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1 An intr oduction to PVFS2

Sincethemid-1990swe have beenin thebusinessof parallelI/O. Our �rst parallel�le system,theParallel
Virtual File System(PVFS),hasbeenthemostsuccessfulparallel�le systemonLinux clustersto date.This
codebasehasbeenusedboth in productionmodeat large scienti�c computingcentersandasa launching
point for many researchendeavors.

However, thePVFS(or PVFS1)codebaseis a terriblemess!For thelast few yearswe have beenpushing
it well beyond the environmentfor which it was originally designed. The core of PVFS1is no longer
appropriatefor theenvironmentin whichwenow seeparallel�le systemsbeingdeployed.

While we have beenkeepingPVFS1relevant,we have alsobeeninteractingwith applicationgroups,other
parallelI/O researchers,andimplementorsof systemsoftwaresuchasmessagepassinglibraries.As aresult
have learneda greatdealabouthow applicationsusethese�le systemsandhow we might betterleverage
theunderlyinghardware.

Eventuallywe reacheda point whereit wasobvious to us that a new designwas in order. The PVFS2
designembodiesthe principlesthat we believe arekey to a successful,robust, high-performanceparallel
�le system.It is beingimplementedprimarily by a distributedteamat ArgonneNationalLaboratoryand
ClemsonUniversity. Early collaborationshave alreadybegun with Ohio SupercomputerCenterandOhio
StateUniversity, andwe look forwardto additionalparticipationby interestedandmotivatedparties.

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

1.1 Why rewrite?

Thereare lots of reasonswhy we've chosento rewrite the code. We wereboredwith the old code. We
weretired of trying to work aroundinherentproblemsin thedesign.But mostlywe felt hamstrungby the
design. It wastoo socket-centric,too obviously single-threaded,wouldn't supportheterogeneoussystems
with differentendian-ness,andreliedtoo thoroughlyonOSbuffering and�le systemcharacteristics.

Thenew codebaseis muchbiggerandmore�e xible. De�nitely there's theopportunityfor usto suffer from
secondsystemsyndromehere! But we're willing to risk this in orderto positionourselvesto usethenew
codebasefor many yearsto come.

1.2 What’s different?

Thenew designhasanumberof importantfeatures,including:

� modularnetworking andstoragesubsystems,

� powerful requestformatfor structurednon-contiguousaccesses,

� �e xible andextensibledatadistribution modules,
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� distributedmetadata,

� statelessserversandclients(no lockingsubsystem),

� explicit concurrency support,

� tunablesemantics,

� �e xible mappingfrom �le referencesto servers,

� tight MPI-IO integration,and

� supportfor dataandmetadataredundancy.

1.2.1 Modular networking and storage

One shortcomingof the PVFS1systemis its relianceon the socket networking interfaceand local �le
systemsfor dataandmetadatastorage.

If we look at mostclustercomputerstodaywe seea variety of networking technologiesin place. IP, IB,
Myrinet, andQuadricsaresomeof themorepopularonesat thetimeof writing, but surelymorewill appear
and disappear in thenearfuture. As groupsattemptto remotelyaccessdataat high dataratesacrossthe
wide area,approachessuchasreliableUDP protocolsmight becomeanimportantcomponentof a parallel
�le systemaswell. Supportingmultiplenetworking technologies,andsupportingthemefficiently is key.

Likewise many different storagetechnologiesarenow available. We're still gettingour feet wet in this
area,but it is clear that some�e xibility on this front will pay off in termsof our ability to leveragenew
technologiesasthey appear. In themeantime we arecertainlygoingto leveragedatabasetechnologiesfor
metadatastorage– thatjust makesgoodsense.

In PVFS2theBufferedMessagingInterface(BMI) andtheTrovestorageinterfaceprovideAPIs to network
andstoragetechnologiesrespectively.

1.2.2 Structured non-contiguousdata access

Scienti�c applicationsarecomplicatedentitiesconstructedfrom numerouslibrariesandoperatingonhighly
structureddata. This datais often storedusinghigh-level I/O libraries that manageaccessto traditional
byte-stream�les.

Theselibraries allow applicationsto describecomplicatedaccesspatternsthat extract subsetsof large
datasets.Thesesubsetsoften do not sit in contiguousregions in the underlying�le; however, they are
oftenverystructured(e.g.a blockoutof amultidimensionalarray).

It is imperative thata parallel�le systemnatively supportstructureddataaccessin anef�cient manner. In
PVFS2weperformthiswith thesametypesof constructsusedin MPI datatypes,allowing for thedescription
of structureddataregionswith strides,commonblocksizes,andsoon. Thiscapabilitycanthenbeleveraged
by higher-level librariessuchastheMPI-IO implementation.
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1.2.3 Flexible data distribution

Thetraditionof stripingdataacrossI/O serversin round-robinfashionhasbeenin placefor quitesometime,
andit seemsasgooda default asany givenno moreinformationabouthow a �le is going to beaccessed.
However, in many caseswedo know moreabouthow a�le is goingto beaccessed.Applicationshavemany
opportunitiesto give the�le systeminformationaboutaccesspatternsthroughvarioushigh-level interfaces.
Armed with this informationwe canmake informeddecisionson how to betterdistribute datato match
expectedaccesspatterns.Morecomplicatedsystemscouldredistributedatato bettermatchpatternsthatare
seenin practice.

PVFS2includesa modularsystemfor addingnew datadistributionsto thesystemandusingthesefor new
�les. We'restartingwith thesameold round-robinschemethateveryoneis accustomedto, but weexpectto
seethismechanismusedto betteraccessmultidimensionaldatasets.It mightplaya role in dataredundancy
aswell.

1.2.4 Distributed metadata

Oneof thebiggestcomplaintsaboutPVFS1is thesinglemetadataserver. Thereareactuallytwo baseson
whichthiscomplaintis typically launched.The�rst is thatthisis asinglepointof failure– we'll addressthat
in a bit whenwe talk aboutdataandmetadataredundancy. Thesecondis that it is a potentialperformance
bottleneck.

In PVFS1the metadataserver stepsasidefor I/O operations,makingit rarely a bottleneckin practicefor
largeparallelapplications,becausethey arebusywriting dataandnot creatinga billion �les or somesuch
thing. However, as systemscontinueto scaleit becomesever more likely that any suchsinglepoint of
contactmightbecomeabottleneckfor evenwell-behavedapplications.

PVFS2allows for con�gurationswheremetadatais distributedto somesubsetof I/O servers(which might
or might not alsoserve data).This allows for metadatafor different�les to beplacedon differentservers,
sothatapplicationsaccessingdifferent�les tendto impacteachotherless.

Distributedmetadatais a relatively tricky problem,but we're goingto provide it in earlyreleasesanyway.

1.2.5 Statelessservers and clients

Parallel �le systems(andmoregenerallydistributed�le systems)arepotentiallycomplicatedsystems.As
thenumberof entitiesparticipatingin thesystemgrows,sodoestheopportunityfor failures.Anything that
canbedoneto minimizetheimpactof suchfailuresshouldbeconsidered.

NFS,for all its faults,doesprovide a concreteexampleof theadvantageof removing sharedstatefrom the
system.Clientscandisappear, andanNFSserver just keepshappilyserving�les to theremainingclients.

In starkcontrastto this area numberof exampledistributed�le systemsin placetoday. In orderto meet
certaindesignconstraintsthey provide coherentcacheson clientsenforcedvia locking subsystems.As a
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result a client failure is a signi�cant event requiringa complex sequenceof eventsto recover locks and
ensurethatthesystemis in theappropriatestatebeforeoperationscancontinue.

We have decidedto build PVFS2as a statelesssystemanddo not uselocks as part of the client-server
interaction.This vastlysimpli�es theprocessof recoveringfrom failuresandfacilitatestheuseof off-the-
shelf high-availability solutionsfor providing server failover. This doesimpact the semanticsof the �le
system,but we believe thattheresultingsemanticsareveryappropriatefor parallelI/O.

1.2.6 Explicit support for concurrency

Clearlyconcurrentprocessingis key in this typeof system.ThePVFS2server andclientdesignsarebased
aroundanexplicit statemachinesystemthatis tightly coupledwith acomponentfor monitoringcompletion
of operationsacrossall devices. Threadsareusedwherenecessaryto provide non-blockingaccessto all
device types.This combinationof threads,statemachines,andcompletionnoti�cation allows usto quickly
identify opportunitiesto make progresson particularoperationsand avoids serializationof independent
operationswithin theclientor server.

This designhasa furtherside-effect of giving us native supportfor asynchronousoperationson theclient
side.Nativesupportfor asynchronousoperationsmakesnonblockingoperationsunderMPI-IO botheasyto
implementandadvantageousto use.

1.2.7 Tunablesemantics

Mostdistributed�le systemsin usefor clustersystemsprovide POSIX(or verycloseto POSIX)semantics.
Thesesemanticsareverystrict,arguablymorestrict thannecessaryfor ausableparallelI/O system.

NFSdoesnot provide POSIXsemanticsbecauseit doesnot guaranteethatclient cachesarecoherent.This
actuallyresultsin asystemthatis oftenunusablefor parallelI/O, but is veryusefulfor homedirectoriesand
such.

Storagesystemsbeingappliedin theGrid environment,suchasthosebeingusedin conjunctionwith some
physicsexperiments,havestill differentsemantics.Thesetendto assumethat�les areaddedatomicallyand
arenever subsequentlymodi�ed.

All thesevery differentapproacheshave their meritsandapplications,but alsohave their disadvantages.
PVFS2will not supportPOSIX semantics(althoughone is welcometo build sucha systemon top of
PVFS2). However, we do intendto give usersa greatdegreeof �e xibility in termsof the coherency of
theview of �le dataandof the�le systemhierarchy. Usersin a tightly coupledparallelmachinewill opt for
morestrictsemanticsthatallow for MPI-IO to beimplemented.Othergroupsmightgofor loosersemantics
allowing for accessacrossthewide area.Thekey hereis allowing for thepossibilityof differentsemantics
to matchdifferentneeds.
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1.2.8 Flexible mapping from �le referencesto servers

Administratorsappreciatethe ability to recon�guresystemsto adaptto changesin policy or availablere-
sources.In parallel �le systems,the mappingfrom a �le referenceto its locationon devicescanhelp or
hinderrecon�gurationof the�le system.

In PVFS2�le datais split into datafiles. Eachdata�le hasits own reference,andclientsidentify theserver
thatownsa data�le by checkinga tableloadedat con�guration time. A server canbeaddedto thesystem
by allocatinga new rangeof referencesto thatserver andrestartingclientswith anupdatetable.Likewise,
serverscanberemovedby �rst stoppingclients,next moving data�lesoff theserver, thenrestartingwith a
new table.It is notdif�cult to imagineproviding this functionalitywhile thesystemis running,andwewill
beinvestigatingthispossibilityoncebasicfunctionalityis stable.

1.2.9 Tight MPI-IO coupling

The UNIX interfaceis a poor building block for an MPI-IO implementation.It doesnot provide the rich
API necessaryto communicatestructuredI/O accessesto theunderlying�le system.It hasa lot of internal
statestoredaspartof the �le descriptor. It impliesPOSIXsemantics,but doesnot provide themfor some
�le systems(e.g.NFS,many local �le systemswhenwriting largedataregions).

Ratherthanbuilding MPI-IO supportfor PVFS2throughaUNIX-lik e interface,wehavestartedwith some-
thingthatexposesmoreof thecapabilitiesof the�le system.Thisinterfacedoesnotmaintain�le descriptors
or internalstateregardingsuchthingsas�le positions,andin doingsoallows usto betterleveragetheca-
pabilitiesof MPI-IO to performef�cient access.

We'vealreadydiscussedrich I/O requests.“Opening”a �le is anothergoodexample.MPI File open()
is a collective operationthatgathersinformationon a �le so thatMPI processesmay lateraccessit. If we
wereto build this on top of a UNIX-lik e API, we would have eachprocessthat would potentiallyaccess
the �le call open(). In PVFS2we insteadresolve the �lename into a handleusinga single�le system
operation,thenbroadcasttheresultinghandleto theremainderof theprocesses.Operationsthatdetermine
�le size,truncate�les, andremove �les mayall beperformedin this same

�������
manner, scalingaswell as

theMPI broadcastcall.

1.2.10 Data and metadataredundancy

Anothercommon(andvalid) complaintregardingPVFS1is its lack of supportfor redundancy at theserver
level. RAID approachesareusableto provide toleranceof disk failures,but if a server disappears,all �les
with dataon thatserver areinaccessibleuntil theserver is recovered.

Traditionalhigh-availability solutionsmaybeappliedto bothmetadataanddataserversin PVFS2(they're
actually the sameserver). This option requiressharedstoragebetweenthe two machineson which �le
systemdatais stored,sothismaybeprohibitively expensive for someusers.

A secondoption that is beinginvestigatedis what we arecalling lazy redundancy. The lazy redundancy
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approachis our responseto thefailureof RAID-lik e approachesto scalewell for largeparallelI/O systems
whenappliedacrossservers. The failure of this approachat this scaleis primarily dueto the signi�cant
changein environment(latency andnumberof devicesacrosswhich datais striped).Providing theatomic
read/modify/writecapabilitynecessaryto implementRAID-lik e protocolsin a distributed �le systemre-
quiresagreatdealof performance-hamperinginfrastructure.

With lazy redundancy we exposethe creationof redundantdataasan explicit operation.This placesthe
burdenof enforcingconsistentaccesson theuser. However, it alsoopensup theopportunityfor a number
of optimizations,suchascreatingredundantdatain parallel.Further, becausethis canbeappliedat a more
coarsegrain, morecompute-intensive algorithmsmay be usedin placeof simpleparity, providing higher
reliability thansimpleparityschemes.

Lazy redundancy is still at theconceptualstage.We're still trying to determinehow to best�t this into the
systemasawhole.However, traditionalfailover solutionsmaybeput in placefor theexistingsystem.

1.2.11 And more...

Therearesomany thingsthatwefeelwecouldhavedonebetterin PVFS1thatit is reallya little embarrass-
ing. Betterheterogeneoussystemsupport,abetterbuild system,asolid infrastructurefor testingconcurrent
accessto the �le system,an inherentlyconcurrentapproachto servicingoperationson both theclient and
server, bettermanagementtools,even symlinks;we've tried to addressmostif not all the majorconcerns
thatourPVFS1usershave hadover theyears.

It' s abig undertakingfor us.Which leadsto theobviousnext question.

1.3 When will this be available?

Believe it or not, right now. At SC2004we releasedPVFS21.0. We would befoolish to claim PVFS2has
no bugsandwill work for everyone100%of the time, but we feel PVFS2is in prettygoodshape.Early
testinghasfounda lot of bugs,andwefeelPVFSis readyfor wideruse.

Notethatwe'recommittedto supportingPVFS1for sometimeafterPVFS2is availableandstable.Wefeel
like PVFS1is a goodsolutionfor many groupsalready, andwewould preferfor peopleto usePVFS1for a
little while longerratherthanthemhave asour�rst experiencewith PVFS2.

We announceupdatesfrequentlyon the PVFS2mailing lists. We encourageusersto subscribe– it' s the
bestway to keepabreastof PVFS2developments.All codeis beingdistributedundertheLGPL licenseto
facilitateuseunderarbitrarily licensedhigh-level libraries.
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2 The basicsof PVFS2

PVFS2is a parallel�le system.This meansthat it is designedfor parallelapplicationssharingdataacross
many clientsin a coordinatedmanner. To do this with high performance,many serversareusedto provide
multiple pathsto data. Parallel �le systemsarea subsetof distributed �le systems,which aremoregen-
erally �le systemsthat provide sharedaccessto distributeddata,but don't necessarilyhave this focuson
performanceor parallelaccess.

Therearelotsof thingsthatPVFS2is not designedfor. In somecasesit will coincidentallyperformwell for
somearbitrarytaskthatwe weren't targeting. In othercasesit will performvery poorly. If facedwith the
optionof makingthesystembetterfor someothertask(e.g.executingoff the�le system,sharedmmapping
of �les, storingmail in mboxformat)at theexpenseof parallelI/O performance,we will alwaysruthlessly
ignoreperformancefor theseothertasks.

PVFS2usesan intelligent server architecture.By this we meanthatserversdo morethansimply provide
clientswith blocksof datafrom disks,insteadtalking in higher-level abstractionssuchas�les anddirec-
tories. An alternative architectureis shared storage, wherestoragedevices (usuallyaccessedat a block
granularity)aredirectly addressedby clients. The intelligentserver approachallows for clever algorithms
that could not be appliedwereblock-level accessesthe only mechanismclients had to interactwith the
systembecausemoreappropriateremoteoperationscanbeprovidedthatserve asbuilding blocksfor these
algorithms.

In this sectionwe discussthecomponentsof thesystem,how clientsandserversinteractwith eachother,
consistency semantics,andhow the �le systemstateis kept consistentwithout the useof locks. In many
caseswe will comparethenew systemwith theoriginal PVFS,for thosewho aremayalreadybefamiliar
with thatarchitecture.

2.1 Servers

In PVFS1thereweretwo typesof server processes,mgrs that served metadataand iods that served data.
For any givenPVFS1�le systemtherewasexactly oneactive mgr servingmetadataandpotentiallymany
iods servingdatafor that �le system.Sincemgrsandiods arejust UNIX processes,someusersfound it
convenientto runbothamgr andaniod on thesamenodeto conserve hardwareresources.

In PVFS2thereis exactly onetypeof server process,thepvfs2-server. This is alsoa UNIX process,soone
could run morethanoneof theseon thesamenodeif desired(althoughwe will not discussthis here). A
con�guration �le tells eachpvfs2-server what its role will beaspartof theparallel�le system.Thereare
two possibleroles,metadataserver anddataserver, andany givenpvfs2-server can�ll oneor bothof these
roles.

PVFS2serversstoredatafor the parallel �le systemlocally. The currentimplementationof this storage
reliesonUNIX �les to hold �le dataandaBerkeley DB databaseto holdthingslikemetadata.Thespeci�cs
of this storagearehiddenunderanAPI thatwecall Trove.
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2.2 Networks

PVFS2hasthecapabilityto supportanarbitrarynumberof differentnetwork typesthroughanabstraction
known as the BufferedMessagingInterface(BMI). At this time BMI implementationsexist for TCP/IP,
Myricom's GM, andIn�niBand (bothMellanoxVAPI andOpenIBAPIs).

2.3 Interfaces

At this time thereareexactly two low-level I/O interfacesthatclientscommonlyuseto accessparallel�le
systems.The�rst of theseis theUNIX API aspresentedby theclient operatingsystem.Thesecondis the
MPI-IO interface.

In PVFS1we provide accessthroughthe operatingsystemby providing a loadablemodulethat exports
VFS operationsout into userspace,wherea client-sideUNIX process,thepvfsd, handlesinteractionswith
servers.A moreef�cient in-kernelversioncalledkpvfsd waslaterprovidedaswell.

PVFS2usesasimilarapproachto theoriginalPVFS1approachfor accessthroughtheOS.A loadablekernel
moduleexportsfunctionsouttouser-spacewhereaUNIX process,thepvfs2-client, handlesinteractionswith
servers. We have returnedto this model(from the in-kernelkpvfsdmodel)becauseit is not clearthatwe
will have readyaccessto all networking APIs from within thekernel.

ThesecondAPI is theMPI-IO interface.WeleveragetheROMIO MPI-IO implementationfor PVFS2MPI-
IO support,just aswe did for PVFS1. ROMIO links directly to a low-level PVFS2API for access,so it
avoidsmoving datathroughtheOSanddoesnotcommunicatewith pvfs2-client.

2.4 Client-server interactions

At start-upclientscontactany oneof thepvfs2-serversandobtaincon�guration informationaboutthe �le
system.Oncethisdatahasbeenobtained,theclient is readyto operateon PVFS2�les.

The processof initiating accessto a �le on PVFS2is similar to the processthat occursfor NFS; the �le
nameis resolved into anopaquereference,or handle, througha lookupoperation.Givena handleto some
�le, any client canattemptto thenaccessany region of that �le (permissioncheckscouldfail). If a handle
becomesinvalid, theserver will replyat thetimeof attemptedaccessthatthehandleis no longervalid.

Handlesarenothingparticularlyspecial.We canlook up a handleon oneprocess,passit to anothervia an
MPI message,anduseit at thenew processto referencethesame�le. This givesustheability to make the
MPI File open call happenwith asinglelookupthethe�le systemandabroadcast.

There'snostateheldontheserversabout“open” �les. There'snotevenaconceptof anopen�le in PVFS2.
Sothis lookupis all thathappensat opentime. This hasa numberof otherbene�ts. For onething, there's
no sharedstateto belost if a client or server disappears.Also, there's nothingto do whena �le is “closed”
either, exceptperhapsasktheserversto pushdatato disk. In anMPI programthis canbedoneby a single
processaswell.
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Of courseif you areaccessingPVFS2throughtheOS,open andclose still exist andwork theway you
would expect,asdoeslseek, althoughobviously PVFS2serversdon't keepup with �le positionseither.
All this informationis keptlocally by theclient.

Therearea few disadvantagesto this. Onethatwe will undoubtedlyhearaboutmorethanonceis that the
UNIX behavior of unlinked open�les. Usually with local �le systemsif the �le waspreviously opened,
thenit canstill be accessed.Certainprogramsrely on this behavior for correctoperation. In PVFS2we
don't know if someonehasthe�le open,soif a �le is unlinked,it is gonegonegone.Perhapswewill come
up with a clever way to supportthisor adapttheNFSapproach(renamingthe�le to anoddname),but this
is avery low priority.

2.5 Consistency from the client point of view

We'vediscussedin anumberof venuestheopportunitiesthataremadeavailablewhentruePOSIXsemantics
aregivenup. Truthfully veryfew �le systemsactuallysupportPOSIX;ext3 �le systemsdon't enforceatomic
writesacrossblock boundarieswithout special�ags, andNFS �le systemsdon't even comeclose. Never
the less,many peopleclaim POSIX semantics,andmany groupsaskfor themwithout knowing the costs
associated.

PVFS2doesnotprovide POSIXsemantics.

PVFS2doesprovide guaranteesof atomicity of writes to nonoverlappingregions, even noncontiguous
nonoverlappingregions. This is to say that if your parallel applicationdoesn't write to the samebytes,
thenyouwill getwhatyouexpectonsubsequentreads.

This is enoughto provideall thenon-atomicmodesemanticsfor MPI-IO. Theatomicmodeof MPI-IO will
needsupportatahigherlevel. Thiswill probablybedonewith enhancementsto ROMIO ratherthanforcing
morecomplicatedinfrastructureinto the�le system.Therearegoodreasonsto do this at theMPI-IO layer
ratherthanin the�le system,but thatis outsidethecontext of thisdocument.

Cachingof thedirectoryhierarchyis permittedin PVFS2for a con�gurableduration.This allows for some
optimizationsat thecostof windows of time duringwhich the �le systemview might look differentfrom
onenodethanfrom another. Thecachetime valuemaybesetto zeroto avoid this behavior; however, we
believe thatuserswill not �nd thisnecessary.

2.6 File system consistency

Oneof themorecomplicatedissuesin building adistributed�le systemof any kind is maintainingconsistent
�le systemstatein thepresenceof concurrentoperations,especiallyonesthatmodify thedirectoryhierarchy.

Traditionallydistributed�le systemsprovidealockinginfrastructurethatisusedto guaranteethatclientscan
performcertainoperationsatomically, suchascreatingor removing �les. Unfortunatelytheselocking sys-
temstendto addadditionallatency to thesystemandareoftenextremely complicateddueto optimizations
andtheneedto cleanlyhandlefaults.
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We have seenno evidenceeitherfrom theparallelI/O communityor thedistributedsharedmemorycom-
munity thattheselocking systemswill work well at thescalesof clustersthatwe areseeingdeployednow,
andwearenot in thebusinessof pushingtheenvelopeon lockingalgorithmsandimplementations,sowe're
notusinga lockingsubsystem.

Insteadweforceall operationsthatmodify the�le systemhierarchyto beperformedin amannerthatresults
in an atomicchangeto the �le systemview. Clientsperformsequencesof steps(calledserver requests)
thatresultin whatwe tendto think of asatomicoperationsat the�le systemlevel. An examplemight help
clarify this. Herearethestepsnecessaryto createanew �le in PVFS2:

� createadirectoryentryfor thenew �le

� createametadataobjectfor thenew �le

� point thedirectoryentryto themetadataobject

� createasetof dataobjectsto hold datafor thenew �le

� point themetadataat thedataobjects

Performingthosestepsin thatparticularorderresultsin �le systemstateswhereadirectoryentryexistsfor
a �le thatis not really readyto beaccessed.If wecarefullyordertheoperations:

1. createthedataobjectsto holddatafor thenew �le

2. createametadataobjectfor thenew �le

3. point themetadataat thedataobjects

4. createadirectoryentryfor thenew �le pointingto themetadataobject

wecreateasequenceof statesthatalwaysleave the�le systemdirectoryhierarchyin aconsistentstate.The
�le is eitherthere(andreadyto beaccessed)or it isn't. All PVFS2operationsareperformedin thismanner.

Thisapproachbringswith it acertaindegreeof complexity of its own; if thatprocesswereto fail somewhere
in themiddle,or if thedirectoryentryturnedout to alreadyexist whenwegot to the�nal step,therewould
beagreatdealof cleanupthatmustoccur. This is aproblemthatcanbesurmounted,however, andbecause
noneof thoseobjectsarereferencedby anyoneelsewe cancleanthemup without concernfor whatother
processesmightbeup to – they never madeit into thedirectoryhierarchy.
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3 PVFS2terminology

PVFS2is basedonasomewhatunconventionaldesignin orderto achievehighperformance,scalability, and
modularity. As a result,we have introducedsomenew conceptsandterminologyto aid in describingand
administeringthesystem.Thissectiondescribesthemostimportantof theseconceptsfrom a high level.

3.1 File system components

We will start by de�ning the major systemcomponentsfrom an administratoror user's perspective. A
PVFS2�le systemmayconsistof thefollowing pieces(someareoptional): thepvfs2-server, systeminter-
face,managementinterface,Linux kerneldriver, pvfs2-client,andROMIO PVFS2device.

Thepvfs2-server is theserver daemoncomponentof the�le system.It runscompletelyin userspace.
Theremay be many instancesof pvfs2-server running on many different machines.Eachinstancemay
actaseithera metadataserver, an I/O server, or bothat once. I/O serversstoretheactualdataassociated
with each�le, typically stripedacrossmultiple serversin round-robinfashion.Metadataserversstoremeta
informationabout�les, suchaspermissions,time stamps,anddistribution parameters.Metadataservers
alsostorethedirectoryhierarchy.

Initial PVFS2releaseswill only supportonemetadataserver per �le system,but this restrictionwill be
releasedin thefuture.

Thesystem interface is thelowestlevel userspaceAPI thatprovidesaccessto thePVFS2�le system.
It is not really intendedto beanenduserAPI; applicationdevelopersareinsteadencouragedto useMPI-IO
astheir �rst choice,or standardUnix calls for legacy applications.We will documentthesysteminterface
here,however, becauseit is thebuilding blockfor all otherclientinterfacesandis thusreferredto quiteoften.
It is implementedasa single library, calledlibpvfs2. The systeminterfaceAPI doesnot mapdirectly to
POSIXfunctions.In particular, it is astatelessAPI thathasnoconceptof open(),close(),or �le descriptors.
ThisAPI does,however, abstractthetaskof communicatingwith many serversconcurrently.

Themanagement interface is similar in implementationto thesysteminterface.It is asupplemental
API that addsfunctionality that is normally not exposedto any �le systemusers. This functionality is
intendedfor useby administrators,and for applicationssuchas fsck or performancemonitoring which
requirelow level �le systeminformation.

TheLinux kernel driver is amodulethatcanbeloadedinto anunmodi�edLinux kernelin orderto
provideVFSsupportfor PVFS2.Currentlythis is only implementedfor the2.6seriesof kernels.This is the
componentthatallows standardUnix applications(includingutilities like ls andcp) to work on PVFS2.
Thekerneldriver alsorequirestheuseof auser-spacehelperapplicationcalledpvfs2-client.

pvfs2-client is a user-spacedaemonthat handlescommunicationbetweenPVFS2servers and the
kerneldriver. Its primary role is to convert VFS operationsinto system interface operations.One
pvfs2-clientmustberunon eachclient thatwishesto accessthe�le systemthroughtheVFS interface.

The ROMIO PVFS2 device is a componentof the ROMIO MPI-IO implementation(distributed sep-
arately)that providesMPI-IO supportfor PVFS2. ROMIO is includedby default with the MPICH MPI
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implementationand includesdrivers for several �le systems.Seehttp://www.mcs.anl.gov/romio/ for de-
tails.

3.2 PVFS2 Objects

PVFS2hasfour differentobjecttypesthatarevisible to users

� directory

� meta�le

� data�le

� symboliclink

...

3.3 Handles

Handles areunique,opaque,integer-like identi�ers for everyobjectstoredonaPVFS2�le system.Every
�le, directory, andsymboliclink hasahandle.In addition,severalunderlyingobjectsthatcannotbedirectly
manipulatedby usersarerepresentedwith handles.Thisprovidesaconcise,nonpathdependentmechanism
for specifyingwhat object to operateon when clients and servers communicate.Servers automatically
generatenew handleswhen �le systemobjectsarecreated;the userdoesnot typically manipulatethem
directly.

Theallowablerangeof valuesthathandlesmayassumeis known asthehandle space.

3.4 Handle ranges

Handlesareessentiallyvery largeintegers.This meansthatwe canconvenientlypartitionthehandlespace
into subsetsby simply specifyingrangesof handlevalues. Handle ranges are just that; groupsof
handlesthataredescribedby therangeof valuesthatthey mayinclude.

In orderto partitionthehandlespaceamongN servers,wedivide thehandlespaceup into N handleranges,
anddelegatecontrolof eachrangeto a differentserver. The�le systemcon�guration �les provide a mech-
anismfor mappinghandlerangesto particularserver hosts. Clientsonly interactwith handleranges;the
mappingof rangesto serversis hiddenbeneathanabstractionlayer. This allows for greater�e xibility and
futurefeatureslike transparentmigration.
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3.5 File system IDs

Every PVFS2�le systemhostedby a particularserver hasa uniqueidenti�er known asafile system
ID or fs id. The �le systemID mustbe setat �le systemcreationtime by administrative toolsso that
they aresynchronizedacrossall serversfor a given�le system.File systemsalsohave symbolicnamesthat
canberesolvedinto anfs id by serversin orderto producemorereadablecon�guration�les.

File systemIDs arealsooccasionallyreferredto ascollectionIDs.
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4 PVFS2internal I/O API terminology

PVFS2containsseveral low level interfacesfor performingvarioustypesof I/O. Noneof thesearemeant
to beaccessedby endusers.However, they arepervasive enoughin thedesignthat it is helpful to describe
someof their commoncharacteristicsin asinglepieceof documentation.

4.1 Internal I/O interfaces

Thefollowing is a list of thelowestlevel APIs thatsharecharacteristicsthatwewill discusshere.

� BMI (BufferedMessageInterface):messagebasednetwork communications

� Trove: local �le anddatabaseaccess

� Flow: high level I/O API that ties togetherlower level components(suchasBMI andTrove) in a
singletransfer;handlesbuffering anddatatypeprocessing

� Dev: userlevel interactionwith kerneldevice driver

� NCAC (Network CentricAdaptive Cache):userlevel buffer cachethatworkson top of Trove (cur-
rently unused)

� Requestscheduler:handlesconcurrency andschedulingat the�le systemrequestlevel

4.2 Job interface

The Jobinterfaceis a singleAPI that bindstogetherall of the above components.This providesa single
point for testingfor completionof any nonblockingoperationsthat have beensubmittedto a lower level
API. It alsohandlesmostof thethreadmanagementwhereapplicable.

4.3 Posting and testing

All of the APIs listed in this documentarenonblocking. The modelusedin all casesis to �rst post a
desiredoperation,thentest until theoperationhascompleted,and�nally checktheresultingerrorcode
to determineif theoperationwassuccessful.Everypost resultsin thecreationof a uniqueID thatis used
asaninput to thetest call. This is themechanismby whichparticularpostsarematchedwith thecorrect
test.

It is alsopossiblefor certainoperationsto completeimmediatelyatposttime,thereforeeliminatingtheneed
to testlaterif it is not required.Thisconditionis indicatedby thereturncodeof thepostcall. A returncode
of 0 indicatesthatthepostwassuccessful,but thatthecallershouldtestfor completion.A returncodeof 1
indicatesthatthecall wasimmediatelysuccessful,andthatno testis needed.Errorsareindicatedby either
anegative returncode,or elseindicatedby anoutputargumentthatis speci�c to thatAPI.
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4.4 Test variations

In aparallel�le system,it is notuncommonfor aclientor server to becarryingoutmany operationsatonce.
Wecanimproveef�ciency in thiscaseby providing mechanismsfor testingfor completionof morethanone
operationin a singlefunctioncall. EachAPI will supportthefollowing variantsof thetestfunction(where
PREFIXdependson theAPI):

� PREFIX test(): This is themostsimpleversionof the testfunction. It checksfor completionof an
individual operationbasedon theID givenby thecaller.

� PREFIX testsome():This is anexpansionof theabove call. Thedifferenceis thatit takesanarrayof
IDs anda countasinput, andprovidesanarrayof statusvaluesanda countasoutput. It checksfor
completionof any non-zeroID in thearray. Theoutputcountindicateshow many of theoperations
in questioncompleted,whichmayrangefrom 0 to theinput count.

� PREFIX testcontext(): This function is similar to testsome().However, it doesnot take an arrayof
IDs as input. Instead,it testsfor completionof any operationsthat have previously beenposted,
regardlessof the ID. A countargumentlimits how many resultsmay be returnedto the caller. A
context (discussedin the following subsection)canbe usedto limit the scopeof IDs that may be
accessedthroughthis function.

4.5 Contexts

Beforepostingany operationsto a particularinterface,the caller must�rst opena context for that in-
terface. This is a mechanismby which an interfacecandifferentiatebetweentwo differentcallers(ie, if
operationsarebeingpostedby morethanonethreador morethanonehigherlevel component).This con-
text is thenusedasaninput argumentto every subsequentpostandtestcall. In particular, it is very useful
for thetestcontext() functions,to insurethatit doesnotreturninformationaboutoperationsthatwereposted
by adifferentcaller.

4.6 User pointers

User pointers arevoid* valuesthatarepassedinto aninterfaceat posttime andreturnedto thecaller
at completiontime throughoneof the test functions. Thesepointersarenever storedor transmittedover
thenetwork; they areintendedfor local useby theinterfacecaller. They maybeusedfor any purpose.For
example,it may be set to point at a datastructurethat tracksthe stateof the system. Whenthe pointer
is returnedat completiontime, the caller can then map back to this datastructureimmediatelywithout
searchingbecauseit hasadirectpointer.

4.7 Time outs and max idle time

The job interfaceallows thecaller to specifya time out with all testfunctions. This determineshow long
thetestfunctionis allowedto blockbeforereturningif nooperationsof interesthave completed.
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The lower level APIs follow differentsemantics.Ratherthana time out, they allow thecaller to specifya
max idle time. Themaxidle time governshow long theAPI is allowedto sleepif it is idle whenthe
testcall is made. It is underno obligationto actuallyconsumethe full idle time. It is morelike a hint to
controlwhetherthefunctionis abusypoll, or if it shouldsleepwhenthereis nowork to do.
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5 PVFS2UserAPIs and Semantics

BecausePVFS2is designedspeci�cally for performancein systemswhereconcurrentaccessfrom many
processesis commonplace,therearesomedifferencesbetweenthe PVFS2interfacesand traditional �le
systeminterfaces.In this sectionwe will discussthetwo interfacesprovided for applicationsto usewhen
accessingPVFS2�le systems.We will startwith the traditionalUNIX I/O interface,which nearlyall �le
systemsimplement.Wewill thencover theMPI-IO interface.

5.1 UNIX I/O Interface

Weprovideanimplementationof theUNIX I/O interfacefor clientsrunningLinux versions2.4(2.4.19and
later)and2.6.This interfaceimplementsthetraditionalopen, read, write, andclose interfaceaswell
asproviding thedirectoryoperationsnecessaryfor applicationssuchasls to work.

It is importantto notethatthereis adifferencebetweenimplementingtheUNIX I/O API andimplementing
thePOSIXsemanticsfor this API. File systemsexportedvia NFS (versions2 and3) do not exhibit many
of thePOSIXsemantics,andeven local �le systemsmaynot guaranteeatomicityof writes thatcrossdisk
block boundaries.We alsodo not implementthefull POSIXsemantics.Herewe will documentaspectsof
thePOSIXsemanticsthatwedo not implement.

5.1.1 PermissionChecking

To understandwhy PVFS2permissioncheckingbehavesdifferently from thePOSIXstandard,it is useful
to discusshow PVFS2performspermissionchecking. PVFS2doesnot really implementtheopen etc.
interface,but insteadusesa statelessapproachthat relieson theclient to lookup a �le nameto convert it
into a handle thatcanbeusedfor subsequentreadandwrite accesses.This handlemaybeusedfor many
readandwrite accessesandmaybecachedundercertainguidelines.This lookupoperationis performedat
�le opentime.

Permissioncheckingis performedin two places.First, theVFS checkspermissionson theclient andwill
prevent usersfrom performinginvalid operations. Second,the server performsrudimentarychecksfor
speci�c operations;however, it (currently)reliesontheclientto provideaccurateuserandgroupinformation
to be usedfor this purpose.No recursive directorypermissioncheckingis performedby the servers, for
example.

5.1.2 Permissionsand File Access

POSIXsemanticsdictatethatoncea�le hasbeenopenedit maycontinueto beaccessedby theprocessuntil
closed,regardlessof changesto permissions.

In PVFS2,theeffect of permissionchangeson a �le may or maynot be immediatelyapparentto a client
holdinganopen�le descriptor. Becauseof themannerin whichPVFS2performspermissioncheckingand
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�le lookup,it is possiblethata client maylosetheability to accessa �le that it haspreviously openeddue
to permissionchange,if for examplethecachedhandleis lostanda lookupis performedagain.

5.1.3 Accessto Removed Files

POSIXsemanticsdictatethata �le openedby a processmaycontinueto beaccesseduntil thesubsequent
close,even if the �le permissionsarechangedor the �le is deleted.This requiresthat the �le systemor
clientssomehow keepupwith a list of �les thatareopen,whichaddsunacceptablestateto adistributed�le
system.In NFS,for example,this is implementedvia the“sillyrename”approach,in which clientsrename
a deletedbut open�le to hide it in the directorytree,thendeletethe renamed�le whenthe �le is �nally
closed.

In PVFS2a �le that is deletedis removed immediatelyregardlessof open�le descriptors. Subsequent
attemptsto accessthe�le will �nd thatthe�le no longerexists.

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

POSIXsemanticsdictatesequentialconsistency for overlappingI/O operations.This meansthat I/O oper-
ationsmustbeatomicwith respectto eachother– if oneprocessperformsa readspanninga collectionof
serverswhile anotherperformsawrite in thesameregion,thereadmustseeeitherall or noneof thechanges.
In aparallel�le systemthis involvescommunicationto coordinateaccessin thismanner, andbecauseof the
numberof clientswe wish to support,we areunwilling to implementthis functionality(at leastaspartof
thecore�le system).

In PVFS2weinsteadimplementasemanticwecall nonconflicting writes semantic.Thissemanticstatesthat
all I/O operationsthatdonotaccessthesamebytes(in otherwords,arenoncon�icting) will besequentially
consistent.Write operationsthatcon�ict will resultin someunde�nedcombinationof thebytesbeingwrit-
tento storage,while readoperationsthatcon�ict with write operationswill seesomeunde�nedcombination
of originaldataandwrite data.

5.1.5 Locks

BSD providestheflock mechanismfor locking �le regionsasa way to performatomicmodi�cations to
�les. POSIXprovidesthis functionalitythroughoptionsto fcntl. Bothof theseareadvisorylocks,which
meansthatprocessesnotusingthelockscanaccessthe�le regions.

PVFS2doesnot implementa lockinginfrastructureaspartof the�le system.At this timethereis noadd-on
advisorylocking componenteither. Thusneithertheflock function nor thefcntl advisorylocks are
supportedby PVFS2.
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5.2 MPI-IO Interface

We provide animplementationof theMPI-IO interfacevia animplementationof theROMIO ADIO inter-
face. This implementationis includedaspart of MPICH1 andMPICH2 aswell asbeingavailableasan
independentpackage.TheMPI-IO interfaceis partof theMPI-2 standardandde�nesanAPI for �le access
from within MPI programs.

OurPVFS2implementationdoesnotincludeall thefunctionalityof theMPI-IO speci�cation.In thissection
wediscussthemissingcomponentsof MPI-IO for PVFS2.

5.2.1 MPI-IO Atomic Mode

Atomic modeis enabledby callingMPI File set atomicity andsettingtheatomicityto true.Atomic
modeguaranteesthatdatawrittenononeprocessis immediatelyvisibleto anotherprocess(asin thePOSIX
default semantics).

ROMIO currentlyuses�le lockingto implementtheMPI-IO atomicmodefunctionality. Becausewedonot
supportlocksin PVFS2,atomicmodeis not currentlysupported.

5.2.2 MPI-IO SharedPointer Mode

Sharedpointersareusedin the shared and ordered familiesof functions.

TheROMIO implementationrelieson theuseof lockingsupportfrom the�le systemto implementbothof
thesefamiliesof functions,sothesearenot currentlysupported.We areresearchingalternative implemen-
tations.
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6 The codetr ee

In this sectionwe describehow thecodetreeis setup for PVFS2anddiscussa little abouthow thebuild
systemworks.

6.1 The top level

At thetop level we see:

� doc

� examples

� include

� lib

� maint

� src

� test

Thedoc directoryratherobviously holdsdocumentation,mostlywritten in LaTeX. Therearea few subdi-
rectoriesunderdoc. Thecoding subdirectoryhasa documentdescribingguidelinesfor writing codefor
theproject. Thedesign subdirectoryhasa numberof documentsdescribingvariouscomponentsof the
systemandAPIsandmoreimportantlycurrentlyhousestheQuickStart.

Muchof thedocumentationis outof date.

examples currentlyholdstwo exampleserver con�guration�les andthatis it.

includeholdsinclude�les thatarebothusedall overthesystemandareeventuallyinstalledonthesystem
duringamake install. Any prototypesor de�nesthatareneededby clientsusingtheAPI shouldbein
oneof theinclude�les in thisdirectory.

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

maint holdsa collectionof scripts. Someof theseareusedin the build process,while othersareused
to checkfor the presenceof inappropriatelynamedsymbolsin the resultinglibrary or reformatcodethat
doesn't conformto thecodingstandard.

src holdsthesourcecodeto themajorityof PVFS2,includingtheserver, client library, Linux 2.6.xkernel
module,andmanagementtools.We'll talk moreaboutthisonein asubsequentsubsection.

test holds the sourcecodeto many many teststhat have beenbuilt over time to validatethe PVFS2
implementation.Wewill discussthismorein asubsequentsubsectionaswell.
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6.2 src

Thesrc directorycontainsthemajorityof thePVFS2distribution.

Unlike PVFS1,wherethePVFSkernelcodewasin a separatepackagefrom the“core,” in PVFS2boththe
servers,clientAPI, andkernel-speci�ccodearepackagedtogether.

src/common holdsanumberof componentssharedbetweenclientsandservers.This includes:

� dotconf– acon�guration�le parser

� gen-locks– animplementationof local locksusedto provideatomicaccessto sharedstructuresin the
presenceof threads

� id-generator– a simplesystemfor generatinguniquereferences(ids) to datastructures

� llist – a linked-list implementation

� gossip– our loggingcomponent

� quicklist– anotherlinked-list implementation

� quickhash– ahashtableimplementation

� statecomp– theparserfor ourstatemachinedescriptionlanguage(discussedsubsequently)

� misc– leftovers,includingsomestatemachinecode,con�g �le manipulationcode,somestringma-
nipulationutilities, etc.

src/apps holdsapplicationsassociatedwith PVFS2.Thesrc/apps/admin subdirectoryholdsa col-
lectionof toolsfor settingup,monitoring,andmanipulating�les onaPVFS2�le system.pvfs2-genconfig
is usedto createcon�guration �les. pvfs2-cp may be usedto move �les on andoff PVFS2�le sys-
tems. pvfs2-ping andpvfs2-statfs may be usedto checkon the statusof a PVFS2�le system.
pvfs2-ls is anls implementationfor PVFS2�le systemsthat doesnot requirethat the �le systembe
mounted.

Thesrc/apps/karma subdirectorycontainsa gtk-basedgui for monitoringa PVFS2�le systemin real
time. The src/apps/kernel/linux-2.6 subdirectorycontainsthe userspacecomponentof the
PVFS2kerneldriverimplementation,whichmatchesthekerneldrivercodefoundin src/kernel/linux-2.6.
Thesrc/apps/vis containsexperimentalcodefor performancevisualization.

src/client holdscodefor the“systeminterface” library, thelowestlevel library usedon theclient side
for access.This is in thesrc/client/sysint subdirectory. Theunix-io subdirectoryis no longer
used.Note that thereis othercodeusedon theclient side: theROMIO components(includedin MPICH
andMPICH2)andthekernelsupportcode(locatedin src/kernel, discussedsubsequently).

NotethattheROMIO supportfor PVFS2is includedin MPICH1,MPICH2,andROMIO distributionsand
is notpresentanywherein this tree.
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src/server holdscodefor thepvfs2-server. Therequestschedulercodeis split into its own subdirectory
for noparticularreason.

src/proto holdscodefor encodinganddecodingour over-the-wireprotocol. Currentlythe “encoding
scheme”usedis thecontig scheme,storedin its own subdirectory. Thisencodingschemereally justputsthe
bytesinto a contiguousregion, soit is only goodfor homogeneoussystemsor systemswith thesamebyte
orderswherewehave correctlypaddedall thestructures(which weprobablyhaven't).

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

src/io holdsenoughcodethatwe'll just talk aboutit in its own subsection.

6.3 src/io

This directoryholdsall the codeusedto move dataacrossthe wire, to storeandretrieve datafrom local
resources,to buffer dataon servers,andto describeI/O accessesandphysicaldatadistribution.

bmi holdstheBufferedMessagingInterface(BMI) implementations.Thetop-level directoryholdscodefor
mappingto thevariousunderlyingimplementationsandde�ning commondatastructures.Subdirectories
hold implementationsfor GM (bmi gm), TCP/IP (bmi tcp), and In�niBand using either the VAPI or
OpenIBAPI (bmi ib).

buffer holdstheimplementationof our internalbufferingandcachingcomponent.At thetimeof writing
this is not completeandis notenabled.

dev holdscodethatunderstandshow to movedatathroughadevice�le thatis usedby ourLinux 2.6kernel
module.This is storedin thisdirectorybecauseit is hookedunderthejob component.

job holdsthejob component.This componentis responsiblefor providing uswith a commonmechanism
for queueingandtestingfor completionof operationsonavarietyof differentresources,includingall BMI,
Trove,andthedevice listedabove.

description holdscodeusedto describeI/O accessesandphysicaldatadistributions.

trove holdsimplementationsof theTrove storageinterface.Thetop-level directoryholdscodefor map-
ping to the variousunderlyingimplementationsandde�ning commondatastructures.Currently thereis
only a singleimplementationof Trove, calledDBPF (for DB PlusFiles). This implementationbuilds on
Berkeley DB andlocalUNIX �les for storinglocal data.

flow holds the Flow componentimplementations.Thesecomponentsare responsiblefor ferrying data
betweendifferenttypesof endpoints. Valid endpointsincludeBMI, Trove,memory, andthebuffer cache.

6.4 test

Thisdirectoryholdsagreatdealof testcode,mostof which is uselessto theaverageuser.
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test/client/sysint hasa collectionof testswe have usedwhenimplementing(or reimplementing)
varioussysteminterfacefunctions.

test/correctness/pts holdsthePVFSTestSuite(PTS),a suitedesignedfor testingthecorrectness
of PVFSundervariousdifferentconditions.Thereareactuallyquiteafew testsin here,andthevisionis that
we will run thesein anautomatedfashionrelatively often(but we aren't therequiteyet). This is probably
thesecondmostusefulcode(afterpvfs2-client)in thetest directory.

6.5 State machines and statecomp

The PVFS2sourceis heavily dependenton a statemachineimplementationthat is includedin the tree.
We'vealreadynotedthattheparser, statecomp,is locatedin thesrc/common/statecomp subdirectory.
Additional codefor processingstatemachinesis in src/common/misc.

Statemachinesourceis denotedwith a.sm suf�x. Theseareconvertedto .c �les by statecomp.If youare
building out of tree,the.c �les will endup in thebuild tree;otherwiseyou'll bein theconfusingsituation
of having both versionsin the samesubdirectory. If modifying these,be careful to only modify the.sm
�les – thecorresponding.c �le canbeoverwrittenon rebuilds.

6.6 Build system

The build systemrelieson the “single make�le” conceptthatwaspromotedby someoneor anotherother
thanus(weshouldhave a reference).Overallwe're relatively happy with it.

We alsoadoptedthe Linux 2.6 kernelstyleof obfuscatingthe actualcompilelines. This canbe irritating
if you're trying to debug thebuild system.It canbeturnedoff with a “make V=1”, which makesthebuild
verboseagain.This is controlledvia avariablecalledQUIET COMPILE in themake�le, if youarelooking
for how this is done.

6.7 Out-of-tree builds

Someof the developersarereally fond of out-of-treebuilds, while othersaren't. Basically the ideais to
performthe build in a separatedirectoryso that the output from the build processdoesn't clutter up the
sourcetree.

Thiscanbedoneby executingconfigure from a separatedirectory. For example:

# tar xzf pvfs2-0.0.2.tgz
# mkdir BUILD-pvfs2
# cd BUILD-pvfs2
# ../pvfs2/configure
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