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Abstractl - Proxyl serversl havell beenl successfullyl usedl inl reducingl playbackl latencyl andl networkl
bandwidthlrequirediforlldeliveringl VBRIvideos.IBylstoringlportionsioflvideolprogramslindlocallvideol
proxiesflandithelrestslinlremotelservers,ithelpeaklandivariabilityloflinetworkIbandwidthlrequirementsican(
belreduced.l Regardingll toll whichll portionl oftl videol framesll shouldI bell cachedl atl higherl priority,llet’ sl
considerlanIMPEGIvideolin0whichlanlI-framelisOreferencedlbylalllthelotherlframeslindthelsamelGOP.0
Obviously,llosinglalpacketlbelongingltolanlI-framelmakeslitldifficultltolrecoverlalllthelframesloflithel
samelGOP.[Infthispaper,Ibasedlondthelvideolproxylproblemlintroducedibyl[ 1],0welpresentlthelOptimall
Cachingll (OC)0 algorithm( tol minimizel cachell sizell required forll deliveringfl all specificll videol programi
subjectltol networkl bandwidthl andl clientlbufferl sizel constraints,landl thel Optimall Selectivel Cachingl
(OSC)talgorithmitolfurtherlselectIthelmostlappropriatelportionsloflalvideolprogramiforlicachinglinlthel
videolproxy.0Inlourlexperiments,Jitlisdshownlthatlourlalgorithmlisl moreleffectivelthandthelpreviousD
algorithm.0Ourl OClandl OSClalgorithmsOreducelcachelsizelbyl50%0asl comparedl withdthelalgorithml
presentedlin([ 1 ].MFurthermore,lthelratiolofll-framesicachedlinlthelvideolprox ylisiStimesllargerlithanlthel

resultloflapplyingithefalgorithmpresentedibyd[ 1]0
I

IndexiTermsi—dstoredlvideoltransmission,Iproxylpre-cachellserver,Joptimallselectivelcaching,dminimall

cachelisize Jerrorcontrollandlrecovery.l
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1.JINTRODUCTIONI

Duelltoladvanceslinbroadbandinetworklandimedialcompressionltechnologies,litlbecomeslalcommonl
practiceltoltransmitlvariousikindsloflmedialsuchlaslvideo,Jaudio,Jandltraditionallimage/textloverlthel
Internet.JAmongfitheseImedia,lvideolstreaminglisithelmostIchallengingldueltolitsilargelsizelandCcriticall
timing.lManylapplicationslincludingldigitalllibrary,l videol onldemand,l distantllearning,] andl variousl]
interactivell videol servicesl arell inll urgentl needl ofll all videol transmissionl schemell toll achievell quality-
guaranteedlvideolpresentationl[1][2].0Internetlislalcompoundlofllalspectrumlofinetworkltechnologies.l
Therellarelhigh-speedlbackbonelroutersiandl WDMitransmissionllineslatlseverallThundredl GbpslinfitsQ
coresllandlhigh-speedllast-milelaccessllineslconnectinglthelendlcustomers,le.g. Icablelmodem,Iwirelessl
cable,JandixDSL.0But,0therelarelalsolslowllinks,le.g.,llowlbandwidthlleasellinesl andltraditionall PCO
modems,Iconnectinglhigh-bandwidthlsub-networkslorllocallarealnetworks.lnladdition,lInternetitrafficl
varieslifromltimeltoltimell(seelFig.01 (a)landlFig.01 (b))landlbecomesicongestedisomeltimelinfaldaylithoughl
itlisiquitelsmooth,fii.e.,llowlnetworkllatencylandillowlpacketllosslrate,letc. tmostlofltheltime.O

InOthelpast,Oproxylserversiwerelwidelylusedltolcachellnternetidata,0prevalently,Thypertex tlandlimage,l
inllocalOstores.0Thus,OthroughOthelaideloflallocallproxylserverithatlcandbelreachedlvialhighObandwidthl
connections,l itl reducesl thell probabilityl forll al clientd tol directlyl retrievel externall contentsl throughl
congestedlorllow-speedllinkslorrouterslanddthusitolreducelaveragelnetworkllatency,landitoloffloadD
serverll andl network[ traffic.0 Althoughl thell entirell contentsl ofll datall andl imagell objectsl arell cachedd forll
traditionallinternetlproxies,Thowever,Ithelsizelofllvideolprogramsimakelitlimpracticalltolcachelanlentirel]
videolprogramlespeciallylwhenlwellconsiderlithelrapidlylgrowinginumberlofluserlrequestsiforlinteractivel
videolprograms.lAsfintroducedIbyl[ 1],0alscalablelvideolcachinglsolutionlstoreslalportionlofleachlvideol
programlinflocallproxylserverslandithelrestlinltheloriginatingliremotelservers.fWhenlalvideolprogramtlisQ

requestediforldisplay,ithelclientlinteractsiwithlthellocalOprox ylserverltolretrievelthelvideolprogramlsuchl



thatOthelcachedlportionlareltransmittedlfrom0thellocallprox ylandthelrestlfromlthelremotelvideolserverl
(seelFig.02).0Aslthelamountlofldataltransmittedlfromlthelremotelserverlisireduced,Inotlonlylnetworkl
bandwidthlrequiredibutlalsolprobabilitylofljitterylplaybackloccurredlinlthelclienticanibelreduced.Il

Wangletlal.D presentedlanlalgorithm,0] whichl willl bel referredd tol asl CClalgorithmlin0thisIpaper,l tol
decidelwhichlportionloflalvideolprogramishouldibelcachedlunderllimitedinetworklbandwidthlandiclientd
bufferllsizel[1].0However,0theyldidinotl guaranteelthelminimizationloflcachellsizelrequiredlinlal videol
proxylserver.IWelthuslpresentlanlOptimallCachingl( O C)lal gorithmtolcomputelthelminimallamountlandl
portionlofllallvideolprogramitolbelpre-cachedlinlthelvideolproxylunderlgivenlnetworklbandwidthlandl
clientlbufferllsizellconstraints.IWelalsolaimDatlfullylutilizinglotherlsystemlresourceslinlorderltolsupportll
asimanylclientlrequestslasipossible.0TimelcomplexityloflalgorithmIOClisiO(n), Iwherelnlisithelnumberl
ofll frames,] whichlis thell samell asl thatl ofll thell previousl result.l Wellimplementedl bothl algorithmsl andl
studiedOtheirfleffectsibylusingltwoldifferentivideolclips.IEx perimentsishowlthatItheJoptimallcachedlsizel
obtainedIbylourlalgorithmlisI50%0smallerfithanithatlobtainedIbylthelpreviouslonel[ 1].0Moreover,lthesel
experimentslalsol showl that,Jusinglalgorithmd OC,0 thel utilizationl ofll networkld bandwidthD allocateddisl
closediitoll1 00% MthisImuchibetterlthanlthatlobtainedbylthelpreviouslalgorithms.lOurlalgorithmiisishown(
effectivelandlefficient.

Let’s0considerl thel popularl videol compressionlstandardsi suchl ast MPEG-1,0MPEG-2,0H.261,0andD
H.2630etc.0Theseltechnologieslarelbasedlonlthelnotionlofimotionicompensation.lMTakeIMPEGIvideolasl
anllexample,ftherelarelthreeldifferentitypesloflvideolframes,l. e. [I-frame,IB-framelandIP-framelasIshownl
in0Fig.03.0AnIMPEGIvideolisldividedlintolGrouploflPictures,0GOPIforlshort.0IEachIGOPIcontainsianil-
frame.0Thell-frameslisOcompressedlusingIDCTO(discretelcosineltransform)lalgorithmlOandlislcomputedd
withoutlreferencingllotherl videol frames.0 Al P-framell containsI motionl vectorllinformationl obtainedl byl
encodingltheldifferencellbetweenlthisIP-framelandithell-framelbelongingltolthelsamelGOP.IAIB-framel
containslthellencodinglonthowlitlcouldibelreconstructedifromiadjacentll-landIP-frames.0Obviously,lonlyl

iflanlentirelI-framelisreceived,lthelP-DandIB-frameslindthelsamelGOPIcanlbelcorrectlyldecoded.0 Tol
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minimizeldisplaylerrors,iI-frameslarellgivenlhigherprioritiesithanithoselP-JandIB-frameslforlstoringlin{
thell locall videol proxyl inll orderl] toll minimizel probabilityl ofll transmissionl errors.l However,l inl CCI
algorithm,0differentltypesloflvideolframeslarelcachedIwithlequallpriority.lallargelpercentagelofllow-
priorityl P-DandiB-framesImaylbelstoredlintolthelproxylcache.lInlthislpaper,dwel presentlthel Optimall
SelectivellCachingl(OSC)lalgorithmIwhichInotlonlylcomputesithelminimallcachelsizelrequireddbutlalsoll
maximizeslthelproportionlofll-frameldatallinithelminimumicache.0Sincelthelpre-cachedlI-frameldatalarel
notl transportedd thoughl congestedd orll low-speedd sub-networks,l byl maximizingl itsl amount,] thell
probabilityloflldisplaylerrorsiarelalsolreduced.lIExperimentsishowlthat,0givenlthelsamelcachelsize,lthell
percentagell ofll I-framesl cachedl byll ourl OSCI algorithm( is0 50 times[ largerd] than( thatl cachedl byl CCI
algorithm{[1].0

Thellremainderl ofll thisl paperisl organizedl as follows.0 Inlsectionl 2,0 well presentll definitionsl ofll thell
optimallcachingllandltheloptimallselectivelcachinglproblems.lIndSectiond3,Mourllalgorithms,[theloptimall
cachingl(OC)landitheloptimallselectivelcachingd(OSC)lalgorithms,Jarelintroduced.DExperimentlresultsl
thatl evaluatel andl comparell ourll algorithmsl withd CCO algorithm0 arell shownl inl Sectionl 4.0 Finally,l
conclusionsfareligivenliniSectionl5.0

0

2.PROBLEMIDEFINITIONI

Duelltolthelbest-effortlservicelmodelloflthelunderlyinglInternet,Otransportinglvideolstreamslacrossial
widelareallnetworklisIsusceptibleltolnetworkIcongestionldueltolinadequatelnetworkllinkIcapacity,lhighl
overheadlandllowlperformancelofllegacylnetworkldevices,lorltrafficlvariances.0In0[ 1], Janfalgorithmiwasl
proposedd tol placel videol proxiesl nearf clientl devicesl suchl thatl partl ofll all videol programl isO directlyl
accessiblellinfallocallarealnetworkIwherelbandwidthlislabundant.OB ylstoringlipartloflalvideolprogramilinial
videolproxy,lonelicouldlallocatellessIbandwidthltoltransportlthelvideolstreamibetweenlthelremotelvideol

serverl andl thell proxy.0 Bylldoinglso,0itInotlonlylincreaseslsysteml scalability,l butl alsol decreasesl thell



probabilityllofipacketllosses.liThelalgorithmlpresentedibyl[ 1 [Imainlylfocuseslonlhardllimitinginetworkl
bandwidthitollocallyldecidelthellportionslofliivideolframesltolcachellinlthelproxylserver.llflalframelcouldl
notlbeltransportediusinglithelspecifiedlbandwidthllinlonelframe-time Jthelperiodibetweenltwolcontiguousl
framesDarelldisplayed,lthelexcessivelportionlwilllbeldirectlylcut-offlandl storedlinldthel proxy.0 Thislis0
referreditolasithellcut-officachingl(CC)lal gorithmllindthisIpaper.0AlsimplelillustrationfofllalgorithmICCLisO
shownlin(Fig.[4.0AslanlInternetlapplication,lscalabilitylislofliprimarylconcern.[Thus, [litlislalrulefoflithumbl
tolminimizelthelallocatediresourcesisuchlasinetworklbandwidth,Oclientlbufferlandlproxylcachelsizes.l
Specifically,ltolsupportlasimanyluserslandiremotelvideolserverslaslpossible,lalgoodicachinglalgorithml
needsltolminimizelcachellsizelsubjectltolthellgiveninetworkbandwidthlandiclientIbufferlsizelconstraints.l
Welalsoltakellintolaccountltheleffectloflllosinglalpacketlonldisplaylerrorslatithelclient.] Aslexplainedd
earlier,linforderltolminimizelldisplaylerrors,lthelamountloflI-framelldatalcachedlinlthelproxylmustlbell
maximized.dnlthisOsection,0welwilllcaptureltheselnotionslintolformalidefinitions.m
OIndthelfollowing,IwelstartOwithOtheldefinitionlofltheloptimallcachinglproblem.0Then,lanlextensionltol
considerlldiverselimpactsloflI-framesloverllvideolplaybackDislintroducedl(calleditheloptimallselectivel
cachingllproblem).IBeforelformulizinglitheselproblems,ldefinitionslofllparametersiusedlinithisIpaperlarel]
listedbelow.m
a
Definition-1:0ProblemlParametersl
1.0 VI=0{0f(i)0jp00<0iTn- 10 }OrepresentsialvideolprogramIwherelf(i)Irepresentsithelsizelofltheli-thIframell
andrfisfthelnumberlofliframes.m
2.0 Ri(bpf,Ibit-per-frame-time)isithelallocatediconstanttbandwidth.O
3.0 Li(number-of-frame-time)lisOthelstartupllatency.0It0isOthelperiodistartinglfromithelreceivingloflthel

videolprogramltolthelbeginninglofliplaybacklatlithelclientlside.m



4.0 b(i)representsidataloccupancylinlthelclientIbufferlatltimelil(forlOINI<In- 1 ) [Tolguaranteeltheljitter-
freelplaybackiquality,litimustlsatisfiesdf(i)I<0b(i)I0B,0wherelBlislthelcapacitylofliclientlbuffer.m

a

Withoutllosslofllgenerality,[f(i)lisDassumeddtolbeldisplayedlatitimeli.0 Alportiondoflf{i)0withlsizelglisl

representedibyllf{i)[g]0asIshownlindFig.05(a).0Thelportiondofllvideolframelf{i)Icachedlindprox ylserverlisl
denotedibylf{i)[c(i)]0(seel Fig.15(b)).0Theltotallsizel Cloflvideol cachedlinlthel proxylisl CU=0Y""; c(i) .0

Basedlonlthelparametersidescribedlabove,theloptimaldcachinglproblemicanibelformulizedlaslfollows.m

a

Definition-2:00ptimallCachinglProbleml
Givenlallvideolstream0V,IstartupllatencylL,IclientlbufferlsizelBlandlalnetworkIbandwidthlR Iwelwantltol

computelthelportiondf{i)[ c(i)],iforl0I<UI<Tr- 1 Joflivideoldataltolbelcachedlinlthelprox ylserverltolminimizel
cachelsizelrequiredICI=0Y"7-; c(i) Oforlsupportingfjitter-freelvideolplayback.m

0

Asllpreviouslyldiscussedlindsectionl1,Imajorllvideolcompressionlschemes,le.g..IMPEGIandlH.26x Jarell
basedlonlthelnotionlofimotiondcompensation.0TakeIMPEGUDaslanlexample,lalvideolprogramlisidividedd
intolGOPslwithleachlGOPlcontaininglanlI-frame.0EachlvideolframeslinlalGOPIthenlstoreslencodinglofl
picturell informationl withll referencell toll thell I-frame.0 So,0 eachl framell inll al GOPI willl notl bell decodedl
correctlylunlessithelI-framelisIcorrectlylreceivedlandldecoded.l Wellalsolobservedithatlprobabilitylofl]
transmissionlerrotlisthigheribetweenlthellvideolserverflandithelprox ylthanflitlislbetweenlthellprox ylandithel
client.1'Thus,0bylstoringlasimuchlI-frameldatalindthel proxyl wouldldecreasel thel probabilitylofll videol
decodinglerrorflandithuslincreaseldisplaylquality.0Basedlonltheselnotions,ltheloptimallselectivelcachingll
problemtlisidefinedlasifollows.O

0

Definition-3:00ptimaliSelectivelCachingIProbleml



GivenllallvideolstreamlV,lalstartupllatencylL,lalclientlbuffer]l BlandlallimiteddbandwidthIR Iwelwantltol
decidelthel portiondofl datal contentl cacheddf{i)[c(7)]0tol minimizel thell cachel sizelrequired] Clandd thenl
maximizelthelpercentage,0(C/C),0CHis0I-frameslcachedlsizelindproxylcache,lforlsupportingljitter-freell
videolplayback.m

0

TheltotallamountlC Joflll-frameldatalicachedlinlprox yliservericanibellcomputedlasiCA=0 > u (i) X ¢(i) I<0C,0

wherelu(7)i=010f0thelframelf{7 lislanll-frame;lotherwise,lu(i)0=00.0

a

3.JOPTIMALISELECTIVEICACHINGIALGORITHMI

In0thisOsection,0welfirstl presentltheloptimall cachingl(OC)lalgorithmithatl considersidifferentldatal
frameslaslhavinglthelsamellpriority.0Givenlalvideolstreamlandlpre-specifiedlsystemlparameters,li.e.,0
startupl latency 0 clientl bufferl size 0 andl networkl bandwidth,0 ourll algorithml minimizes0 thell cachell sizell
requiredltolsupportljitter-freelvideolplaybacklatlthelreceivinglclient.0 Thel computationlcomplexitylofll
algorithml OClis0O(n),0 wherel nllisl thel numberl ofll frames,0 whichlisl asl lowl asl thatl ofll algorithmI CCl
presentedd byl Wangfl et.al.l Then,0 basedl onll thell OCl algorithm, thell optimall selectivel cachingll (OSC)0
algorithmllislintroduceditolmaximumiamountloflthelmostll-frameldatalforficachinglinlthelproxy.l

a

3.100ptimaliCachinglAlgorithml
Atlanyltimeli,Othelclientlconsumeslalvideolframelf{i )Iforljitter-freeldisplaylandireceiveslatimostlR0
(bits)Inewldatalfrom0thelremotelvideolserver.0Withoutltheloccurrencelloflbufferlloverflow,lthellquantityl
oftbufferloccupancylb(i)lisldefinedibylthelrecurrentlrelationlb(i)0=0b(i- 1 );+0R0-If{i- I Jlasishownlin0Fig.06.0
Thellinitiallvaluellisib(-L)1=00,0wherelLlislthelgivenlstartupllatency.ITolavoidibufferloverflow,0thellvaluel
ofllb(i Jlisimodifiedlintolb(i )i=0min{0B,0b(i)1} OwherelBlislithelbufferlsize .AsIfinitelnetworklbandwidthiR0

islallocated,0thelaggregationl ofl datall pre-storedlinl clientl bufferlandithoselreceivedl froml thelremotell



serverlimaylbellesslithanlalcompletelframe.IWhenlsuchlalsituationloccurs,lthelclientineedsltolretrievelthel
restloflithelframelfrom0thelproxylserverltolguaranteeljitter-freelplayback..0Thelldatalcontentlpre-cachedl
in0thel proxyDserverQislf{i)[c(i)]0wherelc(i)0=0|b(i )0 -0f(i)pasl shownlind Fig.0 5(b).0 Therefore,lalthoughl
allocatedInetworklbandwidthlislinsufficient,iwithOthelhelploflthelproxylserver,ithelclientlbufferlalwaysl
maintainslsufficientlvideoldataltolsatisfyljitter-freelplayback.l AlldetailldescriptionloflalgorithmIOCTisl
shownlasffollows.0
0
ALGORITHM-1:00(Y optimalicaching

1.0 0=0-L;0b(i)=0,I/*0ilisIthelcurrentltimelpointiwithlstartupllatencylL.0b(i lisOthelbufferloccupancyl

*/0

2.0 repeatl

3.0 [MO0=00+07,06(i )0=0min{0B,0b(i- 1 +0RO-0f(i-1)0} ;[

4.0 [mhf b(i )0 =Tf{i) )ithenlc(i )0=00;I/*0QoSlconstraintsi*/0

5. [llelsel{l /*0--Ibufferllistunderflowl*/0

6.0 MO e (2 )0=0] b(1 )0-0f(1) |, b(1)=f{i),T

70 O MMcachelf{7)[c(i)]lindthelproxy;Q

80 1T 10

9.0 untill(;0>0(n-1)),0 ]
0
InDalgorithmlOC Othelproxylandithelremotellvideolserverllaggressivel ylpumplvideoldatalintolthelclient
buffer.0 Al portionloflvideol programlislcachedlintolthel proxylserverdliflandlonlylifllitlcan'tIbeltimel yl
transmittedl byl usingll thell networkll bandwidthl allocated.l Thell cachell sizell allocatedl byl ourl proposedl
algorithml canl bell proved0 toll bell minimall forfl thel given( startupll latency,l clientl bufferll andl networkD

bandwidth.l



0
Theorem-1:0ThellcachelsizelallocatedIbylourlOClalgorithmilisiminimizedOiforlithellgivenlstartupllatency,
clientlbufferflandinetworklbandwidth.[

Proof:

GivenlthelstartupllatencyllL,0clientIbufferlBland0WANIbandwidthlR Iwelcanlsequentiallylcomputelthell
bufferlloccupancyllb(i)l=0min{0B,0b(i- 1 ),+0R0-0f{i- 1 )0 }0toldecidelthelframeldatalf{i)[c(i)]0cachedlinthel

proxylforlil=000toln- 1.0Welcanlprovelbylcontradictionlthat,Jatlanyltimelpointlk,Jthelcumulatedisizelofl

videolldatallcachedl 3, ¢(7) Tislminimizedd forll thell givenD startupllatencyl L,0 clientl buffer] Blandl W AN

bandwidthlR ITherefore,ltheltotallcachelsizelrequiredlCI=D Y/ ¢ (i) lisiminimal .

3.200ptimallSelectivelCachinglAlgorithml

InfalgorithmIOC Iweldirectlylcachelthellportionlofliframeldataltolavoidisubsequentlbufferlunderflow.l
Asldifferentlvideolframeslareldealtiwithlthelsamelpriority,lalgorithmIOC,lasIwelllaslal gorithmICC,Imayl
arbitrarilylstorell all largel numberl ofl low-priorityl P-l andl B-frameslintol thel proxyll cache.0 IndthisO sub-
section,0JwellmodifylalgorithmIOCOItolsolveltheloptimallselectivelcachingl(OSC)Iproblem.I Wellpresentl
algorithml OSCltol selectlintol thell proxyl cachell thel maximumlamount] ofl I-framell datal subjectd tol thell
minimumicachelsizellcomputedibylalgorithmIOC.0AsIshownlindFig.07,0basedlondthelcachelvideoldatal
computedibylalgorithmlIOC,linlalgorithmIOSC Iweltryltolexchangeltheloriginallcachedidatallf{7)[ x]0withD
allpreviouslI-frame.fWheneverlthellportionlf{j)[x Jlofll-framelisselectediforlicachinglatltheltimelpointlj,Ix
amountloflsubsequentlvideoldatal arellalsoll pre-fetchedl tol thellclientDbuffer.0 Theselxlamountlofllextrall
clientlbufferllspacelareloccupiedifromitimeljltoli.0 Welalsolnotelthat,0theltimelpointlj,Othelbufferlspacel

availablelforlipre-fetchingllextraldatalisI\/[;]0=0min {0B0-0b(k )0|0forlkD=0;0tol:0 } DasOshownlin0Fig.08.0x{lis0
thusldefinedlas=0min {f{;j),0\/[;],0c(i )0 }0wherelf{; JlisOthelavailablelframelsizelforlicaching,0\/[]isOthel

availablelbufferspacelforlpre-fetchinglextraldata,landlc(i DisOthelremaininglsizelofltheloriginallcachedl

10



data.0 Thelsamelideal candbeliterativelylapplieddtol other I-framesfuntilleitherl \/]j]=0001l¢(i)=0.0 Asl

algorithmIOSClislsimilarltolthelalgorithmIOCoinlcomputinglthelamountloficachedlvideoldata,lwelcanl
directlylrewritelthelstepl70oflithelOClal gorithmiasifollows.D

a

7.1.0  [o=0,;0\/[j]t=0B-b(j);0

7.2.0 [Mrepeatl /*Oselectlthelmostll-framesl*/0

7.30 -0\ [j]0=0min {0/ [j+1],0B-b(j )0} ;

7.4.0 [MIf(f(; tislandl-frame)ithen{ 0

7.50 [MIOEOmin{0f7),0\/[j1,0c(i)i};0  /*Tavailablelsizelforicaching*/l

7 . G )0=(c(j )+ 0x;0Be (7 0=0c (i )i-De; N/ [ 10=08/ [ ]0-0x;0

7. /I e achelf{j ) [ x JUinlthelproxy;l

(I )0

7.8.0 [MTuntild(\/[;j]=0);0

7.9 eachellf{7)[c(i)Jlinithelproxy;Q

0
Theorem-2:0ThelOSClalgorithmicanldecidelthelminimallcachelsizelrequiredlandlpre-storesithelmostll-
framesllintolthisOproxylcachelforlithelgivenithelstartupllatency,iclientlbufferfandinetworklbandwidth.m
Proof:0

Aslthel OSCOschemelisl similarl tol thel OCO schemel inl decidingll thel datal sizell cached,l thell cachell sizell
allocatedlisIminimizedlaslprovedlinlTheorem- 1.0 AtDanyltimelpointli,0thelminimallsizeloflframeldatal
cachedlc(i JlcanObeldecided.0IBylsequentiallyltrackingleachll-frame,lthellargestldatalsizelofll-framesithatl
canllbelpre-cachedlcanlbelcalculatediforlithelgivenDstartupllatency,iclientlbufferland0WANIbandwidth.O
Byllcontradiction,iwelcanlprovelthatlatlanyltimeIpointlilthelmostlI-frameslbeforelframelf{i)larelcachedl

bylthelOSClscheme.O
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3.30A0FastlOS ClAlgorithml
ThellabovelalgorithmihasItimelcomplexitylO(n*) IForlreducingitheltimelcomplexityltollinear,Iwelusel
allinkedlistOstructure,Osayll-/ist,ltolkeeplthellocationloflalllappearedll-frameslinlvideolprograml(shownl
asOFig.09)0solthell-framelmosticloseditolj,Osaylw,Icouldibeleasilylselected.DFurthermore,lthelun-cachedl

sizel A (w)landlthelavailablelbufferIspacelU, 0=Imin {1B-b( k ){Iwi<Tki<Oni+(I-distance )l }forlpre-fetchingl
ofll-framelwlarellalsolkeptlinlthelwlnodelofll-list.0Inladdition,Owelalsolusel |, Ultolkeepl\/ [j]0from0thel

framelwltolframeljllinsteadloflbackitrackinglfrequentlylfromleachltimelpointlj.0Thelinitializedlvaluelofl

\UliisOsetltolallargelvalue.[Therefore, Othelreallsizeloflframeldatalthatlcanibelcachedlisd=0min{ A (w),0
NV UJc(i)i Jo0where A (w)lisl thel availablel framel sizell whichl I-framell wi hasl forll caching,1 \/ Ul is0 thel

availablelbufferlspacelforlpre-fetching,0andlc(i )DisOthelremainedlsizelofltheloriginallcachedldata.0Thel
samellideallcanbelsequentiallyllapplieditolotherll-framesluntilitherellisInolavailablelbufferlspacelforlpre-
fetchinglitheloriginallcachedidata.lAsOthislfastIOSClal gorithmlisOsimilarfitodthelOClal gorithmlinOdecidingl
thelldatallsizelcached,Iwellcanldirectlylrewritelthelstepl3landithelstepl7loflithelOClalgorithmiltolselectlthel
mostll-frameslforicachinglaslifollows.M

0

RewritingllstepB3loflO (Malgorithmbaslfollowing 0

3.1.0 {O=00+07,mm

3.2.0 b(i)0=0min{0B,0b(i- 1 )+0IRO-0f(i- 1 )0} ,0

3.3.0 \V1iJ0=0B-b(i);0

3.4.0 ifiy V1ijoi< VU)ithend \V U= \7i],0

3.5.0 ifi(f{i tistanll-frame)ithend

3.6.0 {0

3700 A (l)D=|y(l),|]U,D= V[i],'DUi-(I-distance)D:D W,‘D
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3.8.0 0 Addithelun-cachedll-framellf{i)itoll-/isz,0

3.9.0 }0

0

Rewritingllstepl7loflO (Malgorithmbasifollowing 0

7. 100repeatlV/*Iselectlthelmostll-framel*/

7.20MGetlthelnex tiun-cacheddl-framelf{ w Jifroml/-ist, T

7. 30N/ U=0min {0/ U0U,0} 0

7. 40MME=Imin{ A (w),0N/ U lc(i)0} ;0 W*lavailablelsizelforlcaching/0
7. 50 De(w ))i=c(w)+0x;0 A (W)IEDIA (w)0-Dx;[

7. 60 Te(7 )J0=0c(7 Ji-x;0

7. 70N/ Ui=0\/ UlHlx;0

7.S0iMcachelf{ w)[x|lindthelproxy;0

7.90MMuntill(c(i)=000\/ U=00|[l/-lisI=INULL);1

7.100 [cachelf(i)[c(i)]linlthelproxy;l

7.110 mhfi( A (w)i>00)0thend

7.120 {0

7.130 [ U,=\/U;0

7.140 Mo Addithelun-cachedll-framelf{w )itoll-list,T

7.150 m0 0

0

Whenlbufferlunderflowloccurslatl thell timel pointli,0 thel OClOalgorithmidirectlyl cachesl thell portion ofll
framelf(i)[c(i)]lintolthelproxylserver.lInlthelOSClal gorithm,Iwelbackitrackltolseeklthell-frameslthatlicanl

belcached.0AsOthell-frameslarellcachedlaggressivelylintolthelproxylserver,lwellcanlprovelthatlourlOSCI
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algorithmicanlcachelthellmostlI-frameslintolthelproxylserverIforlthellgivenlstartupllatency,lclientlbuffer,l
networklbandwidthlandlthelminimallcachelsizelobtained.l
0
3.40ComparingiwithithelPreviousiAlgorithmibylalSimplelExamplel

TofillustratelwhylourIproposedlal gorithmicanlachievelalsmallericachelrequirementithanlthelpreviousl
CChalgorithm,JalsimplelexampleIwithltwolvideolframesf{0)landlf( 1 )lisOprovided.DAsOshownlinIFig.010,0
whilelthelnetworkIbandwidthiRfislargerlithanlf{0),ltheldatalsizelcachedlatltheltimelpointlOLisic (0 )i=0c(0)d
=0 0.0 In0 Addition,0 therelis0 (R0-0£(0))0 bandwidthl capacityl availablel forl transmittingl otherl data.0 Thel
previousl CCO algorithml selectedd tol idlel andl wastedd this bandwidthl capacity.l Onl thel contrary,l outl
algorithmifullyluseslthislbandwidthlcapacityltolpre-fetchlthelnextiframeldatalf( 1)[ R0-0f(0)].0Thus,latlthel
nextltimelpoint,Jthelmedialdatalrequiredlforltransmittingllisismallerlithanltheloriginallone.0Assumelthatl]
thelbufferflisDunderflowlforltransmittingltheInextframelf{ 1 )Janddsomelvideoldatalneedltolcachelinlthell
proxylserver.0Ourllalgorithmicacheslonlylf{(1)[c (1 )]owherelc ( 1 )i=0f(0)+If( 1)0-02* Rintolthelprox ylserverl
throughlthellpre-fetchingloflf( 1)[ R1-0f(0) JDatItheltimelpointl0.0ltlisObetterlthanlthelpreviouslCClal gorithmi
thatlrequireslithellcachelsizellc( 7 )I=0f(1)HIRE>0c'(1).0

a

4. IEXPERIMENTALIRESULTSI

Indthel previousl section,] well theoreticallyl comparel ourll algorithml with0 thell algorithmI CCObyl theirll
processinglsteps.lOurllal gorithmlisIshownltoloptimizelthelcachelsizelrequirediforlalvideolprox ylunderl
givenl startupll latency,l clientl bufferll andl networkl bandwidth.0 Well alsoll implement( thesell algorithms[
includingllalgorithmlCClandlrunlonlseverallbenchmarklvideolstreams.l Thellalgorithmslarelcomparedl
basedlonlthelfollowinglperformancellindices.l
0

1.0 Percentageloflidatalcached:D

14



(cachelsize)l(videolsize)*1100%MM
2.0 Percentageloflll-frameslicached:

(I-frameslicached)/lI(cachellsize)I*011 00 %M
3.0 PercentagelofinetworkIbandwidthlutilization:M

(bandwidthlutilized)V(bandwidthlallocated)I*0100%MM
0
Thelsamelstartupllatency,lclientlbuffersize,l andinetworklbandwidthlarelusedldforleachlalgorithmdinD
runninglthelexperiments.l Theylshowlthatlourllalgorithmslarelmoreleffectivelindminimizinglthelcachel
sizell required,0 maximizingll thell percentagell ofll I-framesl cached,] andl maximizingll thel utilizationl ofll

networkbandwidthlallocated.O

4.10PercentagelofliDatalCachedl

Tolreducelthelcostlanddimprovelthelsystemlscalabilitylinlbuildinglproxylservers,lthelcachelspacel
allocatediforliservingleachlvideolrequestimustlbelprecisel ylcontrolled.[Underlthelsamelstartupllatency,l
clientIbufferlandinetworklbandwidth,lalgoodlproxylcachinglalgorithmlshouldlstorelasllesslvideoldatal
intollproxylserverslaslpossible.lltlminimizeslthelpercentagelofidatalicachediforltheligivenlvideolstream.[n0
Fig.011,0thelpercentagesiofildatalcachedbyldifferentlalgorithmslarelpresented . IExperimentsishowlthatl
bothlthelOClandIOSCllalgorithmslproposedirequirelithelsamelloptimallcachelsize.[Thelpercentageloflidatal
cachedl byll ourd] proposedd algorithms[ is0 betterl thanl thatll byl thell previousl CCl algorithm.0] Whenl thell
transmissionl ratell appliedl isl increasing,i thell percentagesl ofll datall cachedl byl differentl algorithms[ arell
decreasing.1However,Ithelldecreasinglslopelobtainedlbylourlproposedlalgorithmslisisharperithenlthatl
obtainedlbylthelCClalgorithm.IWhen(theltransmissionlratellisflincreasedifromI200IKbpslito4 000K bps,lour]

improvementlinithelpercentageslofidatacachedlhaslincreasedl4itimes.0 Withoutllosslofligenerality,Iwell

canllletIthelltransmissionlbandwidthiRIbelthelmeanlratelofithellvideolstreaml >~y f (i) /in.IThelcachelsizel

15



achievedibyllourlalgorithmslislaveragel yi50 %lsmallerlthanlthatlrequiredibylthelpreviousICClalgorithml
[1].0Thelimprovementlisisignificant.l

0

4.2MPercentagelofll-framesiCachedl

I-frames0 playl thell mostl importantl rolel in0 videol decoding.0 Thell morel completel thel I-framesl arell
received,] thel morel smoothnessl thell playbackl qualityl canl bell guaranteed.l Asl thel networkl channell
communicatedbylproxylserverslarelmorelrobustithanlthatlbylremotelservers,iwelwantltolcachelthelmostl
I-framesOin0proxylserversitoltakelthelbestladvantagelonlerrorlcontrollandirecovery.0Givenlthelsamel
cachell sizell inl thell proxy( server,l thell percentagel ofll I-framesl cachedl canl bell appliedD tol measurell thell
smoothnesslofllvideolplayback.lInlFig.012,0welshowlthelpercentageslofllI-frameslcachedlbyldifferent]
algorithms.IExperimentsishowlthatlourlproposedlOSClalgorithmlcaniminimizellthelcachelsizelrequiredl
andOstorelthel mostlI-frameslin0thel proxylserverlatlthelsameltime.0Indthelprevious1CClOalgorithm,lasl
differentIframelldatalarelcachedlwithlthelsamelpriority,lthelpercentageslofll-framesicachedlforlidifferentd
transmissionlratesarelalmostlthelsame.lOn0thelcontrary,JourllproposedlOSClalgorithmlcandselectlthel
mostlI-framesiforlcaching. IWhen(thelltransmissionlratelappliedlisllinearlyllincreasing,lthellpercentagellofl
I-frameslcachedlislexponentiallyllincreasing.l Averagely,lourllapproachlisi SOtimesObetter thanl thel CCO
algorithmllin(thelpercentageloflll-framesicached.l

0

4.30UtilizationlofINetworkiBandwidthlAllocatedD

Aslithellavailablelnetworkbandwidthfisllimited,IwelmustlutilizelitIsufficientlylandlavoidiwastingfitlatl
anyltime.0 In0aldistributedd multimedial system,0 highl bandwidthD utilizationd implies0 thatllots0 ofll videol
requestslcanlbelservedlatlthelsameltime.0 In0 Fig.0 13,0 welshowlthelutilizationlofllnetworklbandwidthl
achievedibyldifferentlalgorithms.0 AslourllproposedlalgorithmsfutilizelthelnetworklIbandwidthlallocatedl

byllanlaggressivelpre-fetchinglalgorithm,lthelbandwidthlutilizationlobtainedlisIclosedltol100%.00n0thel
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contrary,l thel bandwidthd utilizationl obtainedl byl thell previousl CCl algorithmlisl decreasingll when( thell
transmissionlrateflallocatedlislincreasing.fThelnetworkIbandwidthlallocatedlisiwasted.l

0

5.0CONCLUSIONSI

InOthisOpaper,ithelproblemloflvideolcacheldesignlisIstudied.0 WelpresentlalgorithmIOCOtolminimizel
thellsizell ofll proxyllcachellrequiredl forll supportingljitter-freell videol playbackl subjectl tol bandwidthl andl
bufferlsizelconstraints.0TheltimelcomplexityloflalgorithmIOCTisIsamelaslthatloflithelCClalgorithm.0Wel
alsollpresentlthelOptimallSelectivel Cachingl(OSC)lalgorithmltolpre-cachelthelmaximumlamountloflI-
frameldatallintolthelproxylserverlbasedlonlthelcomputationlresultloflalgorithmIOC.MExperimentsishowl
thatlthelcachelsizelrequiredlbylOSClalgorithmiislinlaveragel50%U0smallerIthanithatlbylalgorithmICC.I
Besides,thelpercentagelofll-framelcachedisiSitimesithatloflithelCClal gorithm. MWelarelalsolstudyinglithel
probleml ofll optimizationll ofll otherl systeml resources,l e.g.,l minimizationl ofll clientl bufferll size,l
minimizationdofinetworklbandwidth,letc.O

a
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