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Abstract

Data intensivedistributed applicationsrequire precise
interactionsbetweenstorage and computation.Theusual
abstractionof anordinary �le in a �le systemdoesnotmeet
thesedemands.We proposean alternative: thesparse�le .
Thesparse �le is not a massstorage device, but rather a
namedrendevousfor distributedapplications. Theunique
featureof thesparse�le is thatmaybeincomplete:regions
of the �le mayexplicitly be un�lled. In this report,we de-
scribethe interfaceand semanticsof sparse�les and give
examplesof howthey maybeappliedto improvetherelia-
bility and�exibility of distributedsystems.We demonstrate
that sparse �les maybe implementedboth easilyand ef�-
cientlyat userlevelwithoutspecialprivileges.Weconclude
with a brief demonstrationof a sparse�le mediatingthein-
teractionbetweenstorage andcomputationon behalfof an
unmodi�edscienti�c application.

1. Intr oduction

Fewer conceptsmay be moredeeplyentrenchedin the
moderncomputersystemthanthe ideaof a �le . Today, no
matterwhat the operatingsystem,storagetechnology, or
�le systemin use,a �le is nearlyunanimouslyde�ned asa
simplebytearraywith aknownlengthandaccessedthrough
asmallsetof well-known operations.

Yet, the �le is more than just an interfaceto a storage
system. In a traditional operatingsystemkernel, the �le
is alsothefocal point of interactionbetweentheotherwise
autonomoussystemsthat mediateaccessto CPUsandI/O
devices.As a processissuesoperationsona �le, thesched-
uler may remove it from the CPU and place it in a wait
state. As �le operationscomplete,a processmay regaina
CPU,thoughnotperhapstheoneit initially had.

This subtlety is not presentin most distributed sys-
tems. Softwareengineeringprinciplesdictatemodularity,
so many signi�cant and powerful systemsaddresssolely

the problemof managingCPUsor I/O systems,but rarely
addressthe interactionbetweenthe two. Nowhereis this
separationmorecompletethanin the �eld of grid comput-
ing. Thisbranchof computerscienceaimsto provideready
accessto large amountsof computingpower primarily for
solvingscienti�c problemsof unprecedentedscale.

A widevarietyof matureproductionsystemsfor manag-
ing agrid of CPUsaredeployedaroundtheworld. Systems
suchasCondor[18], LSF [28], PBS[12], andLoadLeveler
[1] provide queueing,scheduling,accounting,and fault
tolerancefor usersthat have massive numbersof CPU-
intensive jobs. However, thesesystemshave very limited
I/O capabilities.Condor, for example,treatsremoteI/O as
aninexpensivetaskthatmaybeperformedwhile holdingan
allocatedCPUidle.

A numberof researchandproductionsystemsareexplor-
ing the problemof handlinglarge amountsof distributed
data. The Globus replicamanager[27] seeksto duplicate
shareddata�lesnearto whereCPUswill requirethem.The
LBL StorageResourceManager(SRM) [22] exportsdisks
andtapesasallocableandschedulableresources.TheFermi
SequentialAccessManager(SAM) [19] seeksto maximize
the ef�ciency of a sharedtapearchive. Eachof theseas-
sumesCPU power is easilyharnessedon demandasdata
becomesavailable.

But how maythetwo meet?
Theonly interactionavailableto userstodayis alternate

sequentialallocation. Onemustextract input �les wholly
from anI/O systeminto temporarystorage,thenmake use
of the CPU system,andperformI/O againonceafter the
CPU systemhas completed. The problem with this ap-
proachis that it preventsthe overlap of potentially inde-
pendentresources,Further, the privateschedulingpolicies
of eachsystemmay introduceunexpectedlatencies,leav-
ing bothidle to theuser. A bettersystemwould allow both
systemsto be accessedindependentlyandpossiblysimul-
taneously, with anautomaticmechanismfor synchronizing
whennecessary.

We proposea return to the model presentin the clas-



sic operatingsystem. We introducethe sparse �le as a
synchronizationdevice betweenI/O andCPU subsystems.
Like traditionaldatastructuressuchasthe sparsearrayor
sparsematrix, the sparse�le allows arbitrary portionsof
itself to beempty. Unlike a plain �le, it exposeswhatpor-
tionsof itself areavailableto beprocessed.Thesparse�le
serves as a namedrendezvous betweenany combination
of jobs and grid subsystems.This rendezvous introduces
�e xibility in allocation. Subsystemsmay be allocatedin-
dependentlyandsimultaneously, thusallowing overlapfor
improvedthroughputwhile still enforcingsynchronization
whennecessary. Thesparse�le also�lls otherusefulroles
whenknowledgeof thecompletionof a �le is necessaryfor
a reliablesystem.

In this paper, we explore how sparse�les may be used
to coupleexisting systemstogether. We begin by describ-
ing exactly whata sparse�le is andhow it works. We then
discusshow four commondistributedcomputingstructures
may make useof the sparse�le. We presenta user-level
sparse�le server that is simple and provides reasonable
performancefor distributedapplications.We alsodemon-
strateef�cient waysof accessingsparse�les from applica-
tionswithoutrewriting, rebuilding,or applyingspecialpriv-
ileges.Finally, wegiveashortpracticalexampleof asparse
�le asa synchronizationdevice in aworking system.

2. Envir onment

The conceptof a sparse�le is most useful in large,
loosely-coupled,wide-areasystems. Such systemshave
beenknown by various namesover the years, including
distributedsystems,meta-computers,peer-to-peersystems,
andmostrecently, grids. We will usethe latter term. Such
systemsareuniquenot becauseof their performanceprop-
erties,but in thehigh degreeof independenceof their com-
ponents.We aretargetingsystemswith thesecharacteris-
tics:

Distributedownership.Everycomponentin agrid, rang-
ing from clientsto serversandthenetwork in between,may
conceivably have a differentowner. No global scheduling
policy couldpossiblysatisfytheneedsof all partiessimul-
taneously, nor doesthereexist any device for implement-
ing sucha policy. Althoughsomecomponentsmayaccept
reservationsandissueschedules,eachinteractionultimately
occursaccordingto the temporaryandexplicit consentof
theprincipalsinvolved.

Frequentfailure. As thenumberof devicesin a system
scales,so doesthe frequency of failure. Networks suffer
outages,machinesarerebooted,andprogramscrash.Own-
ers of resourcesmay offer their hardware for public con-
sumptionandthensuddenlyretractit for their privateuse.
Processesexecutingin sucha systemarefrequentlyplaced
on andevicted from several CPUsbeforethey �nally ex-

ecuteto completion. Data transfersmake suffer multiple
disconnectionsandotherfailuresbeforerunningto comple-
tion.

Uncertain delays. As a changingcommunityof users
clamorsfor servicefrom a decentralized,fault-proneser-
vice, few guaranteeson servicetime canbe made. Prop-
ertiesrangingfrom processqueueingtime to datatransfer
timewill varywildly with themany variablesin thesystem.

Transience. Few items in sucha systemwill be truly
permanent.Much of thecomplicationnecessaryto usethe
systemlies in the taskssurroundingthe actualwork to be
done. For example,programsdo not simply executeon a
CPU; they mustdiscover, claim, activate,andreleaseit in
a well-speci�ed way. Likewise, data�les are not simply
presentor absentin the system,but move througha life-
time; they are �rst expected,then in transit, thenarrived,
and�nally evicted.

This is the environment that has driven our needfor
sparse�les. Letusproceedto describeexactlywhatasparse
�le is,andthenexplainhow it canputto useto addressthese
problems.

3. SparseFiles

A sparse�le is anamedrendezvousfor processsynchro-
nizationanddataexchange.

Like a plain �le, it providesa sequentially-numberedar-
rayof storagebytes.Any positionin thearraymaybeempty
or maycontaina singlebyte. A range is a sequentialsetof
positionsin the arraywhich may or may not be �lled. A
rangeof �lled bytesis known asanextent, while a rangeof
emptybytesis known asahole, in accordancewith conven-
tion.

Unlikeaplain�le, holesarenotassumedto be�lled with
adefaultvalue.Rather, they areconsideredto representab-
sentdata.An attemptto readfrom aholewill resultin ade-
lay or anexplicit timeout, asdescribedbelow. This allows
sparse�les to beusedfor processsynchronization.If apro-
cessattemptsto reada rangein the�le, severalthingsmay
happen.If therangebeginswith anextent,theoverlapping
portionwill bereturnedto theprocess.If therangedoesnot
begin with anextent,thentheprocesswill beblockeduntil
awriting processprovidesone.

Also unlike a plain �le, a sparse�le hasa sizeattribute
that is setandqueriedindependentlyof the �le data. The
writing of an extent hasno bearingon the �le' s size at-
tribute. A sparse�le may containseveral extentsandyet
havenosizeattribute.Or, it mayhavea sizeattributesetin
a positionwhereno extentsexist. If a readerexaminesthe
last extent in a sparse�le but doesnot �nd a sizemarker,
thenthesparse�le respondsasif thereaderfoundany other
hole.Only if thereaderattemptsto readup to or beyondan
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write 100�225
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Figure 1. A Sparse File

existing sizemarker will it receive an ordinaryend-of-�le
indication.

Thepurposeof thisunusualsizemarkeris to assistacon-
sumerwith interpretingthe 'completion' of a �le transfer.
Thesparse�le is nota storagedeviceperse,but asynchro-
nizationdevice thatcanbeusedto communicatedataitems
suchas�les andI/O streams.

For example,a sparse�le may be usedto hold theout-
put streamof anapplication.Thetotal sizeof suchanout-
putstreamis truly unknownuntil theapplicationcompletes.
Thus,theapplicationindicatesthesparse�le is 'complete'
by settingthesizemarker beforeexiting. If theapplication
shouldabort,fail, or simplybedelayedin any way, areader
of thesparse�le would be explicitly awarethat theoutput
is incomplete.

Or, a sparse�le might beusedto stagedatafrom anex-
isting �le of �x ed size. The writer could �rst set the size
attribute,andthenbegin to pushdatainto thesparse�le. A
readerof theslowly �lling sparse�le canusethe indepen-
dentsizefor severalpurposes.It canusetheabsolutesize
to guideallocationof memoryandotherresources.It can
comparetheavailabledatawith thesizemarker to estimate
completiontime. As in thepreviouscase,it may immedi-
atelyconsumewhatdatais availablewithout beingmisled
by thenon-completionof thetransfer.

Finally, every interactionwith the sparse�le is limited
by a timeout. This simple escapeclauseallows a client
to control the interactionbetweenCPU andI/O access.In
addition,both readersandwriters may be blocked due to
any implementation-speci�cconcernssuchasdisconnected
storage.We will seeexamplesof this below.

Figure 1 is an example of two processesinteracting
throughasparse�le. Ontheleft side,awriterprocesswrites
threeextentsinto the �le andthensetsthe logical �le size.
On theright side,a readerprocessattemptsto readthe �le
sequentially, andis eventuallysatis�ed over the courseof
severaloperations.

Here'show theexampleworks:
(1) Thewriter beginsby writing 100bytesto thebegin-

ning of the �le. (2) The reader, not knowing how muchis
available,attemptsto readbytes0-500. Only theavailable
bytesbetween0 and100arereturned.(3) Thewriter adds
another75 bytesto the �le, this time at position225. This
leavesa hole betweenpositions100 and225. (4) Again,
thereaderknowsnothingabouttherestof the�le, andsim-
ply attemptsto readbytes100through500.Thereis a hole
startingat position100, so the readeris blocked. (5) The
writer �lls the hole by writing 125 bytesstartingat posi-
tion 100. (6) This action un-blocksthe reader, who then
receivesall the databetweenpositions100 and 300. (7)
Thereadercontinuesto requestthedatabetweenpositions
300and500.Notethatthereaderdoesnotknow how “big”
the �le is, becauseit hasno logical size yet. The reader
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is blockedbecausetherangeafter300appearsto bea hole.
(8) Thewriter completesthe�le by explicitly settingits size
atbyte300.(9) Finally, thereaderis unblockedandis given
anindicationthattheendof the�le hasbeenreached.

4. Practicalities

Figure2 shows a concreteinterfaceto a sparse�le ser-
vice. It borrows from several existing interfacedesigns.
Threecommandscloselyfollow theInternetBackplanePro-
tocol (IBP) [20] approachto nameandspacemanagement.
Theremainingeightcommandsmanipulatesparse�les di-
rectly andaremorecloselyrelatedto thePOSIX[15] phi-
losophyof �le management.

Threecommandsmanagethe namespaceof the sparse
�le service.Thecreatecommandcreatesa new sparse�le
andreturnsa namechosenby theservice.(Theclient can-
not choosethe �le name.) The �le is issuedwith a lease.
[11] Theservicewill destroy the�le aftertheleasetimehas
expired. However, it will never re-issuethesame�le name
twice. Oncegenerated,a�le is uniquefor thelifetime of the
service.A client mayproposea leasetime asanargument
to create, but the servicemay revise the actualleasetime
downward.Beforetheleaseexpires,theclientmayattempt
to renewit or delete it. The serviceis free to implement
any sortof policy limiting therenewal of a �le.

Theopencommandlooksupa�le by nameandreturnsa
�le descriptor(fd) to beusedto accessthe�le temporarily.
closediscardsthis fd. read andwrite accessan open�le
accordingto thesparse�le semantics.setsize�x esthelog-
ical sizeof a �le. statusgivesthepositionsof any extents
in the �le andits logical size, if set. wait may be usedto
block thecalleruntil the�le hasa logicalsizeandanextent
that�lls it.

The behavior of this interface in ordinary situations
shouldbe quite obvious to any programmerfamiliar with
plain �les. However, thecomplexity in boththedesignand
useof mostdistributedsystemslies in thehandlingunusual
situations.Let us shedsomelight on the consequencesof
mishaps,errors,(andpossiblymalice)with respectto sparse
�les.

Accordingto our philosophyof errormanagement[26],
error interfacesmustbe conciseand �nite. We have con-
densedthe wide variety of possibleerror modesin the
sparse�le interfaceinto four possibilitiesshown in Figure
3. Theauth errorindicatesthattheclient,howeverauthen-
ticated,is not authorizedto performthe requestedaction.
Thenameerrorindicatesthattheclienthasspeci�edamal-
formedor nonexistentname,suchasabadnetwork address.
Thespaceerrorindicatesthatthereis nomorestorageavail-
able,but the client is free to try againlater. The timeout
error indicatesthat, for any otherinternalreason,thecom-
mandcouldn't be completedin the time speci�ed by the

client.
Thereexist a myriad of other error possibilitiesas di-

verseasthecomputersystemsavailableto us. We make no
attemptto catalogany sort of error speci�c to a machine
or system,suchasa lack of �le descriptorsor an inability
to accessinternal storage. If a server suffers someinter-
nal problemthatcannotberesolvedby time andcannotbe
expressedin thestandarderror interface,thentheserver is
obligedto terminatetheclient'sconnectionandtakeany in-
ternalrecovery or error reportingactionthat it deemsnec-
essary.

All commandsareissuedin thecontext of asessionsuch
as a TCP connection. Although not expressedexplicitly
in Figure 2, the sessionis intimately connectedwith the
semanticsof the interface. The data-writingcommands,
write andsetsize, arenotatomicandmustbeconsummated
with a commit command,which blocksuntil all changes
areforcedto stablestorage.If the sessionis broken – i.e.
theconnectionis lost or theprocessis killed – thensome,
none, or all of the requestedchangesmay be visible to
later clients. A robustclient may returnandreattemptany
uncommittedactionswithout knowing whetherthey have
completedsuccessfully. Thenamespacecommandscreate,
delete, andrenewareatomicandimmediatelypersistentif
successful.

Unlike POSIX, an open �le is not locked. That is, a
�le may bedeletedwhile open. In this case,any attempts
to accessa �le desciptorreferring to a deleted�le return
theerrorname. Theopen�le descriptoris retainedin this
invalid stateuntil the client issuesa close. We chosethis
behavior in orderto afford theownerof a servicethemax-
imum possiblecontrol to reclaimspacefrom remoteusers.
If we had chosenthe POSIX semantics,which requirea
�le to be deletedlazily at the last close,this would allow
a remoteuserto hold storageinde�nitely contraryto the
owner'swishes.

The timeoutsusedin thesparse�le interfaceshouldbe
considereda garbagecollectionmechanismandnot a pre-
cision timing tool. Theunboundeddelayspresentin every
productionoperatingsystem,storagedevice, andcommu-
nicationsnetwork preventany otherpossibleinterpretation.
A readthatshouldtimeout in � vesecondsmaybedelayed
by �fty secondsif the server processitself is swappedout
to backingstore. The reply to a create indicating a life-
time of oneminutecouldbedelayedfor severalminutesin
acongestedTCPstream.

For thesereasons,thesparse�le interfaceguaranteesthat
a nameis never issuedtwice. Regardlessof themany ways
thata client andserver maydisagreeon mattersof timing,
a client will neveraccidentallyaccessthewrong�le. How-
ever, a client must always be preparedto deal with a �le
thatreturnsthenameerror, indicatingit no longerexists.A
sideeffect of this requirementis that it (sadly)permitsthe
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Command Ar guments Results
create lifetime, timeout name,lifetime
delete name,timeout
renew name,lifetime, timeout lifetime
open name,timeout fd
close fd, timeout
read fd, length,offset,timeout data,length
write fd, data,length,offset,timeout length
setsize fd, size,timeout
status fd, timeout ranges,[size]
wait fd, timeout
commit fd, timeout

Figure 2. Sparse File Interface

Err or Type Description
auth Not authorizedto do that.

name No �le by thatname(anymore.)
space Not enoughstoragespaceto complete.

timeout Couldn't completein thetimerequested.

Figure 3. Error Interface

ownerof astoragedeviceto breakavalid leaseanddeletea
�le beforeits lifetime hasexpired.Althoughthissortof un-
friendly behavior will certainlyhave socialconsequences,
it doesnot violatethesparse�le interface.Clientsmustbe
preparedto encountera nameerror, whatever its source.

An evenworsesituationmay occurif thebackingstore
for a sparse�le server is irrevocablylost, thusbreakingthe
mechanismfor generatinguniquenames.A clientholdinga
�le nameissuedby theold servermightattemptto presentit
to anew serverestablishedat theold address.If thenames-
pacesof the new andold serversoverlap,the client might
silentlyaccessa �le with thesamenamebut differentdata.

The are several possiblemechanismsto minimize this
problem. Oneis to make useof a highly-reliable,central-
ized,uniquenamegeneratorsharedby all such�le servers.
This hasthe bene�t of guaranteeduniqeness,barring the
failureof thecentralserver. A morescalableandpractical
solutionis to generatenamesby incrementinga persistent
counter, andthenissuingthe resultingnumberwith a ran-
domstringappended.This is not guaranteedto beunique,
but the likelihoodof namecollision may be madevanish-
ingly smallby increasingthelengthof therandomstring.

5. Applications

Let'sconsiderhow asparse�le servicemaybeputto use
in a variety of distributedsystems.We will considerfour
structuresthat re�ect real applicationsandsystemsrelated
to grid computing.

In eachexample,we will usea fairly generalmodelof
executionthatappliesto a varietyof existing systems.We
assumethat the usersubmitsjobs to be doneto a process
calledtheplanner. The plannermaintainsa persistentjob
list and is responsiblefor �nding placesto executejobs,
monitoringtheir progress,andreturningresultsto theuser.
Theplannersubmitsjobsto a remotequeue, which assigns
jobs to oneor moreCPUs. The queuemay delaytheexe-
cutionof a job inde�nitely asit mediatesbetweenmultiple
usersaccordingto its local policy. Onceplacedon a CPU,
thejob beginsexecution.We assumethat it is commonfor
thejob to beevictedfrom aCPUandreturnedto thequeue,
perhapssaving its computationin theform of a checkpoint.
We alsoassumethat the job is not modi�ed to usesparse
�les, but is insteadcoupledwith anadapter, whichconverts
its standardI/O operationsintosparse�le commands.In ad-
dition, theadaptercancommunicatewith theprocessqueue
andaskto releasetheCPUandre-entertheprocessqueue,
perhapswith conditionson its restart.Finally, a sparse�le
servermakesa storagedevice availablethroughthe inter-
facewe havedescribedabove.

We call this model autonomousscheduling. It hasall
of the componentsof a CPU schedulerin a time-sharing
operatingsystem:jobs,queues,buffers,I/O devices,andso
on. It alsohasthesamesortof events: jobsarescheduled,
preempted,andblockedonI/O. However, thereis noglobal
policy thatjoins thewholesystemtogether. Evenif it were
desirable,it would not be possible.A queuecannotknow
whatI/O devicesanadapteruses,norviceversa.
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Thus,every interactionrequirestheconsentof thecom-
ponentsinvolved. An I/O device cannotcausea job to be
preemptedfrom its CPU.Rather, theI/O device informsthe
adapterthata delayis likely, andtheadapterdecideswhat
to do next. It might chooseto accessanotherI/O device, to
re-entertheprocessqueue,or simplybusy-wait if it believes
thedelaywill beshort.

Of course,thereis an incentive not to busy-wait exces-
sively. The user that consumesexcessCPU while busy-
waitingpaysfor theprivilege.CPUconsumptionis usually
accountedfor in somefashion,andtheconsumerwhodoes
notpayin theform of money is likely to payin theform of
lostpriority.

5.1. StagedInput

As we noted above, grid applicationswill require in-
teractionsbetweenindependentprocessqueuesand data
archives. Becauseeachof thesesystemsmay delay the
user's requestfor serviceinde�nitely, we use the sparse
�le to connectthemtogether. Figure4 demonstrateshow
a sparse�le may be usedasa synchronizationbetweena
processqueueanda dataarchive.

To begin, the plannermust issuea createcommandat
the sparse�le server to generatea uniqueinput �le name.
It thenmay interactwith boththequeueandthearchive in
eitherorderor simultaneously. On thequeueside,theplan-
ner submitsthe job alongwith its adapterandinstructions
to readthe sparse�le createdin the �rst step. After some
delay, thequeueexecutesthejob on a CPU,which thenat-
temptsto readfrom the sparse�le server. On the archive
side,the plannerrequeststhe delivery of the neededinput
�le. After anotherdelay, thearchive begins to transferthe
�le into the namedsparse�le usingthe write andsetsize
commands.

Functionallyspeaking,it doesn't matterwhetherthedata
transfercompletesbeforethe job begins to executeor vice
versa. If the job shouldrequireinput datafrom the sparse
�le beforeit is available,it will simplyblock. If aportionof
the�le is available,thejob mayreadandprocessit without
waiting for theentiretransferto complete.

Most importantly, the adaptermay interact with the
queueto manageits CPU consumptionin light of the de-
velopingI/O situation. If the job makesprogressusingthe
�rst half of theinput �le, andthendiscoversthesecondhalf
is not yet available,theadaptermayrequestto returnto the
queueandberescheduledat a latertime,perhapswhenthe
whole �le hasarrived. Justasin a traditionalCPU sched-
uler, thejob is not awareof suchtechnicalities.Thepolicy
is presentin theadapter, whichmaystatesomethinglike:

If I am stuck more than one minutewaiting for
I/O, returnto theprocessqueuefor �ve minutes.

Planner

Archival

Storage

� � �

� � �

� � �

� �

� �

� �1: create

Server
File
Sparse

4: read

Adapter

Job

3: execute

2:
 s

ub
m

it

Queue

5: reschedule

2: subm
it

3: w
rite

Figure 4. Staged Input

Uponrescheduling,theadaptermayreconsiderthesitua-
tion andcontinueto work or returnto thequeueonceagain.

If theinput �le shouldbedeleted,whetherdueto anex-
piredleaseor adeliberateeviction by theowner, theadapter
mustexit, indicating to the queuethat the processcannot
executeat all. Thearchive,upondiscoveringthatthetarget
nameno longerexists,will alsoabortthe transfer. A suit-
ablemessageis returnedto theplanner, which mayrestart
thewholeprocessor inform theuserasnecessary.

Without thesparse�le server, wemayaccomplishsome-
thing similar, but with far less�e xibility . If thesparse�le
server is replacedby a plain �le server, thentheentiredata
transfermustbecompletedbeforethejob is evensubmitted.
This is becausetheadapterwouldnotbeableto distinguish
betweenapartially-transferred�le andacomplete�le. Fur-
ther, we mayunnecessarilyoccupy spaceat the �le server,
andbechargedfor occupying it while thejob sitsidle in the
queue.

This is not to say that job submissionand data trans-
fer shouldalwaysbe simultaneous.Indeed,if the transfer
time is very long andthe job queueingtime is very short,
transferringthewhole�le beforesubmittingthejob is sen-
sible. Rather, the sparse�le semanticsallow a wide vari-
ety of schedulingdecisionsto bemadewithout relying en-
tirely on performanceassumptionsthat maybe unreliable.
The job andthe datamay be queuedsimultaneouslywith-
out suffering anincorrectexecutionwhenour performance
assumptionsareviolated.
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5.2. Pipeline

A signi�cant numberof grid computingapplicationsare
conceived as a pipeline of processes,eachreadingits in-
put from the outputof the previous stage.An exampleof
sucha pipelineis the seriesof computationstepsrequired
by theCompactMuonSolenoid(CMS), [13] a high-energy
physicsexperimentin preparationatCERN.CMSconnects
severaldistinctsoftwarepackagesfor thegenerationof ran-
dom events,the simulationof the detector, andthe recon-
structionof raw data,whethersimulatedor measured.

Figure5 showshow apipelinemaybeconstructedusing
a sparse�le. As before, the plannercreatesa �le at the
sparse�le server. It thensubmitstwo jobs,perhapsto two
differentqueues.Thejobsmaythenbegin to executein any
order. As job A producesoutput, it writes it to the sparse
�le. As suchdatabecomesavailable, job B is unblocked
andmayreadandprocessit. Eitherprocessmayaskto be
rescheduledif it is blockedwaiting to accessthesparse�le.

Thisservicemayseemremarkablylikethestandardpipe
abstraction.However, therearetwo key differences.First,
the sparse�le permitsrandomaccess,so it may be used
evenwhenthe interactionbetweentheprocessesis not se-
quential.This is commonbetweenapplicationsnot specif-
ically designedfor a distributedsystem. Second,a sparse
�le doesnotequateadisconnectionwith anendof �le con-
dition. This propertymakesthis constructionrobust to the

commonerrorsthatplaguea distributedsystem.If thenet-
work shouldfail, both processesmay reconnectand con-
tinue to work without harm. If one processis evicted or
killed, it mayresumefrom its lastcheckpointwithoutharm-
ing theother.

The drawbackis that the sparse�le containsthe entire
historyof the interaction.Thus,it is not suitableasa con-
nectionbetweenprocessesthatruninde�nitely or exchange
moredatathancanbestored.

5.3. BufferedOutput

A numberof systemshave recognizedthe utility of a
buffer server[6] that provides fast accessto nearbystor-
agewhile deliveringdataasynchronouslyto anothertarget.
Examplesof this ideaincludetheTrapezebuffer server, the
WayStation[17], andtheKangaroosystem.[23]

Thecomplicationof usinga buffer server is theproblem
of reconciliation.How muchtimemustaprocesswait to let
thebuffer �nish its work? Will it know if thebuffer fails?
How canit retractwork thatreliesonafailedbuffer?These
questionsare usually answeredunsatisfactorily in one of
two ways:

1. The writer musttrust the buffer to completereliably
and in boundedtime. This assumptionseemsunwise
in a grid environmentwherestoragemaybeborrowed
from a third partyandnetworksandsystemsregularly
fail.

2. The writer must block until the buffer has �nished.
This solution is reliable. If the buffer shouldfail, so
will thewriter, andthewholesystemmaybere-tried.
However, thisalsoforcesthecallerto wasteaCPUal-
locationby holdingit idle while waiting for thebuffer
to completeits work. This is exactly the problema
buffer server is designedto solve, so this answeris
counterproductive.

A bettersolution is built usinga sparse�le, as shown
in Figure6. A job executesvia a remotequeueas in the
other examples. However, it writes its output as a series
of messagespassedto a nearbybuffer server. Thesemes-
sagesincludewrite commandswhichcarry�le dataaswell
asany setsizecommandsissuedwhen the job completes.
Oncecomplete,the job may exit the queueand return to
the plannerwithout worrying aboutthe buffer in any way.
Asynchronously, the buffer sendsthe �le updatesback to
a sparse�le server containinga �le createdby theplanner.
Theplannermaywatchthe�le with thewait commandand
detectwhenall themessageshave arrived. It may thenin-
dicateto theuserthatthejob hascompleted.

The buffer is free to delayor reorderpacketsasmuch
asit wishes.Theusermustsimply inform theplannerhow
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long sheis willing to wait for theresultsbeforeattempting
the job again. Of course,a re-submittedjob must be as-
signedto direct its outputto a differentsparse�le, lest the
outputof two runsbeconfused.Evenif a faulty buffer dis-
cardsmessages,a penaltyis paidonly in performance.The
planneris capableof telling whenthe bufferedoperations
havecompleted.

Finally, thisapproachgivestheplannermuchbettercon-
trol overstorageallocationandthedeliveryof completere-
sults,nomatterhow compelxtheasynchrony of thesystem.
If the plannerbecomesdisconnectedfrom the queue,job,
andbuffer server, it may simply allocatea new sparse�le
andrun thejob in adifferentqueueatanothersite.Because
the job outputsare insulatedfrom eachother, the planner
may leave both jobs runningandsimply acceptwhichever
outputarrives�rst. If desired,theold jobmaybeabandoned
completelyby deletingtheold sparse�le. Delayedbuffered
messagesarriving from theold job will bediscardedasthey
discover their target�le doesnotexist.

5.4. Audited Output

Most applicationsthat createoutput destinedfor an
archive requiresa certaindegreeof auditing. That is, their
outputmustbecheckedby a humanor a programfor legit-
imacy or valuebeforebeingaddedto a permanentarchive.
Suchauditingmaytakeplacewhentheoutputis completed,
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Figure 7. Audited Output

but it is not uncommonto also happenas the application
runs.

An exampleof auditingtakesplaceat theNationalCen-
ter for SupercomputingApplications (NCSA) in Cham-
paign,Illinois. Here,researcherssubmitbatchjobs to run
theGaussian[10] atomicsimulationapplication.Gaussian
generatesa very largelog outputasit runsover thecourse
of hoursor days. By examining the log �le as it is pro-
duced,researchersmayidentify uselessruns(i.e.,divergent
resultsimplying badparameters)early in the executionof
thejob. Suchrunsmaybecancelledto avoid wastingcom-
puting resources.Likewise, the output may be evaluated
after the job completesbeforedecidingwhetherto placeit
in archival storage.

Auditing is currently implementedinformally. The job
writes its outputto the local disk of its executionsite. An-
otherprocess1 periodicallycopiestheoutputto amassstor-
agesystem,whenthenmayautomaticallymove the(possi-
bly incomplete)output�le to archival storageduring peri-
odicbackups.Althoughthissystemis acceptablefor small-
scaleuse,it consumestwice thestoragenecessary, doesnot
permit the job to migrate,andpotentiallyarchivesinvalid
output�les.

Auditing may be implementedeasily and ef�ciently
without duplicationof storageby usinga sparse�le asthe
synchronizationpoint betweenthreeparties: the applica-

1Thisprocessis known colloquiallyasthe“grid-enabledcat”, referring
to thesimpleUNIX programof thesamename.
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tion, the user, andthe archive. This is shown in Figure7.
Thejob executesasin previous�gures andmaymigrateand
rescheduledasnecessary. As theoutputis producedto the
sparse�le, a human(or program)may audit the outputat
leisureby using the sparse�le interface. The completion
of the output is detectedwhenthe job setsthe logical �le
size. After the job completes,the sparse�le may remain
accordingto theconstraintsof its lease.If theuseraccepts
theoutputasvalid, it maydirect thearchival systemto in-
gesttheoutput�le. If theuserrejectsor simply forgetsto
audit the �le, it will eventuallybe reclaimedby thesparse
�le server.

6. Implementation

We have argued that the sparse�le model simpli�es
the constructionof a variety of distributedsystems.Next,
we will demonstratethat sparse�les may be easilyimple-
mentedat userlevel with no specialprivileges. This im-
plementationgivesreasonableperformancewithin certain
bounds,althoughwe will point out its performancelimita-
tionsandleave its optimizationopenfor futurework.

6.1. Server

We have built a sparse�le library and server in user
spaceon top of a standardPOSIX operatingsystemand
�lesystem. This permitsit to bedeployedon arbitraryma-
chineswithoutspecialprivilegeorkernelmodi�cations.We
make no claim that this implementationgivesoptimalper-
formance.Instead,we intendto show thata simpleimple-
mentationexistsandthat thepropersemanticscanbe pro-
videdwith reasonableperformanceunderexpectedloads.

In orderto implementthesparse�le semanticscorrectly,
we mustcarefullyexaminethesemanticsof theunderlying
system.The variousimplementationsof the POSIX inter-
facevary greatlyin how they guaranteedataintegrity after
a crash.Some,like NFS[21] guaranteetheatomicpersis-
tenceof every individual operation.Others,like AFS [14]
makenoguaranteesuntil a �le is successfullyclosed.Local
�le systemsdiffer in thenarrowestof subletiessuchasthe
orderingof distinct write operations.In order to give the
correctsemanticsin all of theseenvironments,webuild our
systemusingveryconservativeassumptionsthatwebelieve
to holduniversally:

1. All updatestoasingle�le aresuspectuntil asuccessful
fsyncandclose.

2. renamemay be usedto atomically replaceone �le
with another.

With theseassumptions,wemayimplementasparse�le
in termsof two standardPOSIX �les, shown in Figure8.

Onestandard�le (data ) containstheliteral sparse�le data
with a one-to-onemappingfrom sparse�le offsetsto phys-
ical �le offsets. Explicit holesin the sparse�le arerepre-
sentedasimplicit zero-�lled holesin thephysical�le. The
second�le (meta ) containsall of the sparse�le' s meta-
data,suchasthe logical �le sizeanda list of �lled regions
in the�le.

When updatingthe datain the sparse�le, new datais
simply written into data using the standardPOSIX I/O
commands.The meta-data,including a linked list of ex-
tents,is keptin memory. To implementcommit, four steps
arenecessary:

1. fsyncis calledondata to forceall newly-written data
to stablestorage.

2. A new �le (meta.tmp ) is createdand�lled with the
updatedmeta-data.

3. fsync is calledon meta.tmp to ensureit is on stable
storage.

4. rename is called to atomically replacemeta with
meta.tmp .

If acrashshouldoccurbeforethesefour stepscomplete,
thensomeportion of the new datamay be in stablestor-
age,but without theupdatedmeta , suchareaswill still be
perceived asholes. If the useris writing over an existing
extent, then suchrangesmay or may not re�ect the new
data,which is still consistentwith thesparse�le semantics.
Theatomicrenameensuresthatmeta is never found in a
partially reconstructedstate.

6.2. Performance

Our primary concernfor the performanceof the sparse
�le is thatit providessustainedthroughputcompetetivewith
plain �les. This is an in�e xible requirementnecessaryto
interactwith high-bandwidthgrid CPU andI/O managers.
Thelatency of individualoperationsis lessof a concern,as
they arelikely to be dwarfedby the latenciesof operating
in a wideareanetwork.

We comparedthe throughputof the sparse�le library
againstthat of plain �les on a stockworkstation. The ex-
perimentalmachinehada MSI 694DPro-ARmotherboard
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Figure 8. Sparse File Implementation
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with aVIX 694XChipset,two 933MHzPentium-IIICPUs,
and1 GB SDRAM. TheI/O subsystemincludeda Promise
ATA 100 IDE disk controller, anda 30GB Ultra ATA 100
IBM 307030disk. The machineran Linux 2.4.18with an
EXT3 �le system.

We will show the resultsof writing �les to disk. Read
performancewaslargelythesame.Eachpointin thefollow-
ing graphsrepresentsthemeanof 25measurements,lessup
to � ve outliers. Outlierswere identi�ed asmeasurements
lessthan80 percentof themean,andwerefoundto bedue
to periodicsystemtaskssuchasmaintenanceandlogging.
Thevarianceof theremainingdata,elidedfor clarity, were
lessthantenpercentof themean.

Figure9(a)showstheburstperformanceof writing large
�les into thesystembuffer cache.Thesewritesareconsid-
eredunsafebecausethey arenot followedby acommit (for
sparse�les) or a fsync (for plain �les) andmaybe incom-
pleteor corruptedif a systemresetoccursbetweenwriting
thedataandre-readingit. Figure9(b) shows thesameex-
periment,this time performedsafely by completingeach
transferwith a commit or fsync as appropriate. In both
cases,thesparse�le is quitecompetitivewith theplain �le.
The expenseof manipulatingtheextent list is quite small:
thereis only onecontinuouslygrowing extent. Likewise,
theextra few synchronousoperationsneededto implement
commit arehiddenby theprimary taskof moving theraw
data.

Figure10(a)demonstratesunsaferandomwrite perfor-
mance.Here,we wrote4KB blocksat randomoffsetsinto
�les of increasingsize. The total amountof datawritten
wasequalto the �le size,but the �les wereheavily frage-
mentedby therandomoffsets.Thesparse�le hasverypoor
performanceas the numberof extentsincreases.A simi-
lar situationis seenin Figure10(b),which shows saferan-
dom writes. We may remedythe situationby increasing
the block sizemodestly. Figure11(a)show the sameex-
perimentwith a block size of 128 KB. The sparse�le is
measurablyslower, but still exceedsthe raw bandwidthof
thedisk. Thetwo typesareagainundistinguishablein Fig-
ure11(b),whichwritessafelyandrandomlywith a128KB
blocksize.

To use this naive implementationef�ciently , we must
take carenot to usemicroscopicblock sizeswhenwriting
randomly. Thisis notanunreasonableburdenwhenwecon-
siderthattheotherconstraintsof distributedcomputingtend
to encouragelargerblocksizes.

6.3. Adapter

Althoughtheenthusiasticprogrammermight wish to re-
write applicationsto usethesparse�le interfacedirectly, we
canhardlyexpectthevastmajorityof programsto bemodi-
�ed at theappearanceof anew storagesystem.Likewise,if

Job
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Figure 12. Adapter Detail

weaimto usewidely distributedsystemsnotdirectlyunder
our control,we mustaccepttheinstalledoperatingsystems
andcannotdeploy kernelchangesto supportsparse�les.

To make the sparse�le serviceuseful,we musthave a
unprivilegedadapterto connectexisting programsto new
storagedevices. Thesedevicesaresometimesknow asin-
terpositionagents. [16] Therearemany techniquesfor ac-
complishingthis, rangingfrom systemcall interceptionto
binary rewriting. An excellentreview is givenby Alexan-
drov etal. [4]

We have built a general-purposeadapterfor connecting
standardPOSIXapplicationsto a varietyof distributedI/O
services.[25] Thisadapteris calledthePluggableFile Sys-
tem(PFS)andis shown in Figure12. PFSspeaksa variety
of protocols,includingChirp [9], GridFTP[5], HTTP, Kan-
garoo[23], SRB[7], andof coursethesparse�le interface.

PFSis built with Bypass[24], a generaltool for build-
ing suchinterpositionagents.It is a sharedlibrary with the
sameinterfaceasthestandardC library, soit maybeapplied
toany dynamically-linkedapplicationthatusesordinaryI/O
calls. Becausethe interpositiontechniqueinvolvessimple
functioncalls,theoverheadof theadapteritself is measured
in microseconds,which is inconsequentialcomparedto the
costof thenetwork andI/O operationsthemselves.

PFSis structuredmuch like the I/O systemof a stan-
dard operatingsystem. For every process,it hasa table
of open�le descriptors,a setof seekpointers,anddevice
driversthat representeachof the remoteprotocols.Appli-
cationsmayaccess�les in the local systemusingordinary
pathnames,or they mayexplicitly usefully-quali�ed names
in a syntaxresemblinga URL:
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Figure 11. Random Write with 128KB Bloc ks

/http/www.yahoo.com/index.html
/ftp/ftp.cs.wisc.edu/RoadMap

/sparse/server.wisc.edu/105-qnvismgy

The job of the adapterdoesnot end with the physical
transformationof its I/O into sparse�le operations.It must
alsoprovide logical transformationsto dealwith all of the
issuesthat the applicationis unawareof. This includesa
namemapping,a reliability policy, andaschedulingpolicy.

Although someapplicationsmay be instructedto use
sparse�les by explicitly passingfully-quali�ed namesas
arguments,most applicationsuse�x ed �le namesof one
kind or another. For example,mostprogramsimplicit ac-
cess/etc/passwd to �nd namesin the userdatabase.
For betteror worse,many scienti�c applicationsuseonly
hard codedinput and output �le names. PFSprovides a
namemappingto supportsuchapplications.This is simply
a tablethat convertssimple�le namesinto fully-quali�ed
�le names:

/etc/passwd = /sparse/server.wisc.edu/abc
/tmp/outputdata = /sparse/server.wisc.edu/def

< stdout> = /sparse/server.wisc.edu/ghi

In thestructuresthatwe havedescribedabove,theplan-
nergeneratessparse�le namesasit createsthem,andis thus
responsiblefor creatinga namemappingfor eachprocess.

Becausethejob is notawareof thevital setsizeandcom-
mit sparse�le operations,the adapteris responsiblefor
choosingappropriatetimesto executethem. Becauseset-
sizeis usedto indicatethecompletionof anoutput�le, the
adapteronly issuesit on an output �le when the applica-
tion hassuccessfullyrun to completion.It cannotperform

it any earlier, assomejobsmayopenandclosea �le mul-
tiple timesbeforethey aretruly donewith it. Thecommit
operationis issuedwhentheapplicationrequestsan fsync
andalsoat theendof execution.

Thejob is alsonot awarethat it is executedby a remote
processqueue,sotheadaptermustmanagerthatinteraction
aswell. Althoughreschedulingpoliciesmaybe arbitrarily
complex, oursis quite simple. The plannermay specifya
minimumtime it is willing to allow the job to hold a CPU
idle while it waitsfor I/O. If this timeexpires,it alsogivesa
minimumtime to wait in thequeuebeforeit maybesched-
uledonanotherCPUto reconsiderthesituation.Thispolicy
is speci�edto PFSasfollows:

max io wait time = 60
min queuewait time = 300

7. Example

We will brie�y demonstratetheuseof a sparse�le asa
synchronizationdevicefor inputdata,asshown in Figure4.
A moreextensive evaluationof sparse�les ina production
settingis planned.

For didacticpurposes,we usecorsika, the �rst stageof
theAMANDA softwarepipeline. [2] Froma physicalsci-
enceperspective, corsika generatesa shower of neutrinos
from arandomseedandalargesetof parametersdescribing
the physicaluniverse. From a computersystemsperspec-
tive, corsika readsabout2.6 MB from a setof � ve input
names,andcomputesfor about100secondsasit produces
about1.2MB of outputin two output�les.

We submitcorsika to theCondorsystemat theUniver-
sity of Wisconsin.UsingPFSasanadapter, its �x ed input
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andoutput �le namesare directedto a nearbysparse�le
server. In addition,theadapteris givenasimplescheduling
policy:

If I am stuck more than ten secondswaiting for
I/O, return to the processqueuefor thirty sec-
onds.

While theprocessis underthecontrolof theCondorsys-
tem,wesimulateaslow datasourceby hand,transferringin
theinput �les at differenttimesto demonstratethreediffer-
ent sparse�le interactions.In Figure13, the datatransfer
beginsimmediately, but theprocessis delayedin thequeue.
Whenit is �nally scheduled,the dataareavailable,andit
executesimmediately. In Figure14, the job beginsexecut-
ing immediately, but the datatransferis delayed.Accord-
ing to the adapter's policy, the job is activatedrepeatedly,
but seeingnodataavailableaftertenseconds,returnsto the
queue.Oncethedatastartto arrive,thejob executesto com-
pletion. In Figure15, the job begins to executewhile the
datait needsarestill in transit. It beginsexecutingslowly,
occassionallyblockedwhile waiting for neededinput data.
As thedatatransferoutstripsthejob's inputneeds,it begins
to speedup.

8. RelatedWork

A variety of projects are exploring the design space
of fundamentalstoragedevicesfor distributedcomputing.
Thesedevices form the “building blocks” of distributed
storageandaretypically managedby ahigher-layersystem.
TheminimalistInternetBackplaneProtocol(IBP) [20] is an
interfaceto plain�les with �e xiblepolicies.andcontrolsfor
spaceandtimemanagement.GridFTP[5] is anextensionof
thestandardFileTransferProtocol(FTP)whichemphasizes
securityandhigh-performanceaccessto large �les. NeST
[9] is a singlestoragedevice encompassingmultiple proto-
cols, spacemanagement,replication,security, andquality
of service.All of thesedevicesexport a plain �le abstrac-
tion,

TheExNode[8] is higher-levelstructurebuilt ontopof a
distributedsetof IBP servers.TheExNodeis analogousto a
standard�lesysteminodeandprovideswhatis describedby
its designersas“somethinglike a �le. ” It logically merges
extentsspreadacrossa distributedsysteminto a singlelog-
ical �le, possiblywith holesor multiple redundantunits.
BecausethedevicesunderlyingtheExNodearephysically
remote,noportionof theExNodeis guaranteedto beavail-
ableatany giventime.

The ExNodeand the sparse�le both addressa similar
problem,albeitfrom differentperspectives.TheExNodeis
astructurefor aggregatingremoteresources.Thesparse�le
is aninterfacefor communicatingwith a �le. TheExNode,
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with small modi�cations, could presenta sparse�le inter-
face. Or, the ExNodecould be built on top of sparse�le
servers,thusaddinga new degreeof �e xibility (andfailure
modes)into aggregatedistributedstorage.

As a synchronizationdevice, thesparse�le bearsa sim-
ilarily to Linda's tuple space. [3] A Linda spaceis a
sharedmediumwhere items are referencedindirectly by
their structuredproperties. Clientssynchronizeby block-
ing while waiting for a tuplethatmeetstheir requirements.
In contrast,a sparse�le is unstructuredandhasa unique
name.

9. Conclusion

Thesparse�le is a new abstractionfor processsynchro-
nization. Like a �le, it provides storagefor a sequential
arrayof bytes,althoughmassstorageis not its primarypur-
pose.Unlike a �le, it exposestheunderlyingstructure,in-
forming thecallerwhatdataarepresentandwhataremiss-
ing. Theuniquefeatureof separatinglogical �le sizefrom
datawritten allows clientsto infer thecompletionof a �le
without referenceto externalsystems.

Thesefeaturespermit readersand writers to synchro-
nize themselveson datain transit. Suchmigratorydatais
commonin distributed omcputingsystems,wherethe in-
puts,outputs,andintermediatesarerarelyaccesseddirectly
from their homestoragesystems.We have outlinedseveral
commoncomputingscenarioswherethe sparse�le would
improve the managementand performanceof distributed
systems.Futurework in this areamay concentrateon the
implementationof sparse�les. We have demonstratedthat
a simpleimplementationis quitepossible,althoughanim-
provementto randomaccesswriting is warranted.

In conclusion,we observe that the traditional abstrac-
tions found in operatingsystemshave dif�culty making
the transitionto distributedsystems.Although ideassuch
as remoteprocedurecall and distributed �lesystemshave
achieved widespreaddeployment, they fail in uniqueand
complex wayswhendeployedin wide areadistributedsys-
temswith highvariablity in reliability andtiming. Weques-
tion whetherother fundamentalsystemabstractionsmay
bene�t from interfacesthat admit to the caller that infor-
mationmaybeincompleteor delayed.
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