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Abstract

Recentyearshave seena tremendougrowth of interests
in streamingcontinuousmediasuchas video dataover
the Internet. This would createan enormousncreasen

the demandon varioussener and networking resources.

To minimize servicedelaysandto reducdoadsplacedon

theseresourceswe proposean Overlay Cacing Scheme
(OCS)for overlay networks. OCS utilizes virtual cache
structurego coordinatedistributedoverlaycachingnodes
alongthedelivery pathbetweerthe senerandtheclients.
OCSestablishesndadaptshesestructuresdynamically
accordingo clients'locationsandrequespatterns Com-
paredwith existing videocachingtechniquesQCSoffers
betterperformancesn termsof averageservicedelays,
senerload,andnetwork loadin mostcasesn our study
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Video streamingis vital for mary important applica-
tions suchasdistancelearning, digital libraries, movie-

on-demand,and electroniccommerce. The Internetis

an attractve medium for video streamingapplications.
However, they demandenormousietwork bandwidthand
sener resources. To reducethesedemands,native IP

Multicasthasbeenemployedin recentresearcton video
delivery to streama single video to multiple concurrent
clients. Nevertheless]P Multicast hasnot beenwidely

deployedonthe Internetdueto numerougechnicalprob-
lems[1]. Recently application-l&el multicastrunning
on an overlay network hasbeenproposedas an alterna-
tive to native IP Multicast. Someearly work on over-

lay network are Overcast[2], Scattercasf3], ESM [4],

andYoid [5]. Thesetechniquegprovide multicastwithout
the supportof multicast-enabledoutersandareprimarily

concernedvith the constructionrand managemenof the
overlaystructure.
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Cachingtechniquedor video data[6, 7, 8, 9, 10, 11]
is anotherapproachto reduceservicedelays,wide-area
network load, andsener load for video streamingappli-
cations. The majority of thesetechniquesemploys one
or more proxy seners', usually placedin the local net-
work, for cachingvideos.Requestgor the cachedvideos
coming from the sameor nearbyusersare sened from
the proxy cache.A proxy candecideto cachethe whole
or just a portion of the requestedrideo. Whenthe latter
is used,the uncachedortion of the videois transmitted
from thesener.

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
sene a particularrequest. All the participatingproxies
contactonly the coordinator not one another Only the
coordinatorhasfull knowledgeof whatis cachedin all
theparticipatingproxies.Hencei|t is responsibldor exe-
cutinga cachereplacemenalgorithmfor the entirecache
system. The two techniquediffer mainly in their cache
replacemenpolicies.Ontheotherhand,Parketal. [9] or-
ganizeasetof proxiesinto ahierarchyof two level caches.
Whentherequestedideoportionis notfoundin a proxy;,
its sibling proxiesandits parentarequeried.

In a centralizedcollaboratve video cachingapproach,
the coordinatorhas control over the entire system. Al-
though other participatingproxies provide their storage
space,they do not make decisionsregardingthe use of
the aggreyatedstoragespaceandthe servingof client re-
guests. Adopting this approachfor video cachingin a
wide-areanetwork doesnot scalewell becausef several
reasons.First, high latenciesoccurdueto several inter-
actionswith the centralizedcoordinator Secondthe co-
ordinatorcan quickly becomea bottleneckand a single
point of failure. Third, althoughthe numberof coordina-
torscanbeincreasedo avoid a singlepointof failure,the
effectivenessf a centralizedcachesystemdependssig-
ni cantly on the relative locationsof the coordinator(s),
the machinegroviding the storagespace andthe clients
sendingtherequestslf ary of thesethreeelementss far

1A computersystemequippedwith alarge storagespace.



away from theothertwo, usingacentralizeccachesystem
becomedessefcient becauseeitherthe lateng or the
network load or both of themwill increase.A hierarchi-
cal collaboratie video cachingapproachprovides more
autonomyto eachparticipatingproxy. Thatis, eachproxy
managegts own storagespacesenesanumberof clients
onits local network, andasksotherproxiesin the hierar

chy for help whenit doesnot have the requestedrideo.
Althougha cachingsystenfor awide-areanetwork could
be built on a hierarchicaimodel,the performancenf such
a systemdependsritically on the pre-determinedstruc-
tureandthelocationof the hierarchy

Becausef thelarge averagesizeof videos,coordinat-
ing video cachingproxiesis usefulsincegettinga video
from anothercachingproxy in an ef cient collaboratve
cachesystemcostslessthangettingthe samevideofrom
the original sener. Therefore,it is bene cial to have
a exible and ef cient collaborationprotocol for video
cachingproxiesin wide areanetworks. Neverthelessthe
protocol should not incur much overheadin somerare
caseswhen cachecollaborationis not necessary These
casearewhentheuserpopulationhasverylittle common
interestsin the samecontentor whenmostinternetSer
vice Providerscanpro tably maintaina hugelocal cache
space.

In this paper we introduceOverlay Caching Sheme
(OCS) a light-weight, dynamic,andef cient collabora-
tion techniquefor wide-areavideo caching. OCSruns
on ary overlay network, taking advantageof its multi-
castcapability We discusshow OCS dynamically es-
tablishesa virtual cade structuie (VCS)from Cading
Nodes(CNs) along the video delivery path betweena
client and the video sener. A Caching Node (CN) is
an overlay nodethat hasa storagespaceand capableof
servingvideo streams.OCS effectively utilizes VCSsto
deliver cacheddatato nearbyclients,minimizing the ser
vicedelayssenerload,andnetwork loadaltogetherOur
novel andsimplecollaborationprotocoloffersbetterper
formancesvhencomparedvith traditionalvideocaching
schemes.Furthermorea simple analyticalmodelis de-
velopedto determinethe bestCN in a VCS to storethe
cachedcopy of a video suchthat the averagelatengy of
requestsenedby theVCSis minimized.

The restof this paperis organizedasfollows. In Sec-
tion 2, we presenbur OCSin detail. We derive the ana-
lytical modelfor evaluatingthe averageservicelateng in
Section3. We discusghe performancestudyandsimula-
tion resultscomparingOCSwith othernon-collaboratre
andcollaboratve video cachingtechniquesn Section4.
In Section5, we discussrelatedwork. Finally, we give
our concludingremarksin Section6.

2 Overlay Caching Scheme

The conceptof OCSis to createa virtual cachestruc-
ture (VCS) to storeone copy of the requestedrideo in

an overlay nodeon the video delivery path (termedser

vice path hereafter?. VCS keepsinformationaboutthe
servicepathandthe cachedcopy of thevideo. The con-
structedVCS senes future requestgor the samevideo.
For example,in Fig. 1, therequesfor video 1 from client
C; triggersthe creationof the VCS for the video on the
servicepathfrom thevideo sener throughoverlaynodes
CNy4,CN3, CN2,andCNj;. A copy of videolis cached
in CN;. Subsequentequestsor video 1 coming from

clientsCq, C,, C3, andC7 aresenedfrom CN1. In this
casetheVCS consistof thecopy of video1lin CN4 and
the servicepathestablishedby thefollowing nodesCN 4,

CN3, CNoy, andCNl.

OCSis sensitve to network load. If servinga request
for avideofrom the sener incurslessnetwork load than
servingfrom the cachedcopy of the video in an exist-
ing VCS, therequests redirectedto the sener. As are-
sult, a new VCS is createdfor this video. For example,
in Fig. 1, a VCS was createdearlierwhenclient Cs re-
questedrideo 2. This VCS hasa cachedcopy of video2
in CNs anda servicepathconsistingof CN4, CNg, and
CNs. Whenclient C; sendsarequesfor video 2, there-
guestpassebothCN7 andCN 3 onthewayto thesener
becaus¢hesawo cachingnodesdonothaveary informa-
tion aboutvideo2. Eventually thisrequesteache< Ny,
amemberof anexisting VCS for video2. However, CN 4
realizeghatusingthecachectopy in CN 5 of theexisting
VCS would resultin a higher network load than getting
video2 from the sener. CN 4 redirectsthis requesto the
sener. Therefore anotheVCS is formedcomprisingan-
othercopy of video 2 in CN; andthe servicepathestab-
lishedby CN4, CN3, andCNy>. In generala CN could
participatein differentVCSsfor differentvideos.For ex-
ample,CN3 in Fig. 1 is a memberof VCSsfor video 1
andvideo2. A CN could alsobe a memberof different
VCSsfor the samevideo whena requestredirectionoc-
curs. For example,CNy4 in Fig. 1 is a memberof two
VCSsfor video2.

As anapplicationonanoverlaynetwork, OCSdoesnot
dealwith the creationand the maintenancef the over-
lay network. We assumehatanoverlay nodealwayshas
updatednformationaboutthe overlay topology the net-
work addressesndthe statugup or down) of otherover
lay nodes. The video sener offers a numberof videos.
Videoi is denotedby v; andhasjv;j equal-sizedlocks.
The sener bandwidthis dividedinto a numberof logical
channelsfor servingvideo requests.A CN hasa cache
map storing cachemeta-datanformation. Eachentryin
the cachemap representsa VCS of which the CN is a

2More copiesperservicepathcanbe consideredvhennecessary
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Figurel: Virtual cachestructures

member The entry providesthe following information:
this VCS ID, thevideostoredin this VCS, the P address
of the sener, the storagespacein this CN occupiedby
the video, the IP addressesf two adjacentCNs in this
VCS, thedistancesn termsof the numberof hops from
this CN to the sener andto the cachingnodehaving the
cachedcopy of thevideo. A CN alsokeepsinformation
aboutits available cachespace. All requestsand video
traf ¢ from aclient go throughthe CN connectedo the
client's local network. We will now discusshow a vir-
tual cachestructureis formedandutilized to sene future
requestsn detail.

2.1 Creatingavirtual cachestructure

The creationprocessonsistof four phases.

Initialization phase: A client issuesa requestfor
vi (Labell in Fig. 2) to the sener. We call the CN
connectedlirectly to a requestingclient the leader.
A copy of therequestedrideowill be storedin this
node.Forexample,n Fig.2,CN; istheleademwhen
clientCy rst requests;j. EachCN alongthe path
checksfor the cacheinformationof this video. Sup-
posethatnoneof themhassuchinformation;there-
guesteventuallyreachegshe sener. The senerim-
mediatelysendsa Build messag&ackto theclientif
achannels availableto delivertherequestedideo.
Otherwisetherequests queuedup andis processed
later when somechannelsbecomeavailable. The
format of importantmessagein OCSis shown in
Fig. 3.

3Throughouthis paperwe consideristancen termsof thenumber
of hopsin anoverlaynetwork. This numbermay or maynot be equia-
lentto thenumberof physicalhopsof the underlayingnetwork.
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Figure2: Creationof a virtual cachingstructure

VCS con guration phase: Whena CN alongthe
servicepath recevesthe Build messagdor v;, the
CN runsthe ENTRYCREATION algorithmin Fig. 4.

All CNs, excepttheleader executeonly lines20-22
of the algorithm. In line 20, a CN lIs in anentry
in its cachemapwith the VCS ID, the cachespace
actually occupiedby the video in this CN, andthe
addresf thepreviousCN in the servicepath. Note
thatthe cachespaceoccupiedby thevideois setto

zeroif the CN is not the leader The addresf the
next CN in the servicepathwill be recordedlater.

Someelds of theBuild messagsuchasthenumber
of CNs andthe addressof the last CN joining the
VCS, etc. arealsoupdatedline 21). Finally, theCN

forwardsthe Build messagdoward the client (line

22).

The leaderperformssomemore tasks(lines 2-19)
to preparethe storagefor cachingbeforeexecuting
lines 20-22. Whenthe Build messagearrives, the
leaderchecksts freecachespacelf thefreespacas
not enoughto cachethevideo (line 3), a popularity-
basedcachereplacemenis executedlines4-10)un-
til eitherthe free cachespaceis big enoughto store
the requestedvideo or all the remainingvideosin
thecachearemorepopularthantherequestedideo.
Neverthelesspthercachereplacemenpoliciessuch
aslLeastRecentlyUsedcanbeemployedwith OCS.

To prevent unnecessargeletion, the victim videos
areinsertednto atemporanylist (line 7). Thevictim

videosare actually purgedfrom the cache(line 13)

only whenthe new free space,which is calculated
by addingthe sizesof thesevictim videosandthe
original free space,is enoughto accommodatehe
requestedvideo (line 12). In this case,the leader
sendsDelete messageso its adjacentCNs of the



Message type from client Message type from server
Video ID Video ID
Client IP Video size
Leader IP VCS ID*
—-— Current No. of CNs in VCS
Leader IP

Multicast address for VCS*

IP of Sender CN

* Determined by the server

Message types from CNs

IP of Sender CN

Figure3: Importantmessagéypes

COMPLETE | DELETE | HIT _
Video ID Video ID Video ID
Video size VCS ID VCS ID

veso || — Client IP

No. of CNs in VCS -

/*free_cachespaceavailablespacgin blocks)atthecurrentCN
IP_leader:IP addres®f theleader
IP_currentCN:IP addres®f thecurrentCN */

ENTRYCREATION(Build messagéor v;)

=

2
3
4.
5

©oNO

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

if (IP_leader==IP_currentCNj
victim_list = empty;tempspace= free.cachespace;
if (free.cachespace< jvij)f
dof
Wicim = theleastpopularvideoin the
cachethathasnotbeenconsidered,;
if (popularityof vyicim < popularityof v; )f
Insertvyicim  into victim_list;
tempspacetr=jVyicim J;
g
gwhile (tempspace< jvij && popularityof
Wictim < popularityof v;)
9
if (tempspace jvij)f
Puigeall videosin victim_list from cache;
DeleteVCSsof all videosin victim_list;
Freecachespace= tempspace jvij;
Prepareandsendouta Completemessage;

g
elsePrepareandsendout a Deletemessage;

g

Updatetheentryfor this videoin thecachemap;
Updatethe Build message;
ForwardtheupdatedBuild messageowardtheclient;

Figure4: Cacheentrycreationalgorithm



VCSs of the victim videos(line 14) to remove the
cacheentriesof thesevictims from the cachemaps.
TheDeletemessagés successiely relayedto all the

2.2 Usingavirtual cachestructure

When a client sendsa requestto the sener, eachCN,

othermembersof a VCS so thatthe corresponding through which the requestpasses behaes as follows.

cacheentriesare removed. Finally, the leaderin-
formstheclient to join the multicastgroupsetupby
thesenerandto prepareo receve the data.For ex-
ample,in Fig. 2, CN tells C; to join the multicast
groupfor v;.

Completion phase: The purposeof this phases to

completaheVCScreatiorprocesslf theleadersuc-
cessfullyresened a storagespacefor v; (line 12 in

Fig.4),theVCSestablisheih theCNsalongtheser

vice pathcanbe usedto sene future request®f the
samevideo. In this case the leadempreparesa Com-
plete messagdLabel 3 in Fig. 2), whoseformatis

shavnin Fig. 3. Theleaderforwardsthe messagé¢o

thepreviousCN in theVCS (line 16in Fig. 4). Each
CNin theVCSprocessethearriving Completanes-
sageasfollows. TheCN lIs in thefollowing infor-

mationin its cacheentryfor the VCS: the addres®f

thenext CN in the VCS (from which it hasreceved
the Completemessageindthe distancein termsof

thenumberof hopsfrom itself to theleader The CN

joinsthe multicastgroupandforwardsthe Complete
messageo the previousCN in the VCS all theway
upto thesener.

If theleaderfailsto resene a storagespaceto cache
the video, the leadersendsa Deletemessagéo the
previous CN in the VCS (line 18 in Fig. 4). Upon
receving a Deletemessagdor a video,a CN rst
forwardsthemessagéo thepreviousCNin theVCS
andremovesthe correspondingacheentry from its
cachemap.

Delivery phase: Whenreceving the Completemes-
sagethesener multicasttherequestedideoto the
client. The leaderinsertsvideo datainto its cache.
For the casethatthe sener recevesthe Deletemes-
sagedueto insufcient cachespaceattheleaderthe
sener still deliversthevideoto theclient. However,

the video datais not cachedand no cacheentry for

thisvideois establishedn any CN alongtheservice
path.

For example,in Fig. 2, theVCS consistof CN3, CNy,
CN4, andthe copy of v; in CN;. AlthoughCN; stores
the video copy, CN, andCN3 areawareof this cached
copy in CN; becausef the useof the VCS. Therefore,
future requestdor the samevideo from clientsof CN»,
andCN3; canbesenedfrom CN .

Whena requestfor v; arrivesat a CN, the CN searches
its cachemap for an existing cacheentry for v;. If no
suchanentryis found, the CN forwardstherequesmes-
sagetoward the sener. Otherwise,the CN is a member
of a VCS cachingv;. Normally, the leaderin the VCS
is expectedto sene this request. However, to minimize
network load incurredfrom servingthis requestthe CN
runsthe REDIRECTION algorithmin Fig. 6 to decidewho
shouldsene this requesithe sener or the leader).If the
delivery of therequestedideofrom the sener generates
lessnetwork load (line 3), the CN redirectstherequesto
the sener (line 4). Otherwise the CN noti es theleader
aboutthisrequestline 6) asfollows. If thecurrentCN is
not the leader(the cachesize occupiedby the requested
video in this CN is zero), a Hit messagés sentto the
next CN in the VCS toward the leader The Hit message
is relayedby the membersof the VCS all the way to the
leader Whenthe Hit messagaurrives,the leaderdelivers
its cachectopy of therequestedideoto theclient. Fig. 5
shavs an exampleof leaderCN ; usingthe cachedcopy
of v; to seneclientC,.

In summarythe advantage®f forming VCSsto cache
and sene video requestsas discussedabove are as fol-
lows. First,aVCS hasa linear structure.Thus,eachCN
only communicatewvith its two adjacentCNsin thesame
VCSto senearequestlt is very simpleandfastto locate
the cachedcopy. Neitherbroadcastingf the cachecon-
tentin eachcachingnodenor a complec objectlocation
schemas neededlIt is alsoeasyto maintainaVCS should
therebe ary changesn the overlay network. For exam-
ple, when a cachingnode leaves the network, we only
needto connectthe two adjacenmnodestogetherandup-
dateVCS informationon thesetwo nodes.The VCSsare
dynamically createdand destryed, adaptingto changes
in requesipatternsandusers'locations.Secondpur col-
laborationschemas light weightandeasyto bedeployed
becausall the VCS setupandcollaborationstepscanbe
embedednto existingcommunication®etweertheclient
andthe sener. Third, usingthe requestredirectionfea-
ture, streaminga video from a cachingnodeon the ser
vice pathincursno morenetwork loadthanstreaminghe
samevideofrom the sener. Fourth,sinceonly onephys-
ical copy of a video is cachedin the leaderof a VCS,
the other memberscan usetheir storagespaceto cache
othervideos. Therefore the overall cachespaceusages
more effective thanin the casewhereeachcachingnode
actsalonewithout cooperationTheservicedelayandthe
sener load arealsoreduced.Finally, sincethe VCS for-
mationprocesss carriedout at the CNswithout ary par
ticipationof theclient (exceptsendingtherequesandre-
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ceiving thevideodata),no modi cation of theclientplay-
backsoftwareis needed.

3 Analytical Model

Cachingtherequestedideoin theleademodeof aVCS
may not give the bestaverageservicelateng for all the
requestsenedby theVCS becaus¢hecachedcopy may
becloserto onesetof clientsthananotherWe call thisla-
teng/ VCSservicdatencyhereafterHence we modelthis
latengy asa function of the location of the cachedcopy
in the servicepathto determinethe bestcachingnodeto
storethe copy.

ity
AAA AA

Clients Clients

n Group 2 n Group 3

I
lcache map Video
Server
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nGroupl ~  inGroup2 " inGroup3 - inGrouj

Figure7: A servicepath

Without lossof generality we considera servicepath
createdbecausehe rst requestfor v; from client C;
reachesthe sener in Fig. 7 (i.e., no cachehits for v;
alongthe path). The servicepathconsistsof N caching
nodes(CNy, ..., CNy) and a cachedcopy in CN;.
The propagationdelay (in seconds)etweentwo adja-
centcachingnodesis a constantT. Eachcachingnode
(CN)) is connectedwith its correspondingclient node
C;;8l = 1; ;N wherethe propagatiordelaybetween
the clientandits cachingnodeis assumedero[10]. Al-
thoughseveral servicepathsmay exist in anoverlay net-
work, eachservicepathalwayshasa lineartopologyre-

[*dist_to_sener: distancefrom the currentCN to thesener
dist to_leader:distancdrom the currentCN to theleader*/
REDIRECTION(Requesimessagéor vi)
1. distto_sener= Getthisinformationfrom
thecachemapof v;;
dist to_leader= Getthisinformationfrom
thecachemapof v;;
3. if (distto_sener< distto_leader)
4. Redirecttherequesto thesener;
5
6

n

else
PrepareHit messagandsendto
thenext CN towardtheleader;

Figure6: Cacheredirectionalgorithm

gardlesof theunderlyingnetwork topology

We assumehatthe requestdor v; from all the clients
usingthe servicepathfollow a Poissonprocesswith the
averagearrival rateof ; requests/second-urthermore,
theseclients are equally likely to issuethe requestgor
vi. Thus,therequestratefrom a particularclient for the
videois §-. Let U denotethe upperboundof the av-
eragelateng (in seconds)f the requestssened by the
video sener. This valuecanbe estimatedoy monitoring
the incoming requestqueuefor an extendedamountof
time. Letd; s denotethedistancebetweerCN; (thenode
cachingthevideo)andthevideosener. Letd;m anddms
denotethedistancedvetweerCN; andCNy, onthepath,
andbetweerCN, andthevideosener, respectiely. All
distancesare measuredn hops. Requestdor v; from all
theclientsalongthis servicepathcanbedividedinto four
groups.

Group1 consistf requestdrom clientsC, to the
left of CN; in Fig. 7. Theserequestsare sened
by CN; usingits cachedcopy. Theservicelateng,
L g1, for this groupof requestss

X1
N

m=1

Lg1 = T dmj :

Group 2 consistsof requestsrom clients C; con-
necteddirectly to CN; . Theservicelateng for this
groupof requestss essentiallyzero(L g2 = 0) since
thevideois cachedocally, andthe propagatiorde-
lay betweerC; andCN;j is zero.

Group3 consistof requestdrom clientsC, to the
right of CN; whered; dms in Fig. 7. These
requestsaresened by CN; usingthe cachedcopy.
The servicelateng, L g3, for this groupof requests
is X

Les = WI T dim;
m2G3

whereG3= fiji 2 fj+1;j+2;:::;Ngandd;i dsg:



Group4 consistsof requestdrom clientsCy, to the
right of CN; wheredjn > dms in Fig. 7. These
requestsare redirectedto the video sener and are
eventually sened by the video sener. The service
lateng for this groupof requestss

- X
LG4 = WI( T dms + U);
m2G4

whereG4 = fiji 2 fj+1;j+2;:::; Ngandd;; > dsg:
The total servicelateng for requestdor v; from clients

onthepathis

L = Lei1+Le2+Lea+Los
X1 ‘
= WI T dm] + Wl T djm +
m=1 m2G3
, X
W( T dms + U):
m2G4
TheVCS servicelateng is
" #
Lo Xt X X
_‘:W Tdmj+ dem+ Tdms+U
l m=1 m2G3 m2G4

Arithmetic manipulationgivesusthe following VCS ser
vice latengy.

6d%  djs(BN + 2)+ (AN(N + 1) 1) .

8

L U
i T

)
To obtainthe location of CN; (i.e., djs), we minimize
the valueof the quadraticfunctionin Equation(1). As a
result, CNj mustbeat <—8N*2) = aN+L qyay from
the sener to offer the bestVCS servicelateng. To in-
corporatethis resultin OCS,we simply modify the EN-
TRYCREATION algorithmin Fig. 4 to storethereplicaof
the requested/ideo in the CN thatis %+ hopsaway
fromthesener. Althoughthe modeldoesnotgive theop-
timal servicelateng for theentiresystenthatmayconsist
of severalVCSsandvideoseners,themodelis e xible to
handlethedynamicbehaviors of theusersandthecontent
providersin the Internet.

Whenfew videosarevery popularandtheservicepath
is very long, we needto cachethesepopularvideosin
morethanoneCN. Thispolicy recudesheservicelateng
andthenetwork loadfor theclientsthatarefaraway from
thecachedcopy. Letk (k > 1) bethe numberof cached
copiesof onevery popularvideo on a servicepath. To
achieve fairnessfor clientson the servicepathand also
to balancethe network load placedon the servicepath,
we positionk cachedcopiesin a CN suchthattheservice
pathis equallydividedinto k + 1 segments.

=T
N

4 Performance Study

In this section, we compare OCS with both non-
collaboratve andcollaboratve video cachingtechniques
usingfour performancemnetrics. They arethe averagéa-
teng, the averagesener load, the averagenetwork load,
andthe averageprotocoloverhead.The averagelateny
is theratio of the total waiting time* of all the requestgo
the total numberof requests.The averagesener load is
obtainedrom dividing thetotalamountof videodatathat
the sener hasto deliver by the total numberof requests.
The averagenetwork loadis the averageamountof video
datatransmittedon the overlay network to satisfy a sin-
gle request.In otherwords, the ratio of the total amount
of video data(in MBytes) transmittedon all links of the
overlay network to thetotal numberof requestss the av-
eragenetwork load. Theaverageprotocoloverheads the
averageamounbf controlmessageglacedontheoverlay
network to sene asinglerequesti.e. theratio of thetotal
amountof controlmessages KByteson all links of the
overlay network to thetotal numberof requests).

The two non-collaboratie video cachingschemesre
W-Proxy (whole video caching) and P-Proxy (partial
video caching).In W-Proxy, eachproxy decidego cache
the entirerequestedriideo or not at all. In P-Proxy each
proxy decidegto cacheonly the rst forty percentof the
requestedvideo or not at all. The rest of the video is
deliveredfrom the sener. P-Proxyis a variantof pre-
x cachingwith thepre x sizeof forty percent.We have
choserthis sizebasedn oursimulationresultswith other
pre x sizesrangingfrom tenpercento sixty percent.The
forty percentpre x sizedemonstratebetterperformance
with regardto the metricswe areusing.No collaboration
is employedin W-ProxyandP-Proxy

The chosercollaboratve video cachingschemeas SP-
Freenet(Streaming Peer Freenet), our variant of the
Freenefl12] le sharingservice.Freenets usedastheba-
sisof SP-Freendbecaus®f Freenet dynamiccollabora-
tion andobjectreplicationprotocol. SP-Freenahaintains
the two following key characteristicef Freenet.First, a
requesfor anobjectis forwardedto the nodethathasthe
highestprobability of having the object. Second,when
theobjectis found,it is replicatedon thepeemodesalong
the pathfrom thenodehaving the objectto therequesting
node. In SP-Freenetwhena cachingnoderecevesare-
questfor a video thatis not availablein the local cache
space the cachingnodeforwardsthe requestoward the
sener (whereall thevideosareavailable). Othercaching
nodeson the pathto the sener cooperatey examining
this requestto seeif they canseneit. If not, the sener
will eventually sene the request. A video, while being
streamedo a client, is alsoreplicatedon all the caching

4Waiting time for a requesis the amountof time from the moment
therequests sentuntil themomentthe rst byte of datais receved.



nodesalongthe path betweenthe senderandthe client.
SP-Freenealsohasthe bene t of usingthe servicepath
from a clientto the senerasour OCSdoes.Becausehe
original Freenets a le sharingsystemwherethe whole
objectmustbe downloadedbeforeany usagewe useSP-
Freenetwhosecachingnodescando videostreamingto
getamorerealisticlateny measureThesamecachesize
andcachereplacemenpolicy areusedin OCS,W-Proxy,
P-Proxy and SP-Freeneto emphasizeon the bene t of
collaboration.Finally, we alsoshow the performancee-
sultswhenno caching(No-Cache)s used.

4.1 Simulation model

To evaluatethe performancesf the cachingschemesye
implementedthem in ns-2 version2.1b6 [13]. Fig. 8
shavs the overlay network topologyusedin all the simu-
lations. This topologywasinspiredfrom the vBNS back-
bonenetwork®. The overlaylink propagatiordelaysare
betweer? to 40 mili-secondsthebandwidthof eachover-
lay link is 300 Mbps. Note thatfor SP-Freenetnly the
cachingnodesand the sener in this topology are peer
nodeswhich sene requestandcachevideodata.
Importantparametersisedin the simulationsaresum-
marizedin Table1. Eachclient generatesideorequests
accordingto a Poissonprocesswith the default average
rateof 20 requestgperminute. In the simulations clients
do notrengye. Therequestediideosarealwayswatched
entirelywithoutary interruption.A simulationrunis con-
sidereccompletevhenall therequestarecompletelyser
viced. Thepopularityof eachvideofollows a Zipf distri-
bution [15]. A large skew factormeanghatsomevideos
are highly requestedhanothers. A skew factor of zero
meanghateachvideois requeste@quallyoften. Thede-
fault skew factoris setto 0.7, a typical skew factor for
video-on-demandpplicationq16].

4.2 Simulation results
4.2.1 Effect of requestrate

The requestrate was varied between16 and 30 re-
guests/minute The skew factorandthe cachesizewere
x edattheirdefaultvalue.Fig. 9(a) demonstratethatall
cachingschemeffer low latenciesclosedto zero sec-
ondwhentherequestateis aroundl 6 requests/mimvhile
No-Cachehasthe highestlateng of 237 secondsWhen
the requestrate increasesthe latenciesof W-Proxy and
P-Proxyincreasequickly. Thisis becausalifferentprox-
iesin both techniquesften cachethe samevideosdue
to lack of cooperation. Therefore,the sener musthan-
dle more requestdor videosthat are not cached. The

5The vBNS topologyis basedon the mapin 1998[14]. We assume
thatonly 300Mbpsof the OC-12bandwidthis reseredfor videotrans-
mission.

Clients: C13-C24
Link bandwidth: 300Mbps

Server: S
Caching nodes: CN1-CN12

Link delay: number next
to link in ms.

Figure8: Simulatednetwork topology

Parameter Default
Value

Sener capacityin numberof
concurrenstreams 150
Cachesizein percentagef
total numberof videos 5%
Numberof videos 100
Playbackratein Mbps 2.0
Videosizein MBytes 150
Skew factor 0.7
Clientrequestateperminute 20
Total numberof requests 2000

Tablel: Simulationparameters

sener resourcegxhaustfaster causingmorerequestgso

wait longerin the sener queue. SP-Freenegiveslower

latenciesthan W-Proxy and P-Proxy do becauseof the

cooperationin servingclient requests. OCS offers the

lowestlatengy sincemore videosare cachedin different
virtual cachestructures,and the leadersof thesestruc-
turessene nearbyclientsfaster OCSis more effective

thanSP-Freenebecaus®©CShaslessnumberof cached
copiesfor eachvideo on a servicepathandmorevideos
arecached.For arequestrateof 20 requests/minthe la-

teng of OCSis muchless(about99%)thanthoseof the

othertechniques.For a higherrequestrate,the latencies
of all techniquesncrease.However, OCSalwaysmain-

tainsthelowestlateng.

Fig. 9(b) shavs that OCSincursabouthalf the sener
load of W-Proxy, P-Proxy and SP-Freenetrespectiely.
Becauseof a betterutilization of the aggreyatedcache
space,OCS experiencesmore cachehits. Hence, the
sener transmitslessdata. OCSalsogivesthe leastnet-
work load asshaowvn in Fig. 9(c). The video datatravel
lessbecausehey comefrom the virtual cachestructures
closeto the clients. OCS saresapproximatelyabout6%
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and10%network loadwhencomparedvith W-Proxyand

P-Proxy respectiely. P-Proxyhashigher averagenet-

work loadthanW-Proxydoesbecaus¢hesufx of all the

videosalwayscomefrom the sener. OCShasa smallad-

vantageover SP-FreenebecauseSP-Freenetlsoallows

the cooperatiorof cachingnodesalongthe servicepaths
asin OCS.All the four cachingschemesave compara-
ble averageprotocol overheadas presentedn Fig. 9(d).

Fig. 10 shows the performancemetricswhenthe request
rateis setto 30, 64,128,and256 requests/minute.

4.2.2 Effect of cachesize

In this study the cachesize per 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

thatwhenthe cachesizeincreasesthe performancemet-
ric valuesdecreasbecausenorerequestaresenedfrom

thecachingnodes.Fig. 11(a)shavsthatOCSoffersabout
96% lower averagelateng thanthe othertechniquesio,

giventhesmallestachesize.As thecachesizeincreases
OCSsitill offersthe averagelateng closeto zerosecond
while theothertechniquedaveagraduallydecreasingv-

eragelateng. The averagelateng of P-Proxyis worse
thanthat of W-Proxy becausewith a skew factorof 0.7,
few popularvideosreceive mary morerequestshanother
videosdo. Thereforethesufx esof thesepopularvideos

3

occupy sener channeldonger making the requestsfor
othervideoswait longer However, whenall the videos
have the samepopularity (a skew factorof zero),the la-
teng in P-Proxybecomesetterthanthatof W-Proxy as
shavnin Fig. 12(a).

OCS incurs the lowest sener load as shovn in
Fig. 11(b). As the cachesizeincreasesthe aggreyated
cachespacegetslarger Since OCS utilizes the cache
spacebetter a fasterdrop in the sener load is exhib-
ited. With the smallestcachesize, OCSsavesabout23%
sener load. Whenthe cachesizeincreasego 20%, the
savings in the sener load increaseto around85% com-
paredwith the two non-collaboratie cachingtechniques.
Similarly, OCSsavesabout19%senerloadwith the 1%
cachesizeandabout72%senerloadwhenthecachesize
is 20%whencomparedvith SP-FreenetWe alsoobsene
thatboth collaborative schemeperformbetterthannon-
collaboratve schemeslo.

Fig. 11(c) demonstratethat OCSincurslessnetwork
loadthanW-ProxyandP-Proxydo. Thenetwork loadde-
creasesasthe cachesizeincreasedbecauseanorevideos
are storedin the caching nodes, reducingthe amount
of datatransmittedfrom the sener. We obsene that
SP-Freenegiveslessnetwork loadthanOCSdoeswhen
the cachesize is large. This happensbecause,rstly,
SP-FreeneaindOCShave similar advantagessfar asthe
collaborationof cachingnodeson a servicepathis con-
cerned. Secondly SP-Freenethecausef its replication
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stratgy, hasmore cachedcopiesof a video on a service
paththanOCSdoes. The currentOCS designmaintains
only onecachedcopy of avideoin a servicepath. The
current12% gapin termsof the network load between
OCSand SP-Freenetould be easilyreducedby storing
morethanonecopiesof avideoin aservicepathin OCS.
However, we notethat increasingthe numberof cached
copiesof avideoon aservicepathwill reducethe advan-
tagedn thelateny andthesenerloadof 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)demonstratethat OCS offers lower la-
tenciesacrosdifferentskew conditions.For the uniform
accesgpattern(skew factorequalgto zero),theaveragda-
teng/ by OCSis 127 mili-secondsvhereaghelateng by
W-Proxyis 774secondsThus,0CSimprovesmorethan
98% in latengy. Whenthe skew becomeamore severe,
theperformancalifferencebetweerOCSandW-Proxyis
reduced.Amongall the techniquesQCSstill offersthe
smallestateng. Both collaboratve techniquesrebetter
thanthenon-collaboratre ones.

Fig. 12(b)demonstratetheeffectof skew factoronthe
senerload. Thesenerload decreaseasthe skew factor
increaseglue to more cachehits. Even whenthe skew

factoris one, OCS still saves more than half the sener
loadwhencomparedvith the othertechniquesFig. 12(c)
shaws that whenthe requestpatternis severely skewed,
the network loadincurredby OCSis alittle higherwhen
comparedvith W-Proxy. Thisis becausén W-Proxy, the
most popularvideosare cachedand deliveredfrom the
cachingnodeto its local clientswhile a cachingnodein
OCShandleshothlocal clientsandsomenearbyclients.
SP-Freenehaslessnetwork load than OCSdoesdueto
thesamereasorexplainedin Section4.2.2.SP-Freeneb
alsobetterW-Proxy in termsof the network load dueto
the cooperatiorof cachingnodes.

In summary OCSoutperformsN-Proxy, P-Proxy and
SP-Freenetechniquesn termsof the averageservicela-
teng andthe averagesenerloadwith a comparablero-
tocol overhead OCSalsooffersbetternetwork loadthan
W-Proxy and P-Proxydo in mostcases.Whenit comes
to alargecachesize,OCSexperiencesnorenetwork load
thanSP-Freenedoeshecaus®©CSkeepnly onecached
copy pervideoin theservicepath.

5 RelatedWork

Cachinglayerencodedrideoshasbeeninvestigated17,
10]. Whichvideoandwhich layersshouldbe cachedtan
bedeterminedy thenetwork conditionor arevenuefunc-
tion. Video staging[18] concentrate®n usinga proxy
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cachefor bandwidthsmoothingpurposesPatchingtech-
niguesand other periodic multicastschemeshave been
studiedwith standaloner regionalproxy cacheg19, 20].

Chaining[21], the rst peerto-peervideo cachingand
streamingprotocol, usesthe available storageand com-
puting resourcesof client machinesto sene video re-

questsCMP[22] utilizestherouters'disk spaceo cache
asliding window of videodatafor servingsubsequente-

guestsarriving closelyin timefor thesamevideo. Nguyen
and Zakhor [23] presenta framework for coordinating
videostreamingrom multiple senders$o asinglerecever.

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 the video proxy collaboration.
OCSdoesnot have the drawbacksof previouscollabora-
tion techniquedor video cachingdiscussedn Sectionl.
In summaryour work complimentsreviousresearcton
video cachingand video streaming. On a relatedtopic,
a numberof web proxy collaborationschemesandtheir
bene tsanddisadwantagedave beenstudied[26, 27]. In
le sharingsystemssuchasNapster{28], Gnutella[29],
Freenef12], andmary others peernodesalsohave some
collaborationto replicateand share les over the Inter-
net. In recentyearsmary collaborationschemegor spe-
ci ¢ datadelivery servicessuchas web, video stream-
ing, and le sharinghave beenstudiedin separatiordue
to the differenceof the characteristic®f theseservices.
Althoughit is interestingto evaluateall of thesecollab-
oration schemesaunder one contet, further studiesare
needed.

6 Concluding Remarks

In this paper we have proposeda novel overlay caching
schemefor an overlay network to offer a low service
lateny and reducedsener and network load for video
streaming. OCS achieses these goals by using vir-

tual cachestructureswhich areestablishedrom overlay
nodescapableof cachingalongthe servicepaths.An an-
alyticalmodelis developedto determinehe bestnodeon
a servicepathto storethe cachedcopy of a video such
that the averageservicelatengy of requestdrom clients
ontheservicepathis minimized. Thevirtual cachestruc-
tureis ef ciently utilizedto seneclientsin localandsur

roundingnetworks. Our simulationresultsshov thatOCS
performswell in severalkey performancemetricssuchas
theaverageservicedelay theaveragesenerload,andthe
averagenetwork load.
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