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Abstract—Lar ge scalevideo streamingover Inter net requiresa
large amount of resourcessuchassewer I/O bandwidth, network
bandwidth. A number of video delivery techniquescan be usedto
lower theserequirements. Periodic broadcastby a central sewer
combinedwith proxy caching offers a significant reduction of the
aggregatenetwork and sewer I/O bandwidth usage.However, the
resouicesavailable to a single sewver are still limited. In this pa-
per we proposea systemwith multiple geographically distributed
servers. Multiple sewers besideoffering increasedresourcesand
sewice availability, allow a further reduction of network band-
width usage. The challengeis how to use multiple sewers effi-
ciently. We first analyzethe dependenceof the resource require-
ments on the number and locations of the sewers in a proxy-
assistedperiodic broadcastvideo delivery system. Basedon the
character of the function describing such a dependencewe for-
mulate and solve the problem of video location and delivery in a
way that minimizes resource usage.We explore the trade-offs be-
tweennetwork and I/O bandwidth requirements.We evaluate our
proposedsolutionsthr ougha number of tests.

Keywords: video streaming, periodic broadcast, proxy
cachingdistributedseners.

I. INTRODUCTION

Many multimediaapplicationssuchasdistancdearningand
video-conferencingely on video streamingechniques How-
ever, large scalevideo delivery requiresa large amountof re-
sourcessuchas storagespace sener I/O bandwidthand net-
work bandwidth.A numberof technique$have beenproposed
to reducetheserequirementandto addresghe scalability of
video delivery system. Periodicbroadcas{1] reducessener
I/0 bandwidthandnetwork bandwidthrequirement$or popu-
lar videosby segmentinga video andrepeatedlybroadcasting
thesevideosegmentsoverafixednumbernf channelsThenet-
work bandwidthrequirementeductioncanbe alsoachievedby
employing proxy senersto cachedata[2] at closeproximity to
theclients. Proxysenersstratgically placedat the boundaries
betweenwan Area Network (WAN) andLocal Area Network
(LAN) utilize their processingndbuffering capabilities.

Thetwo approachearecombinedinto a proxy-assisteghe-
riodic broadcas{3, 4]. By cachingpartial video contentat a
proxyandbroadcastingheremainingcontenfatacentralsener
we can achiese a significantresourcerequirementusagere-
duction. However, in a large scaleof the video delivery sys-
tem, theserequirementganstill be considerablylarge. Even
if theresourcaequirementsreindependenbdf the numberof

clients accessingeachpopularvideo asin periodic broadcast
schemesthe total requirementstill dependon the numberof
availablevideos. Proxy senershave alsolimited capabilities,
hence their ability to sase the requirednetwork bandwidthis
alsolimited.

In this paperwe proposeo employ multiple videosenersto
further reducethe resourcerequirement.Multiple sener sys-
tem offers threemajor benefits: 1) anincreasen the amount
of resourceswvailablesuchasl/O bandwidthandstoragespace,
2) increasederviceavailability andfaulttolerancedueto repli-
cation, and 3) further reductionof resourcerequirementsuch
asWAN bandwidthby allowing clientsto accessvideo from
a set of geographicallydistributed seners. A sener cluster
canbe usedto increaseresourceavailability, while reduction
of resourcausagaequiresa geographicalldistributedsystem.
Sincewe considervideo streamingover the Internet,network
bandwidthis animportantfactorandhencewe concentraten
thegeographicallyistributedsener system.

The challengein efficient utilization of multiple sener sys-
temliesin how to characterizéhedependencef theaggreate
I/0 bandwidthandWAN bandwidthrequirement®n the num-
ber andlocationsof senersemplog/ed. WAN bandwidthus-
age carbeintuitively reducededeploying multiple distributed
seners dueto the reductionof distancebetweenclients and
seners.l/O bandwidthonthe otherhand exhibits differentand
morecomplex behaior. We first shov thatthe minimum 1/0
bandwidthusageis obtainedwith a small numberof seners
and how the distribution of client requestdmpactsl/O band-
width usage. We thenformulatethe problemfor distributing
videosand client requestdor thesevideosamonga number
of potentialsenersthat allovs to reachary desirableevel of
I/0 bandwidthusageincluding the minimum value. We also
explorethe trade-ofs between/O bandwidthandWAN band-
width requirements.

We considesettingsvith anumbeiof videosenersavailable
(Figurel). Theclientsaregroupednto communitiesaccording
totheirlocations andaregenerallyconnectedo thesame AN,
thesamecablehead-enar the samelnternetServiceProvider.
Communitiesarespreadyeographicallyverthelnternet.Each
communityhasa proxy sener providing cachingservice.The
client requeststhat cannotbe satisfiedby the proxy are di-
rectedto oneof thegeographicalhdistributedseners. Seners
have moreresourcesvailablethanproxies,but therearefewer
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senersthancommunities Hence eachsener providesservice
to anumberof communities.The problemwe addresss video
placementi.e., decidingwhich senerseachvideois available
from, andvideodelivery, i.e., distributing client requestdor a
videoamonga numberof availableseners. Thegoalis to min-
imize theresourcaequirementsvhile maximizingthe number
of acceptedequestsWe considertthe uncapacitategtersionof
the problemfor which minimizing the resourceconsumption
is the maintarget, aswell asthe capacitatedrersion,in which
eachsener is assumedo have limited capacity We explore
the trade-ofs involved in video replicationamonga number
of seners,namelytheinfluencethe replicationhason the I/O
bandwidthandnetwork bandwidthrequirementsBasedon the
findingswe proposea schemegor videolocationanddelivery.

We examinealsoa differentaspeciof a multiple sener sys-
tem. Thatis, givena numberof possiblesenerlocations,what
is the bestcapacityassignmento eachlocation? We usethe
modelof the streamingvideo workloadto determinewhat ca-
pacityassignmenprovidesthebestbasisfor videolocationand
deliveryin the capacitatedersionof the problem.

The paperis organizedasfollows. In Sectionll we summa-
rize relatedwork on the proxy assisteceriodicbroadcasand
somegraphtheoreticapproacheso object (video) placement
anddelivery problem. In Sectionlll we presenthe resultsof
the analysisof resourcedependencen the numberandloca-
tions of seners. We formulatethe optimizationproblemfor
video placementanddelivery in SectionlV. In SectionV we
presentheuristicsolutionsto the optimizationproblems. The
testresultsandevaluationof the heuristicsaregivenin Section
VI. We concludethe paperin SectionVII.

Il. RELATED WORK

The problemof objectlocationandobjectdeliveryin a dis-
tributedsenersystemhasbeenconsideredor thewebandmul-
timediacontent.Someof the aspect®of the solutionsproposed
for the web contentdelivery are applicableto the video on-
demandsystems.However, certaincharacteristicef the mul-
timediaobjectssuchas high /0 bandwidthrequirementsand
durationof the transmissionposeadditionalchallenges.Our
approacho videodeliveryin a distributedmulti-sener system

is basedbn theframewvork combiningproxy cachingwith peri-
odic broadcastandassuchdiffersfrom otherdistributedmul-
timediasystemg5—71].

In this sectionwe first describethe generalframevork for
video delivery involving central seners, proxy seners and
clients. Next we comparethe requirement®f sucha system
with therequirementsf thewebcontentdelivery andpointout
how the experiencegainedwith thewebsystencanbeutilized
in multimediasystem.

A. Proxy-AssistedPeriodic Broadcast

A numberof schemesave beenproposedo addreswideo
streamingresourcerequirementst the sener. Bandwidthre-
ductionis achieved by exploiting datasharingamongclients.
Batchingandpatching[8—11] groupclientsto shareonetrans-
missionby delayingearlierrequestsand allowing a client to
join-on an on-goingtransmissionwhile receving the missed
videoparton aseparatehannel.

PBscheme§l,12-14]partitionavideointo anumberof sey-
ments. All segmentsare repeatedlyaccessedndtransmitted
by a centralsener over a numberof broadcasthannels Each
client collectsvideo sggmentsfrom thesechannelsandbuffers
themuntil their playbacktimes. The total bandwidthrequired
for broadcastransmissiordoesnot dependon the numberof
clients,but only on the sggmentatiorof the video, the number
of channelsandthe transmissiorrate of eachchannel. Thus,
the scalabilityis improved for accessingpopularvideos. For
in-frequentlyaccessedideos, unicastof individual streamis
still more efficient. Eachclient hasto collect all video sey-
ments thereforethe network bandwidthrequirements not re-
ducedunlesssomesharingof transmissiorof video sggments
over network with otherclientsis possible.Catching[15] and
MPatch[16] combinePB with patchingandbatching. Selec-
tive catching[15] explorespotential reductiondependenbn
thevideopopularity i.e.,theguidelinesareprovidedfor which
method,PB or patchingandbatching,resultsin higherreduc-
tion.

Anotherapproacho resourceequirementeductionis based
onvideocachingby a proxy [2,17]. A proxy cachesa part of
avideosothatthe amountof datathathasto be deliveredby a
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centralseneris decreasedPart of thevideocachedy a proxy
is obtainedby a client from the proxy in a given community
andtheremainingpartis deliveredby a centralsener. Among
a numberof waysto decidewhich part of the video shouldbe
cached18, 19], prefix cating offers an additionaladvantage
of reducingstart-updelay Clientrecevesvideoprefixfromthe
proxy and startsplaybackimmediately In the meantime the
client startsalsoreceptionandbuffering of videosuffix from a
centralsener. Proxy cachinghasbeencombinedwith PB in
[3,4] in-to a proxy-assistegeriodicbroadcast.

All of the abore-mentionedchemedarget minimizationof
the resourcerequirementunderthe assumptiorthat the video
setis providedby onecental server In our approachwe take
oneof thetechniquesproxy-assiste&B, onestepfurtherto ex-
plorethe possibleresourcereductionwith multiple serves. In
therestof this sectionwe describeproxy-assistedB in more
details. First we presenta simple scenarioof cooperatiorbe-
tweena single proxy (or a setof homogeneouproxies)anda
singlecentralsenerintroducedn [3]. Next we presenta sys-
tem with multiple heterogeneougroxiesanda centralsener
introducedn [4]. In thethird stepwe extendthe systemto in-
cludemultiplehetepgeneouserves with heterogeneoysrox-
ies,whichis the subjectof this paper

a) OneProxy- OneServer: In a systemconsistingof a
single proxy andsinglecentralsener, a setof popularvideos
is consideredDueto high videoaccesgopularity eachvideo
is partitionedinto two parts: a prefix anda suffix. The central
sener usesa PB schemeas an accessandtransmissiormode
for the sufix of the video. Proxy cachessomeprefix of the
videoin orderto reducethe numberof channeldroadcastetly
the seners, eachvideo sggmentcachedby the proxy reduces
thenumberof channeldy one.Sincethestoragespaceandl/O
bandwidthat the proxy arelimited, the available spacds opti-
mally partitionedamongvideosin sucha way thatthe number
of channeldroadcastetly theseneris minimized.Hence the
systemachiezesthe minimizationof the aggreyate serer 1/0
andnetwork bandwidthrequirements.

b) Multiple Proxies- OneServer: In a systemwith mul-
tiple proxies,we assumehatthe proxiesdiffer from eachother
with respecto the storagespaceand /O bandwidthavailable
at eachproxy. In additionto proxy heterogeneityalsovideo
popularityvariesfrom onecommunityto anothermandthevideo
setcontainsvideosof various popularities. A proxy chooses
the prefix for eachvideoin sucha way that the total amount
of datathat hasto be transferredy the centralsener is mini-
mized,subjectto the /O bandwidthandbuffer sizeconstraints

attheproxy. However, aproxy partitionsthevideobasednits
local videopopularityandits own capacity

A centralsener candeliver videoin oneof two modes:ei-
therthroughunicastor throughperiodicbroadcastThe choice
betweenunicastand PB transmissionss basedon the global
popularityof avideo,i.e., the aggrgatepopularitydetermined
by the accesdrequeng from clientsin all communities.The
global popularityhasto be high enoughfor PB to reducethe
resourceequirementascomparedo unicasttransmission.

Dueto thefactthatdifferentproxiesmaycachedlifferentpre-
fixesof avideo,globalpopularityof avideosegment(notenot
thewholevideo) at the sener is not fixed for the whole video
andmayvary for differentsegments.For examplesthe initial
few segmentof avideowhichareincludedin eachproxy prefix
have aglobalpopularityequalto 0. Thisis dueto thefactthat
no clientneedso accesshesevideoseggmentsfrom thesener.
The global popularityof a video segmentreflectsthe factthat
someof the proxiesalreadycachethe sggmentandclientsdo
not needto accesshatsegmentfrom the sener.

Basedon the global popularity of a video segment,in or-
derto achieve maximumresourceusagaeductiorwe allow the
choicebetweerunicastandPB transmissionio bemadefor dif-
ferentpartsof the samevideo. Sincethe global popularityin-
creasesaswe move from the beginningtoward the end of the
video,thereis a cut-off pointthatdetermineshedivisionof the
video into a serverprefix deliveredthroughunicasttransmis-
sionandserversufix deliveredthroughbroadcastransmission.
Notethatif the sener prefixis smallerthana proxy prefix, the
requireddatais alreadycachecat the proxy andno dataneeds
to be deliveredby the sener. If the sener prefixis largerthan
the proxy prefix, only the differenceneedsto be deliveredby
the sener via unicast. The suffix portionof avideois periodi-
cally broadcastetb all clients. For anot-so-populavideo,it is
possiblethe sener prefixis thewholevideoandthe proxy pre-
fix is 0. Thereforethewholevideois unicastedy the senerif
thereis arequesfor suchavideo. A numberof combinations
of video delivery modesare possible(Figure 2), from having
thewhole video cachedat the proxy to the whole video deliv-
eredvia periodicbroadcastransmissioror unicastby the cen-
tral sener.

The granularityof the sizesof both proxy prefix andsener
prefixis limited by the video sgmentatiordevisedfor the pe-
riodic broadcast.One of the possiblesegmentationss based
on the Fibonacciprogressiorin orderto limit the numberof
sggmentsthatthe client hasto receve simultaneousiyhrough
periodicbroadcasfl]. Thesgmentatioris alsofixedindepen-



dentof videopopularity

¢) Multiple Proxies - Multiple Serves: We now ex-
tendthis framework by including multiple geographicallydis-
tributed seners. The way proxy seners operateand choose
video prefixesis unchangedTheir 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 seners. The set of
videosis partition amongthe senersin sucha way that each
videohasto be storedin atleastonesener. Ontheotherhand,
therecanbe multiple replicasof a singlevideo presentin the
system. Hence,therearetwo problemsto solve. Oneis the
video location problem,which includesassigningeachvideo
to oneor moreseners. The otheris partitioningthe requests
for a givenvideo amongthe senersthat have areplicaof this
video. Thegoalis to minimizethe WAN bandwidthaswell as
the aggreyatel/O bandwidthrequirementst seners. In order
to achieve this goal we examinethe dependeng of I/O band-
width andWAN bandwidthon the numberof senersandtheir
locationsin the next section.

B. ObjectLocationandDeliveryProblem

The problemof objectlocation hasbeenconsideredor a
distributedWeb sener system[20]. Someof the solutionspro-
posedarebasednthegraphtheoreticapproachesnorespecif-
ically facility locationproblem[21]. Theproblemis definedas
follows. Thereis a setof locationsat which facilities may be
built ata givencost.Eachclientmustbe assignedo oneof the
facilities. The objectve is to find the numberof facilities and
their locationsin sucha way that the total cost, including fa-
cility openingcostanddemand-relatedost,is minimized.The
lattertype of costis definedby thedemandncurredby a given
client multiplied by the distancebetweerthe client andthefa-
cility. Often, the availablefacility locationsare the thesame
asclientslocations. Therearetwo broadclasseof facility lo-
cationobjectives. Oneobjective is to minimize the averageor
total demandweighteddistancebetweernclientsandfacilities.
The otheris to minimize the maximumdistancebetweenary
client andthe facility to which the clientis assigned.In some
problemformulationsthe objectiveis to locatea fixednumber
of facilities. Thek-centerandk-medianproblemsareexamples
of suchan approachin maximumand averageclassof objec-
tives,respectiely.

The facility location problemsare generallyNP-hardand,
thereforewe have to resortto heuristicapproachedn [22] the
objectlocationproblemis formulatedaschoosingocationsfor
senerreplicaswhereeachsenerreplicacontainghewholeset
of objects.Therequestdrom aclientaredirectedto theclosest
senerreplica.In [23] the problemis statedslightly differently.
A single objectdoesnot have to be replicatedin all selected
senerlocations.All objectsareavailablein their origin seners
andin additionmaybeavailableat otherseners.Theobjective
is to chooseahe placemenfor eachobject. Client’s requesfor
an objectis alwaysdirectedto the closestsener that contains
thatobject.In bothproblemstheobjectveis to minimizesome
measuresf the amountof network bandwidthrequiredto sat-
isfy the requests. The heuristic-basedolutionsproposedor

TABLE |

NOTATION
M | numberof communities
N | numberof videos
P | numberof senerlocations
ag popularityof videoj in communityi
bfl proxyi's prefix sizefor videoj
a] | senerl’s prefixsizefor video
C{ relative sizeof partof videoj notcacheddy proxyi
Ul?; relative sizeof videoj deliveredby broadcast
from senerl to communityi
m? | lengthof videoj
Sf lengthof sgment; of videoj
|z| | numberof sgmentsn x
& indicatorwhetherthereis a sener atlocation!
&/ | indicatorwhethervideo is storedatlocationl
B, | storagespaceavailableatsener!
W; | 1/O bandwidthavailableatsener!
yfl indicatorwhetherequestdgor video j
from community; aredirectedto sener!

theseproblemscomein afew flavors. They includegreedyal-
gorithmsthatchoosethe locationwhoseinclusionin the setof
selectedacilitiesyieldsthe smallestcost,randomselectional-
gorithms,and popularity-based@lgorithmsthat choosefacility
nearthe clientgeneratinghe greatesttemand.

The settingsfor the distributed web sener and distributed
videosener aresimilar, however, the characteristicef the ob-
ject deliveredin both systemsare quite different. Hence,we
canusethe experiencewith the distributedweb sener only to
someextend. Thedurationof thevideodeliveryto theclientis
significantlylongerthanthedelivery of awebobjectdueto the
videosizeandraterequirementalthoughvideocanbeconsid-
eredasawebobject.Videostreanconsumesignificantlymore
bandwidththanWebtraffic dueto the sizeof the object.Video
objectsrequiresignificantly more storagespaceat the sener.
Oneof thekey factorsin thelarge scalevideodelivery system,
besidenetwork bandwidthrequirementsarethel/O bandwidth
requirementat the senersandattheclients. This factoris not
consideredn the web sener system.Hence the objectivesfor
the distributedvideo sener includenot only minimizationand
loadbalancingpf the network bandwidthconsumptionbut also
minimizationandload balancingwith respecto the /O band-
width. We will shaw laterthattheinfluencethereplicationand
loadbalancinghave on the network bandwidthrequirementss
quitedifferentfrom theinfluenceonthel/O bandwidthrequire-
ments.

IIl. SERVER NUMBER AND LOCATION INFLUENCE ON
RESOURCE REQUIREMENTS

We now examinehow resourcaequirementslependon the
numberandlocationof the seners. We investigatevhatnum-
ber of senersyields the optimal I/O bandwidthand network
bandwidthrequirementandhow changinghelocationsof the
seners(or selectionof a subsebf the senerlocations)affects



theserequirementsThe notationusedthroughouthe paperis
summarizedn Tablel.

A. 1/0 Bandwidthin A DistributedServerSystem

We first concentrat®n the I/O bandwidthconsumptiorand
its dependencen the numberof seners. We show thatthe to-
tal I/0 bandwidthconsumptioris a non-decreasinfunctionof
thenumberof senersemployed. In otherwords,concentrating
requestdor a given video at a smallernumberof seners ei-
therdecreasethetotal I/O bandwidthconsumptioror doesnot
affectit. Whichoneis thecasedepend®nthevideopopularity

Considera videowith low local popularityaccessedrom a
numberof communities. If the requestsare spreadamonga
large numberof seners, the global popularity of the video at
eachseneris goingto bealsolow. Thus,eachsenerchooses
prefix equalto the videolengthanddeliversthe videothrough
aunicastransmissionThetotal I/O bandwidthconsumptions
equalto the sumof I/O bandwidthconsumedy unicasttrans-
missionat eachsener. If therequestaredirectedto a smaller
numberof seners,the resultingglobal popularityof the video
may be high enoughto warranta smallerprefix selection.Thus
somepart of the video would be deliveredthroughbroadcast
andthetotal I/O bandwidthconsumptiorwould be lower than
the sumof all unicast-related/O bandwidthrequirements.It
may alsobethe casethatglobalpopularityat a singleseneris
still low. Then,thesener prefixis still equalto thewholevideo
lengthandthe I/O bandwidthrequirementsrethe samefor a
smalleraswell asalargernumberof seners.

We now shav the dependencef the I/O bandwidthcon-
sumptionon the numberof senersin a moreformal way. Let
thevideosetat a sener consistsof N videosandassumehat
the requestscome from clientsin M differentcommunities.
Thel/O bandwidthrequirementt the sener is definedasfol-

lows:
N
W, :Z (jm? —all +Zo/UZJl
=1

where:m/ is thelengthof videojj, a’ is lengthof serer prefix

for thisvideoand|m? — ]| is thenumberof sggmentsin sener

suffix. [m? — a{| is equalto the numberof broadcasthannels
and constitutes/O bandwidthconsumptiondueto PB trans-
mission.a; is anumberof concurrenaccesse® videoj from

communityi. UZ% is therelative sizeof a partof videoj deliv-

eredthroughaunicastiransmissiotirom asenerto community
1 andis formally definedas:

j 0
Uy = aj —b]
mi

wherebf is the sizeof prefix selectedor videoj by aproxyin

communityi andl is the sener number Thena U/ is inter-

pretedas /O bandwidthrequirementueto unicasttransmis-
sionby a sener. For simplicity andwithout lossof generality
we assumehat the transmissiorrate of eachof the sggments
andthe playbackrate of eachvideois equalto 1. Sener pre-
fix is selectedn sucha way thatfor a givensetof proxy pre-
fixes,the l/O bandwidthrequiremenatthe sener (Equationl)

is minimized.

1)

if b} > al
otherwise

(2)

Considettwo senersreceving requestsgor videoj from dif-
ferentcommunities.Sincewe concentratéor now on a single
video we drop the superscriptj to simplify the notation. Let
a; anda, denotesener prefixesfor this video. Thetotal /1O
bandwidthconsumptiorfor bothsenersis expresseds:

W1+W2:|m—a1|+ Z aiU,'1+|m—a2|+ Z ;Ui

i€EA i€ As

where:A; and A, arethesetsof communitiesendingequests
tosener1 andsener2, respectiely, andsuchthatA;NA4, = (.
We shaw thatthereexistsa sener prefix suchthatthel/O band-
width requiremengfter consolidatiorof requestsait onesener
is nolargerthantheaggreyaterequiremenfor two seners.As-
sumethat the sener prefix after consolidationis equalto the
smallerof two sener prefixes:a = min (a1, as). Then,thel/O
bandwidthconsumptiordueto this videoafterconsolidatioris
equalto:

Wiz = |m —al + Z a;Uj(12)
i€EA1UAS
Noticethatthel/O bandwidthconsumptiordueto broadcast
transmissiomf thevideoafterconsolidatioris reducedy |m—
maz (a1, as)| orunchanged max(a;,asz) = m. Assumenow
thata; < as. Thenthetotall/O bandwidthconsumptiordueto
unicasttransmissiorof this videoatbothsenersis equalto :

W+ Wy = g a,- L E a,
i€EA, i€ Aq
bi<ai bi<as

—b; +as — )
= Y et Y
i€Aq i€ Ao
bi1<ai bi<ay
T (az — bi)
+ e Y
m
i€EAs
a1<b;<az
ay b, u
> g (% = Wi,
1€EA1UA9
bi<a1

We obsere that, the unicastl/O bandwidthconsumptioris
reducedor unafectedif a; = a». Sinceneitherunicastnor
broadcast/O bandwidthrequirementsncreasewe conclude
that the total requirementsio not increasewhen the number
of senersdecreasesMoreover, the I/O bandwidthusagede-
creasesf maz(ai,a2) < m and/ora; # as. This resultis
fairly intuitive. For communitiesvhoseproxy prefix is larger
than a;, but smallerthan a,, the unicasttransmissionfrom
sener 2 is now replacedwith the broadcastransmissiorfrom
senerl.

Thefollowing exampleillustratestheaforementionetbeha-
ior. Considera numberof communitieshaving the sameaccess
profile for a givenvideo andwith homogeneouproxies. The
requestdor thevideoaredistributedequallyamonga number
of seners.As wevarythenumberof senersfrom 1 to thenum-
berof communitiesye obserethattheglobalpopularityof the
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videoateachsenerdecreaseandconsequentlyhesenerpre-
fix sizeincreases.Figure 3(a) shavs that the I/O bandwidth
consumptiorat eachsener decreasesincethe loadis divided
amonganincreasingiumberof seners. Figure3(b) shavs that
thetotal I/O bandwidthconsumptiorincreases The Figureil-
lustratestwo cases:whenthe sener prefix sizeis fixed, and
when eachsener choosesan optimal prefix size. In the first
casethe /O bandwidthrequirementéncreasemuchfaster An
optimal prefix size choiceallows to slow down that increase
considerably Notice that whenthe numberof senersreaches
13,thetotal I/O bandwidthremainsunchangedvith thefurther
increasan thenumberof seners. At this pointsener prefixis
equalto thevideolengthandfurtherchanges notpossible.

In summarythel/O bandwidthrequirementarealwaysopti-
malin asinglesener systemjndependentf thatsener’sloca-
tion. Increasinghenumberof senersmayresultin anincrease
of I/O bandwidthrequirementgrovided that the global popu-
larity of avideois highenough Forlow globalpopularityvideo
thereis no differencebetweera singleandmultiple sener sys-
temin termsof I/O bandwidth.If the numberof senersdoes
make adifferencethe sener selectionfor given communities
may also matter It doesmatterif the local video popularity
variesa lot from onecommunityto another In thatcase,it is
beneficialto direct the requestdfrom the communitieswhere
thevideois very popular to a singlesener. In otherwords, it
is beneficialto “build” high globalpopularityatonesener.

B. WAN Bandwidthin DistributedServerSystem

We examinehow network bandwidthrequirementsiepend
onthe numberandlocationsof seners. WAN bandwidthfor a
singleseneris definedin thefollowing way:

N M
R =YY alCld;

j=1i=1

(3)

whered; is thedistancefrom community: to the sener. C{ is
therelative sizeof the partof videoj not cachedby a proxyin
communitysi. It is determineddy the size of the proxy prefix
andis formally definedas:

mi — bl

mi

¢l = 4)
whereb{ is the proxy prefix selectedfor video j by proxy i
in sucha W%}/ that the amountof datadeliveredto clients by
asener (3, M. adC?) is minimized. WAN bandwidth
is proportionalto the amountof datathat hasto be transmit-
tedby a senerto eachcommunityandto the distancebetween
thecommunityandthe sener. Notethatwe areassumingboth
segment(channel)transmissiorand video playbackratesare
normalizedto 1. Dueto its dependencen the distance WAN
bandwidthrequirements a decreasindunction of the number
of seners. It exhibits suchbehaior if we assumesachcom-
munity is assignedo theclosestsener available.Otherwiseijt
is possiblethat a smallernumberof senersresultsin smaller
network bandwidthrequirements.The total WAN bandwidth
consumeddependsvery strongly not only on the numberof
seners,but alsoon their locations. A decreasingharacteiof
thenetwork bandwidthfunctionis quiteintuitive. Assumethat
first a singlesener is usedto deliver all videosto all commu-
nities. Thenanotherseneris added.Therequestdrom some
of thecommunitiesareredirectedo the secondsener but only
if theirdistanceo thatseneris smallerthanthedistanceo the
first one. Thetotalamountof datatransferrecover WAN is the
samendependentf thenumberof seners,but thedistancede-
creasegor at leastdoesnot increasefor a highernumberof
seners.

Figure4(a) presentsan exampleof network bandwidthcon-
sumptionas a function of the numberof senersfor a single
video. With 5 potentiallocations thereis a numberof waysto
choosea smallerthan5 numberof seners(C?). For examples,
thereare10 differentwaysto choose2 outof 5 seners.Hence,
for agivennumberof senersonx-axisthereis onepointplotted
for eachpossiblecombination Thenetwork bandwidthvalueis
shovn asa percentagef themaximumvaluein eachcaseo il-
lustratethe variationof network bandwidthrequirements.

We obserethatnetwork bandwidthgenerallydecreasewith
the numberof seners. The lowest network bandwidthcon-
sumptionis obsered in a 5-sener system,the highestin a
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1-sener system. For a given numberof seners, the network

bandwidthvalue obtainedvariesquite significantlydepending
onthelocationsof theselectedseners. This effectis especially
visible in singlesener systemsandbecomedessprofoundas

the numberof senersincreases.Figure 4(b) presentsorre-

spondingl/O bandwidthrequirement.In contrastto network

bandwidth]/O bandwidthrequirementincreasewith thenum-

berof senersandshav muchwealerdependencenthesener

locations.

IV. PROBLEM FORMULATION

We usethetermsenerto refernotto a machinebut ratherto
alocation,wherea sener clustercanbe deplgyed. Giventhe
geographicadlistribution of resourcesthe taskis to distribute
the videosetand the client requestamongavailableserves.
We first describebriefly video delivery framewvork undercon-
sideratiorandthenproceedo formally formulatetheproblems.

We consideia setof Constant-Bit-Ratgideosavailablefrom
a setof geographicalhdistributedseners. The possiblesener
locationsareplacedstratgically amongcommunitiesbut their
numberis muchsmallerthanthe numberof communities.The
distancebetweeneachcommunityandeachsener is given by
somemetricexpressingnetwork delayor thenumberof routers
alongthepathfor example.Thegoalis to choosdocationsfor a
fixednumberof senersout of all availablelocations distribute
thevideosetamongthe selectedsenersanddistributerequests
for eachvideo amongall senes holding this video in sucha
way thatresourceequirementareminimized.Eachvideohas
to be storedon at leastone sener but theremay be multiple
replicasof a given video available in the system. Thatis, a
videomaybe storedat multiple seners.Sinceall clientswithin
onecommunityhavethesamedistanceo agivensenerandfor
simplicity we assumehatall requestgor a givenvideofrom a
singlecommunityaredirectedto a singlesener. It is possible,
ontheotherhand,thatdifferentvideosaredeliveredto a given
communityby differentseners.

We approachthe problem by assigningthe clients to the
senerson a pervideo basisat the communitylevel, i.e., we
choosea serverfor eat (video,community)pair. Notice that
suchassignmentleterminesot only the requestdistribution,

but alsothevideolocation,i.e.,thenumberof replicasfor each
videoandtheirlocations.If aseneris notselectedo accepte-
questdor agivenvideofrom ary community it doesnot keep
acopy of thatvideo. Otherwiseareplicaof thevideois stored
atthatsener.

We considertwo problemformulations. The first formula-
tionis anuncapacitategroblem,in whichwe assumehateach
senerhasadequateesource$o acceptll requestandthegoal
is to usetheseresource®fficiently. The otheris a capacitated
problem,in which the resourcesvailable at eachsener are
limited andhence the objective is to maximizethe numberof
acceptedequests.Theresourcesncludel/O bandwidth,net-
work bandwidthandstoragespace.

A. Uncapacitated’roblem

We proceedhow to formally definethe uncapacitategrob-
lem. Let P bethe numberof possiblelocationsfor geographi-
cally distributedseners. The distancebetweereachsener lo-
cationandeachcommunityis capturedby the distancematrix
dg, (1 <4 < M,1 <1 < P). Weintroducea setof vari-
ablesy}, to denotethe sener selectionfor eachvideoandeach
community yfl is equalto 1 if community: requestss/ideo j
from sener! andis equalto 0 otherwise.Our objectve in the
uncapacitategroblemis to minimize the total I/O bandwidth
andWAN bandwidthconsumptionMore formally:

minimize K, ElP:l EJ-V:1 Zgl angdizyf,+

Ko o Y, (mi — af + 3, adUdyh)
DY b=k
Y yy=1i=1,.,Mandj=1,.,N
3)y}, € {0,1}

S.t.
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The first componenibf the optimizationfunction, the net-
work bandwidthconsumption,dependson two factors: the
amountof datatransmittedfrom the sener (not cachedat the
proxy) andthe distanceat which it is transferred.The second
componentccountsgor the total I/O bandwidthconsumption
atseners. a; denoteghe video prefix selectedor videoj by



sener . For detailson proxy prefix b{ and sener prefix a{
selectionsee[4]. The magnitudeof the WAN bandwidthcon-
sumptiormaybeverydifferentfrom thatof 1/O bandwidthcon-
sumption.Hence two parametersk’; andK, areusedto scale
theirvalues. By adjustingthevaluesof Ky andK> moreweight
canbeputoneithernetwork or I/0 bandwidthrequirements.

The constraintsensurethat: 1) the total numberof seners
selecteds k andthe total numberof sener locationsis P, 2)
for a given communityand a given video only one sener is
selectedand3) all requestdor a videofrom a communityare
directedto a selectedsener. &; in thefirst constraintndicates
whetherdocation] wasselectedor aseneror not, thatis, if the
requestdérom atleastonecommunityfor ary videoaredirected
to thatlocation,andis formally definedas:

&Z{]nzigzﬁﬂ&>0 6)

0 otherwise
Theseconcconstrainensureslsothatevery videowhichis
requestedby at leastonecommunityis availablein atleastone
location. This conditionis coveredby a strongemrequirement
thatall requestsaredirectedto somesener. Sincetherequest
distribution determineghe videosdistribution, the video avail-
ability conditionis satisfiedautomatically

B. CapacitatedProblem

The emphasiof the capacitate¢problemformulationis on
therequestlistributionamonganumberof pre-selectedeners
with differentandlimited capacities We assumehatthe num-
ber of seners, their locationsand capacitiesare given. The
requestdistribution is definedby a setof aforementionedari-
ables{y;;}. ldeally all requestdrom all communitiescanbe
accepted. Given limited resourceavailability, the goal is to
maximizethe numberof requestghat can be accepted. No-
tice thatthe I/O bandwidthrequiremenfunctionexpresseshe
averageconsumptionsinceit is basedon the averagenumber
of concurrenticcesse® avideo. Thus,we minimizethe prob-
ability that a requestis rejectedby maximizingthe minimum
spae I/O bandwidthcapacityat the seners. 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 sameasin
theuncapacitategroblem:minimizingthetotal network band-
width consumption.The capacitategroblemis definedmore
formally in thefollowing way:

min. K Zf=1 Ejvz}vszl ajde,lyz'l
K, maxf:;(ijlﬂm - all + Zz 1% ylezl) W)
sit. nz%gwg&

Yy =1i=1,...M

3)yy € {0,1} =

whereB; denotestoragespaceandW; denoted/O bandwidth
availableat sener . ¢; indicateswhethervideo j shouldbe
storedat sener or not. It is afunction of requesdistribution
definedasfollows:

if 33, v} > 0

i_[1 o
o _{ 0 otherwise ®

Constraints2) and 3) are similar to the constraintsof the
uncapacitategroblem. They ensurethat all requestsare di-
rectedto somesener andthat the assignments doneon per
(video, community)basis. In contrastto uncapacitategrob-
lem, this time we considera fixed numberof senersk andre-
quire that the storagecapacityis not exceededat ary of the
seners. Therefore,the total storagespaceavailable mustbe
equalto atleastthe sumof thesizesof all videosfor a solution
toexist: S35, By > E L m.

C. CapacityDistribution

The capacitateghroblemformulationof optimizingthe total
resourceconsumptionieadsto the secondgroup of problems
in the geographicallydistributed video sener system,thatis,
the resouce availability at eat serverlocation We explore
theproblemof assigning/O capacityandstoragespaceo each
location. The network bandwidthis not includedin the con-
siderationsinceits consumptiorit notlocalizedonly atseners
but distributedin the network alongpathsbetweerclientsand
seners.

Theintuitive approachis to placethe capacitywherethere-
quirementsarein orderto save the WAN bandwidthandto im-
provetheperformanceThereforewefirstidentify whichcom-
ponentof thesystempnamelywhich communitiegeneratéhe
mostdemand.Thefirst setof candidatesirethe communities
which arelargein termsof numberof clients. The secondset
of candidatesrediversecommunitiesjn which the videode-
manddistribution is lessskewed. Recallthatdueto the nature
of /0 bandwidthrequiremenfunction,givenafixednumberof
requeststherequirementarelower if the majority of requests
arefor a smallnumberof videos. Thus,therearetwo parame-
tersthatcharacterizea communitywith respecto the demand
it generatessizeandthe degreeof diversity.

Ourgoalis to choosehenumberandlocationsof theseners,
andassignthe I/0O capacityandthe storagespaceto eachse-
lectedsener. We assumethat the total amountof both types
of resourcess limited and that thereis a fixed openingcost
for eachsener location. The demand-basedost of a given
resourcdlistribution ({W;, B; }) is givenby the network band-
width requiredto satisfythe demand We formulatethe capac-
ity assignmenproblemas the minimization of the total cost,
including openingcostand demand-basedost, subjectto re-
sourceavailability.

We relatethe network bandwidthrequiredfor a givencapac-
ity distributionto the communitycharacteristicby theuseof a
hypotheticaVideoset. Givena numberof videos,the popular
ity of eachvideoin agivencommunityis dravn fromaZipf dis-
tribution[24, 25],whosemeanis determinedy thecommunity
size and the skewnessparameteis determinedby the degree
of diversity: o = s;(r7)* !, wheret; denoteghe skewness
parametefor communltyi ands,- denotedts size. Giventhe
video popularity for eachcommunity we assigneach(video,
community)pairto onesenerlocationin suchaway thatif the
resourceequirementsleterminedy thisassignmenivereused
to distribute thecapacity thetotal costwould be minimized:
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whereO is the openingcost. Requestdlistribution is repre-
sentedby the setof variablesy], as definedpreviously. The
component®f the optimizationfunctionincludethetotal net-
work bandwidthrequiredandthe openingcost. Constraintsl)
and 2) ensurethat the total resourcerequirements|/O band-
width andstoragespacerespectiely, do notexceedheamount
available for distribution. The remainingtwo constraintsen-
sure,similarly to two previous problems thatall requestsare
directedto somesener. Given solutionto this optimization
problem{y’, }, we assigrthe capacityin thefollowing way:

N M N
Wy =Y (Im? —dl|+ > adyiU), Bi=> &m!
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V. HEURISTIC SOLUTIONS
A. Heuristicsfor Uncapacitated®roblem

The constrainedproblem of selectinga fixed number of
senersfrom all availablelocationsis NP-completg26]. Thus,
we devise heuristicsolutionsto theuncapacitategroblem.Our
solutionconsistf threesteps Proxyprefixfor eachproxyand
eachvideob! is selectedn thefirst stepin suchaway thatthe
total amountof datathat hasto betransferredrom a sener to
a client is minimized, subjectto the buffer sizeand|/O band-
width constraintsat the proxy. Then,given proxy prefixeswe
choosea sener for eachvideoandeachcommunityin sucha
way thatthetotal I/O andnetwork bandwidthrequirement®f
all senersareoptimized. Finally, given sener assignmentor
eachvideoandeachcommunityand proxy prefixes,we select
thesenerprefixfor eachsenerandeachvideoin its setin such
a way thatthe minimizationof 1/0O bandwidthconsumptiorat
eachseneris achieved. In thefollowing descriptiorwe concen-
trateon the secondstep,i.e., videolocationproblemassuming
thatthe proxy prefixesfor eachvideo arealreadyselectedfor
detailson proxy andsener prefix selectionsee[4]).

In orderto direct requestsfor eachvideo from eachcom-
munity to k senerswe proposea greedyappmoad. Thereare
two criteriadetermininghow gooda solutionis: 1/0O bandwidth
and WAN bandwidthconsumption. Recall that WAN band-
width consumptiordependn the amountof datatransferred
betweenra client anda sener andthe distanceover which it is
transferred. The amountof datais determinedalreadyat this
pointby the proxy prefix size.Hence,in orderto minimizethe
WAN bandwidthconsumptiorthelogical choicefor eachcom-
munity is to directits requestdo the closestsener location.
Thehigherthenumberof senersavailable thesmallerthetotal
WAN bandwidthrequirementsOn the otherhand,the optimal
I/0 bandwidthconsumptioris achiezedwith only onesenerin-
dependendf its location.l/O bandwidthis nota goodcriterion

for agreedyselectionof & senerssincethereis noincentiveto
choosemorethanonesener. Thus,we performgreedysener
selectionbasedon the WAN bandwidthconsumptiorfirst, and
thenadjustthe solutionby redirectingsomeof requestso con-
trol thel/O bandwidthconsumption.

1) Greedy Server Selection: The greedyalgorithm con-
structsa solution by choosingone sener at a time making a
locally optimal decision. The first sener denotedby s; is se-
lectedin suchawaythatif all requestsveredirectedto asingle
sener, the network bandwidthrequirementvould be optimal
for s;. Next, anothersener s, is addedto the setof selected
senersin suchaway thatthe network bandwidthconsumption
for apair (s1, s2) is equalto the minimumoverall pairs(s, 1),
Il =1,..,Pandl # s;. In asimilarway we chooses; andthe
consecutiesenersuntil thenumberof senersis equalto k. At
eachsteptherequestérom eachcommunityaredirectedto the
closestsenerin theselectedsenergroup.

2) 1/0 BandwidthAdjustment.evels: Thegreedyalgorithm
yields a solutionwhosel/O bandwidthrequirementsnay be
quite far from optimal. Dependingon the relative importance
of /0 bandwidthrequirementsthe solutioncanbe adjustedo
lower theserequirementst the costof potentiallyincreaseof
thetotal WAN bandwidthconsumptionTheadjustmentanbe
madeat two levels of granularity We canredirectall requests
for agivenvideofromonesenerto anotheywhichis equivalent
to removing the videofrom onesener’s video set. Or we can
redirectrequestdor avideofromsomecommunitie®nly from
onesener to another We refer to the sener from which re-
questsareredirectedasa souicesener, while asenerto which
requestareredirectechsdestinationsener.

a) Coarse level of adjustment: We examinethe more
coarselevel of granularityfirst. The video is removed from
sourcesener’'s videoset. Notice thatif thevideois notin the
destinationsener’s video setalready the changewill not af-
fectthetotal I/O bandwidthconsumptiorandonly increasehe
network bandwidthconsumption.Thus,the goalis to consoli-
daterequestseachingwo differentseners. Thel/O bandwidth
consumptiorat the sourcedecreasesfter consolidationwhile
thel/O bandwidthconsumptioratthedestinatiormayincrease.
Recallthatconsolidatingequestg&t onesenercannotincrease
thetotal I/O bandwidthconsumption.

b) Finelevel of adjustment: At the secondevel of gran-
ularity the /O bandwidthrequiremenadjustments performed
by redirectingrequestsoriginating in one community for a
givenvideofrom onesenerto another In this casethe video
may remainin the sources video set. In contrastto the more
coarsdevel of adjustmengranularity suchchangemay yield
anincreaseof the total /0O bandwidthconsumption.Thus,we
formulatenow the necessarandsufficient conditionsfor such
aredirectionto reducethetotal /0 bandwidthconsumption.

Considerrequestdor video j originatingin communitys.
Theeffectof redirectingtheserequestéromsener! onthel/O
bandwidthconsumptiorat this sener dependson the relation
betweerthevideoproxy prefixsizeb] for community; andthe
sener prefix size a{. If proxy prefix is largerthanthe sener
prefix, redirectingrequestdrom the sener doesnot affect the
I/0 bandwidthconsumptionat the source. Part of the video
receved by clientsfrom the sener is transmittedn broadcast
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modewhosel/O bandwidthconsumptiordoesnot dependon
the numberof clients. Also the sener prefix size doesnot
changemeaningthat the optimal I/O bandwidthconsumption
at the sener is still obtainedwith the sameprefix size. The
proof of suchbehaior is presentedn the Appendix. Hence
the necessargonditionfor the redirectionto decreasehe I/0
bandwidthrequirementst the sourceis that proxy prefixis no
larger thantheserverprefix It follows naturallythatthesener
prefix mustbe largerthan 0. Figure5 shavs the destination
sener /0 bandwidthconsumptiorasa functionof sener pre-
fix size beforeand after the redirectionof requestsfrom one
communityfor a video with proxy prefix smallerthan sener
prefix 5(a),andfor avideowith proxy prefix largerthansener
prefix 5(b). We obsene thatin thefirst casethe minimumI/O
bandwidthis lower andobtainedfor alargersener prefix size,
while in the latter casethe optimal valuedoesnot changeand
thesener prefix sizeremainghe same.

Similarly whentherequest$or avideooriginatingin agiven
communityareredirectedto sener! from anothersener, the
I/0 bandwidthconsumptiorat the destinatiorincrease®nly if
the proxy prefix is smallerthanthe sener prefix. In summary
thetotal /O bandwidthconsumptiommaybereducednly if we
redirectrequestdor avideofrom asenerwhoseprefixis larger

thanthe proxy prefix. If in additionthe destinationsener has
prefix smallerthanthe proxy prefix, the total I/O bandwidth
consumptionis reduced.Otherwise,it is possiblethat the re-
ductionat the sourceis smallerthanthe increaseat the desti-
nationsener. Thefirst conditionis a necessargonditionfor
thereductionof thetotal I/O bandwidthconsumptiorwhile the
combinatiorof bothconditionss asufficientconditionfor such
reduction.Noticethatif a sourcesenerrecevesrequestdor a
givenvideoonly from onecommunity the necessargondition
is satisfied. In this casethe proxy prefix is no larger thanthe
sourcesener prefixandthe /O bandwidthconsumptiorat the
sourcds alwaysreduced.

3) 1/0 BandwidthAdjustmenHeuristic: Basedntheseob-
senations,we canlower thetotal I/O bandwidthrequirements
by redirectingsomerequestform onesener to another The
heuristic algorithm consistsof two operations: selectingthe
sourceanddestinatiorsenersandselectingheobject,videoor
(video,community)pair, to beredirectedIn orderto minimize
the numberof redirectionswe canchoosesource destination
andobjectthatyield thelargestreductionof thel/O bandwidth.
However, thecomplity of identifyingsuchcandidatess quite
high for a large numberof senersandlarge numberof videos
O(k®>M). Thus,we formulateagreedyalgorithm.We consider



all videosthatareavailableon at leasttwo seners. Fromthis

setwe choosehe videowhoseglobal popularityis the highest
and consolidaterequestdor this video from two senerswith

the largestl/O bandwidthconsumptiordueto this video. We

choosehesenerfor which theincreasean network bandwidth
consumptions the smallestasthe destination.Suchoperation
is repeateduntil a desiredl/O bandwidthrequirementalueis

reached.Notice that after a sufiiciently large numberof steps
theminimal valuecanbereachedvheneachvideois available
atoneseneronly. A morepreciseadjustments performedat
a finer level of granularityby choosinga (video, community)
pair, which satisfiesthe necessargonditionfor the reduction
of thetotal I/O bandwidthat the sourceandhasthe largestl/O

bandwidthrequirement.

4) Load BalanceHeuristic: The I/O bandwidthrequire-
ments can be modified also to balancethe loads acrossall
seners. For that purposewe usethe solutionyielded by the
greedysener selectionasthe startingpoint. Sener with the
maximuml/O bandwidthconsumptioris selectedasa source
and the sener with the smallestl/O bandwidthconsumption
as a destination. We redirectrequestdor the video with the
highestl/O bandwidthrequirementst the sourcesuchthatthe
redirectiondoesnot increasethe destinations I/O bandwidth
consumptiorbeyondthe averagevaluefor all the seners. This
stepis repeatedintil the differencebetweerthe |/O bandwidth
requirementandthe averagevalueat eachsener doesnot ex-
ceedsomepredefinedialue.

B. Heuristicsfor CapacitatedProblem

A similar approaclcanbe usedto obtaina solutionfor the
capacitatecproblem. We assumenow that eachsener hasa
limited I/O bandwidthcapacityandour goalis to maximizethe
totalnumberof requestshatcanbesatisfied Initially wedirect
requestdrom eachcommunityto the closestsener in order
to obtaina solutionwhich is optimal with respectto the net-
work bandwidthrequirementsNext, we modify the I/O band-
width requirementso maximizethe minimum sparecapacity
atary sener. Ourheuristicachievesthatgoalby equalizingthe
sparecapacityacrossall seners. We redirectrequestfrom a
sener with the highestdifferencebetweenthe I/O bandwidth
requirementsindits capacityto a sener with the highestspare
capacity Thevideofor which therequestsareredirecteds se-
lectedasa videowith the largestl/O bandwidthrequirements
at the sourceand the redirectiondoesnot increasethe desti-
nations I/O requirementdeyond its capacity If noneof the
videosat the sourcesatisfythe latter condition,we choosethe
secondlargestoverloadedsener as the source. Thesesteps
arerepeatedintil no moreredirectionsare possible. In order
to maximizethe numberof requestghat can be satisfied,we
next performthe adjustmentt a finer granularity We choose
a (video, community)pair with the maximum|/O bandwidth
requiremenat the sourceandthe redirectiondoesnotincrease
destinations I/O bandwidthrequirement®eyondits capacity

C. CapacityDistribution Heuristic

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

11

we devise a heuristicsolutionalsofor this problem. The to-

tal openingcostincreasesvith thenumberof senerswhile the

demand-basedobstgiven by the network bandwidthconsump-
tion decreasesGiventhis trade-of, we arelooking for a num-

berof senerlocationsthatachieze theminimumtotal cost. The

I/0 bandwidthandstoragespaceconstraintdimit the number
of senersin whichavideocanbestored.

We solwve the problemin two steps. First we choosethe
senersin agreedyway to obtainasub-optimakalueof thecost
functionignoringresourcewvailability constraintsin thisphase
therequestaredirectedalwaysto theclosestsener containing
avideoin orderto minimize the demand-basedost. Next we
adjustthe solutionto accounffor theresourceconstraints.

1) GreedyServerSelection: The minimum network band-
width consumptionis achieved with all P seners utilized,
by directingall requests§rom eachcommunityto the closest
sener. This setof senersresultsalsoin the highestopening
cost. As the numberof seners decreasesthe openingcost
decreasewhile the network bandwidthrequirementincreases
(morespecificallydonotdecrease)We searctfor thesenerset
yielding the optimal costin a greedyway. Fromthe setof all
senerswe eliminatea sener, whoseremoval yields the small-
estincreasdn the network bandwidth. Sincethe openingcost
depend®nly onthe numberof seners,the sener choicedoes
not affect the correspondinglecreasén thetotal openingcost.
We repeatthis procesauntil thereis only onesener left in the
set.

2) 1/0 andStorage CapacityDistribution: Thesenersetis
selectedn thefirst stepundertheassumptiothateachcommu-
nity sendsall of its requestdo the nearessener. Suchrequest
distribution determined/O bandwidthand storagespacere-
quirementsTheserequirementsayviolatetheresourcewvail-
ability constraints. Therefore we adjustthe solutionby redi-
rectingsomerequestsasnecessaryThe goal for this phases
to satisfythe I/O constraintavith the minimal increasen cost.
Redirectiormayonly decreas¢hetotal openingcost. However,
ary redirectionresultsin anincreasen thetotaldemand-based
cost. Therefore we usea stratgy similar to the heuristicl/O
bandwidthadjustmentn uncapacitategroblem.We choosea
videowith theminimumglobalpopularityandtwo senerswith
the maximuml!/O bandwidthconsumptiordueto the selected
video. Thesenerfor which theincreasen network bandwidth
consumptionis smallerbecomeghe destinationandthe other
sener becomeghe source. The procesds continueduntil 1/0
bandwidthconstrainis satisfied.As we will shortlyseechoos-
ing videoswith low popularityfor requestedirectionresultin
lower increasein costthan using other criterion suchas the
highestpopularityor the highestl/O bandwidthconsumption.

Notice that eachredirectionreducesstoragespacerequire-
mentsat the sourcesener and doesnot increasehis require-
mentat the destination. If the solution satisfiesthe total I/O
bandwidthconstraintput violatesthe storagespaceconstraint,
we continuethe redirectionprocessuntil the storageconstraint
is alsosatisfied.Notice alsothatin contrastto the capacitated
problem,we do not maximizethe sparecapacityat eachloca-
tion. The goalis to placethe capacitycloseto the demand.
Thereforewe make only adjustmentshatarenecessaryo sat-
isfy the availability constraints. Any redirectionbeyond this
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pointwould increasehe costunnecessarily

VI. NUMERICAL TEST RESULTS

We have conductedah numberof teststo examinethe proper
ties of the proposedheuristicalgorithms.In the evaluationwe
concentrat®n the mainresourcerequirementsi.e., I/O band-
width andWAN bandwidth.

A. Testsettings

Thereare100communitiesvhoselocationsdetermininghe
distancefrom the sener locationsare selectecat random.The
setof video contains100 equal-lengthvideos. The popular
ity for eachvideo is dravn from a Zipf distribution: o] =
si(r))t=1, wheret = 0.27 [27], s, is the size of community
i (i.e.,thenumberof clients)drawvn from a normaldistribution
andr] is the popularityrank of video j in communityi. No-
tice that sinceall videosare of the samesize, the popularity
drawn from a Zipf distributionexpresseshenumberof concur
rentaccessesTheranksfor all 100videosarechangedor each
communityby a permutationMore preciselywe divide the set
of videosinto 4 groupsand apply permutationto eachgroup
separately We assumehattherearevideos,which aregener
ally popular althoughtheir exactranksmaystill vary from one
communityto another We choosel0 locationsat randomas
potentialsenerlocations.
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B. Uncapacitated’roblem

The greedysener selectionalgorithm chooses out of 10
sener locations. The heuristicthat we useto adjustthe I/O
bandwidthrequirementganyield any valuebetweerthe solu-
tion obtainedwith the greedysener selectionandthe optimal
I/0 bandwidthrequirementsThe heuristiccanobtainthe opti-
malvalueafterperformingsufiiciently largenumberof redirec-
tions. A stopcriterioncanbe definedto obtaina desiredvalue
of I/0 bandwidthrequirementdargerthanthe minimum. No-
tice thatin orderto reachthe optimalvalueonly adjustmentst
themorecoarsdevel of granularityhave to be performed.

1) Mideo SelectionCriterion: We have conducteda num-
ber of teststo examinehow the selectionof the objects,and
the sourceanddestinatiorsenersaffect the I/O bandwidthre-
quirements.We usethe global popularity of a video andthe
I/0 bandwidthconsumptiordueto a videoasthetwo possible
criteriafor the objectselection.Figure7(a) shovs an example
of how thetotal I/O bandwidthconsumptiorchangeswith the
numberof redirectiondor themaximumandminimumversion
of both criteria. We have includedalsoa randomvideo selec-
tion for the purposeof comparison.In eachcasetwo seners
with the maximuml!/O bandwidthconsumptiordueto the se-
lectedvideo are chosenasthe sourceand destinationseners.
Thefastesteductionis obtainedvhenwe selectthevideowith
the highestglobal popularityat eachstep,andthe slovestoc-
curswhenthe lowestpopularityvideois selected.Figure 7(b)
presentghe correspondingncreasdan the network bandwidth
requirementsAfter examininga numberof caseswe conclude
that the fastestreductionof 1/0 bandwidthis obtainedeither
with thehighestpopularityusedasa criterionor the highest/O
bandwidthrequirementsThe differencebetweendifferentcri-
teria, however, is notlarge. We obsere alsothatchangingthe
criteria for the selectionof the sourceand destinationseners
doesnot have asignificantinfluenceon the speedf I/O band-
width requirementseduction.

2) NetworkBandwidthincrease: Eachredirectionncreases
network bandwidthconsumption.We control this increaseby
consolidatingequestsalways at the sener for which the net-
work bandwidthconsumptiorincreasds smaller The lowest
network bandwidthrequiremenfor the solution optimal from



the I/0 bandwidthpoint of view, is obtainedby placingeach
videoat a sener, whichyieldsthe smallestnetwork bandwidth
consumptionNotethatthe numberof senersusedby suchso-
lution may be smallerthanthetargetednumberk. The heuris-
tic makesa greedychoiceof destinationsener for eachredi-
rection. Therefore,the solutionwith optimal I/O bandwidth
requirementsnay not reachthe lowestpossiblenetwork band-
width requirement.In orderto evaluatethe solutiongiven by
the heuristicw.r.t. network bandwidth,we comparethis solu-
tion with the lowestnetwork requirementobtainablewithout
increasinghe I/O bandwidthconsumption.Figure 8 presents
the comparisorbetweernresourcerequirementsat eachsener
for thegreedysenerselectiontheoptimall/O solutionwith the
lowestnetwork bandwidthrequirementandtheoptimall/O so-
lution obtainedwith the heuristic.We obserethatseners2, 3,
7,8 and10areselectedy thegreedyapproachThel/O band-
width adjustmenteuristicreduceshis setto only two seners
7 and10. Thesamesenersarechoserfor the optimalsolution
with minimal WAN bandwidthconsumption.Althoughthese
two solutionsdiffer in distribution of requestsamongseners,
their total resourcerequirementsare very closeto eachothetr
We concludethat the heuristicsolutionallows us to adjustthe
I/0 bandwidthto an arbitrary level limited only by the min-
imum I/O bandwidthrequirementswhile controlling the in-
creasan network bandwidthrequirements.

/0 bandwidth
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Fig.9. Loadbalanceheuristicresults
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C. LoadBalance

Figure 9 presentsthe resultsof load balancingheuristics.
Eachcurve correspondso the I/O bandwidthrequirementsat
onesener andshowvs how theserequirementghangewith the
numberof redirections. We obsenre that the requirementsat
two out of thefive senersareabore the average.At eachstep
thel/O bandwidthconsumptioratoneof thesewo senersis re-
ducedwhile I/O bandwidthconsumptiorof oneof theremain-
ing senersis increased. The processcontinuesuntil the dif-
ferencebetweenthe maximumrequirementandthe minimum
requiremenis smallerthansomepredefined/alue.We obsenre
alsothatthetotal I/O bandwidthrequirementsrereducedasa
resultof theredirectionsHowever, notevery stepyieldssucha
reduction.A redirectionmay be performedon the requestgor
the video thatis not presenton the destinationsener prior to
the redirection. The numberof stepsrequiredto achieve load
balancedepend®nthevarianceof thel/O bandwidthof the so-
lution givenby thegreedysenerselectiorandto alesserdegree
onthepredefinedralueusedasa stopcriterion.

In orderto minimize the numberof redirectionsequiredto
achieve load balance,the object selectedin eachstepis the
videowith thelargestl/O bandwidthrequiremenatthe source
sener. Thehigh /O bandwidthrequirementarerelatecto high
popularity As a resultof usingsuchcriterionwe obsene that
thenumberof copiesof themostpopularvideois reducedcom-
paredo lesspopularvideos.We have conducteatestin which
the videowith the smallestl/O bandwidthrequirementsat the
sourcesener is selectedfor requestredirection. As a result,
the load balancewas achieved after a larger numberof steps.
We obsene alsothatsincein the case the numberof copiesof
theleastpopularvideosis reducedthe network bandwidthre-
quirementsarelower thanfor the solutionobtainedpreviously.
Figure 10 presentghe comparisorof the total /O and WAN
bandwidthrequirementsasa functionof thenumberof redirec-
tionsin both cases.We obsenre that the total I/O bandwidth
consumptiorachieved by load balanceheuristicis lower when
a video with the maximuml/O bandwidthrequirementss se-
lectedin eachstep,but the differenceis not very significant.
Thedifferencan network bandwidthconsumptiorn thesewo
casespntheotherhand,is quitelarge. Thereforewe conclude
thatthereis a trade-of betweenthe numberof stepsrequired
to achieve load balanceand network bandwidthrequirements
resultingfrom the heuristicsolution.

D. Capacitatecproblem

Thefirst stepin the heuristicfor the capacitategroblemis
directingrequestdo the closestsener. Figure11(a)presents
anexampleof theresultingcapacitydistribution andl/O band-
width requirementistribution. We obsenre that not only the
capacityof someof the senersis exceededut alsothattheto-
tal requirementsxceedhetotal capacity By redirectinghere-
questave achieve two goals:bring thetotal andper-serverl/O
bandwidthrequirementbelov the capacityif possible.Figure
11(b)shaows the capacityandl/O bandwidthrequirementslis-
tribution afterredirectionprocessesRecallthatour goalis not
only not to exceedthe capacityat ary sener but alsoto max-
imize the minimum sparecapacityon eachsener. Therefore,
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the redirectionprocessendswhen the sparecapacityat each
sener doesnot differ from the averagesparecapacityby more
thanapredefinedralue.

E. Capacitydistribution

Figurel2(a)illustratesthetotal costfor thegreedysenerse-
lectionphase.Thetotal costrelatedto the network bandwidth
requirementss a decreasindunctionof the numberof seners,
while the openingcostincreasesvith thenumberof seners. If
theopeningcostis insignificantcomparedo the network band-
width, the optimal solutionincludesall seners. The opposite
situationis alsopossible.In Figure12(a)the minimumis ob-
tainedfor a setof 5 seners,whoselocationarealsoselectedat
this point. The solutiondoesnot satisfythe I/O bandwidthand
storagespaceconstraints. Figure 12(b) presentd/O capacity
distribution beforeandafterthe adjustment.The requirements
areloweredfor all seners. However, the capacityassignedo
onelocationis largerthanfor theremainingones. This sener
is selectedhsa destinatiormostof thetime whenit is involved
in requestedirectiondueto smallerincreasen cost.

VIlI. CONCLUSIONS

We have introduceda proxy-assistegeriodicbroadcassys-
tem with multiple geographicallydistributed seners. Proxy

seners cachepart of eachvideo to minimize the amountof

datadeliveredby the seners. Given a set of video and the

requestscoming from a numberof communities,eachsener

chooses modeof transmissiongitherunicastor broadcasto

minimize the I/O bandwidthrequirements We have analyzed
how distributing requestgor a given video amonga number
of senersaffectsthe aggreyatel/O and WAN bandwidthus-

age. We foundthat WAN bandwidthusagedecreasewith the

numberof senersandstronglydepend®n thelocationsof the

senersasexpected. /O bandwidthrequiremenbn the other
hand,reachests optimalvaluein a singlesener system.The
1/0 bandwidthfunctionshavs morecomplex behaior thanthat
of WAN bandwidth. We have defineda solutionto the video
placementinddelivery problemthatexploresthis trade-of be-
tweenWAN and1/O bandwidthrequirements.Our heuristics
allowstoreachadesirablevalueof theaggreatel/O bandwidth
requirementboundednly by the optimalvaluewhile control-
ling WAN bandwidthusage We arefurtherexploring this area
of researctby consideringvideodeliveryin the wirelesservi-

ronment.Additional constraintsuchasbandwidthavailability,

power managemenand client mobility introduceanotherdi-

mensiorto the problemof videostreaming.
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APPENDIX
REQUEST REDIRECTION AND SERVER PREFIX SIZE

We demonstratehat redirectingrequestsoriginating in a
communitywhoseproxy selecteda larger prefix for the video
than the central sener prefix, to a different sener doesnot
changehel/O bandwidthconsumptioratthesener. Theproxy
prefix beinglargerthanthe sener prefix suggestshatthe part
of thevideothata client hasto receve from the seneris only
transmittedin the broadcastmode. Recallthatthe I/O band-
width consumptiorfor broadcastependsnly on the number
of channelsandnot on the numberof clients. Therefore redi-
rectingsomeof the requestsfrom the sener doesnot directly
affect the I1/0 bandwidthrequirements.However, redirection
doeschangethe global popularity of the video. Thus, it may
affectthesener prefix selectiorandthel/O bandwidthrequire-
mentsas a result. We will shov that suchchangesdoesnot
occur Thatis, the minimum /O bandwidthconsumptionis
achievedfor thesamesener prefixsizea; if b} > aj .

Let s bethecommunitywhoserequestdor video; areredi-
rectedaway from sener . Sener prefix sizefor video j was
selectedin sucha way that the I/O bandwidthrequirements
wereminimized. Thel/O bandwidthconsumptioris a sumof
I/0 bandwidthconsumptiordueto unicastransmissionsf the
video prefix andl/O bandwidthconsumptiordueto broadcast
of thevideosufix. Thetotalis expressedsa functionof the
numberof segmentsn thesener prefixin thefollowing way:

M
Wi (z) = |m? — 2| + ZaniJ; (10)
i=1
Lettheproxy prefixof videoj belargerthanser\erprefixa{ .
Thenthel/O bandwidthconsumptiorafterredirectingrequests
from communityi denotedby W/ (z) satisfiesthe following
conditions:

le (x) = le (z)
W/ (z) < W/ (x)
In otherwordsthetwo I/O bandwidthcurvesareidenticalup
toz = |b]| sinceU;(x) = 0 upto this point. Thefirst differ-
enceoccursatz = |b!| + 1, the /O curve after redirectionis
lower (Figure5(b)). Wewill shav thatW} (|b|+1) > W} (a])
andthus,theminimumis still obtainedwith sener prefixa; .
The broadcast/O bandwidthconsumptior(first component
of the sumin Equation(10)) is a linear and thus strictly de-
creasingfunction of the sener prefix sizez 1. We shav now
thatthe unicastconsumptioris a non-decreasingorvex func-
tion dueto the characteristicef U} by checkingthe midpoint
condition.AssumethatU} (z) > 0, i.e.,theprefixsizeof some
videok is smallerthanz. Then:

if 2 < |b]]

. 11
otherwise (11)

U(%((m+2) ta)=U@+1) =

WhereSIZ is the size of the sggmentp of video k. Recallthat

segmentssizesform aFibonaccsequencesS; = SZ,Q + 5271-
Therefore:

z+1 k
. SP —b;
Zp_l ; [ (12)

1Recallthat /m/ — x| expresseshe numberof video segmentsin the sufiix.



! x k - 9GP _opk
FUE+2)+U(r) = %(51+z+51+1+2p=125 )25}

> U(3((z +2)+2)

mk

Hence Uk () is a convex functionand dueto linearcharac-
ter of broadcast/O bandwidthconsumptiorsois thetotal I/O
bandwidthconsumptionThus:

Wi (lag[) < Wi (Ib]) < W7 (1] + 1) (13)

The first inequality follows from the assumptiorthat the
proxy prefix is largerthanthe sener prefix beforeredirection,
while the secondollows from the factthat W} (z) is a corvex
function.

Whenrequestdor video aredirectedto sener whoseprefix
for thevideois smallerthanproxy prefix, the unicast/O band-
width consumptiorincreasedor z > b] andhencethe sener
prefix sizedoesnot change.
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