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Abstract

Continuousmediaserversmanagedelaysensitive datasuchasaudioandvideoclips. Oncea server
initiatesthe displayof a clip on behalfof a client, it mustdeliver the datato the client in a mannerthat
preventsdatastarvation.Otherwise,its displaymaysuffer from disruptionsanddelays,termedhiccups.A
hiccup-freedisplayis importantto a numberof applicationssuchasvideo-on-demandfor entertainment,
distancelearning,news dissemination,etc. Buffer sharingenablesa server to tradememoryfor disk
bandwidthto servicemultiple clientsby sharingdatain memory, usinga singledisk stream.However, an
uncontrolledbuffer sharingschememayreducesystemperformance.

ThispaperpresentsControlledBuffer Sharing(CBS)asanovel framework thatfacilitatessharingand
supportsbotha hiccup-freedisplayandVCR operations.It includesa configurationplanneranda buffer
poolmanagementtechnique(appliedatruntime). CBStradesmemoryfor diskbandwidthin orderto meet
the performanceobjectivesof anapplicationandminimizecostperstream.It usesbridging andmerges
two displaysreferencingthe sameclip whenthey are ��� blocksapart. Oneinsight of this framework is
that ��� is determinedby market forces(costof memoryanddiskbandwidth)andis independentof aclip’s
frequency of access.We usebothanalyticalandsimulationmodelsto quantifythecharacteristicsof CBS.

1 Intr oduction

Sharingof datain memoryreducesthenumberof disk accesses.This enhancessystemperformancebecause
memoryis significantly fasterthandisk; 1 million times fasterassuminga latency of 60 nanosecondsfor
memoryand 6 millisecondsfor disk1. When many simultaneousclients referencethe samedataitem in
memory, memory’s low latency enablesthesystemto satisfyall requestsin a shortperiodof time. This also
provides for network delivery optimization[ZT99, RHYE99, SRT99]. With continuousmedia,e.g.,audio
andvideoclips,many clientsmayreferencethesamevideoclip simultaneously. This videoclip mayhave a
displaytime of 90 minutesandconsistof thousandsof blocks.Moreover, requestsmight arrive staggeredin
timesuchthatthey referencedifferentmemorylocationsatany giveninstancein time. A simple“Use& Toss”
strategy preventstheserequestsfrom sharingmemorybuffers [CAF � 91]. A straightforward useof LRU or
LRU-K [OOW93,LCK � 99] mayalsoprove inadequate[ORS95].To illustrate,Figure1 shows two displays,�

This researchwassupportedin partby theNationalScienceFoundationundergrantsIRI-9258362(NYI award)andERCgrant
EEC-9529152,anda Hewlett-Packardunrestrictedcash/equipmentgift.

1This alsoexplainswhy thecostpermegabyteof memoryis higherthandisk.
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Figure2: An exampleof bridging	�

and

	�
, referencingdifferentblocksof thesameclip. If thesystemappliesLRU to

	�

and“Use& Toss”

to
	 �

thenthesetwo displaysmergesothata singledisk streamwould serve bothdisplays[MKK95]. With
LRU asaglobalbuffer pool replacementpolicy, thesetwo displaysmaynotmergebecausethetrailing blocks
of
	�


arediscardedin favor of trailing blocksof
	�

.

Bridging [DDM � 95, DS96,RZ95,SG97,SG98] is a moreintelligent techniqueto facilitatesharingof
data in memory. This techniqueforms a bridge betweenthe datablocks stagedby two different clients
referencingthe sameclip, enablingthemto sharememoryanduseonedisk stream.An exampleis shown
in Figure2 wheretwo displays(

	�

and

	�
) of video � aresupportedusinga singledisk stream. If two

displaysreferencethesameclip, oneconsumingblock ��� andtheotherblock ��� (��������� ) thentheirdistance
is ��������� . In Figure2, thedistancebetween

	�
and

	�

is 5. A bridgingtechniquepinstheintermediatedata

pagesbetweentwo displaysin thebuffer pool,preventingthebuffer poolmanagerfrom swappingthesepages
out. In Figure2,

	�

pinsdatapagesfor consumptionby

	�
while

	�
consumesandunpinsthesepagesto

freebuffer frames.

A naive applicationof this approachmay exhaustthe availablebuffer space,degradingsystemperfor-
mance[SG97, SG98]. To illustrate,assumeaserver thatconsistsof: a)adiskdrivewith sufficientbandwidth
to support5 simultaneousclients,andb) enoughbuffer spaceto stagefive datablocksin memory. Without
bridging,seeFigure3.a,theserver cansupportfive simultaneousdisplayssinceeachdisplayconsumesone
memoryframeandonedisk stream2. Bridging might causethe buffer pool to becomea bottleneck.In the

2Without lossof generality, we assumethata displayrequiresat mostonebuffer framefor its continuousdisplay. This assump-
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Figure3: Bridgingcoulddegradethesystemperformance

worstcasescenario,seeFigure3.b,it maypin datapagesin all fivebuffer framesto enablebridgingbetween
two displaysof a clip � . With all buffer framesallocated,thesystemis forcedto queueotherrequeststhat
referenceadifferentclip while 80%of thediskbandwidthsitsidle.

This paperdescribesa framework for ControlledBuffer Sharing(CBS).It tradesmemoryfor disk band-
width in order to accomplishtwo objectives: a) minimize cost per simultaneousstreamsupportedby the
system,andb) at run time,balancethememoryanddiskutilization in amannerthatpreventsmemoryframes
from becomingsystembottleneck(suchasthatdepictedin Figure3.b). This framework consistsof aconfig-
urationplanneranda buffer pool managementtechnique.Thefirst consumestheperformanceobjectivesof
a target applicationandconfiguresthesystemaccordinglyto meetthis objective (with a minimumcostper
stream).Next, thebuffer managementtechnique,termedBMDT, is usedat run time to preventmemoryfrom
becomingsystembottleneck.Thedistancethreshold, ��� , is an importantsystemparameterandcapturesthe
priceof memoryanddiskbandwidth.Thisparameteris aninput to boththeconfigurationplannerandBMDT.

Thecontributionsof thisstudyis CBSasa framework thatcantradememoryfor diskbandwidthin order
to minimizecostperstream.As detailedin Section4, while BMDT sharessimilaritieswith otherprevious
buffer sharingtechniques,the framework that subsumesthis strategy is novel. Our framework is validated
usingsimulationstudies.Theresultsdemonstrate:a)CBSminimizescostperstream,b) VCR operationscan
besupportedwith negligible extra cost,c) theimpactof CBSframework is moreprofoundwith larger ratios
between�! and "# , costperdiskbandwidthandmegabyteof memory, respectively.

Therestof thispaperis organizedasfollows. Section2 describestheCBSframework. Section3 presents
a performanceanalysisof this framework. We survey therelatedstudiesin Section4. Brief conclusionsand
futureresearchdirectionsareofferedin Section5.

2 Controlled Buffer Sharing Scheme

This sectionstartwith an overview of CBS, followed by its detaileddescription.The overview establishes
distancethreshold,�$� , asa parameterimportantto the overall framework. Section2.2 derives the optimal
valueof �$� thatminimizessystemcost.Weusethis to detailCBSconcisely.

tion simplifies the discussionaboutthe CBS framework. Extensionsof CBS to schedulingtechniquessuchas GroupSweeping
Scheme[YCK93] thatrequire2 bufferson behalfof eachdisplayis a straightforwardextensionof thiswork.
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2.1 Overview of the CBS scheme

Figure4 shows thethreecomponentsof CBS:a configurationplanner, a systemgenerator, anda buffer pool
managementtechnique.Thefirst two areappliedoff-line to determinesystemsize.Thethird, termedBMDT,
is utilized atsystemrun time. Thesystemgeneratoris thesimplestoneandactsasamultiplier. For example,
if the expectedbuffer requirementis 4000 blocks (input) and the systemis to operateat 80% utilization
(input), thenthebuffer pool shouldconsistof 5000blocks(output).Thepurposeof theconfigurationplanner
is to determinetheamountof requiredbuffer anddisk bandwidthin supportof a pre-specifiedperformance
objective. Both the configurationplannerandBMDT consumethe distancethreshold(denoted�$� ) astheir
input. Distancethresholdis a majorconceptwith CBS.It limits thenumberof pinnedbuffer blocksbetween
two adjacentdisplaysreferencingthesamevideo. If thedistancebetweentwo adjacentdisplaysexceeds��� ,
thenthey areallowed to neitherpin their intermediatedatapagesnor shareonedisk streamusingmemory.
Figure 5 shows two different scenarioswith distancethresholdequal to five. In this figure,

	&
and

	�'
cannotshareonediskstreambecausetheirdistanceexceedsthespecifiedthreshold.However,

	�

and

	�
are

allowed to shareonedisk streambecausetheir distanceis below thethreshold.In essence,� � specifieshow
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muchmemorycanbetradedfor disk bandwidth.It alsopreventsmemoryfrom becomingsystembottleneck
in order to avoid the undesirablescenarioof Figure3.b. This framework assumesan “admissioncontrol”
componentthatmonitorsandcontrolsavailableresources.Whenresources(memoryanddiskbandwidth)are
exhausted,it queuesnewly arrivedrequestsin orderto preventhiccups.A numberof studieshaveoutlinedthe
designandimplementationof suchacomponent[GM98, GZS� 97, YCK93, OBRS94, WSY95,TPBG93].

Thissectionbeginswith �$� andhow to derive its optimalvaluein orderto minimizesystemcost.Next, we
presentBMDT, followedby adiscussionof theconfigurationplanner. For each,wedescribetheimpactof the
VCR operations.TheconfigurationplannerandBMDT aredesignedto complementoneanotherto prevent
eithertheavailablememoryor disk bandwidthfrom resultingin datastarvation. Moreover, we demonstrate
thatourapproachprovidesfull VCR functionalitywith marginal extracosts.

2.2 Optimal distancethreshold

Thebuffer anddisk bandwidthrequirementsof a systemareimpactedby thevalueof ��� . If �$� is too large,
additionalbuffer spacemight berequiredto facilitatesharing,increasingcostperstream.On theotherhand,
a smallvalueof �$� maydiscouragesharingall together, causingthedisk costto becomesignificant.In a real
systemit is importantto choosetheoptimal �$� valuethatminimizessystemcostbasedon priceof memory
anddisk resources.

Let "# denotethe costof memoryfor eachdatablock, and �! denotethe costof a disk stream.Note
thata larger block sizeincreasesboth "  and �  [GM98]. �  canbe obtainedthroughthecostof onedisk
drive andthenumberof disk streamsit supports.For example,if a disk drive costs ()�+*,*,* andsupports�+*
simultaneousdiskstreams,then �  is ()�+*,* . If thecostpermegabyteof memoryis onedollarandablocksize
is onemegabytein sizethen "- is ()� . Theoptimal � � valueis .0/1 / whenit is anintegervalue.(Thediscussion

for . /1 / asarealnumberis at theendof thissection.)Theintuition behindthisclaimis asfollows. With buffer

sharing,we mayuse ��� memoryframesto freeup a disk stream.Eachhasa costand .0/1 / is thebreakeven
point to tradeadiskstreamfor ��� memoryframes.A larger ��� value( �! and "- ratio)complementstheCBS
framework andmakesit morecosteffective asdemonstratedin Section3.

Theformal proof of �$�32 . /1 / is asfollows. Let 4$5 denotethenumberof displaysthatare 6 blocksapart
from theimmediateprior displaysof thesamevideo.When 6 doesnotexceed�$� , thecostof these4$5 displays
is 47598�6:8;"# becausethey areall servedfrom buffer pool with no disk access.When 6 is greaterthan ��� , the
displaysmustbeservedfrom diskandthey eachcost �! 9<="# dueto therequirementsof onediskstreamand
onebuffer. Thenthecostof thewholesystem> canbeexpressedas

>?2 @BAC 5ED�F 475�8+6G8�"  <IHKJL� @BAC 5MD�F 475ON�87HP�  <Q"  N (1)

Let �$RPS+� be . /1 / (assumingit is aninteger),then:

> RPS+� 2 @UTPV AC 5MD�F 4 5 8!6W8�"  <IHKJX� @UTPV AC 5MD�F 4 5 N:8$HP�  <Q"  N (2)

For those�$� valuesgreaterthan �$RPS+� , thedifferencebetween> and >YRKS!� is

>Z�[>YRKS!��2 @BAC5MD @ TPV A � 
 475\8!6G8�"  �
@BAC5MD @ T]V A � 
 4$5�8$HP�  <Q"  N (3)
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whichcanberewritten as

>I�-> RPS+� 2 @ AC5MD @UTPV A � 
 4 5 8)HK6W8�"  �^HP� RPS+� 8�"  <Q"  NUN (4)

Thevalueis no lessthanzeroanddemonstratesthat thesystemcostdoesnot decreasewith those�$� values
greaterthan �$RPS+� . In reality >_�`>YRPS+�a2b* only when ��� is equalto �$RPS+�W<c� . This is becauseeachdisplay
needs1 buffer block without sharing.Take a simpleexamplewhere �7RPS+�d2e�+* andtwo displaysof � have a
distanceof �,� blocks. If �$� is setto �$RPS+� , thenthecostfor thesetwo displaysis fg2_�h8��  <i��8,"  because
eachneedsonediskstreamandonebuffer block. If �$� is setto �7RPS+�\<j� , thenthey canshareonediskstream.
Thecostof theprecedingdisplayis �! �<k"- , andthecostof thesucceedingoneis �,�l8,"# . Thereforethe
total costof thetwo displaysis fnmo2j�  <k�!�g8�"  . Obviously fp2Ifnm since . /1 / 2_�+* .

Now considerthose��� valueslessthan �$RPS+� . For thesevalues,thedifferencebetween> and >YRPS+� is

>I�->YRPS+�G2 @ TPV AC5MD @BA � 
 475\87HP�  <`"  Nd�
@ TPV AC5MD @BA � 
 475�8+6�8�"  (5)

whichcanberewritten as

>I�->YRPS+�G2 @ TPV AC5MD @BA � 
 475\87HP�7RPS+�98�"  <`"  ��6G8�"  N (6)

Thisvalueis greaterthan* because6Y�`�$RPS+� . It completestheproofthatthesystemwith thedistancethreshold
of � RPS+� achievesthelowestsystemcost.

In this proof,we appliedthesame�$� valueon eachvideo. Similarly, we canalsoshow thatapplyingany��� valueotherthan �7RKS!� or �$RPS+�o<j� on any videoin thesystemwill leadto asystemcosthigherthan >YRPS+� .
The above proof shows only two factorsimpact the optimal � � value,namely, the costassociatedwith

memoryanda disk stream. The optimal �$� value is independentof the arrival rateof requests,the access
frequency distribution, andthe accessfrequency of eachindividual video (the experimentalresultsin Sec-
tion 3.2alsodemonstratethis). This observation is consistentwith thosefor relationaldatabasemanagement
systems[GG97,GS00].

When . /1 / is not an integer, we invoke the plannerwith two possible��� values: qG. /1 /�r and s�. /1 /�t . We
choosetheonethatminimizessystemcost.

2.3 Sharing pair and merging pair

We startby introducingtheconceptof sharingandmerging pair in orderto describeBMDT. For any video
object� , multiplesimultaneousdisplaysof � mightconsumedifferentblocksof � concurrently. For agiven
requestreferencingblock �hu , its positionis definedto be v (theblock id thatit is currentlydisplaying).Given
the distancethreshold� � , we definea w$x,y�z$� of video � asa sequenceof displays

	 

,
	 �

, ...,
	�{

, where
(1)
	 5 ( *}|Z6~��� ) is displayingthesamevideoclip � , (2) this sequenceis orderedin termsof decreasing

positionof eachdisplay, (3) the distancebetween
	 5 and

	 5 � 
 ( *^|�6�|��[�?� ) doesnot exceed � � , (4)
thereis no displayof � that is aheadof

	�

within thedistanceof �$� , and(5) thereis no displayof � that is

fewer than ��� blocksbehind
	 {

. For eachpair of (
	 5 , 	 5 � 
 ) ( *�|k6p|i���i� ) in thesequence,

	 5 is termed
producingdisplayof

	 5 � 
 . 	 5 � 
 is termedtheconsumingdisplayof
	 5 .
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Consideraproducingandconsumingdisplayin agroup.Thedistancebetweenthesetwodisplaysdoesnot

exceed� � (otherwise,they would not bein thesamegroupbasedon theabove definition). If theconsuming
displayof thisgroupis servedfrom thebuffer pool with no disk access,we termthesetwo a sharingpair. In
this case,thedatablocksbetweenthis pair mustbepinnedin thebuffer pool to supportthecontinuousdata
delivery to theconsumingdisplayandcannotbediscardedwhenbuffer replacementis necessary. Thebuffer
requirementof a sharingpair is determinedby the distancebetweenthem. On theotherhand,if thesetwo
displaysarebeingservedby two differentdisk streams,thenthey aretermedamerging pair. Figure6 shows
a sharingpair anda merging pair when ��� equalsfive. Note that the disk streamin supportof

	�
services

threesimultaneousdisplays(
	 �

,
	 &

and
	 '

) becausethe two adjacentsharingpairshave mergedinto one.
In thisfigure,

	�
is a producingdisplaywhile

	&
and

	�'
areconsumingdisplays.Assumingthatthereis no

otherrequestafter
	�'

that is �$� blocksbehind,
	�'

unpinstheblocksthatarepinnedby
	�

. If �$� is setto 2
then

	&
is bothaconsumingandanimplicit producingdisplay. It is consumingbecauseit formsagroupwith	�

. It is animplicit producingbecauseits presenceis anabsolutemustto enable
	�'

to shareasinglestream
with

	 �
.

In Figure6,
	�


and
	�

areamergingpair. They satisfytheconceptof agroupbecausethey arelessthan
5 blocksapart(thepre-specified�$� value).This hint enablestheBMDT replacementpolicy, seeSection2.4,
to pin theblocksproducedby

	�

. After 4 time cycles,

	�

and

	�
becomesharingpairsbecausethey will

startto sharea disk stream(assumingbothdisplayscontinuenormalviewing). In fact, if a video is popular
enough,BMDT mayretaina largenumberof its consecutive blocksin thebuffer pool becausethealgorithm
constructsmany sharingpairsof this video. Whenthis happens,onesingledisk streamwill supportmany
displaysof thesamevideo. In sum,a merging pair becomesa sharingpair whenall theblocksbetweenthis
pair is 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 � be
thesizeof buffer pool in termsof thenumberof blocks,�)� bethesumof thedistancesbetweenall sharingpair
(i.e., the total numberof buffer blocksrequiredby all sharingpairs), ��� bethenumberof buffersoccupied
by merging pairs,and � bethenumberof active diskstreams.Thenthebuffer constraint�7�:<`���`� (7)
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mustbe satisfiedto guaranteethe continuousdisplay for eachclient. The variable � � doesnot appearin
Equation7 becausethosebuffersoccupiedby mergingpairsarenotpinned(andnot requiredfor acontinuous
display).Theupperboundof � � is �L���7���=� . Whenever � � approachesthisbound(saywithin 2%of this
limit), somebuffers occupiedby merging pairswill be unpinnedto reducethe valueof � � to be within its
upperbound.In addition,therealsoexistsdiskbandwidthconstraint,whichcanbeexpressedas�Q�^� (8)

where � is themaximumnumberof disk streamssupportedby theavailabledisk bandwidthwith no sharing.
Equation8 limits thenumberof active disk streamsbasedon thediskbandwidthresourcein thesystem.The
systemshouldmanagethe buffer anddisk bandwidthresourcesin the presenceof new requests(including
thearrival of new clientsandtheVCR requestsfrom existing clients),active displaysendingandexiting the
system,or merging pairsevolving to becomesharingpairs.

Whenappliedin a systemconfiguredaccordingto theplanner(seeSection2.7),BMDT guaranteesthat
therewill be no queuedrequests,i.e., eachrequestis served immediatelyuponits arrival in the server (see
theresultin Section3.1). TheBMDT algorithmis appliedat theendof eachcycle. Theadmissioncontrolis
assumedimplicitly in thisalgorithmsothatthecontinuousdisplayfor eachclient is guaranteed.

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

2. Evolveasmany of themergingpairsto sharingpairsandfreethediskstreamassignedto theconsuming
displaywhile: a. all blocksbetweena merging pair arebuffer resident;andb. Equation7 is satisfied.
Equation7 is aconditionof thisstepbecauseevolving mergingpairsto sharingonesincreasesthevalue
of �)� andimpactsthis inequality.

3. Admit as many of the new clients by assigninga new disk streamto thosedisplaysthat reference
differentclips while both Equations7 and8 aresatisfied.Thesetwo equationsensureavailability of
sufficient resourcesto accommodateanew display.

4. Performbuffer replacementandallocationalgorithm.

The processingof VCR operationsand its impact on buffer managementis further explainedin Sec-
tion 2.6. Thebuffer replacementandallocationalgorithmin Step4 is furtherdetailedasfollows. It decides
victim pagesthatshouldbediscardedwhenbuffer replacementis necessary.

4.1. Unpin thebuffersthathave no potentialfor sharing.

Thisstepunpinsall thebuffersthatdo not fall in betweenamerging/sharingpair, i.e., thelikelihoodof
anactive displayobtainingdatafrom thesebufferssometimesin thefutureis slim.

4.2. While memoryis over allocated,i.e., HP�7�d<�� � <`���`��N , Do6 . choosethemerging pairwith thelongestdistanceasthevictim.6O6 . unpinall thosebuffersthatfall in betweenthismerging pair.6O6O6 . decrement� � by thenumberof buffersunpinnedin 606 .
Thisstepunpinsthebuffersthatfall in betweenthevictim mergingpair to createbuffer spacefor either
sharingpairsor new displays.

4.3. Assignonefreebuffer to eachactive diskstream.

This stepspecifiesthememoryframeusedby astreamto stageblocksfrom disk to memory.
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2.5 Useractivity with VCR operations

Beforedescribinghow VCR operationsaresupportedwith buffer sharing,we analyzetheuseractivity. Once
a displayis initiated,a client maychangefrom normalmodeto VCR mode,andvice versa.In normalmode,
thevideois retrievedandconsumedat a prespecifiedrate.Theclient mayswitchto VCR modeusingeither
pause,FF, or FR functionality. Oncein VCR mode,the displaymay switch backto normaldisplaymode.
This modetransitionmayberepeatedmany timesuntil thedisplayends.Figure7 shows thepossiblemodes
of operation.

With the pauseVCR functionality, the systemis not requiredto displaydata. However, with both FF
andFR, thebrowsingwith FF/FReffect mustbesupported.Therearetwo generalparadigmsto implement
VCR functionalities: either (1) a single,normal-speedmovie is processedaccordinglyin real-timeduring
playbacktime, termedonline processing[CKY94, DSSJT94, SV95], or (2) a clip is pre-processedby the
contentprovider with separatefiles for FFandFR viewing, termedoffline processing[And96, GZK � 97].

With the online approach,the systemmight either skip segmentsor subtractframes. Segmentskip-
ping [CKY94] skipsa fixednumberof blocksto achieve thedesiredplaybackrate. For example,to provide
five timesfast-forward, this methoddisplaysoneblock out of five consecutive blocks.Theadvantageof this
approachis that it doesnot needextra disk bandwidthto supportvariousfast rates. However, it resultsin
unusualviewing effect becauseit skipsblocks,not frames. Framesubtracting[DSSJT94,SV95] requires
extra disk bandwidthto do framereduction.In orderto provide five timesfast-forward, theserver retrieves
five datablocksduring onecycle, andwithin eachblock, it transmitsevery fifth frameanddropsthe other
four frames.

Wechoosetheoffline processingapproachproposedin [And96, GZK � 97]. Thebasicideais to implement
separatefast-forwardandfast-rewind videosby selectingandpre-processingframes.Theseclips aretermed
eithertrick or express(XPRS)files. For example,to createa five timesfast-forwardvideo,every fifth frame
is selectedfrom theoriginal movie beforecompression.This collectionof framesis encodedin the regular
manner(e.g., using MPEG) and storedin a separatevideo file. In order to switch betweenthe different
versions,a methodof jumpingto theappropriatelocationin eachclip mustbeprovided. Theselocationsare
referredto asRandomAccessPoints(RAPs)[And96]. Theircross-references,whichmapbetweentheframes
of differentversions,mustbemaintained(see[GZK � 97] for details).Whenaclientswitchesbetweennormal
modeandVCR mode,thecross-referenceis usedto determinethenew displaypoint. For example,if FF is
invokedduringa normaldisplay, thenthesystemfollows thecross-referenceto find theappropriatelocation
in theFFversion,andstartto retrievedatafrom thatlocationof theFFfile. Theclientwill receivedatablocks
of theFFfile in supportof theFFviewing. Whentheclient transitionsbackto thenormalplayback,againthe
systemwill follow thecross-referenceto find theappropriatelocationin thenormalversion,andstreamthe
normaldatablocksto theclient from thatpoint. In this study, we assumethat theFF (or FR) videohasthe
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samediskbandwidthrequirementastheoriginal video.

The main challengeposedby the off-line processingapproachis asfollows. A displaythat transitions
from normaldisplaymight beamemberof eitherasharingor amerging pair. As amemberof asharingpair,
it mightbetheproducingdisplay. In thesecases,thebuffersanddiskstreamsmustbemanagedintelligentlyin
orderto: a) preventhiccups,b) minimizethedelayobservedby theclient transitioningfrom normaldisplay
to a VCR operation,andc) maintaina balancebetweenavailablememoryanddisk bandwidthin order to
preventeitherfrom becomingsystembottleneck.In thefollowing, we addressitems(a) and(c). Item (b) is
investigatedexperimentallyin Section3.1. Theobtainedresultsshow thatusingoptimal ��� valueminimizes
observeddelays.

2.6 ProcessingVCR requests

In this section,we describetheextensionsto theBMDT algorithm(step3) in supportof a VCR request.Our
proposedalgorithmutilizesthedatablocksavailablein thebuffer pool to facilitatetheVCR operations.The
basicidea is that whena display invokes a VCR function, onedisk streammay be assignedsolely to this
displayto provide VCR browsing. Whenthis displaytransitionsbackto normalmode,if thereturningpoint
fallson thedatablockavailablein buffer pool, thenthediskstreamusedfor VCR browsingwill befreedand
thedisplaywill beservedfrom buffers.Evenif thereturningpointcannotbefoundin buffer, it is still possible
for this displayto sharea disk streamwith otherdisplaysin thefutureusingbuffer sharing.Assumingthata
clientspendsmostof its timein normalplaybackwith shortinvocationsof VCR operations,atany givenpoint
in time, theaveragenumberof clientsinvoking VCR operationsis only a small fractionof thetotal number
of clients.Thereforeapplyingbuffer sharingonVCR streamsis notexpectedto providesignificantgainsand
is eliminatedfrom furtherconsideration.

In order to describethe detailsof how the systemmanagesits buffer spacewith VCR operations,we
introducetheconceptsof isolatedandassociateddisplays.Theformerrefersto a displaythatdoesnot share
its disk streamwith others. The later refersto many displaysthat sharea singledisk stream.Note that an
associateddisplaymight retrieve its datafrom eitheradisk streamor thebuffer pool, i.e., it might beeithera
producing,aconsuming,or dualroledisplay. Considertheexamplein Figure6 where

	�
,
	&

and
	�'

areall
associateddisplays:

	�
is servedusinga disk stream(producingdisplay)while

	&
and

	�'
areservedusing

thebuffer pool (consumingdisplays).

2.6.1 From normal to VCR mode

Foranisolateddisplay, say
	 5 , if it switchesfrom normalplaybackto pause,thesystemfreesits diskstreamin

orderto terminateproductionof dataonbehalfof
	 5 . With eitherFFor FR,since

	 5 is assignedadiskstream,
this disk streamwill beusedto retrieve datafrom theXPRSfile in supportof eitherFF or FR browsing. For
buffer management,if

	 5 is not partof a merging pair, thenthesystemcanfreeits buffer space(oneblock).
Otherwise(

	 5 is a memberof a merging pair), therearethreecases:(1)
	 5 is a producingdisplay, (2)

	 5 is
aconsumingdisplay, and(3)

	 5 playsadualroleandis bothaconsumingandanimplicit producingdisplay.
In case(1), thesystemunpinsthedatablocksbetween

	 5 andits succeedingdisplay
	 5 � 
 . In case(2), the

systemunpinsthe datablocksbetween
	 5 and its precedingdisplay

	 5�� 
 if andonly if thereis no other
request

	 5 � 
 that forms a sharingpair with
	 5�� 
 . In case(3), thereare two conditionsdependingon the

distancebetween
	 5 ’s precedingdisplay

	 5�� 
 and
	 5 ’s succeedingdisplay

	 5 � 
 . If the distanceexceeds
the threshold�$� , thenall thedatablocksbetween

	 5K� 
 and
	 5 � 
 areunpinned,disallowing bridging. The

resultis shown in Figure8.b. Ontheotherhand,if thedistanceis within thethreshold��� , thenthedatablocks
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Figure8: Isolateddisplay:from normalto VCR (case3)

between
	 5 and

	 5 � 
 remainpinned,because
	 5K� 
 and

	 5 � 
 canform a new merging pair. The result is
shown is Figure8.c,where��� and ��� remainpinned.

For anassociateddisplay
	 u , thetransitionof

	 u from normalto VCR modemayaffect theassignmentof
disk streamsto otherdisplayssince

	 u sharesonedisk streamwith otherdisplaysby definition. Onceagain,
threepossiblecasesarise:(1)

	 u is aproducingdisplayonly, (2)
	 u is aconsumingdisplayonly, and(3)

	 u
playsa dualrole andis bothanimplicit producingdisplayanda consumingdisplay. In all threecases,if

	 u
switchesto FF/FR,an individual disk streamis assignedto

	 u to provide FF/FRbrowsing. Otherdisplays
areimpactedin a differentmannerdependingon which caseis encountered.In case(1), thebuffersbetween	 u andits succeedingdisplay

	 u � 
 areunpinned,andthediskstreamserving
	 u previously is usedto serve	 u � 
 . In case(2), thebuffersbetween

	 u andits precedingdisplay
	 u!� 
 areunpinnedwith nomodification

to thediskstreamassignment.Case(3) is morecomplicated.Therecouldbethreeconditions:(3a)
	 u is the

consumingdisplayof a merging pair andtheproducingdisplayof a sharingpair, seeFigure9.a,(3b)
	 u is

theconsumingdisplayof asharingpairandtheproducingdisplayof amergingpair, seeFigure10.a,and(3c)	 u is theconsumingandanimplicit producingdisplayof sharingpairs,seeFigure11.a.Case(3a) is shown
in Figure9 wherethedisk streamserving

	 u is usedto serve
	 u � 
 . If thedistancebetweenits succeeding

display
	 u � 
 andprecedingdisplay

	 u+� 
 is within ��� , thenthebuffersbetween
	 u and

	 u � 
 remainpinned
because

	 u+� 
 and
	 u � 
 canform anew mergingpair. Otherwiseall thedatablocksbetween

	 u+� 
 and
	 u � 


areunpinnedbecausebridging between
	 u+� 
 and

	 u � 
 is not allowed. In case(3b), thereis no changein
disk streamassignment.If the distancebetween

	 u!� 
 and
	 u � 
 is within ��� , thenno buffer is unpinned

since
	 u!� 
 and

	 u � 
 canform a new merging pair; Otherwiseall theblocksbetween
	 u+� 
 and

	 u � 
 are
unpinned.This is shown in Figure10.

In case(3c), if thedistancebetween
	 u!� 
 and

	 u � 
 is within � � , thenno changeis madeto thecurrent
buffer assignment,seeFigure11. Otherwisea new disk streammustbeassignedto serve

	 u � 
 , andall the
buffersbetween

	 u!� 
 and
	 u � 
 areunpinned,seeFigure11.

2.6.2 From VCR to normal mode

Once
	�

switchesfrom FF/FRto normalmode,thesystem:a)computes
	�

’s referenceframefor thenormal
displaywhich mapsto a block, termed

	�
’s referenceblock, andb) freesthe disk streamin supportof its

FF/FRbrowsing. If
	�

’s referenceframefor normaldisplayfalls on thedatablock availablein buffer pool,
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Figure9: Associateddisplay:from normalto VCR (case3a)
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Figure10: Associateddisplay:from normalto VCR (case3b)
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Figure11: Associateddisplay:from normalto VCR (case3c)
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Figure12: Backto normalmode:on sharingpair
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Figure13: Backto normalmode:on merging pair

then its normal display begins immediatelyby accessingdatafrom memory, and no extra disk streamis
required. This is shown in Figures12 and13. In Figure12 wherethe referenceblock falls in betweena
sharingpair,

	�
formsonesharingpairwith

	� � 
 andonesharingpairwith
	� � 
 , andnoextradisk stream

andbuffer spaceis required.In Figure13,thereferenceblock fallsonablockbetweenamerging pair, andas
a result,

	�
form onesharingpairwith

	� � 
 andonemerging pairwith
	� � 
 .

If
	�

’s referenceblock is not buffer pool resident,thena new disk streamis assignedto
	�

to facilitate
its normaldisplay. Therecould be threecases:(1)

	�
is not part of a merging pair, (2)

	�
becomespart

of onemerging pair and(3)
	�

becomesa partof two merging pairs. Case(1) occurswhen
	�

’s reference
block is not ��� blocksapartrelative to otherdisplaysreferencingthesamevideo. Case(2) impliesthat

	�
’s

referenceblock is �$� blocksapartfrom oneof the adjacentdisplays(either
	� � 
 or

	� � 
 ), while case(3)
means

	�
’s referenceframeis � � blocksapartfrom both

	� � 
 and
	� � 
 . In case(3), if

	� � 
 and
	� � 


areoriginally amergingpair, thereturnof
	�

will not impactbuffer blocksin-betweenthem,asillustratedin
Figure14. Notethatalthougha new disk streammaybeneededto supportthenormaldisplayof

	�
whenit

returnsfrom VCR mode,thedisk streammaybefreedlaterwhenthemerging pairsinvolving
	�

evolve to
becomea sharingpair.

This discussioncompletesthe BMDT algorithm. However, on its own, BMDT doesnot prevent the
undesirableconditionshown in Figure3.b. If thebuffer pool is too small, it couldstill form a bottleneck;if

a. Before D   returns to normalk b. After D   returns to normalk
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Figure14:
	�

switchesto normaldisplayandformsnew merging pairs
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thebuffer pool is too large,it might wastesomebuffer space.We needto quantifyhow muchbuffer spaceis
required.Moreover, in thepresenceof VCR operations,if therequireddisk bandwidthis not availablewhen
aVCR modetransitionis invoked,theclient mayexperiencesomewait time. Thus,we alsoneedto quantify
how muchdiskbandwidthis requiredto preventthesedelays.

2.7 Configuration planner

Theconfigurationplannercomputesthebuffer anddisk bandwidthrequirementbasedon a numberof input
parameters.Thesystemconfigurationis determinedwith theobjective to minimizesystemcost.Theplanner
is appliedatsystemgenerationtime. Onceconfigured,theBMDT algorithmis employedat run-time.

Theinput to theplannerincludesthearrival rateof requests,theaccessfrequency distribution, thenumber
of videosavailable, the systemutilization factor, the VCR model,andthe distancethreshold( �$� ). Among
them, the accessfrequency distribution specifiesthe popularityof eachvideo in the system,and the VCR
modeldescribeshow frequentlytheVCR operationsareperformed.However, except � � , all inputparameters
reflectthephysicalcharacteristicsof thesystem.Theoreticallytheplannercould take any valueof �$� asits
input. Section2.2 derived theoptimal � � value. Theoutputof theplanneris theexpectednumberof buffer
blocksandtheexpectednumberof disk streams.

Wefirst analyzethememoryanddiskconfigurationin asystemwithoutVCR operations,thenwecompute
theimpactof VCR operationson thesystemconfigurationandobtaintheanalyticalmodelfor aninteractive
system.

Assumetherequestarrival processfollows Poissondistribution with rate3 � . Let � denotethenumberof
differentvideosin thesystem.Assumethelengthof eachvideois � time units,andlet � be


 �
. Uponarrival

of a new client to thesystem,shechoosesto watchvideo v ( ��`v���� ) with probability ��u . Therefore,for
eachvideo v ( ���Iv[��� ), the requestarrival follows a Poissonprocesswith rate � u where � u 2�� u � and�I�u�D 
 � ul2 � . Thentheexpectednumberof displaysthatthesystemmustsupportis"�2 �� (9)

andtheexpectednumberof displaysthatreferencevideo v isJ�u~2 � u� (10)

Considerthedisk bandwidthrequirementfirst. With no buffer sharing,J is alsotheexpectednumberof
disk streamsin thesystem.Now considerJ m , theexpectednumberof disk streamsin a systememploying
BMDT algorithm.Let �KS denotethelengthof acycle,thenthetimeinterval betweenasharingpairshouldnot
exceed��� 8B�PS . Accordingto Poissonprocess,theprobabilityof two requestsfor video v arriving within ��� 8n�KS
is � �K¡ 2��p�[¢ �o£!¡!¤ @BA ¤ � V (11)

Let �Bu be a randomvariabledenotingthe numberof disk streamswhich areretrieving the dataof video v .
We alreadyknow theexpectednumberof displaysof video v is J�u . Let

	�
!¥B	�¦¥+§E§E§E¥B	 � ¡ denotetheseJ�u
displays.FromEquation11 we know theprobabilitythat

	 5 and
	 5 � 
 ( �¨|^6p|`J�u ) arebridgedup to form

a sharingpair is � �K¡ , therefore,theprobability that thereis no bridgebetween
	 5 and

	 5 � 
 ( ��|j6©|jJ u ) is�©������¡ . If thereareonly oneoutof J�u displaysservedfrom disk, it meansall theseJ�u displaysarebridged

3We reserve ª to modelVCR operations.
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up. Let «�¬ �Bu2�®7¯ betheprobability that ® out of J�u displaysareservedfrom disk while theother J�u~��®
displaysbeingserved from the buffer pool. Thenwe get «�¬ �Bu°2±��¯ =� � ¡�� 
��¡ sincetherearetotally J�uh�Z�
bridges.If therearetwo out of J�u displaysserved from disk, it meansthereare J�u~��� bridgesamongtheJ�u9�°� displaypairsandthereis only onedisplaypairwhichis notbridgedup. Therearetotally ² J�up�`�� ³
combinationof thepair with no bridge. Thenwe have «�¬ �Bu´2µ��¯Y2 ² J u �^�� ³ 8�� � ¡+� ��K¡ 8 H¶���·����¡�N . By

generalizingthecomputation,we have«´¬ �Bu~2I®7¯�2 ² J�ua�`�®��`� ³ 8¶� � ¡!� ���¡ 8$H¶�a�����K¡�N � � 
 (12)

andtheexpectedvalueof �Bu canbeexpressedas¸ ¬ �Bu+¯�2 � ¡C� D 
 ®¨8�«´¬ �Bu~2I®7¯ (13)¸ ¬ �Bu+¯ is theexpectednumberof diskstreamswhicharedisplayingvideo v . Thetotalnumberof expecteddisk
streamsin asystememploying BMDT is thesumof

¸ ¬ �Bu¹¯ for eachvideoclip:

" m 2 �CunD 
 ¸ ¬ �Bu+¯ (14)

Now, considerthebuffer requirementof thesystem.With no buffer sharing,eachdisplayneedsonebuffer
andtheexpectednumberof requiredbuffers º is º�2I" (15)

Thebuffer requirementwith BMDT canbeestimatedasfollows. First, considerthesharingpairsof video v .
Let ��u bea randomvariabledenotingthedistancebetweena sharingpair of video v . If ��u�2Z® , it meansthat
thetime interval betweenthesharingpair is lessthan ®�8��PS but greaterthan H]®´�i��N»8;�KS . Theprobabilityof��ul2I® canbeexpressedas «´¬ � u 2Z®7¯�2�H¶�©�[¢ �o£!¡+¤ � ¤ � V N:�^H¶�a�[¢ �o£!¡!¤½¼ � � 
¿¾ ¤ � V N (16)

where ���^®°�`�$� . Sinceweareconsideringthebuffersoccupiedby asharingpairof video v , theprobability
thatthis sharingpair requires® buffersis«�¬ ��ul2I®WÀ ��uh�`���P¯�2 «�¬ � u 2I®gÁ�� u �`� � ¯«�¬ �;ug�`�$�P¯ (17)

wheretheevent ��u´���$� meansthis is a sharingpair. Since �´�?®=�?��� , theevent �;u¨2b® implies ��u´����� ,
therefore «´¬ ��u-2Â®�Á[��ui�±�$�P¯¨2Ã«�¬ ��u�2Ä®7¯ . From Equation11 we know «�¬ �;u`�±�$�P¯�2Å���K¡ . Then
Equation17 canberewritten as «�¬ ��ul2I®WÀ ��u�`�$�P¯�2 «�¬ � u 2I®7¯� �K¡ (18)

Now we have theexpectednumberof buffersoccupiedby onesharingpairof video v asfollows:¸ ¬ ��u+¯�2 @BAC� D 
 ®8!«�¬ ��ul2I®WÀ ��u�`���P¯ (19)
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Figure15: State-transition-ratediagramfor an "kÆ¹"jÆ,Ç`Æ,Æ¹" system

FromEquation13weobtaintheexpectednumberof diskstreamsof video v , ¸ ¬ �Bu+¯ , thentheexpectednumber
of displayswhichareservedfrom thebuffer pool is J u � ¸ ¬ � u ¯ . Sotheexpectednumberof buffersrequired
by sharingpairsof video v is È ua2ÉHKJ�u©� ¸ ¬ �Bu¹¯KN:8 ¸ ¬ ��u+¯ (20)

andtheexpectednumberof buffersrequiredby all sharingpairsin thesystemisÈ 2 �CunD 
 È u (21)

Besidesthebuffer requirementof sharingpairs,eachactive diskstreamwill readonenew datablock into the
buffer pool duringeachcycle aswe explainedpreviously, thereforetheexpectednumberof buffers required
by thewholesystemis º m 2 È <Q" m (22)

Equations14 and22 estimatethe expectednumberof disk streamsandthe expectednumberof buffer
blocks in a systemwithout VCR operations.Now we analyzethe impactof VCR operations.From Sec-
tion 2.5, a client may switchbetweennormalmodeandVCR moderepeatedly. For example,theusermay
spendÊ { time on normaldisplay, andthenchangeto VCR modefor Ê�Ë time andthencomebackto normal
display. The randomvariablesÊ { and Ê Ë areassumedto be exponentiallydistributedwith means


Ì and

Í

respectively. Assumethetotalnumberof clientsin VCR modeis ® . Giventhetotalnumberof clients " , and
thatwewantto configureasystemwith nowaitingtimewhenVCR operationsareinvoked.This is equivalent
to a "jÆ¹"jÆ,Ç`Æ,Æ¹" system.Thebirth-deathcoefficientsareasfollows:Î � 2eÏ Î H]"Ð�[® NÑ*�^®°�^"* y��UÒo¢!x¦Óa6¿Ô;¢ (23)Õ � 2Z® Õ ®�2�� ¥ � ¥+§E§E§ (24)

Thestate-transition-rate diagramis shown in Figure15. This systemis solved in [Kle75] andtheexpected
numberof usersin theVCR modeis givenby¸ ¬½®7¯�2 " Î Æ Õ�Y< Î Æ Õ (25)

For aspecificvideo v , theexpectednumberof clientsin VCR modeisÖ f�x u 2 ¸ ¬½®7¯o8U� u (26)

For eachof theseÖ fnx u displays,beforeit enterstheVCR mode,it couldbeeitherisolatedor associated,with
theprobabilityof � 5M�0R �Ø× �MÙ @ u and� × �Ú�0R¶Û]5 × �MÙ @ u respectively. By definitionweobtain� × �Ú�0R¶Û]5 × �MÙ @ u 2#����¡ (27)

and � 5M�¿R �Ü× �MÙ @ u 2��©��� × �Ú�¿RÚÛO5 × �MÙ @ u (28)
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We first considertheeffect of VCR operationson disk bandwidthrequirement.If an isolateddisplayenters
VCR mode,thenumberof disk streamssupportingnormaldisplayswill bereducedby one. We denotethis
effectas Ý 
 2 �Cu�D 
 Ö f�xnua8¶� 5M�0R �Ü× �MÙ @ u (29)

For anassociateddisplay, say
	 5 , its invokationof a VCR modewill not effect thenumberof disk streams

for normaldisplay, exceptwhenthedistancebetween
	 5K� 
 and

	 5 (denoted� 
 ) is within � � , andthedistance
between

	 5 � 
 and
	 5 (denoted� � ) is within ��� , but thedistancebetween

	 5�� 
 and
	 5 � 
 ( � 
 <`� � ) exceeds��� , asillustratedin Figure11.b. Theprobabilityof this scenariois� Ù¿Þ!ÛOÙÚÙ @ u 2I«�¬ � 
 �`� � Á�� � �^� � Á�HP� 
 <�� � NY�`� � ¯ (30)

whichcanberewritten as � Ù0Þ!Û0Ù¿Ù @ u 2 @ AC5Kß¿D 
 HP«�¬ � 
 2j6 
 ¯o8 @ AC5MàUD @ A � 5�ß � 
 «´¬ � � 2k6 � ¯KN (31)

where «�¬ � 
 2k6 
 ¯�2�H¶�©�-¢ � Ì ¡!¤ 5KßÚ¤ � V N��^H¶�©�[¢ � Ì ¡+¤½¼á5KßÚ� 
¿¾ ¤ � V N (32)«�¬ � � 2k6 � ¯�2�H¶�©�-¢ � Ì ¡!¤ 5MàB¤ � V N��^H¶�©�[¢ � Ì ¡+¤½¼á5MàB� 
¿¾ ¤ � V N (33)

Theeffectof theabove scenarioon diskbandwidthrequirementis denotedasÝ � 2 �CunD 
 Ö f�x u 8¶� Ù¿Þ!ÛOÙÚÙ @ ¡ (34)

If a displayentersVCR modefor PAUSE,thenno disk streamis requiredto supportPAUSE;otherwiseif it
is for FF/FR(assumetheprobability is �\â ), thenonediskstreamis neededto provide FF/FRbrowsing.This
requirementis denotedas Ý & 2 �Cu�D 
 Ö f�x u 8U� â (35)

Now we obtaintheexpectednumberof diskstreamsin aninteractive systemas" m m 2I" m � Ý 
 < Ý � < Ý & (36)

Theanalysisof buffer requirementof aninteractive systemcanbedoneasfollows. Wefirst computehow
many sharedbufferswill beaffectedwhenadisplay

	 5 switchesto VCR mode.If
	 5 is isolated,therewill be

no effectonsharedbuffers. If
	 5 is associated,thenumberof sharedbufferswill bereducedby

¸ ¬ �;u¹¯ except
in thescenarioshown in Figure11.bandFigure11.c.In Figure11.b,thenumberof reducedsharedbuffersis��8 ¸ ¬ �;u¹¯ sincetwo sharingpairsarebrokenup; while in Figure11.c,no sharedbufferswill beaffected.We
alreadyknow theprobabilityof thescenarioin Figure11.b is � Ù¿Þ!ÛOÙÚÙ @ u . To summarizetheeffect on shared
buffers,we have Ý ' 2 �Cu�D 
 H Ö f�xnua8$HØ� × �Ú�¿RÚÛO5 × �MÙ @ u ��� ��K¡ N:8 ¸ ¬ ��u!¯)<Q�ã8 Ö f�xnu©8U� Ù¿Þ!ÛOÙÚÙ @ u 8 ¸ ¬ ��u+¯KN (37)

Thenthenumberof sharedbuffersin aninteractive systemisÈ m m 2 È � Ý ' (38)

andfinally thetotalnumberof buffersis º m m 2 È m m <Q" m m (39)
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3 Evaluation of Controlled Buffer Sharing

For experimentalpurposes,we assumean opensimulationstudy that employs a Poissonarrival rateof re-
quests.Upon thearrival of a new client, thesystemwill rejectthis requestif thereis insufficient resources
to supportits display. Otherwise,theclient is admittedandits displayis initiated. If this client issuesVCR
operationsandthereis insufficient resourcesto satisfyits requestthentheclientwaitsuntil resourcesbecome
available(neithertheclient nor therequestis rejected).

In our experiments,theunderlyingrepositoryconsistsof 100MPEG-2encodedvideos,eachrequiring4
Mbpsfor its display. Eachclip is 120minuteslong. The lengthof eachcycle is 2 secondsandthesizeof a
datablock is 1 MB. The frequency of accessto eachvideo clip is basedon Zipf distribution4. The default
parameterfor Zipf in our experimentsis 0.271which reflectsan empiricalaccesspatternbasedon theater
ticket sales[DSS94a]. Both the algorithmsandpresentedresultsaregovernedby the ratio of ä!å and æ#å .
This ratio is moreimportantthantheabsolutevaluesof theseparameters.For thepurposesof this study, we
assumeda ratio of 16 ( ç0èé è ) This would correspondto thecurrentcostsof $1 perMB of DRAM and$16per
streamsupportedby a SeagateST19171WBdisk drive [GSZ95]. In the future, thesepricesareexpectedto
fall. Thepresentedresultscontinueto apply aslong asthe relative decreasein both$I and$M is identical.
Section3.2discussestheimpactof differentratiosbetweenä å and æ å .

In experimentsinvolving VCR operations,thetimedurationof aclient stayingin normalmodeandVCR
modeis exponentiallydistributed with the default meansof 10 minutesand20 secondsrespectively. The
default valueof arrival ratein theexperimentalstudyis 50 requestsperminute.Thesystemutilization factor
is setto 90%,i.e.,on theaverage,thesystemis busy90%of thetime.

3.1 Performanceand costcomparisonof buffer sharing schemes

This sectionpresentsresultsto demonstrate(a) theimportanceof ê�ë and(b) theparametersof BMDT should
besetaccordingto thosecomputedby theconfigurationplanner. Weconfiguredthesystemusingtheplanner
of Section2.7 andthe default systemparameters.Next, we measuredrun-timeperformanceof the system
with BMDT whenits distancethreshold( ê ë ) is setto ì)í!î!ï)íñð¦ò�í!î+ò,ò andinfinite (which meansno threshold
is imposedon BMDT). For eachexperiment,we measuredthemaximumnumberof concurrentdisplaysand
thepercentageof rejectedrequestswith andwithout VCR functionality. (Obviously, theconfigurationof the
systemwith andwithout VCR functionality is differentbecauseof theconfigurationplanner.) Theobtained
resultsareshown in Figures16.aand16.b. We alsomeasuredtheaveragewait time of VCR operationsin
interactive systemsandis reportedin Figure17.a. It is obvious that the bestperformanceis achieved only
when the run time thresholdis the sameasthe valueusedto configurethe system(the CBS scheme).In
othercaseswhereeitherno thresholdis enforcedat run time or the improperthresholdvalue is used,the
performanceis degradedsignificantly. The resultsalsodemonstratethat enforcinga ê ë valueat run time is
not enough,thesystemmustbeconfiguredwith theappropriateamountof resourcesthatarein accordwith
thechosenê ë value.TheCBSschemelinks therun timebuffer managementwith thesystemconfigurationin
orderto preventbottlenecks.

The amountof disk bandwidthrequiredto supportVCR functionalitiesis marginal. To illustrate,Fig-
ure17.bshows thecostof asystemconfiguredwith andwithoutVCR functionalityfor differentarrival rates.
Thiswasdoneusingtheconfigurationplannerof CBS.Of course,theseresultsarebasedontwo assumptions.
First, the systemdesignercanspecifythe averagedurationof VCR functionalities. Second,systemcostis

4In a Zipf distribution, if the videosaresortedaccordingto theaccessfrequency thenthe accessfrequency for the óõôEö video is
givenby ÷Bø�ù úøüûÜý]þ�ÿ�� , where

�
is theparameterfor thedistributionand � is thenormalizationconstant.
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Figure18: Systemcost

basedon disk bandwidth;in particular, we ignoretheextra costof disk spacerequiredto storeXPRSfiles.
This is reasonablebecausethenumberof simultaneousdisplayssupportedby a disk is typically a fractionof
thenumberof videoclips thatit canstore.

3.2 Characteristic of the optimal � ë
TheCBSframework hasahigherpayoff with larger ä å and æ å ratios.To illustrate,in Figure18.a,we looked
at different ä å and æ å ratios. For eachratio, we configuredBMDT with ê ë valuesrangingfrom 0 to 50.
One of the chosenvalueswas the ê ë value that correspondsto the ä å and æ å ratio. Next, we measured
the systemcostper streamfor eachratio andnormalizedit relative to the casewhere ê ë equalsto zero(no
sharing),marked as1. This normalizationenablesus to measurethe percentagesavings provided by CBS.
In Figure18.a,the lowestsystemcostis achieved when ê ë is ì�î , î!ï , î�� and î,î . Moreover, thesystemcost
decreasesby approximately30%when ê ë equals21. With smaller ê ë values,thereductionin costattributed
to buffer sharingstartsto decrease.

Figure18.bshows thesystemcostunderdifferentarrival ratesanddistancethresholdvalueswhen ç0èé è is
16. Wetried four differentarrival rates(40,50,60and70). Theresultin Figure18.bshows thelowestsystem
costis achievedwhen ê ë	� î!ï for everyarrival rate,anddemonstratesthattheoptimal ê ë valueis independent
of thearrival rates.Onceagain,theresultsarenormalizedrelative to thescenariowherebuffer sharingis not
allowed ( ê ë equalszero). Note that a highersystemload resultsin a lower costper streambecausebuffer
sharingamortizescostsacrossa largernumberof concurrentdisplays.

We alsostudythe relationshipbetweenthe optimal ê ë valueandthe accessfrequency distribution ( ç èé èequals16). We fixedthearrival rateat 50 requestsperminuteandanalyzedthreedifferentZipf distributions
with parameters0.271,0.135,and0.012. (Zipf with parameter0.271matcheswell with the empiricaldata
on videorental.) Theoptimal ê ë is independentof theaccessfrequency distribution, seeFigure19.a. With
a moreskeweddistribution, theutilization of buffers increases,resultingin a largernumberof simultaneous
displays.Thisamortizessystemcosts,resultingin a lower costperstream.

A misconceptionaboutdistancethresholdis thatsettingadifferentthresholdfor thepopularvideoswould
reducethe systemcost. In fact, usinga ê ë valueeitherlarger or smallerthanthe optimal valueon popular
videoswill increasesystemcost. To demonstrate,we conductedthe following experiments.First, we iden-
tified the 10 mostpopularvideosin the system. For the remaining90 videos,we fixed ê$ë at î!ï which is

20



10 20 30 40 50
0.6

0.7

0.8

0.9

1

Distance threshold

System cost

0

Zipf (0.271)

Zipf (0.135)

Zipf (0.012)

threshold = 16

10 20 30 40 50

0.7

0.8

0.9

1

Distance threshold for popular videos

System cost

1

(a) Impactof accessfrequency distribution on ê ë (b) Optimal ê ë andvideopopularity

Figure19: Valueof ê�ë is independentof bothaccessfrequency distribution andvideopopularity

5 10 15 20

310

320

330

Mean time in normal mode [min]

Cost [K$]

0
10 20 30 40

0

310

320

330

Mean time in VCR mode [sec] 

Cost [K$]

(a)Costsensitivity to meantime in normaldisplay (b) Costsensitivity to meantime in VCR mode
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theoptimalvalue. Thenfor eachnumberfrom î to ð¦ò , we configuredthesystemspeciallyby applyingthis
numberasthedistancethresholdon the î+ò popularvideos. In all casesthearrival rateis 50 andtheaccess
frequency is Zipf with parameter0.271. Figure19.bshows thesystemcostvs. the thresholdappliedon the
popularvideos. Systemcostis normalizedrelative to theno sharingscenario.It is clearthatsystemcostis
minimizedwhen ê ë equalsî!ï . This resultshows theoptimal ê ë valueis independentof theaccessfrequency
of theindividual video.

3.3 Sensitivity to the fr equencyof VCR operation

The following experimentsareconductedto evaluatethe CBS schemein interactive systemswith different
frequenciesof VCR operations.First we fixedthemeantime in VCR modeat 20 seconds,while varyingthe
meantimein normalmodefrom 5 minutesto 20minutes.For eachexperiment,wefirst configuredthesystem
accordingto the configurationplanner, andthenrun the simulationfor 100 hours. We measuredthe actual
numberof disk streamsandbuffer blocksin eachexperimentandthencomputedthesystemcost(shown in
Figure20.a).Similar experimentswereconductedwith fixedtime durationin normalmode(10minutes)and
differenttimedurationsin VCR mode(from 10secondsto 40seconds).Theresultsareshown in Figure20.b.
In bothFigures,thesystemcostis insensitive to thechangein VCR operationfrequency. This is becausethe
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CBS schemeabsorbsthe variation in VCR behavior by applyingbuffer sharingdynamicallywhena mode
transmissionoccurs.Therefore,thesystemwill notbedegradedto anon-sharingsystemwhichcostsmore.

4 RelatedWork

Therearethreemainapproachesto reducediskbandwidthrequirementin acontinuousmediaserver:


 buffer sharing[DDM � 95, KRT94, KRT95b]: theideahereis that if onestreamfor a clip lagsanother
streamfor thesameclip by only a shorttime interval, thenthesystemcould retaintheportion of the
clip betweenthetwo in buffers. Thelaggingstreamwould readfrom thebuffersandnot have to read
from disk.


 batchingof requests[DSST94, DSS94b,OBRS94, WSY95]: in thismethod,requestsaredelayeduntil
they canbemergedwith otherrequestsfor thesameclip. Themergedstreamsthenform onephysical
streamfrom thedisk andconsumeonly onesetof buffers. Only on thenetwork will thestreamsplit at
somepoint for delivery to theindividual displaystation.


 adaptive piggybacking[GLM95]: this approachadjuststhe streamsfor the samevideo to go either
slower or fasterby a few percent,suchthatit is imperceptibleto theviewer, andthestreamseventually
mergeandform onephysicalstreamfrom thedisks.

Thefocusof this studyis onbuffering. It ignorestheothertwo approachesin orderto maintainbothits focus
andamanageablelength.

Theprevious studiesof buffer sharingcanbeclassifiedbasedon how they managethememoryframes.
Oneapproachmanagesmemoryat thegranularityof blocks[KRT95a,ORS95,ORS96] while theotheruses
bridging[DDM � 95,DS96,RZ95]. Themaincontribution of this paperis a novel framework thatsubsumes
bridgingasa componentto minimizethecostpersimultaneousstreamsupportedby thesystem.This frame-
work is termedControlledBuffer Sharing,CBS.It providesananswerto threeresearchquestionsthatwere
notaddressedby previousstudies:a)How muchmemoryshouldbetradedfor diskbandwidthto realizeacost
effective systemconfiguration?b) What is theoverheadof supportingVCR operationswith buffer sharing?
c) whatsystemandapplicationparametersimpactabuffer sharingbasedon bridging.

A differencebetweenhow bridgingisemployedwith BMDT ascomparedto [RZ95, DS96]is theirsupport
of VCR functionality. Onestudy[RZ95] suggeststhatVCR operationscanbesupportedbasedon thedata
availablein memory. While thisrequiresnoadditionalresources,it canonlyprovidelimitedVCRsupport.For
example,thetime durationof aVCR operationis restricted,andthetypeof VCR operationcouldbelimited.
Theotherstudy[DS96] focuseson pauseandresumeVCR operationsandsuggeststhefollowing approach:
thesystemshouldreserve a smallamountof buffer spaceon behalfof pauseddisplayto cover its distanceto
thesharingstream.This is differentthanourproposeddesignthatconsidersall VCR functionalities.

5 Conclusionsand Futur eResearch Dir ections

This studypresentsCBSasa framework thatmeetstheperformanceobjectivesof anapplicationwhile mini-
mizing thecostpersimultaneousstreamsupportedby a server. Our configurationplannerassumesa Poisson
distribution for requestarrivals. The designof this componentmustbe re-visitedwhenthis assumptionis
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violated.Its runtimebuffer poolmanager, BMDT, employs bridgingto mergetwo displaysthatreferencethe
sameclip andare ê ë blocksapart. Oneinsight of this studyis that thevalueof ê ë is determinedby market
forces(costof memoryanddisk bandwidth)and is independentof a clip’s accessfrequency. Hence,this
framework is independentof the popularity characteristicsof the clips that constitutethe repository. Our
experimentalresultsvalidatethis claim. Moreover, they demonstratethat theframework becomesmorecost
effective with larger ê$ë values(increasingratio of diskbandwidthcostandmemorycost,i.e., ç èé è ).

In the future,we intendto extendthis framework to proxy cacheserversin supportof bothdatasharing
andsystemsizing.Thebasicideais asfollows. With Internet,proxy cacheserversaredeployedto minimize
both the latency incurredby a client andtheburstycharacteristicsof theunderlyingnetwork. Theseservers
maycachecontinuousmediaclips alongwith otherdatatypes,e.g.,images,webpages,etc. A proxy server
may cacheeitherthe entireclip or a portion of it [GS94,SRT99, RHYE99]. Several clientsmay reference
thesameclip at thesametime andtheproxy server mustdecidewhat to cache.With partialcaching,it may
decideto maintaina window (usingbridging) to enableseveral clients to merge andsharea singlestream
from theoriginal server. Moreover, a proxy cacheserver candecideto make this window disk resident.In
essence,it can tradedisk bandwidthfor memoryinternally. This minimizesthe bandwidthrequiredfrom
theunderlyingnetwork andtheoriginal server. Thesetradeoffs anddesignof techniquesto managesystem
resourcesconstituteour futureresearchdirections.
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