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Abstract

We provide a competitive analysisframework for online prefetchingand buffer manage-
mentalgorithmsin parallelI/O systems,usinga read-oncemodelof block references.This has
widespreadapplicabilityto key I/O-boundapplicationssuchasexternalmergingandconcurrent
playbackof multiplevideostreams.Two realisticlookaheadmodels,globallookaheadandlocal
lookahead,aredefined.AlgorithmsNOM andGREEDbasedon thesetwo formsof lookahead
areanalyzedfor sharedbuffer and distributed buffer configurations,both of which occur fre-
quentlyin existing systems.An importantaspectof our work is thatwe show how to implement
boththemodelsof lookaheadin practiceusingthesimpletechniquesof forecastingandflushing.

Givena � -diskparallelI/O systemandagloballysharedI/O buffer thatcanholdupto � disk
blocks,we derive a lower boundof ���
	 ��� on thecompetitive ratioof anydeterministiconline
prefetchingalgorithmwith ��
��� lookahead.NOM is shown to matchthe lower boundusing
global � -block lookahead.In contrast,usingonly local lookaheadresultsin an ���
��� compet-
itive ratio. Whenthebuffer is distributedinto � portionsof ����� blockseach,the algorithm
GREEDbasedon local lookaheadis shown to beoptimal,andNOM is within a constantfactor
of optimal. Thuswe provide a theoreticalbasisfor the intuition that global lookaheadis more
valuablefor prefetchingin thecaseof asharedbuffer configurationwhereasit is enoughto pro-
videlocal lookaheadin caseof thedistributedconfiguration.Finally, weanalyzetheperformance
of thesealgorithmsfor referencestringsgeneratedby auniformly-randomstochasticprocessand
weshow thatthey achievetheminimalexpectednumberof I/Os. Theseresultsalsogivebounds
on theworst-caseexpectedperformanceof algorithmswhich employrandomizationin thedata
layout.
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1 Intr oduction

Theincreasingimbalancebetweenthespeedsof processorsandI/O deviceshasresultedin theI/O
subsystembecomingabottleneckin many applications.Theuseof multipledisksto build a parallel
I/O subsystemhasbeenadvocatedto enhanceI/O performanceandsystemavailability [3], andmost
currenthigh-performancesystemsincorporatesomeform of parallelI/O.

Prefetchingis a powerful techniqueto reducethe I/O latency seenby an application. This is
particularlytrue in a parallelI/O systemwhereprefetchingcanbeeffectively usedto obtainparal-
lelism in disk access,sothatthedisksaremostefficiently used.To fully exploit this potential,it is
importantto designandimplementprefetchingandbuffer managementalgorithmsthatensurethat
themostusefulblocksarefetchedandretainedin theI/O buffer.

We considera parallel I/O systemconsistingof � independentdisks that canbe accessedin
parallel[12]. Thedatafor thecomputationis spreadoutamongthedisksin unitsof blocks.A block
is the unit of accessfrom a disk. As far asI/O is concerned,the computationis characterizedby
a referencestring consistingof an orderedsequenceof blocks that the computationaccesses.In
general,thereferencestringcorrespondingto a computationcanconsistof anarbitraryinterleaving
of referencestringsof several concurrentapplications.For thecomputationto successfullyaccess
a data-block,it shouldbe residentin the internalmemoryof the computersystem. By servinga
referencestring,we refer to theactof carryingout a seriesof I/O operationsthatmakeit possible
for thecomputationto accessblocksin theorderspecifiedby thereferencestring.

A recentstudy [6] focussedon the off-line problemof servingan arbitrary but fully known
referencestring of blocks spreadacross� parallel, independentdisksusingparallel prefetching
in conjunctionwith pagereplacement1. The authorspresentedand analyzeda very clever but
somewhat complicatedapproximationalgorithmfor this problem. However, the practicalissueof
devisinganonlinealgorithmin theframework of competitiveanalysis[9] for thesameproblemwas
notaddressed.

The performanceof parallelversionsof LRU andMIN [2] wasanalyzedin [11]. Modeling a
distributedparallel I/O system,with independentdisksanda partitionedI/O buffer, they defined
a parallel versionof MIN, andshowed that it is optimal. The performanceof online algorithms
in a more tightly coupledsystemwherethe buffer can be sharedby the differentdisks was not
considered.

In thispaperwepresentacompetitiveanalysisframework for parallelprefetchingalgorithmson
paralleldisk systemsfor a restrictedfamily of referencestrings. In contrastto therequirement[6]
of knowing a priori theentirereferencestringexactly, ourparallelprefetchingapproachis basedon
modelsof boundedlookaheadthatareeasilyrealizablein practice.

Our restrictedfamily of referencestringsarecalledread-onceconsumptionsequences,in which
all referencesareread-onlyandno block is readmorethanonce.Suchread-oncereferencestrings
arisevery naturallyandfrequentlyin I/O-boundapplicationsrunningon paralleldisk systems:ex-
ternalmerging andmergesorting(including carrying out several of theseconcurrently[13]) and
real-timeretrieval andplaybackof multiple streamsof multimediadata,suchascompressedvideo
andaudio.

Sinceno block is referencedmore thanonce,it would seemthat we only needto be able to
fetchblocksin theorderof their appearancein thereferencestring, in orderto designanoptimal
prefetchingalgorithm. When the I/O buffer can hold � blocks,a prefetchingalgorithmthat is
allowed a lookaheadof � blocks into the referencestring would know, at eachpoint, the next
memory-loadto fetchandcaneasilyfetchblocksin the orderof their appearancein the reference
string.

Counterto intuition, in the parallelmodel the informationprovided by a lookaheadof � is

1Notethatreplacementdecisionsarenecessitatedby thefactthattheI/O buffer canholdonly somefixednumber, say � ,
of pages.
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insufficient to prefetchaccurately. In fact in certaincasesthe optimal off-line algorithmdoesnot
follow the policy of fetching blocks in the order of their appearancein the referencestring: at
timesit needsto prefetchblocksthatarereferencedmuchlaterin thefuture,before blocksonsome
otherdisk that areaboutto be referencedin the immediatefuture. An importantcorollary is that
informationbeyond the next memoryload of referencesis necessaryto makethe performanceof
thesealgorithmsoptimal.

As illustration,considera systemconsistingof 3 diskswith anI/O buffer of capacity6. Assume
that blockslabeled ��� (respectively ��� ,  �� ) areplacedon disk 1 (respectively 2, 3), andthat the
referencestring is ��!"�$#%��&'��()�$!* �!+�$,���#� �#%�$-��.&/ �&'�102��(3 �(� �,* �-2 �0 . Saythat a parallelI/O is
initiatedonly whenthereferencedblock is notpresentin thebuffer. Theschedulein Figure1 is one
obtainedby alwaysfetchingin the orderof the referencestring. At step1, blocks �$! and  �! are
prefetchedalongwith the ��! . At step2, ��# and  �# areprefetchedalongwith �1# . At step3, there
is buffer spacefor just 1 additionalblockbesides��& , andthechoiceis betweenfetching ��& ,  �& or
neither. Fetchingin the orderof 4 meansthat we fetch ��& ; continuingin this mannerwe obtain
a scheduleof length9. In analternative schedule,Figure2, which doesnot alwaysfetch in order,
at step2 disk 2 is idle (even thoughthereis buffer space)and  �# which occurslater than ��# in 4
is prefetched;similarly, at step3,  �& which occursevenlater than ��# is prefetched.However, the
overall lengthof thescheduleis 7, betterthantheschedulethatfetchedin theorderof 4 .

Disk 1 ��! �1# ��& ��( �$, �$- �10
Disk 2 �$! ��# �.& �.(
Disk 3  �!  �#  �&  �(  �,  �-  �0

Figure1: Schedulingin order

Disk 1 � ! � # � & � ( � , � - � 0
Disk 2 � ! � # � & � (
Disk 3  �!  �#  �&  �(  �,  �-  �0

Figure2: Schedulingout of order

It is unclearasto how I/Osoughtto bescheduledon a parallelI/O system.Thefirst stepin this
directionwould beto know boundson theachievableperformanceof schedulingpoliciesknowing
thenext memoryloadof requests,andhow theseboundsmaybeachieved.Weobtaintheinteresting
resultthatthereareread-oncereferencesequencessuchthatanyparallel prefetchingalgorithmwith
a boundedlookaheadof � incurs 5$6
7 �98 timesasmany parallelI/O operationsasdoestheoptimal
off-line prefetchingalgorithmthatknowstheentiresequence.Usingnovel techniques,we goon to
show thata simpleprefetchingalgorithmcalledNOM thatusesthebounded� -block lookaheadto
fetchblocksfrom a disk in theorderof their appearancein the referencestringnever incursmore
thanO 6
7 �:8 timesthenumberof parallelI/O operationsrequiredby theoptimaloff-line prefetching
algorithm. Thus, ;<6=7 �98 is a tight fundamentalboundon theperformanceof bounded-lookahead
parallelprefetchingrelative to optimaloff-line parallelprefetching.

Motivatedby the above results,in this paperwe studyonline parallel prefetchingalgorithms
for read-oncesequencesin several modelsvarying in paralleldisk configurationandthe natureof
lookaheadavailableto the algorithm. Last but not least,we identify practicalsituationsin which
ourmodelsof lookaheadareapplicableandin fact,canbeefficiently implementedusingtechniques
suchasforecastingandflushing[1].

Precisedescriptionsof I/O performancemetrics,lookaheadmodels,andparalleldiskconfigura-
tionsaregivenin section1.1. OurparallelprefetchingalgorithmsNOM andGREEDaredescribed
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in section1.2. In section2, we discusspracticalsituationsin which lookaheadmaynot be readily
available. In section3, we stateandprove upperandlower boundson competitiveratios for the
sharedbuffer configurationfor bothformsof boundedlookahead.Section4 givessimilar resultsfor
the distributedbuffer configuration.We considerthe performanceof our paralleldisk prefetching
andbuffer managementschemesin aprobabilisticsettingin section5. In section6 wedescribehow
to implementthetwo formsof lookaheadby usingsimpleandpracticaltechniquessuchasflushing
andforecasting.

1.1 Model and Main Results

We considerthe standardPDM (paralleldisk model)consistingof � paralleldiskswith an asso-
ciatedI/O buffer capableof holding � blocks( �?>A@B� ) [12], for parallelI/O performance.In
eachparallelI/O step,up to � blocks,at mostonefrom eachdisk, maybereadconcurrentlyinto
thebuffer. Note that theparallelprefetchingalgorithmdecidesthedisksfrom which blocksareto
beprefetched,weighingtheparallelismobtainableagainstthebuffer spaceoccupiedby theblocks
which are read. We measurethe performanceof a parallelprefetchingalgorithmon a reference
string 4 by countingthe numberof parallelI/O operationsrequiredto serve that referencestring.
Hence,weshallusetheabbreviatedterm“I/O” to referto a “parallel I/O step”.

In the targetedapplications(videoserversandexternalmerging), a form of simpleprefetching
usedin practiceis to prefetchconsecutive datablocksfrom a stream,with theaim of reducingthe
averageseektime. In the parallel I/O model,by treatingthis larger unit of fetch asa block, the
gainsfrom reducedaverageaccesstime can be combinedwith the performancebenefitsof disk
parallelism. For a fixed sizeof the I/O buffer, thereis a tradeoff betweenthe benefitsof a larger
blocksizeandtheachievableI/O parallelism,with thelatterdominatingatpracticalbuffer sizes[5].

Weconsideronly read-oncereferencestringsin whicheachblockappearsexactlyonce.In order
toenableprefetchingweconsidertwonaturalmodelsof boundedlookaheadin thispaper:GlobalM-
block lookaheadpermitsthe prefetcherto know preciselythe � referencesin the referencestring
immediatelyfollowing the last reference.In local lookaheadonly oneblock (the next reference
missingin the buffer) from eachdisk is known to the prefetcher, beyond what is presentin the
buffer.

Global � -Block Lookahead: Let 4�CED)!)F"D'#'F�G'G'GHD2I , andsupposethatthelastblockreferencedisD � . An I/O schedulingalgorithmhasglobal � -block lookaheadif it knowsthenext � blocks
in 4 , D �KJL! F"D �KJM# F'G�G'GND �KJPO .

Local Lookahead: An I/O schedulingalgorithmhaslocal lookaheadif it knows for eachdisk the
next block in 4 thatis not in thebuffer.

We considertwo naturalconfigurationsof theparalleldisk system,modelingcommonlyfound
I/O architectures.We refer to theseasthe distributedbuffer configurationand the shared buffer
configurationrespectively, andareillustratedin Figure3.

Distrib uted Buffer: In this configurationeachdisk hasa local, privatebuffer of �RQ3� blocks. A
disk’sbuffer is usedexclusively for holdingblocksreadfrom thatdisk,andcannotbeusedto
buffer blocksof otherdisks.

SharedBuffer: In this configurationthereis a commonbuffer of � blocksthatis sharedglobally
amongall thedisks.

For read-oncesequences,weconsiderbotha worst-casemodelwhereineachblock of theread-
oncesequencemayberequestedfrom any arbitrarydisk andastochasticmodelwhereineachblock
is requested,independentof theothers,from arandomlychosendisk.
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Figure3: Two configurationsof theI/O buffer

Below, westateourboundsontheI/O performanceof theonlineparallelprefetchingalgorithms
NOM andGREEDthatrespectively employglobal � -block lookaheadandlocal lookaheadon the
two paralleldisk configurationswe mentionedearlier. We expressthe I/O performanceof these
onlinealgorithmsin termsof competitiveratiosin theworst-casemodel.

Definition 1 An online parallelprefetchingalgorithm � is saidto have a competitive ratio of T%U
if for any read-oncereferencestring 4 , the numberof I/O operations,VXW�6
4�8 , that � requiresto
serve 4 is no morethan T%UYVMZP[]\�6=4�8_^a` , where ` is a constantand VMZP[b\c6=4�8 is thenumberof I/O
operationsrequiredby anoptimaloff-line algorithmto serve 4 .

In thestochasticmodel,we expressI/O performancein termsof theexpectedvalueof thetotal
numberof parallelI/O operationsincurredasafunctionof d , thelengthof theread-onceconsump-
tion sequence.e In theworst-casemodel,the competitive ratio of parallelprefetchingalgorithmsusingonly

global � -block lookahead,running in the sharedbuffer configuration,is at least 5$6
7 �:8 .
NOM hasa competitive ratio of ;<6
7 �f8 and is thus optimal amongall algorithmsusing
global � -block lookahead.e In theworst-casemodel,thecompetitiveratio of algorithmsusingonly local lookahead,run-
ning in thesharedbuffer configurationis at least 5$6
�:8 . GREEDhasa competitive ratio of;g6=�:8 andis thusoptimalamongall algorithmsusinglocal lookahead.e In theworst-casemodel,GREEDhasacompetitiveratioof h for thedistributedbufferconfig-
uration,andis henceoptimalamongall algorithms(onlineandoff-line). On theotherhand,
NOM hasa competitiveratio of aconstantT�ijh , andis hencenear-optimal.e For stochasticallygeneratedreferencestringsof length d , NOM incurstheminimumexpected
numberof I/Os, namely ;<6
d<Q3�:8 , in both the sharedanddistributedbuffer configurations
working with a buffer of size �kCl5$6
�nmpoBqr�:8 ; whereasGREEDrequiresa buffer of size� Cs5$6
� # 8 and � Cs5$6
�RmtoBqu�:8 respectively in the two configurationsto achieve the
sameI/O performance.

1.2 PrefetchingAlgorithms

All thealgorithmswe considergeneratea valid schedule; that is, in theresultingschedulea block
mustbepresentin thebuffer beforeit is consumedandthenumberof blockspresentin buffer must
never exceedthebuffer size.For thesharedbuffer thismeansthatthereareat most � blocksin the
buffer at any time; in thecaseof distributedbuffer therearenever morethan �RQ3� bufferedblocks
from any disk. Wesaythata valid scheduleis normal if eachparallelI/O containsa demandblock;
that is, theblock which is to beconsumednext, therebynecessitatingthat I/O. Finally, theoptimal
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algorithm(OPT)generatesanoptimalschedulewhich minimizesthe total numberof parallelI/Os
amongall valid schedules.Notethattheoptimalalgorithmmaybeanoff-line algorithm.

WedefineschedulingalgorithmsNOM andGREED,thatmakeuseof � -blockandlocal looka-
headrespectively. Both thesealgorithmsdo not evict a block onceit hasbeenfetchedinto the I/O
buffer, till a requestfor thatblock hasbeenserviced.Also, asthesealgorithmsserviceread-once
referencestrings,oncea requestfor a block hasbeenserviced,therequestedblock is evictedfrom
thebuffer.

Theperformanceof thesealgorithmsareanalyzedin section3 for thesharedbuffer configura-
tion, andin section4 for thedistributedbuffer configuration.

NOM: algorithmusesglobal � -block lookaheadto build a normalscheduleasfollows: on every
parallelI/O it fetchesa block from eachdisk thathasanunreadblock in the currentglobal� -block lookahead,providedthereis spacein the(local)buffer.

As thedepthof lookaheadusedby NOM is � , or onememory-load,therewill alwaysbefree
buffer spacefor the unreadblocksin the sharedbuffer configuration.However, in the distributed
buffer configuration,somelocal buffers may be full, andno readsfrom the associateddiskscan
occur.

GREED : algorithmuseslocal lookaheadto build a normalscheduleasfollows: on every parallel
I/O it fetchesthenext block not in buffer from eachdisk providedthereis spaceavailablein
the(local) buffer. In thedistributedbuffer configuration,if thereis no buffer spacein some
local buffer thenno block is readfrom thatdisk. In thesharedbuffer configuration,if there
arelessthan � freeblockswhentheI/O is made,thenonly thedemandblock is fetched.

To illustratethefunctioningof NOM andGREEDalgorithmsconsiderthereferencestring4RCv��!%�1#%��&���(/�w!x��#��.&/�.(/�y!*�g#' �!x �#2��,'��-2�1,2�1-
The letterdenotesthe disk from which the block is requestedandthe subscriptdenotesthe block
index within thedisk. Let �zC|{ .

Thefollowing is theschedulegeneratedby NOM for thesharedbuffer configuration.

Disk A ��! �1# ��& ��( �$, �$-
Disk B �w! ��# ��& �.( ��, ��-
Disk C  �!  �#
Disk D �y! �<#

During the I/O for ��! the lookaheadwindow extendsup to (andincluding) ��( . As this window
doesnot includeany blocksfrom disks  and � , noblocksareprefetchedfrom thosedisks.For the
secondI/O the lookaheadwindow extendsuntil �:! , causingit to beprefetched.Similarly, during
the fourth I/O the lookaheadwindow includes  �! , which is thenprefetched.From the schedule
above it canbeseenthatNOM requiresa totalof six I/Os.

For thesamereferencestringtheschedulegeneratedby GREEDis asfollows.

Disk A � ! � # � & � ( � , � -
Disk B �w! ��# �.& �.( ��, ��-
Disk C  !  #
Disk D �y! �g#

During theI/O for � ! , GREEDprefetchesblocksfrom all otherdisksastherearemorethan �}Cv~
freeblocks.When� & is requested,GREEDwill havesix prefetchedblocksandhencenoblocksare
prefetchedduringthethird I/O. Blocksarefreedlater, andwhen ��& is requestedthereareonly four
prefetchedblocksin thebuffer; consequently, �$, is prefetchedwith ��& . Thus,GREEDservices4
in eightI/Os.
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2 Practical Issuesconcerning Lookahead

In this section,weconsiderlocal lookaheadin thecontext of two distincttypesof paralleldisk data
layoutstrategiesfor applicationssuchasexternalmergingandvideoserversthatgenerateread-once
consumptionsequences.It may be observed that both the above-mentionedapplicationsinvolve
sequentiallyretrieving datablocksfrom multiple streamslaid out on disk. Fundamentaldifficul-
ties [12, 8, 1] arisefrom the fact that (except in specialcircumstances)the differentstreamsare
“consumed”at varying,dynamicallychangingrates.Local lookaheadcanplaya key role in imple-
mentingprefetchingandbuffer managementin suchcircumstances.

Local lookaheadrefersto beingable to tell, for eachdisk, at any point of time, which disk-
residentblock will be referencedthe earliest. In the “run on a disk” schemeanalyzedin [8], it is
possibleto obtaina direct implementationof local lookaheadusingsimplepredictiontechniques
[7, 1]. Thiscanbeachievedwithoutrequiringany informationto beimplantedin thedatablocks,as
in moresophisticateddatalayoutschemes[1]. This is thecasein certainexisting databasesystems
[8] or in videoserverswith eachvideoclip storedentirelyona disk.

However, therearecertainalgorithmicadvantagesto having the streamsstripedacrossthe �
disksduringmerging or merge sorting,aspointedout in [1]. Existingandproposedvideoservers
generallyeitherstripevideoclipsacrossdisksin aroundrobinfashionor employmoresophisticated
formsof striping[10]. Thevideoserver in [10] usesindependentlychosenrandompermutationsas
orderingsof the � disksin whichto placesuccessivegroupsof � contiguousblocksof aclip. (Such
randomizedstripinghelpspreventextendeddurationsof time in which anI/O hot spotmovesfrom
onedisk to thenext in cyclic orderbecausediskblocksfrom severalvideoclipshave activeportions
co-locatedon thesamedisk, gettingconsumedat uniform rates.Therandompermutationensures
thatthehotspotdoesnotmovein synchrony fromonediskto thenext andsoon.) In thesesituations,
local lookaheaddoesnot comefor freeandinvolvespicking out, for eachdisk,oneblock from the
setof next blocksof all thestreamsonthatdisk. It is in thesecircumstancesthattheforecastingdata
structure[1] canbefruitfully employedto implementlocal lookaheadwith negligible preprocessing
overhead,aswediscussin section6.2.

3 SharedBuffer Configuration

In the sharedbuffer configurationa globally sharedbuffer is usedto cacheblocks fetchedin an
I/O. Sincethe buffer is sharedby all disks, thereis no specificportion of the buffer allocatedto
any particulardisk asin thedistributedbuffer configuration.Henceit is possibleto allocatebuffer
spaceunevenly to differentdisks.Thisallowstheinitiation of prefetchesevenondisksfrom which
alreadya lot of blockshave beenprefetchedandbuffered,which is not possiblein thedistributed
buffer configuration.

This choicein allocatingbuffer spaceto differentdisksmakesprefetchingandbuffer manage-
mentdifficult andchallenging.Thebuffer managementalgorithmhasto judiciouslyallocatebuffer
spaceamongblocksfetchedfrom differentdisks. In orderto servicethereferencestring with the
leastnumberof I/Os,thenumberof disksbusyduringeachI/O oughtto bemaximized.Howeverex-
cessive prefetchingmayfill up thesharedbuffer with prefetchedblocks,whichmaynotbeusedtill
muchlater. Suchblockshavetheadverseeffectof chokingthebuffer andreducingtheparallelismin
fetchingmoreimmediateblocks.But, counterto intuition, it is not alwaysbetterto preferfetching
a block just becausethatblock is requiredearlierthananother. Suchsituationsarepresentedand
usedto give a lower boundon the performanceof algorithmsusingglobal � -block lookaheadin
section3.1.Henceagoodprefetchingandbuffer managementalgorithmoughtto co-operativelyde-
cidehow muchbuffer spaceto allocatefor aparticularI/O andwhichblocksoughttobe(pre)fetched
in aparticularI/O, sothattheentirereferencestringcanbeservicedin theleastnumberof I/Os.

In this sectionwe studytheon-lineversionof theabove problem,whereintheentirereference
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stringis notavailableto thealgorithm.Insteadthealgorithmis allowedonly thelimited knowledge,
of futurerequests,givenby referencesin thelookahead.

3.1 Global � -block Lookahead

We first study the performanceof algorithmswhich, at any time, have knowledgeof the next
memory-loadof futureaccesses,or thenext � references.This is interestingsinceat any instant
the buffer canhold at most � blocks; hencealgorithmswhich have suchknowledgemight intu-
iti vely keepthebuffer filled with immediatelyimportantblocksandtherebybeexpectedto perform
very well. This is truein thelimited sensethatglobal � -block lookaheadis moreusefulthanlocal
lookahead.Global � -block lookaheadgivesinformationregardingtherelative orderof reference
of blocksfrom disks,whichcanbeeffectively usedto performprefetchescleverly.

However, surprisingly, we shallshow thatany algorithmthatusesonly global � -block looka-
headis fundamentallylimited to have a competitive ratio of at least 5$6
7 �98 . This non-intuitive
boundis primarily dueto thefact thatin thesharedbuffer configuration,knowledgeof thereference
stringbeyondthenext � blocks,canbeusedto performmoreeffective prefetching.

3.1.1 Lower Bound

Givenany onlineparallelprefetchingalgorithmthatemploys� -block lookahead,weshow how to
constructanemesisreferencestring 4 , thatforcestheonlinealgorithmto perform 5$6=7 �98 timesthe
numberof I/Os incurredby theoptimaloff-line algorithmOPTon 4 .

As discussedbefore, global � -block lookaheadprovides information regarding the next
memory-loadof data. Hence,we considerthe performanceof thesealgorithmsin a sequenceof
block references,eachof length � . This intuition is naturallycapturedby theconceptof phase.

Definition 2 Considera read-oncereferencestring 4 thatconsistsof referencesD'�)F%D)!�F%D'#)F"D2&3F'���'� .
Thestring 4 is saidto consistof asequenceof phases4�Cn�����)�*��6
�B8*F������)�*�b6+h�82F��'�'�"F where�������x�b6=�
8
consistsof thesequence�HD2�]� , �=���a�f�|6
�P^ah'8+� , of references,for �Y>a� .

By theabovedefinition,whenthefirst blockof aphaseis referenced,analgorithmwith � -block
lookaheadknows all the blocks(andtheir orderof reference)in that phase.As the computation
proceeds,the lookaheadwindow includesblocks from the subsequentphaseas well. Hence,in
generalthelookaheadwindow canspanmorethanone(atmosttwo) phase.

Let T)6=�+F%�b8 denotethenumberof blocksfrom disk � thatarereferencedin �����)�*�b6
�=8 . Note thatT)6=�+F%�b8 dependsonly uponthereferencestringandis independentof theschedulingalgorithm.

Definition 3 Considerany parallel prefetchingalgorithm � . Let ���$6
��F"�b8 be the numberof
prefetchedblocks from disk � in the buffer at the start of �������x��6
�=8 . Define the dominantpeak
in �����)�*��6=�
8 as �3�3�y�16=�
8�CE���� 3¡r¢)T)6
��F%�]8¤£¥����6=�+F%�b8%¦ . Theminimumnumberof I/Os that � needs
to makein �����)�*��6=�
8 is givenby �B�3� � 6
�=8 .

We will usethefollowing notationduringouranalysis.Let VX� bethetotalnumberof I/Osused
by � to service4 andlet VMZP[b\ be the numberof I/Os takenby OPTto service 4 . We use § to
denotethesetof the � paralleldisks.

In orderto facilitatethepresentationof our lowerboundproofwedefinegoodandbadphases.

Definition 4 A phase,�����)�*��6
�=8 , is calleda goodphaseif the constituent� blocks, �HD2�3� , �
� ��y�j6=�X^vh�8+� , arestripedin a round-robinmanneracrosstheset § of � disks.
A badphase,�������x��6
�=8 , with baddiskparameter�B� consistsof blocks �HD2�3� , �=���a�f�|6=�"^¨h'8+� ,

laid out suchthatthefirst �©£��ªQB@37 � blocks �ND � � , where �=���a�f�|6
�P^Eh�8��«£¬�ªQB@37 � , are
stripedin around-robinmanneracrosstheset §£®¢/� � ¦ of �E£¬h disksandtheremaining�RQB@37 �
blocks �HD � � , where 6=��^Eh�8+�©£¯�RQB@37 �°�n�y�±6
�P^ah�8�� , all originatefrom thebaddisk � � .

8



SSSSSSSSSSSSSSSSSSSS

SS SSS SS SSSS SS SS SSS SS
SSSSSSSSSSSSSSSSSSSS
S SSS SS SS SSSS SS SSS SS S

²³%´ µ
1 2 ¶+¶�¶·*¸ ¶+¶N¶ D 1 2 ¶N¶+¶ D

² µ
Badphase Goodphase

Figure4: Illustrationof BadandGoodphases

Figure4 illustratesthedistributionof blocksondifferentdisksin thetwo kindsof phases.
Notethatif noblockfrom abadphasewereto beprefetchedprior to thebeginningof thephase,

at least �RQB@37 � I/Os needto beperformedto serve therequestsin thatphase.We will forceany
online algorithmto get into a situationwhereits limited lookaheadpreventsit from prefetchinga
substantialnumberof blocksfor thenext badphase.

The blocksreferencedin goodphasesarestripedacrossall � disks. This guaranteesthat all
therequestscanbeservicedwith exactly �RQ3� fully parallelI/Os,providedthatthenumberof free
blocksin thebuffer at thestartof thephaseis at least � .

Givenany deterministiconline algorithm � with a boundedlookaheadof � blocks,we show
below how to constructa nemesisreferencestring from goodandbadphases,dependingon � ’s
prefetchingdecisions.

Definition 5 Weconstructa referencestring ¹ of @B7 �:� referencessuchthatthenemesisstring 4
is obtainedby repeatingthestring ¹ anarbitrarynumberof times.Thereferencestring ¹ consistsof a
sequenceof @37 � phases,�����)�*��6�h�82F��'���%F������)�*�b6
@37 �:8 , suchthatodd-numberedphases�����)�*��6
@B�Y£h�8 , with h��n�f�a7 � , arebadandeven-numberedphases�����)�*��6=@3��8 , with h��n�y�n7 � , aregood.

Thefirst badphase,�������*��6+h'8 , hasa baddisk parameterof h . Thebaddisk parameterof every
subsequentbadphaseis dependenton � ’sprefetchingdecisionsandis chosenasfollows:For �yi±h ,
let � � denotethesetof baddisk parameterscorrespondingto all badphases�������*��6
@B�bºP£|h�8 with�bºM�a� , occurringprior to �����)�*�b6
@3��£ah�8 . Let » � denotetheset §£¯� � of �¼£¬�1^Eh disksnot in� � . It is possiblethatonaccountof � ’sprefetching,oneor morefuturediskblocks2 arealreadyin
theI/O bufferat theendof �������x�b6=@3��£9½38 . Thedisk � ��¾ » � suchthatamongall thedisksin theset» � , � � hasthesmallestnumberof futureblocksin algorithm� ’sbufferat theendof �������*��6
@B�r£:½38 ,
is chosento bethebaddisk parameterof �����)�*��6=@3��£ah�8 .3
Theorem 1 Thecompetitiveratio of anydeterministiconlinealgorithmhavingboundedglobal � -
block lookaheadis at least 5$6
7 �f8 .
Proof : We shallshow thatthereferencestring 4 definedabove is suchthat V � Q)V ZP[]\ is 5$6 7 �:8 .
In Lemma1 we show that � will incur 5$6=�±8 I/Os for every instanceof the substring¹ , defined
above, in thenemesisstring 4 . On theotherhandwe show in Lemma2 that thereexistsa normal
schedule¿ that incursonly ;g6=�RQ37 �:8 I/Os correspondingto every instanceof the substring¹ .
Hencethetheoremfollows. À

Intuitively, thesubsequence¹ is constructedby alternatingbadphaseswith goodphases.Bad
phasesareconstructedto have a largenumber( �RQB@ 7 � ) blocksrequestedfrom a singledisk,and

2By future disk blockswe meanblocksthatget referencedsometime in the futurewith respectto the presentpoint in
time.

3Thisis avalid constructionas Á canseeonly � blocksaheadin thereferencestringandsocannotmakeanyprefetching
decisionsdependingon Â)Ã�ÄxÅ+Æ*ÇKÈ*ÉËÊ:Ì"Í prior to theendof Â)Ã�ÄxÅ+Æ*ÇKÈ*ÉYÊ<Î�Í .
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therestof theblocksstripedacrossall theremainingdisks. Hencethesephasescancausea large
numberof I/Os if no blocksareprefetchedfrom thedisk which hasthe “peak”. Goodphasesare
designedto hide the skewed disk block distribution of bad phasesfrom the boundedlookahead
algorithm,while notpermitting“free” prefetchingopportunitiesasthenext badphaseis discovered.

It maybenotedthat thereferencestring ¹ ’s disk blocksaredistributedso asto classifythe �
disksinto two sets§ ! and § # of sizes7 � and �¼£ 7 � respectively: eachdisk of § ! hasexactlyÏ ^aÐ blocksof ¹ originatingfrom itself, while eachdisk of §g# hasexactly

Ï
blocksoriginating

from itself; where
Ï CÑ:6=�RQ37 �:8 and ÐlC�RQ3@B7 �±£a6=�«£ O#�Ò Ó 8+Q�6
�Ô£nh'8 additionalblocks

arerequestedfrom abaddisk in a badphase.
We force the online algorithm � to incur approximatelyÐ I/Os for every consecutive pair of

phasesof ¹ thusresultingin a costof 5$6=�±8 for � . On theotherhand,we show that it is possible
to designanoptimaloff-line schedule¿ thatfetchesÐ futureblocksfrom 7 �¼£ah disksof theset§:! in thefirst phaseitself therebyleaving anevenly balanceddisk blockplacementfor subsequent
phases.We show that ¿ incursnomorethan Ñ:6=�RQ37 �:8 I/Os in doingso.

Thefollowing lemmasformalizetheabove intuition.

Lemma 1 Algorithm � incursat least VP� I/Os to service¹ , where VX�RC|5$6=�±8 .
Proof : For h��j�Õ�j7 �}£ah , considerthe � th badphase,�����)�*��6=@3�<£ah'8 , in ¹ . Let thenext bad
phase,�������x��6
@3��^|h'8 , have baddisk parameter�B�)JL! . By construction,�B�/JL! is chosensuchthat it
hasnotbeentheparameterfor any previousphase,andto whichtheleastnumberof blockshavebeen
prefetchedby � . Sinceatmost � prefetchedblockscanbein thebufferattheendof �����)�*��6=@3�u£Öh'8 ,
thenumberof prefetchedblocksfrom disk �B�/JL! in thebuffer at theendof �����)�*��6=@3��£�h�8 is atmost�RQ�6=�®£y��8 . During �����)�*��6
@B��8 , oneI/O is requiredfor eachblockof �����)�*�b6
@B�×^�h'8 that � chooses
to prefetchfrom disk �B�/JL! . Henceif during �����)�*��6=@3��8 , � prefetchesØP� blocksfrom disk �B�/JL! for�����)�*��6=@3��^¬h�8 , it mustperformat leastØP� I/Os in �����)�*��6=@3��8 . Thetotalnumberof blocksfrom disk�B�/JL! thatcouldhavebeenprefetchedatthestartof �������x��6
@3�Ë^¥h�8 is nomorethan �RQ�6=�®£Ö��8)^fØP� ,
andsothetotalnumberof I/Osdoneby � in �������*��6
@B�×^�h�8 is at least�RQ3@ 7 �n£9�ªQ�6
�®£9��8�£yØP� .
Thetotal numberof I/Os doneduring �����)�*�b6
@3��8 and �����)�*��6
@B�$^|h'8 combinedis thereforeat least�RQ3@B7 �±£��RQ�6=�¼£¯��8 . Hencethenumberof I/Osdoneby � to service¹ is

VP�a> �@37 � ^ Ù!%ÚX�BÚXÒ Ó�Û_!
Ü �@37 � £ ��¼£¯�YÝ

HenceVP�ªCE5$6
�±8 . À
In the following lemmawe show how to constructanoff-line schedulethatservesthesameset

of requestsin much fewer I/Os. Essentially, during the I/Os for the first badphase,the off-line
scheduleprefetchesblocksfrom baddisksof all futurebadphasesthusreducingthenumberof I/Os
thatneedto be performedin future badphasesto Ñy6
�RQ3�:8 . It exploits the fact thatgoodphases
canbeservicedwith full parallelism(needing�RQ3� I/Os)with justa smallamountof storage( � ).
By prefetchinginto only �RQ3@ memoryblocks,thescheduleleaves �RQ3@�>a� blocksfreeto getfull
parallelismin thegoodphases.Hencenoblocksneedto beprefetchedfor thegoodphases.

Lemma 2 A normalschedule¿ canbeconstructed,that incursat most VßÞ:C};<6
�RQ37 �:8 I/Os to
service¹ .
Proof : We constructa schedule¿ to service 4 by running the following algorithmon it. As
before,let ¹ have baddiskparameter� � , correspondingto �������x��6
@3�w£ªh'8 , for h��a�y�n7 � andletà C6=�«£ O#�Ò Ó 8+Q�6
�Ô£nh'8 .e In �������*��6+h'8 of ¹ , weprefetchasfollows:
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– During thefirst à I/Oswe fetchonly blocksrequiredin thesamephase.

– During theremaining�RQ3@37 �Ô£ à I/Osof �������*��6+h'8 , weprefetch�RQB@37 �±£ à blocks
from eachoneof thedisks � � , for @��n�y�n7 � , thatconstitutethebaddisk parameters
of theremaining7 �n£¥h badphases.The �RQ3@37 �n£ à blocksprefetchedfrom disk � � ,
for @��a�f�ª7 � , arepreciselythefarthest4 �RQB@37 �a£ à diskblocksof �����)�*��6=@3�.£áh�8 .e During eachsubsequentphase,we prefetchblocksof that phasewith full disk parallelism.

Dueto theprefetchingcarriedout in thefirst phase,nobadphasenow hasmorethan à blocks
residingon any disk soevenbadphasesincur only ;<6=�ªQB�:8 I/Os. SincetheI/O buffer can
hold �k>â@B� blocks,disk blocksprefetchedin thefirst phasedo not have to beevictedor
flushedout to makespacefor subsequentprocessing.

Since ¿ hasprefetched�RQ3@37 �°£ à blocksfrom eachof thedisks � � , for @f�Ô�¯�Ô7 � , the
dominantpeakin eachof the 7 �±£ah badphasesfollowing �����)�*��6�h�8 will bereducedto à . Hence
in eachof thesebadphases,¿ will incur à I/Os.

As discussedpreviously, any goodphasecanbeservicedin exactly �RQ3� I/Os provided there
are � freeblocksin thebuffer. This is satisfiedby theschedule.Hence,in any goodphase¿ will
incur exactly �RQ3� I/Os to fetchall blocksthatarereferencedin thesamephaseitself. Therefore,
in servicing¹ , thetotalnumberof I/Osdoneby ¿ is

VßÞ$C �@37 � ^ � �äã 7 �±^ à ã 6 7 �Ô£nh'8
And hence,V Þ Cv;g6=�RQ37 �:8 . À
3.1.2 Upper bound on the Competitive Ratio

Fromtheorem1, thecompetitive ratio of any onlinealgorithmusingglobal � -block lookaheadis5$6
7 �:8 . This raisesthequestionasto whetherwe candesignanalgorithmwhich canmatchthis
bound.We shallshow in this sectionthata simplealgorithmNOM canmatchthelower boundup
to constantfactors.

In this sectionweprove anupperboundon theratioof thenumberof I/Os requiredby NOM to
thenumberof I/Osrequiredby theoptimaloff-line algorithmin thesharedbufferconfiguration.The
followinglemmaensuresthat,whileconsideringoptimalalgorithmsthatserviceread-oncereference
strings, it suffices to considersimple off-line prefetchingalgorithmsthat never evict prefetched
blocksbeforethey arereferenced.We omit the simpleproof here: we cancancelI/Os for blocks
whichareevictedbeforetheblock is referencedwith no increasein thenumberof parallelI/Os.

Lemma 3 For every I/O scheduleservicinga read-oncereferencestring, there existsa schedule
that performsthe sameor fewer numberof I/Os and never evicts a prefetched block before it is
referenced.

Considera referencestring 4 anda parallelprefetchingalgorithm � servingit. Any phaseof 4 is
saidto have completedat thetimeof consumptionof thefinal block referencedin thatphase.

Thesequenceof consecutive I/Os madeby � betweentheI/O immediatelyfollowing thecom-
pletion of �����)�*��6
�u£jh'8 up to but not including the I/O immediatelyfollowing the completionof�����)�*��6=�
8 , is referedto astheI/Os incurredby � in �������*��6
�=8 .

Considerthe set åLætç è of blocksof �������x��6Ké
8 thatareyet to be readaftercompletionof the ê -th
parallelI/O doneby OPT. We denoteby Ð¨6ëé+F%êX8 the largestnumberof blocksof the set å ætç è that
needto bereadfrom any singledisk, takingall disksinto consideration.

4The ì farthestblocksof a phaseare the ì blocksbelongingto that phasewhich get consumedfarthestin the future,
relative to all blocksof thatphase.
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We cannow presentthenotionof ausefulblock thatplaysa key role in ouranalysis.

Definition 6 Considerthe í -th parallelI/O, î�ï , of OPT andlet it be incurredin �������*��6
�=8 . It is
possiblethatread î�ï prefetchesblocksbelongingto phasesoccurringafter �������x��6
�=8 . Wesaythata
block ` referencedin �����)�*��6
��8 , where �¨i|� , prefetchedby read î×ï is a usefulblock prefetchedin�����)�*��6=�
8 for �������*�]6=��8 if thefollowing conditionshold : (a) Ð¨6=�MFNí38YC|Ð¨6=�MF�í�£ªh'8L£nh ; (b) among
all blocksof �����)�*��6=��8 prefetchedby read î ï block ` is the(unique)block to bereferencedfarthest
in thefuture .

Wenext introducethenotionof asuperphasewith respectto theactionsof theoptimalprefetch-
ing algorithmOPTwhile servicinga referencestring.Givena referencestring 4 , webreakit down
into contiguoussubsequencescalledsuperphases.

Definition 7 The � th superphase,denotedby ¿M� , �±>ð� , is defined to be the subsequence�K�������x��6tñ"8*F������)�*��6òñË^¼h�82F��'�'�"F������)�*�b6tñc^Eó'8+� suchthat the following conditionsaresatisfied: (a)�����)�*��6òñô£ah�8 belongsin ¿M�=Û_! if �$iâ� else �������*��6tñ"8$Cõ�������*�]6=�38 if �MCE� (b) the numberof use-
ful blocksprefetchedin ¿ � is at least � and(c) thenumberof usefulblocksprefetchedin phases�p�PêXöbó'÷36òñ"8*F������)�*��6tñô^vh�82F��'���%F=�XêPöbó�÷B6tñ_^Ró�£ah�8+� is lessthan � .

In its essence,a superphaseis a collectionof a minimal numberof contiguousphasesin which
at least � usefulblocksareprefetched.

Considerthe � -th superphase¿ � of the referencestring. Let ø � denotethe setof phasesof ¿ �
suchthat for each�������*��6tí38 ¾ ø � , at leastoneusefulblock hasbeenprefetchedin someprevious�����)�*��6=��8 , where�f�¬í . Let ù � denotethesetof all remainingphasesof ¿ � : thatis,phasesto which
nousefulblockhasbeenprefetched.

Let ú � Clû ø � û . Let thenumberof usefulblocksprefetchedby OPTin superphasesbefore¿ � for
phasesof ¿M� be üL� andthenumberof usefulblocksprefetchedby OPTin ¿M� for phasesin ¿M� be ý�� .
Let þxÿ_Z�� and þ*ZP[b\ bethenumberof I/Osdonein superphase¿M� by NOM andOPTrespectively.

Thefollowing lemmasfollow directly from previousdefinitions.

Lemma 4 For a particular phase�������x��6
��8 , notwousefulblockscanbeprefetchedin thesameI/O
operation.

Lemma 5 NOM doesnot incur anymore I/Os thanOPTin phasesbelongingto ù � .
Lemma 6 NOM incursat most � more I/Os thanOPTin a phasebelongingto ø¤� , where � is the
numberof usefulblocksprefetchedby OPTin previousphasesfor thatphase.

Lemma 7 Thenumberof usefulblocksprefetchedby OPTin ¿M� for phasesin ¿M� is ý��Y�a� .

Proof : Let ¿ � C°�ë�������*��6tñ"82FN�����)�*��6òñu^±h'8*F'���'�%FN�������x�b6òñu^aó'8+� . The lemmafollows from the fact
thatno usefulblock prefetchedin �����)�*��6òñu^aó'8 canbe for for phasesin ¿ � . But by definition,the
numberof usefulblocksfetchedin theremainingphasesof ¿ � is at most � . À

The following key lemmaensuresthatessentiallyit is enoughfor us to show thatOPT incurs5$6
�RQB7 �:8 I/Os in asuperphase.

Lemma 8 þ ÿ_Z�� �ªþ ZP[b\ ^ª@B� .

Proof : By definition, ü_���� , andfrom Lemma7, ý����j� . Applying Lemma5 andLemma6
completestheproof. À

We shallnow proveTheorem2 consideringthefollowing mutuallyexclusivecases.

Lemma 9 If ú � >R7 � , then þ ÿ_Z�� / þ ZP[b\ is Ñ:6=7 �f8 .
12



Proof : Thetotalnumberof blocksreferencedin ¿M� is at least�Eú3� , sinceeachphasereferences�
blocks. Sinceat most � blocksof theseblockscouldhave beenprefetchedbeforethestartof ¿ � ,
at least �Eú � £ª� blocksmustbefetchedin ¿ � . This would requireat least 6
�Eú � £R�±8+Q3� I/Os.
Sinceú � >a7 � , þ ZP[b\ >ª�RQ37 �¼£¯�RQB� . Applying Lemma8, we have þ ÿ_Z�� Q3þ ZP[]\ CEÑ:6
7 �:8 .À
Lemma 10 If ú � �a7 � and ý � >n�RQB@ then þ ÿ_Z�� Q3þ ZP[b\ is Ñ:6=7 �:8 .
Proof : By the definition of ý�� and úB� , theremustbe somephasein ¿M� suchthat at least ý��NQ)ú3�
useful blocks wereprefetchedby OPT for that phasein previous phasesof ¿M� . It follows from
Lemma4, that at least ý��HQ�ú3� I/Os must have beenincurredby OPT in superphase¿M� . Henceþ*ZP[b\¬>Rý��NQ)ú3�Ëij6=�RQ3@38�Q37 �}Ca�RQ3@B7 � . Applying Lemma8, we have þ%ÿ_Z���Q3þ*ZP[b\¬C±Ñ:6
7 �:8 .À
Lemma 11 Let ¿ � and ¿ �òJL! be two consecutivenon-overlappingsuperphases.If ú � �A7 � andý � �l�ªQB@ , thenthe ratio of the sumof the numberof I/Os in ¿ � and ¿ �KJL! by NOM andOPT isÑ:6=7 �:8 .
Proof : If ú3�KJL!�>±7 � or if ý��KJL!�>�RQ3@ , thentheamortizedratio over thetwo superphasesis at
most Ñy6
7 �:8 by ananalysissimilar to thatof Lemma9 andLemma10.

The interestingcaseis when ú3�KJL!:�â7 � and ý��KJL!:��RQ3@ . In this case,at least �RQ3@ useful
blocksprefetchedduring ¿M� lie in thebuffer of OPTat theendof superphase¿M� , sinceatmost �RQB@
usefulblocksprefetchedin ¿ � werefor phasesin ¿ � ( ý � �n�RQB@ ). Now in ¿ �KJL! , OPT prefetches
at least � additionalusefulblocks. SincetheI/O buffer canhold at most � blocks,at least �RQB@
of all the usefulblocks that wereprefetchedin either ¿ � or ¿ �KJL! mustnecessarilybe for phases
of ¿ �KJL! . But the numberof phasesfor which usefulblockswerefetchedin ¿ �KJL! is ú �KJL! �a7 � .
Consequentlytheremustbe somephasein ¿ �òJL! for whom at least �RQB@37 � usefulblockswere
prefetched.Hence,invoking Lemma4, OPT incurredat least �RQ3@ 7 � I/Os duringphases¿ � and¿M�KJL! . Now, applyingLemma8, weagainhave þ%ÿ_Z���Q3þ2ZP[]\�C±Ñy6
7 �:8 consideringthetwo super-
phasestogether. À
Theorem 2 Thecompetitiveratio of NOM is Ñ:6 7 �f8 andhenceit is optimalamongall algorithms
usingonlyglobal � -block lookahead.

Proof : Partition 4 into non-overlappingsuperphasesas describedpreviously. Lemmas9, 10
and11 show thateitherthe ratio of the numberof I/Os doneby NOM to thosedoneby OPTin a
singlesuperphaseis Ñ:6
7 �f8 (Lemmas9, 10),or thatthis boundis satisfiedby theI/Osdonein two
consecutive superphases(Lemma11). Hencethecompetitiveratio of NOM is Ñ:6
7 �:8 . À
3.2 Local Lookahead

In this section,we considerthe benefitsof using pure local lookahead:that is, the prefetching
algorithmhasno accessto any informationregardingthe relative orderof consumptionof blocks
originatingfrom differentdisks.It turnsout thatthis is avery powerful advantagefor theadversary
in thesharedbuffer configuration.Theadversarycanforcea higherlowerboundonthecompetitive
ratioof onlinealgorithmsbasedonly uponlocal lookaheadrelative to thatfor onlinealgorithmsthat
canuseglobal � -block lookahead.

In Theorem3 below, we show for thesharedbuffer configurationthatanyalgorithmusingonly
local lookaheadcanperform 5$6
�:8 timesasbadasthe optimal off-line algorithm. Note that this
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is theworstpossiblecompetitive ratio for any algorithmwhich generatesa normalschedule.This
is becauseany algorithmwhich generatesa normalschedule,initiates I/Os only on demandand
henceperformsat mostoneI/O per block in the referencestring. Hence,clearly, if the lengthof
thereferencestring is d , themostnumberof I/Os that thealgorithmcando is d ; while the least
numberof I/Osthattheoptimalalgorithmcoulddois d<Q3� (fetching � blocksin eachparallelI/O).
Therefore,a simplealgorithmlike GREEDcaneasilymatchthebound.

Theproof of the lower boundis similar to thatof Theorem1; that is, we constructa reference
string thatcanfool any givenalgorithm � that usesonly local lookaheadinto performinga large
numberof I/Os.

Theorem 3 Any algorithm usingonly local lookahead,in the shared buffer configuration, hasa
competitiveratio of at least 5$6=�:8 .
Proof : Let � denoteanarbitraryalgorithmusingonly local lookahead.Weshallprovethetheorem
by constructingareferencesequence¹<C±�ND � �2F�h��a�Y�a½3� , to servicewhich � makes5$6=�±8 I/Os.
We shall alsogive a schedulewhich serves ¹ with ;<6
�RQB�:8 I/Os. A referencestring of arbitrary
lengthcanbeobtainedby repeating¹ asrequired.

Sequence¹ is constructeddependingupon the behavior of � till the previous I/O. This is a
valid constructionof thereferencestringas� hasnoknowledgeof therelativeorderof referenceof
blocksacrossdisks.By definition,local lookaheadallows thealgorithmknowledgeof theorderof
referencefrom any singledisk. Let ü¥CE½3�RQB� . We construct¹ asfollows:

1. Thefirst ½3�RQ3� blocksof ¹ arerequestedfrom disk 1.

2. Divide the next � £|½3�RQ3� referencesinto �:Q3½y£h setsof ½B�ªQB� blocks. Let the � th,hR� � � �:QB½ , set of ½B�RQ3� blocks be requestedfrom a disk � � , where � � satisfiesthe
following conditionse No block from disk � � hasbeenrequestedin ¹ till block D ��� hasbeenrequested.e If thenumberof blocksprefetchedby � from disk � at the instantwhenthe reference

for block D2��� hasbeenservicedis �P¡ , then �P¡��YC±� �	� ¡)¢%�X¡�¦ ; that is, �B� is thedisk from
which the leastnumberof blockshave beenprefetchedby � at theinstantwhenblockD �
� is referenced5.

3. The last @B� requestsareto blocksthatarestripedin a round-robinmanneracrossall disks
from which therehave beenno requests.

Duringthefirst ½3�RQB� I/Os it is possiblefor anoff-line algorithmto prefetchthefirst � blocksof ¹
asthey areall lie ondifferentdisks,andnodisk hasmorethan ½3�RQ3� blocks.Thenext @B� blocks
canbefetchedin ½B�RQ3� I/Ossincetheblocksarestripedacross@B�:Q3½ disks.Henceknowing ¹ , we
canconstructaschedulewhichcanserviceall referencesin at most �3�RQB� I/Os.

Now considertheperformanceof � while servicing¹ . After thefirst ½3�RQB� references,½3�RQB�
blocksfrom eachof thedisks ��!'F"�b#'F��'�'�H� Ó��&'Û_! arerequested.By construction,atmost �ªQ�6
�E£¨�
8
blockscouldhave beenprefetchedfor any �B� , whenthe � th setof 3M/D blocksarerequestedfrom
disk � � . Hence,thetotal time takenby � to servicethefirst � referencesof ¹ is at leastVP� > &%OÓ ^�� Ó��&'Û_!���L! � &%OÓ £ OÓ�ÛX���> �©£������<Ó�Û_!Ë£�� #�Ó��&��> � 6�h�£ám � ½3QB@)8C 5$6=�±8
where ��� is the Ø th Harmonicnumber.

Hencethecompetitiveratio of � is at least ��� O �-+O��+Ó which is 5$6
�:8 . À
5Notethatthis impliesthatat most �"!'Ç	#áÊ�ìKÍ blockscouldhavebeenprefetchedfrom disk

·*¸
by Á .
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4 Distrib uted Buffer Configuration

4.1 Local Lookahead

In the distributedbuffer configurationthereis no possibilityof usingfreeblocksfrom someother
disk’s localbuffer. Intuitively thebestwecandois to prefetchfrom adiskwhenever possible.This,
in fact, is theoptimalalgorithmin this configurationof thebuffer (amongall algorithms— online
andoff-line).

Theorem 4 In the distributedbuffer configuration, GREEDis the optimalalgorithm, performing
theleastnumberof parallel I/Os.

Proof : In [11] it wasprovedthatanalgorithm,P-MIN, minimizesthenumberof parallelI/Os in
thedistributedbuffer configuration,whenthereferencestringcanhave repetitions.WhenP-MIN is
restrictedto read-oncereferencestringsit behaveslike GREED.HenceGREEDis optimal. À
4.2 Global � -block lookahead

From Theorem4, algorithmGREEDthat usesonly local lookahead,is optimal in the distributed
buffer configuration.It is notdifficult to constructa referencestring 4 for whichany algorithmthat
usesonly global � -block lookaheadperformsmoreparallelI/Os thanGREED.We show however
thatNOM is nearoptimal; that is, its competitive ratio is ;<6+h�8 . To determinethecompetitive ratio
of NOM we shall assumewithout lossof generalitythatOPT = GREED.In the following lemma
weboundtheperformanceof NOM in any phase.

Lemma 12 To servicea sequenceof û 4�û)CE� requests,VXÿ_Z��¼�ªVMZP[b\�^R�RQ3� .

Proof : Let $&%('®6�)LF � 8 (respectively %&*,+g6-)_F � 8 ) be the numberof blocks from disk � that are
in its buffer immediatelyafter NOM (respectively OPT) hasreferencedØ blocks in 4 . Definea
potentialfunction .$6=ØM81C¼�¨�)  ¡ ¢/%&*,+�6-)_F � 8Ë£�$&%&'�6-)_F � 8%¦ . Let V ÿ_Z�� 6
ØM8 and V ZP[]\ 6=ØM8 bethe
numberof I/Osdoneby NOM andOPTrespectively to serviceØ references.

Note that since û 4�ûMC � , all blocksin thereferencestring arein NOM’s lookaheadwindow.
Hence,on every I/O NOM will prefetcha block from disk � , if thereis a free block in the local
buffer andthereis someunbufferedblock from thatdisk.

Usingtheabove definitions,weshallfirst prove inductively, thatV ÿ_Z�� 6=ØM8��ªV ZP[b\ 6
ØM8M^0.$6
�B8L£1.$6=ØM8 (1)

Thehypothesisis truefor Ø�C� sinceby definition VßZP[b\�6
�B8�C±VPÿ_Z��Ö6=�38�C¼� . Let equation1 be
valid for Ø¥CE� ; thatis, VXÿ_Z��:6=��8��RVßZP[b\�6
��8M^0.$6=�38L£�.$6=��8 . While servicingthenext reference,
NOM andOPTperformat mostoneparallelI/O andconsequentlyû .$6
�<^±h�8u£2.$6
��8�û¤�Ah . Now
four casesarepossiblefor Ø9CE�×^¬h , dependingonhow OPTandNOM servicethe ��^¬h th request:e Neither OPT nor NOM do an I/O: .$6=�¬^sh�8lC .$6
��8 as the referencedblock must

have beenin the both OPT’s and NOM’s buffer. Also, VPÿ_Z��Ö6=�¨^lh�8¬C©VXÿ_Z��:6=��8 andVßZP[b\�6
�$^ah'8rCvVßZP[b\×6=��8 .e Both OPTandNOM do an I/O: ThepotentialcannotincreasewhenNOM performsanI/O;
hence.$6=��^ah'8rC3.$6
��8 or .$6
��^ah�8ËC4.$6=��8Y£Rh . Also, VPÿ_Z��96
�$^vh�8rCvVXÿ_Z��:6=��8M^Eh andVßZP[b\�6
�$^ah'8rCvVßZP[b\×6=��8_^vh .e NOM doesan I/O but OPT doesnot: In this caseD*�)JL! , from disk � , musthave beenin the
OPT’s buffer while no block from thatdisk is in NOM’s buffer. Hence .$6
��8�> h . Also in
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this I/O, NOM will prefetcha block from a disk �65C � if thereareany unbufferedblocks
from thatdisk. On theotherhandOPTconsumeda block from thebuffer of disk � . Hence.$6
�$^Eh�8YC4.$6=��8L£ah . Also, V ÿ_Z�� 6=�$^|h'8YCaV ÿ_Z�� 6
��8L^ah and V ZP[b\ 6
�$^vh�8rCvV ZP[b\ 6
��8 .e OPTdoesanI/O but NOM doesnot: SinceOPTperformedanI/O, .$6
�$^Eh�8rC3.$6
��8L^Eh or.$6
�$^Eh�8YC4.$6=��8 . Also, VPÿ_Z��96
�$^vh�8rCvVXÿ_Z��:6=��8 and VßZP[b\�6
�$^ah'8rCvVßZP[b\×6=��8_^vh .

In all cases,VPÿ_Z��Ö6=�$^|h'8Ë�ªVMZP[b\c6=�$^|h'8M^�.$6=�38Y£7.$6
�$^Eh�8 . Henceequation1 holdsfor ØRC�9^}h . Also, by definition VPÿ_Z��:6
�±8fCsVXÿ_Z�� and VßZP[b\×6=�±8¨CsVßZP[b\ . ThereforeVPÿ_Z��«�VMZP[]\¨^0.$6
�38L£7.$6
�±8 ; proving that VPÿ_Z���®VßZP[b\�^ O Ó . À
Finally a boundon thecompetitiveratioof NOM in thedistributedbuffer configurationis given

by the following theorem. The proof mainly consistsof showing that in one of two contiguous
phasesOPTdoesat least�RQ3@B� I/Os.

Theorem 5 NOMhasa competitiveratio of ;g6�h�8 , in thedistributedbuffer configuration.

Proof : Considertwo disjointconsecutivephases�PêXöbó'÷36=�
8 and�XêPöbó�÷B6
�'^�h�8 of thereferencestring4 .
First, if OPTdoesmorethan �RQ3@3� I/Os in at leastoneof the two phasesthenwe have,from

Lemma12,that V ÿ_Z�� Q�V ZP[b\ for thetwo phasesis Ñ:6�h�8 .
Assumefor thesakeof contradictionthatOPTdoeslessthan �RQ3@3� I/Os in bothphases.This

implies that lessthan � blockswerefetchedin �XêPöbó�÷B6
�=8 and �PêXöbó'÷36=�Y^}h�8 . But a total of @3�
blocksareconsumedin thesametwo phases.Sinceat most � blockscouldhave beenpresentin
thebuffer at thestartof �XêPö]ó'÷B6
�=8 wehave a contradiction.

Thecorrespondinglowerboundfollowsfrom Theorem6. À
Finally, we show that in the distributedbuffer configuration,global � -block lookaheadis not

aspowerful as local lookahead.This is primarily dueto the fact that global lookaheaddoesnot
necessarilygive informationto prefetchondiskswhichhave spacein thelocal buffers.This causes
disksto idle in spiteof having freespacein their localbuffers. However theoverall performanceis
nothit much,asshown by Theoremtheo:NOM-dist-buffer.

Let � denoteany parallel prefetchingalgorithmwith global � -block lookahead. We show
below how to constructa nemesisreferencestring ¹ of length @3� . A longerreferencestringcanbe
obtainedby repeating¹ anarbitrarynumberof times.

Definition 8 Thereferencestring ¹ is madeupof 2 phases,�PêXöbó'÷36�h�8 and�PêXöbó'÷36=@38 .e In �XêPöbó�÷B6+h'8 , thefirst @3�RQ3� blocks �ND*�3� , where�<�ª�f�a@3�RQ3� , arefrom disk1. Therestof
the �}6
�¼£�@B8+Q3� blocks ��D*�3� , where @B�RQ3�°�|�f�n� , arestripedin a round-robinfashion
acrossall disksexcept1 and2.e In �XêPöbó�÷B6
@B8 , thefirst @3�RQB� blocks �HD � � , where �k�j� ��«^a@3�RQ3� , arestripedacross
all disksexcept2. Thenext @B�ªQB� blocks �ND*�3� , where �s^�@B�ªQB�°�n�y�n� ^�~]�RQ3� , are
from disk 2. Therestof theblocks �ND*�3� , where �«^®~]�RQ3� �±���j@B� , arestripedacross
all disksexceptdisk 2.

Figure5 illustratesthesetof requestsmadein thenemesisstring ¹ describedabove when ��Ch98 and �}C48 .
Theorem 6 Thereexista referencestring,of arbitrary length,for which thenumberof I/Osrequired
by anyalgorithmusingonlyglobal � -block lookaheadis greaterthanthenumberof I/Osdoneby
theoptimaloff-line algorithm.
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Figure5: Exampleof �XêPö]ó'÷B6+h�8 and�PêXöbó'÷36=@38 of ¹ for � C¼h98 and �}C38
Proof : We shall show that the referencestring ¹ definedabove is suchthat VX��Q)V;:;<�=si«h .
Lemma13showsthatto servicethestring ¹�� makesat least~]� I/Os. On theotherhandweshow
in Lemma14 thatthesamesequenceis scheduledby OPT(or GREED)in ½B� ^®�ªQB� I/Os. À

From the constructionit may be notedthat no block from disk 2, belongingto �PêXöbó'÷36=@38 is
revealedto algorithm � until it servicesthefirst @3�RQB� blocksin �XêPöbó�÷B6+h'8 . Dueto this it is unable
to exploit the parallelismacrossblocksfrom disks1 and2. The following lemmaformalizesthis
intuition.

Lemma 13 Algorithm, � incursat least VX�RiR~]�RQB� I/Os to service¹ .
Proof : As thefirst @B�RQ3� blocksin �PêXöbó'÷36�h�8 arerequestedfrom disk 1, � incursat least@3�RQB�
I/Os to servicethe first @B�ªQB� requestsof �XêPöbó�÷B6+h'8 . Now till requestD #�O>��Ó�ÛL! is serviced,the
lookaheadwindow doesnot extendpastrequestD O9JM#�O>��Ó�Û_! . Henceno block of �PêXöbó'÷36=@38 from
disk 2 is prefetchedtill requestD #+O��+Ó is serviced.Hencea total of at least @3�RQB� I/Os is required
by � to servicerequests�HD � � , where@B�ªQB� �ª�f�a@3� . Thereforeatotalof at least~b�RQ3� I/Os is
incurredby � to service¹ . À

Fromtheabove proof it canbeseenthata greedyschedulewhich fetchedthefirst �RQ3� blocks
of �XêPöbó�÷B6
@B8 from disk 2, can save �RQ3� I/Os. Formally we show in the following lemmathat»�î&?@?�� needsonly ½B�RQ3� I/Os to service¹ .
Lemma 14 Theoptimalalgorithm(GREED)incurs ½3� ^R�RQ3� I/Os to service¹ .
Proof : To servicerequestsin �PêXöbó'÷36�h�8 , OPTincurs @B�ªQB� I/Os. As no block is requestedfrom
disk 2 in �XêPö]ó'÷B6+h�8 , �ªQB� blocks can be prefetchedfrom disk 2 for �XêPöbó�÷B6
@B8 . Hencethe total
numberof I/Osthatneedto bedonein �PêXöbó'÷36=@38 is �RQ3� ; thereforethetotalnumberof I/Osincurred
by GREEDis ½3�RQ3� . À
5 Probabilistic Setting

In thissectionweconsidertheparallelprefetchingandbuffer managementproblemin probabilistic
settings.In previoussectionsweconsideredservingarbitraryworst-casereferencestringsonparallel
disksystems.A naturalquestionthatarisesis oneregardingtheperformanceof parallelprefetching
algorithmswhentheblocksin thereferencestringsoriginatefrom randomlychosendisks,or rather
whenthereferencestringcanbesaidto begeneratedby a stochasticadversary. In this sectionwe
presentresultsthat indicateimproved performancefor the parallel prefetchingalgorithmsin this
setting,comparedto theworst-casesettingsconsideredearlier.

Thesuperiorperformancein probabilisticsettingscanbesaidto motivatetheexplicit random-
ized layoutapproachemployedfor multiple datastreamingin [1, 10]. Thesameboundsthathold
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for performancewith respectto a stochasticadversaryhold for worst-caseexpectedperformance
with respectto randomizationinternalto thealgorithm.

Whentheread-oncereferencestring is suchthateachblock mayoriginateindependentlyfrom
any disk with uniform probability, the analysisusesresultsproved for the classicurn occupancy
problem[4]. A complicationariseswhile consideringruns or videosthat arestriped,with each
streamstartingon a randomlychosendisk: this complicationis relatedto the lossof probabilistic
independencewith respectto the disksfrom which successive blocksof the referencestring may
originate.While mergingstripedruns(streamingstripedvideos)suchthatthefirst blockof eachrun
(video)wasplacedon an independentlychosenuniformly randomdisk, thereexists a dependency
amongthedisksfrom whichcontiguousblocksof theresultingreferencestringoriginate.In [1], the
authorsformulatedandanalyzedthedependentoccupancyproblemandprovedboundsidenticalto
theones(upto lowerorderterms)for theclassicoccupancy problem[4].

Below westatethetheoremspertainingtoourmodelsfor parallelprefetchingthatmaybeproved
usingtheseresults.Theorem8 for thesharedbuffer configurationis from [8].

Theorem 7 To servicestochasticallygeneratedread-oncereferencestringsof length d , NOM in-
curs the minimumexpectednumberof I/Os, namely ;<6
d<Q3�:8 , in both the shared and distributed
buffer configurationsworkingwith a buffer of size5$6
�nmpoBqr�:8 .
Theorem 8 To servicestochasticallygeneratedread-oncereferencestringsof length d , GREED
incurstheminimumexpectednumberof I/Os,namely;<6
d<Q3�:8 . In thecaseof thedistributedbuffer
configuration, it requiresa buffer of size 5$6
�®mto3q×�:8 to attain this I/O bound. In the caseof the
sharedbuffer configuration, it requiresa buffer of size5$6
� # 8 to attain that I/O bound.

6 Practical Implementationsof Lookahead

In this section,wedescribethetechniquesof forecastingandflushingwhich makepossiblea prac-
tical implementationof localandgloballookahead.

6.1 Implementing Local Lookahead

As wementionedin section2, in caseof applicationssuchasexternalmerging,multimediastream-
ing, etc., the datastreamsare typically stripedacrossthe parallel disk system;sometimeseven
randomizedstripingis employedasin [1, 10]. In this section,we discusshow to usea forecasting
datastructure[1] to implementlocal lookaheadunderthesecircumstances.

In theapplicationsof interest,eachstreammight bea sortedrun of recordsthat is expectedto
bemergedor acompressedsequenceof framesor someothermultimediadataunitsthatis expected
to be playedback. Intuitively, eachrecordin the sortedrun andeachframein the video stream
have a certainnaturaltime-stampsignifying whenthatrecordwill beconsumed;thatis, mergedor
transmittedfor display.

For instance,in externalmergingthekey valueof arecordprovidesanaturaltime-stamp,sinceit
determineswhentherecordis consumed.Similarly, thetime-stampof ablockof videois determined
by thecompressionof theprecedingframes.

Thusat any point of time during the parallelprocessingof multiple streamsof data,the next
block that shouldbeprefetchedfrom any disk is the block with the smallesttime-stampfrom the
setof blocksresidenton thatdisk, consideringall streamshaving blockson thatdisk. Therefore,
implementinglocal lookaheadinvolvesimplementinga simple,efficient mechanismto keeptrack
of theblockwith thesmallesttime-stamponeachdiskat all times.

In orderto implementlocal lookahead,we follow theapproachof implantingin eachdisk block
of thestream,thevalueof thetime-stampof thenext block of thatstreamthatresideson thesame
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disk. This informationcaneasilybe implantedin eachblock of eachstripeof eachstreamwith
negligible increasein occupieddisk space. We refer the readerto [1] for details regardingthe
maintenanceand useof the forecastingdatastructureduring the streamingand estimatesof the
marginal memoryrequirementsof suchanapproach.

6.2 Implementing Global Lookahead

The previous subsectionmakespossiblean implementationof local lookaheadandthusthe algo-
rithm GREED.In this subsection,we show how to combinelocal lookaheadwith thesimpletech-
nique of flushing [1] to effectively implementglobal � -block lookaheadand an algorithm that
performsat leastaswell asNOM. Thedescriptionin [1] providesthedetailsof thealgorithm,which
webriefly sketchhere.

At any time ñ during the computation,let �BA denotethe setof blocksin the buffer andlet C�A
denote� blocks,eachonebeingthe block with the smallesttime-stampon onedisk. It may be
verifiedthat the following algorithmincursno more parallelI/O operationsthandoesNOM andis
optimal:

Whenever û � A û¤���£ª� , we readin all � blocksof theset C A . When û � A û¤i��£ª� , we
flush(emptythebuffer) andreadasrequiredsoasto ensurethat the � blockswith the � smallest
time-stampsin theset � AED C A are in thebuffer immediatelyaftercompletionof thereadoperation.6

Theflushoperationby itself doesnot involve any I/O. Hencetheforecastingdatastructureand
thetechniqueof flushingyield a simple,efficient implementationof global � -block lookaheadfor
read-onceconsumptionsequences.

7 Conclusions

In this paperwe presenteda competitive analysisframework for online parallelprefetchingalgo-
rithms servingan importantclassof referencestringson parallel disk systems.Our prefetching
algorithmsarebasedon novel andpracticallyrealizableformsof boundedlookahead.We consid-
eredavarietyof scenariosandpresentedupperandlowerboundsfor variantsof theonlineproblem
thatencompassmany practicalsituations.Besidestheoreticallyanalyzingtheproblemsathand,we
alsodiscusshow to usesimpletechniquessuchasforecastingandflushingin orderto implement
thevariousformsof lookaheadsovital for prefetching.

6A simpledynamicdatastructureto maintainthe orderof consumptionof memoryresidentblocksmaybe usedalong
with theforecastingdatastructure[1] to carryout theseoperations.
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