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Abstract

Continuousmediasenersmanagedelay sensitve datasuchasaudioandvideo clips. Oncea sener
initiatesthe display of a clip on behalfof a client, it mustdeliver the datato the clientin a mannerthat
preventsdatastanation. Otherwisejts displaymaysuffer from disruptionsanddelaystermedhiccups.A
hiccup-freedisplayis importantto a numberof applicationssuchasvideo-on-demandbr entertainment,
distancelearning, news disseminationgtc. Buffer sharingenablesa sener to trade memoryfor disk
bandwidthto servicemultiple clientsby sharingdatain memory usinga singledisk stream.However, an
uncontrolledbuffer sharingschememay reducesystemperformance.

This paperpresentLontrolledBuffer Sharing(CBS)asa novel framawork thatfacilitatessharingand
supportshotha hiccup-freedisplayandVCR operationslt includesa configurationplanneranda buffer
pool managemertechniqudgappliedatruntime). CBStradesmemoryfor disk bandwidthin orderto meet
the performanceobjectvesof an applicationand minimize costper stream.It usesbridging andmeiges
two displaysreferencingthe sameclip whenthey ared; blocksapart. Oneinsight of this framework is
thatd; is determinedy marketforces(costof memoryanddisk bandwidth)andis independensf aclip’s
frequeng of accessWe usebothanalyticalandsimulationmodelsto quantifythe characteristicef CBS.

1 Intr oduction

Sharingof datain memoryreduceghe numberof disk accessesThis enhancesystemperformancdecause
memoryis significantly fasterthandisk; 1 million times fasterassuminga lateny of 60 nanosecondfor
memoryand 6 millisecondsfor disk!:. When mary simultaneouslients referencethe samedataitem in
memory memorys low lateny enableghe systemto satisfyall requestsn a shortperiodof time. This also
providesfor network delivery optimization[ZT99, RHYE99 SRT99. With continuousmedia,e.g.,audio
andvideoclips, mary clientsmayreferencehe samevideoclip simultaneouslyThis video clip may have a
displaytime of 90 minutesandconsistof thousand®f blocks. Moreover, requestsnight arrive staggeredn
time suchthatthey referencalifferentmemorylocationsatany giveninstancen time. A simple“Use & Toss”
strat@y preventstheserequestsrom sharingmemorybuffers [CAFT91]. A straightforvard useof LRU or
LRU-K [OOW93, LCKT99] mayalsoprove inadequat¢ORS95]. To illustrate,Figurel shavs two displays,

*This researclwassupportedn partby the NationalScienceFoundationundergrantsIRI-9258362(NY| award)andERC grant
EEC-9529152anda Hewlett-Packardunrestricteccash/equipmerdift.

1This alsoexplainswhy the costper megabyteof memoryis higherthandisk.
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D, and Dy, referencingifferentblocksof the sameclip. If thesystemappliesLRU to D; and“Use & Toss”
to Dy thenthesetwo displaysmeige sothata singledisk streamwould sene both displays|MKK95]. With
LRU asaglobalbuffer poolreplacemenpolicy, thesetwo displaysmaynot meige becausehetrailing blocks
of D, arediscardedn favor of trailing blocksof Ds.

Bridging [DDM 195, DS96,RZ95, SG97,SG98]is a moreintelligent techniqueto facilitate sharingof
datain memory This techniqueforms a bridge betweenthe datablocks stagedby two different clients
referencingthe sameclip, enablingthemto sharememoryanduseonedisk stream. An exampleis shavn
in Figure 2 wheretwo displays(D; and D») of video X are supportedusinga singledisk stream. If two
displaysreferencehesameclip, oneconsumingolock p1 andtheotherblockp2 (p1 < p2) thentheirdistance
is p2 — pl. In Figure2, thedistancebetweenDy andD; is 5. A bridgingtechniquepinstheintermediatadata
pagedetweertwo displaysin thebuffer pool, preventingthe buffer pool managefrom swappingthesepages
out. In Figure2, D, pinsdatapagesor consumptiorby D, while Dy consumesndunpinsthesepageso
freebuffer frames.

A naie applicationof this approachmay exhaustthe available buffer space,degrading systemperfor
mancgSG97, SG99. To illustrate,assume senerthatconsistof: a)a disk drive with sufficient bandwidth
to support5 simultaneouslients,andb) enoughbuffer spaceto stagefive datablocksin memory Without
bridging, seeFigure 3.a,the sener cansupportfive simultaneouslisplayssinceeachdisplayconsume®ne
memoryframe andonedisk stream. Bridging might causethe buffer pool to becomea bottleneck.In the

2without lossof generality we assumehata displayrequiresat mostonebuffer framefor its continuousdisplay This assump-
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Figure3: Bridging coulddegradethe systemperformance

worstcasescenarioseeFigure3.b,it maypin datapagesdn all five buffer framesto enablebridgingbetween
two displaysof aclip Y. With all buffer framesallocated the systemis forcedto queueotherrequestshat
referencea differentclip while 80% of the disk bandwidthsitsidle.

This paperdescribes framevork for ControlledBuffer Sharing(CBS). It tradesmemoryfor disk band-
width in orderto accomplishtwo objectives: a) minimize cost per simultaneousstreamsupportedby the
systemandb) atruntime, balanceahe memoryanddisk utilization in amannerthatpreventsmemoryframes
from becomingsystembottleneck(suchasthatdepictedn Figure3.b). This framewvork consistsof a config-
urationplanneranda buffer pool managementechnique.Thefirst consumeshe performancebjectives of
a taiget applicationand configuresthe systemaccordinglyto meetthis objective (with a minimum costper
stream).Next, the buffer managemertechniguetermedBMDT, is usedat run time to preventmemoryfrom
becomingsystembottleneck.The distancethreshold d;, is animportantsystemparameteandcaptureshe
priceof memoryanddisk bandwidth.This parameteis aninputto boththeconfiguratiorplannerandBMDT.

Thecontrikutionsof this studyis CBS asaframewvork thatcantradememaoryfor disk bandwidthin order
to minimize costper stream.As detailedin Section4, while BMDT sharessimilaritieswith otherprevious
buffer sharingtechniquesthe frameawvork that subsumedhis stratgy is novel. Our framewvork is validated
usingsimulationstudies.Theresultsdemonstratea) CBS minimizescostperstreamp) VCR operationsan
be supportedvith neggligible extra cost,c) theimpactof CBSframewvork is moreprofoundwith largerratios
betweenl/g and Mg, costperdisk bandwidthandmegabyteof memory respecirely.

Therestof this papers organizedasfollows. Section2 describeshe CBSframewvork. Section3 presents
a performanceanalysisof this framewvork. We suney therelatedstudiesin Section4. Brief conclusionsand
futureresearchdirectionsareofferedin Section5.

2 Controlled Buffer Sharing Scheme

This sectionstartwith an overviev of CBS, followed by its detaileddescription. The overvien establishes
distancethreshold,d;, asa parameteimportantto the overall framewvork. Section2.2 derivesthe optimal
valueof d; thatminimizessystemcost. We usethis to detail CBS concisely

tion simplifies the discussionaboutthe CBS framavork. Extensionsof CBS to schedulingtechniquessuchas Group Sweeping
SchemdYCK93] thatrequire2 buffers on behalfof eachdisplayis a straightforvard extensionof this work.
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2.1 Overview of the CBS scheme

Figure4 shavs thethreecomponent®f CBS: a configurationplanney a systemgeneratqgranda buffer pool
managemernechnique Thefirst two areappliedoff-line to determinesystensize. Thethird, termedBMDT,
is utilized at systenruntime. The systemgeneratois the simplestoneandactsasa multiplier. For example,
if the expectedbuffer requirementis 4000 blocks (input) and the systemis to operateat 80% utilization
(input), thenthe buffer pool shouldconsistof 5000blocks(output). The purposeof the configurationplanner
is to determinethe amountof requiredbuffer anddisk bandwidthin supportof a pre-specifieperformance
objective. Both the configurationplannerandBMDT consumethe distancethreshold(denotedd;) astheir
input. Distancethresholdis a majorconceptwith CBS. It limits the numberof pinnedbuffer blocksbetween
two adjacendisplaysreferencinghe samevideo. If the distancebetweenwo adjacentdisplaysexceedsd;,
thenthey areallowed to neitherpin their intermediatedatapagesnor shareonedisk streamusingmemory
Figure 5 shavs two different scenarioswith distancethresholdequalto five. In this figure, D3 and Dy
cannotshareonedisk streambecauseheir distanceaxceedghe specifiedhreshold.However, D, and D are
allowed to shareonedisk streambecauseheir distanceis belov the threshold.In essenced; specifieshow



muchmemorycanbetradedfor disk bandwidth.It alsopreventsmemoryfrom becomingsystembottleneck
in orderto avoid the undesirablescenarioof Figure 3. This framewvork assumesn “admissioncontrol”

componenthatmonitorsandcontrolsavailableresourcesWhenresourcegmemoryanddisk bandwidth)are
exhaustedit queuesienly arrivedrequestsn orderto preventhiccups.A numberof studieshave outlinedthe

designandimplementatiorof suchacomponenfGM98, GZS97, YCK93, OBRS94 WSY95, TPBG93.

This sectionbeginswith d; andhow to deriveits optimalvaluein orderto minimizesystemcost. Next, we
presenBMDT, followed by a discussiorof the configuratiorplanner For eachwe describeéheimpactof the
VCR operations.The configurationplannerandBMDT aredesignedo complemenbneanotherto prevent
eitherthe availablememoryor disk bandwidthfrom resultingin datastanation. Moreover, we demonstrate
thatour approactprovidesfull VCR functionalitywith mamginal extra costs.

2.2 Optimal distancethreshold

The buffer anddisk bandwidthrequirement®f a systemareimpactedby the valueof d;. If d; is too large,
additionalbuffer spacemight be requiredto facilitatesharing,increasingcostper stream.On the otherhand,
asmallvalueof d; maydiscouragesharingall togethercausingthe disk costto becomesignificant.In areal
systemit is importantto choosethe optimal d; valuethat minimizessystemcostbasedon price of memory
anddiskresources.

Let My denotethe costof memoryfor eachdatablock, and I3 denotethe costof a disk stream. Note
thata larger block sizeincreasedoth Mg and I [GM98]. Iy canbe obtainedthroughthe costof onedisk
drive andthe numberof disk streamst supports.For example,if a disk drive costs$1000 and supportsl0
simultaneouslisk streamsthen/g is $100. If the costpermegabyteof memoryis onedollarandablock size
is onemegabytein sizethenMj is $1. Theoptimald; valueis 1\% whenit is anintegervalue.(Thediscussion

for 1\% asarealnumberis attheendof this section.)Theintuition behindthis claimis asfollows. With buffer

sharing,we may used; memoryframesto free up a disk stream.Eachhasa costand AI/[—$$ is the breakeven
pointto tradea disk streantor d; memoryframes.A largerd, value(Ig and Mg ratio) complementshe CBS
framavork andmalesit morecosteffective asdemonstrateth Section3.

Theformal proof of d; = I$ is asfollows. Let a; denotethe numberof displaysthatare: blocksapart
from the|mmed|atepr|ordlsplaysof thesamevideo. When: doesnotexceedd;, thecostof theseu; displays
iS a; - 1 - Mg becausehey areall senedfrom buffer pool with no disk accessWhen: is greaterthand,, the
displaysmustbesenedfrom diskandthey eachcostls + Mg dueto therequirement®sf onedisk streamand
onebuffer. Thenthe costof thewhole systemC canbe expresseds

dt
CZZai-i-M$+(m—Zai)-(I$+M$) D)
=0 ;

Letdopt be (assumlngt is aninteger),then:

dopt dopt
Copt = Zaz i Mg+ (m Z ai) - (Is + Ms) (2)
=0

For thosed; valuesgreaterthand,,;, thedifferencebetweenC andC,,; is

dg dt

C—Copr= Y, ai-i-Mg— >  a;-(Is+ My) 3)
izdopt"‘l i:dopt+1



which canberewritten as

dt
C—Copr= Y, ai-(i-Mg— (dopt - Mg + Ms)) 4)
i:dopt‘f'l

Thevalueis no lessthanzeroanddemonstratethat the systemcostdoesnot decreasavith thosed; values
greaterthand,,;. In reality C — C,p; = 0 only whend; is equalto d,,; + 1. Thisis becausesachdisplay

needsl buffer block without sharing.Take a simpleexamplewhered,,,; = 10 andtwo displaysof X have a

distanceof 11 blocks. If d; is setto d,,;, thenthe costfor thesetwo displaysis ¢ = 2 - I + 2 - Mg because
eachneedsonedisk streamandonebuffer block. If d; is setto d,,; + 1, thenthey canshareonedisk stream.
The costof the precedingdisplayis Iy + Mg, andthe costof the succeedingneis 11 - Mg. Thereforethe

total costof thetwo displaysis ¢/ = I + 12 - M. Obviously ¢ = ¢/ sincejfl[—f‘*$ = 10.

Now considerthosed; valueslessthand,,,;. For thesevalues thedifferencebetweenC' andC,,; is

dopt dopt
C—Copr= Y ai-(Is+Mg)— Y  a;-i-Mg (5)
1=di+1 1=ds+1
which canberewritten as
dopt
C—Copt= Y ai-(dopt- Mg+ Mg —i - Ms) (6)
i=di+1

Thisvalueis greatetthan0 becauseé < d,;. It completesheproofthatthesystenwith thedistancehreshold
of doy; achievesthelowestsystemcost.

In this proof, we appliedthe samed; valueon eachvideo. Similarly, we canalsoshav thatapplyingary
d; valueotherthand,,; or d,,: + 1 onary videoin thesystemwill leadto asystemcosthigherthanC,;.

The abore proof shavs only two factorsimpactthe optimal d; value,namely the costassociatedvith
memoryand a disk stream. The optimal d; valueis independenbf the arrival rate of requeststhe access
frequeny distribution, andthe accesdrequeng of eachindividual video (the experimentalresultsin Sec-
tion 3.2 alsodemonstratéhis). This obsenationis consistentvith thosefor relationaldatabasenanagement
systemgGG97,GS00].

When M is not aninteger, we invoke the plannerwith two possibled; values: | 13- L J and[ 1 We
choosetheonethatm|n|m|zessystem:ost

2.3 Sharing pair and merging pair

We startby introducingthe conceptof sharingandmeiging pair in orderto describeBMDT. For ary video
objectX, multiple simultaneouslisplaysof X mightconsumalifferentblocksof X concurrently Foragiven
requesteferencingolock X ;, its positionis definedto be j (theblockid thatit is currentlydisplaying).Given
the distancethresholdd;, we definea group of video X asa sequencef displaysD, D>, ..., D,, where
(1) D; (0 < ¢ < n) is displayingthe samevideoclip X, (2) this sequencés orderedin termsof decreasing
position of eachdisplay (3) the distancebetweenD; andD;;; (0 < i < m — 1) doesnot exceedd;, (4)
thereis nodisplayof X thatis aheadof D; within thedistanceof d;, and(5) thereis no displayof X thatis
fewer thand; blocksbehindD,,. For eachpair of (D;, D;+1) (0 < @ < n — 1) in thesequenceD; is termed
producingdisplayof D; . D;; is termedtheconsuminglisplayof D;.

6



sharing pair: ( B, D3) , ( D3, Da)
merging pair: D1, D2)

Figure6: Sharingpairandmeiging pair (d; = 5)

Considelaproducingandconsuminglisplayin agroup. Thedistancebetweerthesewo displaysdoesnot
exceedd; (otherwisethey would notbein the samegroupbasedon the above definition). If the consuming
displayof this groupis senedfrom the buffer pool with no disk accessye termthesetwo a sharingpair. In
this case the datablocksbetweerthis pair mustbe pinnedin the buffer pool to supportthe continuousdata
delivery to the consumingdisplayandcannotbe discardedvhenbuffer replacemenis necessaryThe buffer
requiremenbf a sharingpair is determinedby the distancebetweenthem. On the otherhand,if thesetwo
displaysarebeingsenedby two differentdisk streamsthenthey aretermeda meiging pair. Figure6 shawvs
a sharingpair anda meiging pair whend, equalsfive. Note thatthe disk streamin supportof Dy services
threesimultaneouslisplays(D-, D3 and D4) becauséhe two adjacensharingpairshave memgedinto one.
In thisfigure, D5 is a producingdisplaywhile D3 and D4 areconsumingdisplays.Assumingthatthereis no
otherrequestafter D, thatis d; blocksbehind,D, unpinsthe blocksthatarepinnedby D,. If d; is setto 2
thenDjs is bothaconsumingandanimplicit producingdisplay It is consumindoecausé formsagroupwith
D,. It is animplicit producingbecauseéts presences anabsolutemustto enableD, to shareasinglestream
with Ds.

In Figure6, D, and D, areameging pair. They satisfythe conceptof agroupbecauséhey arelessthan
5 blocksapart(the pre-specifiedi; value). This hint enablegshe BMDT replacemenpolicy, seeSection2.4,
to pin the blocksproducedby D;. After 4 time cycles, D; and Dy becomesharingpairsbecausehey will
startto sharea disk stream(assumingooth displayscontinuenormalviewing). In fact,if avideois popular
enoughBMDT mayretainalarge numberof its consecutie blocksin the buffer pool becausé¢he algorithm
constructamary sharingpairs of this video. Whenthis happenspnesingledisk streamwill supportmary
displaysof the samevideo. In sum,a meiging pair becomes sharingpair whenall the blocksbetweenthis
pairis pinnedandavailablein buffer pool.

2.4 BMDT algorithm

A systemmust satisfy the buffer requirementof a sharingpair to ensurecontinuousdisplay of this pair.

Moreover, eachactive disk streamwill readonenew datablock into buffer pool duringeachcycle. Let N be
thesizeof buffer poolin termsof thenumberof blocks,d; bethesumof thedistancebetweerall sharingpair
(i.e., thetotal numberof buffer blocksrequiredby all sharingpairs),d,,, be the numberof buffers occupied
by meging pairs,and.S bethenumberof active disk streamsThenthe buffer constraint

d;+S<N (7)



must be satisfiedto guaranteehe continuousdisplay for eachclient. The variabled,,, doesnot appearin

Equation7 because¢hosebuffersoccupiedby meiging pairsarenot pinned(andnotrequiredfor acontinuous
display). Theupperboundof d,,, is N — d; — S. Wheneer d,,, approachethis bound(saywithin 2% of this

limit), somebuffers occupiedby memging pairswill be unpinnedto reducethe value of d,, to be within its

upperbound.In addition,therealsoexists disk bandwidthconstraintwhich canbe expresseds

S<I (8)

wherel is the maximumnumberof disk streamssupportedy the available disk bandwidthwith no sharing.
Equation8 limits the numberof active disk streamsasedon the disk bandwidthresourcen the system.The
systemshouldmanagethe buffer and disk bandwidthresourcesn the presenceof new requestgincluding
thearrival of new clientsandthe VCR requestgrom existing clients),active displaysendingandexiting the
systempor memging pairsevolving to becomesharingpairs.

Whenappliedin a systemconfiguredaccordingto the planner(seeSection2.7), BMDT guaranteethat
therewill be no queuedrequestsi.e., eachrequesis sened immediatelyuponits arrival in the sener (see
theresultin Section3.1). TheBMDT algorithmis appliedat the endof eachcycle. Theadmissiorcontrolis
assumedmplicitly in this algorithmsothatthe continuoudisplayfor eachclientis guaranteed.

1. Freethe disk streamthat hasreachedhe endof a display This disk streamcould be supportinga
displayeitherin normalmodeor in VCR mode.

2. Evolve asmary of themeiging pairsto sharingpairsandfreethedisk streamassignedo theconsuming
displaywhile: a. all blocksbetweera meiging pair arebuffer resident;andb. Equation? is satisfied.
Equation7 is aconditionof this stepbecausevolving meiging pairsto sharingonesincreaseshevalue
of d; andimpactsthisinequality

3. Admit as mary of the new clients by assigninga new disk streamto thosedisplaysthat reference
differentclips while both Equations7 and 8 are satisfied. Thesetwo equationssnsureavailability of
sufiicient resourceso accommodata new display

4. Performbuffer replacemenandallocationalgorithm.

The processingf VCR operationsand its impact on buffer managemenits further explainedin Sec-
tion 2.6. The buffer replacemenandallocationalgorithmin Step4 is further detailedasfollows. It decides
victim pageghatshouldbe discardedvhenbuffer replacemenis necessary

4.1. Unpinthebuffersthathave no potentialfor sharing.

This stepunpinsall the buffersthatdo notfall in betweera memging/sharingpair, i.e., thelikelihoodof
anactive displayobtainingdatafrom thesebuffers sometimesn the futureis slim.

4.2. While memoryis over allocatedj.e., (ds + d,,, + S > N), Do

1. choosehemeiging pair with thelongestdistanceasthe victim.
4. unpinall thosebuffersthatfall in betweerthis meiging pair.
1i1. decrementl,,, by thenumberof buffersunpinnedn is.

This stepunpinsthebuffersthatfall in betweerthevictim meging pair to createbuffer spaceor either
sharingpairsor new displays.

4.3. Assignonefreebuffer to eachactive disk stream.
This stepspecifieshememoryframeusedby a streamto stageblocksfrom diskto memory



Figure7: Modetransitiondiagram

2.5 Useractivity with VCR operations

Beforedescribinghow VCR operationsaresupportedvith buffer sharingwe analyzethe useractvity. Once
adisplayis initiated, a client may changdrom normalmodeto VCR mode,andvice versa.ln normalmode,
thevideois retrieved andconsumedt a prespecifiedate. The client may switchto VCR modeusingeither
pauseFF, or FR functionality Oncein VCR mode,the display may switch backto normaldisplay mode.
This modetransitionmay be repeatednary timesuntil thedisplayends.Figure7 shawvs the possiblemodes
of operation.

With the pauseVCR functionality the systemis not requiredto display data. However, with both FF
andFR, the bronsingwith FF/FR effect mustbe supported.Therearetwo generalparadigmgo implement
VCR functionalities: either (1) a single, normal-speednovie is processedccordinglyin real-timeduring
playbacktime, termedonline processingCKY94, DSSJT94 SV95], or (2) a clip is pre-processetly the
contentprovider with separatdiles for FF andFR viewing, termedoffline processindAnd96, GZK*+97].

With the online approachthe systemmight either skip segmentsor subtractframes. Segmentskip-
ping [CKY94] skipsa fixed numberof blocksto achieve the desiredplaybackrate. For example,to provide
five timesfast-forward, this methoddisplaysoneblock out of five consecutie blocks. The advantageof this
approachis thatit doesnot needextra disk bandwidthto supportvariousfastrates. However, it resultsin
unusualviewing effect becausat skips blocks, not frames. FramesubtractingDSSJT94,SV95] requires
extra disk bandwidthto do framereduction.In orderto provide five timesfast-forward, the sener retrieves
five datablocksduring onecycle, andwithin eachblock, it transmitsevery fifth frameanddropsthe other
four frames.

We chooseheoffline processingpproaciproposedn [And96, GZKT97]. Thebasicideais toimplement
separatdast-fornard andfast-revind videosby selectingandpre-processinframes.Theseclips aretermed
eithertrick or express(XPRS)files. For example,to createa five timesfast-forward video, every fifth frame
is selectedrom the original movie beforecompressionThis collectionof framesis encodedn the regular
manner(e.g., using MPEG) and storedin a separatevideo file. In orderto switch betweenthe different
versionsa methodof jumpingto the appropriatdocationin eachclip mustbe provided. Theselocationsare
referredto asRandomAccessPoints(RAPS)[And96]. Theircross-referencesshichmapbetweertheframes
of differentversionsmustbe maintainedsee{GZK 97] for details).Whenaclient switchesbetweemormal
modeandVCR mode,the cross-references usedto determinethe new displaypoint. For example,if FFis
invoked duringa normaldisplay thenthe systemfollows the cross-referenct find the appropriatdocation
in the FF version,andstartto retrieve datafrom thatlocationof the FFfile. Theclientwill receve datablocks
of theFFFfile in supportof the FF viewing. Whentheclienttransitionsbackto the normalplaybackagainthe
systemwill follow the cross-referencto find the appropriatdocationin the normalversion,andstreamthe
normaldatablocksto the client from thatpoint. In this study we assumeahatthe FF (or FR) video hasthe



samedisk bandwidthrequirementsthe original video.

The main challengeposedby the off-line processingapproachis asfollows. A displaythattransitions
from normaldisplaymight bea memberof eithera sharingor ameging pair. As amemberof a sharingpair,
it mightbetheproducingdisplay In thesecasesthebuffersanddisk streamsnustbemanagedntelligentlyin
orderto: a) preventhiccups,b) minimize the delayobsered by the client transitioningfrom normaldisplay
to a VCR operation,and c¢) maintaina balancebetweenavailable memoryand disk bandwidthin orderto
prevent eitherfrom becomingsystembottleneck.In the following, we addresstems(a) and(c). Item (b) is
investigatedexperimentallyin Section3.1. The obtainedresultsshav thatusingoptimald; valueminimizes
obsereddelays.

2.6 Processing/CR requests

In this section,we describehe extensiongo the BMDT algorithm(step3) in supportof a VCR requestOur
proposedalgorithmutilizesthe datablocksavailablein the buffer pool to facilitatethe VCR operations.The
basicideais thatwhena displayinvokes a VCR function, one disk streammay be assignedsolely to this
displayto provide VCR browsing. Whenthis displaytransitionsbackto normalmode,if thereturningpoint
falls onthedatablock availablein buffer pool, thenthedisk streamusedfor VCR browsingwill befreedand
thedisplaywill besenedfrom buffers. Evenif thereturningpointcannotefoundin buffer, it is still possible
for this displayto sharea disk streamwith otherdisplaysin the future usingbuffer sharing.Assumingthata
clientspendsnostof its time in normalplaybackwith shortinvocationsof VCR operationsatary givenpoint
in time, the averagenumberof clientsinvoking VCR operationss only a smallfraction of the total number
of clients. Thereforeapplyingbuffer sharingon VCR streamss not expectedo provide significantgainsand
is eliminatedfrom furtherconsideration.

In orderto describethe detailsof how the systemmanagests buffer spacewith VCR operationswe
introducethe conceptof isolatedandassociatedlisplays.The formerrefersto a displaythatdoesnot share
its disk streamwith others. The later refersto mary displaysthat sharea single disk stream. Note thatan
associatedlisplaymight retrieve its datafrom eithera disk streamor the buffer pool,i.e., it mightbeeithera
producing,aconsumingpr dualrole display Considertheexamplein Figure6 whereD,, D3 and D, areall
associatedlisplays: D, is senedusinga disk stream(producingdisplay)while D3 and D, aresenedusing
the buffer pool (consumingdisplays).

2.6.1 Fromnormal to VCR mode

Foranisolateddisplay sayD;, if it switchesrom normalplaybackio pausethesystentreesits disk streamn
orderto terminatgproductionof dataonbehalfof D;. With eitherFFor FR,sinceD; is assigne@disk stream,
this disk streamwill be usedto retrieve datafrom the XPRSfile in supportof eitherFF or FR browsing. For
buffer managemenif D; is not partof a meging pair, thenthe systemcanfreeits buffer spacgoneblock).
Otherwise(D; is amemberof a meiging pair), therearethreecasesi(1) D; is a producingdisplay (2) D; is
aconsumingdisplay and(3) D; playsadualrole andis botha consumingandanimplicit producingdisplay
In case(1), the systemunpinsthe datablocksbetweenD; andits succeedinglisplay D; ;. In case(2), the
systemunpinsthe datablocks betweenD; andits precedingdisplay D;_ if andonly if thereis no other
requestD;; thatforms a sharingpair with D;_;. In case(3), therearetwo conditionsdependingon the
distancebetweenD;’s precedingdisplay D;_; and D;’s succeedinglisplay D; 1. If the distanceexceeds
the thresholdd;, thenall the datablocksbetweenD;_; and D, areunpinned,disalloving bridging. The
resultis shavn in Figure8.h Ontheotherhand,if thedistancds within thethresholdd;, thenthedatablocks
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c. After D, switches to VCR mode, one new merging pair

Figure8: Isolateddisplay:from normalto VCR (case3)

betweenD; and D, remainpinned,becauseD;_; and D;,; canform a nev meging pair. Theresultis
shawn is Figure8.c,where Xs and X, remainpinned.

ForanassociatedisplayD;, thetransitionof D; from normalto VCR modemayaffecttheassignmenof
disk streamdo otherdisplayssinceD; sharesonedisk streamwith otherdisplaysby definition. Onceagain,
threepossiblecasesarise:(1) D, is aproducingdisplayonly, (2) D; is aconsumingdisplayonly, and(3) D;
playsadualrole andis bothanimplicit producingdisplayanda consumingdisplay In all threecasesif D;
switchesto FF/FR,anindividual disk streamis assignedo D; to provide FF/FRbrowsing. Otherdisplays
areimpactedn a differentmannerdependingon which cases encounteredin case(1), the buffers between
D; andits succeedinglisplay D, areunpinnedandthedisk streamservingD; previouslyis usedto sene
Dj1. In case(2), thebuffersbetweenD; andits precedingdisplay D;_; areunpinnedwith no modification
to the disk streamassignmentCase(3) is morecomplicated.Therecould be threeconditions:(3a) D; is the
consumingdisplayof a meging pair andthe producingdisplayof a sharingpair, seeFigure9.a,(3b) D, is
theconsuminglisplayof asharingpair andthe producingdisplayof a meging pair, seeFigure10.a,and(3c)
D; is the consumingandanimplicit producingdisplayof sharingpairs,seeFigurell.a. Case(3a)is shavn
in Figure9 wherethe disk streamservingD; is usedto sene D;, . If the distancebetweents succeeding
displayD;1 andprecedingdisplayD;_ is within d;, thenthe buffersbetweenD; andD;_; remainpinned
becauseé);_; andD,; canform anev meging pair. Otherwiseall thedatablocksbetweenD;_; andD;
areunpinnedbecauseéridging betweenD;_; andD;, is notallowed. In case(3b), thereis no changein
disk streamassignment.If the distancebetweenD;_; and D; is within d;, thenno buffer is unpinned
sinceD;_; andD;; canform a nev meging pair; Otherwiseall the blocksbetweenD;_; andD; are
unpinned.Thisis shavn in Figure10.

In case(3c), if the distancebetweenD;_, andD; is within d;, thenno changeis madeto the current
buffer assignmentseeFigure 11. Otherwisea new disk streammustbe assignedo sene D; 1, andall the
buffersbetweenD;_; and D, areunpinnedseeFigurell.

2.6.2 From VCR to normal mode

OnceDy, switchedrom FF/FRto normalmode the system:a) computedD,,’s referencdramefor thenormal
displaywhich mapsto a block, termedD;’s referenceblock, andb) freesthe disk streamin supportof its
FF/FRbrowsing. If D;’s referencdramefor normaldisplayfalls on the datablock availablein buffer pool,
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a. Before  switches to VCR b. After Dj switches to VCR,td < 6, no bridging allowed
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i i {| : disk stream
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c. After Dj switches to VCR,,d >= 6, one new merging pair

Figure9: Associatedlisplay: from normalto VCR (case3a)

Dj+1  Dj Dj1
' ' '
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a. Before [ switches to VCR b. After Dj switches to VCR,td < 6, no bridging allowed
Dj+1 Dj1
' '

!

X5 X6 X7 x8 X9 xloxll

c. After Dj switches to VCR,,d >= 6, one new merging pair

Figure10: Associatedlisplay: from normalto VCR (case3b)
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} ' '
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a. Before  switches to VCR b. After Dj switches to VCR,td < 6, no bridging allowed
Dj+1 Dj1
' }

X5 X6 X? X8 X9 X10X11

c. After D; switches to VCR,,d >= 6, one new merging pair

Figurell: Associatedisplay:from normalto VCR (case3c)
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Dk+1 Dk-1 Dk+1 Dk Dk-1

Xe X7 Xg Xg XX qq Xe X7 Xg Xg X1gXqq
a. Before @ returns to normal b. After Dk returns to normal
Figure12: Backto normalmode:on sharingpair

Dk-1

}

!

X6 x? x8 X9 xloxll

a. Before y returns to normal b. After Dk returns to normal

Figure13: Backto normalmode:on melging pair

thenits normal display begins immediatelyby accessinglatafrom memory and no extra disk streamis
required. This is shavn in Figures12 and13. In Figure 12 wherethe referenceblock falls in betweena
sharingpair, Dy, formsonesharingpair with Dy, andonesharingpair with Dj_;, andno extradisk stream
andbuffer spacds required.In Figure13,thereferenceblock falls on a block betweera meging pair, andas
aresult,Dy form onesharingpairwith D;_; andonemeging pair with Dy, ;.

If D;’sreferenceblockis notbuffer pool residentthena new disk streamis assignedo Dy, to facilitate
its normaldisplay Therecould be threecases:(1) D, is not part of a mewging pair, (2) D, becomegart
of onemeing pairand(3) D, becomes part of two meging pairs. Case(1) occurswhen D;’s reference
blockis notd; blocksapartrelatve to otherdisplaysreferencinghe samevideo. Case(2) impliesthat Dy’s
referenceblock is d; blocksapartfrom one of the adjacentdisplays(either Dy_; or D), while case(3)
meansDy’'s referencerameis d; blocksapartfrom both Dy_; and Dy 1. In case(3), if Dy_; and Dy
areoriginally ameuging pair, thereturnof D;, will notimpactbuffer blocksin-betweerthem,asillustratedin
Figurel4. Notethatalthougha new disk streammay be neededo supporithe normaldisplayof D whenit
returnsfrom VCR mode,the disk streammay be freedlaterwhenthe meging pairsinvolving D, evolve to
becomea sharingpair.

This discussioncompletesthe BMDT algorithm. However, on its own, BMDT doesnot prevent the
undesirableconditionshavn in Figure3.h If the buffer poolis too small, it couldstill form a bottleneck;f

Dk+1 - Dk+1

XG x? x8 x9 Xlell x6 x7 X8 x9 X10Xll

a. Before Ik returns to normal b. After Dk returns to normal

Figurel4: D, switchesto normaldisplayandformsnew meiging pairs

13



the buffer pool is too large, it might wastesomebuffer space We needto quantify how muchbuffer spaces
required.Moreover, in the presencef VCR operationsif therequireddisk bandwidthis not availablewhen
a VCR modetransitionis invoked, the client may experiencesomewait time. Thus,we alsoneedto quantify
how muchdisk bandwidthis requiredto preventthesedelays.

2.7 Configuration planner

The configurationplannercomputeghe buffer anddisk bandwidthrequiremenbasedon a numberof input
parametersThe systemconfigurationis determinedvith the objective to minimize systemcost. The planner
is appliedat systemgeneratiortime. Onceconfiguredthe BMDT algorithmis emplg/edat run-time.

Theinputto theplannerincludesthearrival rateof requeststheacces$requeng distribution, thenumber
of videosavailable, the systemutilization factor the VCR model, andthe distancethreshold(d;). Among
them, the accesdrequeng distribution specifiesthe popularity of eachvideo in the system,andthe VCR
modeldescribesow frequentlythe VCR operationsareperformed However, exceptd;, all inputparameters
reflectthe physicalcharacteristicef the system.Theoreticallythe plannercould take ary valueof d; asits
input. Section2.2 derived the optimal d; value. The outputof the planneris the expectednumberof buffer
blocksandthe expectednumberof disk streams.

Wefirstanalyzehememoryanddisk configurationn asystenwithoutVCR operationsthenwe compute
theimpactof VCR operationon the systemconfigurationand obtainthe analyticalmodelfor aninteractve
system.

Assumetherequestrrival procesgollows Poissordistribution with rate® a.. Let V' denotethe numberof
differentvideosin the system.Assumethe lengthof eachvideois [ time units,andlet 5 be % Uponarrival
of anew clientto the system shechoosego watchvideoj (1 < 5 < V) with probabilityp;. Therefore for
eachvideoj (1 < j < V), therequestarrival follows a Poissonprocesswith ratea; wherea; = p;o and
Z}/:1 a; = a. Thentheexpectednumberof displaysthatthe systemmustsupportis

(6]

M=3 (9)

andthe expectednumberof displaysthatreferencevideoj is

_ %

mj = 5 (20)

Considerthedisk bandwidthrequiremenfirst. With no buffer sharing,m is alsothe expectednumberof
disk streamsn the system.Now considerm/, the expectednumberof disk streamsn a systememplgying
BMDT algorithm.Let ¢, denotethelengthof acycle, thenthetime intenval betweera sharingpair shouldnot
exceedd; - t,. Accordingto Poissorprocessthe probability of two requestdor video j arriving within d; - ¢,
is

ps; =1—e % hh (11)

Let I; be arandomvariabledenotingthe numberof disk streamswhich areretrieving the dataof video ;.
We alreadyknow the expectednumberof displaysof video j is m;. Let Dy, Dy, ..., Dy,; denotethesem;;
displays.FromEquation11 we know the probabilitythat D; andD;; (1 < i < m;) arebridgedup to form
asharingpairis ps;, therefore the probability thatthereis no bridgebetweenD; andD; 11 (1 < i < m;) is
1 — ps;. If thereareonly oneoutof m; displayssenedfrom disk, it meansall thesem; displaysarebridged

3Weresene X to modelVCR operations.
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up. Let P[I; = k| bethe probabilitythatk out of m; displaysaresenedfrom disk while the otherm; — &

displaysbeing sened from the buffer pool. Thenwe get P[I; = 1]=p$j71 sincetherearetotally m; — 1
bridges.If therearetwo out of m; displayssenedfrom disk, it meangherearem; — 2 bridgesamongthe

m; — 1 displaypairsandthereis only onedisplaypairwhichis notbridgedup. Therearetotally ( mjl_ 1 )

combinationof the pair with no bridge. Thenwe have P[I; = 2] = ( mjl_ 1 ) ps? 2 (1 py,). By

generalizinghe computationwe have
m; — 1 mj—k _
P[I] = k] = ( kj_ 1 ) 'psj] ) (]- _ps]')k ! (12)

andthe expectedvalueof I; canbeexpresseds
m;
E[;] =) k- P[I; = k] (13)
k=1

E[I;] is theexpectednumberof disk streamsvhich aredisplayingvideoj. Thetotalnumberof expecteddisk
streamsn asystememplog/ing BMDT is thesumof E[I;] for eachvideoclip:

\4
M' =" E[I] (14)
j=1

Now, considerthe buffer requiremenbf the system.With no buffer sharing,eachdisplay needsone buffer
andthe expectednumberof requiredbuffers W' is

W=M (15)

Thebuffer requirementvith BMDT canbe estimatedasfollows. First, considerthe sharingpairsof videoj.
Let d; bearandomvariabledenotingthe distancebetweena sharingpair of video ;. If d; = k, it meanghat
thetime interval betweerthe sharingpair is lessthank - ¢, but greaterthan(k — 1) - t,. The probability of
d; = k canbeexpresseds

Pldj =kl = (1 —e @kt) (1 — ¢ k-1 t) (16)

wherel < k < d;. Sincewe areconsideringhe buffersoccupiedby a sharingpair of video 7, the probability
thatthis sharingpair requiresk buffersis

P[dj =kNd,; < dy]

P[d] :kld] < dt] = P[d < dt]
VIS

7

wheretheeventd; < d; meanshisis asharingpair. Sincel < k < d;, theeventd; = k impliesd; < d,
thereforeP[d; = kNd; < di] = P[d; = k]. FromEquation1l we know P[d; < d;] = ps;. Then
Equationl7 canberewritten as

Pld; = kld; < dy] = T =H (18)
Ds;
Now we have the expectednumberof buffers occupiedby onesharingpair of video j asfollows:
d¢
Eldj] =) k- Pld; = k|d; < dy] (19)

k=1
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Figurel5: State-transition-ratdiagramfor an M /M oo/ /M sSystem

FromEquation13we obtaintheexpectedhumberof disk streamsof videoj, E[I;], thentheexpectechumber
of displayswhich aresenedfrom the buffer poolis m; — E[I;]. Sothe expectednumberof buffersrequired
by sharingpairsof videoj is

bj = (m; — E[I}]) - E[d;] (20)
andthe expectednhumberof buffersrequiredby all sharingpairsin the systemis
14
b= b (21)
j=1

Besideghebuffer requiremenbf sharingpairs,eachactive disk streamwill readonenew datablockinto the
buffer pool during eachcycle aswe explainedpreviously, thereforethe expectednumberof buffersrequired
by thewhole systemis

W' =b+ M (22)

Equationsl4 and 22 estimatethe expectednumberof disk streamsandthe expectednumberof buffer
blocksin a systemwithout VCR operations.Now we analyzethe impactof VCR operations. From Sec-
tion 2.5, a client may switch betweemormalmodeandVCR moderepeatedly For example,the usermay
spendT;, time on normaldisplay andthenchangeio VCR modefor T, time andthencomebackto normal
display TherandomvariablesT;, andT, areassumedo be exponentiallydistributed with means} and %
respectrely. Assumethetotal numberof clientsin VCR modeis k. Giventhetotal numberof clients M, and
thatwe wantto configurea systemwith nowaitingtime whenVCR operationsareinvoked. Thisis equivalent
toaM/M/oo//M system.Thebirth-deathcoeficientsareasfollows:

[ AMM—k) 0<k<M
Ak = { 0 otherwise (23)
we = ku k=1,2,.. (24)

The state-transition-ratdiagramis shavn in Figure 15. This systemis solvedin [Kle75] andthe expected
numberof usersin the VCR modeis givenby

_ MMu
Bl = 7, (25)

For a specificvideo 7, the expectednumberof clientsin VCR modeis

very = E[k] - pj (26)

For eachof thesevcr; displays beforeit entersthe VCR mode, it couldbe eitherisolatedor associatedyith
the probability of p;soiated_j ANUPassociated_j FESPECHEly. By definitionwe obtain

Passociated_j = Ps; (27)

and
Disolated_j = 1 — Passociated_j (28)
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We first considerthe effect of VCR operationson disk bandwidthrequirement.If anisolateddisplayenters
VCR mode,the numberof disk streamssupportingnormaldisplayswill be reducedoy one. We denotethis

effectas
v

01 = Z VCT'j - Pisolated_j (29)
7j=1
For anassociatedlisplay say D;, its invokationof a VCR modewill not effect the numberof disk streams
for normaldisplay exceptwhenthedistancebetweenD;_; andD; (denotedi,) is within d;, andthedistance
betweenD,; andD; (denotedis) is within d;, but thedistancebetweenD;_; andD;; (d; + d2) exceeds
ds, asillustratedin Figurell.h Theprobability of this scenarias

Pexceedj = Pld1 < dyNdy < dy N (dy + dg) > dy] (30)
which canberewritten as
dt di
Peaceedj = P (Pldi=11]- Y Pldy =1is)) (31)
i1=1 da=d;—i1+1
where
Pld; = iy) = (1 — e Nfr) — (1 — e (=1 ) (32)
Pldy = ig) = (1 — e7M"i2tr) — (1 — e~ A (2= D)ty (33)
Theeffect of theabove scenaricon disk bandwidthrequirements denotedas
v
8y =) _er; - Pegceed; (34)
j=1

If adisplayentersVCR modefor PAUSE,thenno disk streamis requiredto supportPAUSE; otherwiseif it
is for FF/FR(assumehe probabilityis pr), thenonedisk streamis neededo provide FF/FRbrowsing. This
requirements denotedas

4
03 = qucrj - pF (35)
j=1

Now we obtainthe expectednumberof disk streamsn aninteractve systemas

M’I:M,—(51+52+53 (36)

Theanalysisof buffer requiremenbf aninteractve systemcanbe doneasfollows. We first computehow
mary sharedufferswill beaffectedwhenadisplayD; switchesgo VCR mode.If D; isisolatedtherewill be
no effecton sharedouffers. If D; is associatedhe numberof sharedoufferswill bereducedy E[d;] except
in thescenaricshovn in Figurell.bandFigurell.c.In Figurell.b,the numberof reducedsharedbuffersis
2 - E[d;] sincetwo sharingpairsarebroken up; while in Figure11.c,no sharedoufferswill be affected. We
alreadyknow the probability of the scenarian Figure 11.0iS pegceeq ;- TO SUmmarizethe effect on shared
buffers,we have

\%4

04 = Z(UCT]' ’ O’associated_j - ng) ’ E[dj] +2-verj - Pexceed. E[dj]) (37)
j=1

Thenthe numberof sharecbuffersin aninteractve systemis
' =b— 6, (38)

andfinally thetotal numberof buffersis
WII — b” + MII (39)
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3 Evaluation of Controlled Buffer Sharing

For experimentalpurposeswe assumean opensimulationstudy that emplg/s a Poissonarrival rate of re-
quests.Uponthearrival of a new client, the systemwill rejectthis requestf thereis insuficient resources
to supportits display Otherwise the clientis admittedandits displayis initiated. If this clientissuesVCR
operationsndthereis insuficient resourceso satisfyits requesthentheclientwaitsuntil resourcedecome
available(neitherthe client northerequesis rejected).

In our experimentsthe underlyingrepositoryconsistsof 100 MPEG-2encodedrideos,eachrequiring4
Mbpsfor its display Eachclip is 120 minuteslong. The lengthof eachcycle is 2 secondsandthesizeof a
datablock is 1 MB. The frequenyg of accesgo eachvideo clip is basedon Zipf distributior*. The default
parameterfor Zipf in our experimentsis 0.271which reflectsan empiricalaccesgatternbasedon theater
ticket sales[DSS944. Both the algorithmsand presentedesultsare governedby the ratio of I3 and M.
This ratio is moreimportantthanthe absolutevaluesof theseparametersFor the purposeof this study we
assumedratio of 16 (AI/[—S;) This would correspondo the currentcostsof $1 per MB of DRAM and$16 per
streamsupportedoy a SeagatesT19171WBdisk drive [GSZ95]. In the future, thesepricesare expectedto
fall. The presentedesultscontinueto apply aslong astherelatve decreasén both $I and$M is identical.
Section3.2 discussesheimpactof differentratiosbetweenlg and M.

In experimentgnvolving VCR operationsthetime durationof a client stayingin normalmodeandVCR
modeis exponentiallydistributed with the default meansof 10 minutesand 20 secondsespectrely. The
default valueof arrival ratein the experimentaktudyis 50 requestper minute. The systemutilization factor
is setto 90%,i.e.,onthe average the systemis busy 90% of thetime.

3.1 Performanceand costcomparisonof buffer sharing schemes

This sectionpresentsesultsto demonstratéa) theimportanceof d; and(b) the parametersf BMDT should
be setaccordingto thosecomputedoy the configurationplanner We configuredthe systemusingthe planner
of Section2.7 andthe default systemparametersNext, we measuredun-time performanceof the system
with BMDT whenits distancethreshold(d,) is setto 2,16, 50, 100 andinfinite (which meansno threshold
is imposedon BMDT). For eachexperimentwe measuredhe maximumnumberof concurrendisplaysand
the percentag®f rejectedrequestsvith andwithout VCR functionality (Obviously, the configurationof the
systemwith andwithout VCR functionality is differentbecausef the configurationplanner) The obtained
resultsareshawn in Figuresl6.aand16.h We also measuredhe averagewait time of VCR operationsn

interactve systemsandis reportedin Figure17.a. It is obvious thatthe bestperformancds achiered only

whenthe run time thresholdis the sameasthe value usedto configurethe system(the CBS scheme).In

other caseswhereeitherno thresholdis enforcedat run time or the improperthresholdvalue is used,the
performanceas degradedsignificantly The resultsalsodemonstratéhat enforcinga d; valueat run time is

not enough the systemmustbe configuredwith the appropriateamountof resourceshatarein accordwith

thechosend; value. The CBS schemdinks the runtime buffer managemenwith the systemconfigurationn

orderto preventbottlenecks.

The amountof disk bandwidthrequiredto supportVCR functionalitiesis maginal. To illustrate, Fig-
ure17.bshawvsthecostof a systemconfiguredwith andwithout VCR functionality for differentarrival rates.
Thiswasdoneusingtheconfiguratiorplannerof CBS. Of coursetheseresultsarebasedn two assumptions.
First, the systemdesignercanspecifythe averagedurationof VCR functionalities. Second systemcostis

“In a Zipf distribution, if the videosare sortedaccordingto the accesdrequeng thenthe accesdrequeng for the it* videois
givenby f; = ﬁ wheref is the parametefor thedistribution andc is the normalizationconstant.
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Figure18: Systencost

basedon disk bandwidth;in particular we ignorethe extra costof disk spacerequiredto storeXPRSfiles.
Thisis reasonabl®ecausehe numberof simultaneouslisplayssupportedoy a disk s typically a fraction of
the numberof videoclips thatit canstore.

3.2 Characteristic of the optimal d;

TheCBSframevork hasahigherpayof with larger I and M ratios. To illustrate,in Figure18.a,welooked

at different Iy and Mg ratios. For eachratio, we configuredBMDT with d; valuesrangingfrom O to 50.

One of the chosenvalueswasthe d; value that corresponddo the Iy and Mg ratio. Next, we measured
the systemcostper streamfor eachratio and normalizedit relative to the casewhered,; equalsto zero(no

sharing),marked as 1. This normalizationenablesusto measurehe percentageavings provided by CBS.

In Figure 18.a,the lowestsystemcostis achiered whend; is 21, 16, 13 and11. Moreover, the systemcost

decreaseby approximately30% whend,; equals21. With smallerd; values,thereductionin costattributed

to buffer sharingstartsto decrease.

Figure18.bshaws the systemcostunderdifferentarrival ratesanddlstancethresholdvalueswhen
16. Wetried four differentarrival rates(40,50,60and70). Theresultin Figure18. bshcwsthelowestsystem
costis achi&zedwhend; = 16 for every arrival rate,anddemonstratethattheoptimald; valueis independent
of thearrival rates.Onceagain theresultsarenormalizedrelative to the scenariovherebuffer sharingis not
allowed (d; equalszero). Note that a higher systemload resultsin a lower costper streambecauseuffer
sharingamortizescostsacrossa larger numberof concurrendisplays.

We also studythe relationshipbetweenthe optimal d; value andthe accessrequeny distribution (AZ—S;
equalsl6). We fixedthe arrival rateat 50 requestper minuteandanalyzedhreedifferentZipf distributions
with parameter9.271,0.135,and0.012. (Zipf with paramete0.271matcheswvell with the empiricaldata
onvideorental.) The optimald; is independenbf the accesdrequeny distribution, seeFigure19.a. With
amoreskewed distribution, the utilization of buffersincreasestesultingin a larger numberof simultaneous
displays.This amortizessystemcosts resultingin alower costperstream.

A misconceptioraboutdistancehresholds thatsettinga differentthresholdor the popularvideoswould
reducethe systemcost. In fact, usinga d; value eitherlarger or smallerthanthe optimal value on popular
videoswill increasesystemcost. To demonstratewe conductedhe following experiments.First, we iden-
tified the 10 mostpopularvideosin the system. For the remaining90 videos, we fixed d; at 16 which is
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Figure20: Meantime in bothdisplayandVCR modehasmaiginalimpacton systemcost

the optimalvalue. Thenfor eachnumberfrom 1 to 50, we configuredthe systemspeciallyby applyingthis
numberasthe distancethresholdon the 10 popularvideos. In all caseghe arrival rateis 50 andthe access
frequeny is Zipf with parametef.271. Figure 19.bshaws the systemcostvs. the thresholdappliedon the
popularvideos. Systemcostis normalizedrelative to the no sharingscenario.lt is clearthat systemcostis
minimizedwhend; equalsl6. Thisresultshawvs the optimald; valueis independentf the accesdrequenyg
of theindividual video.

3.3 Sensitvity to the frequencyof VCR operation

The following experimentsare conductedo evaluatethe CBS scheman interactve systemswith different
frequencie®f VCR operations First we fixedthe meantime in VCR modeat 20 secondswhile varyingthe
mearntimein normalmodefrom 5 minutesto 20 minutes.For eachexperimentwefirst configuredhesystem
accordingto the configurationplanney andthenrun the simulationfor 100 hours. We measuredhe actual
numberof disk streamsandbuffer blocksin eachexperimentandthencomputedhe systemcost(shavn in

Figure20.a).Similar experimentsvereconductedvith fixedtime durationin normalmode(10 minutes)and
differenttime durationsn VCR mode(from 10 secondso 40 seconds)Theresultsareshavn in Figure20.h

In both Figures,the systemcostis insensitve to the changan VCR operationfrequeng. Thisis becaus¢he
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CBS schemeabsorbghe variationin VCR behaior by applyingbuffer sharingdynamicallywhena mode
transmissioroccurs.Thereforethe systenmwill notbe degradedio a non-sharingsystemwhich costsmore.

4 RelatedWork

Therearethreemainapproacheto reducedisk bandwidthrequirementn a continuousmediasener:

¢ buffer sharingl]DDM +95, KRT94, KRT95H: theideahereis thatif onestreamfor a clip lagsanother
streamfor the sameclip by only a shorttime intenal, thenthe systemcould retainthe portion of the
clip betweerthetwo in buffers. Thelaggingstreamwould readfrom the buffers andnot have to read
from disk.

¢ batchingof request§DSST94 DSS94b OBRS94 WSY95]: in this method requestaredelayeduntil
they canbe meigedwith otherrequestgor the sameclip. The melgedstreamgshenform onephysical
streamfrom the disk andconsumeonly onesetof buffers. Only onthenetwork will the streamsplit at
somepointfor delivery to theindividual displaystation.

e adaptve piggybacking[GLM95]: this approachadjuststhe streamsfor the samevideo to go either
slower or fasterby afew percentsuchthatit is imperceptibleo the viewer, andthe streamsventually
meige andform onephysicalstreamfrom the disks.

Thefocusof this studyis on buffering. It ignoresthe othertwo approachem orderto maintainbothits focus
andamanageabléength.

The previous studiesof buffer sharingcanbe classifiedbasedon how they managehe memoryframes.
Oneapproachmanagesnemoryat the granularityof blocks[KRT95a,0RS95,0RS9§ while the otheruses
bridging[DDM 195, DS96,RZ95]. The main contrikution of this paperis a novel frameavork thatsubsumes
bridgingasa componento minimize the costpersimultaneoustreamsupporteddy the system.This frame-
work is termedControlledBuffer Sharing,CBS. It providesananswerto threeresearchljuestionghatwere
notaddressebly previousstudies:a) How muchmemoryshouldbetradedfor disk bandwidthto realizea cost
effective systemconfiguration?b) Whatis the overheadof supportingVCR operationswith buffer sharing?
¢) whatsystemandapplicationparametergmpacta buffer sharingbasedn bridging.

A differencebetweerhow bridgingis emplogyedwith BMDT ascomparedo [RZ95, DS96]is theirsupport
of VCR functionality Onestudy[RZ95] suggestshat VCR operationscanbe supportechasedon the data
availablein memory While thisrequiresnoadditionalresourcest canonly provide limited VCR support.For
examplethetime durationof a VCR operationis restricted andthetype of VCR operationcouldbe limited.
Theotherstudy[DS96] focuseson pauseandresumeVCR operationsandsuggestshe following approach:
the systemshouldresene a smallamountof buffer spaceon behalfof pausedisplayto cover its distanceto
thesharingstream.This s differentthanour proposediesignthatconsidersall VCR functionalities.

5 Conclusionsand Futur e Reseach Dir ections

This studypresentCBS asa framavork thatmeetsthe performancebjectvesof anapplicationwhile mini-
mizing the costpersimultaneoustreamsupportedy a sener. Our configurationplannerassumes Poisson
distribution for requestarrivals. The designof this componenimustbe re-visitedwhenthis assumptions
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violated.Its runtime buffer poolmanagerBMDT, employs bridgingto memgetwo displaysthatreferencehe
sameclip andared; blocksapart. Oneinsight of this studyis thatthe value of d; is determinedoy market
forces(costof memoryanddisk bandwidth)andis independentf a clip’s accesdrequeng. Hence,this
framework is independentf the popularity characteristicof the clips that constitutethe repository Our
experimentalresultsvalidatethis claim. Moreover, they demonstrat¢hatthe framevork becomesnorecost
effective with largerd; values(increasingatio of disk bandwidthcostandmemorycost,i.e., I—$$).

In the future, we intendto extendthis framewnork to proxy cachesenersin supportof both datasharing
andsystemsizing. Thebasicideais asfollows. With Internet,proxy cachesenersaredeplog/edto minimize
boththelateng incurredby a client andthe bursty characteristicef the underlyingnetwork. Theseseners
may cachecontinuousmediaclips alongwith otherdatatypes,e.g.,imageswebpagesgtc. A proxy sener
may cacheeitherthe entireclip or a portion of it [GS94,SRT99, RHYE99]. Several clientsmay reference
the sameclip atthe sametime andthe proxy sener mustdecidewhatto cache.With partialcaching,it may
decideto maintaina window (using bridging) to enableseveral clientsto meige and sharea single stream
from the original sener. Moreover, a proxy cachesener candecideto make this window disk resident.In
essenceit cantradedisk bandwidthfor memoryinternally This minimizesthe bandwidthrequiredfrom
the underlyingnetwork andthe original sener. Thesetradeofs anddesignof techniqueto managesystem
resourcegonstituteour futureresearcldirections.
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