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Abstract

Proxy caching is a key techniqueto reducetransmissioncost for on-demandmultimedia streaming.The

effectivenessof currentcachingschemes,however, is limited by theinsuf�cient storagespaceandweakcooperations

amongproxiesand their clients,particularlyconsideringthe high bandwidthdemandsfrom mediaobjects.In this

paper, we proposeCOPACC, a cooperative proxy-and-clientcachingsystemthat addressesthe above de�ciencies.

This innovative approachcombinesthe advantagesof both proxy cachingandpeer-to-peerclient communications.

It leveragesthe client-side caching to amplify the aggregated cachespaceand rely on dedicatedproxies to

effectively coordinatethe communications.We proposea comprehensive suiteof distributedprotocolsto facilitate

the interactionsamongdifferent network entities in COPACC. It also realizesa smart and cost-effective cache

indexing, searching,and verifying scheme.Furthermore,we develop an ef�cient cacheallocation algorithm for

distributing video segmentsamong the proxies and clients. The algorithm not only minimizes the aggregated

transmissioncostof the whole system,but alsoaccommodatesheterogeneouscomputationandstorageconstraints

of proxiesandclients.We have extensively evaluatedtheperformanceof COPACC undervariousnetwork andend-

systemcon�gurations.The resultsdemonstratethat it achievesremarkablylower transmissioncostascomparedto

pureproxy-basedcachingwith limited storagespace.On the otherhand,it is muchmorerobust thana purepeer-

to-peercommunicationsystemin the presenceof nodefailures.Meanwhile,its computationandcontrol overheads

areboth kept in low levels.

Keywords: Media Streaming,Proxy caching,Peer-to-Peercaching,Media segmentation andResourceallocation

I . Intr oduction

For the past few years,we have witnessedthe increasinglyusedstreamingmultimedia traf�c on the

Internet,and on-demandstreamingfor clients of asynchronousplaybackrequestsis amongstthe most

popular networked media services.Given its broad spectrumof applications,like NetTV and distance
�
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learning,it hasattractedmuch attentionand many practicaldeploymentshave beenproposedin recent

years[1]. The limited server capacityand the unpredictableInternet environment,however, make it a

challengingtask to designand deploy an ef�cient and scalableon-demandmediastreamingservice[2],

[3], [4], [5].

To reduceserver/network loads,an effective approachis to cachefrequentlyuseddataat proxiesthat

are closeto clients [6], [7]. Streamingmedia,particularly thosewith asynchronousdemands,could also

bene�t andcouldhave a signi�cant performanceimprovementfrom proxy cachinggiventheir staticnature

in contentandhighly localizedaccessinterests.However, mediaobjectshave high dataratesrequirements

and long playbackdurations,which combinedyield a hugecachingresource.To illustrate, a one-hour

standardMPEG-1video hasa volumeof about675 MB; several suchlarge streamswill quickly exhaust

the cachespaceof a standaloneproxy. As such,it is necessaryto designpartial cachingalgorithmsor

group proxiesto enlarge cachespace[6], [8], [9], [10]. Therehave beenextensive studiestoward these

directions,but the storagespaceof existing proxies are still far from satisfactory, and thus remainsa

performancebottleneckof the whole system.

Another approachis to generalizethe proxy functionalitiesinto every client [11], [12]. Sucha peer-

to-peercommunicationparadigmallows economicalclients to contribute their local storagespacesfor

streaming.Speci�cally, the video data originally provided by a server are spreadamong clients of

asynchronousdemands,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

anddedicatedserversor proxies,theseloosely-coupledautonomousend-hostsarenot highly reliablesince

theseend-hostscanfail or may leave thenetwork without any notice.Giventhe requirementthata media

playbacklastsa long time andconsumeshugeresources,a purepeer-to-peersystemmay not provide the

desirableinformation availability in the Internetenvironment.Another reasonfor not adoptingthe pure

P2Papproachis that thereareno authoritative parties,it is alsodif�cult to identify andpenalizemalicious

clients that intentionally inject forgeddata.

In this paper, we proposeCOPACC, a novel cooperative proxy-clientcachingsystemthataddressesthe
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above de�ciencies.The innovative approachin COPACC combinesthe advantagesof both proxy caching

and peer-to-peerclient communications.We leveragethe client-sidecachingto amplify the aggregated

cachespaceand rely on dedicatedproxiesto effectively coordinatethe communications.We develop an

ef�cient cacheallocationalgorithm that distributesvideo segmentsamongthe proxiesand clients. The

algorithmnotonly minimizestheaggregatedtransmissioncostof thewholesystem,but alsoaccommodates

heterogeneouscomputationand storageconstraintsof proxies and clients. When multicast service is

available,COPACC alsomakeseffective useof multicastdelivery in local regions,which further reduces

the costof the system.

In this work, we proposea comprehensive suite of distributed protocolsto facilitate the interactions

amongdifferentnetwork entities.Most operationsin this protocolsuiteareexecutedby dedicatedproxies.

As such, it is not only suitablefor clients with limited computationpower, but also resilient to client

failures.We also embedan ef�cient indexing and searchingalgorithm for video contentscachedacross

differentproxiesor clients,aswell asa signatureveri�cation mechanism,which caneffectively identify

andblock maliciousclients.

The performanceof COPACC is extensively evaluatedunder various network and end-systemcon-

�gurations. The resultsdemonstratethat it achieves remarkablylower transmissioncost as comparedto

proxy-basedcachingwith limited storagespace.On the other hand,with the assistancefrom dedicated

proxies,it is muchmorerobustthanapurepeer-to-peersystem.Its transmissioncostonly slightly increases

when a large portion of clients fail, even thoughthe clients contribute a signi�cant fraction in the total

cachespace.Moreover, it scaleswell to largernetworks,andthecostgenerallyreduceswhenmoreproxies

andclientscooperatewith eachother.

The balanceof the paper is organizedas follows. In Section II, we review the related work. The

COPACC architectureand its parametersare presentedin SectionIII. We derive ef�cient algorithmsfor

cacheallocationin SectionIV, anddescribethecooperativecachingprotocolin SectionV. Theperformance

of COPACC is extensively evaluatedin SectionVI. Finally, we concludeour work in SectionVII.
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I I . Related Work

Proxy caching for media streaminghas attractedmuch attention in the past decade,and numerous

algorithmshave beenproposedin the literature,e.g., run-lengthcaching[13], pre�x caching[9], and

segmentcaching[8], [10], [14]; seea comprehensive survey in [6]. Consideringthe staticnatureof video

contentsandtheir intensive I/O demands,many of thealgorithmsemploy a semi-staticcachingapproach,

wherepopularvideoportionsarecachedover a relatively long time period,ratherthandynamicallysaved

or replacedin responseto individual client requests.COPACC alsoadvocatessemi-staticcaching,andits

cacheallocationis closely relatedto the pre�x-suf�x partition andstreamsegmentationalgorithms[15].

However, thesestudiesgenerallyfocuson a singleproxy casewith no cooperationamongproxies.

It is well-recognizedthat proxiesgroupedtogethercan achieve betterperformancethan independent

standaloneproxies [16], [17]. An example for media caching is MiddleMan [18], which operatesa

collectionof proxiesasa scalablecachecluster;mediaobjectsaresegmentedinto equal-sizedsegments

and storedacrossmultiple proxies,wherethey can be replacedat a granularityof a segment.Thereare

alsoseveral local proxiesresponsibleto answerclient requestsby locatingandrelayingthe segments.To

achieve betterload balanceandfault tolerance,a Silo datalayout is suggestedin [19], which partitionsa

mediaobjectinto segmentsof increasingsizes,storesmorecopiesfor popularsegments,andyetguarantees

at leastonecopy storedfor eachsegment.Our work is motivatedby thesecooperative systems,andwe

enhancethemby combiningproxy cachingandclient-sidecaching,which greatlyexpandstheaggregated

cachestoragewith contributions from the lessexpensive clients.

On the other hand, peer-to-peercommunicationshave recently becomea popular alternative to the

traditional client/server paradigm.There are a seriesof pioneerworks on peer-to-peerstreaming,e.g.,

PROMISE [12], ZIGZAG [20], and CoopNet[21], which have demonstratedthe superiorscalability of

shifting all functionalitiesto end-hosts.Yet, we are aware that, in contrastto the reliable and dedicated

servers 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

resources,we believe that dedicatedproxiescould still play an important role in building high-quality

mediastreamingsystems,assuggestedin [22], [23]. Dif ferentfrom COPACC which focuseson caching,
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Fig. 1. The cooperative proxy-clientcachingarchitecture.
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Fig. 2. Illustration of differentportionsof a video stream.The pre�x is to be cachedby proxies,while the pre�x-of-suf�x by clients

the key issueaddressedin thesestudiesis the optimal constructionof an overlay structure.For storage

allocationandmanagementin a hybrid system,an optimal replicationalgorithmis proposedin [24], and

a cooperative algorithmbetweena singleproxy andits clientsin a local areanetwork is presentedin [25].

COPACC complementsthem by consideringa more generalsystemwith multiple cooperative proxies

with client caching.A two-level hybrid architectureis exploited in [26], whereanoverlaynetwork is used

in the upper level to deliver videos from a central server to proxiesand a collaborative-client network

using loopbackmechanismis appliedin the lower level to transmitvideo datafrom proxy to clients. In

loopback,cacheis dynamicallyupdated,which introducesan intensive disk I/O demandfor the clients.

Giventhatthevideoaccesspatternchangesslowly, semi-staticcachingis adequateandit canbepractically

implemented.Moreover, Loopbackconcentrateson the collaborationbetweenproxy and its clientsonly,

but we alsoemphasizethe importanceof cooperative cachingbetweenproxiesin reducingcost.
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I I I . Overview of The Cooperative Proxy-Client Caching (COPACC) System

Fig. 1 depictsa genericarchitectureof COPACC. A clusterof proxiesarelogically connectedthrough

direct or indirect peer links to form a proxy overlay, and eachof them serves as the homeproxy 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 sameISP domainor in the samemetropolitanarea.A

server storing the repositoryof videos,however, is far away from them,andthe remotecommunications

incur muchhighercosts.

Thevideodataarecachedacrossbothproxiesandclients.We assumethat thestoragespaceof a proxy

or a client is limited; the videosthuscanbe partially cachedonly, andthereis alwaysa full copy at the

server. Speci�cally, as shown in Fig. 2, a video streamis partitionedinto a pre�x and a suf�x , and the

beginning part of the later is also referredto as the pre�x-of-suf�x . The proxiesare responsibleto cache

the pre�x of video, whereasthe clients cachethe pre�x-of-suf�x of video. Given that the initial part of

a video streamis normally the mostly accessed,this settingreducesthe initial playbacklatency; it also

facilitatesthe multicastdelivery with dynamicclients,as will be illustratedlater. When a client expects

to play a video, it �rst initiates a playbackrequestto its homeproxy, which interceptsthe requestand

computesa streamingschedule:whenandwhereto fetch which portion of the video. It thenaccordingly

fetchesthe pre�x, pre�x-of-suf�x, aswell asthe remainingpart of suf�x, andrelaysthe incomingstream

to the client. If needed,a proxy may also perform a veri�cation operation,which detectsforged video

datathrougha simplesignaturemechanism.

Consideringthe video contentsand their accesspatternsare relatively stablein several hoursor even

days,we advocatesemi-staticcachingin COPACC.Thecachedcontentsareupdatedonly whenthesystem

parametershave drasticallychanged,and a cacherecon�guration is then applied througha progressive

cache�lling mechanism.

Thereare two key issuesto be addressedin the COPACC architecture:

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

client caches?The objective is to minimize the total transmissioncostof the COPACC systemgiven
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the video accesspatterns,the heterogeneoustransmissioncosts,andthe storageconstraints.

� How to manage,search,andretrieve thecacheddatain differentproxiesandclients?Theseoperations

shouldbe highly ef�cient so as to deploy COPACC in large-scalenetworks with intensive requests.

To addressthe above challenges,we presentan ef�cient allocationalgorithmaswell asa comprehen-

sive suite of cachemanagementand searchprotocolsin the next two sections.Before proceedingour

discussions,we �rst list the notationsandparametersfor COPACC, which arealsosummarizedin Table

I.

We assumethat thereare
�

cooperative proxies,indexed from 1 through
�

, andproxy � servesasthe

homeproxy for ��� local clients.The video repositoryat the server includes � Constant-Bit-Rate(CBR)

videos,and video � haslength �
	 secondsand rate ��	 bps, ��
������������������ . The total averageaccessrate

at proxy � is ��� , andthe probability for accessingvideo � is ��	

� �"!$#

	&%('

�)	

�


*�,+ . We assumesuchstatistics

areknown a priori , or obtainedthroughonline monitoring.

For cacheallocation,thereis a basicunit of - , alsocalledcachegrain, which is a hardwareor operating

systemconstraint,e.g., the size of a disk block. The cachespacefor proxy � is .�/

�

units, and that for

client 0 of proxy � is .21

�43 5

units. The volume of video � is also representedas a numberof units, i.e.,

6

	7
$��	8�9	8:;- units. In practice,the aggregatedcachespaceis lessthanthe total volumeof all the videos,
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arethe total proxy cachesizeand

total client cachesize.

Thecostfor transmittingoneunit of datafrom theserver to a proxy is denotedby FHGJI

/

, and,similarly,

the unit cost from proxy � to proxy 0 and that from proxy � to its own clientsare representedby F

/

I

/

�43 5

and F

1LK

/

�

, respectively.

We use MN	 to denotethe pre�x size (in units) of video � , and, OH	 , the pre�x-of-suf�x size.Both the

pre�x or pre�x-of-suf�x of a video arefurther partitionedinto several segmentsandcachedat a proxy or

client. For video � , the sizeof a pre�x segmentcachedin proxy � is representedby P
	

�

, andthe sizeof a

pre�x-of-suf�x segmentcachedat the client 0 of proxy � is Q
	

�43 5

. The segmentsizesareto be determined

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

Parameter De�nition
�

Numberof the videos
���

Volumeof video � (in units)
�

Numberof proxies
�

Numberof clients
���

Numberof local client attachedto proxy 	


��

� Cachespaceof proxy 	 (in units)



� Total cachespaceof all proxies(in units)

��

��� �

Cachespaceof client � of proxy 	 (in units)



� Total cachespaceof all clients (in units)
�

�

Total accessrateat proxy 	

�

�

�

Probability for accessingvideo � at proxy 	

�����

� Transmissioncostper unit datafrom server to proxy
� �

�

�

��� � Transmissioncostper unit datafrom proxy 	 to proxy �

�

���

�

� Transmissioncostper unit datafrom proxy 	 to its client
�

���

Internalcostper unit dataof a proxy
� �

Pre�x sizeof videos � (in units)
 

�

�

Sizeof the pre�x segmentof video � cachedin proxy 	

!

�

Pre�x-of-suf�x sizeof videos � (in units)
"

�

��� � Sizeof the pre�x-of-suf�x segmentof video � cachedat client � of proxy 	

TABLE I

PARAMETERS OF SYSTEM

IV. Optimal Cache Allocation (CAP)

The optimal cacheallocationproblem(CAP) in COPACC canbe formulatedas follows,
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@HG IJA5K is the function of the total transmissioncost (per unit time) given allocation

:=<
>

@
A and

:FE
>

@HG I
A ; the secondand third constraintsfollow the cachespacelimit of proxy U and that of

client ` of proxy U , respectively; the forth constraintappliesbecausewe do not considerreplicationin

this study. That is, the pre�x andpre�x-of-suf�x are storedonly onceamongthe proxiesand clients in

the network. In this section,we start our discussionfrom a simple scenarioof no cooperationbetween

proxies,wherethe cacheallocationfor eachproxy and its own clients can be examinedindependently.

We derive anef�cient optimalsolutionfor this scenario,which is thenextendedto accommodatemultiple

cooperative proxieswith client caching,i.e., a generalCOPACC system.
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A. SingleProxy with Client Caching

As said,we focuson a singleproxy andits clients,both of which contribute cachespaces,but thereis

no interactionswith otherproxiesnor their clients.Sincethe transmissioncostsbetweenthis proxy and

all its clients are identical, we refer to this systemas a homogeneouscost system.We drop the proxy

index (subscript� ) from the relevant parametersfor easeof exposition.

This homogeneouscost systemhasa nice property that the total transmissioncost dependsonly on

how the video streamsarepartitionedinto pre�xesandpre�x-of-suf�x esfor caching.This is becauseall

pre�xes are to be cachedat the single proxy, and any allocationof the pre�x-of-suf�x segmentsacross

the local clients yield the samecost due to the uniform cost for proxy-client transmissions.As such,

we can combinethe cacheof all the clients to form an aggregatedcachespace ��� , and, to derive the

minimum transmissioncost,we only needto �nd the optimal valuesof �����
	 and �����
	 subjectto cache

spaceconstraints��� and ��� .

We de�ne an auxiliary cost function �����
����������� , which is the cost for delivering video � with pre�x

size ��� andpre�x-of-suf�x size ��� . Note that �����! "�#��$%�

&

	'�"�)(��

&+* ,

	�� is now equalto -/.

�1032

���#�
���
������� in this

simplescenario.Moreover, minimizing it is equivalentto maximizing the costsaving againstthe system

with no caching,i.e. maximizing -
.

�1032

4

�����
56�758�:9;���#�
�����7���<�#= .

We usea dynamicprogrammingapproachto solve the problem.Let > be a three-dimensionalmatrix,

where >?�
�@�A 
�8�@ #��� representsthe maximumcostsaving for videos1 through �B�#C�DE�FDHGI� , when  ����
5JD

 ���DK�L�)� units of proxy cacheand  A�M�
5JDH #�MDK���+� units of client cacheareused.We have

>N�
�A�@ 

�

�@ 

�

�BO

PQ

R

QS

5T�U�VOW5T�B5JDX ���DK�L�Y�B5ZDX #�[DK���

\^]�_

��>N����9ECY�@ ��`9;a)�Y�@ #�b9;ac����de���#�
5T��58�:9f���#��a��8�@ac���g	'�

5JDEa)��DX ��8��5JDKa'�MDX #���7a)�[dha'�[DKi���j

Thematrix canbe �lled in plane-orderstartingfrom >N�
5T��56��58� to >?�
Gk���
�

�g�
�

� , andthe lattergivesthe

maximumcost saving. The minimum total transmissioncost is therefore -/.

�1032

���+�
5T��58�B9E>N�
Gl�g�L�Y�g���#� ,

and the correspondingpre�x and pre�x-of-suf�x partitioning can be obtainedthroughbacktrackingthe

iterations.
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transmissionscheme.As an example,assumeboth a server-to-client and a client-to-clienttransmissions

areunicast-basedandrelayedby a proxy, *

�
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�1,.-2�

� canbederivedas 3�4

�

�6587


09:	
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�

$
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, wherethe �rst four termsin the secondpart respectively represent

the costsfor retrieving pre�x, pre�x-of-suf�x, the remainingsuf�x, andthe internalcostof the proxy, for

eachplaybackrequest.Note that 7

�FE is the internalcostper unit datahandledby the proxy. Whenthere

is no caching( +

�

�

-/�

��H ), we have *

�

��H

,

HB�:�

&

�

3I4

�

�J�(7K=1?

	

$L7


09:	

� . In the endof this section,we

further introducemulticastdelivery to the systemandderive the correspondingcost function.

The optimal cacheallocationalgorithmis practicallyfeasibleasit is executedoff-line andthe resulted

allocation lasts for a relatively long period of time. Furthermore,the computationcomplexity of the

algorithmcanbe reducedby usinga large cachegrain M . For storageoverhead,a globally uniquevideo

ID as well as the start time of eachsegment is storedtogetherwith the video data,and this is already

incorporatedin the existing streamcachingsystem.
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B. Multiple Proxieswith Client Caching

We now considerthe caseof multiple cooperative proxieswith client caching.Fig. 3 offers a logical

view of this generalCOPACC system,in which the segment of pre�x and pre�x-of-suf�x of a video

areplacedacrossdifferentproxiesand their clients,respectively, and the transmissionof a video stream

thusinvolve interactionsamongseveral proxiesandclients.Moreover, the unit transmissioncostsfor the

proxy-to-proxyandclient-to-proxylinks canbe heterogeneous.The cacheallocationproblem(CAP) thus

becomesmuchmorecomplex than in the homogeneouscostsystem.

In fact,we formally prove thatCAP is NP-hardin this generalcase(seeAppendixA). We thusresortto a

practicallyef�cient heuristics,whichconsistsof two phases:�rst, it partitionsthepre�x andpre�x-of-suf�x

for eachvideo; second,given the partitions,it allocatesthe segmentsof pre�xesandpre�x-of-suf�x esto

the proxiesandclients.

1) Partitioning of pre�x and pre�x-of-suf�x: In this phase,we calculatethe optimal valuesof ���

and ��� for eachvideo, and, to achieve a computationallyef�cient solution, we do not addresstheir

allocationacrosstheproxiesandclients.Instead,we approximatethesystemby a singleproxy systemwith

aggregatedproxy cachespace��� andaggregatedclient cachespace�	� . Otherparametersareapproximated

as follows: video accessrate 
���
��

�����




� , accessprobability ������������
 �!
"�

�����




�

� �

� , unit transmission

cost #$�&%'�(�)���*�,+-�



�

�����

+

�

#

�&%'�

� , andinternalcost #$�/.0�1�2���,3546�



�

�7���



�

8
���

#

�:9'�

��;
8 , that is, we consider

the cost for proxy-to-proxytransmissionsasan internalcost,andassume#

�:9'�

��;
8 is 0 if <=�"> .

Given the above transformation,an approximatesolution can be directly obtainedusing the dynamic

programmingalgorithmfor the homogeneouscostsystem.

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 meet the storageconstraintsat eachproxy and client. The objective is

to minimize the averagetransmissioncost,which is de�ned asthe sumof averagecost in delivering the

pre�x andpre�x-of-suf�x to the requestedclients.Once �

� and �

� aredeterminedin the �rst phase,the

allocationfor pre�xesto proxy cachesis independentfrom that for pre�x-of-suf�x esto client caches,and

vice versa.The reasonis that the pre�x andpre�x-of-suf�x arestoredin different location,andthey are
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transmittedto the requestedclientsseparately. Thus,the two allocationproblemsareindependentto each

otherandwe cansolve themindividually.

We �rst considertheallocationfor pre�xes.Let ���������
	��
���

��� bethe transmissioncostwhenthesegment

of size � �

� from the pre�x of video � is storedin proxy 	 . The problemfor optimal pre�x allocation is

thenformulatedas

�������������! 
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-

For unicastdelivery, � � �*���
	��+� �

� � canbe instantiatedas

�

�

�*���
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� �61!G
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�RQ �IHTS LKU�V
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-
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J:L

��NP�

�RQ �IHbS
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�
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�
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transmissioncostwheneachunit pre�x dataof video � cachedin proxy 	 . The above formulationfor PA

thuscanbe relaxed asa linear programmingproblemif �f�

� is not restrictedto integers.In practice,this is

generallyviable, for a videostreamthatcanbepartitionedwith �ne-granularity, andthe total datacached

in any proxy is lessthan its maximumcapacityfor any optimal solution to the linear programming.

Similarly, we canformulatetheoptimalallocationproblemfor pre�x-of-suf�x esto becachedat clients
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Obviously, both the cost function and the problemSA itself have similar structureas that of problem

PA. The linear programmingrelaxationthus also applies.We will show later that such relaxationalso

holds for multicastdelivery.

We also comparedthe performancebetweenthe optimal solution to CAP and the proposedheuristics

solution. As there is no effective algorithm to solve CAP, we use the brute-forceapproachto �nd the

cacheallocationof a smallproblem,which contains20 mediastreams,2 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

obtaina near-optimal solution.

C. CostFunctionwith Suf�x Multicast

Sofar we have focusedon unicastdelivery only, andpresentedthecorrespondingcostfunctions.In this

subsection,we 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 at thepathfrom a proxy to its local clients,but only unicastdelivery from theserver to a proxy or

betweentwo proxies.This assumptiondoesnot limit thedeploymentof COPACC sinceunicastdelivery is

alwaysanalternative if local IP multicastis not supported.Yet, if IP multicastis enabled,theperformance

of COPACC can be improved. Furthermore,Application Layer Multicast (ALM) can also be appliedin

delivering databetweenthe proxiesandclients.

Even thoughmulticastis only enabledat local paths,a proxy canstill serve a seriesof requestsfrom

its local clientsfor the samevideousinga suf�x batching technique.Speci�cally, assumethe �rst request

for video � arrives at time 0, the homeproxy will fetch and relay the pre�x of the video to this client

throughunicast,which takes �������	�
� seconds;all the local requestsarrive during interval �
�����������	�
��� will

then be batchedwith a single copy of the suf�x for video � being multicastto all the requestedclients.

In otherwords, the batchingwindow is of size �������	�
� .

We now derive thecostfunction �����������
����� for thecaseof single-proxywith client caching.We assume
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that the video accessesfollow a Poissonarrival, that is, the averagenumberof requestsarrived in the

batchingwindow for video � is �������	��

����������������� . Thecostper requestfor multicastingthesuf�x to batch

of clients is thus ��������� ��!"�$#%�"�&�'�(�����)�+*"�,�-��.��)�,��!/�$#0�/�1#(*/���'�(�2�435*/��6��7�8�9�:�;�/��

�����&�<���������=6 . Since

a pre�x is alwaysdeliveredusingunicast,the cost function >

�

���

�;?

*

�

� is thengiven by:

���

�$@BA

� ���)� �;! � #(� � �C�-� ���)� * � �-� .;��� ��! � #-� � #-* � �D�E� �43 * �
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Similarly, we canderive the costfunction K

L

�M���

?ONB?QP

� of problemSA. For a batchingwindows contains

�R�S�;�/��

�����&�<���,TVU����

TVU

� requestsfrom proxy N W , we needonly a single retrieval for the suf�x distributed at

client cachesandthe server. The cost function K

L

�M���

?ONB?QP

� at proxy N is thus
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Regarding the cost function K

L

� ���

?bN

� of problemPA, it is exactly the sameas that for unicastcase

becausea pre�x is delivery throughunicastonly. In addition,if �'�

\)c

���

d

c

JeJfJ

c

���

Y , we have thefollowing

observationsfor K

L

�
���

?ON

� :

g Given �

?

�

W
h

�8�

JiJiJkj

6 , K

L

�l���

?bN

�H�mK

L

�,���

W�?ON

� is a constantfor any Nnh

�o�

JiJiJHp

6 ;

g Given NB?ON

W

h

�8�

JiJiJkp

6 , K

L

�

���

?bN

�H�
K

L

�

���

?ON

W

� is a constantfor any �

h

�8�

JiJ<J�j

6 .

Sinceclientsoftenhave commoninterests,it is likely that thedistributionsof videoaccessprobabilities

are similar at different proxies, that is, �

�

\nc

�

�

d

c

JeJeJ

c

�

�

Y holds. The above observation thus leads

to an simpler yet optimal greedyalgorithm for problemPA, as shown in Algorithm 1. Intuitively, this

algorithm always cachethe most expensive pre�x into the cheapestproxy, so as to minimize the total

transmissioncost.Its complexity is qr�

jts�u+vwj

� , which is generallylower thandirectly solving the linear

programmingproblems(even if the simplex method[28] is used).A formal proof of the optimality of

this greedyalgorithmcanbe found in AppendixB.
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Algorithm 1 Greedypre�x allocation
1: Sort proxiesin ascendingorderof cost �

�������	��

�

;

Storethe resultsin



-List;

2: Sort videosin descendingorderof cost �

�������������

;

Storethe resultsin
�

-List;

3:

����

�rst componentof



-List;
� � �

�rst componentof
�

-List;

4: Cacheasmany units aspossiblefor the pre�x of video
� �

to proxy

 �

;

5: If proxy

��

hascachespaceleft, then
�����

next componentof
�

-List;

6: If pre�x of video
� �

hasnot beenfully cached,then

 � �

next componentof



-List;

7: Repeatsteps4 to 6 until all pre�xesareallocated.

V. Cooperative Proxy-Client Caching Protocol

As shown in Fig. 1, COPACC operatesas a two-level overlay, where the �rst level consistsof all

the proxies,and the secondlevel consistsof eachproxy and its own clients. The interactionsamong

different entities in this two-level overlay are speci�ed by a cooperative proxy-client cachingprotocol,

which consistsof threesubprotocols:cache allocation and organization, cache lookupand retrieval, and

client accessand integrity veri�cation. We now detail the operations,and addressthe practical issues

toward realizing the COPACC system.

A. Cache Allocation and Organization

All the cacheallocation and organizationdecisionsare implementedin proxies.The protocol starts

by establishingconnectionsamongthe proxies,and an electionalgorithm is then executedto choosea

coordinator. We currently employ the distributed Bully algorithm [29], which opts for the proxy of the

highestcomputationalpower as the coordinator. The coordinatoris responsiblefor collectingparameters

from all otherproxiesandthenrunningthe optimal cacheallocationalgorithmdescribedin the previous

section.

Given ����� �"!

#�$&%('

�

# and )*�+�,�"!

#�$&%

�.-0/

1
$&%32

�

#34
1 , the interval of the pre�x in video stream

�

is simply
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���������
	���
��
�

and that of pre�x-of-suf�x is
������	���
���������	���
����

. The coordinatorshould then determinethe

positionof eachsegmentto beallocatedto proxiesandclientsin thepre�x andpre�x-of-suf�x. Sincethe

total transmissioncostdependsonly on thesegmentsize,COPACC employsa simpleorganizationscheme:

for pre�x of video � , allocatesegmentof interval
�������! 

"$#

 &%

�

"

	���
 � �'�(�

"'#

 )%

�

"

	���
 � �

in the video streamto

proxy * , and, for the pre�x-of-suf�x, allocateinterval
�+�,���! 

"$#

 

�.-!/10�2

34#

 65

�

"87 3

	���
��9���(�

"'#

 

�:-!/

34#

 15

�

"87 3

	���
����

to

the clients of proxy * , which further partitions this interval into segmentsto be cachedin its local

clients accordingto their cachespaces.Hence,the cachelocation of eachinterval of the streamcan be

easilycalculatedfrom ;

%

�

�=< and ;

5

�

�

7 >

< . As the coordinatorkeepsa full copy of the allocations,a lookup

requestfor thecachelocationsof a particularvideostreamcanalwaysbe accomplishedby contactingthe

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

uniformly to other proxiesusing a hashfunction ?A@B�DC ; that is, for video � , a copy of its cachelocation

informationarekept by proxy ?A@B�9C aswell. Sincethe proxiesarepersistentandreliablenodes,even the

simplesthashinglike ?A@B�9CFEG@B�8HJI�KMLNC�O�P will work well in COPACC. In otherwords,COPACC does

not have to rely on a �ooding-basedsearch,nor a complex and costly distributed hashtable (DHT), as

in many peer-to-peersystems.

B. Cache 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 QSRUT9T

>WVYX

�

�

�

,

which, accordingto the cacheorganization,canbe directly submittedto proxy ?A@B�9C . Upon receiving the

location information from proxy ?Z@)�DC , the initiated proxy then issuesa seriesof cacheretrieval requests,

Q\[D]_^+[

�

]_`YabR

�

�

�

, to correspondingproxiesfor retrieving and then relaying the segmentscachedat proxiesor

their clients.Finally, the un-cachedpart of the suf�x is retrieved from the server.

Whena proxy receivesa retrieval request,it �rst checkswhetherthe requesteddatahasbeencached.

If cached,it will streamthe datato the requestedproxy; if not, it will retrieve the datafrom the server,

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 passive �lling schemewith
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1: while Receive a requestdo

2: if �����������	��
���
�� ��� from local client then

3: Look up proxy ������������� get  �!

�

"$# and  &%

�

"'#

4: Send �����������(��
��)
�� ��� to proxy � for pre�x of interval � *

"&+-,

.0/

,

!

�

.2143&5

�76

*

"

.0/

,

!

�

.218395

�

�

5: Send � ���������(��
��)
 � ��� to proxy � for pre�x-of-suf�x of interval � *

"&+-,

.0/

,

%

�

. 143&5

� 6

*

"

.0/

,

%

�

. 143&5

�

�

6: Retrieval remaininginterval � :

�<;>=?� 6�@ �

� from server

7: Relay the streamto the requestclient

8: elseif �����������	��
��)
�� ��� for pre�x of interval � A

6

5

� then

9: Pre�x of interval � A

6

5

� not exist in proxy cache� retrieval from server andstorein proxy cache

10: Sendpre�x of interval � A

6

5

� to requestedproxy

11: elseif �����������(��
��)
�� ��� for pre�x-of-suf�x of interval � A

6

5

� then

12: Pre�x of interval � A

6

5

� not exist in the cacheof any local client � retrieval from server andstore

in a local client's cache

13: Sendpre�x-of-suf�x of interval � A

6

5

� to requestedproxy

14: elseif �2
 BCB�DFE�GH� ��� from anotherproxy then

15: Reply  �!

�

"I# and  &%

�

"I#

16: end if

17: end while

TABLE II

CACHE LOOKUP AND RETRIEVAL

no needfor a synchronizedglobal replacement,that is, an empty cachespace(or one with an outdated

cacheallocation)will be �lled up graduallyfollowing the requestsfrom otherproxies,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.It simply reportsits available spacesto its homeproxy.
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Server(5)
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(3
) (3
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(4) (4)
Proxy A

Proxy B

Proxy C
Proxy D

Proxy E

Client Client

Client

Client

Client

Client

Client

Client

Client

Client

Client

Client

Fig. 4. An illustrationof thecachelookupandretrieval operations.(1) client requestto homeproxy for video � ; (2) locationlookuprequest

to proxy ���������
	 ; (3) retrieve and relay pre�x segmentsfrom proxy cache;(4) retrieve and relay pre�x-of-suf�x segmentsfrom clients;

(5) retrieve andrelay the remainingpart of suf�x from server.

The home proxy then determinesand keepsthe location for data cachedin its local clients, and then

instructs the clients for caching the data. Given that clients are not trustable,a �e xible and adaptive

mechanismis neededto verify the cachedcontent.For the segmentcachedin the client, the homeproxy

save a signatureof the copy, such as its SHA-1 hashvalue. The overheadof such an veri�cation is

relatively low. More importantly, note that the integrity veri�cation can be enabled/disableddepending

on the importanceof the content,as in many peer-to-peersystems.The veri�cation frequency can be

adaptively setto control theveri�cation overhead.A client contributesits cacheddataonly upona request

from its homeproxy. The homeproxy will then relay the datato the proxy initiated the request,and if

needed,verify the integrity of the datausingthe signature.As such,the systemcaneasily identi�es and

blocksmaliciousclients.
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VI. Performance Evaluation

In this section,we evaluatethe performanceof COPACC. We focuson the transmissioncost reduced

by introducingcooperative cachingamongproxiesand clients.We are also interestedin examining the

robustnessandscalabilityof this system,aswell as identifying the key in�uential factors.

Unlessotherwisespeci�ed,thefollowing defaultsettingsareusedin ourevaluation.Thevideorepository

in the sever contains100 CBR videoseachof 512 Kbps rate.Their lengthsare uniformly distributed in

between100 and 140 minutes;the mean(120 minutes)is a typical length of a movie. As suggestedby

existing studieson mediaaccesspatterns,we assumethe accessprobabilitiesof the videosfollow a Zipf

distribution with skew factor ���������
	�� [27]. The cachegrain (unit) is set to the sizeof 2-minutevideo

data.All the cachesizesdiscussedin this sectionarenormalizedby the total sizeof the video repository,

andthetransmissioncostsarenormalizedby thecorrespondingcostof a systemwith no cache.Therefore,

our conclusionsarealsoapplicableto systemswith proportionallyscaledparameters.

A. Effectivenessof Cooperative Proxy and Client Caching

A primary designobjective of COPACC is to reducethe transmissioncost for streamingto clients of

asynchronousrequests.Hence,in the�rst setof experiments,we examinethecostreductionundervarious

proxy andclient con�gurations.

We assumethereare 4 proxiescooperatedwith eachother, and the client accessrate at eachproxy

is 50 requestsper minutes.The ratio betweenthe unit transmissioncostsof different paths is set to


���������
���������
������

�����

��� �

� . Note that, this setting is indeedconservative as comparedto that

in many previous studies[15]. In addition,we are interestedin the normalizedtransmissioncost,which

dependson this ratio, while not the exact valueat eachpath.

Fig. 5 plots the transmissioncostasa function of the total cachespacein the system,where !

�
�

!

�

�

�

�

� , i.e., the proxiesand clients respectively contribute half of the total cachesize. Not surprisingly,

increasingthe total spacereducestransmissioncost.With unicast,the costdecreaseslinearly, while with

suf�x multicast,it decreasesmuchfaster. Whenthe total cachespaceis 0.2 (20%of thevideorepository),
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Fig. 6. Transmissioncostat differentpathswith suf�x mulitcast.

the costwith suf�x multicasthasbeenreducedto 0.2; in otherwords,a 20% cachespaceleadsto a 80%

costreduction,which implies that batchingthe requestsfrom local clientscanavoid a signi�cant amount

of remotetransmissions(server-to-proxy). This canalsobe veri�ed by Fig. 6, which shows the costdue

to server-to-proxy transmissionsquickly decreaseswith an increaseof the cachespace,and becomesa

minor part in the total transmissioncostwhenthe cachespaceis over 0.4.

In Fig. 5, we also show the cost when a proxy cooperateswith its clients only, while not with other

proxies.Clearly, the cost with cooperative proxiesare much lower, particularly when multicast is also

enabledin local paths.As such, in the following discussions,we focus on the resultswith cooperative

proxiesandmulticastdelivery only.

In addition, we compareCOPACC with anotherhybrid cachingsystemcalled Loopback[26]. Each

client in Loopbackdynamicallycachesa portion of video, and a forwarding ring is formed amongthe

collaborative clients to distribute the video. The resultsshown in Fig. 5 illustrate that COPACC (with

multicast)performsbetterthanLoopback.In particular, whenthetotal cachespaceis 0.2, thetransmission

cost in COPACC is one-third of that in Loopback.With the cooperationin deciding what to cache,

COPACC utilizes the buffer spaceby cachingdistinct segmentsamongthe proxiesandclients,and,thus,

achieves lower transmissioncost.

To further identify the respective contributionsof proxy cachingandclient caching,Fig. 7 depictsthe
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transmissioncost versusthe fraction of the proxy cachespacein the total cachespace.We can seethat

the transmissioncost reduceswhen the proxiescontribute a higher fraction in the total cachespaceof

thesystem.Intuitively, themorecachespacecontributedby proxies,themoredirect transmissionsamong

proxiesfor delivering a video stream,which generallyincur lower costs,becausethe video datafetched

from a client's cachehave to be relayedby proxiesaswell. The bestperformanceis thusachieved when

all cachespaceis in the proxies.Nonetheless,it is often expensive to upgradededicatedproxiesandadd

more disk spaces.On the other hand, from Fig. 7, we �nd that, even if the proxy cachesconstitutea

small part in the total cachespace,a nearoptimal cost can still be achieved. As an example,when the

total cachespaceis 0.6 andonly 20% is from proxies,i.e., the total proxy cachespaceis only 0.12, the

cost is alreadylessthan0.13,which is quite closeto the optimal value(around0.1) whenthe fraction of

proxy cacheis 100%.In otherwords,client cachingwell complementsproxy caching,makingCOPACC

a very economicalalternative to pureproxy caching.

We alsoexaminethe bene�t of client cachingin the system.Fig. 8 plots the transmissioncostversus

the fraction of the client cachespacewhen the proxiescontribute 10% of cachespace.It shows that by

usingclient cache,the transmissioncostcanbe further reduced.For example,whenthe clientscontribute

20% of cachespace,the transmissioncost is 20% lessthanthe pureproxy cachingsystem.
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B. Robustness

As in peer-to-peerstreamingsystems,the robustnessin the presenceof client failuresis alsoa critical

concernin COPACC. To evaluatethis, we assumethat eachclient hascertainfailure probability whenits

own cacheis accessed,but the videoaccessratefrom all clientsremainsconstant.In Fig. 9, we show the

transmissioncostasa functionof differentclient failureprobabilities.The total cachespaceof thesystem

is 0.4, and we vary, � , the fraction of the total proxy cachespacein the total cachespacefrom 0% to

100%,which representstwo extremecases:when ���

���

, COPACC degeneratesto a pure peer-to-peer

system,and,when �����

�	���

, it degeneratesto a pureproxy-basedsystem.

We can seethat, when there is no client failure, the costsfor different � are quite close if thereare

certaincachespacesexisting in proxies,and the pure proxy-basedschemeis the best,which hasbeen

explainedpreviously. More importantly, thecostof thepureproxy-basedsystemremainsunchangedwhen

increasingclient failures,andthat for
����


�




�

�����

, or a normalCOPACC system,is alsovery stable.

For illustration,even if � is 25%, the transmissioncostonly slightly increaseswith an increaseof failure

probability; when the failure probability is 1, the cost remainsa low as 0.22. This is becauseeven if a

suf�x is to be fetchedfrom the server in the presenceof client failures,the overhead,sharedby a batch

of clients,is not excessive. To thecontrary, thecostof thepurepeer-to-peersystemquickly increasesand

reaches1 (the cost of a zero-cachesystem),when all clients fail. Suchresultsdemonstratethat the use

of dedicatedproxieswith suf�x batchingremarkablyimprovesthe robustnessandresilienceof COPACC
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underreal andsyntheticnetwork topologies.

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

client cachespace.

C. Scalabilityand Control Overhead

We furtherexplore thescalabilityof COPACC with largernumberof proxiesandclients.Fig. 10 shows

the total transmissioncostsfor different numberof proxiesand clients. In this set of experiments,we

increasedthe total numberof videosto 1000.The cachespaceof eachproxy, �

� �

, is set to 0.01,andthat

of eachclient, ���

�

� �

, is 0.0005.The accessrate from eachclient is set to 0.01per minute.In otherwords,

while a client joining the systemcontributescertaincachespaces,it also introducesmore requests.Yet,

we observe that the transmissioncost slightly decreaseswith more clients, implying that client caching

overcomesthe increasedloads.Note that the normalizedcachespaceof eachclient is only 0.0005,or

equivalently, the half sizeof onevideo,which canbe easilyaccommodatedby personalcomputers.With

anincreaseof thenumberof proxies,we have observeda evenmorenoticeablecostreduction,particularly

whenthe numberis changedfrom 1 to 10. This con�rms that proxy cooperationis worth considerations.

Although the cacheallocationalgorithm is executedsolely by a dedicatedproxy, it is practical in a

network with large numberof nodes.It took less than a minute to solve a problemwith 1000 videos,

20 proxiesand200 clients in our desktopcomputer. We expect the actualexecutiontime in a dedicated

powerful proxy canbe muchshorter. Moreover, the executiontime canbe further reducedby increasing
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the cachegrain.

The control overheadis alsoan importantconcerntoward realizingCOPACC. We de�ne the overhead

of COPACC as the traf�c volume of control messages(election,allocation, lookup, and retrieval, etc.)

over thetotal traf�c volume,which obviously dependson thescaleandstreamingrateof thesystem.Note

that the control messageis piggybacked in the datapacket, that is, no additionalpacket is generatedfor

the control. Therefore,the control overheadof the systemis kept in low level. In Fig. 11, we show the

overheadwith differentnumberof proxiesandstreamingrates.The numberof clientsper proxy is setto

50. It can be seenthat the overheadis reasonablylow, which is lessthan 0.3% of the total traf�c even

with 20 proxies.In addition,the overheaddecreaseswith higherstreamingrates.This is mainly because

the messagesarequite shortascomparedto video segments,andmostmessagesare locally exchanged.

D. Sensitivityto NetworkTopologies

So far, we focuson regular network topologieswith identical transmissioncostsbetweenproxies.We

have alsoinvestigatedtheperformanceof our systemundervarioussyntheticandrealnetwork topologies.

Fig 12 shows the costsunder three representative topologies:the 44-nodeSprintLink network and the

100- and 200-nodeTransit-Stub(TS) networks. The SprintLink network, representingthe topology of a

typical backbonenetwork in north America, is obtainedfrom the Rocketfuel project at the University

of Washington[30]. The TS network is synthesizedby the GT-ITM topology generator[31], which

attemptsto reproducethe hierarchicalstructureof the Internetby composinginterconnectedtransit and

stubdomains.For both topologies,we randomlyplacethegivennumberof proxiesto thenetwork nodes,

andset the link cost inverselyproportionalto the bandwidthof eachlink. A shortest-pathrouting is then

usedto determinethe pathbetweenproxies,andthe costof a pathis the sumof costsacrossall the link

of this path. The server is connectedto theseproxies througha remotelink: in SprintLink network, it

is assumedto be in Asia, and in TS network, we manuallyset the unit transmissioncost to 5 times the

averagecostbetweenproxies.

It can be seenthat, under all the three network topologies,the transmissioncostsof COPACC are

pretty low and generallydecreasewith an increaseof the numberof proxies.The performanceunder
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the TS topology is slightly better, suggestingthat COPACC works well with a hierarchicalnetwork

structure,wherelocal transmissioncost is much lower than remotetransmissioncost. It is worth noting

thatSprintLink network alsofollows a hierarchicalstructure,but many low-level nodesareabstractedinto

a singlenodes.Moreover, theproxiesin our evaluationarerandomlyplaced.We thusexpecta evenbetter

performancewhentheproxiesarestrategically placedandcooperatedwith eachotherin closerdistances.

VII . Conclusion

This paperhas introducedCOPACC, a novel cooperative proxy-client cachingsystemthat combines

the bestfeaturesof proxy cachingandpeer-to-peercommunications.It leveragesthe client-sidecaching

to amplify the aggregated cachespaceand relies on dedicatedproxies to effectively coordinatethe

communications.Wehavedevelopedanef�cient cacheallocationalgorithmfor distributingvideosegments

amongthe proxiesand clients.We have also proposeda comprehensive suite of protocolsthat facilitate

the interactionsamongdifferentnetwork entities.It alsoenablessmartandcost-effective cacheindexing,

searching,verifying operationsin this hybrid cachingsystem.

Theperformanceof COPACC hasbeenevaluatedundervariousnetwork andend-systemcon�gurations.

Ourkey �ndings canbesummarizedasfollows:1) With anampli�ed totalcachespaces,cooperativeproxy-

client cachingsigni�cantly reducesthe transmissioncost for on-demandmediastreaming;2) With the

assistancefrom dedicatedproxies,it is much more robust than a pure peer-to-peersystem,even though

the proxiesmay contribute only a small fraction of the total cachespace;and3) It scaleswell in larger

network, and the costgenerallyreduceswhenmoreproxiesandclientscooperatewith eachother.

We have demonstratedthat COPACC works well for symmetric links. However, while many LAN

technologiesare symmetric,e.g., Ethernet,certain types, like ADSL, have restricteduploadingspeeds,

which may reducethe effectivenessof COPACC. Firewalls could have the sameeffect. This problem

has been a key obstacleto the successof many other peer-to-peer applications,and we expect that

the potential solutionsto theseapplicationscan help COPACC as well. We are currently investigating

theseissues.Other issues,like how to accuratelyestimatethe systemparametersor how to model the

participationincentive[32], [33] andsecurityissues[34], shouldbewell addressedin practice.Besides,we



26

arealso interestedin studyinghow replicationcanbe usedto improve the robustnessof COPACC under

unexpectedclient leave.

APPENDIX

A. NP-Hardnessof the CAP problem

In this appendix,we prove that the generaloptimal cacheallocationproblem(CAP) is NP-hard.We

show this by transformingthe optimal resourceallocationproblem(RAP) to CAP in polynomial time. It

is known that RAP is NP-hardand its decisionversionis NP-complete[35].

In RAP, thereare � kinds of resourcesto be allocatedto � activities, indexed from 1 through � ,

andthe total availablequantityof resource�������
	��
�
������� is ��� . The objective is to minimize the cost in

allocatingthe resourcesto activities, which canbe formulatedas:
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Sincetransformationis in polynomial time, it follows that problemCAP is NP-hard.
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B. Optimality of the Greedy Algorithm

In this appendix,we prove the optimality of the proposedgreedyalgorithm for PA with ���
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The above two observationsimply that swappingoneunit dataof video
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) yields the sameor highercost.As the pre�xesare fully packed to the proxiesand

thereis no spaceleft, the solutiongiven by the greedyalgorithm is optimal.
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