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1 An intr oductionto PVFS2

Sincethe mid-1990swe have beenin the busineswf parallell/O. Our rst parallel le systemtheParallel
Virtual File System(PVFS),hasbeenthemostsuccessfuparallel le systenonLinux clusterdo date.This
codebasehasbeenusedbothin productionmodeat large scienti ¢ computingcentersandasa launching
pointfor mary researctendesors.

However, the PVFS(or PVFS1)codebaseis aterrible mess!For the lastfew yearswe have beenpushing
it well beyond the ervironmentfor which it was originally designed. The core of PVFS1is no longer
appropriatdor the environmentin which we now seeparallel le systemseingdeplo/ed.

While we have beenkeepingPVFS1relevant, we have alsobeeninteractingwith applicationgroups,other
parallell/O researchersndimplementorof systemsoftwaresuchasmessag@assindibraries.As aresult
have learneda greatdealabouthow applicationsusethesele systemsandhow we might betterleverage
theunderlyinghardvare.

Eventually we reacheda point whereit was obvious to us that a nev designwasin order The PVFS2
designembodieghe principlesthat we believe arekey to a successfulrohust, high-performancearallel
le system.lIt is beingimplementedprimarily by a distributed teamat ArgonneNational Laboratoryand
ClemsonUniversity Early collaborationshave alreadybegun with Ohio Supercompute€enterand Ohio
StateUniversity andwe look forwardto additionalparticipationby interestecandmotivatedparties.

In this sectionwe discussthe motivation behindand the key characteristicof our parallel le system,
PVFS2.

1.1 Why rewrite?

Therearelots of reasonsvhy we've chosento rewrite the code. We were boredwith the old code. We
weretired of trying to work aroundinherentproblemsin the design.But mostly we felt hamstrungdoy the
design. It wastoo soclet-centric,too obviously single-threadedyjouldnt supportheterogeneousystems
with differentendian-nessandreliedtoo thoroughlyon OSbuffering and le systemcharacteristics.

Thenew codebaseis muchbiggerandmore e xible. De nitely theres the opportunityfor usto suffer from
secondsystemsyndromehere! But we're willing to risk this in orderto positionoursehesto usethe new
codebasefor mary yearsto come.

1.2 What’s different?

Thenew designhasa numberof importantfeaturesjncluding:

modularnetworking andstoragesubsystems,
powerful requesformatfor structurechon-contiguousiccesses,

e xible andextensibledatadistribution modules,
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distributedmetadata,
statelessenersandclients(nolocking subsystem),
explicit concurreng support,

tunablesemantics,

e xible mappingfrom le referenceso seners,
tight MPI-IO integration,and

supportfor dataandmetadataedundang

1.2.1 Modular networking and storage

One shortcomingof the PVFS1systemis its relianceon the soclet networking interface andlocal le
systemdor dataandmetadatatorage.

If we look at mostclustercomputergodaywe seea variety of networking technologiesn place. IP, 1B,
Myrinet, andQuadricsaresomeof the morepopularonesat thetime of writing, but surelymorewill appear
and disappear in the nearfuture. As groupsattemptto remotelyaccesslataat high dataratesacrossthe
wide area,approachesuchasreliable UDP protocolsmight becomeanimportantcomponenbdf a parallel
le systemaswell. Supportingmultiple networking technologiesandsupportinghemefficiently is key.

Likewise mary different storagetechnologiesare now available. We're still gettingour feetwet in this
area,but it is clearthat some e xibility on this front will pay off in termsof our ability to leveragenew
technologiessthey appear In the meantime we arecertainlygoingto leveragedatabaseéechnologiegor
metadatastorage- thatjust makesgoodsense.

In PVFS2the BufferedMessagingnterface(BMI) andthe Trove storaganterfaceprovide APIsto network
andstorageiechnologiesespecirely.

1.2.2 Structured non-contiguousdata access

Scienti ¢ applicationsarecomplicatecentitiesconstructedrom numeroudibrariesandoperatingon highly
structureddata. This datais often storedusing high-level I/O librariesthat manageaccesgo traditional
byte-streamles.

Theselibraries allow applicationsto describecomplicatedaccesspatternsthat extract subsetsof large
datasets. Thesesubsetsften do not sit in contiguousregionsin the underlying le; however, they are
oftenvery structurede.g.ablock out of amultidimensionahbrray).

It is imperatve thata parallel le systemnatively supportstructureddataaccessn anefcient manner In
PVFS2we performthiswith thesameypesof constructaisedn MPI datatypesallowing for thedescription
of structureddataregionswith stridescommonblock sizes,andsoon. This capabilitycanthenbeleveraged
by highetlevel librariessuchasthe MPI-10 implementation.
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1.2.3 Flexible data distrib ution

Thetraditionof stripingdataacrosd/O senersin round-robinfashionhasbeenin placefor quitesometime,
andit seemsasgooda default asary givenno moreinformationabouthow a le is goingto be accessed.
However, in mary casese do knov moreabouthow a le is goingto beaccessedApplicationshave mary
opportunitiedo give the le systeminformationaboutaccesgatternghroughvarioushigh-level interfaces.
Armed with this informationwe can make informed decisionson how to betterdistritute datato match
expectedaccespatternsMore complicatecsystemsouldredistritute datato bettermatchpatternghatare
seenin practice.

PVFS2includesa modularsystemfor addingnew datadistributionsto the systemandusingthesefor nev

les. We're startingwith the sameold round-robinschemehateveryoneis accustomedbo, but we expectto
seethis mechanisnusedto betteraccessnultidimensionatatasetslt might play arolein dataredundang
aswell.

1.2.4 Distributed metadata

Oneof the biggestcomplaintsaboutPVFS1lis the singlemetadatasener. Thereareactuallytwo baseson
whichthiscomplaintis typically launchedThe rst is thatthisis asinglepointof failure—we'll addresshat
in a bit whenwe talk aboutdataandmetadataedundang The seconds thatit is a potentialperformance
bottleneck.

In PVFS1the metadatasener stepsasidefor 1/O operationsmakingit rarely a bottleneckin practicefor
large parallelapplicationsbecausehey arebusy writing dataandnot creatinga billion les or somesuch
thing. However, assystemscontinueto scaleit becomesaver more likely that any suchsingle point of
contactmightbecomea bottleneckior evenwell-behaed applications.

PVFS2allows for con gurationswheremetadatas distributedto somesubsebf 1/0 seners(which might
or might not alsosene data). This allows for metadatdor different les to be placedon differentseners,
sothatapplicationsaccessinglifferent les tendto impacteachotherless.

Distributedmetadatas arelatively tricky problem,but we're goingto provideit in earlyreleasesrnyway.

1.2.5 Statelesssenversand clients

Parallel le systemgandmoregenerallydistributed le systems)arepotentiallycomplicatedsystems.As
the numberof entitiesparticipatingin the systemgrows, sodoesthe opportunityfor failures.Anything that
canbedoneto minimizetheimpactof suchfailuresshouldbe considered.

NFS,for all its faults,doesprovide a concreteexampleof the advantageof removing sharedstatefrom the
system.ClientscandisappearandanNFSsener justkeepshappilyserving les to theremainingclients.

In starkcontrastto this area numberof exampledistributed le systemsdn placetoday In orderto meet
certaindesignconstraintghey provide coherentcacheson clientsenforcedvia locking subsystemsAs a



resulta client failure is a signi cant event requiringa comple sequencef eventsto recover locks and
ensurehatthe systemis in the appropriatestatebeforeoperationcancontinue.

We have decidedto build PVFS2as a statelessystemand do not uselocks as part of the client-serer
interaction. This vastly simpli es the procesof recovering from failuresandfacilitatesthe useof off-the-
shelf high-availability solutionsfor providing sener failover. This doesimpactthe semanticof the le
systemput we believe thattheresultingsemanticarevery appropriatdor parallell/O.

1.2.6 Explicit support for concurrency

Clearlyconcurrenprocessings key in thistype of system.The PVFS2sener andclientdesignsarebased
aroundanexplicit statemachinesystemnthatis tightly coupledwith acomponenfor monitoringcompletion
of operationsacrossall devices. Threadsare usedwherenecessaryo provide non-blockingaccesdgo all
device types.This combinationof threadsstatemachinesandcompletionnoti cation allows usto quickly
identify opportunitiesto make progresson particularoperationsand avoids serializationof independent
operationswithin theclientor sener.

This designhasa further side-efect of giving us native supportfor asynchronousperationon the client
side.Native supportfor asynchronousperationgnakesnonblockingoperationsinderMPI-10 botheasyto
implementandadwantageouso use.

1.2.7 Tunable semantics

Mostdistributed le systemsn usefor clustersystemsprovide POSIX(or very closeto POSIX)semantics.
Thesesemanticsrevery strict, arguablymorestrictthannecessaryor ausableparallell/O system.

NFSdoesnot provide POSIX semantichecausét doesnotguaranteghatclient cachesarecoherent.This
actuallyresultsin a systenthatis oftenunusabldor parallell/O, but is very usefulfor homedirectoriesand
such.

Storagesystemseingappliedin the Grid ervironment,suchasthosebeingusedin conjunctionwith some
physicsexperimentshave still differentsemanticsThesetendto assumeéhat les areaddedatomicallyand
arenever subsequentlynodi ed.

All thesevery differentapproache$fiave their merits and applications but also have their disadwantages.
PVES2will not supportPOSIX semanticgalthoughone is welcometo build sucha systemon top of
PVFS2). However, we do intendto give usersa greatdegreeof e xibility in termsof the cohereng of
theview of le dataandof the le systemhierarchy Usersin atightly coupledparallelmachinewill optfor
morestrict semanticghatallow for MPI-10 to beimplemented Othergroupsmightgo for loosersemantics
allowing for accessacrosshewide area.The key hereis allowing for the possibility of differentsemantics
to matchdifferentneeds.



1.2.8 Flexible mapping from le referencesto sewers

Administratorsappreciatehe ability to recon gure systemdo adaptto changesn policy or availablere-
sources.In parallel le systemsthe mappingfrom a le referenceto its locationon devicescanhelp or
hinderrecon gurationof the le system.

In PVFS2 le datais split into datafiles. Eachdata le hasits own referenceandclientsidentify the sener
thatowns a data le by checkinga tableloadedat con gurationtime. A sener canbe addedto the system
by allocatinga new rangeof referenceso thatsener andrestartingclientswith anupdatetable. Lik ewise,
senerscanberemovedby rst stoppingclients,next moving data les off the sener, thenrestartingwith a
new table.It is notdif cult to imagineproviding this functionalitywhile the systemis running,andwe will
beinvestigatingthis possibilityoncebasicfunctionalityis stable.

1.2.9 Tight MPI-IO coupling

The UNIX interfaceis a poor building block for an MPI-10 implementation.lt doesnot provide the rich
API necessaryo communicatestructured/O accesset theunderlying le system.It hasalot of internal
statestoredaspartof the le descriptor It implies POSIX semanticshut doesnot provide themfor some
le systemge.g.NFS,mary local le systemsvhenwriting large dataregions).

Ratherthanbuilding MPI-10 supportfor PVFS2througha UNIX-lik e interface,we have startedwith some-
thingthatexposesmoreof thecapabilitiesof the le system.Thisinterfacedoesnotmaintainle descriptors
or internalstateregardingsuchthingsas le positions,andin doingso allows usto betterleveragethe ca-
pabilitiesof MPI-10 to performef cient access.

We've alreadydiscussedich 1/0 requests‘Opening”a le is anothegoodexample.MPT File open ()
is a collective operationthatgatheranformationon a le sothatMPI processesay lateraccesst. If we
wereto build this on top of a UNIX-lik e API, we would have eachprocesghat would potentiallyaccess
the le call open (). In PVFS2we insteadresole the lename into a handleusinga single le system
operationthenbroadcastheresultinghandleto the remainderof the processesOperationghatdetermine
le size,truncateles, andremore les mayall be performedn this same mannerscalingaswell as
the MPI broadcastall.

1.2.10 Data and metadataredundancy

Anothercommon(andvalid) complaintregardingPVFS1is its lack of supportfor redundang atthesener
level. RAID approachesreusableto provide toleranceof disk failures,but if a sener disappearsall les
with dataonthatsener areinaccessibleintil theseneris recosered.

Traditionalhigh-availability solutionsmay be appliedto bothmetadataanddatasenersin PVFS2(they're
actually the samesener). This option requiressharedstoragebetweenthe two machineson which le
systemdatais stored sothis maybe prohibitively expensve for someusers.

A secondoptionthatis beinginvestigateds whatwe are calling lazy redundancy. The lazy redundang



approachs our responseo thefailure of RAID-lik e approacheto scalewell for large parallell/O systems
whenappliedacrossseners. The failure of this approachat this scaleis primarily dueto the signi cant

changen environment(latengy andnumberof devicesacrosswvhich datais striped). Providing the atomic
read/modify/writecapability necessaryo implementRAID-lik e protocolsin a distributed le systemre-

quiresa greatdealof performance-hamperinigfrastructure.

With lazy redundang we exposethe creationof redundantataas an explicit operation. This placesthe
burdenof enforcingconsistenticceson the user However, it alsoopensup the opportunityfor a number
of optimizationssuchascreatingredundantiatain parallel. Further becausehis canbeappliedata more
coarsegrain, more compute-intense algorithmsmay be usedin placeof simple parity, providing higher
reliability thansimpleparity schemes.

Lazy redundang is still atthe conceptuaktage.We're still trying to determinehow to best t thisinto the
systemasawhole. However, traditionalfailover solutionsmaybe putin placefor the existing system.

1.2.11 And more...

Therearesomary thingsthatwe feelwe couldhave donebetterin PVFS1thatit is really alittle embarrass-
ing. Betterheterogeneousystemsupporta betterbuild systemasolid infrastructureor testingconcurrent
accesgso the le systemaninherentlyconcurrentapproactto servicingoperationson boththe client and
sener, bettermanagementools, even symlinks; we've tried to addressnostif not all the majorconcerns
thatour PVFS1lusershave hadover theyears.

It's abig undertakingor us. Which leadsto the obvious next question.

1.3 When will this be available?

Believe it or not, right now. At SC2004we releasedPVFS21.0. We would be foolish to claim PVFS2has
no bugsandwill work for everyone100%of the time, but we feel PVFS2is in pretty goodshape.Early
testinghasfoundalot of bugs,andwe feel PVFSis readyfor wider use.

Notethatwe're committedto supportingPVFS1for sometime afterPVFS2is availableandstable.We feel
like PVFS1is agoodsolutionfor mary groupsalready andwe would preferfor peopleto usePVFS1for a
little while longerratherthanthemhave asour rst experiencewith PVFS2.

We announceaupdatedrequentlyon the PVFS2mailing lists. We encourageaisersto subscribe- it's the
bestway to keepabreasbf PVFS2developments All codeis beingdistributedunderthe LGPL licenseto
facilitateuseunderarbitrarily licensechigh-level libraries.



2 The basicsof PVFS2

PVFS2is a parallel le system.This meanghatit is designedor parallelapplicationssharingdataacross
mary clientsin a coordinatednanner To do this with high performancemary senersareusedto provide

multiple pathsto data. Parallel le systemsarea subsetof distributed le systemswhich aremoregen-
erally le systemghatprovide sharedaccesdo distributed data,but dont necessarilyjhave this focuson

performanceor parallelaccess.

Therearelots of thingsthatPVFS2is not designedor. In somecasest will coincidentallyperformwell for
somearbitrarytaskthatwe werent targeting. In othercasest will performvery poorly. If facedwith the
optionof makingthe systenbetterfor someothertask(e.g.executingoff the le systemsharednmapping
of les, storingmail in mboxformat) atthe expenseof parallell/O performancewe will alwaysruthlessly
ignoreperformancdor theseothertasks.

PVFS2usesanintelligent server architecture.By this we meanthatsenersdo morethansimply provide
clientswith blocksof datafrom disks,insteadtalking in higherlevel abstractionsuchas les anddirec-
tories. An alternatve architectures shared storage, wherestoragedevices (usually accessedt a block
granularity)aredirectly addressedy clients. Theintelligentsener approachallows for clever algorithms
that could not be appliedwere block-level accesseshe only mechanisnctlients hadto interactwith the
systembecausenoreappropriateemoteoperationsanbe providedthatsene asbuilding blocksfor these
algorithms.

In this sectionwe discussthe component®f the systemhow clientsandsenersinteractwith eachother
consisteng semanticsandhow the le systemstateis kept consistenwithout the useof locks. In mary
casesve will comparethe new systemwith the original PVFS, for thosewho are may alreadybe familiar
with thatarchitecture.

2.1 Servers

In PVFS1thereweretwo typesof sener processesyugrs that sened metadataandiods that sened data.
For ary given PVFSL1 le systemtherewasexactly oneactve mgr servingmetadatandpotentiallymary
iods servingdatafor that le system.Sincemgrsandiods arejust UNIX processessomeusersfound it
corvenientto run bothamgrandaniod on the samenodeto consere hardwareresources.

In PVFS2thereis exactly onetype of sener processthe pvfs2-server. Thisis alsoaUNIX processsoone
could run morethanoneof theseon the samenodeif desired(althoughwe will not discussthis here). A

con guration le tells eachpvfs2-serer whatits role will be aspartof the parallel le system.Thereare
two possibleroles,metadatasener anddatasener, andary givenpvfs2-serer can Il oneor bothof these
roles.

PVFS2senersstoredatafor the parallel le systemlocally. The currentimplementatiorof this storage
reliesonUNIX les tohold le dataandaBerkeley DB databaséo holdthingslike metadataThespeci cs
of this storagearehiddenunderan API thatwe call Trove.



2.2 Networks

PVFS2hasthe capabilityto supportan arbitrarynumberof differentnetwork typesthroughanabstraction
known asthe Buffered Messagingnterface (BMI). At this time BMI implementationsxist for TCP/IR
Myricom's GM, andIn niBand (bothMellanoxVAPI andOpenIBAPIS).

2.3 Interfaces

At this time thereareexactly two low-level I/O interfacesthat clientscommonlyuseto accesgarallel le
systems.The rst of theseis the UNIX API aspresentedby the client operatingsystem.The seconds the
MPI-IO interface.

In PVFS1we provide accesghroughthe operatingsystemby providing a loadablemodulethat exports
VFS operationut into userspacewherea client-sideUNIX processthe pvfsd, handlesnteractionswith
seners.A moreefcient in-kernelversioncalledkpvfsd waslaterprovided aswell.

PVFS2usesasimilarapproachio theoriginal PVFSlapproachor accesshroughthe OS.A loadablekernel
moduleexportsfunctionsoutto userspacavhereaUNIX processthepvfs2-client, handlesnteractionsvith
seners. We have returnedto this model(from the in-kernelkpvfsd model) becausat is not clearthatwe
will have readyaccesgo all networking APIs from within thekernel.

ThesecondAPI is theMPI-10 interface.We leveragethe ROMIO MPI-10 implementatiorior PVFS2MPI-
10 support,just aswe did for PVFS1. ROMIO links directly to a low-level PVFS2API for accesssoit
avoids moving datathroughthe OS anddoesnot communicatavith pvfs2-client.

2.4 Client-server interactions

At start-upclientscontactary oneof the pvfs2-serersandobtaincon gurationinformationaboutthe le
system.Oncethis datahasbeenobtainedtheclientis readyto operateon PVFS2 les.

The processof initiating accesgo a le on PVFS2is similar to the procesghat occursfor NFS; the le
nameis resohed into an opaquereferencepr handle, througha lookup operation.Givena handleto some
le, ary clientcanattemptto thenaccessry region of that le (permissioncheckscouldfail). If ahandle
becomesnvalid, thesenerwill reply atthetime of attemptedaccesshatthe handleis nolongervalid.

Handlesarenothingparticularlyspecial.We canlook up a handleon oneprocesspassit to anothervia an
MPI messageanduseit atthe new processo referencahesamele. This givesustheability to make the
MPI _File_open call happerwith asinglelookupthethe le systemandabroadcast.

Theres no stateheldonthesenersabout‘open” les. Theresnotevenaconcepbf anopenle in PVFS2.
Sothislookupis all thathappensat opentime. This hasa numberof otherbene ts. For onething, theres
no sharedstateto belostif aclientor sener disappearsAlso, theres nothingto dowhena le is “closed”
either exceptperhapsaskthe senersto pushdatato disk. In anMPI programthis canbe doneby a single
processaswell.

10



Of courseif you areaccessing®’VFS2throughthe OS, open andclose still exist andwork the way you
would expect,asdoesl seek, althougholviously PVFS2senersdon't keepup with le positionseither
All thisinformationis keptlocally by theclient.

Therearea few disadwantagego this. Onethatwe will undoubtedlyhearaboutmorethanonceis thatthe
UNIX behaior of unlinked open les. Usually with local le systemsf the le waspreviously opened,
thenit canstill be accessedCertainprogramsrely on this behaior for correctoperation.In PVFS2we
don't know if someonéiasthe le open,soif a le isunlinked, it is gonegonegone.Perhapsve will come
up with a clever way to supportthis or adaptthe NFSapproachrenamingthe le to anoddname) but this
is avery low priority.

2.5 Consistency from the client point of view

We've discussedh anumberof venuegheopportunitieghataremadeavailablewhentrue POSIXsemantics
aregivenup. Truthfully veryfew le systemsctuallysupportPOSIX;ext3 le systemslon't enforceatomic

writes acrossblock boundariesvithout special ags, andNFS le systemsdon't even comeclose. Never

the less,mary peopleclaim POSIX semanticsand mary groupsaskfor themwithout knowing the costs
associated.

PVFS2doesnot provide POSIXsemantics.

PVFS2 doesprovide guarantee®f atomicity of writes to nonoverlappingregions, even noncontiguous
nonoverlappingregions. This is to saythatif your parallelapplicationdoesnt write to the samebytes,
thenyouwill getwhatyou expectonsubsequenteads.

Thisis enoughto provide all thenon-atomianodesemanticgor MPI-10. Theatomicmodeof MPI-1O will
needsupportatahigherlevel. Thiswill probablybedonewith enhancemente ROMIO ratherthanforcing
morecomplicatednfrastructuranto the le system.Therearegoodreasongo do this atthe MPI-1O layer
ratherthanin the le systemjput thatis outsidethe context of this document.

Cachingof thedirectoryhierarchyis permittedin PVFS2for a con gurableduration.This allows for some
optimizationsat the costof windows of time duringwhich the le systemview might look differentfrom
onenodethanfrom another The cachetime value may be setto zeroto avoid this behaior; howvever, we
believe thatuserswill not nd this necessary

2.6 File system consistency

Oneof themorecomplicatedssuesn building adistributed le systenof ary kind is maintainingconsistent
le systenstatein thepresencef concurrenbperationsespeciallyonesthatmodify thedirectoryhierarchy

Traditionallydistributed le systemgprovide alockinginfrastructurehatis usedo guarante¢hatclientscan
performcertainoperationsatomically suchascreatingor removing les. Unfortunatelytheselocking sys-
temstendto addadditionallateng to the systemandareoften extremely complicateddueto optimizations
andtheneedto cleanlyhandlefaults.
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We have seenno evidenceeitherfrom the parallell/O communityor the distributed sharedmemorycom-
munity thattheselocking systemswill work well atthe scalesof clustersthatwe areseeingdeplg/ed now,
andwe arenotin thebusines®f pushingtheervelopeon lockingalgorithmsandimplementationssowe're
notusingalocking subsystem.

Insteadwe forceall operationghatmodify the le systemhierarchyto be performedn amanneithatresults
in an atomic changeto the le systemview. Clientsperformsequencesf steps(calledserver requests)
thatresultin whatwe tendto think of asatomicoperationsatthe le systemlevel. An examplemighthelp
clarify this. Herearethe stepsnecessaryo createanev le in PVFS2:

createadirectoryentryfor thenew le

createa metadatabjectfor thenew le
pointthedirectoryentryto the metadatabject
createa setof dataobjectsto hold datafor thenew le

pointthe metadataat the dataobjects

Performingthosestepsn thatparticularorderresultsin le systemstatesvhereadirectoryentry existsfor
a le thatis notreally readyto beaccessedf we carefullyorderthe operations:

createthe dataobjectsto hold datafor thenew le
createa metadatabbjectfor thenew le

pointthe metadatat the dataobjects

Ll

createadirectoryentryfor thenew le pointingto the metadatabbject

we createa sequencef statedhatalwaysleave the le systemdirectoryhierarchyin a consistenstate.The
le iseitherthere(andreadyto beaccessedrit isn't. All PVFS2operationsareperformedn this manner

Thisapproaclbringswith it acertaindegreeof compleity of its own; if thatprocessvereto fail somavhere
in themiddle,or if thedirectoryentryturnedoutto alreadyexist whenwe gotto the nal step,therewould
be agreatdealof cleanupthatmustoccur Thisis a problemthatcanbe surmountedhowever, andbecause
noneof thoseobjectsarereferencedy anyone elsewe cancleanthemup without concernfor whatother
processemightbe upto —they never madeit into thedirectoryhierarchy
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3 PVFS2terminology

PVFS2is basednasomeavhatuncomwventionaldesignin orderto achieze high performancescalability and
modularity As a result,we have introducedsomenew conceptsandterminologyto aid in describingand
administeringhe system.This sectiondescribeshe mostimportantof theseconceptgrom a highlevel.

3.1 File system components

We will startby de ning the major systemcomponentdrom an administratoror users perspectie. A
PVFS2 le systemmay consistof the following pieces(someareoptional): the pvfs2-serer, systeminter-
face,managemennterface,Linux kerneldriver, pvfs2-client,andROMIO PVFS2device.

Thepvfs2-server isthesenerdaemorcomponendf the le system.It runscompletelyin userspace.
Theremay be mary instanceof pvfs2-serer running on mary differentmachines. Eachinstancemay

actaseithera metadatasener, anl/O sener, or bothat once. I/0O senersstorethe actualdataassociated
with each le, typically stripedacrossmultiple senersin round-robinfashion.Metadatasernersstoremeta

informationabout les, suchaspermissionstime stamps,anddistribution parameters Metadataseners

alsostorethedirectoryhierarchy

Initial PVFS2releasewill only supportone metadatasener per le system,but this restrictionwill be
releasedn thefuture.

Thesystem interfaceisthelowestlevel userspaceAPlthatprovidesaccessothePVFS2le system.
It is notreallyintendedo beanenduserAPI; applicationdevelopersareinsteadencouragedb useMPI-10

astheir rst choice,or standardJnix callsfor legag applications.We will documenthe systeminterface
here however, becausé is thebuilding blockfor all otherclientinterfacesandis thusreferredto quiteoften.

It is implementedasa singlelibrary, calledlibpvfs2. The systeminterface APl doesnot mapdirectly to

POSIXfunctions.In particular it is a stateles#\PI thathasno concepbf open(),close(),or le descriptors.
This API does however, abstracthetaskof communicatingvith mary senersconcurrently

Themanagement interface issimilarin implementatiorio thesysteminterface.lt is a supplemental
API that addsfunctionality that is normally not exposedto ary le systemusers. This functionality is
intendedfor use by administratorsand for applicationssuchas fsck or performancemonitoring which
requirelow level le systeminformation.

TheLinux kernel driver isamodulethatcanbeloadedinto anunmodi ed Linux kernelin orderto
provide VFS supportfor PVFS2.Currentlythisis only implementedor the 2.6 seriesof kernels.Thisis the
componenthatallows standardJnix applicationgincluding utilities like 1 s andcp) to work on PVFS2.
Thekerneldriver alsorequireshe useof a userspacehelperapplicationcalledpvfs2-client.

pvis2-client is a userspacedaemonthat handlescommunicationbetweenPVFS2 seners and the
kerneldriver. Its primaryrole is to corvert VFS operationsnto system interface operations.One
pvfs2-clientmustberun on eachclientthatwishesto accesshe le systemthroughthe VFSinterface.

The ROMIO PVFS2 device is a componeniof the ROMIO MPI-IO implementation(distributed sep-
arately)that provides MPI-10 supportfor PVFS2. ROMIO is includedby default with the MPICH MPI
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implementatiorandincludesdriversfor several le systems.Seehttp://wwwmcs.anl.gwe/romio/ for de-
tails.

3.2 PVFS2 Objects

PVFS2hasfour differentobjecttypesthatarevisible to users

directory
meta le
datale

symboliclink

3.3 Handles

Handles areunique,opaqueintegerlike identi ers for every objectstoredona PVFS2 le system.Every

le, directory andsymboliclink hasahandle.In addition,severalunderlyingobjectsthatcannotbedirectly

manipulatedy usersarerepresentedith handlesThis providesa concise nonpathdependeniechanism
for specifyingwhat objectto operateon when clients and seners communicate. Seners automatically
generatenew handleswhen le systemobjectsare created;the userdoesnot typically manipulatethem

directly.

Theallowablerangeof valuesthathandlesnayassumes knowvn asthehandle space.

3.4 Handle ranges

Handlesareessentiallyery large integers. This meanghatwe cancornveniently partitionthe handlespace
into subsetdby simply specifyingrangesof handlevalues. Handle ranges arejust that; groupsof
handleghataredescribedy therangeof valuesthatthey mayinclude.

In orderto partitionthe handlespaceamongN seners,we divide thehandlespaceup into N handleranges,
anddelggatecontrol of eachrangeto a differentsener. The le systemcon guration les provide amech-
anismfor mappinghandlerangesto particularsener hosts. Clientsonly interactwith handlerangesithe
mappingof rangego senersis hiddenbeneathan abstractiorlayer This allows for greater e xibility and
futurefeaturedik e transparenmigration.
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3.5 File system IDs

Every PVFS2 le systemhostedby a particularsener hasa uniqueidenti er knovnasafile system
ID or fs id. The le systemlD mustbesetat le systemcreationtime by administratie tools so that
they aresynchronizedcrossall senersfor agiven le system.File systemsalsohave symbolicnameghat
canberesohedinto anfsid by senersin orderto producemorereadablecon guration les.

File systemDs arealsooccasionallyreferredto ascollectionIDs.
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4 PVFS2internal /0O API terminology

PVFS2containsseverallow level interfacesfor performingvarioustypesof I/O. Noneof thesearemeant
to beaccessetly endusers.However, they arepenasive enoughin thedesignthatit is helpfulto describe
someof theircommoncharacteristicen a singlepieceof documentation.

4.1 Internal I/O interfaces

Thefollowing is alist of thelowestlevel APIs thatsharecharacteristicthatwe will discusshere.

BMI (BufferedMessagénterface): messagdasedhetwork communications
Trove: local le anddatabasaccess

Flow: high level I/O API thatties togetherlower level componentgsuchasBMI and Trove) in a
singletransfer;handlesbuffering anddatatypeprocessing

Dev: userlevel interactionwith kerneldevice driver

NCAC (Network CentricAdaptive Cache):userlevel buffer cachethat works on top of Trove (cur-
rently unused)

Requesschedulerhandlesconcurreng andschedulingatthe le systenrequestevel

4.2 Job interface

The Jobinterfaceis a single API that bindstogetherall of the above components.This providesa single
point for testingfor completionof ary nonblockingoperationghat have beensubmittedto a lower level
API. It alsohandlegnostof thethreadmanagementwhereapplicable.

4.3 Posting and testing

All of the APIs listed in this documentare nonblocking. The modelusedin all casess to rst post a
desiredoperationthentest until the operationhascompletedand nally checktheresultingerrorcode
to determindf the operationrwassuccessfulEvery post resultsin the creationof a uniquelD thatis used
asaninputto thetest call. Thisis themechanisnby which particularpostsarematchedwith the correct
test.

It is alsopossiblfor certainoperationgo completammediatelyat posttime, thereforesliminatingtheneed
to testlaterif it is notrequired.This conditionis indicatedby thereturncodeof thepostcall. A returncode
of 0 indicategthatthe postwassuccessfulbut thatthe caller shouldtestfor completion.A returncodeof 1
indicatesthatthe call wasimmediatelysuccessfulandthatno testis needed Errorsareindicatedby either
anegatie returncode,or elseindicatedby anoutputargumentthatis speci ¢ to thatAPI.
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4.4 Test variations

In aparallel le systemijt is notuncommorfor aclientor senerto becarryingoutmary operationsatonce.
We canimprove ef ciency in this caseby providing mechanism$or testingfor completionof morethanone
operationn asinglefunctioncall. EachAPI will supportthe following variantsof the testfunction (where
PREFIXdepend®nthe API):

PREFIXtest(): This is the mostsimpleversionof the testfunction. It checksfor completionof an
individual operationbasednthelD givenby thecallet

PREFIXtestsome()This is anexpansionof theabove call. Thedifferences thatit takesanarrayof
IDs anda countasinput, andprovidesan array of statusvaluesanda countasoutput. It checksfor
completionof any non-zerolD in thearray The outputcountindicateshow mary of the operations
in questioncompletedwhich mayrangefrom 0 to theinput count.

PREFIX testcontet(): This functionis similar to testsome(). However, it doesnot take an array of
IDs asinput. Instead,it testsfor completionof any operationsthat have previously beenposted,
regardlessof the ID. A countargumentlimits howv mary resultsmay be returnedto the caller A
contet (discussedn the following subsection)can be usedto limit the scopeof IDs that may be
accessethroughthis function.

4.5 Contexts

Before postingary operationgo a particularinterface,the caller must rst opena context for thatin-
terface. This is a mechanisnmby which an interfacecan differentiatebetweentwo differentcallers(ie, if
operationsarebeingpostedby morethanonethreador morethanonehigherlevel component).This con-
text is thenusedasaninput amgumentto every subsequerpostandtestcall. In particular it is very useful
for thetestcontet() functions,to insurethatit doesnotreturninformationaboutoperationghatwereposted
by a differentcaller

4.6 User pointers

User pointers arevoid* valuesthatarepassednto aninterfaceat posttime andreturnedto the caller
at completiontime throughone of the testfunctions. Thesepointersare never storedor transmittedover
the network; they areintendedfor local useby theinterfacecaller They maybe usedfor ary purpose For
example,it may be setto point at a datastructurethat tracksthe stateof the system. Whenthe pointer
is returnedat completiontime, the caller canthen map back to this datastructureimmediatelywithout
searchingbecausét hasadirectpointer

4.7 Time outs and max idle time

Thejob interfaceallows the callerto specifya time out with all testfunctions. This determinesow long
thetestfunctionis allowedto block beforereturningif no operationf interesthave completed.
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Thelower level APIs follow differentsemantics Ratherthana time out, they allow the callerto specifya
max idle time. Themaxidle time governshow longthe APl is allowedto sleepif it is idle whenthe
testcall is made. It is underno obligationto actuallyconsumehe full idle time. It is morelike a hint to
controlwhetherthefunctionis abusypoll, or if it shouldsleepwhenthereis nowork to do.
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5 PVFS2UserAPIls and Semantics

BecausePVFS2is designedspeci cally for performancedn systemsvhereconcurrentaccesfrom mary
processe$s commonplacethereare somedifferencesbetweenthe PVFS2interfacesand traditional le

systeminterfaces.In this sectionwe will discussthe two interfacesprovided for applicationso usewhen
accessingPVFS2 le systems.We will startwith thetraditionalUNIX I/O interface,which nearlyall le

systemsmplement.We will thencoverthe MPI-10 interface.

5.1 UNIX I/O Interface

We provide animplementatiorof the UNIX I/O interfacefor clientsrunningLinux versions2.4(2.4.19and
later)and2.6. Thisinterfaceimplementghetraditionalopen, read, write, andclose interfaceaswell
asproviding thedirectoryoperationsiecessarjor applicationssuchas1 s to work.

It isimportantto notethatthereis a differencebetweerimplementinghe UNIX I/O APl andimplementing
the POSIX semanticgor this API. File systems=xportedvia NFS (versions2 and3) do not exhibit mary

of the POSIX semanticsandevenlocal le systemsnay not guaranteatomicity of writesthatcrossdisk
block boundariesWe alsodo notimplementthe full POSIX semanticsHerewe will documeniaspectof

the POSIXsemanticshatwe do notimplement.

5.1.1 PermissionChecking

To understandvhy PVFS2permissiorcheckingbehaes differently from the POSIX standardit is useful
to discusshow PVFS2performspermissionchecking. PVFS2doesnot really implementthe open etc.
interface,but insteadusesa statelesapproachhatrelieson theclientto 1ookup a le nameto corvertit
into a handle thatcanbe usedfor subsequenteadandwrite accessesThis handlemay be usedfor mary
readandwrite accesseandmay be cachedundercertainguidelines.This lookup operationis performedat
le opentime.

Permissiorcheckingis performedin two places.First, the VFS checkspermissionn the client and will

prevent usersfrom performinginvalid operations. Second,the sener performsrudimentarychecksfor
speci c operationshowever, it (currently)reliesontheclientto provide accurateiserandgroupinformation
to be usedfor this purpose.No recursve directory permissioncheckingis performedby the seners, for
example.

5.1.2 Permissionsand File Access

POSIXsemanticslictatethatoncea le hasbeenopenedt maycontinueto beaccessebly theprocesantil
closed regardlesf changeso permissions.

In PVFS2,the effect of permissionchangen a le may or may not be immediatelyapparento a client
holdinganopen le descriptor Becausef the manneiin which PVFS2performspermissiorcheckingand
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le lookup,it is possiblethata client maylosethe ability to accessa le thatit haspreviously openeddue
to permissiorchangejf for examplethe cachedhandleis lostandalookupis performedagain.

5.1.3 Accesdgo Removed Files

POSIXsemanticglictatethata le openedby a procesamay continueto be accessedntil the subsequent
close,evenif the le permissionsarechangedor the le is deleted. This requiresthatthe le systemor
clientssomehw keepup with alist of les thatareopen,whichaddsunacceptablstateto adistributed le
system.In NFS,for example thisis implementedsia the “sillyrename”approachin which clientsrename
a deletedbut open le to hideit in the directorytree,thendeletethe renamedle whenthe le is nally
closed.

In PVFS2a le thatis deletedis removed immediatelyregardlessof open le descriptors. Subsequent
attemptdo accesshe le will nd thatthe le nolongerexists.

Neill: Is this completely true, or do clients delay removal in pvfs2-client if someone is still accessing?

5.1.4 Overlapping I/O Operations

POSIX semanticglictatesequentiatonsisteng for overlappingl/O operations.This meanghat1/O oper
ationsmustbe atomicwith respecto eachother— if oneprocesgerformsareadspanninga collectionof
senerswhile anotheiperformsawrite in thesameregion, thereadmustseeeitherall or noneof thechanges.
In aparallel le systenthisinvolvescommunicatiorio coordinateaccessn thismannerandbecausef the
numberof clientswe wish to support,we areunwilling to implementthis functionality (at leastaspart of
thecore le system).

In PVFS2weinsteadmplementasemantiave call nonconflicting writes semanticThis semanticstateghat
all I/0 operationghatdo not accesshe samebytes(in otherwords,arenoncon icting) will be sequentially
consistentWrite operationghatcon ict will resultin someunde nedcombinationof the bytesbeingwrit-
tento storagewhile readoperationghatcon ict with write operationsvill seesomeunde nedcombination
of original dataandwrite data.

5.1.5 Locks

BSD providesthe £1ock mechanismior locking le regionsasaway to performatomicmodi cationsto
les. POSIXprovidesthisfunctionalitythroughoptionsto £cnt 1. Both of theseareadvisorylocks,which
meanghatprocesseaot usingthelockscanaccesshe le regions.

PVFS2doesnotimplementalockinginfrastructureaspartof the le system.At thistime thereis noadd-on
advisorylocking componenteither Thusneitherthe £ 1ock functionnor the fcnt1 advisorylocks are
supportedy PVFS2.
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5.2 MPI-IO Interface

We provide animplementatiorof the MPI-IO interfacevia animplementatiorof the ROMIO ADIO inter
face. This implementations includedas part of MPICH1 and MPICH2 aswell asbeingavailableasan
independenpackage The MPI-10 interfaceis partof the MPI-2 standardandde nesanAPI for le access
from within MPI programs.

OurPVFS2implementatiordoesnotincludeall thefunctionalityof the MPI-1O speci cation.In thissection
we discusghe missingcomponent®f MPI-10 for PVFS2.

5.2.1 MPI-IO Atomic Mode

Atomic modeis enabledy callingMPT File set _atomicity andsettingtheatomicityto true. Atomic
modeguaranteethatdatawritten on oneprocesss immediatelyvisible to anothemprocesgasin the POSIX
default semantics).

ROMIO currentlyusesle lockingto implementhe MPI-IO atomicmodefunctionality Becauseve do not
supportiocksin PVFS2,atomicmodeis not currentlysupported.

5.2.2 MPI-IO Shared Pointer Mode

Sharedpointersareusedin the _shared and_ordered familiesof functions.

The ROMIO implementatiorrelieson the useof locking supportirom the le systemto implementboth of
thesefamiliesof functions,sothesearenot currentlysupported We areresearchin@lternatve implemen-
tations.
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6 The codetree

In this sectionwe describehow the codetreeis setup for PVFS2anddiscussa little abouthow the build
systemworks.

6.1 The top level
At thetop level we see:

doc

examples

include

lib

maint

sSrc

test
Thedoc directoryratherobviously holdsdocumentationmostlywrittenin LaTeX. Thereareafew subdi-
rectoriesunderdoc. The coding subdirectoryhasa documendescribingguidelinesfor writing codefor

the project. The design subdirectoryhasa numberof documentsiescribingvariouscomponent®f the
systemandAPIs andmoreimportantlycurrentlyhouseghe Quick Start.

Much of the documentatiotis out of date.
examples currentlyholdstwo examplesener con guration les andthatis it.

include holdsinclude les thatarebothusedall overthesystemandareeventuallyinstalledonthesystem
duringamake install. Any prototypesor de nesthatareneededy clientsusingthe API shouldbein
oneof theinclude les in thisdirectory

libisempty It holdslibpvfs2.awhenit is built, prior to installation,if youarebuilding in-tree.More
on out-of-treebuilds later

maint holdsa collectionof scripts. Someof theseare usedin the build processwhile othersare used
to checkfor the presencef inappropriatelynamedsymbolsin the resultinglibrary or reformatcodethat
doesnt conformto the codingstandard.

src holdsthe sourcecodeto themajority of PVFS2,includingthe sener, clientlibrary, Linux 2.6.xkernel
module,andmanagemertbols. We'll talk moreaboutthis onein a subsequerdubsection.

test holdsthe sourcecodeto mary mary teststhat have beenbuilt over time to validatethe PVFS2
implementationWe will discusghis morein a subsequergubsectioraswell.
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6.2 src

The src directorycontainghe majority of the PVFS2distribution.

Unlike PVFS1 wherethe PVFSkernelcodewasin a separat@ackagdrom the“core; in PVFS2boththe
seners,clientAPI, andkernel-speci ccodearepackagedogether

src/common holdsanumberof componentsharedetweerclientsandseners. Thisincludes:

dotconf—acon guration le parser

gen-locks-animplementatiorof locallocksusedto provide atomicaccesgo sharedstructuresn the
presencef threads

id-generator a simplesystemfor generatinginiquereferencesids) to datastructures

llist —alinked-listimplementation

gossip-ourloggingcomponent

quicklist—anothedinked-listimplementation

quickhash- a hashtableimplementation

statecomp- the parserfor our statemachinedescriptionanguaggdiscussedgubsequently)

misc— leftovers,including somestatemachinecode,con g le manipulationcode,somestringma-
nipulationutilities, etc.

src/apps holdsapplicationsassociateavith PVFS2.The src/apps/admin subdirectoryholdsa col-
lectionof toolsfor settingup, monitoring,andmanipulatingles onaPVFS2le systempvfs2-genconfig
is usedto createcon guration les. pvfs2-cp may be usedto move les on andoff PVFS2 le sys-
tems. pvfs2-ping andpvfs2-statfs maybe usedto checkon the statusof a PVFS2 le system.
pvis2-1sisanls implementatiorfor PVFS2 le systemdhatdoesnotrequirethatthe le systembe
mounted.

The src/apps/karma subdirectorycontainsa gtk-basedyui for monitoringa PVFS2 le systemin real

time. The src/apps/kernel/linux-2.6 subdirectorycontainsthe user spacecomponentof the
PVFES2kerneldriverimplementationwhichmatcheshekerneldrivercodefoundin src/kernel/linux—2.6.
Thesrc/apps/vis containsaxperimentakodefor performancevisualization.

src/client holdscodefor the“systeminterface”library, thelowestlevel library usedon the client side
for access.Thisisinthesrc/client/sysint subdirectory Theunix—-io subdirectoryis nolonger
used. Note thatthereis othercodeusedon the client side: the ROMIO componentgincludedin MPICH
andMPICH2) andthekernelsupportcode(locatedin src/kernel, discussedubsequently).

Note thatthe ROMIO supportfor PVFS2is includedin MPICH1, MPICH2,andROMIO distributionsand
is not presentanywherein thistree.
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src/server holdscodefor thepvfs2-serer. Therequesschedulecodeis splitinto its own subdirectory
for no particularreason.

src/proto holdscodefor encodinganddecodingour over-the-wire protocol. Currentlythe “encoding
scheme’usedis thecontig schemestoredin its own subdirectoryThis encodingschemeeally just putsthe
bytesinto a contiguousregion, soit is only goodfor homogeneousystemr systemswith the samebyte
orderswherewe have correctlypaddedall the structuregwhich we probablyhavent).

src/kernel holdsimplementationsf kernelsupport.Currentlythereisonlyone,src/kernel/linux-2.6.

src/1io holdsenoughcodethatwe'll justtalk aboutit in its own subsection.

6.3 src/io

This directoryholdsall the codeusedto move dataacrossthe wire, to storeandretrieve datafrom local
resourcesto buffer dataon seners,andto describd/O accesseandphysicaldatadistribution.

bmi holdstheBufferedMessagindnterface(BMI) implementationsThetop-level directoryholdscodefor
mappingto the variousunderlyingimplementationsnd de ning commondatastructures.Subdirectories
hold implementationdor GM (bmi_gm), TCP/IP (bmi_tcp), andIn niBand using eitherthe VAPI or
OpenIBAPI (bmi_ib).

buf fer holdstheimplementatiorof ourinternalbuffering andcachingcomponentAt thetime of writing
thisis not completeandis notenabled.

dev holdscodethatunderstandhow to move datathroughadevice le thatis usedoy ourLinux 2.6kernel
module.Thisis storedin this directorybecausét is hooked underthe job component.

job holdsthejob componentThis components responsibldor providing uswith acommonmechanism
for queueingandtestingfor completionof operationson a variety of differentresourcesncludingall BMI,
Trove, andthedevice listedabove.

description holdscodeusedto describd/O accesseandphysicaldatadistributions.

trove holdsimplementation®f the Trove storageinterface. The top-level directoryholdscodefor map-
ping to the variousunderlyingimplementationg&nd de ning commondatastructures.Currently thereis
only a singleimplementatiorof Trove, called DBPF (for DB PlusFiles). This implementatiorbuilds on
Berkeley DB andlocal UNIX les for storinglocal data.

flow holdsthe Flow componenimplementations.Thesecomponentsare responsiblefor ferrying data
betweendifferenttypesof endpoints. Valid endpointancludeBMI, Trove, memory andthe buffer cache.

6.4 test

This directoryholdsa greatdealof testcode,mostof whichis uselesgo the averageuser
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test/client/sysint hasacollectionof testswe have usedwhenimplementing(or reimplementing)
varioussysteminterfacefunctions.

test/correctness/pts holdsthe PVFSTestSuite(PTS),a suitedesignedor testingthe correctness
of PVFSundervariousdifferentconditions.Thereareactuallyquite afew testsin here,andthevisionis that
we will runthesein anautomatedashionrelatively often (but we arent therequite yet). Thisis probably
the secondnostusefulcode(afterpvfs2-client)in thetest directory

6.5 State machines and statecomp

The PVFS2sourceis heaily dependenbn a statemachineimplementationthat is includedin the tree.
We've alreadynotedthatthe parseystatecompis locatedin the sr ¢/ common / st at ecomp subdirectory
Additional codefor processingtatemachinessin src/common/misc.

Statemachinesources denotedwith a . sm sufx. Theseareconvertedto . ¢ les by statecomplf youare
building out of tree,the . ¢ les will endupin thebuild tree;otherwiseyou'll bein the confusingsituation
of having both versionsin the samesubdirectory If modifying these be carefulto only modify the . sm
les —thecorresponding c le canbeoverwrittenon rehuilds.

6.6 Build system

The build systemrelieson the “single malke le” conceptthatwas promotedby someoneor anotherother
thanus(we shouldhave areference)Overallwe're relatively happy with it.

We alsoadoptedthe Linux 2.6 kernelstyle of obfuscatingthe actualcompilelines. This canbeirritating
if you're trying to delug the build system.It canbeturnedoff with a “make V=1", which makesthe build
verboseagain.Thisis controlledvia avariablecalledQUIET _COMPILE in themale le, if youarelooking
for how thisis done.

6.7 Out-of-tree builds

Someof the developersarereally fond of out-of-treebuilds, while othersarent. Basicallythe ideais to
performthe build in a separatalirectory so that the outputfrom the build processdoesnt clutter up the
sourcetree.

This canbedoneby executingconf i gure from aseparatelirectory For example:
# tar xzf pvfs2-0.0.2.tgz
# mkdir BUILD-pvfs2

# cd BUILD-pvfs2
# ../pvis2/configure
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