assumedto have limited capacity. We explore
the trade-offs involved in video replicationamonga number
of servers,namelythe influencethe replicationhason the I/O
bandwidthandnetwork bandwidthrequirements.Basedon the
findingswe proposea schemesfor videolocationanddelivery.

We examinealsoa differentaspectof a multiple server sys-
tem.Thatis, givena numberof possibleserver locations,what
is the bestcapacityassignmentto eachlocation? We usethe
modelof thestreamingvideoworkloadto determinewhatca-
pacityassignmentprovidesthebestbasisfor videolocationand
delivery in thecapacitatedversionof theproblem.

Thepaperis organizedasfollows. In SectionII we summa-
rize relatedwork on theproxy assistedperiodicbroadcastand
somegraphtheoreticapproachesto object (video) placement
anddelivery problem. In SectionIII we presentthe resultsof
the analysisof resourcedependenceon the numberandloca-
tions of servers. We formulatethe optimizationproblemfor
videoplacementanddelivery in SectionIV. In SectionV we
presentheuristicsolutionsto the optimizationproblems. The
testresultsandevaluationof theheuristicsaregivenin Section
VI. We concludethepaperin SectionVII.

II . RELATED WORK

Theproblemof objectlocationandobjectdelivery in a dis-
tributedserversystemhasbeenconsideredfor thewebandmul-
timediacontent.Someof theaspectsof thesolutionsproposed
for the web contentdelivery are applicableto the video on-
demandsystems.However, certaincharacteristicsof themul-
timediaobjectssuchashigh I/O bandwidthrequirementsand
durationof the transmission,poseadditionalchallenges.Our
approachto videodelivery in a distributedmulti-serversystem

is basedon theframework combiningproxycachingwith peri-
odic broadcast,andassuchdiffersfrom otherdistributedmul-
timediasystems[5–7].

In this sectionwe first describethe generalframework for
video delivery involving central servers, proxy servers and
clients. Next we comparethe requirementsof sucha system
with therequirementsof thewebcontentdeliveryandpointout
how theexperiencesgainedwith thewebsystemcanbeutilized
in multimediasystem.

A. Proxy-AssistedPeriodicBroadcast

A numberof schemeshave beenproposedto addressvideo
streamingresourcerequirementsat the server. Bandwidthre-
ductionis achieved by exploiting datasharingamongclients.
Batchingandpatching[8–11] groupclientsto shareonetrans-
missionby delayingearlier requests,andallowing a client to
join-on an on-goingtransmissionwhile receiving the missed
videopartonaseparatechannel.

PBschemes[1,12–14]partitionavideointoanumberof seg-
ments. All segmentsare repeatedlyaccessedandtransmitted
by a centralserver over a numberof broadcastchannels.Each
client collectsvideosegmentsfrom thesechannelsandbuffers
themuntil their playbacktimes. The total bandwidthrequired
for broadcasttransmissiondoesnot dependon the numberof
clients,but only on thesegmentationof thevideo,thenumber
of channelsandthe transmissionrateof eachchannel. Thus,
the scalability is improved for accessingpopularvideos. For
in-frequentlyaccessedvideos,unicastof individual streamis
still more efficient. Eachclient hasto collect all video seg-
ments,therefore,thenetwork bandwidthrequirementis not re-
ducedunlesssomesharingof transmissionof videosegments
over network with otherclientsis possible.Catching[15] and
MPatch[16] combinePB with patchingandbatching. Selec-
tive catching[15] explorespotential reductiondependenton
thevideopopularity, i.e., theguidelinesareprovidedfor which
method,PB or patchingandbatching,resultsin higherreduc-
tion.

Anotherapproachto resourcerequirementreductionis based
on videocachingby a proxy [2,17]. A proxy cachesa partof
a videosothattheamountof datathathasto bedeliveredby a
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centralserver is decreased.Partof thevideocachedby aproxy
is obtainedby a client from the proxy in a given community,
andtheremainingpartis deliveredby a centralserver. Among
a numberof waysto decidewhich partof thevideoshouldbe
cached[18, 19], prefix caching offers an additionaladvantage
of reducingstart-updelay. Clientreceivesvideoprefixfrom the
proxy andstartsplaybackimmediately. In the meantime,the
client startsalsoreceptionandbufferingof videosuffix from a
centralserver. Proxy cachinghasbeencombinedwith PB in
[3,4] in-to a proxy-assistedperiodicbroadcast.

All of theabove-mentionedschemestargetminimizationof
the resourcerequirementunderthe assumptionthat the video
setis providedby onecentral server. In our approachwe take
oneof thetechniques,proxy-assistedPB,onestepfurtherto ex-
plorethepossibleresourcereductionwith multipleservers. In
the restof this sectionwe describeproxy-assistedPB in more
details. First we presenta simplescenarioof cooperationbe-
tweena singleproxy (or a setof homogeneousproxies)anda
singlecentralserver introducedin [3]. Next we presenta sys-
tem with multiple heterogeneousproxiesanda centralserver
introducedin [4]. In thethird stepwe extendthesystemto in-
cludemultipleheterogeneousserverswith heterogeneousprox-
ies,which is thesubjectof thispaper.

a) OneProxy - OneServer: In a systemconsistingof a
singleproxy andsinglecentralserver, a setof popularvideos
is considered.Dueto high videoaccesspopularity, eachvideo
is partitionedinto two parts:a prefix anda suffix. Thecentral
server usesa PB schemeasan accessandtransmissionmode
for the suffix of the video. Proxy cachessomeprefix of the
videoin orderto reducethenumberof channelsbroadcastedby
the servers,eachvideo segmentcachedby the proxy reduces
thenumberof channelsby one.SincethestoragespaceandI/O
bandwidthat theproxy arelimited, theavailablespaceis opti-
mally partitionedamongvideosin sucha way thatthenumber
of channelsbroadcastedby theserver is minimized.Hence,the
systemachievesthe minimizationof the aggregate server I/O
andnetwork bandwidthrequirements.

b) Multiple Proxies- OneServer: In a systemwith mul-
tiple proxies,weassumethattheproxiesdiffer from eachother
with respectto the storagespaceandI/O bandwidthavailable
at eachproxy. In additionto proxy heterogeneity, alsovideo
popularityvariesfrom onecommunityto anotherandthevideo
set containsvideosof variouspopularities. A proxy chooses
the prefix for eachvideo in sucha way that the total amount
of datathathasto be transferredby thecentralserver is mini-
mized,subjectto theI/O bandwidthandbuffer sizeconstraints

at theproxy. However, aproxypartitionsthevideobasedon its
localvideopopularityandits own capacity.

A centralserver candeliver video in oneof two modes:ei-
therthroughunicastor throughperiodicbroadcast.Thechoice
betweenunicastandPB transmissionsis basedon the global
popularityof a video,i.e., theaggregatepopularitydetermined
by the accessfrequency from clients in all communities.The
global popularityhasto be high enoughfor PB to reducethe
resourcerequirementsascomparedto unicasttransmission.

Dueto thefactthatdifferentproxiesmaycachedifferentpre-
fixesof a video,globalpopularityof a videosegment(notenot
thewholevideo)at theserver is not fixed for thewholevideo
andmayvary for differentsegments.For examples,the initial
few segmentsof avideowhichareincludedin eachproxyprefix
have aglobalpopularityequalto 0. This is dueto thefactthat
noclient needsto accessthesevideosegmentsfrom theserver.
Theglobalpopularityof a videosegmentreflectsthe fact that
someof the proxiesalreadycachethe segmentandclientsdo
notneedto accessthatsegmentfrom theserver.

Basedon the global popularity of a video segment, in or-
derto achievemaximumresourceusagereductionweallow the
choicebetweenunicastandPBtransmissionto bemadefor dif-
ferentpartsof thesamevideo. Sincetheglobalpopularityin-
creasesaswe move from the beginningtoward the endof the
video,thereis acut-off pointthatdeterminesthedivisionof the
video into a serverprefix deliveredthroughunicasttransmis-
sionandserversuffix deliveredthroughbroadcasttransmission.
Notethat if theserver prefix is smallerthana proxyprefix, the
requireddatais alreadycachedat theproxy andno dataneeds
to bedeliveredby theserver. If theserver prefix is largerthan
the proxy prefix, only the differenceneedsto be deliveredby
theserver via unicast.Thesuffix portionof a videois periodi-
cally broadcastedto all clients.For anot-so-popularvideo,it is
possibletheserverprefix is thewholevideoandtheproxypre-
fix is 0. Therefore,thewholevideois unicastedby theserver if
thereis a requestfor sucha video. A numberof combinations
of video delivery modesarepossible(Figure2), from having
thewholevideocachedat theproxy to thewholevideodeliv-
eredvia periodicbroadcasttransmissionor unicastby thecen-
tral server.

Thegranularityof thesizesof bothproxy prefix andserver
prefix is limited by thevideosegmentationdevisedfor thepe-
riodic broadcast.Oneof the possiblesegmentationsis based
on the Fibonacciprogressionin order to limit the numberof
segmentsthat theclient hasto receive simultaneouslythrough
periodicbroadcast[1]. Thesegmentationis alsofixedindepen-
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dentof videopopularity.
c) Multiple Proxies - Multiple Servers: We now ex-

tendthis framework by includingmultiple geographicallydis-
tributed servers. The way proxy servers operateand choose
videoprefixesis unchanged.Their role is to minimize the to-
tal amountof video datatransferredover WAN. The requests
for the part of the video not cachedat the proxieshave to be
directedto one of the multiple available servers. The set of
videosis partition amongthe serversin sucha way that each
videohasto bestoredin at leastoneserver. On theotherhand,
therecanbe multiple replicasof a singlevideo presentin the
system. Hence,thereare two problemsto solve. One is the
video locationproblem,which includesassigningeachvideo
to oneor moreservers. The otheris partitioningthe requests
for a givenvideoamongtheserversthathave areplicaof this
video. Thegoal is to minimizetheWAN bandwidthaswell as
theaggregateI/O bandwidthrequirementsat servers. In order
to achieve this goal we examinethe dependency of I/O band-
width andWAN bandwidthon thenumberof serversandtheir
locationsin thenext section.

B. ObjectLocationandDeliveryProblem

The problemof object location hasbeenconsideredfor a
distributedWebserversystem[20]. Someof thesolutionspro-
posedarebasedonthegraphtheoreticapproaches,morespecif-
ically facility locationproblem[21]. Theproblemis definedas
follows. Thereis a setof locationsat which facilities may be
built at a givencost.Eachclientmustbeassignedto oneof the
facilities. Theobjective is to find the numberof facilities and
their locationsin sucha way that the total cost, including fa-
cility openingcostanddemand-relatedcost,is minimized.The
lattertypeof costis definedby thedemandincurredby a given
client multiplied by thedistancebetweentheclient andthefa-
cility. Often, the available facility locationsare the thesame
asclientslocations.Therearetwo broadclassesof facility lo-
cationobjectives. Oneobjective is to minimize theaverageor
total demandweighteddistancebetweenclientsandfacilities.
The other is to minimize the maximumdistancebetweenany
client andthe facility to which theclient is assigned.In some
problemformulations,theobjective is to locatea fixednumber
of facilities.Thek-centerandk-medianproblemsareexamples
of suchan approachin maximumandaverageclassof objec-
tives,respectively.

The facility location problemsare generallyNP-hardand,
therefore,we have to resortto heuristicapproaches.In [22] the
objectlocationproblemis formulatedaschoosinglocationsfor
serverreplicas,whereeachserverreplicacontainsthewholeset
of objects.Therequestsfrom aclientaredirectedto theclosest
server replica.In [23] theproblemis statedslightly differently.
A singleobjectdoesnot have to be replicatedin all selected
server locations.All objectsareavailablein theirorigin servers
andin additionmaybeavailableatotherservers.Theobjective
is to choosetheplacementfor eachobject.Client’s requestfor
an objectis alwaysdirectedto the closestserver that contains
thatobject.In bothproblemstheobjective is to minimizesome
measuresof theamountof network bandwidthrequiredto sat-
isfy the requests.The heuristic-basedsolutionsproposedfor

TABLE I
NOTATION

�
numberof communities�
numberof videos�
numberof server locations��� � popularityof video � in community�	 � � proxy ��
� prefixsizefor video ���� � server ��
�� prefixsizefor video �� �� relativesizeof partof video � notcachedby proxy �� �� � relativesizeof video � deliveredby broadcast
from server � to community�� � lengthof video �� �� lengthof segment� of video �� ���
numberof segmentsin

�
� �

indicatorwhetherthereis a serverat location �� �� indicatorwhethervideo � is storedat location �� �
storagespaceavailableatserver �� �
I/O bandwidthavailableatserver �� �� � indicatorwhetherrequestsfor video �
from community� aredirectedto server �

theseproblemscomein a few flavors. They includegreedyal-
gorithmsthatchoosethelocationwhoseinclusionin thesetof
selectedfacilitiesyieldsthesmallestcost,randomselectional-
gorithms,andpopularity-basedalgorithmsthatchoosefacility
neartheclientgeneratingthegreatestdemand.

The settingsfor the distributed web server and distributed
videoserver aresimilar, however, thecharacteristicsof theob-
ject deliveredin both systemsarequite different. Hence,we
canusetheexperiencewith thedistributedwebserver only to
someextend.Thedurationof thevideodelivery to theclient is
significantlylongerthanthedeliveryof a webobjectdueto the
videosizeandraterequirementsalthoughvideocanbeconsid-
eredasawebobject.Videostreamconsumessignificantlymore
bandwidththanWebtraffic dueto thesizeof theobject.Video
objectsrequiresignificantlymorestoragespaceat the server.
Oneof thekey factorsin thelargescalevideodeliverysystem,
besidenetwork bandwidthrequirements,aretheI/O bandwidth
requirementsat theserversandat theclients.This factoris not
consideredin thewebserver system.Hence,theobjectivesfor
thedistributedvideoserver includenot only minimizationand
loadbalancingof thenetwork bandwidthconsumption,but also
minimizationandload balancingwith respectto theI/O band-
width. We will show laterthattheinfluencethereplicationand
loadbalancinghave on thenetwork bandwidthrequirementsis
quitedifferentfrom theinfluenceontheI/O bandwidthrequire-
ments.

III . SERVER NUMBER AND LOCATION INFLUENCE ON

RESOURCE REQUIREMENTS

We now examinehow resourcerequirementsdependon the
numberandlocationof theservers. We investigatewhatnum-
ber of serversyields the optimal I/O bandwidthand network
bandwidthrequirementsandhow changingthelocationsof the
servers(or selectionof a subsetof theserver locations)affects
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theserequirements.Thenotationusedthroughoutthepaperis
summarizedin TableI.

A. I/O Bandwidthin A DistributedServerSystem

We first concentrateon the I/O bandwidthconsumptionand
its dependenceon thenumberof servers.We show that theto-
tal I/O bandwidthconsumptionis a non-decreasingfunctionof
thenumberof serversemployed.In otherwords,concentrating
requestsfor a given video at a smallernumberof serversei-
therdecreasesthetotal I/O bandwidthconsumptionor doesnot
affectit. Whichoneis thecasedependsonthevideopopularity.

Considera videowith low local popularityaccessedfrom a
numberof communities. If the requestsare spreadamonga
large numberof servers, the global popularityof the video at
eachserver is goingto bealsolow. Thus,eachserverchoosesa
prefix equalto thevideolengthanddeliversthevideothrough
aunicasttransmission.Thetotal I/O bandwidthconsumptionis
equalto thesumof I/O bandwidthconsumedby unicasttrans-
missionat eachserver. If therequestsaredirectedto a smaller
numberof servers,theresultingglobalpopularityof thevideo
maybehighenoughto warrantasmallerprefixselection.Thus
somepart of the video would be deliveredthroughbroadcast
andthe total I/O bandwidthconsumptionwould be lower than
the sumof all unicast-relatedI/O bandwidthrequirements.It
mayalsobethecasethatglobalpopularityat a singleserver is
still low. Then,theserverprefixis still equalto thewholevideo
lengthandthe I/O bandwidthrequirementsarethe samefor a
smalleraswell asa largernumberof servers.

We now show the dependenceof the I/O bandwidthcon-
sumptionon thenumberof serversin a moreformal way. Let
thevideosetat a server consistsof

�
videosandassumethat

the requestscomefrom clients in
�

different communities.
The I/O bandwidthrequirementat theserver is definedasfol-
lows:

� ��� ��
����� � � � �
	 ��� � �����

� ��� ��� � � �� ��� (1)

where: � � is thelengthof video � , � � is lengthof serverprefix
for thisvideoand

� � � 	 ��� � � is thenumberof segmentsin server
suffix.

� � � 	 ��� � � is equalto thenumberof broadcastchannels
and constitutesI/O bandwidthconsumptiondue to PB trans-
mission. ��� � is anumberof concurrentaccessesto video � from
community� . � �� � is therelative sizeof a partof video � deliv-
eredthroughaunicasttransmissionfrom aserverto community
� andis formally definedas:

� �� � ����� if
	 � ��� ��� ���� ������� ! � otherwise

(2)

where
	 � � is thesizeof prefixselectedfor video � by a proxy in

community � and � is the server number. Then � � � � �� is inter-
pretedas I/O bandwidthrequirementdueto unicasttransmis-
sionby a server. For simplicity andwithout lossof generality,
we assumethat the transmissionrateof eachof the segments
andthe playbackrateof eachvideo is equalto 1. Server pre-
fix is selectedin sucha way that for a givensetof proxy pre-
fixes,theI/O bandwidthrequirementat theserver (Equation1)
is minimized.

Considertwo serversreceiving requestsfor video � from dif-
ferentcommunities.Sincewe concentratefor now on a single
video we drop the superscript� to simplify the notation. Let� � and �#" denoteserver prefixesfor this video. The total I/O
bandwidthconsumptionfor bothserversis expressedas:

� � � � " � � � 	 � � ��� �
�%$'&�( � � � � � � � � 	 �#" ��� �

�)$'&+* � � � � "
where: , � and , " arethesetsof communitiessendingrequests
toserver - andserver . , respectively, andsuchthat , ��/ , " �10

.
Weshow thatthereexistsaserverprefixsuchthattheI/O band-
width requirementafterconsolidationof requestsat oneserver
is nolargerthantheaggregaterequirementfor two servers.As-
sumethat the server prefix after consolidationis equalto the
smallerof two serverprefixes: � � � �32 � � �54 � " � . Then,theI/O
bandwidthconsumptiondueto this videoafterconsolidationis
equalto:

� � " � � � 	 � ��� �
�)$'& (�6 & * � � � �)7 � "�8

NoticethattheI/O bandwidthconsumptiondueto broadcast
transmissionof thevideoafterconsolidationis reducedby

� � 	
� � ��� � � 4 �#"9� � or unchangedif � � ��� � � 4 �#"9� � � . Assumenow
that � ��: �;" . Thenthetotal I/O bandwidthconsumptiondueto
unicasttransmissionof this videoat bothserversis equalto :

�=<� � �=<" � �
�)$'& (�  ?> � ( � �

� � 	 	 �
�

� �
�%$'& *�  ?> � * � �

� " 	 	 �
�

� �
�%$'& (� ( > � ( � �

� � 	 	 �
�

� �
�)$'& *�  ?> � ( � �

� � � 	 	 � � �#" 	 � � ��

� �
�)$'& *� (A@ �  > � *

� �#" 	 	 � �
�

� �
�%$'&�( 6 &+*�  > � ( � � � � 	 	 �

� � � <� "
We observe that, the unicastI/O bandwidthconsumptionis

reduced,or unaffectedif � � � �#" . Sinceneitherunicastnor
broadcastI/O bandwidthrequirementsincrease,we conclude
that the total requirementsdo not increasewhen the number
of serversdecreases.Moreover, the I/O bandwidthusagede-
creasesif � � ��� � �54 � " �CB � and/or � �ED� � " . This result is
fairly intuitive. For communitieswhoseproxy prefix is larger
than � � , but smaller than � " , the unicasttransmissionfrom
server . is now replacedwith thebroadcasttransmissionfrom
server - .

Thefollowingexampleillustratestheaforementionedbehav-
ior. Consideranumberof communitieshaving thesameaccess
profile for a givenvideoandwith homogeneousproxies. The
requestsfor thevideoaredistributedequallyamonga number
of servers.As wevarythenumberof serversfrom1 to thenum-
berof communities,weobservethattheglobalpopularityof the
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videoateachserverdecreasesandconsequentlytheserverpre-
fix size increases.Figure 3(a) shows that the I/O bandwidth
consumptionat eachserver decreasessincetheloadis divided
amonganincreasingnumberof servers.Figure3(b)shows that
thetotal I/O bandwidthconsumptionincreases. TheFigureil-
lustratestwo cases:when the server prefix size is fixed, and
wheneachserver choosesan optimal prefix size. In the first
casetheI/O bandwidthrequirementsincreasemuchfaster. An
optimal prefix size choiceallows to slow down that increase
considerably. Notice thatwhenthenumberof serversreaches
13,thetotal I/O bandwidthremainsunchangedwith thefurther
increasein thenumberof servers.At this point server prefix is
equalto thevideolengthandfurtherchangeis notpossible.

In summary, theI/O bandwidthrequirementsarealwaysopti-
mal in asingleserversystem,independentof thatserver’s loca-
tion. Increasingthenumberof serversmayresultin anincrease
of I/O bandwidthrequirementsprovidedthat theglobalpopu-
larity of avideois highenough.For low globalpopularityvideo
thereis nodifferencebetweena singleandmultipleserversys-
tem in termsof I/O bandwidth.If thenumberof serversdoes
make adifference,the server selectionfor givencommunities
may alsomatter. It doesmatterif the local video popularity
variesa lot from onecommunityto another. In that case,it is
beneficialto direct the requestsfrom the communities,where
thevideois very popular, to a singleserver. In otherwords,it
is beneficialto “build” highglobalpopularityat oneserver.

B. WAN Bandwidthin DistributedServerSystem

We examinehow network bandwidthrequirementsdepend
on thenumberandlocationsof servers.WAN bandwidthfor a
singleserver is definedin thefollowing way:

� � � ��
����� � � ��� ��� � � ���� � (3)

where � � is thedistancefrom community� to theserver.
� �� is

therelative sizeof thepartof video � not cachedby a proxy in
community � . It is determinedby the sizeof the proxy prefix
andis formally definedas:

� �� � � � 	 	 � �
� � (4)

where
	 � � is the proxy prefix selectedfor video � by proxy �

in sucha way that the amountof datadeliveredto clientsby
a server ( �

�
����� �1� ��� � � � � �� ) is minimized. WAN bandwidth

is proportionalto the amountof datathat hasto be transmit-
tedby a server to eachcommunityandto thedistancebetween
thecommunityandtheserver. Notethatwe areassumingboth
segment(channel)transmissionand video playbackratesare
normalizedto 1. Dueto its dependenceon thedistance,WAN
bandwidthrequirementis a decreasingfunctionof thenumber
of servers. It exhibits suchbehavior if we assumeeachcom-
munity is assignedto theclosestserveravailable.Otherwise,it
is possiblethat a smallernumberof serversresultsin smaller
network bandwidthrequirements.The total WAN bandwidth
consumeddependsvery strongly not only on the numberof
servers,but alsoon their locations.A decreasingcharacterof
thenetwork bandwidthfunctionis quiteintuitive. Assumethat
first a singleserver is usedto deliver all videosto all commu-
nities. Thenanotherserver is added.Therequestsfrom some
of thecommunitiesareredirectedto thesecondserverbut only
if theirdistanceto thatserver is smallerthanthedistanceto the
first one.Thetotal amountof datatransferredoverWAN is the
sameindependentof thenumberof servers,but thedistancede-
creases(or at leastdoesnot increase)for a highernumberof
servers.

Figure4(a)presentsanexampleof network bandwidthcon-
sumptionas a function of the numberof servers for a single
video. With 5 potentiallocations,thereis a numberof waysto
chooseasmallerthan5 numberof servers(

� �
� ). For examples,

thereare10differentwaysto choose2 outof 5 servers.Hence,
for agivennumberof serversonx-axisthereis onepointplotted
for eachpossiblecombination.Thenetwork bandwidthvalueis
shown asapercentageof themaximumvaluein eachcaseto il-
lustratethevariationof network bandwidthrequirements.

Weobservethatnetwork bandwidthgenerallydecreaseswith
the numberof servers. The lowest network bandwidthcon-
sumptionis observed in a 5-server system,the highestin a
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Fig. 4. Server numberandselectioninfluenceon theresourcerequirements

1-server system. For a given numberof servers, the network
bandwidthvalueobtainedvariesquitesignificantlydepending
onthelocationsof theselectedservers.Thiseffect is especially
visible in singleserver systemsandbecomeslessprofoundas
the numberof servers increases.Figure 4(b) presentscorre-
spondingI/O bandwidthrequirement.In contrastto network
bandwidth,I/O bandwidthrequirementsincreasewith thenum-
berof serversandshow muchweakerdependenceontheserver
locations.

IV. PROBLEM FORMULATION

We usethetermserver to refernot to amachinebut ratherto
a location,wherea server clustercanbe deployed. Given the
geographicaldistribution of resources,the taskis to distribute
the videosetand the client requestsamongavailableservers.
We first describebriefly videodelivery framework undercon-
siderationandthenproceedto formally formulatetheproblems.

Weconsiderasetof Constant-Bit-Ratevideosavailablefrom
a setof geographicallydistributedservers.Thepossibleserver
locationsareplacedstrategically amongcommunitiesbut their
numberis muchsmallerthanthenumberof communities.The
distancebetweeneachcommunityandeachserver is givenby
somemetricexpressingnetwork delayor thenumberof routers
alongthepathfor example.Thegoalis to chooselocationsfor a
fixednumberof serversoutof all availablelocations,distribute
thevideosetamongtheselectedserversanddistributerequests
for eachvideo amongall servesholding this video in sucha
way thatresourcerequirementsareminimized.Eachvideohas
to be storedon at leastoneserver but theremay be multiple
replicasof a given video available in the system. That is, a
videomaybestoredatmultipleservers.Sinceall clientswithin
onecommunityhavethesamedistanceto agivenserverandfor
simplicity we assumethatall requestsfor a givenvideofrom a
singlecommunityaredirectedto a singleserver. It is possible,
on theotherhand,thatdifferentvideosaredeliveredto a given
communityby differentservers.

We approachthe problem by assigningthe clients to the
serverson a per-video basisat the communitylevel, i.e., we
choosea serverfor each (video,community)pair. Notice that
suchassignmentdeterminesnot only the requestdistribution,

but alsothevideolocation,i.e., thenumberof replicasfor each
videoandtheir locations.If aserveris notselectedto acceptre-
questsfor a givenvideofrom any community, it doesnot keep
a copy of thatvideo.Otherwise,a replicaof thevideois stored
at thatserver.

We considertwo problemformulations. The first formula-
tion is anuncapacitatedproblem,in whichweassumethateach
serverhasadequateresourcesto acceptall requestsandthegoal
is to usetheseresourcesefficiently. Theotheris a capacitated
problem,in which the resourcesavailable at eachserver are
limited andhence,theobjective is to maximizethenumberof
acceptedrequests.The resourcesincludeI/O bandwidth,net-
work bandwidthandstoragespace.

A. UncapacitatedProblem

We proceednow to formally definetheuncapacitatedprob-
lem. Let

�
bethenumberof possiblelocationsfor geographi-

cally distributedservers.Thedistancebetweeneachserver lo-
cationandeachcommunityis capturedby thedistancematrix� � � , ( - : � : �

, - : � : �
). We introducea setof vari-

ables� �� � to denotetheserverselectionfor eachvideoandeach
community. � �� � is equalto - if community � requestsvideo �
from server � andis equalto � otherwise.Our objective in the
uncapacitatedproblemis to minimize the total I/O bandwidth
andWAN bandwidthconsumption.More formally:

minimize � � � �� ��� � �
����� � � ��� ��� � � �� � � � ���� � �

� " � �� ��� � �
����� � � � � 	 � � � ��� � � ��� � � � � �� � � �� � �

s.t. 1) �
�� ��� � � ���

2) �
�� ��� � �� � � - � � - 4������ 4 � and � � - 4������ 4 �

3) � �� �	��
 � 4 -�
(5)

The first componentof the optimizationfunction, the net-
work bandwidthconsumption,dependson two factors: the
amountof datatransmittedfrom the server (not cachedat the
proxy) andthedistanceat which it is transferred.Thesecond
componentaccountsfor the total I/O bandwidthconsumption
at servers. ��� � denotesthevideoprefix selectedfor video � by
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server � . For detailson proxy prefix
	 � � and server prefix � � �

selectionsee[4]. Themagnitudeof theWAN bandwidthcon-
sumptionmaybeverydifferentfrom thatof I/O bandwidthcon-
sumption.Hence,two parameters,� � and � " areusedto scale
theirvalues.By adjustingthevaluesof � � and � " moreweight
canbeputoneithernetwork or I/O bandwidthrequirements.

The constraintsensurethat: 1) the total numberof servers
selectedis

�
andthe total numberof server locationsis

�
, 2)

for a given communityand a given video only one server is
selected,and3) all requestsfor a videofrom a communityare
directedto a selectedserver.

� �
in thefirst constraintindicates

whetherlocation � wasselectedfor aserveror not,thatis, if the
requestsfrom at leastonecommunityfor any videoaredirected
to thatlocation,andis formally definedas:

� � ��� - if � � ��� � �
����� ���� ��� ������	��
��� ��� 
 (6)

Thesecondconstraintensuresalsothateveryvideowhich is
requestedby at leastonecommunityis availablein at leastone
location. This conditionis coveredby a strongerrequirement
thatall requestsaredirectedto someserver. Sincetherequest
distributiondeterminesthevideosdistribution, thevideoavail-
ability conditionis satisfiedautomatically.

B. CapacitatedProblem

The emphasisof the capacitatedproblemformulationis on
therequestdistributionamonganumberof pre-selectedservers
with differentandlimited capacities.We assumethatthenum-
ber of servers, their locationsand capacitiesare given. The
requestdistribution is definedby a setof aforementionedvari-
ables 
 � �� � � . Ideally all requestsfrom all communitiescanbe
accepted. Given limited resourceavailability, the goal is to
maximizethe numberof requeststhat can be accepted.No-
tice that theI/O bandwidthrequirementfunctionexpressesthe
averageconsumption,sinceit is basedon the averagenumber
of concurrentaccessesto avideo.Thus,weminimizetheprob-
ability that a requestis rejectedby maximizingthe minimum
spare I/O bandwidthcapacityat theservers. Storagespacere-
quirementon the otherhand,is fixed for a given requestdis-
tribution. Therefore,it is sufficient to requirethat the storage
capacityis not exceeded.The secondgoal is the sameas in
theuncapacitatedproblem:minimizingthetotalnetwork band-
width consumption.The capacitatedproblemis definedmore
formally in thefollowing way:

min. � � ���� ��� � �
����� � � ��� ��� � � ���� � � � �� � �

� "������ �� ��� � � �
����� � � � � 	 ��� � � � � � ��� ��� � � �� � � �� ��� 	 � � �

s.t. 1) �
�
����� � �� � � : � �

2) � �� ��� � �� � � - � � - 4������ 4 �
3) � �� �	��
 � 4 - �

(7)
where

� �
denotesstoragespaceand

� �
denotesI/O bandwidth

availableat server � . � �� indicateswhethervideo � shouldbe
storedat server � or not. It is a functionof requestdistribution
definedasfollows:

� �� � � - if � � ��� � �� ��� ������	��
���� ��� 
 (8)

Constraints2) and 3) are similar to the constraintsof the
uncapacitatedproblem. They ensurethat all requestsare di-
rectedto someserver andthat the assignmentis doneon per
(video, community)basis. In contrastto uncapacitatedprob-
lem, this time we considera fixednumberof servers

�
andre-

quire that the storagecapacityis not exceededat any of the
servers. Therefore,the total storagespaceavailable must be
equalto at leastthesumof thesizesof all videosfor a solution
to exist: � �� ��� � � � �

�
����� � � .

C. CapacityDistribution

Thecapacitatedproblemformulationof optimizingthetotal
resourceconsumptionleadsto the secondgroupof problems
in the geographicallydistributedvideo server system,that is,
the resource availability at each serverlocation. We explore
theproblemof assigningI/O capacityandstoragespaceto each
location. The network bandwidthis not includedin the con-
siderationsinceits consumptionit not localizedonly at servers
but distributedin thenetwork alongpathsbetweenclientsand
servers.

Theintuitive approachis to placethecapacitywherethere-
quirementsarein orderto save theWAN bandwidthandto im-
provetheperformance.Therefore,wefirst identify whichcom-
ponentsof thesystem,namelywhichcommunitiesgeneratethe
mostdemand.Thefirst setof candidatesarethecommunities
which arelarge in termsof numberof clients. Thesecondset
of candidatesarediversecommunities,in which thevideode-
manddistribution is lessskewed. Recallthatdueto thenature
of I/O bandwidthrequirementfunction,givenafixednumberof
requests,therequirementsarelower if themajorityof requests
arefor a smallnumberof videos.Thus,therearetwo parame-
tersthatcharacterizea communitywith respectto thedemand
it generates:sizeandthedegreeof diversity.

Ourgoalis tochoosethenumberandlocationsof theservers,
andassignthe I/O capacityandthe storagespaceto eachse-
lectedserver. We assumethat the total amountof both types
of resourcesis limited and that thereis a fixed openingcost
for eachserver location. The demand-basedcost of a given
resourcedistribution ( 
 � � 4 � � � ) is givenby thenetwork band-
width requiredto satisfythedemand.We formulatethecapac-
ity assignmentproblemas the minimizationof the total cost,
including openingcostanddemand-basedcost,subjectto re-
sourceavailability.

We relatethenetwork bandwidthrequiredfor a givencapac-
ity distributionto thecommunitycharacteristicsby theuseof a
hypotheticalvideoset.Givena numberof videos,thepopular-
ity of eachvideoin agivencommunityisdrawnfromaZipf dis-
tribution[24,25],whosemeanis determinedby thecommunity
sizeand the skewnessparameteris determinedby the degree
of diversity: ��� � � � � � � � � ���  � � , where � � denotesthe skewness
parameterfor community � and � � denotesits size. Given the
video popularity for eachcommunity, we assigneach(video,
community)pair to oneserver locationin suchawaythatif the
resourcerequirementsdeterminedby thisassignmentwereused
to distribute thecapacity, thetotal costwouldbeminimized:
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min. �
�� ����� � �

����� � � ��� � � � � �� � � � � �� � � � �����
s.t. 1) �

�� ��� � �
����� � � � � 	 ��� � � � � �1� ��� � � � � �� � � �� � � : �

2) �
�� ��� � �

����� � �� � � : �
3) �

�� ��� � �� � � - � � - 4 ����� 4 �
4) � �� �	� 
 � 4 -�

(9)
where

�
is the openingcost. Requestsdistribution is repre-

sentedby the set of variables� �� � as definedpreviously. The
componentsof theoptimizationfunction includethe total net-
work bandwidthrequiredandtheopeningcost. Constraints1)
and2) ensurethat the total resourcerequirements,I/O band-
widthandstoragespace,respectively, donotexceedtheamount
available for distribution. The remainingtwo constraintsen-
sure,similarly to two previous problems,that all requestsare
directedto someserver. Given solution to this optimization
problem 
 � �� � � , weassignthecapacityin thefollowing way:

� ��� ��
����� � � � � 	 � � � �9� �

� ��� ��� � ���� � � �� �%� 4 � �+� ��
����� � �� � �

V. HEURISTIC SOLUTIONS

A. Heuristicsfor UncapacitatedProblem

The constrainedproblem of selectinga fixed numberof
serversfrom all availablelocationsis NP-complete[26]. Thus,
wedeviseheuristicsolutionsto theuncapacitatedproblem.Our
solutionconsistsof threesteps.Proxyprefixfor eachproxyand
eachvideo

	 � � is selectedin thefirst stepin sucha way thatthe
total amountof datathathasto betransferredfrom a server to
a client is minimized,subjectto the buffer sizeandI/O band-
width constraintsat theproxy. Then,givenproxy prefixeswe
choosea server for eachvideoandeachcommunityin sucha
way that the total I/O andnetwork bandwidthrequirementsof
all serversareoptimized. Finally, givenserver assignmentfor
eachvideoandeachcommunityandproxy prefixes,we select
theserverprefixfor eachserverandeachvideoin its setin such
a way that theminimizationof I/O bandwidthconsumptionat
eachserverisachieved.In thefollowingdescriptionweconcen-
trateon thesecondstep,i.e., videolocationproblemassuming
that theproxy prefixesfor eachvideoarealreadyselected(for
detailsonproxyandserverprefixselectionsee[4]).

In order to direct requestsfor eachvideo from eachcom-
munity to

�
serverswe proposea greedyapproach. Thereare

two criteriadetermininghow goodasolutionis: I/O bandwidth
and WAN bandwidthconsumption. Recall that WAN band-
width consumptiondependson theamountof datatransferred
betweena client anda server andthedistanceover which it is
transferred.The amountof datais determinedalreadyat this
pointby theproxyprefix size.Hence,in orderto minimizethe
WAN bandwidthconsumptionthelogicalchoicefor eachcom-
munity is to direct its requeststo the closestserver location.
Thehigherthenumberof serversavailable,thesmallerthetotal
WAN bandwidthrequirements.On theotherhand,theoptimal
I/O bandwidthconsumptionisachievedwith onlyoneserverin-
dependentof its location.I/O bandwidthis notagoodcriterion

for a greedyselectionof
�

serverssincethereis no incentiveto
choosemorethanoneserver. Thus,we performgreedyserver
selectionbasedon theWAN bandwidthconsumptionfirst, and
thenadjustthesolutionby redirectingsomeof requeststo con-
trol theI/O bandwidthconsumption.

1) GreedyServerSelection: The greedyalgorithm con-
structsa solution by choosingoneserver at a time makinga
locally optimaldecision. Thefirst server denotedby � � is se-
lectedin suchawaythatif all requestsweredirectedto asingle
server, the network bandwidthrequirementwould be optimal
for � � . Next, anotherserver � " is addedto the setof selected
serversin sucha way thatthenetwork bandwidthconsumption
for apair

� � � 4 � " � is equalto theminimumoverall pairs
� � � 4 � � ,

� � - 4 ��� 4 � and � D� � � . In a similar way we choose��� andthe
consecutiveserversuntil thenumberof serversis equalto

�
. At

eachsteptherequestsfrom eachcommunityaredirectedto the
closestserver in theselectedservergroup.

2) I/O BandwidthAdjustmentLevels: Thegreedyalgorithm
yields a solution whoseI/O bandwidthrequirementsmay be
quite far from optimal. Dependingon the relative importance
of I/O bandwidthrequirements,thesolutioncanbeadjustedto
lower theserequirementsat the costof potentiallyincreaseof
thetotalWAN bandwidthconsumption.Theadjustmentcanbe
madeat two levelsof granularity. We canredirectall requests
for agivenvideofromoneservertoanother, whichisequivalent
to removing thevideofrom oneserver’s videoset. Or we can
redirectrequestsfor a video fromsomecommunitiesonly from
oneserver to another. We refer to the server from which re-
questsareredirectedasasourceserver, while aserver to which
requestsareredirectedasdestinationserver.

a) Coarse level of adjustment: We examine the more
coarselevel of granularityfirst. The video is removed from
sourceserver’s videoset. Notice that if thevideois not in the
destinationserver’s video setalready, the changewill not af-
fect thetotal I/O bandwidthconsumptionandonly increasethe
network bandwidthconsumption.Thus,thegoal is to consoli-
daterequestsreachingtwo differentservers.TheI/O bandwidth
consumptionat the sourcedecreasesafter consolidationwhile
theI/O bandwidthconsumptionatthedestinationmayincrease.
Recallthatconsolidatingrequestsat oneservercannotincrease
thetotal I/O bandwidthconsumption.

b) Fine level of adjustment: At thesecondlevel of gran-
ularity theI/O bandwidthrequirementadjustmentis performed
by redirectingrequestsoriginating in one community for a
givenvideo from oneserver to another. In this casethevideo
may remainin the source’s video set. In contrastto the more
coarselevel of adjustmentgranularity, suchchangemay yield
anincreaseof the total I/O bandwidthconsumption.Thus,we
formulatenow thenecessaryandsufficient conditionsfor such
aredirectionto reducethetotal I/O bandwidthconsumption.

Considerrequestsfor video � originating in community � .
Theeffectof redirectingtheserequestsfromserver � on theI/O
bandwidthconsumptionat this server dependson the relation
betweenthevideoproxyprefixsize

	 � � for community� andthe
server prefix size ��� � . If proxy prefix is larger thanthe server
prefix, redirectingrequestsfrom the server doesnot affect the
I/O bandwidthconsumptionat the source. Part of the video
receivedby clientsfrom the server is transmittedin broadcast
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Fig. 5. Server I/O bandwidthconsumptionafter requestsredirectionfromaserver
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Fig. 6. Server I/O bandwidthconsumptionafterrequestsredirectionto aserver

modewhoseI/O bandwidthconsumptiondoesnot dependon
the numberof clients. Also the server prefix size doesnot
changemeaningthat the optimal I/O bandwidthconsumption
at the server is still obtainedwith the sameprefix size. The
proof of suchbehavior is presentedin the Appendix. Hence
thenecessaryconditionfor the redirectionto decreasethe I/O
bandwidthrequirementsat thesourceis thatproxyprefix is no
larger thantheserverprefix. It followsnaturallythattheserver
prefix must be larger than 0. Figure5 shows the destination
server I/O bandwidthconsumptionasa functionof server pre-
fix size beforeand after the redirectionof requestsfrom one
communityfor a video with proxy prefix smallerthan server
prefix5(a),andfor a videowith proxyprefix largerthanserver
prefix 5(b). We observe that in thefirst casetheminimumI/O
bandwidthis lower andobtainedfor a largerserver prefix size,
while in the latter casetheoptimal valuedoesnot changeand
theserverprefixsizeremainsthesame.

Similarly whentherequestsfor avideooriginatingin agiven
communityareredirectedto server � from anotherserver, the
I/O bandwidthconsumptionat thedestinationincreasesonly if
theproxy prefix is smallerthantheserver prefix. In summary,
thetotalI/O bandwidthconsumptionmaybereducedonly if we
redirectrequestsfor avideofrom aserverwhoseprefixis larger

thantheproxy prefix. If in additionthedestinationserver has
prefix smaller than the proxy prefix, the total I/O bandwidth
consumptionis reduced.Otherwise,it is possiblethat the re-
ductionat the sourceis smallerthanthe increaseat the desti-
nationserver. The first conditionis a necessaryconditionfor
thereductionof thetotal I/O bandwidthconsumptionwhile the
combinationof bothconditionsis asufficientconditionfor such
reduction.Noticethat if a sourceserver receivesrequestsfor a
givenvideoonly from onecommunity, thenecessarycondition
is satisfied. In this casethe proxy prefix is no larger thanthe
sourceserver prefix andtheI/O bandwidthconsumptionat the
sourceis alwaysreduced.

3) I/O BandwidthAdjustmentHeuristic: Basedontheseob-
servations,we canlower thetotal I/O bandwidthrequirements
by redirectingsomerequestsform oneserver to another. The
heuristicalgorithm consistsof two operations:selectingthe
sourceanddestinationserversandselectingtheobject,videoor
(video,community)pair, to beredirected.In orderto minimize
thenumberof redirections,we canchoosesource,destination
andobjectthatyield thelargestreductionof theI/O bandwidth.
However, thecomplexity of identifyingsuchcandidatesis quite
high for a largenumberof serversandlargenumberof videos� � � " � � . Thus,weformulateagreedyalgorithm.Weconsider
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all videosthatareavailableon at leasttwo servers. Fromthis
setwe choosethevideowhoseglobalpopularityis thehighest
andconsolidaterequestsfor this video from two serverswith
the largestI/O bandwidthconsumptiondueto this video. We
choosetheserver for which theincreasein network bandwidth
consumptionis thesmallestasthedestination.Suchoperation
is repeateduntil a desiredI/O bandwidthrequirementvalueis
reached.Notice that after a sufficiently largenumberof steps
theminimal valuecanbereachedwheneachvideois available
at oneserver only. A morepreciseadjustmentis performedat
a finer level of granularityby choosinga (video,community)
pair, which satisfiesthe necessaryconditionfor the reduction
of thetotal I/O bandwidthat thesourceandhasthelargestI/O
bandwidthrequirement.

4) Load BalanceHeuristic: The I/O bandwidthrequire-
mentscan be modified also to balancethe loads acrossall
servers. For that purposewe usethe solutionyieldedby the
greedyserver selectionas the startingpoint. Server with the
maximumI/O bandwidthconsumptionis selectedasa source
and the server with the smallestI/O bandwidthconsumption
as a destination. We redirectrequestsfor the video with the
highestI/O bandwidthrequirementsat thesourcesuchthatthe
redirectiondoesnot increasethe destination’s I/O bandwidth
consumptionbeyondtheaveragevaluefor all theservers.This
stepis repeateduntil thedifferencebetweentheI/O bandwidth
requirementsandtheaveragevalueat eachserver doesnot ex-
ceedsomepredefinedvalue.

B. Heuristicsfor CapacitatedProblem

A similar approachcanbe usedto obtaina solutionfor the
capacitatedproblem. We assumenow that eachserver hasa
limited I/O bandwidthcapacityandourgoalis to maximizethe
totalnumberof requeststhatcanbesatisfied.Initially wedirect
requestsfrom eachcommunityto the closestserver in order
to obtaina solutionwhich is optimal with respectto the net-
work bandwidthrequirements.Next, we modify theI/O band-
width requirementsto maximizethe minimum sparecapacity
atany server. Ourheuristicachievesthatgoalby equalizingthe
sparecapacityacrossall servers. We redirectrequestsfrom a
server with the highestdifferencebetweenthe I/O bandwidth
requirementsandits capacityto a serverwith thehighestspare
capacity. Thevideofor which therequestsareredirectedis se-
lectedasa videowith the largestI/O bandwidthrequirements
at the sourceand the redirectiondoesnot increasethe desti-
nation’s I/O requirementsbeyond its capacity. If noneof the
videosat thesourcesatisfythe lattercondition,we choosethe
secondlargestoverloadedserver as the source. Thesesteps
arerepeateduntil no moreredirectionsarepossible. In order
to maximizethe numberof requeststhat canbe satisfied,we
next performthe adjustmentat a finer granularity. We choose
a (video, community)pair with the maximumI/O bandwidth
requirementat thesourceandtheredirectiondoesnot increase
destination’s I/O bandwidthrequirementsbeyondits capacity.

C. CapacityDistributionHeuristic

Similarly to the uncapacitatedrequestdistribution problem,
capacitydistribution is also an NP-hardproblem. Therefore,

we devise a heuristicsolutionalso for this problem. The to-
tal openingcostincreaseswith thenumberof serverswhile the
demand-basedcostgivenby thenetwork bandwidthconsump-
tion decreases.Giventhis trade-off, we arelooking for a num-
berof serverlocationsthatachievetheminimumtotalcost.The
I/O bandwidthandstoragespaceconstraintslimit the number
of serversin whicha videocanbestored.

We solve the problemin two steps. First we choosethe
serversin agreedywayto obtainasub-optimalvalueof thecost
functionignoringresourceavailability constraints.In thisphase
therequestsaredirectedalwaysto theclosestservercontaining
a video in orderto minimize thedemand-basedcost. Next we
adjustthesolutionto accountfor theresourceconstraints.

1) GreedyServerSelection: The minimumnetwork band-
width consumptionis achieved with all

�
servers utilized,

by directingall requestsfrom eachcommunityto the closest
server. This setof serversresultsalso in the highestopening
cost. As the numberof servers decreases,the openingcost
decreaseswhile thenetwork bandwidthrequirementsincreases
(morespecificallydonotdecrease).Wesearchfor theserverset
yielding theoptimal costin a greedyway. Fromthesetof all
serverswe eliminatea server, whoseremoval yieldsthesmall-
estincreasein thenetwork bandwidth.Sincetheopeningcost
dependsonly on thenumberof servers,theserver choicedoes
not affect thecorrespondingdecreasein thetotal openingcost.
We repeatthis processuntil thereis only oneserver left in the
set.

2) I/O andStorageCapacityDistribution: Theserversetis
selectedin thefirst stepundertheassumptionthateachcommu-
nity sendsall of its requeststo thenearestserver. Suchrequest
distribution determinesI/O bandwidthand storagespacere-
quirements.Theserequirementsmayviolatetheresourceavail-
ability constraints.Therefore,we adjustthe solutionby redi-
rectingsomerequestsasnecessary. Thegoal for this phaseis
to satisfytheI/O constraintswith theminimal increasein cost.
Redirectionmayonlydecreasethetotalopeningcost.However,
any redirectionresultsin anincreasein thetotaldemand-based
cost. Therefore,we usea strategy similar to the heuristicI/O
bandwidthadjustmentin uncapacitatedproblem.We choosea
videowith theminimumglobalpopularityandtwo serverswith
themaximumI/O bandwidthconsumptiondueto theselected
video.Theserver for which theincreasein network bandwidth
consumptionis smallerbecomesthe destinationandthe other
server becomesthesource.Theprocessis continueduntil I/O
bandwidthconstraintis satisfied.As wewill shortlyseechoos-
ing videoswith low popularityfor requestredirectionresultin
lower increasein cost than using other criterion suchas the
highestpopularityor thehighestI/O bandwidthconsumption.

Notice that eachredirectionreducesstoragespacerequire-
mentsat the sourceserver anddoesnot increasethis require-
ment at the destination. If the solutionsatisfiesthe total I/O
bandwidthconstraint,but violatesthestoragespaceconstraint,
we continuetheredirectionprocessuntil thestorageconstraint
is alsosatisfied.Noticealsothat in contrastto thecapacitated
problem,we do not maximizethesparecapacityat eachloca-
tion. The goal is to placethe capacitycloseto the demand.
Therefore,we makeonly adjustmentsthatarenecessaryto sat-
isfy the availability constraints. Any redirectionbeyond this
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Fig. 7. Influenceof videochoiceon theresourcerequirements

pointwould increasethecostunnecessarily.

VI . NUMERICAL TEST RESULTS

We haveconducteda numberof teststo examinetheproper-
tiesof theproposedheuristicalgorithms.In theevaluationwe
concentrateon themain resourcerequirements,i.e., I/O band-
width andWAN bandwidth.

A. Testsettings

Thereare100communitieswhoselocationsdeterminingthe
distancefrom theserver locationsareselectedat random.The
set of video contains100 equal-lengthvideos. The popular-
ity for eachvideo is drawn from a Zipf distribution: � � � �
� � � � �� � � � � , where � � � � .�� [27] , � � is the sizeof community
� (i.e., thenumberof clients)drawn from a normaldistribution
and � � � is the popularityrank of video � in community � . No-
tice that sinceall videosare of the samesize, the popularity
drawn from aZipf distributionexpressesthenumberof concur-
rentaccesses.Theranksfor all 100videosarechangedfor each
communityby a permutation.Morepreciselywe divide theset
of videosinto 4 groupsandapply permutationto eachgroup
separately. We assumethat therearevideos,which aregener-
ally popular, althoughtheirexactranksmaystill vary from one
communityto another. We choose10 locationsat randomas
potentialserver locations.
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Fig. 8. I/O bandwidthdistribution comparison

B. UncapacitatedProblem

The greedyserver selectionalgorithmchooses5 out of 10
server locations. The heuristicthat we useto adjust the I/O
bandwidthrequirementscanyield any valuebetweenthesolu-
tion obtainedwith thegreedyserver selectionandtheoptimal
I/O bandwidthrequirements.Theheuristiccanobtaintheopti-
malvalueafterperformingsufficiently largenumberof redirec-
tions. A stopcriterioncanbedefinedto obtaina desiredvalue
of I/O bandwidthrequirementslarger thantheminimum. No-
tice thatin orderto reachtheoptimalvalueonly adjustmentsat
themorecoarselevel of granularityhaveto beperformed.

1) Video SelectionCriterion: We have conducteda num-
ber of teststo examinehow the selectionof the objects,and
thesourceanddestinationserversaffect theI/O bandwidthre-
quirements.We usethe global popularityof a video andthe
I/O bandwidthconsumptiondueto a videoasthetwo possible
criteria for theobjectselection.Figure7(a)shows anexample
of how the total I/O bandwidthconsumptionchangeswith the
numberof redirectionsfor themaximumandminimumversion
of bothcriteria. We have includedalsoa randomvideoselec-
tion for the purposeof comparison.In eachcasetwo servers
with the maximumI/O bandwidthconsumptiondueto these-
lectedvideo arechosenasthe sourceanddestinationservers.
Thefastestreductionis obtainedwhenweselectthevideowith
thehighestglobalpopularityat eachstep,andthe slowestoc-
curswhenthe lowestpopularityvideois selected.Figure7(b)
presentsthe correspondingincreasein the network bandwidth
requirements.After examininganumberof cases,weconclude
that the fastestreductionof I/O bandwidthis obtainedeither
with thehighestpopularityusedasacriterionor thehighestI/O
bandwidthrequirements.Thedifferencebetweendifferentcri-
teria,however, is not large. We observe alsothatchangingthe
criteria for the selectionof the sourceanddestinationservers
doesnot have asignificantinfluenceon thespeedof I/O band-
width requirementsreduction.

2) NetworkBandwidthIncrease: Eachredirectionincreases
network bandwidthconsumption.We control this increaseby
consolidatingrequestsalwaysat the server for which the net-
work bandwidthconsumptionincreaseis smaller. The lowest
network bandwidthrequirementfor the solutionoptimal from
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the I/O bandwidthpoint of view, is obtainedby placingeach
videoat a server, which yieldsthesmallestnetwork bandwidth
consumption.Notethatthenumberof serversusedby suchso-
lution maybesmallerthanthetargetednumber

�
. Theheuris-

tic makesa greedychoiceof destinationserver for eachredi-
rection. Therefore,the solution with optimal I/O bandwidth
requirementsmaynot reachthelowestpossiblenetwork band-
width requirement.In orderto evaluatethe solutiongiven by
the heuristicw.r.t. network bandwidth,we comparethis solu-
tion with the lowestnetwork requirementsobtainablewithout
increasingthe I/O bandwidthconsumption.Figure8 presents
the comparisonbetweenresourcerequirementsat eachserver
for thegreedyserverselection,theoptimalI/O solutionwith the
lowestnetworkbandwidthrequirementsandtheoptimalI/O so-
lution obtainedwith theheuristic.We observethatservers2, 3,
7, 8 and10areselectedby thegreedyapproach.TheI/O band-
width adjustmentheuristicreducesthis setto only two servers
7 and10. Thesameserversarechosenfor theoptimalsolution
with minimal WAN bandwidthconsumption.Although these
two solutionsdiffer in distribution of requestsamongservers,
their total resourcerequirementsarevery closeto eachother.
We concludethat theheuristicsolutionallows us to adjustthe
I/O bandwidthto an arbitrary level limited only by the min-
imum I/O bandwidthrequirementswhile controlling the in-
creasein network bandwidthrequirements.
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C. LoadBalance

Figure 9 presentsthe resultsof load balancingheuristics.
Eachcurve correspondsto the I/O bandwidthrequirementsat
oneserver andshows how theserequirementschangewith the
numberof redirections. We observe that the requirementsat
two out of thefive serversareabove theaverage.At eachstep
theI/O bandwidthconsumptionatoneof thesetwoserversis re-
ducedwhile I/O bandwidthconsumptionof oneof theremain-
ing servers is increased.The processcontinuesuntil the dif-
ferencebetweenthe maximumrequirementandthe minimum
requirementis smallerthansomepredefinedvalue.Weobserve
alsothatthetotal I/O bandwidthrequirementsarereducedasa
resultof theredirections.However, noteverystepyieldssucha
reduction.A redirectionmaybeperformedon therequestsfor
the video that is not presenton the destinationserver prior to
the redirection.The numberof stepsrequiredto achieve load
balancedependsonthevarianceof theI/O bandwidthof the so-
lutiongivenby thegreedyserverselectionandtoalesserdegree
onthepredefinedvalueusedasa stopcriterion.

In orderto minimize thenumberof redirectionsrequiredto
achieve load balance,the object selectedin eachstep is the
videowith thelargestI/O bandwidthrequirementat thesource
server. ThehighI/O bandwidthrequirementsarerelatedto high
popularity. As a resultof usingsuchcriterionwe observe that
thenumberof copiesof themostpopularvideois reducedcom-
paredto lesspopularvideos.Wehaveconductedatestin which
thevideowith thesmallestI/O bandwidthrequirementsat the
sourceserver is selectedfor requestredirection. As a result,
the load balancewasachieved after a larger numberof steps.
We observealsothatsincein thecase,thenumberof copiesof
the leastpopularvideosis reduced,thenetwork bandwidthre-
quirementsarelower thanfor thesolutionobtainedpreviously.
Figure10 presentsthe comparisonof the total I/O andWAN
bandwidthrequirementsasafunctionof thenumberof redirec-
tions in both cases.We observe that the total I/O bandwidth
consumptionachievedby loadbalanceheuristicis lower when
a videowith the maximumI/O bandwidthrequirementsis se-
lectedin eachstep,but the differenceis not very significant.
Thedifferencein network bandwidthconsumptionin thesetwo
cases,on theotherhand,is quitelarge.Therefore,weconclude
that thereis a trade-off betweenthe numberof stepsrequired
to achieve load balanceandnetwork bandwidthrequirements
resultingfrom theheuristicsolution.

D. Capacitatedproblem

Thefirst stepin theheuristicfor the capacitatedproblemis
directingrequeststo the closestserver. Figure11(a)presents
anexampleof theresultingcapacitydistributionandI/O band-
width requirementdistribution. We observe that not only the
capacityof someof theserversis exceededbut alsothattheto-
tal requirementsexceedthetotalcapacity. By redirectingthere-
questsweachievetwo goals:bring thetotal andper-serverI/O
bandwidthrequirementsbelow thecapacityif possible.Figure
11(b)shows thecapacityandI/O bandwidthrequirementsdis-
tributionafterredirectionprocesses.Recallthatourgoalis not
only not to exceedthecapacityat any server but alsoto max-
imize the minimumsparecapacityon eachserver. Therefore,
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the redirectionprocessendswhen the sparecapacityat each
server doesnot differ from theaveragesparecapacityby more
thanapredefinedvalue.

E. Capacitydistribution

Figure12(a)illustratesthetotalcostfor thegreedyserverse-
lectionphase.Thetotal costrelatedto thenetwork bandwidth
requirementsis a decreasingfunctionof thenumberof servers,
while theopeningcostincreaseswith thenumberof servers.If
theopeningcostis insignificantcomparedto thenetwork band-
width, the optimal solutionincludesall servers. The opposite
situationis alsopossible.In Figure12(a)the minimumis ob-
tainedfor a setof 5 servers,whoselocationarealsoselectedat
this point. Thesolutiondoesnot satisfytheI/O bandwidthand
storagespaceconstraints.Figure12(b) presentsI/O capacity
distribution beforeandaftertheadjustment.Therequirements
areloweredfor all servers. However, thecapacityassignedto
onelocationis larger thanfor theremainingones.This server
is selectedasa destinationmostof thetime whenit is involved
in requestredirectiondueto smallerincreasein cost.

VII . CONCLUSIONS

We have introduceda proxy-assistedperiodicbroadcastsys-
tem with multiple geographicallydistributed servers. Proxy

servers cachepart of eachvideo to minimize the amountof
datadeliveredby the servers. Given a set of video and the
requestscoming from a numberof communities,eachserver
choosesa modeof transmission,eitherunicastor broadcastto
minimize the I/O bandwidthrequirements.We have analyzed
how distributing requestsfor a given video amonga number
of serversaffects the aggregateI/O andWAN bandwidthus-
age.We foundthatWAN bandwidthusagedecreaseswith the
numberof serversandstronglydependson thelocationsof the
serversasexpected. I/O bandwidthrequirementon the other
hand,reachesits optimalvaluein a singleserver system.The
I/O bandwidthfunctionshowsmorecomplex behavior thanthat
of WAN bandwidth. We have defineda solutionto the video
placementanddeliveryproblemthatexploresthis trade-off be-
tweenWAN andI/O bandwidthrequirements.Our heuristics
allowsto reachadesirablevalueof theaggregateI/O bandwidth
requirement,boundedonly by theoptimalvaluewhile control-
ling WAN bandwidthusage.We arefurtherexploring this area
of researchby consideringvideodelivery in thewirelessenvi-
ronment.Additionalconstraintssuchasbandwidthavailability,
power managementand client mobility introduceanotherdi-
mensionto theproblemof videostreaming.
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APPENDIX

REQUEST REDIRECTION AND SERVER PREFIX SIZE

We demonstratethat redirectingrequestsoriginating in a
communitywhoseproxy selecteda largerprefix for thevideo
than the central server prefix, to a different server doesnot
changetheI/O bandwidthconsumptionat theserver. Theproxy
prefix beinglarger thantheserver prefix suggeststhat thepart
of thevideothata client hasto receive from theserver is only
transmittedin the broadcastmode. Recall that the I/O band-
width consumptionfor broadcastdependsonly on thenumber
of channelsandnot on thenumberof clients. Therefore,redi-
rectingsomeof the requestsfrom the server doesnot directly
affect the I/O bandwidthrequirements.However, redirection
doeschangethe global popularityof the video. Thus, it may
affecttheserverprefixselectionandtheI/O bandwidthrequire-
mentsas a result. We will show that suchchangesdoesnot
occur. That is, the minimum I/O bandwidthconsumptionis
achievedfor thesameserverprefixsize � � � if

	 � � � ��� � .
Let � bethecommunitywhoserequestsfor video � areredi-

rectedaway from server � . Server prefix sizefor video � was
selectedin sucha way that the I/O bandwidthrequirements
wereminimized. The I/O bandwidthconsumptionis a sumof
I/O bandwidthconsumptiondueto unicasttransmissionsof the
videoprefix andI/O bandwidthconsumptiondueto broadcast
of thevideosuffix. The total is expressedasa functionof the
numberof segmentsin theserverprefix in thefollowing way:

� �� � � � � � � � 	 ���9� �
� ��� ��� � � �� � (10)

Let theproxyprefixof video � belargerthanserverprefix � � � .
ThentheI/O bandwidthconsumptionafterredirectingrequests
from community � denotedby

�� �� � � � satisfiesthe following
conditions:

� �� � � � � �� �� � � � if
� : � 	 � � �

� �� � � � B �� �� � � � otherwise
(11)

In otherwordsthetwo I/O bandwidthcurvesareidenticalup
to

� � � 	 � � � since
� �� � � � � � � up to this point. Thefirst differ-

enceoccursat
� � � 	 � � � � - , the I/O curve after redirectionis

lower(Figure5(b)).Wewill show that
�� �� � � 	 � � �%� - � � � �� � � � �9�

andthus,theminimumis still obtainedwith serverprefix � � � .
ThebroadcastI/O bandwidthconsumption(first component

of the sum in Equation(10)) is a linear and thus strictly de-
creasingfunctionof the server prefix size

� 1. We show now
that theunicastconsumptionis a non-decreasingconvex func-
tion dueto thecharacteristicsof

� �� � by checkingthemidpoint
condition.Assumethat

� �� � � � � � � , i.e., theprefixsizeof some
video

�
is smallerthan

�
. Then:

� � -. � � � � . � � � � � � � � � - � � � ��� �� ��� � � 	 	 ��
� � (12)

where
� �� is the sizeof the segment� of video

�
. Recall that

segmentssizesform aFibonaccisequence:
� �� � � ��5� " � � �� � � .

Therefore:
�
Recallthat � �
	����� expressesthenumberof videosegmentsin thesuffix.



16

-. � � � � � . � � � � � ��� � �" 7������� * � ������ ( ��� �	�

( " � 	 8 � " � � ! �� � � �" � � � � . � � � �

Hence,
� �� � � � � is a convex functionand dueto linearcharac-

ter of broadcastI/O bandwidthconsumptionso is thetotal I/O
bandwidthconsumption.Thus:

�� �� � � ��� � � � B �� �� � � 	 � � � � B �� �� � � 	 � � � � - � (13)

The first inequality follows from the assumptionthat the
proxy prefix is larger thantheserver prefix beforeredirection,
while thesecondfollows from thefact that

� �� � � � is a convex
function.

Whenrequestsfor videoaredirectedto server whoseprefix
for thevideois smallerthanproxyprefix,theunicastI/O band-
width consumptionincreasesfor

� � 	 � � andhence,theserver
prefixsizedoesnotchange.


