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ABSTRACT

Recentyearshave seena tremendousgrowth of interestsin streamingcontinuousmediasuchasvideoover the Internet.
This would createanenormousincreasein thedemandon variousserver andnetworking resources.To minimizeservice
delaysandto reduceloadsplacedontheseresources,weproposeanOverlayCachingScheme(OCS)for overlaynetworks.
OCSutilizesvirtual cachestructuresto coordinatedistributedoverlaycachingnodesalongthedelivery pathbetweenthe
serverandtheclients.OCSestablishesandadaptsthesestructuresdynamicallyaccordingto clients' locationsandrequest
patterns.Comparedwith existing videocachingtechniques,OCSoffersbetterperformancesin termsof averageservice
delays,server load,andnetwork loadin mostcasesin ourstudy.

Keywords: Videostreaming,videocaching,overlaynetworks,overlaycaching,cachecollaboration.

1. INTRODUCTION

Video streamingis vital for many importantapplicationssuchasdistancelearning,digital libraries,movie-on-demand,
andelectroniccommerce.TheInternetis anattractive mediumfor videostreamingapplications.However, they demand
enormousnetwork bandwidthandserver resources.To reducethesedemands,native IP Multicasthasbeenemployedin
recentresearchonvideodeliveryto streamasinglevideoto multipleconcurrentclients.Nevertheless,IP Multicasthasnot
beenwidely deployedon theInternetdueto numeroustechnicalproblems./ Recently, application-level multicastrunning
onanoverlaynetwork hasbeenproposedasanalternativeto nativeIP Multicast.Someearlywork onoverlaynetwork are
Overcast,0 Scattercast,1 ESM,2 andYoid.3 Thesetechniquesprovidemulticastwithout thesupportof multicast-enabled
routersandareprimarily concernedwith theconstructionandmanagementof theoverlaystructure.

Cachingtechniquesfor videodata4657/8/ is anotherapproachto reduceservicedelays,wide-areanetwork load,andserver
loadfor videostreamingapplications.Themajorityof thesetechniquesemploysoneor moreproxyservers9 , usuallyplaced
in thelocal network, for cachingvideos.Requestsfor thecachedvideoscomingfrom thesameor nearbyusersareserved
from theproxy cache.A proxy candecideto cachethewholeor just a portionof therequestedvideo. Whenthe latter is
used,theuncachedportionof thevideois transmittedfrom theserver.

Recentwork investigatethecollaborationof severalvideoproxieswithin thesamelocal network. :65<; Paknikaret al.:

andAcharyaandSmith= employ a centralizedcoordinatorto determinewhich proxy will serve a particularrequest.All
theparticipatingproxiescontactonly thecoordinator, not oneanother. Only thecoordinatorhasfull knowledgeof what
is cachedin all the participatingproxies. Hence,it is responsiblefor executinga cachereplacementalgorithmfor the
entirecachesystem.Thetwo techniquesdiffer mainly in their cachereplacementpolicies.On theotherhand,Parket al. ;

organizeasetof proxiesinto ahierarchyof two level caches.Whentherequestedvideoportionis not foundin aproxy, its
siblingproxiesandits parentarequeried.

In a centralizedcollaborative video cachingapproach,the coordinatorhascontrol over the entiresystem.Although
otherparticipatingproxiesprovide their storagespace,they do not make decisionsregardingthe useof the aggregated
storagespaceandthe servingof client requests.Adopting this approachfor video cachingin a wide-areanetwork does
not scalewell becauseof several reasons. First, high latenciesoccur due to several interactionswith the centralized
coordinator. Second,thecoordinatorcanquickly becomea bottleneckanda singlepoint of failure. Third, althoughthe
numberof coordinatorscanbeincreasedto avoid a singlepoint of failure,theeffectivenessof a centralizedcachesystem
dependssigni�cantly on the relative locationsof the coordinator(s),the machinesproviding the storagespace,and the
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clientssendingthe requests.If any of thesethreeelementsis far away from the other two, using a centralizedcache
systembecomeslessef�cient becauseeitherthelatency or thenetwork loador bothof themwill increase.A hierarchical
collaborative videocachingapproachprovidesmoreautonomyto eachparticipatingproxy. That is, eachproxy manages
its own storagespace,servesa numberof clientson its local network, andasksotherproxiesin the hierarchyfor help
when it doesnot have the requestedvideo. Although a cachingsystemfor a wide-areanetwork could be built on a
hierarchicalmodel,theperformanceof sucha systemdependscritically on thepre-determinedstructureandthe location
of thehierarchy.

Becauseof the largeaveragesizeof videos,coordinatingvideo cachingproxiesis usefulsincegettinga video from
anothercachingproxy in anef�cient collaborative cachesystemcostslessthangettingthesamevideo from theoriginal
server. Therefore,it is bene�cial to have a �e xible andef�cient collaborationprotocolfor videocachingproxiesin wide
areanetworks.Nevertheless,theprotocolshouldnot incur muchoverheadin somerarecaseswhencachecollaborationis
notnecessary. Thesecasesarewhentheuserpopulationhasverylittle commoninterestsin thesamecontentor whenmost
InternetServiceProviderscanpro�tably maintaina hugelocal cachespace.

In this paper, we introduceOverlayCaching Scheme(OCS), a light-weight,dynamic,andef�cient collaborationtech-
niquefor wide-areavideocaching.OCSrunson any overlaynetwork, takingadvantagesof its multicastcapability. We
discusshow OCSdynamicallyestablishesa virtual cache structure (VCS)from Caching Nodes(CNs)along the video
deliverypathbetweena client andthevideoserver. A CachingNode(CN) is anoverlaynodethathasa storagespaceand
capableof servingvideostreams.OCSeffectively utilizesVCSsto deliver cacheddatato nearbyclients,minimizing the
servicedelays,server load,andnetwork loadaltogether. Our novel andsimplecollaborationprotocoloffersbetterperfor-
manceswhencomparedwith traditionalvideocachingschemes.Furthermore,a simpleanalyticalmodelis developedto
determinethebestCN in aVCSto storethecachedcopy of avideosuchthattheaveragelatency of requestsservedby the
VCS is minimized.

The restof this paperis organizedasfollows. In Section2, we presentour OCSin detail. We derive the analytical
modelfor evaluatingtheaverageservicelatency in Section3. We discussthe performancestudyandsimulationresults
comparingOCSwith othernon-collaborative andcollaborative videocachingtechniquesin Section4. In Section5, we
discussrelatedwork. Finally, wegiveourconcludingremarksin Section6.

2. OVERLAY CACHING SCHEME
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Figure2. Creationof a virtual cachingstructure

Theconceptof OCSis to createa virtual cachestructure(VCS) to storeonecopy of therequestedvideoin anoverlay
nodeon thevideodelivery path(termedservicepathhereafter)� . VCS keepsinformationabouttheservicepathandthe
cachedcopy of the video. The constructedVCS servesfuture requestsfor the samevideo. For example,in Fig. 1, the

�

More copiesperservicepathcanbeconsideredwhennecessary
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OCSis sensitive to network load. If servinga requestfor avideofrom theserver incurslessnetwork loadthanserving
from thecachedcopy of thevideo in an existing VCS, the requestis redirectedto theserver. As a result,a new VCS is
createdfor this video.For example,in Fig. 1, a VCS wascreatedearlierwhenclient �

3

requestedvideo2. This VCS has
a cachedcopy of video2 in ���

3

anda servicepathconsistingof ���
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, and ���
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. Whenclient �
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sendsa request
for video2, therequestpassesboth ���
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1

on theway to theserverbecausethesetwo cachingnodesdo not have
any informationaboutvideo2. Eventually, this requestreaches���

2

, amemberof anexistingVCSfor video2. However,
���

2

realizesthatusingthecachedcopy in ���

3

of theexisting VCS would resultin a highernetwork loadthangetting
video2 from theserver. ���

2

redirectsthis requestto theserver. Therefore,anotherVCS is formedcomprisinganother
copy of video2 in ���

:

andtheservicepathestablishedby ���

2

, ���

1

, and ���

:

. In general,a CN couldparticipatein
differentVCSsfor differentvideos.For example,���

1

in Fig.1 is amemberof VCSsfor video1 andvideo2. A CN could
alsobea memberof differentVCSsfor thesamevideowhena requestredirectionoccurs.For example, ���

2

in Fig. 1 is
a memberof two VCSsfor video2.

As anapplicationonanoverlaynetwork, OCSdoesnotdealwith thecreationandthemaintenanceof theoverlaynet-
work. We assumethatanoverlaynodealwayshasupdatedinformationabouttheoverlaytopology, thenetwork addresses,
andthe status(up or down) of otheroverlaynodes.The video server offersa numberof videos. Video � is denotedby

��� andhas �

���

� equal-sizedblocks. The server bandwidthis divided into a numberof logical channelsfor servingvideo
requests.A CN hasa cachemapstoringcachemeta-datainformation. Eachentry in thecachemaprepresentsa VCS of
which theCN is a member. Theentryprovidesthefollowing information: this VCS ID, thevideostoredin this VCS, the
IP addressof theserver, thestoragespacein this CN occupiedby thevideo,theIP addressesof two adjacentCNsin this
VCS, thedistancesin termsof thenumberof hops	 from this CN to theserverandto thecachingnodehaving thecached
copy of thevideo.A CN alsokeepsinformationaboutits availablecachespace.All requestsandvideotraf�c from aclient
go throughtheCN connectedto theclient's local network. We will now discusshow a virtual cachestructureis formed
andutilized to servefuturerequestsin detail.

2.1.Creatinga virtual cachestructure

Thecreationprocessconsistsof four phases.


 Initialization phase: A client issuesa requestfor ��� (Label 1 in Fig. 2) to the server. We call the CN connected
directly to a requestingclient theleader. A copy of therequestedvideowill bestoredin this node.For example,in
Fig. 2, ���

/

is theleaderwhenclient �

/

�rst requests��� . Each��� alongthepathchecksfor thecacheinformation
of this video. Supposethat noneof them hassuchinformation; the requesteventually reachesthe server. The
server immediatelysendsa Build messagebackto theclient if a channelis availableto deliver therequestedvideo.
Otherwise,the requestis queuedup andis processedlater whensomechannelsbecomeavailable. The format of
importantmessagesin OCSis shown in Fig. 3.


 VCS con�guration phase: Whena CN alongtheservicepathreceivestheBuild messagefor ��� , theCN runsthe
ENTRYCREATION algorithmin Fig. 4. All CNs,excepttheleader, executeonly lines20-22of thealgorithm.In line
20,a CN �lls in anentry in its cachemapwith theVCS ID, thecachespaceactuallyoccupiedby thevideoin this
CN, andtheaddressof thepreviousCN in theservicepath.Notethatthecachespaceoccupiedby thevideois setto
zeroif theCN is not theleader. Theaddressof thenext CN in theservicepathwill berecordedlater. Some�elds of
theBuild messagesuchasthenumberof CNsandtheaddressof thelastCN joining theVCS,etc.arealsoupdated
(line 21). Finally, theCN forwardstheBuild messagetowardtheclient (line 22).

The leaderperformssomemoretasks(lines2-19) to preparethestoragefor cachingbeforeexecutinglines20-22.
WhentheBuild messagearrives,theleaderchecksits freecachespace.If thefreespaceis not enoughto cachethe
video(line 3), a popularity-basedcachereplacementis executed(lines4-10)until eitherthefreecachespaceis big




Throughoutthis paperwe considerdistancein termsof thenumberof hopsin anoverlaynetwork. This numbermayor maynotbe
equivalentto thenumberof physicalhopsof theunderlayingnetwork.
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/*free cachespace:availablespace(in blocks)at thecurrentCN
IP leader:IP addressof theleader
IP currentCN:IP addressof thecurrentCN */

ENTRYCREATION(Build messagefor ��� )
1. if (IP leader== IP currentCN)

�

2. victim list = empty;tempspace= free cachespace;
3. if (free cachespace��� ����� )

�

4. do
�

5. ��	
����
���� = theleastpopularvideoin the
cachethathasnotbeenconsidered;

6. if (popularityof ��	�����
������ popularityof ��� )
�

7. Insert ��	�����
���� into victim list;
8. tempspace+= � � 	
����
���� � ;
9. �

10. � while (tempspace��� ���
� && popularityof
��	�����
������ popularityof ��� )

11. �

12. if (tempspace��� �
�

� )
�

13. Purgeall videosin victim list from cache;
14. DeleteVCSsof all videosin victim list;
15. Freecachespace= tempspace- � �

�
� ;

16. Prepareandsendouta Completemessage;
17. �

18. elsePrepareandsendouta Deletemessage;
19. �

20. Updatetheentryfor this videoin thecachemap;
21. UpdatetheBuild message;
22. ForwardtheupdatedBuild messagetowardtheclient;

Figure4. Cacheentrycreationalgorithm

enoughto storethe requestedvideo or all the remainingvideosin the cachearemorepopularthanthe requested
video.Nevertheless,othercachereplacementpoliciessuchasLeastRecentlyUsedcanbeemployedwith OCS.

To preventunnecessarydeletion,thevictim videosareinsertedinto a temporarylist (line 7). Thevictim videosare
actuallypurgedfrom thecache(line 13) only whenthenew freespace,which is calculatedby addingthesizesof
thesevictim videosandthe original free space,is enoughto accommodatethe requestedvideo (line 12). In this
case,the leadersendsDeletemessagesto its adjacentCNs of the VCSsof the victim videos(line 14) to remove
thecacheentriesof thesevictims from thecachemaps.TheDeletemessageis successively relayedto all theother
membersof aVCSsothatthecorrespondingcacheentriesareremoved.Finally, theleaderinformstheclient to join
themulticastgroupsetupby theserver andto prepareto receive thedata.For example,in Fig. 2, ���

/

tells �

/

to
join themulticastgroupfor �

� .


 Completion phase: Thepurposeof this phaseis to completetheVCS creationprocess.If the leadersuccessfully
reservedastoragespacefor �

� (line 12 in Fig. 4), theVCSestablishedin theCNsalongtheservicepathcanbeused
to serve futurerequestsof thesamevideo. In this case,theleaderpreparesa Completemessage(Label3 in Fig. 2),
whoseformatis shown in Fig. 3. Theleaderforwardsthemessageto thepreviousCN in theVCS(line 16 in Fig. 4).
EachCN in theVCSprocessesthearriving Completemessageasfollows. TheCN �lls in thefollowing information
in its cacheentry for the VCS: the addressof the next CN in the VCS (from which it hasreceived the Complete
message)andthedistancein termsof thenumberof hopsfrom itself to theleader. TheCN joins themulticastgroup
andforwardstheCompletemessageto thepreviousCN in theVCSall thewayup to theserver.

If theleaderfails to reserveastoragespaceto cachethevideo,theleadersendsaDeletemessageto thepreviousCN
in theVCS (line 18 in Fig. 4). Uponreceiving a Deletemessagefor a video,a CN �rst forwardsthemessageto the



previousCN in theVCSandremovesthecorrespondingcacheentryfrom its cachemap.

 Delivery phase:Whenreceiving theCompletemessage,theservermulticaststherequestedvideoto theclient. The

leaderinsertsvideodatainto its cache.For thecasethat theserver receivestheDeletemessagedueto insuf�cient
cachespaceat the leader, theserver still deliversthevideoto theclient. However, thevideodatais not cachedand
nocacheentryfor this videois establishedin any CN alongtheservicepath.

For example,in Fig. 2, theVCS consistsof ���

1

, ���

0

, ���

/

, andthecopy of � � in ���

/

. Although ���

/

storesthe
videocopy, ���

0

and ���

1

areawareof thiscachedcopy in ���

/

becauseof theuseof theVCS.Therefore,futurerequests
for thesamevideofrom clientsof ���

0

and ���

1

canbeservedfrom ���

/

.

2.2.Usinga virtual cachestructure
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Figure5. Servingfrom theleaderduringa cachehit

/*dist to server: distancefrom thecurrentCN to theserver
dist to leader:distancefrom thecurrentCN to theleader*/
REDIRECTION(Requestmessagefor � � )

1. dist to server = Getthis informationfrom
thecachemapof ��� ;

2. dist to leader= Getthis informationfrom
thecachemapof �

� ;
3. if (dist to server � dist to leader)
4. Redirecttherequestto theserver;
5. else
6. PrepareHit messageandsendto

thenext CN towardtheleader;

Figure6. Cacheredirectionalgorithm

Whena client sendsa requestto theserver, eachCN, throughwhich therequestpasses,behavesasfollows. Whena
requestfor ��� arrivesataCN, theCN searchesits cachemapfor anexistingcacheentryfor ��� . If nosuchanentryis found,
theCN forwardstherequestmessagetowardtheserver. Otherwise,theCN is a memberof a VCS caching� � . Normally,
the leaderin the VCS is expectedto serve this request.However, to minimize network load incurredfrom servingthis
request,the CN runs the REDIRECTION algorithmin Fig. 6 to decidewho shouldserve this request(the server or the
leader). If the delivery of the requestedvideo from the server generateslessnetwork load (line 3), theCN redirectsthe
requestto theserver (line 4). Otherwise,theCN noti�es theleaderaboutthis request(line 6) asfollows. If thecurrentCN
is not theleader(thecachesizeoccupiedby therequestedvideoin thisCN is zero),aHit messageis sentto thenext CN in
theVCStowardtheleader. TheHit messageis relayedby themembersof theVCSall theway to theleader. WhentheHit
messagearrives,theleaderdeliversits cachedcopy of therequestedvideoto theclient. Fig. 5 showsanexampleof leader

���

/

usingthecachedcopy of �
� to serveclient �

0

.

In summary, the advantagesof forming VCSsto cacheandserve video requestsasdiscussedabove areasfollows.
First,aVCShasa linearstructure.Thus,eachCN only communicateswith its two adjacentCNsin thesameVCSto serve
a request.It is very simpleandfastto locatethecachedcopy. Neitherbroadcastingof thecachecontentin eachcaching
nodenoracomplex objectlocationschemeis needed.It is alsoeasyto maintainaVCSshouldtherebeany changesin the
overlaynetwork. For example,whena cachingnodeleavesthenetwork, we only needto connectthetwo adjacentnodes
togetherandupdateVCS informationon thesetwo nodes.TheVCSsaredynamicallycreatedanddestroyed,adaptingto
changesin requestpatternsandusers'locations.Second,ourcollaborationschemeis light weightandeasyto bedeployed
becauseall theVCS setupandcollaborationstepscanbe embededinto existing communicationsbetweentheclient and
theserver. Third, usingtherequestredirectionfeature,streaminga video from a cachingnodeon theservicepathincurs
no morenetwork loadthanstreamingthesamevideofrom theserver. Fourth,sinceonly onephysicalcopy of a video is
cachedin theleaderof a VCS,theothermemberscanusetheir storagespaceto cacheothervideos.Therefore,theoverall
cachespaceusageis moreeffective thanin thecasewhereeachcachingnodeactsalonewithout cooperation.Theservice
delayandtheserver loadarealsoreduced.Finally, sincetheVCSformationprocessis carriedout at theCNswithout any
participationof theclient (exceptsendingtherequestandreceiving thevideodata),nomodi�cation of theclientplayback
softwareis needed.



3. ANALYTICAL MODEL

Cachingtherequestedvideoin theleadernodeof a VCSmaynot give thebestaverageservicelatency for all therequests
served by the VCS becausethe cachedcopy may be closerto onesetof clientsthananother. We call this latency VCS
servicelatencyhereafter. Hence,we modelthis latency asa functionof thelocationof thecachedcopy in theservicepath
to determinethebestcachingnodeto storethecopy. Themodelcanbeextendedto determinethenumberof cachedcopies
andtheir locationin theservicepathfor a betterVCSservicelatency andnetwork loadwhenfew videosareverypopular.
Readersarereferredto / 0 for moredetailson theextendedmodel.
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Without lossof generality, we considera servicepathcreatedbecausethe �rst requestfor �
� from client �

/

reaches
the server in Fig. 7 (i.e., no cachehits for �

� alongthe path). The servicepathconsistsof � cachingnodes( ���

/

, . . . ,
����� ) anda cachedcopy in ����� . Thepropagationdelay(in seconds)betweentwo adjacentcachingnodesis a constant

�

. Eachcachingnode � ������� is connectedwith its correspondingclient node �	��

��������
�������
 � wherethepropagation
delaybetweentheclient andits cachingnodeis assumedzero./�� Althoughseveralservicepathsmayexist in anoverlay
network, eachservicepathalwayshasa lineartopologyregardlessof theunderlyingnetwork topology.

Weassumethattherequestsfor �
� from all theclientsusingtheservicepathfollow a Poissonprocesswith theaverage

arrival rateof �

� requests/second.Furthermore,theseclientsareequallylikely to issuetherequestsfor �
� . Thus,therequest

ratefrom a particularclient for thevideo is ���

�

. Let � denotetheupperboundof theaveragelatency (in seconds)of the
requestsservedby thevideoserver. Thisvaluecanbeestimatedby monitoringtheincomingrequestqueuefor anextended
amountof time. Let  

�"! denotethedistancebetween���
� (thenodecachingthevideo)andthevideoserver. Let  

�$# and
 

#	! denotethedistancesbetween���
� and ���

# on thepath,andbetween���
# andthevideoserver, respectively. All

distancesaremeasuredin hops.Requestsfor ��� from all theclientsalongthisservicepathcanbedividedinto four groups.


 Group1 consistsof requestsfrom clients ��# to theleft of ���%� in Fig. 7. Theserequestsareservedby ����� using
its cachedcopy. Theservicelatency, &('
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 Group 2 consistsof requestsfrom clients �=� connecteddirectly to ����� . The servicelatency for this group of
requestsis essentiallyzero( &

'

0

= 0) sincethevideo is cachedlocally, andthepropagationdelaybetween�(� and
���>� is zero.


 Group3 consistsof requestsfrom clients ��# to the right of ���%� where  ?�$#A@B C#�! in Fig. 7. Theserequestsare
servedby ���
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 Group4 consistsof requestsfrom clients ��# to the right of ���%� where  ?�$#��B C#�! in Fig. 7. Theserequestsare
redirectedto the videoserver andareeventuallyservedby the videoserver. The servicelatency for this groupof
requestsis
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Arithmeticmanipulationgivesusthefollowing VCS servicelatency.
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To obtainthe locationof ���%� (i.e.,  ?�"! ), we minimize the valueof the quadraticfunction in Equation(1). As a result,
���

� mustbeat !#"�!$"

=

�
%

0'&�&

0

+

4

= 2

�
%

/

4

awayfrom theserver to offer thebestVCSservicelatency. To incorporatethis result
in OCS,we simply modify theENTRYCREATION algorithmin Fig. 4 to storethereplicaof therequestedvideoin theCN
thatis 2

�
%

/

4

hopsawayfrom theserver. Althoughthemodeldoesnotgivetheoptimalservicelatency for theentiresystem
thatmayconsistof severalVCSsandvideoservers,themodelis �e xible to handlethedynamicbehaviorsof theusersand
thecontentprovidersin theInternet.

4. PERFORMANCE STUDY

In thissection,wecompareOCSwith bothnon-collaborativeandcollaborativevideocachingtechniquesusingfour perfor-
mancemetrics.They aretheaveragelatency, theaverageserver load,theaveragenetwork load,andtheaverageprotocol
overhead.The averagelatency is the ratio of the total waiting time ( of all the requeststo the total numberof requests.
Theaverageserver loadis obtainedfrom dividing thetotal amountof videodatathat theserver hasto deliverby thetotal
numberof requests.Theaveragenetwork loadis theaverageamountof videodatatransmittedon theoverlaynetwork to
satisfya singlerequest.In otherwords,the ratio of the total amountof video data(in MBytes) transmittedon all links
of theoverlaynetwork to thetotal numberof requestsis theaveragenetwork load. Theaverageprotocoloverheadis the
averageamountof control messagesplacedon the overlay network to serve a single request(i.e. the ratio of the total
amountof controlmessagesin KBytesonall links of theoverlaynetwork to thetotalnumberof requests).

The two non-collaborative video cachingschemesare W-Proxy (whole video caching)and P-Proxy(partial video
caching).In W-Proxy, eachproxy decidesto cachetheentirerequestedvideoor notat all. In P-Proxy, eachproxy decides
to cacheonly the �rst forty percentof therequestedvideoor not at all. Therestof thevideois deliveredfrom theserver.
P-Proxyis avariantof pre�x cachingwith thepre�x sizeof forty percent.Wehavechosenthissizebasedonoursimulation
resultswith otherpre�x sizesrangingfrom tenpercentto sixty percent.Theforty percentpre�x sizedemonstratesbetter
performancewith regardto themetricswe areusing.No collaborationis employedin W-ProxyandP-Proxy.

Thechosencollaborative videocachingschemeis SP-Freenet(StreamingPeerFreenet),our variantof theFreenet/ 1

�le sharingservice. Freenetis usedas the basisof SP-Freenetbecauseof Freenet's dynamiccollaborationandobject
replicationprotocol. SP-Freenetmaintainsthetwo following key characteristicsof Freenet.First, a requestfor anobject
is forwardedto the nodethat hasthe highestprobability of having the object. Second,when the object is found, it is
replicatedon thepeernodesalongthepathfrom thenodehaving theobjectto therequestingnode. In SP-Freenet,when

)

Waiting time for a requestis the amountof time from the momentthe requestis sentuntil the momentthe �rst byte of datais
received.



a cachingnodereceivesa requestfor a videothat is not availablein thelocal cachespace,thecachingnodeforwardsthe
requesttowardtheserver (whereall thevideosareavailable).Othercachingnodeson thepathto theserver cooperateby
examiningthis requestto seeif they canserve it. If not, theserverwill eventuallyserve therequest.A video,while being
streamedto aclient,is alsoreplicatedonall thecachingnodesalongthepathbetweenthesenderandtheclient. SP-Freenet
alsohasthebene�t of usingtheservicepathfrom a client to theserver asour OCSdoes.Becausetheoriginal Freenetis
a �le sharingsystemwherethewhole objectmustbe downloadedbeforeany usage,we useSP-Freenet,whosecaching
nodescandovideostreaming,to geta morerealisticlatency measure.Thesamecachesizeandcachereplacementpolicy
areusedin OCS,W-Proxy, P-Proxy, andSP-Freenetto emphasizeon thebene�t of collaboration.Finally, we alsoshow
theperformanceresultswhennocaching(No-Cache)is used.

4.1.Simulation model

To evaluatetheperformancesof thecachingschemes,we implementedthemin ns-2version2.1b6./62 Fig. 8 shows the
overlaynetwork topologyusedin all the simulations.This topologywasinspiredfrom the vBNS backbonenetwork

+ +

.
Theoverlay link propagationdelaysarebetween2 to 40 mili-seconds;thebandwidthof eachoverlay link is 300Mbps.
Notethatfor SP-Freenet,only thecachingnodesandtheserver in this topologyarepeernodes,which serve requestsand
cachevideodata.
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Figure8. Simulatednetwork topology

Parameter Default
Value

Servercapacityin numberof
concurrentstreams 150
Cachesizein percentageof
totalnumberof videos 5%
Numberof videos 100
Playbackratein Mbps 2.0
Videosizein MBytes 150
Skew factor 0.7
Client requestrateperminute 20
Totalnumberof requests 2000

Table1. Simulationparameters

Importantparametersusedin thesimulationsaresummarizedin Table1. Eachclientgeneratesvideorequestsaccording
to aPoissonprocesswith thedefaultaveragerateof 20 requestsperminute.In thesimulations,clientsdonot renege.The
requestedvideosarealwayswatchedentirelywithout any interruption.A simulationrun is consideredcompletewhenall
therequestsarecompletelyserviced.Thepopularityof eachvideofollowsa Zipf distribution. That is, theprobabilityfor
a �

� beingrequestedis /

���

�

���

���
	

	

�

�

, where � is thenumberof videosand � denotesa skew factorrangingfrom 0 to 1. A

largeskew factormeansthatsomevideosarehighly requestedthanothers.A skew factorof zeromeansthateachvideois
requestedequallyoften.Thedefaultskew factoris setto 0.7,a typical skew factorfor video-on-demandapplications./ 4

4.2.Simulation results

4.2.1.Effect of requestrate

The requestratewasvariedbetween16 and30 requests/minute.The skew factorandthe cachesizewere�x ed at their
default value. Fig. 9(a)demonstratesthatall cachingschemesoffer low latenciesclosedto zerosecondwhentherequest
rateis around16 requests/minwhile No-Cachehasthehighestlatency of 237seconds.Whentherequestrateincreases,
thelatenciesof W-ProxyandP-Proxyincreasequickly. This is becausedifferentproxiesin bothtechniquesoftencachethe
samevideosdueto lackof cooperation.Therefore,theservermusthandlemorerequestsfor videosthatarenotcached.The
server resourcesexhaustfaster, causingmorerequeststo wait longerin theserverqueue.SP-Freenetgiveslower latencies
thanW-ProxyandP-Proxydo becauseof thecooperationin servingclient requests.OCSoffers the lowestlatency since

A A

ThevBNS topologyis basedon themapin 1998.
,�


We assumethatonly 300Mbpsof theOC-12bandwidthis reservedfor video
transmission.
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Figure9. Effectof requestrate

morevideosarecachedin differentvirtual cachestructures,andtheleadersof thesestructuresserve nearbyclientsfaster.
OCSis moreeffective thanSP-FreenetbecauseOCShaslessnumberof cachedcopiesfor eachvideoon a servicepath
andmorevideosarecached.For arequestrateof 20requests/min,thelatency of OCSis muchless(about99%)thanthose
of theothertechniques.For ahigherrequestrate,thelatenciesof all techniquesincrease.However, OCSalwaysmaintains
the lowest latency. We presentthe resultsof simulationswith morethan30 requests/minin Reference/ 0 dueto limited
space.

Fig.9(b)showsthatOCSincursabouthalf theserver loadof W-Proxy, P-Proxy, andSP-Freenet, respectively. Because
of a betterutilization of theaggregatedcachespace,OCSexperiencesmorecachehits. Hence,theserver transmitsless
data.OCSalsogivestheleastnetwork loadasshown in Fig. 9(c). Thevideodatatravel lessbecausethey comefrom the
virtual cachestructurescloseto theclients. OCSsavesapproximatelyabout6% and10%network loadwhencompared
with W-ProxyandP-Proxy, respectively. P-Proxyhashigheraveragenetwork loadthanW-Proxydoesbecausethesuf�x
of all thevideosalwayscomefrom theserver. OCShasasmalladvantageoverSP-FreenetbecauseSP-Freenetalsoallows
thecooperationof cachingnodesalongtheservicepathsasin OCS.All thefour cachingschemeshavecomparableaverage
protocoloverheadaspresentedin Fig.9(d). Wewill notpresenttheplotsof theaverageprotocoloverheadin thefollowing
subsectionsbecauseof spacelimitation andthefactthatall schemeshave comparableprotocoloverheadin theremaining
simulations.Interestedreadersarereferredto Reference./ 0

4.2.2.Effect of cachesize

In this study, the cachesizeper cachingnodeof all the schemeswasvariedfrom 1% to 20% of the total sizeof all the
videos.Therequestrateandtheskew factorwere�x edat theirdefaultvalue.Thegeneraltrendis thatwhenthecachesize
increases,the performancemetric valuesdecreasebecausemorerequestsareserved from the cachingnodes.Fig. 10(a)
showsthatOCSoffersabout96%loweraveragelatency thantheothertechniquesdo,giventhesmallestcachesize.As the
cachesizeincreases,OCSstill offerstheaveragelatency closeto zerosecondwhile theothertechniqueshavea gradually
decreasingaveragelatency. Theaveragelatency of P-Proxyis worsethanthatof W-Proxybecausewith a skew factorof
0.7, few popularvideosreceive many morerequeststhanothervideosdo. Therefore,thesuf�x esof thesepopularvideos
occupy server channelslonger, makingtherequestsfor othervideoswait longer. However, whenall thevideoshave the
samepopularity(askew factorof zero),thelatency in P-Proxybecomesbetterthanthatof W-Proxyasshown in Fig.11(a).
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Figure11. Effectof skew factor

OCSincursthelowestserver loadasshown in Fig. 10(b).As thecachesizeincreases,theaggregatedcachespacegets
larger. SinceOCSutilizesthecachespacebetter, a fasterdropin theserver loadis exhibited.With thesmallestcachesize,
OCSsavesabout23%server load.Whenthecachesizeincreasesto 20%,thesavingsin theserver loadincreaseto around
85%comparedwith thetwo non-collaborativecachingtechniques.Similarly, OCSsavesabout19%server loadwith the
1% cachesizeandabout72%server loadwhenthecachesizeis 20%whencomparedwith SP-Freenet. We alsoobserve
thatbothcollaborativeschemesperformbetterthannon-collaborativeschemesdo.

Fig. 10(c)demonstratesthatOCSincurslessnetwork loadthanW-ProxyandP-Proxydo. Thenetwork loaddecreases
asthecachesizeincreasesbecausemorevideosarestoredin thecachingnodes,reducingtheamountof datatransmitted
from theserver. We observe that SP-Freenetgiveslessnetwork load thanOCSdoeswhenthe cachesizeis large. This
happensbecause,�rstly , SP-FreenetandOCShave similar advantagesasfar asthecollaborationof cachingnodeson a
servicepathis concerned.Secondly, SP-Freenet, becauseof its replicationstrategy, hasmorecachedcopiesof a videoon
a servicepaththanOCSdoes.ThecurrentOCSdesignmaintainsonly onecachedcopy of a videoin a servicepath.The
current12%gapin termsof thenetwork loadbetweenOCSandSP-Freenetcouldbeeasilyreducedby storingmorethan
onecopiesof a videoin a servicepathin OCS.However, we notethat increasingthenumberof cachedcopiesof a video
onaservicepathwill reducetheadvantagesin thelatency andtheserver loadof thecurrentOCSdesign.



4.2.3.Effect of skew factor

The skew factorwasvariedfrom 0 to 1. The cachesizewas�x ed at 10%, andthe requestratewasat its default value.
Fig. 11(a)demonstratesthatOCSoffers lower latenciesacrossdifferentskew conditions.For theuniform accesspattern
(skew factorequalsto zero), the averagelatency by OCS is 127 mili-secondswhereasthe latency by W-Proxy is 774
seconds.Thus,OCSimprovesmorethan98%in latency. Whentheskew becomesmoresevere,theperformancedifference
betweenOCSandW-Proxyis reduced.Amongall thetechniques,OCSstill offersthesmallestlatency. Bothcollaborative
techniquesarebetterthanthenon-collaborativeones.

Fig. 11(b) demonstratesthe effect of skew factoron the server load. The server load decreasesas the skew factor
increasesdueto morecachehits. Evenwhentheskew factoris one,OCSstill savesmorethanhalf theserver loadwhen
comparedwith theothertechniques.Fig. 11(c)shows thatwhentherequestpatternis severelyskewed,thenetwork load
incurredby OCSis a little higherwhencomparedwith W-Proxy. This is becausein W-Proxy, themostpopularvideosare
cachedanddeliveredfrom thecachingnodeto its local clientswhile acachingnodein OCShandlesbothlocalclientsand
somenearbyclients.SP-Freenethaslessnetwork loadthanOCSdoesdueto thesamereasonexplainedin Section4.2.2.
SP-Freenetis alsobetterW-Proxyin termsof thenetwork loaddueto thecooperationof cachingnodes.

In summary, OCSoutperformsW-Proxy, P-Proxy, andSP-Freenettechniquesin termsof theaverageservicelatency
andtheaverageserver loadwith a comparableprotocoloverhead.OCSalsooffersbetternetwork loadthanW-Proxyand
P-Proxydo in mostcases.Whenit comesto a largecachesize,OCSexperiencesmorenetwork loadthanSP-Freenetdoes
becauseOCSkeepsonly onecachedcopy pervideoin theservicepath.

5. RELATED WORK

Cachinglayer-encodedvideoshasbeeninvestigated./
��� / : Which videoandwhich layersshouldbecachedcanbedeter-
minedby thenetwork conditionor a revenuefunction.Videostaging/ = concentratesonusingaproxycachefor bandwidth
smoothingpurposes.Patchingtechniquesandotherperiodicmulticastschemeshave beenstudiedwith standaloneor re-
gional proxy caches./ ;�� 0$� Chaining,0 / the �rst peer-to-peervideo cachingandstreamingprotocol,usesthe available
storageandcomputingresourcesof client machinesto serve video requests.CMP080 utilizes the routers' disk spaceto
cachea slidingwindow of videodatafor servingsubsequentrequestsarriving closelyin time for thesamevideo.Nguyen
andZakhor0 1 presenta framework for coordinatingvideostreamingfrom multiple sendersto a singlereceiver. Zhaoet
al.0 2 proposea new bandwidthskimmingtechniquefor deliveringvariablebitratecontent.

We �nd our work hasa terminologicalsimilarity with work by Xu andNahrstedt0 3 in termsof usingservicepath.
However, while theirprimaryconcernis to �nd thebestpathsatisfyingagenericresourceevaluationfunction,wefocuson
thevideoproxy collaboration.OCSdoesnot have thedrawbacksof previouscollaborationtechniquesfor videocaching
discussedin Section1. In summary, ourwork complimentspreviousresearchonvideocachingandvideostreaming.Ona
relatedtopic,anumberof webproxycollaborationschemesandtheirbene�tsanddisadvantageshavebeenstudied.084�� 08: In
�le sharingsystemssuchasNapster,08= Gnutella,0 ; Freenet,/ 1 andmany others,peernodesalsohavesomecollaboration
to replicateandshare�les overtheInternet.In recentyears,many collaborationschemesfor speci�c datadeliveryservices
suchasweb,videostreaming,and�le sharinghave beenstudiedin separationdueto thedifferencesof thecharacteristics
of theseservices.Althoughit is interestingto evaluateall of thesecollaborationschemesunderonecontext, furtherstudies
areneeded.

6. CONCLUDING REMARKS

In this paper, we have proposeda novel overlay cachingschemefor an overlay network to offer a low servicelatency
andreducedserver andnetwork load for video streaming.OCSachievesthesegoalsby usingvirtual cachestructures,
which areestablishedfrom overlaynodescapableof cachingalongthe servicepaths.An analyticalmodelis developed
to determinethebestnodeon a servicepathto storethecachedcopy of a videosuchthat theaverageservicelatency of
requestsfrom clientson theservicepathis minimized.Thevirtual cachestructureis ef�ciently utilized to serve clientsin
local andsurroundingnetworks. Our simulationresultsshow thatOCSperformswell in severalkey performancemetrics
suchastheaverageservicedelay, theaverageserver load,andtheaveragenetwork load.
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