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Abstract

Recentyearshave seena tremendousgrowth of interests
in streamingcontinuousmediasuchas video dataover
the Internet. This would createan enormousincreasein
the demandon variousserver andnetworking resources.
To minimizeservicedelaysandto reduceloadsplacedon
theseresources,we proposeanOverlayCaching Scheme
(OCS)for overlay networks. OCSutilizes virtual cache
structuresto coordinatedistributedoverlaycachingnodes
alongthedeliverypathbetweentheserverandtheclients.
OCSestablishesandadaptsthesestructuresdynamically
accordingto clients' locationsandrequestpatterns.Com-
paredwith existingvideocachingtechniques,OCSoffers
betterperformancesin termsof averageservicedelays,
server load,andnetwork loadin mostcasesin ourstudy.

1 Intr oduction

Video streamingis vital for many important applica-
tions suchasdistancelearning,digital libraries,movie-
on-demand,and electroniccommerce. The Internet is
an attractive medium for video streamingapplications.
However, they demandenormousnetwork bandwidthand
server resources. To reducethesedemands,native IP
Multicasthasbeenemployedin recentresearchon video
delivery to streama singlevideo to multiple concurrent
clients. Nevertheless,IP Multicast hasnot beenwidely
deployedon theInternetdueto numeroustechnicalprob-
lems [1]. Recently, application-level multicast running
on an overlay network hasbeenproposedasan alterna-
tive to native IP Multicast. Someearly work on over-
lay network are Overcast[2], Scattercast[3], ESM [4],
andYoid [5]. Thesetechniquesprovidemulticastwithout
thesupportof multicast-enabledroutersandareprimarily
concernedwith the constructionandmanagementof the
overlaystructure.

� Thismaterialis baseduponwork supportedby theNationalScience
FoundationunderGrantNo. CCR0092914.Any opinions,�ndings, and
conclusionsor recommendationsexpressedin this materialarethoseof
the author(s)and do not necessarilyre�ect the views of the National
ScienceFoundation.

Cachingtechniquesfor video data[6, 7, 8, 9, 10, 11]
is anotherapproachto reduceservicedelays,wide-area
network load,andserver load for videostreamingappli-
cations. The majority of thesetechniquesemploys one
or more proxy servers1, usuallyplacedin the local net-
work, for cachingvideos.Requestsfor thecachedvideos
coming from the sameor nearbyusersare served from
theproxy cache.A proxy candecideto cachethewhole
or just a portion of the requestedvideo. Whenthe latter
is used,theuncachedportion of the video is transmitted
from theserver.

Recentwork investigatethe collaborationof several
video proxies within the samelocal network [7, 8, 9].
Paknikar et al. [7] and Acharyaand Smith [8] employ
a centralizedcoordinatorto determinewhich proxy will
serve a particularrequest. All the participatingproxies
contactonly the coordinator, not oneanother. Only the
coordinatorhasfull knowledgeof what is cachedin all
theparticipatingproxies.Hence,it is responsiblefor exe-
cutinga cachereplacementalgorithmfor theentirecache
system.The two techniquesdiffer mainly in their cache
replacementpolicies.Ontheotherhand,Parketal. [9] or-
ganizeasetof proxiesintoahierarchyof two levelcaches.
Whentherequestedvideoportionis not foundin aproxy,
its siblingproxiesandits parentarequeried.

In a centralizedcollaborative videocachingapproach,
the coordinatorhascontrol over the entire system. Al-
thoughother participatingproxiesprovide their storage
space,they do not make decisionsregardingthe useof
theaggregatedstoragespaceandtheservingof client re-
quests. Adopting this approachfor video cachingin a
wide-areanetwork doesnot scalewell becauseof several
reasons.First, high latenciesoccurdueto several inter-
actionswith thecentralizedcoordinator. Second,theco-
ordinatorcanquickly becomea bottleneckanda single
point of failure. Third, althoughthenumberof coordina-
torscanbeincreasedto avoid asinglepointof failure,the
effectivenessof a centralizedcachesystemdependssig-
ni�cantly on the relative locationsof the coordinator(s),
themachinesproviding thestoragespace,andtheclients
sendingtherequests.If any of thesethreeelementsis far

1A computersystemequippedwith a largestoragespace.



awayfrom theothertwo,usingacentralizedcachesystem
becomeslessef�cient becauseeither the latency or the
network loador bothof themwill increase.A hierarchi-
cal collaborative video cachingapproachprovidesmore
autonomyto eachparticipatingproxy. Thatis, eachproxy
managesits own storagespace,servesanumberof clients
on its local network, andasksotherproxiesin thehierar-
chy for help whenit doesnot have the requestedvideo.
Althoughacachingsystemfor awide-areanetwork could
bebuilt on a hierarchicalmodel,theperformanceof such
a systemdependscritically on the pre-determinedstruc-
tureandthelocationof thehierarchy.

Becauseof thelargeaveragesizeof videos,coordinat-
ing videocachingproxiesis usefulsincegettinga video
from anothercachingproxy in an ef�cient collaborative
cachesystemcostslessthangettingthesamevideofrom
the original server. Therefore,it is bene�cial to have
a �e xible and ef�cient collaborationprotocol for video
cachingproxiesin wide areanetworks. Nevertheless,the
protocol shouldnot incur much overheadin somerare
caseswhencachecollaborationis not necessary. These
casesarewhentheuserpopulationhasverylittle common
interestsin the samecontentor whenmost InternetSer-
vice Providerscanpro�tably maintaina hugelocal cache
space.

In this paper, we introduceOverlay Caching Scheme
(OCS), a light-weight, dynamic,andef�cient collabora-
tion techniquefor wide-areavideo caching. OCS runs
on any overlay network, taking advantagesof its multi-
cast capability. We discusshow OCS dynamically es-
tablishesa virtual cache structure (VCS)from Caching
Nodes(CNs) along the video delivery path betweena
client and the video server. A Caching Node (CN) is
an overlay nodethat hasa storagespaceandcapableof
servingvideostreams.OCSeffectively utilizes VCSsto
delivercacheddatato nearbyclients,minimizing theser-
vicedelays,server load,andnetwork loadaltogether. Our
novel andsimplecollaborationprotocoloffersbetterper-
formanceswhencomparedwith traditionalvideocaching
schemes.Furthermore,a simpleanalyticalmodel is de-
velopedto determinethe bestCN in a VCS to storethe
cachedcopy of a video suchthat the averagelatency of
requestsservedby theVCS is minimized.

Therestof this paperis organizedasfollows. In Sec-
tion 2, we presentour OCSin detail. We derive theana-
lytical modelfor evaluatingtheaverageservicelatency in
Section3. We discusstheperformancestudyandsimula-
tion resultscomparingOCSwith othernon-collaborative
andcollaborative videocachingtechniquesin Section4.
In Section5, we discussrelatedwork. Finally, we give
ourconcludingremarksin Section6.

2 Overlay CachingScheme

The conceptof OCS is to createa virtual cachestruc-
ture (VCS) to storeone copy of the requestedvideo in
an overlay nodeon the video delivery path(termedser-
vice pathhereafter)2. VCS keepsinformationaboutthe
servicepathandthecachedcopy of thevideo. Thecon-
structedVCS servesfuture requestsfor the samevideo.
For example,in Fig. 1, therequestfor video1 from client
C1 triggersthecreationof the VCS for the videoon the
servicepathfrom thevideoserver throughoverlaynodes
CN4, CN3, CN2, andCN1. A copy of video1 is cached
in CN1. Subsequentrequestsfor video 1 coming from
clientsC1, C2, C3, andC7 areservedfrom CN1. In this
case,theVCSconsistsof thecopy of video1 in CN1 and
theservicepathestablishedby thefollowing nodesCN4,
CN3, CN2, andCN1.

OCSis sensitive to network load. If servinga request
for a videofrom theserver incurslessnetwork loadthan
servingfrom the cachedcopy of the video in an exist-
ing VCS, therequestis redirectedto theserver. As a re-
sult, a new VCS is createdfor this video. For example,
in Fig. 1, a VCS wascreatedearlierwhenclient C5 re-
questedvideo2. This VCS hasa cachedcopy of video2
in CN5 anda servicepathconsistingof CN4, CN6, and
CN5. Whenclient C7 sendsa requestfor video2, there-
questpassesbothCN7 andCN3 on theway to theserver
becausethesetwo cachingnodesdonothaveany informa-
tion aboutvideo2. Eventually, this requestreachesCN4,
amemberof anexistingVCSfor video2. However, CN4

realizesthatusingthecachedcopy in CN5 of theexisting
VCS would result in a highernetwork load thangetting
video2 from theserver. CN4 redirectsthis requestto the
server. Therefore,anotherVCS is formedcomprisingan-
othercopy of video2 in CN7 andtheservicepathestab-
lishedby CN4, CN3, andCN7. In general,a CN could
participatein differentVCSsfor differentvideos.For ex-
ample,CN3 in Fig. 1 is a memberof VCSsfor video 1
andvideo2. A CN couldalsobe a memberof different
VCSsfor the samevideo whena requestredirectionoc-
curs. For example,CN4 in Fig. 1 is a memberof two
VCSsfor video2.

As anapplicationonanoverlaynetwork,OCSdoesnot
dealwith the creationand the maintenanceof the over-
lay network. We assumethatanoverlaynodealwayshas
updatedinformationabouttheoverlaytopology, thenet-
work addresses,andthestatus(upor down) of otherover-
lay nodes. The video server offers a numberof videos.
Video i is denotedby vi andhasjvi j equal-sizedblocks.
Theserver bandwidthis dividedinto a numberof logical
channelsfor servingvideo requests.A CN hasa cache
mapstoringcachemeta-datainformation. Eachentry in
the cachemap representsa VCS of which the CN is a

2Morecopiesperservicepathcanbeconsideredwhennecessary
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Figure2: Creationof a virtual cachingstructure

member. The entry providesthe following information:
this VCS ID, thevideostoredin this VCS,theIP address
of the server, the storagespacein this CN occupiedby
the video, the IP addressesof two adjacentCNs in this
VCS, thedistancesin termsof thenumberof hops3 from
this CN to theserver andto thecachingnodehaving the
cachedcopy of the video. A CN alsokeepsinformation
aboutits available cachespace. All requestsand video
traf�c from a client go throughthe CN connectedto the
client's local network. We will now discusshow a vir-
tual cachestructureis formedandutilized to serve future
requestsin detail.

2.1 Creating a virtual cachestructure

Thecreationprocessconsistsof four phases.

� Initialization phase: A client issuesa requestfor
vi (Label1 in Fig. 2) to theserver. We call theCN
connecteddirectly to a requestingclient the leader.
A copy of the requestedvideowill be storedin this
node.Forexample,in Fig.2,CN1 is theleaderwhen
client C1 �rst requestsvi . EachCN alongthepath
checksfor thecacheinformationof this video. Sup-
posethatnoneof themhassuchinformation;there-
questeventuallyreachesthe server. The server im-
mediatelysendsaBuild messagebackto theclient if
a channelis availableto deliver therequestedvideo.
Otherwise,therequestis queuedupandis processed
later when somechannelsbecomeavailable. The
format of importantmessagesin OCS is shown in
Fig. 3.

3Throughoutthis paperweconsiderdistancein termsof thenumber
of hopsin anoverlaynetwork. This numbermayor maynot beequiva-
lent to thenumberof physicalhopsof theunderlayingnetwork.

� VCS con�guration phase: When a CN along the
servicepath receivesthe Build messagefor vi , the
CN runsthe ENTRYCREATION algorithmin Fig. 4.
All CNs,excepttheleader, executeonly lines20-22
of the algorithm. In line 20, a CN �lls in an entry
in its cachemapwith the VCS ID, the cachespace
actuallyoccupiedby the video in this CN, and the
addressof thepreviousCN in theservicepath.Note
that thecachespaceoccupiedby thevideo is setto
zeroif theCN is not the leader. The addressof the
next CN in the servicepath will be recordedlater.
Some�elds of theBuild messagesuchasthenumber
of CNs and the addressof the last CN joining the
VCS,etc.arealsoupdated(line 21). Finally, theCN
forwardsthe Build messagetoward the client (line
22).

The leaderperformssomemore tasks(lines 2-19)
to preparethe storagefor cachingbeforeexecuting
lines 20-22. When the Build messagearrives, the
leaderchecksits freecachespace.If thefreespaceis
not enoughto cachethevideo(line 3), a popularity-
basedcachereplacementis executed(lines4-10)un-
til eitherthe freecachespaceis big enoughto store
the requestedvideo or all the remainingvideos in
thecachearemorepopularthantherequestedvideo.
Nevertheless,othercachereplacementpoliciessuch
asLeastRecentlyUsedcanbeemployedwith OCS.

To prevent unnecessarydeletion,the victim videos
areinsertedinto atemporarylist (line 7). Thevictim
videosareactuallypurgedfrom the cache(line 13)
only when the new free space,which is calculated
by addingthe sizesof thesevictim videosand the
original free space,is enoughto accommodatethe
requestedvideo (line 12). In this case,the leader
sendsDelete messagesto its adjacentCNs of the
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/*free cachespace:availablespace(in blocks)at thecurrentCN
IP leader:IP addressof theleader
IP currentCN:IP addressof thecurrentCN */

ENTRYCREATION(Build messagefor vi )
1. if (IP leader== IP currentCN)f
2. victim list = empty;temp space= free cachespace;
3. if (free cachespace< jvi j)f
4. dof
5. vv ictim = theleastpopularvideoin the

cachethathasnotbeenconsidered;
6. if (popularityof vv ictim < popularityof vi )f
7. Insertvv ictim into victim list;
8. tempspace+= jvv ictim j;
9. g
10. gwhile (tempspace< jvi j && popularityof

vv ictim < popularityof vi )
11. g
12. if (temp space� jvi j)f
13. Purgeall videosin victim list from cache;
14. DeleteVCSsof all videosin victim list;
15. Freecachespace= tempspace- jvi j;
16. Prepareandsendouta Completemessage;
17. g
18. elsePrepareandsendouta Deletemessage;
19. g
20. Updatetheentryfor this videoin thecachemap;
21. UpdatetheBuild message;
22. ForwardtheupdatedBuild messagetowardtheclient;

Figure4: Cacheentrycreationalgorithm



VCSs of the victim videos(line 14) to remove the
cacheentriesof thesevictims from thecachemaps.
TheDeletemessageis successively relayedto all the
othermembersof a VCS so that the corresponding
cacheentriesare removed. Finally, the leaderin-
formstheclient to join themulticastgroupsetupby
theserverandto prepareto receive thedata.For ex-
ample,in Fig. 2, CN1 tells C1 to join themulticast
groupfor vi .

� Completion phase: Thepurposeof this phaseis to
completetheVCScreationprocess.If theleadersuc-
cessfullyreserveda storagespacefor vi (line 12 in
Fig.4), theVCSestablishedin theCNsalongtheser-
vice pathcanbeusedto serve futurerequestsof the
samevideo. In this case,theleaderpreparesa Com-
pletemessage(Label 3 in Fig. 2), whoseformat is
shown in Fig. 3. Theleaderforwardsthemessageto
thepreviousCN in theVCS(line 16 in Fig. 4). Each
CN in theVCSprocessesthearrivingCompletemes-
sageasfollows. TheCN �lls in thefollowing infor-
mationin its cacheentryfor theVCS: theaddressof
thenext CN in theVCS (from which it hasreceived
theCompletemessage)andthedistancein termsof
thenumberof hopsfrom itself to theleader. TheCN
joins themulticastgroupandforwardstheComplete
messageto thepreviousCN in theVCS all theway
up to theserver.

If theleaderfails to reserve a storagespaceto cache
the video, the leadersendsa Deletemessageto the
previous CN in the VCS (line 18 in Fig. 4). Upon
receiving a Deletemessagefor a video, a CN �rst
forwardsthemessageto thepreviousCN in theVCS
andremovesthecorrespondingcacheentry from its
cachemap.

� Delivery phase:Whenreceiving theCompletemes-
sage,theservermulticaststherequestedvideoto the
client. The leaderinsertsvideo datainto its cache.
For thecasethattheserver receivestheDeletemes-
sagedueto insuf�cient cachespaceat theleader, the
serverstill deliversthevideoto theclient. However,
the video datais not cachedandno cacheentry for
this videois establishedin any CN alongtheservice
path.

For example,in Fig.2, theVCSconsistsof CN3, CN2,
CN1, andthecopy of vi in CN1. AlthoughCN1 stores
the video copy, CN2 andCN3 areawareof this cached
copy in CN1 becauseof the useof the VCS. Therefore,
future requestsfor the samevideo from clientsof CN2

andCN3 canbeservedfrom CN1.

2.2 Usinga virtual cachestructure

When a client sendsa requestto the server, eachCN,
through which the requestpasses,behaves as follows.
Whena requestfor vi arrivesat a CN, the CN searches
its cachemap for an existing cacheentry for vi . If no
suchanentry is found,theCN forwardstherequestmes-
sagetoward the server. Otherwise,the CN is a member
of a VCS cachingvi . Normally, the leaderin the VCS
is expectedto serve this request.However, to minimize
network load incurredfrom servingthis request,theCN
runstheREDIRECTION algorithmin Fig. 6 to decidewho
shouldserve this request(theserver or the leader).If the
delivery of therequestedvideofrom theserver generates
lessnetwork load(line 3), theCN redirectstherequestto
theserver (line 4). Otherwise,theCN noti�es the leader
aboutthis request(line 6) asfollows. If thecurrentCN is
not the leader(the cachesizeoccupiedby the requested
video in this CN is zero), a Hit messageis sent to the
next CN in theVCS toward the leader. TheHit message
is relayedby themembersof theVCS all theway to the
leader. WhentheHit messagearrives,the leaderdelivers
its cachedcopy of therequestedvideoto theclient. Fig. 5
shows an exampleof leaderCN1 usingthecachedcopy
of vi to serveclientC2.

In summary, theadvantagesof forming VCSsto cache
and serve video requestsas discussedabove are as fol-
lows. First, a VCS hasa linearstructure.Thus,eachCN
only communicateswith its two adjacentCNsin thesame
VCSto servearequest.It is verysimpleandfastto locate
thecachedcopy. Neitherbroadcastingof thecachecon-
tent in eachcachingnodenor a complex object location
schemeisneeded.It isalsoeasyto maintainaVCSshould
therebe any changesin theoverlaynetwork. For exam-
ple, when a cachingnode leaves the network, we only
needto connectthe two adjacentnodestogetherandup-
dateVCS informationon thesetwo nodes.TheVCSsare
dynamicallycreatedanddestroyed, adaptingto changes
in requestpatternsandusers'locations.Second,our col-
laborationschemeis light weightandeasyto bedeployed
becauseall theVCS setupandcollaborationstepscanbe
embededinto existingcommunicationsbetweentheclient
and the server. Third, usingthe requestredirectionfea-
ture, streaminga video from a cachingnodeon the ser-
vicepathincursnomorenetwork loadthanstreamingthe
samevideofrom theserver. Fourth,sinceonly onephys-
ical copy of a video is cachedin the leaderof a VCS,
the other memberscanusetheir storagespaceto cache
othervideos.Therefore,theoverall cachespaceusageis
moreeffective thanin thecasewhereeachcachingnode
actsalonewithoutcooperation.Theservicedelayandthe
server loadarealsoreduced.Finally, sincetheVCS for-
mationprocessis carriedout at theCNswithout any par-
ticipationof theclient (exceptsendingtherequestandre-
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/*dist to server: distancefrom thecurrentCN to theserver
dist to leader:distancefrom thecurrentCN to theleader*/
REDIRECTION(Requestmessagefor vi )

1. dist to server = Getthis informationfrom
thecachemapof vi ;

2. dist to leader= Getthis informationfrom
thecachemapof vi ;

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

thenext CN towardtheleader;

Figure6: Cacheredirectionalgorithm

ceiving thevideodata),nomodi�cation of theclientplay-
backsoftwareis needed.

3 Analytical Model

Cachingtherequestedvideoin theleadernodeof a VCS
may not give the bestaverageservicelatency for all the
requestsservedby theVCSbecausethecachedcopy may
becloserto onesetof clientsthananother. Wecall this la-
tency VCSservicelatencyhereafter. Hence,wemodelthis
latency asa function of the locationof the cachedcopy
in theservicepathto determinethebestcachingnodeto
storethecopy.
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Without lossof generality, we considera servicepath
createdbecausethe �rst requestfor vi from client C1

reachesthe server in Fig. 7 (i.e., no cachehits for vi

alongthe path). The servicepathconsistsof N caching
nodes(CN1, . . . , CNN ) and a cachedcopy in CN j .
The propagationdelay (in seconds)betweentwo adja-
centcachingnodesis a constantT . Eachcachingnode
(CN l ) is connectedwith its correspondingclient node
Cl ; 8l = 1; � � � ; N wherethepropagationdelaybetween
theclient andits cachingnodeis assumedzero[10]. Al-
thoughseveralservicepathsmayexist in anoverlaynet-
work, eachservicepathalwayshasa linear topologyre-

gardlessof theunderlyingnetwork topology.
We assumethat the requestsfor vi from all theclients

usingthe servicepathfollow a Poissonprocesswith the
averagearrival rateof � i requests/second.Furthermore,
theseclients are equally likely to issuethe requestsfor
vi . Thus,the requestratefrom a particularclient for the
video is � i

N . Let U denotethe upperboundof the av-
eragelatency (in seconds)of the requestsserved by the
videoserver. This valuecanbeestimatedby monitoring
the incoming requestqueuefor an extendedamountof
time. Let dj s denotethedistancebetweenCN j (thenode
cachingthevideo)andthevideoserver. Let dj m anddms

denotethedistancesbetweenCN j andCNm on thepath,
andbetweenCNm andthevideoserver, respectively. All
distancesaremeasuredin hops.Requestsfor vi from all
theclientsalongthisservicepathcanbedividedinto four
groups.

� Group1 consistsof requestsfrom clientsCm to the
left of CN j in Fig. 7. Theserequestsare served
by CN j usingits cachedcopy. Theservicelatency,
L G1, for this groupof requestsis

L G 1 =
� i

N

j � 1X

m =1

T � dmj :

� Group 2 consistsof requestsfrom clients Cj con-
necteddirectly to CN j . Theservicelatency for this
groupof requestsis essentiallyzero(L G2 = 0) since
thevideo is cachedlocally, andthepropagationde-
lay betweenCj andCN j is zero.

� Group3 consistsof requestsfrom clientsCm to the
right of CN j wheredj m � dms in Fig. 7. These
requestsareserved by CN j usingthe cachedcopy.
The servicelatency, L G3, for this groupof requests
is

L G 3 =
� i

N

X

m 2 G 3

T � dj m ;

whereG3 = f i j i 2 f j +1 ; j +2 ; : : : ; N g and dj i � dis g:



� Group4 consistsof requestsfrom clientsCm to the
right of CN j wheredj m > dms in Fig. 7. These
requestsare redirectedto the video server and are
eventuallyserved by the video server. The service
latency for this groupof requestsis

L G 4 =
� i

N
(

X

m 2 G 4

T � dms + U);

whereG4 = f i j i 2 f j +1 ; j +2 ; : : : ; N g and dj i > dis g:

The total servicelatency for requestsfor vi from clients
on thepathis

L = L G 1 + L G 2 + L G 3 + L G 4

=
� i

N

j � 1X

m =1

T � dmj +
� i

N

X

m 2 G 3

T � dj m +

� i

N
(

X

m 2 G 4

T � dms + U):

TheVCSservicelatency is

L
� i

=
1
N

"
j � 1X

m =1

T � dmj +
X

m 2 G 3

T � dj m +
X

m 2 G 4

T � dms + U

#

:

Arithmetic manipulationgivesusthefollowing VCS ser-
vice latency.

L
� i

=
T
N

�
6d2

j s � dj s (8N + 2) + (4N (N + 1) � 1)
8

+
U
T

�

(1)
To obtain the location of CN j (i.e., dj s), we minimize
thevalueof thequadraticfunction in Equation(1). As a
result,CN j mustbe at � ( � (8N +2))

2� 6 = 4N +1
6 away from

the server to offer the bestVCS servicelatency. To in-
corporatethis result in OCS,we simply modify the EN-
TRYCREATION algorithmin Fig. 4 to storethereplicaof
the requestedvideo in the CN that is 4N +1

6 hopsaway
from theserver. Althoughthemodeldoesnotgivetheop-
timal servicelatency for theentiresystemthatmayconsist
of severalVCSsandvideoservers,themodelis �e xible to
handlethedynamicbehaviorsof theusersandthecontent
providersin theInternet.

Whenfew videosareverypopularandtheservicepath
is very long, we needto cachethesepopularvideosin
morethanoneCN.Thispolicy recudestheservicelatency
andthenetwork loadfor theclientsthatarefarawayfrom
thecachedcopy. Let k (k > 1) bethenumberof cached
copiesof onevery popularvideo on a servicepath. To
achieve fairnessfor clientson the servicepathandalso
to balancethe network load placedon the servicepath,
wepositionk cachedcopiesin aCN suchthattheservice
pathis equallydividedinto k + 1 segments.

4 PerformanceStudy

In this section, we compare OCS with both non-
collaborative andcollaborative videocachingtechniques
usingfour performancemetrics.They aretheaveragela-
tency, theaverageserver load, theaveragenetwork load,
andthe averageprotocoloverhead.The averagelatency
is theratio of thetotal waiting time4 of all therequeststo
the total numberof requests.The averageserver load is
obtainedfrom dividing thetotalamountof videodatathat
theserver hasto deliver by the total numberof requests.
Theaveragenetwork loadis theaverageamountof video
datatransmittedon the overlay network to satisfya sin-
gle request.In otherwords,the ratio of the total amount
of video data(in MBytes) transmittedon all links of the
overlaynetwork to thetotal numberof requestsis theav-
eragenetwork load.Theaverageprotocoloverheadis the
averageamountof controlmessagesplacedontheoverlay
network to serveasinglerequest(i.e. theratioof thetotal
amountof controlmessagesin KByteson all links of the
overlaynetwork to thetotal numberof requests).

The two non-collaborative video cachingschemesare
W-Proxy (whole video caching) and P-Proxy (partial
videocaching).In W-Proxy, eachproxy decidesto cache
theentirerequestedvideoor not at all. In P-Proxy, each
proxy decidesto cacheonly the �rst forty percentof the
requestedvideo or not at all. The rest of the video is
deliveredfrom the server. P-Proxy is a variant of pre-
�x cachingwith thepre�x sizeof forty percent.We have
chosenthissizebasedonoursimulationresultswith other
pre�x sizesrangingfrom tenpercentto sixty percent.The
forty percentpre�x sizedemonstratesbetterperformance
with regardto themetricswe areusing.No collaboration
is employedin W-ProxyandP-Proxy.

Thechosencollaborative videocachingschemeis SP-
Freenet (StreamingPeer Freenet), our variant of the
Freenet[12] �le sharingservice.Freenetis usedastheba-
sisof SP-Freenetbecauseof Freenet'sdynamiccollabora-
tion andobjectreplicationprotocol.SP-Freenetmaintains
the two following key characteristicsof Freenet.First, a
requestfor anobjectis forwardedto thenodethathasthe
highestprobability of having the object. Second,when
theobjectis found,it is replicatedonthepeernodesalong
thepathfrom thenodehaving theobjectto therequesting
node. In SP-Freenet,whena cachingnodereceivesa re-
questfor a video that is not available in the local cache
space,the cachingnodeforwardsthe requesttoward the
server (whereall thevideosareavailable).Othercaching
nodeson the path to the server cooperateby examining
this requestto seeif they canserve it. If not, the server
will eventuallyserve the request. A video, while being
streamedto a client, is alsoreplicatedon all thecaching

4Waiting time for a requestis theamountof time from themoment
therequestis sentuntil themomentthe�rst byteof datais received.



nodesalongthe pathbetweenthe senderand the client.
SP-Freenetalsohasthe bene�t of usingthe servicepath
from a client to theserver asour OCSdoes.Becausethe
original Freenetis a �le sharingsystemwherethewhole
objectmustbedownloadedbeforeany usage,we useSP-
Freenet,whosecachingnodescando videostreaming,to
getamorerealisticlatency measure.Thesamecachesize
andcachereplacementpolicy areusedin OCS,W-Proxy,
P-Proxy, andSP-Freenetto emphasizeon the bene�t of
collaboration.Finally, we alsoshow theperformancere-
sultswhennocaching(No-Cache)is used.

4.1 Simulation model

To evaluatetheperformancesof thecachingschemes,we
implementedthem in ns-2 version 2.1b6 [13]. Fig. 8
shows theoverlaynetwork topologyusedin all thesimu-
lations.This topologywasinspiredfrom thevBNS back-
bonenetwork5. The overlay link propagationdelaysare
between2 to 40mili-seconds;thebandwidthof eachover-
lay link is 300Mbps. Note that for SP-Freenet,only the
cachingnodesand the server in this topology are peer
nodes,whichserve requestsandcachevideodata.

Importantparametersusedin thesimulationsaresum-
marizedin Table1. Eachclient generatesvideorequests
accordingto a Poissonprocesswith the default average
rateof 20 requestsperminute. In thesimulations,clients
do not renege. Therequestedvideosarealwayswatched
entirelywithoutany interruption.A simulationrunis con-
sideredcompletewhenall therequestsarecompletelyser-
viced. Thepopularityof eachvideofollowsa Zipf distri-
bution [15]. A largeskew factormeansthatsomevideos
arehighly requestedthanothers. A skew factorof zero
meansthateachvideois requestedequallyoften.Thede-
fault skew factor is set to 0.7, a typical skew factor for
video-on-demandapplications[16].

4.2 Simulation results

4.2.1 Effect of requestrate

The request rate was varied between16 and 30 re-
quests/minute.The skew factorandthe cachesizewere
�x edat theirdefault value.Fig. 9(a)demonstratesthatall
cachingschemesoffer low latenciesclosedto zerosec-
ondwhentherequestrateis around16requests/minwhile
No-Cachehasthehighestlatency of 237seconds.When
the requestrate increases,the latenciesof W-Proxy and
P-Proxyincreasequickly. This is becausedifferentprox-
ies in both techniquesoften cachethe samevideosdue
to lack of cooperation.Therefore,the server musthan-
dle more requestsfor videos that are not cached. The

5ThevBNS topologyis basedon themapin 1998[14]. We assume
thatonly 300Mbpsof theOC-12bandwidthis reservedfor videotrans-
mission.
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Figure8: Simulatednetwork topology

Parameter Default
Value

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

Table1: Simulationparameters

server resourcesexhaustfaster, causingmorerequeststo
wait longerin the server queue.SP-Freenetgiveslower
latenciesthan W-Proxy and P-Proxydo becauseof the
cooperationin servingclient requests. OCS offers the
lowest latency sincemorevideosarecachedin different
virtual cachestructures,and the leadersof thesestruc-
turesserve nearbyclients faster. OCSis moreeffective
thanSP-FreenetbecauseOCShaslessnumberof cached
copiesfor eachvideoon a servicepathandmorevideos
arecached.For a requestrateof 20 requests/min,the la-
tency of OCSis muchless(about99%)thanthoseof the
othertechniques.For a higherrequestrate,the latencies
of all techniquesincrease.However, OCSalwaysmain-
tainsthelowestlatency.

Fig. 9(b) shows that OCSincursabouthalf the server
load of W-Proxy, P-Proxy, andSP-Freenet, respectively.
Becauseof a betterutilization of the aggregatedcache
space,OCS experiencesmore cachehits. Hence, the
server transmitslessdata. OCSalsogivesthe leastnet-
work load asshown in Fig. 9(c). The video datatravel
lessbecausethey comefrom thevirtual cachestructures
closeto theclients. OCSsavesapproximatelyabout6%
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Figure9: Effectof requestrate

and10%network loadwhencomparedwith W-Proxyand
P-Proxy, respectively. P-Proxyhashigher averagenet-
work loadthanW-Proxydoesbecausethesuf�x of all the
videosalwayscomefrom theserver. OCShasasmallad-
vantageover SP-FreenetbecauseSP-Freenetalsoallows
thecooperationof cachingnodesalongtheservicepaths
asin OCS.All the four cachingschemeshave compara-
ble averageprotocoloverheadaspresentedin Fig. 9(d).
Fig. 10 shows theperformancemetricswhenthe request
rateis setto 30,64,128,and256requests/minute.

4.2.2 Effect of cachesize

In this study, the cachesizeper cachingnodeof all the
schemeswas varied from 1% to 20% of the total size
of all the videos. The requestrate and the skew factor
were �x ed at their default value. The generaltrend is
thatwhenthecachesizeincreases,theperformancemet-
ric valuesdecreasebecausemorerequestsareservedfrom
thecachingnodes.Fig.11(a)showsthatOCSoffersabout
96%lower averagelatency thantheothertechniquesdo,
giventhesmallestcachesize.As thecachesizeincreases,
OCSstill offers theaveragelatency closeto zerosecond
while theothertechniqueshaveagraduallydecreasingav-
eragelatency. The averagelatency of P-Proxyis worse
thanthat of W-Proxy becausewith a skew factorof 0.7,
few popularvideosreceivemany morerequeststhanother
videosdo. Therefore,thesuf�x esof thesepopularvideos

occupy server channelslonger, making the requestsfor
othervideoswait longer. However, whenall the videos
have the samepopularity(a skew factorof zero),the la-
tency in P-Proxybecomesbetterthanthatof W-Proxyas
shown in Fig. 12(a).

OCS incurs the lowest server load as shown in
Fig. 11(b). As the cachesize increases,the aggregated
cachespacegets larger. Since OCS utilizes the cache
spacebetter, a fasterdrop in the server load is exhib-
ited. With thesmallestcachesize,OCSsavesabout23%
server load. Whenthe cachesize increasesto 20%, the
savings in the server load increaseto around85% com-
paredwith thetwo non-collaborativecachingtechniques.
Similarly, OCSsavesabout19%server loadwith the1%
cachesizeandabout72%server loadwhenthecachesize
is 20%whencomparedwith SP-Freenet. Wealsoobserve
thatbothcollaborative schemesperformbetterthannon-
collaborativeschemesdo.

Fig. 11(c) demonstratesthat OCSincurslessnetwork
loadthanW-ProxyandP-Proxydo. Thenetwork loadde-
creasesasthe cachesize increasesbecausemorevideos
are stored in the cachingnodes, reducing the amount
of data transmittedfrom the server. We observe that
SP-Freenetgiveslessnetwork loadthanOCSdoeswhen
the cachesize is large. This happensbecause,�rstly ,
SP-FreenetandOCShavesimilaradvantagesasfarasthe
collaborationof cachingnodeson a servicepath is con-
cerned.Secondly, SP-Freenet, becauseof its replication
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Figure10: Effectof high requestrate

strategy, hasmorecachedcopiesof a videoon a service
paththanOCSdoes.ThecurrentOCSdesignmaintains
only onecachedcopy of a video in a servicepath. The
current12% gap in termsof the network load between
OCSandSP-Freenetcould be easilyreducedby storing
morethanonecopiesof avideoin aservicepathin OCS.
However, we notethat increasingthe numberof cached
copiesof a videoonaservicepathwill reducetheadvan-
tagesin thelatency andtheserver loadof thecurrentOCS
design.

4.2.3 Effect of skew factor

The skew factorwasvariedfrom 0 to 1. The cachesize
was�x ed at 10%, andthe requestratewasat its default
value. Fig. 12(a)demonstratesthatOCSoffers lower la-
tenciesacrossdifferentskew conditions.For theuniform
accesspattern(skew factorequalsto zero),theaveragela-
tency by OCSis 127mili-secondswhereasthelatency by
W-Proxyis 774seconds.Thus,OCSimprovesmorethan
98% in latency. When the skew becomesmore severe,
theperformancedifferencebetweenOCSandW-Proxyis
reduced.Among all the techniques,OCSstill offers the
smallestlatency. Both collaborative techniquesarebetter
thanthenon-collaborativeones.

Fig.12(b)demonstratestheeffectof skew factoronthe
server load. Theserver loaddecreasesastheskew factor
increasesdue to more cachehits. Even when the skew

factor is one,OCS still saves more than half the server
loadwhencomparedwith theothertechniques.Fig.12(c)
shows that whenthe requestpatternis severely skewed,
thenetwork load incurredby OCSis a little higherwhen
comparedwith W-Proxy. This is becausein W-Proxy, the
most popularvideosare cachedand deliveredfrom the
cachingnodeto its local clientswhile a cachingnodein
OCShandlesboth local clientsandsomenearbyclients.
SP-Freenethaslessnetwork load thanOCSdoesdueto
thesamereasonexplainedin Section4.2.2.SP-Freenetis
alsobetterW-Proxy in termsof thenetwork load dueto
thecooperationof cachingnodes.

In summary, OCSoutperformsW-Proxy, P-Proxy, and
SP-Freenettechniquesin termsof theaverageservicela-
tency andtheaverageserver loadwith a comparablepro-
tocol overhead.OCSalsooffersbetternetwork loadthan
W-Proxy andP-Proxydo in mostcases.Whenit comes
to alargecachesize,OCSexperiencesmorenetwork load
thanSP-FreenetdoesbecauseOCSkeepsonlyonecached
copy pervideoin theservicepath.

5 RelatedWork

Cachinglayer-encodedvideoshasbeeninvestigated[17,
10]. Which videoandwhich layersshouldbecachedcan
bedeterminedby thenetworkconditionorarevenuefunc-
tion. Video staging[18] concentrateson usinga proxy
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cachefor bandwidthsmoothingpurposes.Patchingtech-
niquesand other periodic multicastschemeshave been
studiedwith standaloneor regionalproxycaches[19, 20].
Chaining [21], the �rst peer-to-peervideo cachingand
streamingprotocol,usesthe availablestorageandcom-
puting resourcesof client machinesto serve video re-
quests.CMP[22] utilizestherouters'diskspaceto cache
aslidingwindow of videodatafor servingsubsequentre-
questsarrivingcloselyin timefor thesamevideo.Nguyen
and Zakhor [23] presenta framework for coordinating
videostreamingfrom multiplesenderstoasinglereceiver.
Zhaoetal. [24] proposeanew bandwidthskimmingtech-
niquefor deliveringvariablebitratecontent.

We �nd our work hasa terminologicalsimilarity with
work by Xu and Nahrstedt[25] in termsof using ser-
vice path. However, while their primary concernis to
�nd the bestpath satisfyinga genericresourceevalua-
tion function,we focuson thevideoproxy collaboration.
OCSdoesnot have thedrawbacksof previouscollabora-
tion techniquesfor videocachingdiscussedin Section1.
In summary, our work complimentspreviousresearchon
video cachingandvideo streaming. On a relatedtopic,
a numberof web proxy collaborationschemesandtheir
bene�tsanddisadvantageshave beenstudied[26, 27]. In
�le sharingsystemssuchasNapster[28], Gnutella[29],
Freenet[12], andmany others,peernodesalsohavesome
collaborationto replicateand share�les over the Inter-
net. In recentyears,many collaborationschemesfor spe-
ci�c datadelivery servicessuchas web, video stream-
ing, and�le sharinghave beenstudiedin separationdue
to thedifferencesof thecharacteristicsof theseservices.
Although it is interestingto evaluateall of thesecollab-
oration schemesunder one context, further studiesare
needed.

6 Concluding Remarks

In this paper, we have proposeda novel overlaycaching
schemefor an overlay network to offer a low service
latency and reducedserver and network load for video
streaming. OCS achieves these goals by using vir-
tual cachestructures,which areestablishedfrom overlay
nodescapableof cachingalongtheservicepaths.An an-
alyticalmodelis developedto determinethebestnodeon
a servicepath to storethe cachedcopy of a video such
that the averageservicelatency of requestsfrom clients
on theservicepathis minimized.Thevirtual cachestruc-
tureis ef�ciently utilized to serveclientsin localandsur-
roundingnetworks.Oursimulationresultsshow thatOCS
performswell in severalkey performancemetricssuchas
theaverageservicedelay, theaverageserver load,andthe
averagenetwork load.
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