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Abstract

Optimizingcollective input/output(I/O) is importantfor improving throughputof parallelscientificapplications.Current
researchsuggeststhataspecializedcollectiveapplicationprogramminginterface,coupledwith system-leveloptimizations,
is necessaryto obtaingoodI/O performance.Unfortunately, collectiveinterfacesrequireanapplicationto discloseits entire
accesspatternto fully reorderI/O requests,andcannotflexibly utilize additionalmemoryto improveperformance.In this
paperweproposeandanalyzeamethodof optimizingcollectiveaccesspatternsusinginformedprefetchingthatis capable
of exploiting any amountof available memoryto overlap I/O with computation. We comparethis approachto disk-
directedI/O, anefficient implementationof a collective I/O interface.Moreover, we prove thatundercertainconditions,
a per-processorprefetchdepthequalto the numberof drivescanguaranteesequentialdisk accessesfor any collectively
accessedfile. In empiricalstudies,aprefetchhorizonof oneto two timesthenumberof disksperprocessoris sufficient to
matchtheperformanceof disk-directedI/O for sequentiallyallocatedfiles. Finally, wedevelopaccurateanalyticalmodels
to predictthethroughputof informedprefetchingfor collective readsasa functionof theper-processorprefetchdepth.

1 Intr oduction

Poor input/output(I/O) performanceis oneof the primary obstaclesto effective useof high performancemultiproces-
sorsystems.In aneffort to provide high throughputcommensuratewith computepower, currentmultiprocessorsystems
providemultiple disksor disk arraysattachedto I/O processorsthatcommunicatewith computeprocessorsthrougha fast
network (seeFigure1). A parallelfile systemmanagesparallelfilesthataredeclusteredacrossmultipleI/O processors.Un-
fortunately, parallelfile systemshave beenunableto consistentlydeliverpeakhardwareperformanceto applicationswith
widely varyingI/O requirements,andI/O remainsacritical bottleneckfor a largeclassof importantscientificapplications.

Many studieshave shown thatparallelI/O performanceis extremelysensitive to thefile accesspattern,which canbe
extremelycomplex. Eachthreadof a parallelapplicationaccessesa portion of a parallelfile, declusteredover multiple
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Figure1: Systemarchitecture. Computenodesandinput/outputnodes(eachof which managesa disk or disk array)
communicatethrougha fastnetwork interconnect.
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disks,with a local accesspattern.The temporalandspatialinterleaving of the local accesspatternsis the global access
pattern. To optimizeapplicationthroughput,it often helpsto have informationaboutthe global accesspattern;thus,an
importantresearchareain parallelfile systemdesignis determiningwhataccesspatterninformationneedsto bespecified
by anapplicationto providegoodperformance.

Oneimportantclassof accesspatternsis collective I/O. Supposethe threadsof a parallelapplicationsimultaneously
accessportionsof a sharedfile, andno threadcanproceeduntil all have completedtheir I/O. If the threadsusea UNIX-
style interface,a separatesystemcall is requiredfor eachdisjoint portion. This canresultin non-sequentialaccesses,and
consequently, poorperformanceat the I/O processors.Providing high-level accesspatterninformationto the file system
throughanapplicationprogramminginterface(API) allowsdisksto reorderrequests,servicingthemto maximizethrough-
put. Thismotivatesoptimizationssuchastwo-phase[7] anddisk-directedI/O [11]; givenglobal,high-levelknowledgethat
somedatamustbereador writtenbeforeall theprocessorscanproceed,theI/O operationscanbereorderedto occurasan
efficient collective. In recognitionof its importanceto high-performanceI/O, aninterfacefor collective I/O is specifiedas
anextensionto theScalableInput/Output(SIO) initiative low-level API [5].

A moregeneraltechniquefor improvingperformanceby providingaccesspatterninformationto afile systemis through
informedprefetching.Theapplicationconstructshintsdescribingfutureaccessesthataprefetcherusesto issueI/O requests
in advanceof thedemandfetchstream.Althoughamainadvantageof prefetchingis its ability to overlapI/O with computa-
tion,deepprefetchingenablesbetterdiskscheduling,improving throughputanalogouslyto acollectiveI/O implementation
thatsortsdisk requests.Unlike anefficient collective I/O implementation,thequality of disk schedulingis a functionof
theprefetchdepth.

Given thata parallelapplicationmustperforma collective read,andprovided that eachprocessorhassufficient time
to overlaptheI/O with computationandsomeamountof memoryto issueprefetchrequests,we investigatehow to utilize
this memoryusinggeneralinformedprefetchingtechniquesto achieve throughputsimilar to anefficient implementation
of collective I/O. We derive modelsfor expectedthroughputusing prefetchingand validatetheseexperimentally. We
show thatwith only a smallamountof additionalmemorythatscaleswith thenumberof disks,informedprefetchingcan
outperformanefficient collective I/O implementation.

Theremainderof this paperis organizedasfollows. We describethecomplexitiesof collectiveaccesspatternsandour
targetapplicationin � 2. In � 3 wepresentthestateof theartoptimizationsfor collectiveI/O. In � 4 wediscussprefetchingas
analternativeto acollective I/O interface,anddescribemodelsfor prefetchingthroughputbasedon theavailablememory.
We presentourexperimentalevaluationof prefetchingandcollective I/O usingasimulationinfrastructurein � 5. In � 6 we
survey relatedwork, andwe concludewith directionsfor futureresearchin � 7.

2 Problem Specification:CollectiveAccessPatterns

We defineacollectiveaccesspatternto beaspecialglobalaccesspatternwhereprocessorssimultaneouslyaccessportions
of a parallelfile. A parallelfile hasseveral layersof abstraction.At the applicationlevel, processorsmay imposesome
structureon the logical file to determinehow to partition it amongthemselves. At the systemlevel, there is usually
a canonicalorder for logical file blocks or records. Theseunits are in turn storedon disk drives accordingto some
distribution. Finally, the placementof blockson a singledrive may vary from sequentialto random,dependingon the
placementstrategy.

Dependingonhow thelogicalfile blocksarestoredondiskanddistributedamongprocessors,theglobalaccesspattern,
andconsequently, queuesat eachdrive,canvary dramatically. Figure2 illustrateshow logical file blocksmaybestriped
round-robinacrossdrives,anddistributedamongprocessorsaccordingto threedifferent logical file views (interleaved
sequential,1-D block,and3-D block) thathavebeenusedin scientificapplications.

UsingaUNIX-style interface,processorsmustat leastissueaseparaterequestfor eachcontiguousportion.We assume
thatin acollectiveread,processorssynchronizeandeachprocessorbeginsreadingits portion,blockby block,in increasing
logicalblockorder. Figure3 depictsanabstractionof how the1-D blockdecompositionof Figure2 evolvesover time. We
canseethatdiskutilization,andconsequentlythroughput,is poor. Thisexampleis verysmall,soindividualdriveaccesses
arestill sequential.However, whenprocessorssimultaneouslyaccessdifferentlocationsof a largerparallelfile, it becomes
difficult to exploit sequentialityat thedrives.

3 Collective I/O Implementations

As we have described,collective accessto parallel files is often inefficient from an I/O performancestandpoint. Each
processaccessesits own disjoint portion,but to fully exploit disk bandwidth,thefile systemmusthave knowledgeof the
global,coordinatedaccesspattern.If theapplicationcanspecifythat thecomponenttransfersof thecollective operation
maybeexecutedin any order, becausetheapplicationwill not progressuntil theentireoperationhasbeencompleted,the
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Figure2: Thr eeexamplesof logical file views.A file, viewedasanarrayof blocks,maybeallocatedto processorsmany
ways. The diagramsabove show threesuchlogical file views. The numbersidentify processorsthataccessthe denoted
file regionsandprocessorsaccessblocksin logically increasingorder. For example,in the interleavedsequentialaccess
pattern,eachprocessorwill accessall theblocksstoredona singledisk.

file systemcanminimizedisk transfertimeby reorderingrequeststo matchthefile layout.
The SIO low-level API [5] includesan extensioninterfacefor collective I/O. One task of the applicationcreatesa

collective I/O, specifyingthe numberof participants,whetherthe operationis a reador write, the numberof iterations,
and(optionally)whatportionswill beoperatedon. Participatingapplicationtasksissuecalls to join thecollective; each
specifiesa list of correspondingfile regionsandmemorylocationsthat will be involved in the transfer. The transferis
asynchronous;the file systemcan eitherwait for all participantsto join the collective beforeinitiating the transfer, or
serviceeachrequestimmediately.

Thereareseveral implementationalternativesfor collective I/O that canbe categorizedasuser-level or system-level.
User-level librariesto supportcollectiveI/O, suchastwo-phaseI/O [7] haveprocessorsaccessfiles in longcontiguouspor-
tionsandpermutethedataamongthemselvesto correspondto theprocessordatadecomposition.Two majorperformance
problemswith this approacharethat theuser-level library cannotexploit informationaboutthephysicaldisk layout,and
the permutationphaseis not overlappedwith I/O. System-level implementationapproachesprovide systemsupportfor
collective operations;oneapproachthataddressestheseproblemsis disk-directedI/O [11]. Disk-directedI/O allows the
I/O processorsto sort thephysicalblock requestsandtransferthe requestedblocksdirectly to the requestingprocessors.
Besidesapplicationbuffer spaceto receive theoutstandingrequest,no additionalmemoryis necessary.

4 ProposedMethod: Inf ormed Prefetching

Theconfluenceof application-specifiedinformationandsystem-level supportallows optimalschedulingof collective I/O
requests.However, theunderlyingprinciple(gatheringandsortingrequestsfrom processorsin agloballyoptimalmanner)
canimprovetheperformanceof many parallelI/O accesspatterns.Prefetchingcanprovidethesebenefitsfor collectiveI/O
usingamoregeneralframework thatdoesnot rely onspecializedsystemoptimizations.

3



4

5

75

Disk
3

6420

1

6

420

642

753

1

75

64

1

0

0

1

3

6

6

6

3

5

5

7

7

7

7

4

2

2

3

Timestep
t0 t1 t2 t3 t4 t5 t6

Figure3: Disk queuesover time. Assumingunit time to servicedisk requests,the1-D blockpatternevolvesover time as
shown above. Theidentifierof therequestingprocessorlabelseachblock request.Note thatdisk utilization is only 50%.
Ideally this setof accessescouldbecompletedin four timesteps.
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Figure4: Collective input/output benchmark. We considera benchmarkwhich iteratively readsdata(the collective
operation)andcomputeson it (a). Readtime andcomputetime arebalancedso thatall readtime canbepartially (b) or
fully (c) overlappedwith computation.

4.1 Overview

Prefetchingis a generaltechniquethat improvesI/O performanceby readingdatainto cachebeforeit is requested,over-
lappingI/O with computation.Althoughmuchresearchhasfocussedonanticipatingdatarequestsbasedonaccesshistory,
informedprefetchingadvocatesusingapplication-suppliedhintsto inform thefile systemof futurerequests[14].

Unlike a collective API, usinghints to exposefuturerequeststo thefile systemdoesnot explicitly give thesystemthe
ability to reorderthem.However, deepprefetchingpromotesdeepdisk queues,enablingimplicit requestreordering.The
deeperthequeues,themorereorderingis possible,andthehigherthethroughput.In aspectrumwheredemandfetchingis
at oneextreme(no reordering)andcollective I/O is at theother(perfectreordering),prefetchingwith graduallyincreasing
depthsdescribestheperformancepointsin between.In otherwords,aninformedprefetchingsystempermitsmoreflexible
useof memory;if thereis not enoughmemoryto fully optimizethetransaction,thesystemcanstill obtainpartialbenefits,
degradinggracefully.

Thus,prefetchingimprovementshave two components;I/O is overlappedwith computation,anddeepprefetchqueues
allow thedisk to reorderrequestsdynamically, improving throughput.Collective I/O is anoptimizationthat reliessolely
uponrequestreordering.OnecanoverlapI/O with computationby issuingcollective I/O callsasynchronously;however,
this approachrequiresallocatingenoughmemoryto holdboththecollective in progressandthecollective in memory.

To formalize this intuition, we considera parallelbenchmarkthat iteratively performscollective I/O operationsand
computeson thedata.A parallelapplicationmustreadandprocesssomenumberof files, eachwith � blocks. Thefiles
arestripedround-robin,across� disks;this aspectof thelayout is not underapplicationcontrol. Thereare � processors,
eachwith finite buffer space,andthedisksandprocessorsareconnectedwith a zerolatency network. For eachfile, the
processorssynchronize,eachprocessorreadsa disjoint portionof thecurrentfile ( ����� blocks),andwhenall processors
have completedtheread,they begin to computeon thedata.Figure4ashows this I/O-computecycle. Eachprocessorhas
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Parameter Value

sectorsize 512bytes
cylinders 1962
revolutionspeed 4002RPM
transfertime (8 KB) 3.3316ms
rotationallatency 14.992ms/revolution
seektime(C cylinders) if C 	 383,3.24+ .4
 � else8.00+ 0.008C

Table1: HP 97560diskparameters.

� blocksavailablefor prefetching,calledtheprefetchdepth(or prefetchhorizon),andmayissueup to � prefetchrequests
in advanceof thedemandfetchstream,to overlapI/O andcomputationasshown in Figure4b. This functionalitymightbe
providedby a verybasicprefetchingsystemthatcouldbeimplementedat theapplicationlevel usingasynchronousI/O.

Drawing from terminologysetforth in [14], wedescribetheelapsedtime 
 for sucha benchmarkas


���������������
����! #"$
%�����&�(' (1)

where � ������� is thenumberof collective I/O accesses,
 ���! is theCPUtime betweencollectiveoperationsand 
 ������� is
thetime to performa collective I/O access.

By default, 
�������� is notoverlappedwith 
)�*�* ; theapplicationseesall I/O time(Figure4a).Wedefine
,+.-�/10.2 asthetime
to performahintedcollectiveI/O with someper-processorprefetchdepth� . In otherwords,wecanoverlapsomefraction
of theI/Os in thecollective with computetime ( 
)�*�* ) to improveperformance,asshown in Figure4b. Prefetchingwill
outperformnon-overlappedcollective I/O if


,+.-�/10.2435
����! 6"$
%������� (2)

At this point, we make an importantobservation. 
,+.-�/10.2 is highly dependentboth on the global accesspattern(the
temporalandspatialinterleaving of eachprocessor’slogicalaccesspattern)andonthediskallocationstrategy (themapping
of logical blocks to physicaldisk locations). Therefore,the choiceof prefetchdepthwill changethe time necessaryto
servicethecollectiveusingprefetching.We investigatetheimpactof theglobalaccesspatternonprefetchhorizonin � 5.3.

Weusememoryasthecommoncurrency to compareperformanceof collectiveI/O andinformedprefetching.A collec-
tiveoperationrequires� blockswithoutoverlapping,and 7�� blockswith potentiallyfull overlapof I/O andcomputation.
In contrast,informedprefetchingcanutilize any availablememorybetween� to 7�� blocks.To outperformnon-overlapped
collective I/O using � blocks,prefetchingwill require ��" � blocks,where� is theprefetchdepth.We determinebounds
on � in � 4.3.

4.2 PerformanceModel

We considerthethroughputof anapplicationwith theread/computecycle of collectiveoperationsshown in Figure4 asa
functionof theprefetchdepth� . Assumethatdiskblockplacementis random,sotheglobalaccesspattern,determinedby
thedistributionof blocksto processors,doesnot significantlyaffectoverall throughput.

The time for eachread/computecycle is the time to service �8�9���:'<; � I/O requests,plus the computetime for the
collective, or �8�9���:'�
 � . We assumethat the initial � prefetchrequestsare fully overlappedwith the previous cycle
computetime. Equation(3) expressesthetime for asingleread/computecycle.


 �>=.�?�A@ �B� �� ; � 'DCE
%F4"�� �� '!CE
 � (3)

The time 
 F to servicea single block varieswith the prefetchdepth � . We can model the disk servicetime more
accuratelywith (4), asthesumof theindependentvariablesfor theexpectedtransfertime,rotationallatency, andseektime
asa functionof theper-processorprefetchdepth� .


%F���GIH 
KJMLON�PRQ)STJT
�U?VWS.XY"$GZH []\R^�LO^�U>\RN%L`_ba4LO^�STN%cedOXf"gGZH hDSRSMi`
KU>V#S`� � '>X (4)

We cancalculate
 F for the HP97560disk drive (seeTable3), usedin our experimentalevaluation,asfollows. The
expectedtransfertime is a constantfor 8 KB blocks,expectedrotationallatency is equalto onehalf a rotation,andthe
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Symbol Meaning
 �>=E�?�1@ read/computecycle time� number8 KB blocks� numberprocessors(equalto numberof disks)
 F time to serviceblock read
 � computetime perblock� per-processorprefetchhorizonj
numbertracksin desiredhorizonJ prefetchrequestsperdisk

Table2: Symboldefinitions.

expectedseektime is formulatedin (5). If a processorhasa prefetchdepthof � , it may have at most � outstanding
prefetchrequests.Although theseprefetchrequestsare issuedin logical orderwithin the file, the physicaldisk blocks
will be randomlydistributed,andreorderedat thedisk queues.A processorwith � outstandingrequestscannotprefetch
anotherblockuntil its first prefetchrequesthasbeendemandfetched.Onaverage,with randomplacement,thefirst request
will be in the middle of somedisk queue,so half of the requestsmustbe servicedbeforethe processorcanissuemore
prefetches.Consequently, on average,only � ��7 requestsarein thequeueat any time. We countthecurrentdisk position
asanadditionalrequest.Theaverageseekdistance,in cylinders � , betweenJ uniformly distributedrequestsis givenby�]�k�8Jl"�mT' ; thus,ourmodelapproximatestheaverageseekdistanceas �n�o��� � ��7Y'%"g7Y' .

GIH hDSRSMi`
KU>VWS`� � '�Xp�rqts 7�uK"�s v�u,�
w m.xYyY70 z "g7 ' (5)

For sequentialdisk placement,it is moredifficult to estimate
 F , becauseit is dependentuponboththeprefetchdepth� andtheaccesspattern.We simplify theaccesspatternvariationsby modelinga globalsequentialaccesspatterncreated
by allocatingeachblock in the file to a processordrawn from a uniform distribution. Our intuition is as follows: the
optimalschedulefor eachdrive is to readfile blockssequentially, whichmeansthatideally eachdriveshouldknow which
processorsrequiretheblocksthey arereading.Within aparticularfile region,eachdiskwill havepartialinformationabout
which processorsrequirewhich blocks,throughprefetchrequests.As the prefetchdepth � increases,the probability of
having completeinformationfor this region increases.Within eachtrack,requestsaresequential,but thecostto accessa
differenttrackincursrotationallatency plustransfertime.

The sizeof the file region we consideris 7�� blocks,expressedastracksin (6). This is two timesthe prefetchdepth
necessaryfor theoreticalsequentialityon thedrives,aswe will show in � 4.3,andis a goodestimateof thepracticalbound
for sequentialaccess(aswe show experimentallyin � 5.4).

j � 7nCT��CRPTSTc{^�\RJMPT�|STJM�}_b\McEiPTSRce^�\RJ�PT�|S.JR
KJML`cEi (6)

We estimatetheaveragenumberof trackshit ( ^�JML`cEioP ) by J requestsusingCardenas’s formula[2] in (7). Thenumber
of requestsat eachdisk, J , is relatedto theprefetchdepth � by therelationshipJ��~�8� � '��M� . Sincethenumberof drives
andprocessorsarethesame,J is equalto � .

^�JRL`cEitP��B��ml;���mK; mj '��.'DC j (7)

Thus,wehave QpJMLOc ���e� F ��� j ; ^�JRL`cEitPT'�� j , andtheformulafor 
 F is givenby (8), where
%��@�� is thetimeto servicea
sequentialdisk request.From(8) and(3) wecancalculatethethroughputfor sequentialdisk layoutfor a globalsequential
accesspattern.


�F���QpJML`c ���e� FlCY�8GZH 
KJMLON�PTQ)STJR
KU>VWSEXO"gGZH []\R^�LY^�U�\RN%L`_8a�LO^�S.N%c{dYX�')"���ml;�QpJML`c ���e� FR'�C{
 ��@�� (8)
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Figure5: Bounding the prefetchdepth for collective accesspatterns. If the network is infinitely fastanddisk access
occurin unit time,aprefetchdepthperprocessorequalto thenumberof disksis sufficient to ensuresequentialaccessesat
eachdrive.

4.3 Determining the PrefetchDepth

Collective I/O implementationsoptimizecollective accesspatternsby requiringeachprocessorto discloseall intended
accessesin advance,andglobally sortingthis requestlist for optimalthroughput.It might seemthatinformedprefetching
is incapableof generatingthis optimal I/O requestschedulefor any file sizeandaccesspattern,becausethe amountof
reorderingpossibleis boundedby thesizeof eachprocessor’sprefetchhorizon.

However, we canshow that independentof file sizeandaccesspattern,with certaindisk placementassumptions,the
prefetchdepthnecessaryto generateanoptimalschedulefor collectiveaccessesin anidealsystemis theoreticallybounded
andis equalto � , thenumberof drives.Figure5 encapsulatesourassumptionsandsketchesaproofof thisbound.Blocks
of a file arestriped,round-robin,across� drives(8 in this figure). Within a drive, logically increasingfile blocksare
placedsequentially. Eachcolumn representsa logical file block, and eachrow representsa single processor’s logical
block allocations,or ownerships.Every block is ownedby exactly oneprocessor;ownershipis representedby an x in
therow/columnintersection.Eachprocessorrequestsits blocksin increasingorder. We assumeI/O requestsareperfectly
synchronizedat thedisksandoccurin unit time. We alsoassumetherestof oursystemis infinitely fast,sothattheinstant
a blockhasbeenprefetched,theprocessorthatownsthatblockcanissuea new prefetchrequest.

Theoptimalscheduleis predeterminedby thefile layout;at timestep1, blocks0 through�~;�m mustbeserviced,then
in thenext timestep,blocks � through7���;�m , andsoon. At eachtimestep,thedisksneedto know whichprocessorowns
eachblock(i.e., theprocessormusthaveprefetchedthatblock). As shown in Figure5, atany timestep̂ aprefetchdepthof� at eachprocessorwill convey this information.This is becauseall theprefetchesfor earlierblockshave beenserviced,
soto servicethenext � blocksit is sufficient for eachprocessorto revealits next � requests.For example,in timestep2,
processor�t� ownsall the � blocksthatwill beaccessed;it musthaveprefetchedtheseblocks.

Intuitively, asrequestsfor blocksin the beginning of the file areserviced,the processorsthat werewaiting on those
blocksissuemoreprefetchrequestsfor thenext requestsin sequence.In this way, theschedulingalgorithmat eachdrive
candynamicallytranslateanarbitrarydecompositioninto sequentialaccesses.Notethat theassumptionthatall blocksof
a file will beaccessedis crucial to this result,but not necessarilytrueof collective accesspatternsin general.For therest
of this paper, we consideronly files thatareaccessedin their entirety.
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Parameter Value

Numberof disks 8
Disk type HP 97560
Disk capacity 1.3GB
Disk transferrate 2.11MB/sec
File systemblocksize 8 KB

Numberof processors 8
Network latency 25 ns
Network bandwidth 400MB/sec

Table3: Simulatorparameters.

5 Experimental Evaluation

In theprevioussections,weintroducedamodelfor prefetchingthroughputandproposedatheoreticalboundontheprefetch
depthnecessaryto obtainsequentialdisk requestscheduling.We expectthat with equalamountsof memory, informed
prefetchingshouldbehave slightly worsethana collective interface.However, performanceof informedprefetchingwill
increasegracefullyasadditionalprefetchbuffersareavailable,quickly surpassinganefficient collective I/O implementa-
tion. In this sectionwe comparecollective I/O andinformedprefetchingexperimentallyvia simulationandmeasurethe
accuracy of our model.

5.1 Simulator Ar chitecture

We simulateda simpleparallelfile systemfor the systemarchitectureshown in Figure1 that supportsdisk-directedI/O
and informed prefetching. The major componentsof our systemare processors,the network, and I/O nodes,andour
emphasisis on I/O andqueuingeffects.Filesarestriped,blockby block,acrosstheI/O nodes,andeachI/O nodeservices
onedisk. The network model haspoint to point communicationwith a fixed startupoverheadanda per-byte transfer
cost;we assumea very fastinterconnect.Eachprocessorhasits own cacheandprefetcher;we assumeno overheadfor
memorycopiesincurredby cachehits. TheI/O nodeshaveno cachebeyondthediskcache.Thediskmodelwehaveused
is Kotz’s reimplementationof RuemmlerandWilkes’ HP 97560model [12, 15]. Table3 lists the significantsimulator
parameters.Althoughthis disk is not modern,advancesin disk technologydo not qualitatively affect thequeuingeffects
we areaddressing,andthis particularmodelhasbeenwell testedandvalidated.

Thereareseveral possibleimplementationstrategiesfor collective I/O; we limit our comparisonto disk-directedI/O,
which generallyoutperformsapplication-level collective implementationssuchas two-phasecollective I/O [7]. In our
simulationof disk-directedI/O, the processorssynchronizeat a barrier, issuea collective call, andsubmitthe collective
requeststo theI/O nodes.EachI/O nodethenknowswhatblocksit mustread,andwhich processorshaverequestedthose
blocks.TheI/O nodessort theblock lists to minimizetransfertime,andsendeachblock to therequestingprocessorasit
is readfrom disk. Throughputfor thecollectiveusingdisk-directedI/O is optimal.

Using informedprefetching,eachprocessorconstructsa hint containingthe list of blocksthat it intendsto readusing
a standardUNIX-style interface.A hint containsa flag indicatingwhetherit is a reador a write andanorderedsequence
of blocks to be accessed.This matchesthe specificationSIO low-level API [5]. A prefetchingthreadassociatedwith
eachprocessorissuesup to x outstandingprefetches,to becachedat theprocessor, wherex is theprefetchhorizon. This
approachallowsusto hidenetwork latency aswell asdisk latency. For fair comparisonwith disk-directedI/O, processors
issueabarrierbeforereadingthefile.

One of the advantagesof deepdisk queuescreatedby prefetchrequestsis the ability to reorderrequests,thereby
improving throughput.To this end,we usea shortest-seektime first (SSTF)algorithmto schedulephysicalI/O requests.
Althoughin a realsystem,SSTFschedulingcouldleadto starvation,this is notanissuein ourexperimentaldesign.

5.2 Collective Input/Output Benchmark

Studiesof application-level I/O accesspatternsreveal that iterative I/O computeloopswhereprocessorscollaborateto
reador write andprocessmultiple datasetsover thecourseof executionarequite common[6, 17]. In our experiments,
we considera hypotheticalapplicationwith a read/computeloop that canbe restructuredto read(andprocess)files of
varyingsizes,maintaininga fixedratio of computetime to I/O volume,asillustratedin Figure4. Thecomputetime for
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AccessPattern File Size(MB) Prefetch
Thr oughput

Collective
Thr oughput

Crossover
Prefetch

Min Max Depth

Interleaved 4 9.018 17.988 9.066 1
Sequential 8 9.286 18.132 9.314 1

32 9.505 18.132 9.509 1
64 9.534 18.132 9.541 2

128 9.555 18.132 9.558 2
256 9.564 18.132 9.566 2

1D Block 4 3.091 16.894 9.066 16
Sequential 32 2.411 18.132 9.509 16

256 2.344 18.132 9.566 16
3D Block 4 2.584 17.198 9.066 8
Sequential 32 2.708 18.132 9.509 16

256 2.473 18.132 9.566 16
Global 4 3.123 16.145 9.066 7
Sequential 32 2.623 18.132 9.509 10

256 2.408 18.132 9.566 14

Table4: Sequentialdiskblock placement.

File Size(MB) Prefetch
Thr oughput

Collective
Thr oughput

Crossover Prefetch
Depth

Min Max Unsorted Sorted
4 1.264 2.926 1.551 16 2
8 1.314 3.033 1.593 32 2

32 1.336 3.036 1.642 56 2
64 1.303 3.036 1.643 88 2

128 1.323 3.036 1.660 136 6
256 1.332 3.069 1.697 296 1

Table5: Randomdiskblockplacementfor interleavedsequentialaccesspattern.
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for N iterations: 

1. one processor defines the collective
request, describing data to be read by
all processors

2. barrier synchronization

3. each processor joins collective, read-
ing its portion of data

4. compute on data

for N iterations: 

1. barrier synchronization

2. each processor reads its portion of the
data, one block at a time

3. each processor gives the prefetcher
hints for the next iteration read, begin
prefetching with available memory

4. compute on data

(a) (b)

Figure6: Collective input/output pseudocode.Processorscollectively readandprocess� differentdatafiles oneat a
time,usingacollective input/outputinterface(a)andinformedprefetching(b).

eachcollective readis equalto thetime requiredto readthefile at thethroughputobtainedwith a 4 MB disk-directedI/O
operation,ensuringthat I/O canbecompletelyoverlappedwith computation.Thereis enoughleadcomputetime that the
initial collective canalsobe fully overlapped.Although iterative collective I/Os aretypical, theseparticularbenchmark
parametersarefairly arbitrary, andarechosensolelyto simplify presentationof results.

We describeresultsfrom experimentswherefiles arestripedover 8 disksandaccessedby 8 processors.We obtained
qualitatively identicalresultswith largerbalancedsystems(largernumbersof disksandprocessors,andlargerfile sizes);
thesmallerconfigurationsizewaschosento limit simulationtime.

Figure6 shows the pseudocodefor this benchmarkusinga collective I/O interfaceand informedprefetching. With
a collective interface,processorsrequestall their assignedblocksat oncein step3. Using prefetching,eachprocessor
requestsits portion, a block at a time, with no interrequestlatency. We consideronly 8 KB transfers,a commonfile
systemblock size. Largerrequestsincreasethe degreeof sequentiality, andaresubsumedby accesspatternswith larger
sequentialruns.In thispaperwedonotconsidercollectivewritesor theadditionalcachingandprefetchingissuesinvolved
in clusteringextremelysmall,noncontiguousrequests.

5.3 The Significanceof Global AccessPatterns

We have explainedthat throughputusinginformedprefetchingis dependentupontheglobalaccesspattern.A collective
API allowsdisksto sortthetotalamountof work in advance,fully exploiting physicalsequentiality. In contrast,theamount
of reorderingpossiblethroughinformedprefetchingdependsupontheprefetchdepth.

To illustratethis,wecomparediskservicetimesfor afile accessedwith two differentglobalaccesspatterns:onewhich
resultsin balancedsequentialdiskaccesses,andonewheretheprefetchdepthdeterminesthelengthof globallysequential
runs.Clientsissueprefetches;wevary thenumberof simultaneouslyoutstandingprefetchesperclient,but theclientcache
sizeis largeenoughthatdemandfetchesdo not flushprefetchedbuffers. In this experiment,a 4 MB file is stripedover 8
disks,andblocksarecontiguousoneachdisk.

Ourfirst accesspatternis asimpleinterleavedsequentialpattern.Thereare8 processors;eachprocessor, � , readsevery
8th block beginningwith block � . This processordecompositioncorrespondsperfectlyto thedisk decomposition;unfor-
tunately, suchaperfectdatadecompositionis relatively unusual.In contrast,wealsoconsidera3-D blockdecomposition.
Figure7 comparestheaveragedisk responsetime for theseaccesspatternsat differentprefetchhorizons.Disk response
timesfor the interleavedsequentialaccesspatternareuniformly goodbecausethe streamof accessesto eachdisk is al-
readysequential.Therefore,deeperprefetchqueuescannotfurther improve performanceby enablingrequestreordering;
theonly benefitof prefetchingis overlappingof I/O andcomputation.In contrast,for the3-D block decomposition,larger
per-processorprefetch-horizonsincreasequeuedepthsandallow reorderingfor improvedperformance.

5.4 A Comparisonof Inf ormed Prefetchingand Collective Input/Output

As describedin � 4,wecompareperformanceof informedprefetchinganddisk-directedI/O (anefficient implementationof
collective I/O) with respectto their memoryrequirements.Both approachesimprove throughputthroughrequestreorder-
ing. CollectiveI/O doesthiswith aminimalamountof memoryusingaspecializedAPI anddiskrequestsorting(collective
throughputis independentof accesspattern).Prefetchingrequiresadditionalbuffersto storeoutstandingprefetchedblocks
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Figure 7: Selectionof prefetch depth. Averagedisk responsetime at differentprefetchhorizonsfor differentaccess
patternsvariessubstantiallydueto queuereordering.

AccessPattern File Size(MB) Crossover PrefetchDepth

InterleavedSequential 256 1
1-D Block 256 96
3-D Block 256 32

Table6: Randomdiskblockplacementwith sortedblock allocation.

until they arefetched;the exact numberof buffers varieswith the accesspatternandthe physicalblock layout. At the
sametime, theseadditionalprefetchbuffersallow I/O to beoverlappedwith computation,furtherimproving performance.
Collective I/O canonly utilize memoryin multiplesof thecollectivefile size.

Thus,thecomparisonis oneof determininghow muchadditionalmemory(in prefetchbuffers) is requiredto equalor
surpassthe performanceof a collective interfacethroughthesetwo factors:improvedI/O throughputbecauseof request
reordering,andoverlappingof I/O andcomputation. In this sectionwe show that prefetchingwith only a modestper-
processorprefetchdepthenablesdiskschedulingoptimizationssimilar to aspecializedcollective I/O interface.

5.4.1 A Memory-BasedComparison

We comparethethroughputof our benchmarkusingdifferentI/O techniqueswith varyingamountsof memory. For each
collective readsize � , therearetwo datapointsfor collective I/O throughput;eithertheapplicationallocatesjust enough
memoryto readthefile ( � ), leaving no roomfor overlappingI/O andcomputation,or it allocatestwice asmuchmemory
( 7�� ), permittingpotentiallyfull overlap. In contrast,usingprefetching,we obtaina full throughputcurve aswe vary the
amountof memoryallocatedto prefetchbuffersfrom � to 7�� .

Figure8ashows applicationthroughputfor sequentiallyallocatedfiles accessedusinganinterleavedsequentialaccess
patternandthe 3-D block decompositionillustratedin Figure2. The total memoryavailablefor prefetchingvariesfrom
oneto two timesthefile size(4 MB to 8 MB) dividedamongthe8 processors.With prefetching,wecangraduallyincrease
theper-processorprefetchhorizon,utilizing availableextra memoryto improveperformance.With a collective interface,
eithernoneof theI/O canbeoverlappedwith computetime,or thecollectiveoperationcanbeperformedasynchronously
with twiceasmuchtotalmemory. Thus,thereareonly two points(circled)for collectivethroughput.Thechoiceof access
patterndoesnot affect collective throughput,becauseblocksareoptimally sorted.

The interleaved sequentialaccesspatternmatchesthe file layout perfectly; additionalmemoryimprovesthroughput
only becauseprefetchingoverlapsI/O with computation.In the3-D block accesspattern,additionalprefetchbuffersnot
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Figure8: Thr oughput vs. memory usingcollective input/output and prefetching. A 4 MB file is stripedacross8 disks
andaccessedby 8 processorsusingdifferentaccesspatterns.In (a), block allocationis sequentialandin (b) it is random.
With sequentialallocation,only a modestamountof additionalmemoryperprocessorsufficesto surpassthe throughput
obtainedusinga collective input/outputinterface. With randomallocation,all accesspatternsexhibit similar behavior
becausethecorrelationbetweenlogical sequentialityandphysicalsequentialityis lost. Prefetchdepthsmustbe larger to
surpasscollective input/outputthroughput.

only overlapI/O andcomputation,but improve throughputby reorderingdisk requestsandbalancingdisk load,resulting
in sharpperformanceimprovementsthat level off. Performanceof the 3-D block accesspatternis not asgoodas the
interleavedsequentialpattern,evenwith deepprefetchqueues.This is becauseshortestseektime first (SSTF)scheduling
doesnot reorderrequeststo beperfectlysequential,anda singlestall canhave a cascadingeffect on throughputwhenit
causesotherprefetchesnot to beissued.

Figure8b shows the samethroughputcurvesfor a file with randomblock allocation. In this extreme,the application
accesspatternhaslittle bearingupontheshapeof theprefetchhorizoncurve; deeperprefetchqueuesimprove throughput
accordingto the samefunction regardlessof accesspatternas long as the I/O load is balancedamongdisks. We also
observethatbecauserequestreorderingis soimportantto optimizerandomaccesspatterns,collective I/O alwaysprovides
higherthroughputthanprefetchingwith thesameamountof memory. Recallthatusingdisk-directedI/O we sortthedisk
blocks,andwith prefetchingweuseanSSTFschedulingalgorithm.Evenwheneachprocessorprefetchesits entireportion,
SSTFdoesnot performaswell assortingthelist andmakingasingledisksweep.

Table4 summarizesthroughputfor differentfile sizes,allocatedsequentially, usingfrom oneto two timesthefile size
total memoryfor prefetching.Thecrossover prefetchdepthis thenumberof outstandingprefetchrequestsperprocessor
(in 8 KB blocks)necessaryto surpassthroughputobtainedusinga synchronouscollective I/O interfaceanddisk-directed
I/O. In additionto theaccesspatternsshown in Figure2, we alsoevaluateda “global sequential”accesspattern,created
by assigningeachlogical file block a processordrawn from a uniform distribution until eachprocessorhasbeenassigned
its shareof the file. As processorsreadtheir allocatedfile blocks,the globalaccesspatternis sequential,but it doesnot
correspondto any standarddecomposition.

Table 5 summarizesthroughputfor an interleaved sequentialcollective accessfor a randomlyallocatedfile; other
accesspatternshave similar characteristics.The crossover prefetchdepthincreaseslinearly with the file size. It is clear
that to exploit the high bandwidthaffordedby multiple disks,file blocksthatwill be accessedtogethershouldbe stored
sequentially.

5.5 Selectingthe PrefetchDepth

Weprovedin � 4.3thatfor atheoreticalsystem,if logicalsequentialityis preservedin thephysicalsequentialityof theblock
layout,andfile blocksarestripedroundrobinacross� disks,aper-processorprefetchdepthof � sufficesto permitoptimal
disk scheduling.However, real systemsarenot infinitely fast,nor do I/O requestsoccurin constanttime, so we should
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Figure9: Predictedthr oughput vs. experimental thr oughput. Our modelfor randomdisk placement(a) is accurateto
within 5%. Themodelfor sequentialdiskplacement(b) is accurateto within 20%for prefetchdepthsgreaterthantwo.

expectthe actualcrossover prefetchdepth, � , to increasedependingon network speed,disk placement,andinterrequest
latency.

In our experiments,interrequestlatency of blockswithin thecollective is zero,andthereforenot anissue.Our network
is fastenoughthattheturnaroundtimefor aprefetchedblock to bereturnedto therequestingprocessorandanew prefetch
issuedis muchsmallerthanthenearlyconstantcostof asequentialI/O; however, it is not instantaneous.Thus,weobserve
in Table4 that themaximumcrossoverprefetchdepthfor sequentialblock placementis 7f� ; theextra factorof � allows
processorsto indicatewhich blocksthey own far enoughin advancethatat eachtimestepthe driveswill have complete
informationfor thenext timestepwithout instantaneousturnaround.

In a real file system,block placementis usuallysomewherebetweensequentialandrandom.We notedfrom Table5
thatthecrossoverprefetchdepthincreaseslinearly with thefile size;our prefetchdepthbounddoesnot applybecausethe
physicaldisk layoutdoesnot reflectthe logical block order. However, even if physicalblocksarenot sequential,aslong
asthey areconsecutive(theremaybegapsbetweenthem)andthey arestoredon disk in increasinglogicalorder, a limited
prefetchbuffer depthwill suffice to obtainmaximumthroughput.We demonstratethis by sortingtherandomlyallocated
blocksusedto determinethedefaultcrossoverprefetchdepthsof Table4 (sothatlogically increasingblocksarephysically
increasingon disk) andrecomputingthroughput.Thenew depths,shown in thefinal columnof Table5, andfor largefiles
in Table6, aresignificantlysmaller.

Note that the optimal depthsarenot boundedby the 7f� thresholdas they are for sequentialaccess;this is because
disk servicetimesfor randomlyallocatedblocksareirregular, andprocessorsmustissuemoreoutstandingprefetchesto
compensatefor thelack of synchronicity.

Finally, althoughwe presentresultsonly from a balancedsystem( ����� ), simulationshows that the dependenceof
prefetchthresholdon � alsoholdswhenthenumberof processorsanddisksaredifferent.

5.6 Model Accuracy

We have demonstratedthatoneof thebenefitsof informedprefetchingis its ability to provide throughputimprovements
that increasegraduallywith additionalmemory. In � 4.2 we describedmodelsfor thethroughputof informedprefetching
asa functionof theper-processorprefetchdepth.In this sectionwe assesstheaccuracy of thesemodelscomparedto our
simulation.

Throughputpredictionsprovided by the model for randomblock placementdescribedin � 4.2 areaccurateto within
5%, asshown in Figure9. Throughputpredictionsprovidedby themodelfor sequentialblock placementareaccurateto
within 20% for prefetchdepthsgreaterthantwo. Predictionsfor very small depthsare inaccuratebecauserequestsare
soscatteredthat theexpectedrotationallatency will beonerevolution,asopposedto thehalf revolution usedto calculate
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in themodel. Themodelalsolosesaccuracy at largerdepthsfor thesamereasonthat thecurve for the3-D block access
patternin Figure8a is lower thanfor the interleaved sequentialaccesspattern;the modelassumesperfectsequentiality
with high prefetchdepths,but SSTFschedulingdoesnot reorderrequeststo be perfectlysequential.The modelis more
accuratefor largerfiles,whentheeffectof a singlepoorschedulingdecisionis smaller.

6 RelatedWork

Several implementationsof collective I/O have beenproposed.Two of themostpopulararetwo-phaseI/O [7] anddisk-
directedI/O [11]. In two-phaseI/O, the applicationusesa particular interfaceto alert the file systemto a collective
operation.In atwo-phaseread,for example,datais readfrom diskssequentiallyandredistributedto theprocessorsinvolved
in the collective. A variation of two-phaseI/O called extendedtwo-phaseI/O [20] usescollective I/O in conjunction
with dynamicpartitioningof the I/O workloadamongprocessorsto balanceloadandimprove performance.As we have
described,disk-directedI/O is anothermethodfor optimizingcollective requests,wherethecompleterequestis passedto
theI/O processorsto besortedandtransferredto applicationmemory.

Many I/O librarieshavebeendevelopedthatrely uponcollectiveI/O optimizationsto improveperformanceof multipro-
cessorI/O systems.Jovian[1] is aruntimelibrary for SingleProcessMultiple Data(SPMD)codes(processorsexecutethe
samecodeon differentdata).Theprogrammerchoosestheappropriatedatadistribution andI/O operationsareimplicitly
collective. A variablenumberof coalescingprocessesaggregatetherequeststo performthemefficiently underthechosen
distribution. PASSION[4, 21, 19] (ParallelAnd ScalableSoftwarefor Input-Output)is anotherruntimelibrary targetedfor
SPMDapplicationswith routinesto efficiently performout-of-coreoperations.ThePanda[16, 3] library utilizesserver-
directedI/O, a variationof disk-directedI/O, anda high-level collective interfaceto achieve high performanceon array
accesses.

Pattersonet al [14] demonstratedthepotentialof hinting accessesto guideprefetchingandcachingof files thatwill be
accessedin thefuture.A cost-benefitanalysisevaluatesthereductionin I/O servicetime perbuffer accessto decidewhen
to allocatebuffers. This is an elegantapproachfor dealingwith multiple applicationsthat competefor sharedcaching
and prefetchingbuffers. Kimbrel and Tomkins et al [10] compareseveral integratedcachingand prefetchingpolicies
usinghintsfor systemswith multiple disks.However, theseapproachesdo not take into accounttheeffectsof disk queue
reorderingthatareessentialto prefetchingcollective I/O operations.

7 Conclusionsand Future Work

We have demonstratedthat informedprefetchingis a viablealternative to a specializedcollective I/O interfacefor a large
classof accesspatterns.Unlike anefficient collective I/O implementation,informedprefetchingrequireslimited system
supportbeyond the ability to usememoryto storeasynchronousreadsuntil they aredemandfetched. It may be a more
naturalprogramminginterfacefor a parallelapplicationprogrammerwho is accustomedto sequentialI/O. While perfor-
manceof informedprefetchingimprovesasadditionalbuffer spacebecomesavailable,a collective I/O interfacecannot
exploit additionalmemoryunlessthereis enoughto hold thesubsequentcollective read.

Themainperceivedadvantageto a collective I/O interfaceover prefetchingis theability to sort thecollective request
pool for optimal throughput. We have proven that a boundedprefetchhorizonwill suffice to permit global requestre-
orderingsimilar to a collective interface,regardlessof accesspattern,assuminglogical file sequentialityis preserved in
physicalblock layout. We have validatedthesetheoreticalresultswith simulatedexperiments.Finally, we have devel-
opedandvalidatedanalyticalmodelsthatmatchour experimentsto within 20%,while reflectingtheimportanttrendsand
discontinuities.

This researchleavesmany directionsfor future work. We intendto investigatehow hints canbe usedto tailor write
policiesto similarly improveperformanceof collectivewrites.
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