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Abstract

Proxy cachingis a key techniqueto reducetransmissioncost for on-demandmultimedia streaming.The
effectivenes®f currentcachingschemeshowever, is limited by theinsufcient storagespaceandweakcooperations
amongproxiesandtheir clients, particularly consideringthe high bandwidthdemanddrom mediaobjects.In this
paper we proposeCOFACC, a cooperatie proxy-and-clientcachingsystemthat addressethe above de ciencies.
This innovative approachcombinesthe advantageof both proxy cachingand peerto-peerclient communications.
It leveragesthe client-side cachingto amplify the aggreyated cache spaceand rely on dedicatedproxies to
effectively coordinatethe communicationsWe proposea comprehensie suite of distributed protocolsto facilitate
the interactionsamongdifferent network entitiesin CORACC. It also realizesa smartand cost-efective cache
indexing, searching,and verifying scheme.Furthermorewe develop an efcient cacheallocation algorithm for
distributing video seggmentsamongthe proxies and clients. The algorithm not only minimizes the aggreyated
transmissiorcostof the whole system but alsoaccommodatebeterogeneousomputationand storageconstraints
of proxiesandclients.We have extensiely evaluatedthe performanceof CORACC undervariousnetwork andend-
systemcon gurations.The resultsdemonstratéhat it achiezesremarkablylower transmissiorcostas comparedo
pure proxy-basedcachingwith limited storagespace.On the otherhand,it is muchmorerobustthana pure peer
to-peercommunicatiorsystemin the presencef nodefailures.Meanwhile,its computationand control overheads
areboth keptin low levels.

Keywords: Media Streaming,Proxy caching,Peefto-Peercaching,Media sggmentation and Resourceallocation

|. Intr oduction

For the pastfew years,we have witnessedthe increasinglyusedstreamingmultimediatrafc on the
Internet, and on-demandstreamingfor clients of asynchronouplaybackrequestss amongstthe most

popular networked media services.Given its broad spectrumof applications,like NetTV and distance
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learning, it hasattractedmuch attentionand mary practical deploymentshave beenproposedin recent
years[1]. The limited sener capacityand the unpredictableinternet ervironment, however, make it a
challengingtask to designand deploy an ef cient and scalableon-demandmediastreamingservice[2],

[3]. [4]. [5]

To reducesener/network loads,an effective approachis to cachefrequentlyuseddataat proxiesthat
are closeto clients[6], [7]. Streamingmedia,particularly thosewith asynchronouslemandscould also
bene t andcould have a signi cant performancemprovementfrom proxy cachinggiventheir staticnature
in contentandhighly localizedaccessnterestsHowever, mediaobjectshave high dataratesrequirements
and long playbackdurations,which combinedyield a huge cachingresource.To illustrate, a one-hour
standardVIPEG-1video hasa volume of about675 MB; several suchlarge streamswill quickly exhaust
the cachespaceof a standalongoroxy. As such,it is necessaryo designpartial cachingalgorithmsor
group proxiesto enlage cachespace[6], [8], [9], [10]. Therehave beenextensve studiestoward these
directions, but the storagespaceof existing proxies are still far from satishictory and thus remainsa

performancebottleneckof the whole system.

Another approachis to generalizethe proxy functionalitiesinto every client [11], [12]. Sucha peer
to-peercommunicationparadigmallows economicalclients to contritute their local storagespacesfor
streaming.Speci cally, the video data originally provided by a sener are spreadamong clients of
asynchronouslemands,and each client can store the full or partial versionsof the video streamin
its local cache.Then, one or more clients can collectively supply cacheddata to other clients, thus
amplifying the systemcapacitywith increasingsuppliersover time. However, in contrastto the reliable
anddedicatedsenersor proxies,theseloosely-couplecautonomougnd-hostarenot highly reliablesince
theseend-hostanfail or may leave the network without any notice.Giventhe requirementhata media
playbacklastsa long time and consumegugeresourcesa pure peerto-peersystemmay not provide the
desirableinformation availability in the Internetervironment. Another reasonfor not adoptingthe pure
P2Papproachs thatthereareno authoritatve parties,it is alsodif cult to identify andpenalizemalicious

clientsthat intentionally inject forged data.

In this paper we proposeCOFACC, a novel cooperatre proxy-clientcachingsystemthataddressethe



above de ciencies.The innovative approachn COFACC combineghe advantagesf both proxy caching
and peerto-peerclient communicationsWe leveragethe client-sidecachingto amplify the aggreyated
cachespaceandrely on dedicatedproxiesto effectively coordinatethe communicationsWe develop an
efcient cacheallocationalgorithm that distributes video sggmentsamongthe proxies and clients. The
algorithmnot only minimizestheaggreatedtransmissiorcostof thewhole system put alsoaccommodates
heterogeneousomputationand storageconstraintsof proxies and clients. When multicast service is
available, CORACC also makes effective useof multicastdelivery in local regions,which further reduces

the costof the system.

In this work, we proposea comprehensie suite of distributed protocolsto facilitate the interactions
amongdifferentnetwork entities.Most operationsn this protocolsuiteare executedoy dedicatedoroxies.
As such, it is not only suitablefor clients with limited computationpower, but also resilient to client
failures.We also embedan ef cient indexing and searchingalgorithmfor video contentscachedacross
differentproxiesor clients,aswell asa signatureveri cation mechanismwhich can effectively identify

and block maliciousclients.

The performanceof CORACC is extensively evaluatedunder various network and end-systencon-
gurations. The resultsdemonstratehat it achiazes remarkablylower transmissioncost as comparedo
proxy-basedcachingwith limited storagespace.On the other hand,with the assistancdrom dedicated
proxies,it is muchmorerobustthana purepeerto-peersystemits transmissiorcostonly slightly increases
when a large portion of clients fail, even thoughthe clients contribute a signi cant fraction in the total
cachespaceMoreover, it scaleswell to larger networks, andthe costgenerallyreducesvhenmoreproxies

and clients cooperatewith eachother

The balanceof the paperis organizedas follows. In Sectionll, we review the relatedwork. The
COFRACC architectureandits parametersare presentedn Sectionlll. We derive ef cient algorithmsfor
cacheallocationin SectionlV, anddescribehecooperatre cachingprotocolin SectionV. Theperformance

of COFACC is extensvely evaluatedin SectionVI. Finally, we concludeour work in SectionVII.



1. Related Work

Proxy cachingfor media streaminghas attractedmuch attentionin the pastdecade,and numerous
algorithmshave beenproposedin the literature, e.g., run-lengthcaching[13], pre x caching[9], and
seggmentcaching[8], [10], [14]; seea comprehensie suney in [6]. Consideringthe staticnatureof video
contentsandtheir intensive I/0O demandsmary of the algorithmsemploy a semi-staticcachingapproach,
wherepopularvideo portionsare cachedover a relatively long time period,ratherthandynamicallysaved
or replacedn responseo individual client requestsCORACC also adwocatessemi-staticcaching,andits
cacheallocationis closelyrelatedto the pre x-suf x partition and streamsegmentationalgorithms[15].

However, thesestudiesgenerallyfocus on a single proxy casewith no cooperatioramongproxies.

It is well-recognizedthat proxies groupedtogethercan achieve better performancethan independent
standaloneproxies [16], [17]. An example for media cachingis MiddleMan [18], which operatesa
collection of proxiesasa scalablecachecluster; mediaobjectsare sggmentedinto equal-sizedsegments
and storedacrossmultiple proxies,wherethey canbe replacedat a granularityof a segment. Thereare
alsoseverallocal proxiesresponsibléo answerclient requestdy locatingandrelayingthe sggments.To
achieve betterload balanceandfault tolerance a Silo datalayoutis suggestedn [19], which partitionsa
mediaobjectinto segmentsof increasingsizes,storesmorecopiesfor popularsegmentsandyetguarantees
at leastone copy storedfor eachsegment.Our work is motivatedby thesecooperatre systemsandwe
enhancehemby combiningproxy cachingand client-sidecaching,which greatly expandsthe aggreyated

cachestoragewith contributionsfrom the lessexpensve clients.

On the other hand, peerto-peer communicationshave recently becomea popular alternatie to the
traditional client/serer paradigm.There are a seriesof pioneerworks on peerto-peerstreaming,e.g.,
PROMISE [12], ZIGZAG [20], and CoopNet[21], which have demonstratedhe superiorscalability of
shifting all functionalitiesto end-hostsYet, we are aware that, in contrastto the reliable and dedicated
seners or proxies,the loosely-coupledautonomousend-hostscan easily crash,leave without notice, or
even refuseto shareits own data. Given that a media playbacklasts a long time and consumeshuge
resourceswe believe that dedicatedproxies could still play an importantrole in building high-quality

mediastreamingsystemsassuggestedn [22], [23]. Differentfrom CORACC which focuseson caching,
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Fig. 2. lllustration of differentportionsof a video stream.The pre x is to be cachedby proxies,while the pre x-of-suf x by clients

the key issueaddressedn thesestudiesis the optimal constructionof an overlay structure.For storage
allocationand managemenin a hybrid system,an optimal replicationalgorithmis proposedn [24], and
a cooperate algorithmbetweena single proxy andits clientsin alocal areanetwork is presentedn [25].
CORACC complementghem by consideringa more generalsystemwith multiple cooperatre proxies
with client caching.A two-level hybrid architecturas exploitedin [26], wherean overlay network is used
in the upperlevel to deliver videosfrom a central sener to proxiesand a collaboratve-client network
using loopbackmechanisnis appliedin the lower level to transmitvideo datafrom proxy to clients.In
loopback,cacheis dynamically updated which introducesan intensie disk I/O demandfor the clients.
Giventhatthevideoaccesgatternchangeslowly, semi-statiaccachingis adequateandit canbe practically
implemented Moreover, Loopbackconcentratesn the collaborationbetweenproxy andits clientsonly,

but we also emphasizehe importanceof cooperatre cachingbetweenproxiesin reducingcost.



[11. Overview of The Cooperative Proxy-Client Caching (COPACC) System

Fig. 1 depictsa genericarchitectureof COFACC. A clusterof proxiesarelogically connectedhrough
direct or indirect peerlinks to form a proxy overlay, and eachof them senes as the home proxy for
a set of local clients. We assumethat proxies and their clients are closely locatedwith relatively low
communicationcosts,e.g., they could be in the samelSP domainor in the samemetropolitanarea.A
sener storing the repositoryof videos,however, is far avay from them, and the remotecommunications

incur much higher costs.

Thevideo dataare cachedacrossboth proxiesandclients.We assumehat the storagespaceof a proxy
or a client is limited; the videosthus canbe partially cachedonly, andthereis alwaysa full copy at the
sener. Speci cally, asshavn in Fig. 2, a video streamis partitionedinto a pre x anda sufx, andthe
beginning part of the later is also referredto asthe pre x-of-sufx . The proxiesare responsiblego cache
the pre x of video, whereashe clients cachethe pre x-of-suf x of video. Given that the initial part of
a video streamis normally the mostly accessedthis settingreducesthe initial playbacklateng; it also
facilitatesthe multicastdelivery with dynamicclients,aswill be illustratedlater When a client expects
to play a video, it rst initiates a playbackrequestto its home proxy, which interceptsthe requestand
computesa streamingschedulewhenandwhereto fetch which portion of the video. It thenaccordingly
fetchesthe pre x, pre x-of-suf x, aswell asthe remainingpartof sufx, andrelaystheincomingstream
to the client. If neededa proxy may also perform a veri cation operation,which detectsforged video

datathrougha simple signaturemechanism.

Consideringthe video contentsand their accesgatternsare relatively stablein several hoursor even
days,we adwcatesemi-staticcachingin CORACC. The cachedcontentsareupdatedonly whenthe system
parameterdave drastically changed,and a cacherecon gurationis then appliedthrougha progressie

cachelling mechanism.

Therearetwo key issuesto be addressedan the CORACC architecture:

How to partition eachvideo and allocatethe pre xes and pre x-of-suf x esto different proxy and

client cacheshe objectve is to minimize the total transmissiorcostof the COFRACC systemgiven



the video accesgatternsthe heterogeneousansmissiorcosts,andthe storageconstraints.
How to managesearchandretrieve the cacheddatain differentproxiesandclients?Theseoperations

shouldbe highly ef cient so asto deploy CORACC in large-scalenetworks with intensie requests.

To addresghe above challengesye presentan ef cient allocationalgorithmaswell asa comprehen-
sive suite of cachemanagemenand searchprotocolsin the next two sections.Before proceedingour
discussionsye rst list the notationsand parametersor COFRACC, which arealsosummarizedn Table

We assumeéhatthereare cooperatre proxies,indexedfrom 1 through , andproxy senesasthe
homeproxy for local clients. The video repositoryat the sener includes  Constant-Bit-RatédCBR)
videos,andvideo haslength secondsandrate bps, . The total averageaccesgate
atproxy is , andthe probability for accessingideo is . We assumesuchstatistics

are known a priori, or obtainedthroughonline monitoring.

For cacheallocation,thereis a basicunit of , alsocalledcadchegrain, which is a hardwareor operating
systemconstraint,e.g., the size of a disk block. The cachespacefor proxy is  units, andthat for
client of proxy is units. The volume of video is also representeds a numberof units, i.e.,

units. In practice,the aggr@atedcachespaceis lessthanthe total volume of all the videos,

i.e. , Where and arethe total proxy cachesizeand

total client cachesize.

The costfor transmittingoneunit of datafrom the senerto a proxy is denotedoy , and,similarly,

the unit costfrom proxy to proxy andthatfrom proxy to its own clientsarerepresentedby

and , respectiely.

We use to denotethe pre x size (in units) of video , and, , the pre x-of-suf x size.Both the
pre x or pre x-of-suf x of avideo arefurther partitionedinto several sgmentsand cachedat a proxy or

client. For video , the size of a pre x segmentcachedin proxy is representedy , andthesizeof a

pre x-of-suf x segmentcachedat theclient of proxy is . The segmentsizesareto be determined

by the cacheallocationalgorithm, and the exact positionsof the segmentsare to be determinedby the



cacheorganizationprotocol.

Parameter De nition

Numberof the videos

Volume of video (in units)

Numberof proxies

Numberof clients

Numberof local client attachedo proxy

Cachespaceof proxy (in units)

Total cachespaceof all proxies(in units)
Cachespaceof client of proxy (in units)

Total cachespaceof all clients (in units)

Total accesgate at proxy

Probability for accessingrideo at proxy
Transmissiorcost per unit datafrom sener to proxy
Transmissiorcost per unit datafrom proxy to proxy
Transmissiorcost per unit datafrom proxy to its client
Internal cost per unit dataof a proxy

Pre x sizeof videos (in units)

Size of the pre x segmentof video cachedin proxy
Pre x-of-sufx sizeof videos (in units)

Size of the pre x-of-suf x segmentof video cachedat client of proxy

TABLE |

PARAMETERS OF SYSTEM

V. Optimal Cache Allocation (CAP)

The optimal cacheallocationproblem (CAP) in CORACC canbe formulatedasfollows,

where is the function of the total transmissioncost (per unit time) given allocation

and ; the secondand third constraintsfollow the cachespacelimit of proxy and that of
client of proxy , respectrely; the forth constraintappliesbecausene do not considerreplicationin
this study Thatis, the pre x and pre x-of-suf x are storedonly onceamongthe proxiesand clientsin
the network. In this section,we start our discussionfrom a simple scenarioof no cooperationbetween
proxies,wherethe cacheallocationfor eachproxy andits own clients can be examinedindependently
We derive an ef cient optimal solutionfor this scenariowhich is thenextendedto accommodatenultiple

cooperatre proxieswith client caching,i.e., a general CORACC system.



A. SingleProxy with Client Cadcing

As said,we focuson a single proxy andits clients, both of which contritute cachespacesbut thereis
no interactionswith other proxiesnor their clients. Sincethe transmissiorcostsbetweenthis proxy and
all its clients are identical, we refer to this systemas a homogeneousost system.We drop the proxy

index (subscript ) from the relevant parametergor easeof exposition.

This homogeneougost systemhas a nice property that the total transmissioncost dependsonly on
how the video streamsare partitionedinto pre xesand pre x-of-suf x esfor caching.This is becausell
pre xes are to be cachedat the single proxy, and ary allocationof the pre x-of-suf x segmentsacross
the local clients yield the samecost due to the uniform cost for proxy-client transmissionsAs such,
we can combinethe cacheof all the clientsto form an aggre@atedcachespace , and,to derive the
minimum transmissiorcost,we only needto nd the optimal valuesof and subjectto cache

spaceconstraints and

We de ne an auxiliary costfunction , Which is the costfor delivering video with pre x
size andpre x-of-suf x size . Notethat is now equalto in this
simple scenario.Moreover, minimizing it is equivalentto maximizingthe costsasing againstthe system

with no caching,i.e. maximizing

We usea dynamicprogrammingapproacho solve the problem.Let  be a three-dimensionainatrix,

where representshe maximumcostsaving for videos1 through , when
units of proxy cacheand units of client cacheare used.We have
The matrix canbe lled in plane-ordesstartingfrom to , andthe latter givesthe

maximum cost savzing. The minimum total transmissioncostis therefore ,
and the correspondingpre x and pre x-of-suf x partitioning can be obtainedthrough backtrackingthe

iterations.
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This dynamicprogrammingalgorithmhastime complexity , Where
. It is applicablewith arbitrarycostfunction , Which canbeinstantiatedjivena speci c
transmissiorscheme As an example,assumeboth a senerto-client and a client-to-clienttransmissions
areunicast-basedndrelayedby a proxy, canbederivedas
wherethe rst four termsin the secondpartrespectrely represent
the costsfor retrieving pre X, pre x-of-suf x, theremainingsufx, andthe internalcostof the proxy, for
eachplaybackrequestNote that is the internal cost per unit datahandledby the proxy. Whenthere
is no caching( ), we have . In the end of this section,we

further introducemulticastdelivery to the systemand derive the correspondingsostfunction.

The optimal cacheallocationalgorithmis practically feasibleasit is executedoff-line andthe resulted
allocation lasts for a relatively long period of time. Furthermore,the computationcompleity of the
algorithm canbe reducedby usinga large cachegrain . For storageoverhead.a globally uniquevideo
ID aswell asthe starttime of eachsegmentis storedtogetherwith the video data,and this is already

incorporatedn the existing streamcachingsystem.



B. Multiple Proxieswith Client Caching

We now considerthe caseof multiple cooperatre proxieswith client caching.Fig. 3 offers a logical
view of this general CORACC system,in which the segmentof pre x and pre x-of-suf x of a video
are placedacrossdifferent proxiesandtheir clients, respectiely, andthe transmissiorof a video stream
thusinvolve interactionsamongseveral proxiesand clients. Moreover, the unit transmissiorcostsfor the
proxy-to-proxyand client-to-proxylinks canbe heterogeneoud.he cacheallocationproblem(CAP) thus

becomesnuch more complex thanin the homogeneousost system.

In fact,we formally prove that CAP is NP-hardin this generakcase(seeAppendixA). We thusresortto a
practicallyef cient heuristicswhich consistof two phases:rst, it partitionsthepre x andpre x-of-suf x
for eachvideo; secondgiventhe partitions,it allocatesthe segmentsof pre xesandpre x-of-suf x esto

the proxiesand clients.

1) Partitioning of pre x and pre x-of-suf x: In this phase,we calculatethe optimal values of
and for eachvideo, and, to achieve a computationallyefcient solution, we do not addresstheir
allocationacrosghe proxiesandclients.Insteadwe approximatehe systemby a singleproxy systemwith

aggr@atedproxy cachespace andaggreatedclientcachespace . Otherparameterareapproximated

as follows: video accesgsate , accessprobability , unit transmission
cost , andinternal cost , thatis, we consider
the costfor proxy-to-proxytransmissionss an internal cost,and assume is O if

Given the above transformationan approximatesolution can be directly obtainedusing the dynamic

programmingalgorithm for the homogeneousost system.

2) Allocation to proxy and client caches:In this phase,we allocatethe pre x and pre x-of-suf x to
the proxiesand clients so as to meetthe storageconstraintsat eachproxy and client. The objectve is
to minimize the averagetransmissiorcost, which is de ned asthe sumof averagecostin delivering the
pre x and pre x-of-suf x to therequestectlients.Once and aredeterminedn the rst phasethe
allocationfor pre xesto proxy cacheds independenfrom thatfor pre x-of-suf x esto client cachesand

vice versa.The reasonis thatthe pre x andpre x-of-suf x arestoredin differentlocation,andthey are



transmittedto the requestedlients separatelyThus, the two allocationproblemsareindependento each

otherandwe can solve themindividually.

We rst considerthe allocationfor pre xes.Let be the transmissiorcostwhenthe sggment

of size from the pre x of video is storedin proxy . The problemfor optimal pre x allocationis

thenformulatedas

For unicastdelivery, can be instantiatedas
Let , the optimization objective for problem PA can be re-
written as . Note that, is independenbf , andcanbeviewedasthe

transmissiorcostwheneachunit pre x dataof video cachedn proxy . The above formulationfor PA
thuscanbe relaxed asa linear programmingproblemif  is not restrictedto integers.In practice,this is
generallyviable, for a video streamthat canbe partitionedwith ne-granularity, andthe total datacached

in ary proxy is lessthanits maximumcapacityfor any optimal solutionto the linear programming.

Similarly, we canformulatethe optimal allocationproblemfor pre x-of-suf x esto be cachedat clients

asfollows,
where is the transmissiorcostwhenthe segmentof size from the pre x-of-suf x of
video is storedin client of proxy . For unicastdelivery, is given by

which canbere-writtenas if wede ne



Obviously, both the costfunction and the problem SA itself have similar structureasthat of problem
PA. The linear programmingrelaxationthus also applies.We will shaov later that suchrelaxationalso

holdsfor multicastdelivery.

We also comparedthe performancebetweenthe optimal solutionto CAP and the proposedheuristics
solution. As thereis no effective algorithmto solve CAR, we use the brute-forceapproachto nd the
cacheallocationof a small problem,which contains20 mediastreams proxiesand10 clients.We found
that the solution obtainedby our heuristicsalgorithm is comparableto the optimal solution, wherethe
performancedifferenceis only around1%. Thus, our heuristicsalgorithm provides an ef cient way to

obtain a nearoptimal solution.

C. CostFunctionwith Sufx Multicast

Sofar we have focusedon unicastdelivery only, andpresentedhe correspondingostfunctions.In this
subsectionwe further considermulticastdelivery, which is known as an ef cient vehicle for streaming
to clients with requestsclosein time [15], [27]. However, thoughIP multicasthasbeenwidely adopted
within ISP networks, its deploymentover the global Internetremainscon ned. We thusassumemulticast
delivery atthe pathfrom a proxy to its local clients,but only unicastdelivery from the sener to a proxy or
betweenwo proxies.This assumptiordoesnot limit the deploymentof CORACC sinceunicastdelivery is
alwaysanalternatve if local IP multicastis not supportedYet, if IP multicastis enabledthe performance
of CORACC canbe improved. Furthermore Application Layer Multicast (ALM) can also be appliedin

delivering databetweenthe proxiesand clients.

Eventhoughmulticastis only enabledat local paths,a proxy canstill sene a seriesof requestsdrom
its local clientsfor the samevideo usinga sufx batding technique Speci cally, assumdhe rst request
for video arrivesat time 0, the home proxy will fetch andrelay the pre x of the video to this client
throughunicast,which takes secondsall the local requestsarrive during interval will
then be batchedwith a single copy of the sufx for video beingmulticastto all the requestectlients.

In otherwords, the batchingwindow is of size

We now derive the costfunction for the caseof single-proxywith client caching.We assume



that the video accessedollow a Poissonarrival, that is, the averagenumberof requestsarrived in the

batchingwindow for video is . The costperrequestfor multicastingthe sufx to batch
of clientsis thus . Since
a pre x is alwaysdeliveredusing unicast,the costfunction is thengiven by:

Similarly, we canderive the costfunction of problemSA. For a batchingwindows contains

requestdrom proxy , we needonly a singleretrieval for the sufx distributed at

client cachesandthe sener. The costfunction at proxy is thus
Regarding the cost function of problemPA, it is exactly the sameas that for unicastcase
becausea pre x is delivery throughunicastonly. In addition,if , we have thefollowing
obsenationsfor
Given , is a constantfor ary ;
Given : is a constantfor ary

Sinceclientsoften have commoninterestsit is likely thatthe distributionsof video accesgprobabilities
are similar at different proxies, that is, holds. The above obsenation thus leads
to an simpler yet optimal greedyalgorithm for problemPA, as shovn in Algorithm 1. Intuitively, this
algorithm always cachethe most expensve pre x into the cheapesproxy, so asto minimize the total
transmissiorcost. Its compleity is , which is generallylower thandirectly solving the linear
programmingproblems(even if the simplex method[28] is used).A formal proof of the optimality of

this greedyalgorithm canbe found in AppendixB.



Algorithm 1 Greedypre x allocation
1: Sort proxiesin ascendingorder of cost ;

Storetheresultsin  -List;
2: Sortvideosin descendingrder of cost ;

Storethe resultsin -List;
3: rst componenf -List;

rst componenbf -List;

4: Cacheasmary units as possiblefor the pre x of video to proxy ;
5. If proxy hascachespaceleft, then next componenof -List;
6: If pre x of video hasnot beenfully cachedthen next componenof -List;

7: Repeatsteps4 to 6 until all pre xesareallocated.

V. Cooperative Proxy-Client Caching Protocol

As showvn in Fig. 1, COFRACC operatesas a two-level overlay, wherethe rst level consistsof all
the proxies, and the secondlevel consistsof eachproxy andits own clients. The interactionsamong
different entitiesin this two-level overlay are speci ed by a cooperatie proxy-client cachingprotocol,
which consistsof threesubprotocolscace allocation and organization cache lookupand retrieval, and
client accessand integrity veri cation. We now detail the operations,and addressthe practical issues

toward realizingthe CORACC system.

A. Cadhe Allocation and Organization

All the cacheallocation and organizationdecisionsare implementedin proxies. The protocol starts
by establishingconnectionsamongthe proxies,and an electionalgorithmis then executedto choosea
coordinator We currently employ the distributed Bully algorithm [29], which opts for the proxy of the
highestcomputationapower asthe coordinator The coordinatoris responsibleor collecting parameters
from all otherproxiesandthenrunningthe optimal cacheallocationalgorithm describedn the previous

section.

Given and , the interval of the pre x in video stream is simply



and that of pre x-of-suf x is . The coordinatorshould then determinethe
positionof eachsegmentto be allocatedto proxiesandclientsin the pre x andpre x-of-suf x. Sincethe
total transmissiorcostdepend®nly onthe sgmentsize, CORACC emplgys a simpleorganizationscheme:

for pre x of video , allocatesegmentof intenal in the video streamto

proxy , and,for the pre x-of-suf x, allocateintenal to
the clients of proxy , which further partitions this interval into segmentsto be cachedin its local
clients accordingto their cachespacesHence,the cachelocation of eachinterval of the streamcan be
easily calculatedfrom and . As the coordinatorkeepsa full copy of the allocations,a lookup
requestor the cachelocationsof a particularvideo streamcanalwaysbe accomplishedy contactingthe

coordinator To balancethe load of the proxies,the coordinatoralso distributesthe lookup information

uniformly to other proxiesusing a hashfunction ; that is, for video , a copy of its cachelocation
information are kept by proxy aswell. Sincethe proxiesare persistentandreliable nodes,even the
simplesthashinglike will work well in COFACC. In otherwords, COFRACC does

not have to rely on a ooding-basedsearchnor a complex and costly distributed hashtable (DHT), as

in mary peerto-peersystems.

B. Cade Lookupand Retrieval

For eachplaybackrequestfor video from a client, its homeproxy discoversand retrieves the video
data on behalf of its clients. This is accomplishedby rst issuing a cache lookup request ,
which, accordingto the cacheorganization,can be directly submittedto proxy . Uponreceving the
locationinformation from proxy , the initiated proxy thenissuesa seriesof cacheretrieval requests,

, to correspondingproxiesfor retrieving andthenrelayingthe segmentscachedat proxiesor

their clients. Finally, the un-cachedpart of the sufx is retrieved from the sener.

When a proxy receves a retrieval request,t rst checkswhetherthe requestedilatahasbeencached.
If cached,t will streamthe datato the requestedproxy; if not, it will retrieve the datafrom the sener,
storea copy in its own cacheor its clients' cache,dependingon whetherthe contentbelongsto a pre x

or to a pre x-of-suf x, andthenstreamto the initiated proxy. This leadsto a passve lling schemewith



1: while Receve a requestdo

2: if from local client then

3: Look up proxy get and

4: Send to proxy for pre x of interval

5: Send to proxy for pre x-of-suf x of interval

6: Retrieval remainingintenal from sener

7: Relaythe streamto the requestclient

8: elseif for pre x of intenal then

9: Pre x of intenal not exist in proxy cache retrieval from sener andstorein proxy cache
10: Sendpre x of interval to requestegroxy
11: elseif for pre x-of-suf x of intenal then
12: Pre x of intenal not exist in the cacheof ary local client  retrieval from sener and store

in alocal client's cache

13: Sendpre x-of-suf x of interval to requestegroxy
14: elseif from anotherproxy then

15: Reply and

16: endif

17: end while

TABLE 1

CACHE LOOKUP AND RETRIEVAL

no needfor a synchronizedylobal replacementthat is, an empty cachespace(or one with an outdated
cacheallocation)will be lled up graduallyfollowing the requestdrom other proxies,which represents

the updatedallocation.

C. Client Accessand Integrity Veri cation

The client-sideoperationsare relatively simple, which can be easily implementedin economicalbut
less powerful personalcomputers.In particular a client is not involved in managingthe overlay, nor

determiningcacheallocationand organization.lt simply reportsits available spacego its home proxy.



Fig. 4. An illustration of the cachelookup andretrieval operations(1) client requesto homeproxy for video ; (2) locationlookup request
to proxy ; (3) retrieve andrelay pre x segmentsfrom proxy cache;(4) retrieve andrelay pre x-of-suf x segmentsfrom clients;

(5) retrieve andrelay the remainingpart of sufx from sener.

The home proxy then determinesand keepsthe location for data cachedin its local clients, and then
instructsthe clients for cachingthe data. Given that clients are not trustable,a e xible and adaptve
mechanisms neededo verify the cachedcontent.For the segmentcachedin the client, the homeproxy
sase a signatureof the copy, suchasits SHA-1 hashvalue. The overheadof such an veri cation is
relatively low. More importantly note that the integrity veri cation can be enabled/disablediepending
on the importanceof the content,as in mary peerto-peersystems.The veri cation frequeng can be
adaptvely setto controlthe veri cation overheadA client contributesits cacheddataonly upona request
from its homeproxy. The home proxy will thenrelay the datato the proxy initiated the request,and if
neededyerify the integrity of the datausingthe signature As such,the systemcaneasilyidenti es and

blocks maliciousclients.



V1. Performance Evaluation

In this section,we evaluatethe performanceof CORACC. We focus on the transmissiorcostreduced
by introducing cooperatre cachingamongproxiesand clients. We are also interestedin examining the

robustnessand scalability of this system,aswell asidentifying the key in uential factors.

Unlessotherwisespeci ed, thefollowing default settingsareusedin our evaluation.Thevideorepository
in the sever contains100 CBR videoseachof 512 Kbps rate. Their lengthsare uniformly distributedin
between100 and 140 minutes;the mean(120 minutes)is a typical length of a movie. As suggestedy
existing studieson mediaaccesyatternswe assumehe accesgprobabilitiesof the videosfollow a Zipf
distribution with skew factor [27]. The cachegrain (unit) is setto the size of 2-minutevideo
data.All the cachesizesdiscussedn this sectionare normalizedby the total size of the video repository
andthe transmissiorctostsarenormalizedby the correspondingostof a systemwith no cache Therefore,

our conclusionsare also applicableto systemswith proportionallyscaledparameters.

A. Effectivenes®f Coopeative Proxy and Client Caching

A primary designobjectve of CORACC is to reducethe transmissiorcostfor streamingto clients of
asynchronousequestsHence,in the rst setof experimentswe examinethe costreductionundervarious

proxy and client con gurations.

We assumethere are 4 proxies cooperatedvith eachother and the client accessate at eachproxy
is 50 requestsper minutes. The ratio betweenthe unit transmissioncostsof different pathsis set to
. Note that, this settingis indeedconserative as comparedto that

in mary previous studies[15]. In addition,we areinterestedn the normalizedtransmissiorcost, which

depend9n this ratio, while not the exact value at eachpath.

Fig. 5 plotsthe transmissiorcostasa function of the total cachespacein the systemwhere
, i.e., the proxies and clients respectiely contribute half of the total cachesize. Not surprisingly
increasingthe total spacereducegransmissiorcost. With unicast,the costdecrease$inearly, while with

sufx multicast,it decreasemuchfaster Whenthe total cachespaces 0.2 (20% of the video repository),
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Fig. 5. Transmissiortostasa functionof the total proxy-clientcacheFig. 6. Transmissiorcostat differentpathswith sufx mulitcast.

space.

the costwith sufx multicasthasbeenreducedo 0.2;in otherwords,a 20% cachespaceeadsto a 80%
costreduction,which implies that batchingthe requestdrom local clientscanavoid a signi cant amount
of remotetransmissiongsener-to-proxy). This canalsobe veri ed by Fig. 6, which shavs the costdue
to sener-to-proxy transmissiongjuickly decreasesvith an increaseof the cachespace,and becomesa

minor partin the total transmissiorcostwhenthe cachespaceis over 0.4.

In Fig. 5, we also shav the costwhen a proxy cooperatesith its clients only, while not with other
proxies. Clearly the costwith cooperatre proxiesare much lower, particularly when multicastis also

enabledin local paths.As such,in the following discussionsye focus on the resultswith cooperatie

proxiesand multicastdelivery only.

In addition, we compareCOFRACC with anotherhybrid cachingsystemcalled Loopback[26]. Each
client in Loopbackdynamically cachesa portion of video, and a forwarding ring is formed amongthe
collaboratve clients to distribute the video. The resultsshovn in Fig. 5 illustrate that COFACC (with
multicast)performsbetterthanLoopback.In particular whenthe total cachespaces 0.2, the transmission
costin CORACC is one-third of that in Loopback. With the cooperationin deciding what to cache,

CORACC utilizes the buffer spaceby cachingdistinct segmentsamongthe proxiesand clients,and ,thus,

achieves lower transmissiorcost.

To further identify the respectire contributions of proxy cachingand client caching,Fig. 7 depictsthe
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in the total cachespace.

transmissiorcost versusthe fraction of the proxy cachespacein the total cachespace We can seethat
the transmissioncost reduceswhen the proxies contritute a higher fraction in the total cachespaceof
the system.Intuitively, the morecachespacecontributedby proxies,the moredirecttransmissioneamong
proxiesfor delivering a video stream,which generallyincur lower costs,becausédhe video datafetched
from a client's cachehave to be relayedby proxiesaswell. The bestperformanceas thusachiezed when
all cachespaceis in the proxies.Nonethelessit is often expensve to upgradededicatedproxiesand add
more disk spacesOn the other hand, from Fig. 7, we nd that, even if the proxy cachesconstitutea
small partin the total cachespace,a nearoptimal cost can still be achiezed. As an example,whenthe
total cachespaceis 0.6 andonly 20% is from proxies,i.e., the total proxy cachespaceis only 0.12,the
costis alreadylessthan0.13,which is quite closeto the optimal value (around0.1) whenthe fraction of
proxy cacheis 100%.In otherwords, client cachingwell complementgroxy caching,making CORACC

a very economicalalternatve to pure proxy caching.

We also examinethe bene t of client cachingin the system.Fig. 8 plots the transmissiorcostversus
the fraction of the client cachespacewhen the proxiescontritute 10% of cachespace.lt shows that by
usingclient cache the transmissiorcostcanbe further reducedFor example,whenthe clientscontritute

20% of cachespace the transmissiorcostis 20% lessthanthe pure proxy cachingsystem.
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B. Rolustness

As in peerto-peerstreamingsystemsthe robustnessn the presenceof client failuresis alsoa critical
concernin COFACC. To evaluatethis, we assumehat eachclient hascertainfailure probability whenits
own cacheis accessedyut the video accesgatefrom all clientsremainsconstantin Fig. 9, we shaw the
transmissiorcostasa function of differentclient failure probabilities.The total cachespaceof the system
is 0.4, and we vary, , the fraction of the total proxy cachespacein the total cachespacefrom 0% to
100%, which representswo extremecaseswhen , CORACC dgyenerateso a pure peerto-peer

system,and,when , it degenerateso a pure proxy-basedsystem.

We can seethat, when thereis no client failure, the costsfor different are quite closeif thereare
certain cachespacesexisting in proxies,and the pure proxy-basedschemeis the best,which hasbeen
explainedpreviously. More importantly the costof the pureproxy-basedystemremainsunchangedavhen
increasingclient failures,andthat for , or anormal CORACC system,is alsovery stable.
For illustration, evenif is 25%, the transmissiorcostonly slightly increasesvith anincreaseof failure
probability; when the failure probability is 1, the costremainsa low as 0.22. This is becauseevenif a
sufx is to be fetchedfrom the sener in the presenceof client failures,the overheadsharedby a batch
of clients,is not excessve. To the contrary the costof the pure peerto-peersystemquickly increasesand
reachesl (the costof a zero-cachesystem),whenall clientsfail. Suchresultsdemonstratehat the use

of dedicatedpbroxieswith sufx batchingremarkablyimprovesthe robustnessandresilienceof CORACC
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streamingrates. underreal and syntheticnetwork topologies.

in the presenceof client failures,even if the total proxy cachespaceis minor as comparedto the total

client cachespace.

C. Scalabilityand Control Overhead

We further explore the scalabilityof CORACC with larger numberof proxiesandclients.Fig. 10 shavs
the total transmissioncostsfor different numberof proxiesand clients. In this set of experiments,we
increasedhe total numberof videosto 1000. The cachespaceof eachproxy, , is setto 0.01,andthat
of eachclient, , is 0.0005.The accesgatefrom eachclientis setto 0.01 per minute.In otherwords,
while a client joining the systemcontribtutes certaincachespacesit also introducesmore requestsYet,
we obsenre that the transmissiorncost slightly decreasesvith more clients, implying that client caching
overcomesthe increasedoads. Note that the normalizedcachespaceof eachclient is only 0.0005,or
eqguialently, the half size of onevideo, which canbe easilyaccommodatetty personalcomputersWith
anincreaseof the numberof proxies,we have obsereda evenmorenoticeablecostreduction particularly

whenthe numberis changedrom 1 to 10. This con rms that proxy cooperations worth considerations.

Although the cacheallocation algorithm is executedsolely by a dedicatedproxy, it is practicalin a
network with large numberof nodes.It took lessthan a minute to solve a problemwith 1000 videos,
20 proxiesand 200 clientsin our desktopcomputer We expect the actualexecutiontime in a dedicated

powerful proxy canbe much shorter Moreover, the executiontime can be further reducedby increasing



the cachegrain.

The control overheadss alsoan importantconcerntoward realizing CORACC. We de ne the overhead
of COFACC asthe trafc volume of control messagegelection,allocation,lookup, and retrieval, etc.)
over thetotal trafc volume,which obviously dependsn the scaleand streamingate of the system Note
that the control messageés piggybacled in the datapaclet, thatis, no additional paclet is generatedor
the control. Therefore,the control overheadof the systemis keptin low level. In Fig. 11, we shov the
overheadwith differentnumberof proxiesand streamingrates.The numberof clientsper proxy is setto
50. It canbe seenthat the overheadis reasonablylow, which is lessthan 0.3% of the total trafc even
with 20 proxies.In addition,the overheaddecreasesvith higher streamingrates.This is mainly because

the messageare quite shortascomparedo video sggments,and mostmessagesre locally exchanged.

D. Sensitivityto Network Topologies

So far, we focus on regular network topologieswith identicaltransmissiorcostsbetweenproxies.We
have alsoinvestigatedhe performanceof our systemundervarioussyntheticandreal network topologies.
Fig 12 shows the costsunderthree representatie topologies:the 44-nodeSprintLink network and the
100- and 200-nodeTransit-Stub(TS) networks. The SprintLink network, representinghe topology of a
typical backbonenetwork in north America, is obtainedfrom the Roclketfuel project at the University
of Washington[30]. The TS network is synthesizedby the GT-ITM topology generator[31], which
attemptsto reproducethe hierarchicalstructureof the Internetby composinginterconnectedransitand
stubdomains.For bothtopologieswe randomlyplacethe given numberof proxiesto the network nodes,
andsetthelink costinverselyproportionalto the bandwidthof eachlink. A shortest-pathouting is then
usedto determinethe pathbetweenproxies,andthe costof a pathis the sumof costsacrossall the link
of this path. The sener is connectedo theseproxiesthrougha remotelink: in SprintLink network, it
is assumedo be in Asia, andin TS network, we manuallysetthe unit transmissiorcostto 5 timesthe

averagecostbetweenproxies.

It can be seenthat, under all the three network topologies,the transmissioncosts of CORACC are

pretty low and generallydecreasewith an increaseof the numberof proxies. The performanceunder



the TS topology is slightly better suggestingthat CORACC works well with a hierarchicalnetwork
structure,wherelocal transmissiorcostis much lower than remotetransmissiorcost. It is worth noting
that SprintLink network alsofollows a hierarchicalstructure but mary low-level nodesareabstractednto
a singlenodes.Moreover, the proxiesin our evaluationarerandomlyplaced.We thusexpecta evenbetter

performancevhenthe proxiesare stratgically placedand cooperatedvith eachotherin closerdistances.

VIl. Conclusion

This paperhasintroducedCORACC, a novel cooperatie proxy-client cachingsystemthat combines
the bestfeaturesof proxy cachingand peerto-peercommunicationslt leverageshe client-sidecaching
to amplify the aggrgated cache spaceand relies on dedicatedproxies to effectively coordinatethe
communicationsWe have developedanef cient cacheallocationalgorithmfor distributing videosegments
amongthe proxiesand clients. We have also proposeda comprehensie suite of protocolsthat facilitate
the interactionsamongdifferentnetwork entities.It alsoenablessmartand cost-efective cacheindexing,

searchingyerifying operationsn this hybrid cachingsystem.

The performanceof COFRACC hasbeenevaluatedundervariousnetwork andend-systenton gurations.
Ourkey ndings canbesummarizedsfollows: 1) With anampli ed total cachespacesgooperatre proxy-
client cachingsigni cantly reducesthe transmissioncost for on-demandmedia streaming;2) With the
assistancdrom dedicatedproxies,it is much more robust than a pure peerto-peersystem,even though
the proxiesmay contritute only a small fraction of the total cachespace;and 3) It scaleswell in larger

network, andthe costgenerallyreducesvhenmore proxiesand clients cooperatewith eachother

We have demonstratedhat COFACC works well for symmetriclinks. However, while mary LAN
technologiesare symmetric,e.g., Ethernet,certaintypes, like ADSL, have restricteduploadingspeeds,
which may reducethe effectivenessof COFRACC. Firewalls could have the sameeffect. This problem
has beena key obstacleto the successof mary other peerto-peer applications,and we expect that
the potential solutionsto theseapplicationscan help CORACC as well. We are currently investigating
theseissues.Other issues,like how to accuratelyestimatethe systemparametersor how to model the

participationincentve[32, [33] andsecurityissues[3$# shouldbewell addresseth practice.Besideswe



arealsointerestedn studyinghow replicationcanbe usedto improve the robustnesof CORACC under

unexpectedclient leave.

APPENDIX

A. NP-Hardnessof the CAP problem

In this appendix,we prove that the generaloptimal cacheallocation problem (CAP) is NP-hard.We
shaw this by transformingthe optimal resourceallocationproblem(RAP) to CAP in polynomialtime. It

is known that RAP is NP-hardandits decisionversionis NP-completeg35].

In RAPR, thereare  kinds of resourcedo be allocatedto  actwvities, indexed from 1 through
andthe total available quantity of resource is . Theobjectve is to minimize the costin

allocatingthe resourcego actwities, which canbe formulatedas:

where is the quantity of resource allocatedto actwity is the effectivenessfor eachunit of
resource allocatedto actwity , and is a corvex andnon-increasingostfunction for actvity with

given allocations.

Note that the resourcesand actiities in RAP are analogougo the cachespacesand videosin CAP,

respectrely. Given an instanceof RAP, we cancreatea CAP problemwith the following settings:
: , and : . Since can be

arbitrary function, we setit as . We further set  to , suchthat the constraint

in CAP is always satis ed. Given this transformationjt is obvious that

an optimal solutionto CAP, , leadsto an optimal solutionto RAP:

Sincetransformations in polynomialtime, it follows that problem CAP is NP-hard. [ |



B. Optimality of the Greedy Algorithm

In this appendix,we prove the optimality of the proposedgreedyalgorithm for PA with

. We de ne the matrix of the unit transmissiorcosts after executingstepl through?2 as:
where . Since for all , We candrop subscript of
and simplify the calculationof as . We have the following two
obsenationson
Observation 1. Given , is a constantfor ary
Proof:
Observation 2. Given : is a constantfor ary
Proof:
Note that the proxies are sortedin ascendingorder of cost and the videos are sortedin
descendingrder of cost in the greedyalgorithm, that is, for and

for . We thenhave anothertwo obserations:



Obseation 3. for and

Proof: From obsenation 1, we have ,

where is aconstantThisis equivalentto and
Here, because for . It follows that
Observation 4. for and

Proof: From obsenation 1, we have ,
where is aconstantThisis equvalentto and

Here, because for . It follows that

The above two obsenationsimply that swappingoneunit dataof video in proxy with thatof video

( ) in proxy ( ) yields the sameor highertotal cost,and,similarly,
swapping one unit dataof video in proxy with that of video ( ) in proxy
( ) yields the sameor higher cost. As the pre xesarefully packed to the proxiesand

thereis no spaceleft, the solution given by the greedyalgorithmis optimal.
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