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Abstract

Vestais a systemfor software configurationmanagementlt storescollectionsof
sourcdiles, keepdrackof whichversionsof whichfilesgotogetherandautomates
the processof building a completesoftware artifact from its componentpieces.
Unlike other software configurationmanagemensystems Vestawas specifically
designedo handlevery large projects—ten®f millions of lines of codeandbe-
yond. Vestas novel approachgivesit threeimportantpropertiesnot availablein
othersystemskFirst, every build is repeatablebecausdts componensourcesand
build tools arestoredimmutablyandimmortally, andits configurationdescription
completelydescribesvhat componentsandtools are usedand how they are put
together Secondgvery build is incremental becauseesultsof previoushbuilds are
cachedandreused.Third, every build is consistentbecausall build dependencies
areautomaticallycapturedyecorded andchecled, sothata cachedresultfrom a
previous build is reusedonly whendoing sois certainto be correct. In addition,
Vestas flexible languagefor writing configurationdescriptionsmakesit easyto
describelarge software configurationdn a modularfashionandto createvariant
configurationsoy customizingbuild parameters.This reportdescribeghe Vesta
technologyin detailanddiscusseshe performancef ourimplementation.
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Chapter 1

Intr oduction

Thisreportdescribed/esta[25, 26, 35], asystemhataddressesvo coreproblems
in developinglarge software projects:versioningandbuilding.

Versioningis a significantproblemfor large-scalesoftware systemsbecause
software evolves and changesover time. Seriousdisparitiesoften exist between
the sourcecodeusedto producethe lastshippedversionof a software productand
the currentsourcesunderdevelopment,yet bugs needto be fixed in both. Marny
developeramaybeworking onthecurrentsourcesatthesametime, yeteachneeds
to testhis changedn isolationfrom changesnadeby others. Thus a powerful
versioningsystemis essentialdevelopersmustbe ableto create name track,and
controlmary versionsof the sources.

Building is alsoa significantproblem. Without someform of automatedsup-
port,thetaskof compilingor otherwiseprocessingourcdilesandcombiningthem
into afinishedsystemwould betime-consumingerrorprone,andlikely to produce
inconsistentesults. As a software systemgrows, this taskbecomesncreasingly
difficult. No existing automateduild systemis reliable,efficient, easy-to-useand
generaknoughto handlea multi-million line softwareprojectsatisactorily.

Versioningand building aretwo partsof a larger problemareathatis often
called softwae configuation manajement(SCM). Consideredbroadly SCM is
sometimegakento includesuchareasassoftwarelife-cycle managemenprocess
managementand the specifictools usedto develop and evolve software compo-
nents. We take the view that theseaspectsof SCM, althoughimportantto the
overall softwaredevelopmentprocessaresecondaryo the coreissuesof version-
ing andbuilding. We have thereforefocusedthe Vestaprojecton solvingthe core
problems,constructinga solid baseuponwhich we believe solutionsto the other
problemscanbebuilt.

In ourapproachthegeneraproblemof versioningoreaksdown into two parts:



version manayementandsource contol. Building breaksdown into systemmod-
elingandmodelevaluation We now definetheseterms.

Version Management.Versionmanagemerns theproces®f assigningnamedo a
seriesof relatedsourcdilesandsupportingetrieval of thosefiles by name.Version
managementanalsoapplyto dervedfiles (files createdmechanicallyby the build
system). Vestas versionmanagemensystem,however, dealsonly with sources;
derivedfiles (or derivedsfor short)aremanagedentirely by the build system.

Source Control. Sourcecontrolis theprocesof controllingor regulatingthe pro-
duction of new versionsof sourcefiles. Operationscommonly associatedvith
sourcecontrol include chedwut and chedin, which respecirely resere a new
versionname(typically a number)and supply the datafor a previously resered
version. Sourcecontrol may be coupledwith concurreng controlaswell, sothat
checkingout a particularversionlimits the ability of otherusersto checkout re-
latedversions.

SystemModeling. A systemmodelnamesthe software componentghat areto
becombinedo producdargercomponent®r entiresystemspameghetoolsthat
are to be usedto combinethem, and specifieshow the tools are to be applied.
Configuation descriptionis anequivalentterm.

Model Evaluation. A systenmodelcanbeviewedeitherasa staticdescriptiornof
a systems configuration,or asan executableprogramthatdescribesow to build
the system.Model evaluationmeangaking the secondview: runninga builder or
evaluator againsta model,in orderto constructa completesystemby processing
andcombiningits componentsccordingto the models instructions.

The SCM problembecomeamore difficult asthe size of the software under
developmenigrows, asthenumberof developersusingthe SCM systemincreases,
asthe numberof geographicalhydistributeddevelopmentsitesgrowns, andasmore
releasesare produced. To handlelarge-scale multi-developer multi-site, multi-
releasesoftware development,we believe an SCM systemmust guaranteghat
builds are repeatable incremental and consistent Existing SCM systemsoften
fail to provide theseproperties.

Repeatability. In anenvironmentwheremultiple versionsarebeingdevelopedin
parallel,theability to exactly repeata previoushbuild is invaluable.For example,if
acustomerreportsabugin anolderversionof a product,it is importantto beable
to quickly recreatehe faulty executabledelug it, anddevelop a modifiedversion
thatfixesthebug.

Repeatabilityis an easygoalto stateandto appreciateput a difficult goalto
attain. Most build systemsin usetoday do not guaranteaepeatabilitybecause
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their build resultsaredependenbn someaspecif the building environmentthat
thesystendoesnot control. Hence theall too common‘it worksonmy machine”
syndrome.Thefirst vital stepto achiezing repeatabilityis to storesourcefiles and
build toolsimmutablyandimmortally, sothatthey areavailablewhenneededThe
secondis to ensurethat systemmodelsare complete recordingpreciselywhich
versionsof which sourcesventinto a build, which versionsof tools (suchasthe
compiler)wereused,which command-lineswitcheswere suppliedto thosetools,
andall otherrelevantaspect®f the building ervironment.

Incrementality. It is crucial for performancethat the builder be incremental,
reusingthe resultsof previous builds wherever possible. Without reliable incre-
mentalbuilding, a developmentorganizationis forcedto performsome(if notall)
of its builds from scratch. The slow turnaroundtime of suchscratchbuilds in-
creaseghe time requiredfor developmentandtesting. Incrementalbuilding, on
the otherhand,allows mary developersto efficiently edit, build, delug, andtest
differentpartsof thesourcebasdn parallel. Evenlargeintegrationbuilds thatcom-
binework from mary developerscanbe acceleratethy incrementabuilding—ary
componentshathave alreadybeenbuilt, whetherin thelastintegrationbuild orin
isolationby individual developers arecandidategor reuse.

Goodperformancen the incrementabuilder itself is alsoimportant. As soft-
waresystemgyrow, evenincrementabuilding canbetoo slow if the runningtime
of thebuilder (exclusive of the compilersandothertoolsit invokes)depend®nthe
total sizeof the systento bebuilt ratherthanthe sizeof the change.This problem
caneasilyarise;for example,a simpleincrementabuilder might work by check-
ing eachindividual tool invocationin thebuild to seewhetherit mustberedone.If
thesecheckshave significantcost,sucha builder will scalepoorly.

Consistency A build is consistentf every deried file it incorporatess up to
daterelative to the sourcedrom which it wasproduced.Oneway to achieve con-
sisteng is to perform every build from scratch. The potentialfor inconsisteng
ariseshowever, if builds aredoneincrementally In particular if somederivedfile
usedin a build is out of datewith respecto a sourcefile, to anotherderived file,
or to ary aspectof the build environmenton which it dependsthe build will be
inconsistenandhence unsound.An inconsistentlybuilt programmayfail to link
or may exhibit mysteriousugsthatarenotevidentin the sourcecode.

An incrementabuild canbe madeconsistenby recordingevery dependengc
of everyderivedfile ontheervironmentin whichit wasbuilt. Thisincludesdepen-
denciensourcefiles, otherdervedfiles, ervironmentvariablesthetoolsusedin
thebuild, andthe building instructionsghemseles. Then,if ary elementonwhich
aderivedfile depend$iaschangedthe needto retuild it canbedetected.

We now cometo our centralthesis: Vestais an SCM systemthat scalesto
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large softwake, is easyto use and producesrepeatable incremental,and con-
sistentbuilds. Althoughwe candirectly demonstratéhe claims of repeatability
incrementalityandconsisteng, our agumentsaboutscaleandeaseof usearein-
direct. To supportthe latter points,we describethe designdecisionswe madeto
ensurethat the systemwill scalewell and be easyto use,andwe cite our expe-
riencewith the Vesta-land Vesta-2prototypes,both of which sav serioususe.
We also presentperformancemeasurementsf our currentsystemon small and
medium-sizeduilds, andextrapolatefrom thoseexperiments.

Therestof this reportis organizedasfollows. First, we describesomewidely
usedSCM systemsandtheir shortcomingsNext, we give anoverview of theVesta
systemgstressinghetechnicalfeatureghatguaranteeepeatableincrementaland
consistentouilds. We continueby describingthe five major componentof our
implementatiorin detail: therepository the systemmodelinglanguagethe func-
tion cachethe evaluator andthe weeder We thendiscusshe performancef our
Vesta-2prototype,comparingit to traditional SCM tools. We concludeby recapit-
ulatingthe strengthsandweaknessesf the VestaapproachAn appendixpresents
the detailedsyntaxandsemantic®f the Vestasystemmodelinglanguage.

Themajority of this reportwaswritten morethanfour yearsbeforeits eventual
publication. We have updatedit to reflectsubsequentlevelopmentsput in some
placeshefour yeardelayreally shavs, mostnotablyin the performancehapter

At thiswriting (January2002),Vestais aboutto becomeavailableasfree soft-
warerunningontheLinux operatingsystem.Theoriginalimplementatiomanonly
underTru64 Unix on Alpha processorshut portsto both Alpha Linux and 32-bit
Intel Linux have recentlybeencompleted CompagComputerCorporatiorhasap-
provedthereleaseof the Vestasourcecodeunderthe LGPL [19], andit will soon
be madeavailablefor donvnloadfrom the Vestawebsite [51].



Chapter 2

RelatedWork

Most software configurationmanagemensystemsin usetoday are a collection
of looselyintegratedtools. Thesetools wereinitially developedwith small-scale
systemsn mind, so problemsarisewhenthey areappliedto larger systems.As
aresult,developmentorganizationgendto build uponand modify the coretools
to suit their own needs.But becausehe coretools were never designedo scale
well, becausehey werenot designedn anintegratedway, and mostimportantly
becausdhereareseriousflaws in their approacho the SCM problem,thesecus-
tomizedsolutionsstill have problems. Sincethesetools are so widely used,it is
worth consideringsomeof themin moredetail.

PerhapshemostcommonSCMtoolsin usetodayareRCS(the Revision Con-
trol System)47, 48], CVS (the Concurren¥ersionsSystem)22], andMake [17].
They are often usedtogether with RCS or CVS handling version management
and sourcecontrol, and Make handlingsystemmodelingand building. Laterin
thischaptemwe alsodiscusgheintegratedsystem®DSEE,ClearCASE andVestas
predecessovesta-1. We concludethe chapterwith a brief suney of ideasfrom
othersystems.

2.1 RCS

RCSis atool for storingmultiple versionsof individual sourcefiles. A file’'s ver
sion history canbranchinto an arbitrarily comple tree. RCSprovideslocking to
enforcesourcecontrol, andincludestools for meging changesnadeby different
developers.

RCSstoresamnultiple versionsof asourcefile in a singlediskfile, in away that
avoids duplicatingmaterialthatis commonto morethanoneversion. This tech-
niquesavesdisk spacebut makestheindividual versionsncorvenientto accessa
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particularversioncannotbeaccessedirectly, but mustbeextractedinto a separate
file first. Inamoderncomputingsystemthebenefitof storingmultiple versionsof
asourcefile compactlyareslight, sincethedisk requirement®f mostdevelopment
environmentsaaredominatedy thespaceconsumedby derivedfiles. Moreover, the
price of disk spaces droppingexponentially while the programmersvho create
sourcefiles arenottyping ary faster

In placeof RCS,someorganizationaiseSCCS(the SourceCodeControl Sys-
tem)[43], anolderbut essentiallysimilar system.

2.2 CVS

Onedisadwantageof both RCSand SCCSis that sourcefiles are versionedindi-
vidually. Although RCS provides mechanismdor tagging a group of versioned
files, thosemechanismaremanualanderrorprone.CVS attemptgo remedythis
problem. CVS is a front-endto RCS that extendsthe notion of versioncontrol
from individual files to arbitrarydirectorytreescalledmodules In CVS, the unit
of checlout is anentiremodule. Hencei,it is easierto work on a group of related
files with CVS. A drawbackis thatwheneer a userchecksout a modulefor the
first time, all thefiles arecopied,which canbe slow.

Thereis anotherimportantdifferencebetweenCVS and the other systems:
CVS doesnot uselocking to enforcesourcecontrol. Instead jt usesanoptimistic
concurreng control modelin which eachdeveloperis free to modify (a copy of)
ary sourcein the centralrepositoryat ary time. CVS includesa facility for me-
chanicallymeging changesnadeby otherdevelopersinto ones own sourcetree.
Developerstypically applythis facility just beforecheckingin their own changes,
without giving muchthoughtto whetherthe two setsof changesare compatible.
Theassumptioris thatif thechangeslo notbothaffectthesameregion of thesame
file, thereis no problem.Changesn the sameregion arereportedasconflicts,and
the developeris requiredto fix them beforecheckingin. But if two developers
make semanticallyconflicting editsto differentfiles, or even to distinct portions
of the samefile, suchconflictingchangesrenot reported.Despitethesedangers,
somepeoplepreferthe CVS approactto concurreng control.

A problemwith the CVS implementatioris thatoperationson the CVSrepos-
itory arenotatomic:if userA is checkingin amodulewhile userB is checkingit
out, B maygetsomebut notall of A’'s changesHence therearetime windows in
which userscanseeinconsistenversionsof the sameCVS module!

1This problemis documentedis existing in the currentreleaseof CVS at this writing, version
1.11.1p1.



2.3 Make

Make is a widely usedsystemmodelingand building tool. Make is driven by
malefiles which specify the dependenciebetweenthe componentof a system
and provide instructionsfor building them. Whenit is run, Make examinesthe
dependencieandreluilds any componentshatare out of date.Peoplelike Make
becausdhe malefile syntaxis simple (if alittle cryptic), thetool is fairly easyto
use,andit canbeadaptedo othertasksbesidesuuilding software.

Thebiggesiproblemswith Make arethat(1) it doesnotmaintaindependencies
automatically and (2) mary dependencieare simply inexpressibleor too costly
to expressin practice[18]. Becausdhe dependengcrelationis complicatedand
changedrequently over time, it is easyto specify too few or too mary depen-
dencies.Specifyingtoo mary dependenciesanleadto unnecessaryork being
doneduringabuild, while specifyingtoo few dependenciesanleadto inconsistent
builds.

To alleviate thefirst problem toolslike malkedepend12] have beendeveloped
to computedependencieautomatically But makedependufiersfrom atleasttwo
deficiencies.First, it detectsonly certainkinds of dependenciesyjamely depen-
denciesbetweenC/C++ sourcefiles and ary files directly or indirectly included
by them. Secondthereis no mechanismo run makedependautomaticallywhen
dependencieshange.Sincemalkedependantake a substantiabmountof time to
run, developerstendnot to useit asoftenasnecessaryrailureto do socanresult
in inconsistenbuilds.

Thereareno solutionsto theproblemthatsomedependenciegreimpossibleor
too costlyto expressn a makefile. Evenif makedepends usedreligiously make-
filesrarelyif ever captureall the dependenciesn the ervironment. For example,
every derived file producedby a makefile dependon the building instructionsin
the malkefile itself, but developerstypically omit this dependeng becausénclud-
ing it would force every derivedfile to be reluilt any time the makefile changed.
They mustthusresortto manuallyinvalidatingor deletingthosederived files that
are affectedby suchmalkefile changesan errorproneprocess.Otherdependen-
ciesthatarecumbersomer impossibleto specifyin Make includedependencies
on the particularversionsof tools (compilersandlinkers)used,on command-line
switchesandon environmentvariables.

Make alsofails to scalewell. A large software systemcanbe specifiedby a
hierarchyof malefiles,in which one malefile invokes Make recursvely on other
makefiles. However, when Make is invoked on the root makefile, it mustrun all
theway down to theleavesof thedependengctreeto checkfor staledependencies.
BecauseMake usesfile timestampdo testwhethera derived file is up to date,
the testfor staledependenciesequiresMake to determinethe last-modifiedtime
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of every source and derivedfile comprisinga system. Although someof these
timestampanay be cachedby the file system they oftenrequirenetwork round-
trips to file seners and/ordisk reads. Thus, Make’s dependenc checkingcan
be anextremelytime-consumingrocesgor multi-million line software systems.
Ironically, the Make approachrequiresall of thosedependencchecksavenif the
entiresystemto bebuilt is up to date!

A big problemwith Make is thatit is not integratedwith arny of the version
managemenbolsdescribedabore. Thelack of integrationmanifeststself in two
importantrespects.The first and mostobvious problemis that the sourcego be
built mustbe explicitly checled out beforethey canbe built. Somevariantsof
Make have beenhacled to do RCS checlouts on missingsourcefiles, but such
supportis limited. The secondproblemis that explicit sourceversionsare not
specifiedin Makefiles. Putanothemway, Make providesno configurationmanage-
mentsupport:it doesnot give developersa way to specifywhich sourceversions
gotogetherlt is the developers responsibilityto checkout the correctversionsof
all componentdeforeperforminga build, a laboriousanderrorproneprocessf
oneis notbuilding the latestversion.

Anotherproblemwith Make is thatit doesnot lend itself to hierarchicalde-
scriptions. It is possibleto get Make to build a hierarchicallyarrangedcollection
of softwarecomponentdy invoking itself recursvely, but therearesomeproblems
with doingso. The mainimpedimentgo structuringMakefilesrecursvely arethat
all subcomponentmustbe checled out beforebuilding andthatthereare perfor
mancecostsassociateavith invoking Make recursvely. Specifically therecursion
alwayshasto bedonein full—thereis nowayfor Make to determinghataparticu-
lar recursve invocationcanbeskipped gxceptby copying all its dependencieisito
the parentMakefile, which would defeatthe purposeof the recursve structuring.
Thelargerthe scaleof the softwarebeingbuilt, the worsetheseproblemsbecome.

Make’'srelianceonlast-modifiedimescanleadto inconsistenbuildsin several
ways. Oneinstanceof this problemoccurswhen building an older versionof a
system.Whentheold sourceversionsarechecled out, they may have timestamps
thatpreceddhetimestamp®f the derivedfiles from themostrecentbuild. Hence,
Make will concludethatthe derivedfiles areup to date. The developers only safe
recoursas to forcea scratchbuild by deletingall of thederivedfiles.

Bell LaboratoriesNmale [18] addressemostof theseproblemswith Make,
aswell asothers,thoughit doesnot fully solve them. Nmake includesa built-in
staticdependencgeneratothat doesits own parsingof sourcefiles (looking, for
example for #include statementn C code);this greatlyreduceghelikelihood
of omitteddependenciedut the dependenciegeneratec¢danbe overly consera-
tive, increasingthe amountof retuilding work needed. Moreover, new parsing
supporthasto be written whene&er Nmale is usedon codewritten in a new lan-
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guage.Nmalke includesanimprovedtimestampcheckingalgorithmthatfails only
when an erroneoussystemclock givestwo differentversionsof a file the same
timestamp,andit cachedimestampsand other stateto speedup its dependenc
analysissomevhat.

2.4 DSEE

The DOMAIN Software Engineeringervironment(DSEE) effectively addressed
mary of the problemswith Make andstandardrersionmanagemergystemq31,
30].

For sourcecontrol, DSEE useda customfile systemthat allowed individual
versionsof sourcefiles to be nameddirectly; no separatecheclout stepwas re-
quired. However, sourcefiles were not usually referencedising explicit version
numbers.Instead files were namedwithout versionnumbers andthe users cur-
rently selectecconfiguation threadwould bind a file nameto a particularversion
of thefile in thefile system. A configurationthreadwasa list of rulesfor mak-
ing suchassociationsFor example,a configurationthreadcould specifythatthe
checled-outversionof afile would beusedif oneexisted,or thatthelatestversion
onthemainbranchwould be usedotherwise.Hence the meaningof anamecould
changeovertime. In particular anactiontakenby onedevelopercouldchangehe
meaningof a nameusedby anotherdeveloper a dangerousituation.Whenmary
developersareworking on a systemin parallel,ary oneof themcould “breakthe
build”, therebyinterruptingeveryoneelses work.

For building, DSEEreadsystenmodelghatenumeratethesourcego bebuilt,
theirdependenciefe.g.,headeffiles),andthebuild rulesfor constructinghe soft-
ware. DSEE provided automaticderived file managemenéandthe capability for
thederivedfiles producedoy onebuild to bereusedn another Unfortunately the
DSEE papersdo not describethe systemmodelinglanguagén ary detail, nor do
they discus=ithertheconsisteng guaranteesr theperformanceharacteristicsf
building with derivedreuse.

In additionto versionmanagemerdndsoftwareconstructiorfacilities, DSEE
alsoincludedwork flow facilities requiredby the broadersoftware engineering
process.For the mostpart, thesefacilities wereindependenbf the configuration
managemerfacilitiesdescribedibore, but therewasa smalldegreeof integration
betweerthem. For example,checkingin a sourcemodulemight causea taskon a
tasklist to berecordechsbeingcompleted DSEEalsoincludeda facility for spec-
ifying human-sensiblsemanticdependenciebetweensources.For example,the
dependencéetweena programs interface codeandits documentatiormight be
recordedasa semantiadependenc Wheneer the programs interfacewasmodi-
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fied, atechnicalriter would beinformedof theneedto updatehe documentation.

2.5 ClearCASE

In the early 1990s,the DSEE developersstarteda comparny to build ClearCASE
[4], a commercialSCM systembasedon the DSEE philosophyandnow sold by
RationalSoftware Corporation.

ClearCASES sourcecontrol mechanismis quite similar to DSEES. In Clear
CASE, theconfigurationthreadsarecalledviews, but theideais exactly the same:
rulesareusedto mapurversionedile namego particularsourceversions.Clear
CASE views areimplementedby a custommultiveisionedfile systemthat plugs
into the operatingsystems file systemswitch. As in DSEE, looking up afile in
a ClearCASEview requiressomeform of databaseccessso an extra stepis re-
quiredon eachfile access.

ClearCASHiffersfrom DSEEin two importantrespectsFirst, ClearCASHs
moreportable.lt runson bothWindows andUnix systemsSecondClearCASHs
Make-basedThatis, ClearCASEsystemmodelsetainthesyntaxandsemanticef
Make. However, ClearCASENcludesanalternatve builder calledClearMale that
correctanary of Make’s problems.In particular ClearMale includesamechanism
that,duringabuild, automaticallyrecordshefile dependencieandresultsof each
externaltool invocation(e.g.,compilersandlinkers). Thesecacheddependencies
andresultsare then usedduring subsequenbuilds to bypasstool invocationsif
the specifiedfiles areunchangedThis producegnorereliableincrementabuilds
thanstandardviake, sinceit doesnot dependfor correctnes®n dependenglists
createdby a user However, build-orderdependencieanddependenciesn files
outsideof ClearCASES controlmuststill belistedexplicitly.

Although the testfor staledependenciebasbeenautomatedjt is no faster
thanwith standardviake. Only invocationsof externaltoolsarecachedsoaswith
Make, ClearMale builds programsupwardsfrom the leaves, ratherthan down-
wardsfrom theroot. As notedabove in thediscussioron Make, this approacthas
seriousperformanceroblemsn building large systems.

Oneadwantageprovided by ClearMale over standardviake is thatderivedfiles
aremanagedy thesystemandcanbesharedHence developerscanbenefitirom
eachothers builds. However, heuristicsare usedto selectthe candidatederived
files for sharing,sothe exactcasesn which suchsharingis possiblearenot clear
It is possiblefor the heuristicsto fail to selecta valid candidatefor sharing,in
which casean unnecessaryool invocationwill occur In Vesta,theseeventsare

2In Vestaparlancethe ClearMale stratey is analogougo cachingonly _run _tool calls. We
shaw in Section9.2.3thatmuchbetterperformanceanbe achieved by cachinglargerunits of work.
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termedfalsecacthemissesandthey arequiterare.Worse ClearMale’s dependenc
detectionis incomplete soit cansometimegproduceinconsistenbuilds. In Vesta,
dependeng detectionis automaticand complete,and inconsistentouilds do not
occur

The ClearCASEMultiSite productsupportsreplicationof ClearCASEsource
repositoriesacrossmultiple, geographicallydistributedsites[3]. Vestas approach
to replication(Sectiord.4) differssharplyfrom thatof ClearCASEIn ClearCASE,
the choiceof whatto replicateis madeat a coarsegrain—anentireVersionedOb-
ject Base,of which therearetypically only oneor a few persite. In Vesta,one
canchoosewhatto replicatedown to the level of individual versionsof software
packagesijf desired. ClearCASEreplicasexhibit eventual consisteng; thatis,
an updatealgorithmis usedthat would eventually make the replicasidentical if
they all wereto stop changingfor sufiiciently long, but thereare no clear guar
anteeson what differencescan exist betweenreplicaswhen changeshave been
maderecently andan unchangingoackupcopy of old versionsis not consistent
with currentreplicasin any usefulsense.Vestadefinesa simple, flexible notion
of consisteny for its replicasthattakesadwantageof the factthat sourcesareim-
mutableoncethey have beenaddedo therepository ClearCASES replicaupdate
algorithmis operation-basednd requiresknowledge of the full setof replicas;
thatis, eachClearCaseeplicamustkeepa history of recentoperationghat have
changedt andkeeptrack of which changeshave notyet beenpropagatedo each
otherreplica. Vestas algorithmis state-basedndworks whenthe setof replicas
is unknavn andchanging;the replicationtool simply compareghe statesof two
replicas,copying ary datafrom thefirst thatis missinganddesiredin the second.
TheClearCASEapproachassomeadwantagesin particular feweradministratie
decisionsarerequiredasto whatto replicate,andthe operation-basedpproactto
updateshouldscalebetterwhenreplicasshareagreatdealof databut verylittle is
changing.However, the Vestaapproachs muchsimpler providesaclearlydefined
level of consisteng, supportsusagepatternswherethe replicasare moreloosely
coupled andhasperformedwell in our experience.

2.6 Vesta-1

The Vesta-2systemdescribedn this reportis a follow-on to the earlier Vesta-1
work[11, 13, 24, 32]. Both Vesta-landVesta-2verebasedntheideaof building
from immutablesourcefiles usingcompletebuild descriptionsAs aresult,Vesta-
1 sharedVesta-25 benefitsof producingrepeatablejncremental,and consistent
builds of large-scalesoftware.

Vesta-1sav extensie useat our lab for a period of about15 monthshy a
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groupof 25 programmerslt wasusedto build a sophisticatedxperimentalsoft-
wareenvironment,whichincludeda customoperatingsystemafile sener, anovel
compiling system,an experimentalmulti-threadedwindow system,a numberof
mathematicalgraphicalandsymbol-manipulatiofibraries,anda spectrunof ap-
plications,includingatext editor, a graphicaleditor, ray-tracingsoftware,analgo-
rithm animationsystemsomemathematicalools,andVesta-litself. In aggregate,
this codebasecomprisedl.4 million sourcelines. Most of the componentsvere
built with the experimentalcompiling system(which was continually evolving),
andweretamgetedfor two differentplatforms: a VAX multiprocessorunningour
in-houseoperatingsystem,anda MIPS uniprocessorunningUnix. In short,this
workload provided a serioustestof the Vestaapproachon a scalecomparabldo
mary real-world developmentprojects.

Although Vesta-ldemonstratedhe promiseof the Vestaapproachlike most
experimentalprototypest sufferedfrom severaldesignandimplementatiorflaws.
Vesta-2wasdesignedandimplementedo addresgheseproblems. In particular
Vesta-25 cachingis morecomprehense thanVesta-13, its systemmodelinglan-
guageis simpler its performancas better its repositoryis more general,andits
implementatioris moreportable.

Throughoutthis report,the nameVestarefersto Vesta-2.Wherea distinction
with Vesta-1is required thenamesvesta-landVesta-2areusedexplicitly.

2.7 Other Systems

We have chosento discusonly afew softwareconfiguratiomnanagemertbolsand
systemsn thischapterbut numerousthersaredescribedn theresearchiterature,
availablecommercially or availableasopensource2, 5, 8, 14, 33, 34, 37, 41, 46,
49, 50]. Marny of thesesystemsdo their versionmanagemenand sourcecontrol
using paradigmsvery similar to that of RCS or CVS, and a greatmary handle
systemmodelingandbuilding usingversionsof Make with variousimprovements.
Thus, althoughRCS, CVS, and Make are now very old tools, they are still all
too representate of the stateof theindustry Of coursethe commercialsystems
often have sophisticatedeaturesfor bug tracking, workflow managementhigh-
level projectdependenciegndgraphicaluserinterfacesthatgo beyondthe scope
of whatwe have attemptedn Vesta,while the researcrand opensourcesystems
exploreawide variety of ideas.

Somesystemaisealternatve approaches versionmanagementSeveral sys-
temsnameandmanagéehe setsof changesin a software artifactratherthancom-
pleteversionsof the artifactitself [8, 37, 49]. Onemotivationin suchsystemsds
theideathatuserscansynthesizanary differentversionsof anartifactby mixing
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andmatchingvariouschangesets.We areskepticalaboutthisidea,sincechanges
from differentsetsseemquite likely to conflict with oneanother Somesystems
versionevery objectin ahierarchicaldirectorytree,includingthedirectoriegshem-
sehes[33, 34, 50], while othershave evenmorecomple modelsfor versionman-
agemenfl16]. Theseapproacheseeminterestingput we did not seethe needfor
themandthereforechosea more conserative model of versionmanagementor
Vesta.
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Chapter 3

SystemOverview

In this chapterwe describévestas maincomponentsthe foundationsof the Vesta
approachandthe systems designparameters.

3.1 SystemComponents

Figure3.1shavsthemajorcomponentsf the Vestaimplementationln thefigure,
componentshatarehighly visibleto theordinaryuserappeatowardtheleft; those
thataremostly hiddenwithin theimplementatioror visible only to administrators
appeattowardtheright. The componentsn the bottomrow aresharedseners;at
eachVestainstallation,or site, thereis exactly oneinstanceof each. In contrast,
thecomponentsn thetop row canrun onary usermachine.

We now give a brief overviewv of eachcomponentthendescriben a bit more
detailhow the componentsnteract.

Therepositoryserver(lower left) is responsibldor long-termdatastoragen
filesanddirectories Versionedimmutablesource$ arestoredn immutablesource
directories Developersusemutableworking directorieswhile editing sourcego
createnew sourceversions.Vestas build processisestempoary build directories
while runningtools like compilersandlinkersto createnen derived files; these
directoriesarenot directly visible to users.Theimmutablesourcedirectoriesand
the mutableworking directoriesaretypically mountedas/vesta and/vesta-
work , respectiely.

Standad file browsingand editing tools are not a part of Vestaproper but
we includethemin the diagramto stresshatdeveloperscanuseall their familiar

!By souce we meanary file storedin the Vestarepositorythatis not derived mechanicallyby
the Vestabuilder. Hence,even files suchasbuild tools andlibrary archives copiedinto the Vesta
repositoryareconsideredo be sources.
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Figure3.1: Themajorcomponent®f the Vestaimplementation.

text browsing, comparing.editing, andprocessingools on files in the repository
Developersnvoke therepositorytoolsto createnew sourceversionsor to do other
operationson the repositorythat do not fit directly into the standardfle system
paradigm.

Theevaluatoris Vestas builder; it evaluatessystemmodelswrittenin Vestas
systemdescriptionlanguageto constructcompletesoftware systemsfrom their
componentsThe evaluatormakesuseof the runtool serverto run standardouild
toolslike compilersandlinkerswhenneededjt makesuseof the functioncace
serverto storeintermediateandfinal resultsof eachbuild for laterreuse.

Finally, the weederis a garbagecollectorfor long-termstorageijt triggersthe
deletionof cacheentriesandderivedfiles whenanadministratordeclareghey are
nolongerneeded.

3.1.1 SourceControl Components

Figure 3.2 highlights Vestas sourcecontrol component&ndshavs how they in-
teract.Chapterd describeshesecomponentdn detail.

The Vestarepositorystoresimmutablesourcesin a hierarchicalnamespace,
similar to a Unix or Windows directory tree. Every versionof every sourceis
includedin thetree;by corvention, differentversionsof the samesourcearedis-
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Figure3.2: Sourcecontrolcomponentgndtheir interactions.

tinguishedby having a versionnameor numberasone pathnamecomponent. As

shawn, therepositorymalesthistreeavailableasa network-accessibléle system,
using the standard\NFS protocol[44]. Thus, ordinaryfile browsing and editing

toolsrunningon ary userworkstationthatsupportaNFS canaccessll versionsof

all sourcedirectly.

In therepository sourcesarecorventionallyorganizedn padkages A package
is a collection of relatedfiles, suchasthe sourcesto build a single programor
library. By corvention,Vestasourcesareversionedat the packagdevel, notatthe
level of individual files. Thusa versionof a packageconsistof a directorytreeof
relatedfiles. Contrasthis with themorecorventional(RCS)methodof versioning
every sourcdfile, which providesno naturalmethodfor identifying which versions
gotogether

Vestausesa checlout-checkinsourcecontrol paradigm but the processvorks
in aslightly unusualay. Becausesourcefiles areimmutable,a checkinoperation
never deletesxistingfiles or rendergheminaccessiblelnstead checlout-checkin
operationsaddto the namespaceof packageversions.Checkingouta packagee-
senes a versionnameand makes a mutableworking copy of the existing files
and subdirectoriedrom the packages previous version(if ary). Standardtools

16



canthenbe usedto modify, create,delete,or renamefiles and directoriesin the
working copy. To ensurethatbuilds arereproduciblethe builder operateonly on
immutablesnapshotef the working copy, not on the working copy itself. Check-
ing in thepackageindsthe previously reseredversionnameto thefinal snapshot
of theworking copy. Checkin,snapshottingcheclout, andotherrepositoryoper
ationsthat do not fit the NFS file accesgparadigmare handledby the repository
tools;asshavn in Figure3.2,thetoolswork by invoking specialrepositoryprimi-
tivesthroughan RPC(remoteprocedurecall) interface.

To supportdevelopmenbf softwareacrosgyeographicallyistributedsites the
repositorysener atonesite canreplicatesomeor all of its sourcesrom repository
senersat othersites. Vestas supportfor suchpartial replicationis describedn
Sectiord.4. To achieve partialreplication repositorysenersat differentsitescom-
municatewith eachotherthroughthe RPCinterface(notshavn in thefigure).

3.1.2 Build Components

Figure 3.3 highlights the componentghat participatein Vestabuilds and shawvs
how they interact. Building is quite a comple processjnvolving mary compo-
nentsthatinteractin subtlewaysto ensurehatbuilds arereproduciblejncremen-
tal, andconsistent.

The Vestaevaluatoris the centerof the build process. The evaluatorreads
a systemmodelandactson it, building whatthe modeldescribes.As shavn in
Figure3.3(arrav 1), modelsarealwaysreadfrom theimmutablepartof therepos-
itory, to help ensurethat builds are alwaysreproducible.A modeldescribeshow
to build a softwareartifactfrom source andthe sourcest refersto arealsostored
in the immutablepart of the repository Models arewritten in the Vestasystem
descriptiorlanguaggSDL), a smallfunctionalprogrammindanguagevhosedata
typesandprimitivesarespecializedor softwareconstruction Chapters describes
thelanguagen general AppendixA givesits completesyntaxandsemanticsand
Chapter7 describeshe evaluator

Wheneaer the evaluatorencounters function call in a model, it looksin the
functioncache(arrav 2) to seeif a sufiiciently similar call hasalreadybeenevalu-
atedin aprevioushbuild. If so,it readstheresultfrom the cachensteadof evaluat-
ing thefunctionagain.Functioncachehits canoccuratary level in thecall graph,
from theleaves(usuallyindividual callsto a standarduild tool suchasacompiler
orlinker) upto theroot (theentirebuild beingrequested)Unlike Vestamostother
build systemscacheonly at the leaves,andthusdo not scalewell to large builds.
Chapter6 describesghe functioncache.

Whatdoesit meanfor a previous function call to be suficiently similar to the
currentone? In more detail, we needthe samefunction to have beencalledin
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Figure3.3: Componentnteractionsduringa build.

a sufficiently similar namingernvironment, including both agumentsand names
boundfrom thefunction’s staticscopethattheresultis guaranteetb bethe same.
It would of coursebe correctto checkthatall namesin the ervironmentarethe
same put doingsowould give usanunacceptablyow cachehit rate. For example,
whenthe C compileris invoked, all of the .h files in /usr/includearein its ervi-
ronment,but a typical .c file usesonly a few of these.h files. The resultof the
compilationdoesnot dependon the whole ervironment,only on the partthatis
actuallyreferenced.

ThereforewhenVestaevaluatesafunction,it recordghedynamicfine-grained
dependenciesf the function’s resulton its naming ervironment. By dynamic
we meanthat the evaluatorrecordsonly whatis referencedluring this particular
evaluation. By fine-giained we meanthatwhenonly partof a compositevalueis
referencedthe evaluatorrecordsa dependengcon just that part, not on the whole
value. In the C example,if a particular.h file is not used,no dependenconit is
recorded On cachdookups,.then,ahit occurswheneerwe canfind acacheentry
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for thecurrentfunctionwhosedependenciesereboundto thesamevaluesin both
the entry’s original ervironmentandthe currentervironment. Vestas dependenc
analysisdoesnot make useof any knowledgeof how thebuild toolswork; it is thus
semantics-independeim theterminologyof Gunter[23].

When a call to a build tool missesin the cache,the evaluator mustinvoke
the tool itself to do the work. It doesso by making a remoteprocedurecall to
the runtool sener (arrov 3), which is responsiblegfor startingthe tool, waiting
for it to complete,andreportingits outcomebackto the evaluator We placethis
functionality in a separatesener sothatthe evaluatorcaninvoke tools on remote
machines.This lets us supportparallel compilation(by invoking runtool seners
on multiple machines)and cross-platforndevelopment(by invoking the runtool
sener on a machinewith a differentarchitecturerom the local machinewhena
cross-compilers not available).

Build tools arerun in an encapsulatecrvironment Thatis, Vestacontrols
not only the tool's commandline and ervironmentvariables,but alsothe entire
file systemcontentthatthe tool sees.Moreover, Vestamonitorsandrecordseach
file systenmreferencahatthetool makes. We accomplistthis by forcing all of the
tool's file anddirectoryreferenceso go throughthe repository(arrow 4).2

The files and directoriesthat an encapsulatedbol seesare definedasa data
structurewithin the ongoingmodel evaluation,but it is the repositorythat man-
ifeststhis datastructureto the tool, asa tree of temporarybuild directories(see
figure). The evaluatordoesnot passthe datastructureto therepositoryall at once;
instead wheneer the tool makesa directoryreferencehatthe repositoryhasnot
seenbefore,the repositorycalls backto the evaluator(arrov 5) to obtainthe cor
respondingralue,andthe evaluatornotesthereferenceasa dependenc Thusthe
evaluatoris ableto recordfine-grainediependenciesot only for functionswritten
entirelyin theVestaSDL, but alsofor tool invocations.At theendof atool execu-
tion, therepositoryreportsto the evaluatorwhat new files anddirectoriesthetool
createdandary otherchangeshetool made)asits output. Sectiord.2.2describes
therepositorymachineryfor tool encapsulatioiin moredetail.

After the evaluatorfinishesexecutinga function, it writes a nev cacheentry
(arrav 6) to recordthefunctionresultandits dependencied/estausesapersistent,
sharedcachesener sothata build donetodaycanbenefitfrom work alreadydone
in thepast,andsothata build requestedby oneusercanbenefitirom work already
doneon behalfof anotheruser

As afinal step,not shawvn in the figure, the evaluatorcanoptionally ship the
resultsof thebuild. Thatis, it cancopy out someor all of the resultsof the evalu-

2Under Unix, we usethe chroot  systemcall to redefinethe tool’s root directory /"), thus
ensuringthatit canreferenceonly files anddirectoriessuppliedby the repository
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ation’s top-level function call to permanenfiles anddirectories.Note thatevenif
theresultsof a build arenot shippedthey remainin the functioncacheandcanbe
quickly retrieved by repeatinghe build.

3.1.3 StorageComponents

Figure 3.4 shavs the threepoolsof long-termdisk storageusedby Vestacompo-
nentsandillustratestheoperatiorof theweederanadministratie tool for reclaim-
ing storagethatis nolongerneeded.
As shavn atthe bottomof thefigure,the repositoryhasa private storagearea
for directory entriesand the function cachehasa private areafor cacheentries,
but they sharea commonpool of storagefor sourceandderived files. This pool
is managedusing garbagecollection: when neithera sourcedirectory entry nor
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a function cacheentry pointsto afile, it canbe deleted. At differenttimesin its
history, the samefile canbe pointedto by a directoryentry, a cacheentry, or both.
Sectiond.2.1describeghefile poolin moredetail.

As builds areperformedcacheentriesandderivedfilesaccumulatén thefunc-
tion cacheandfile pool, andcaneventuallygrow to fill the available disk space.
Fortunatelyary or all cacheentriescanbedeletedwithout affectingtherepeatabil-
ity or consisteng of builds; however, somefuture builds thatwould otherwiseget
cachehits (andhencebeincrementalimay have to be donepartly or entirely from
scratch.Decidingwhich entriesare bestto remove andwhich shouldbe retained
is a taskthat cannotbe entirely automatedusersand Vestaadministratoranust
decidewhich onesareworth keeping basedn their knowledgeof whatbuilds are
likely to berequestedn thefuture.

Unwantedcacheentriesandderived files are deletedby the Vestaweedey an
administratre programthat is run periodically Given a specificationof which
packagebuilds to keep,it deletesall cacheentriesthatdid not participatein those
builds (stepsl and2 in the figure). It then contactsthe repository(steps3 and
4) anddeletesall files in the sharedpool thatare neitherpointedto by remaining
cacheentriesnor pointedto by the repositorydirectory structure. Sinceweeding
cantake a relatively long time (minutesto hours),the function cache repository
andweederhave beendesignedso that the weedercanbe run concurrentlywith
client builds without adwerselyaffectingnormalbuild performanceTheweedelis
describedn Chapter8.

3.1.4 Modelsand Modularity

Vestasystemmodelsare modular—that is, eachmodel canimport other models
andusethe functionsthey define. A modelcandescribehow to build a collection
of sourcesnto asubsystemthenexportthatsubsystenasa unit, for useby higher
level modelsthatassembléhe subsystemto a completesystem.

Modularity is essentiafor scalabilityto large systemsput it is alsoimportant
even for building small programs. In todays programmingervironments,even
a small“hello world” programis compiledandlinked againsta large runtimeli-
brary of input/outputandoperatingsysteminterfaceroutines.Moreover, the com-
mandsneededo invoke toolslike compilers linkers,stubgeneratorsandthelike
canbe comple. Vestaprovidesa standad environmentmodelthatencapsulates
theselibraries and commonbuilding actionsand makes them available to user
written modelsin a simpleform. The standardervironmentcanbe quite complex
internally—forexample,it canbuild someor all of the standardibrariesandtools
from source—withouexposingary of thesecompleities to the ordinaryuser At
the sametime, becauset is written asa model ratherthan being hardwiredinto
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Vestas implementationmore adwvanceduserscan extend, modify, or replacethe
standarcervironmentto suittheir uniqueneeds.

Modelsfor ordinaryapplicationsaretypically written sothatthey canbe im-
portedtoo. Onecanthenwrite a releasemodelthatimports one versionof the
standardervironmentandbuilds awholecollectionof applicationsagainsit. Thus
a developmentshopthat maintainsa suite of applicationscaneasilycreatea con-
sistentreleasein which all the applicationsareknown to have beenbuilt with the
sametoolsagainsthe samdibraries.

The systemmodelinglanguagesystemmodels,andthe standarcernvironment
aredescribednorefully in Chapterb.

3.2 Foundations

We have claimedthatVestaprovidesrepeatabilityconsisteny, incrementalityand

scalabilityin softwareversionmanagemerdandbuilding. Thefoundationfor these
claimsliesin Vestas novel combinationof structuralfeatures.Now thatwe have

given an overview of thesefeatureswe are preparedo summarizethe essential
contributionsof eachoneto Vestas overall goals.

Immutable, Immortal, Versioned Sources. All Vestabuilds are performedon
immutable,immortal, versionedsources.Before eachbuild, a developers muta-
ble sourcesare copiedto an immutable,versionedform. The immutability and
immortality of sourcesareessentiafor achiezing repeatabldouilds.

Complete, Source-BasedBuild Descriptions. A Vestabuild descriptiongivesa
completerecipefor building a software artifact from versionedsources.By com-
plete we meanthat no aspectof the build relieson ary aspectof the computing
ernvironmentoutsideof Vestas control, including ervironmentvariables,library
archies,andbuild tools. The completenatureof Vestas build descriptionds es-
sentialfor achievzing consistentuilds. Becauséuild descriptionsrameversioned
sourcesthe meaningof anamecannotchangeovertime.

Automatic DependencyDetection. A build systemthat aspiresto performcon-
sistentbuilds mustknow the dependenciesf every derived file. Vestadetects
andrecordsall suchdependencieautomatically By using automaticdetection
ratherthanrelying on usersupplied(andthuserrorprone)dependengc specifica-
tions, Vestacancollectall theinformationneededo determinewhen(re)tuilding

is necessarnandcantherebyensurehattheresultsof its builds areconsistent.

Caching. To supportincrementabuilding, Vestaautomaticallycacheghe results
of tool invocations(andtheir associatediependenciedpr laterre-use.For scala-
bility, largerunitsof work — suchasthe constructiorof entirelibraries— arealso
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cached.Because/estausesa sharedsite-widecache eachdevelopercanbenefit
from the builds of all others.

Hierarchical Build Descriptions. The Vestasystemmodelinglanguageallows

build descriptiongo bestructurechierarchically Hierarchical modularstructuring
is the only effective way we know to describdarge-scalesoftware configurations.
It also permitsre-useof commonbuild functionality suchas that provided by

Vestas standardconstructiorervironment.

Source Replication. As software grows larger andaslong-distancdelecommut-
ing becomesnorecommon the needfor developmentof softwaresystemsacross
multiple, geographically-ditributed sitesincreasesHowever, groupsat different
sitesmay needto shareonly someof their sources.Vestaallows someor all of

thesourcesat onesiteto bereplicatedat othersites,usinganalgorithmthatavoids

copying sourcesunnecessarilyMoreover, control of eachpackagecanbe shifted
to the site developing it mostactiely, allowing usersat that site to createnew

versionsautonomously

3.3 DesignTargets

Beforedesigningandimplementingvesta-2we neededo decidehow largea soft-
ware systemwe expectedit to be ableto handle. That decisionhad immediate
consequencesn theloadimposedon eachof the system$ componentandonthe
systems overall resourceusage.Oncechosenthesetamgetsalsoplayeda critical
rolein our subsequergngineeringlecisions.

The Vesta-2designtargets given belov were basedon our experiencewith
Vesta-1which hadbeenusedto build anactively changingcodebaseof 1.4 million
sourcelines. Our goal for Vesta-2wasthat it build software systemsat leastan
orderof magnituddargerthanthosebuilt with Vesta-1.

Code Size.Vesta-2shouldbe ableto build a systemcomprisingapproximately20
million linesof sourcecode.

Derived Files. Thereshouldbe approximatelyl million derivedfiles of interestat
eachsite. Hence thesystenmshouldbeableto accommodat@ million derivedfiles
comfortably(beforeweedingbecomesecessary).

Cache Entries. We expect5-6 cacheentriesfor eachderived file. Hence,the
functioncachemustsupportlO—12million cacheentries.

The implementatiorshouldbe able to comfortablyaccommodata software
systemof this size. Moreover, whenusedto build someavhat larger systemsthe
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systemshouldcontinueto work; it shouldnot suffer any major performanceprob-
lems. Ourintentin settingthesetamgetswasnot to placean upperboundon the
sizeof systemVestacould handle,but alower bound. Thetamgetsremindedusto
“think big” throughouthedesignprocess.

Althoughwe did not have the opportunityto testthe Vestaimplementatioron
asoftwaresystemof this size,we wereableto applyit to largeenoughproblemso
partly validateour designdecisions Examplesof designdecisionghatweremade
with aneye towardscalabilityappeathroughouthis report. We presentheresults
of our performanceestingin Chapte9, andwe briefly discussour experiencewith
realusersin ChapterlO.
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Chapter 4

Repository

The Vestarepositoryis responsible€for long term storageof sourceand derived
files. Therepositoryprovidestwo distinct setsof serviceso two kinds of clients:
usersandthe evaluator Usersaremainly concernedvith sourcesthey readexist-
ing sourcefiles andcreatenew ones.The evaluatoris concernedvith bothsources
andderieds; it readssystemmodels(which are sources)andit runstools that
readsourcesandderivedsandwrite out new deriveds. The sourcestorageservice
andits replicationsupportaresuficiently comprehense andindependenthatthe
repositorycouldbe usefulalone,without the evaluatoror therestof Vesta.

Therepositoryis implementedn two layers. The repositoryserveris respon-
sible for sourcenamingandstorage while the repositorytools provide a userin-
terfaceto thesener. Thedistinctionbetweerthesener andthetoolsis significant.
Thetoolswe have built supporta particularstyle of namingsourcesandcarrying
outcommondevelopmentasks but therepositoryseneritself is quitegenerabnd
could supportotherstylesof use. Most of the compleity of the systemis in the
repositorysener. Theexisting repositorytoolsareshortcommand-lingorograms,
eachlessthan1000linesof code.

In the next threesectionswe discusghe mainfeaturesof the repositoryfrom
theusers pointof view, from theevaluators pointof view, andfrom theimplemen-
tor’s point of view. In thefinal sectionof the chapterwe discussherepositorys
supportfor sourcereplicationandthe replicationtoolswe have built.

4.1 TheUsersView

Thissectiondescribesheaspect®f therepositorythataredirectly visible to users.
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4.1.1 Source Namespace

The Vestarepositoryprovidesa hierarchicalsourcenamespacesimilar to a Unix
or Windows directorytree, but with a few additionalfeaturesand restrictionsto
supportconfiguratioormanagement.

For usercorvenienceyVestamakesthesourcenamespacevailableasasubtree
of the file namespacen eachclient machine. Userscanapply all their existing,
familiar toolsfor browsing ordinaryfiles anddirectoriesto repositoryfiles anddi-
rectories.Therepositorysener makesthis possibleby exportingthe sourcetreeas
anNFSvolumethatcanbeimportedandmountedby client machinesThe sener
alsoexportstwo remoteprocedurecall (RPC)interfacesfor accesdo featureghat
do notmapwell ontoNFS.

To supportVestas goal of repeatabléouilds, all sourcefiles accessibldgo the
evaluatorareimmutable Onceafile is createcandplacedin thesourcenamespace,
thefile’s contentscannotbe modified. In addition,Vestas philosophyof software
developmensaysthatsourcecodeoughtto beimmortat all sourceshouldbekept
permanenthysothatbuilds canalwaysbereproducedWe recognizehowever, that
sourcessometimesanustbe deletedfor practicalreasonssuchasa lack of disk
spaceor the expiration of alicensingagreementSowe do allow sourcefiles and
directoriesto be deleted,but to presere consisteng in builds, we do not allow
a deletedsources full pathnameo be reusediater for a differentsource. Thus,
repeatinga build will eithersucceedand producean identicalresult, or will fail
becaussomesourcefile hasbeenexplicitly deleted.Thelattercasewill notoccur
if userdfollow our developmentphilosophy

Vestasourcedirectorieshusmustnot bearbitrarily mutable.Vestain factsup-
portstwo kindsof directorywith limited mutability: immutableandappendable

Like animmutablefile, animmutabledirectory cannotbe changedonceit is
populatedwith files andsubdirectoriesndplacedin the sourcenamespacekvery
file in suchadirectorymustbeimmutable andso mustevery subdirectorysothat
theentiretreerootedat it canbetreatedasoneimmutableunit.

AppendabldairectoriessupportandenforceVestas rule thatnamescannotbe
reused An appendablélirectoryis similar to anappend-onlyfile. New namescan
becreatedn thedirectory but existingnamesannote unboundor freely rebound
to differentcontents.

We do allow certainstrictly limited forms of rebinding,involving specialob-
jects called ghostsand stubs If the Vestaevaluatorencountersa ghostor stub
duringabuild, it haltswith an errormessagegoesnot producea result,anddoes
notrecordtheerrorin theVestafunctioncache.Thereforeghesecaseof rebinding
cannotcausahesamebuild to have differentresultsondifferentoccasionsaswith
deletion,they canat worstcausea build thatsucceededn oneoccasiorto fail on
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another

GhostssupportVestas deletionsemanticsWhena userdeletesan objectfrom
an appendabl@irectory Vestareplaceghe objectwith a ghost. The ghostkeeps
the old namefrom beingreusedVestadoesnot allow a nameboundto a ghostto
bereboundo anew object,andattemptingio deletea ghosthasno effect.

Stubssupporimorespecializedeaturef Vesta—nameesenrationandpatrtial
replication—whichwe describen Sectionst.1.4and4.4below. A stubis aplace-
holderfor afile or directorythatmaybe suppliedin thefuture. It is permissibleo
replaceanexistingfile or directorywith a stub,aslong asit is guaranteethatonly
the saméfile or directorywill laterreplacethe stub

Both ghostsandstubsaremanifestedhroughthe NFSinterfaceaszero-length
files thatcannotbe reador written. Their accesgermissiorbits aresetto distinc-
tive valuesthatmake themdistinguishabldrom realfiles in a directorylisting.

4.1.2 Versioning

How can an append-onlynamespacef immutablefiles and directoriessupport
software development?Software systemshat are underactive developmentcon-
stantlygrow andchangehroughmodificationof thefiles they contain. The solu-
tion, of coursejs to adopta namingcornventionin which eachpathnameéncludesa
versionnumber Theninsteadof modifying afile or directoryin place,onecreates
anew version.

Therepositorysener makesno judgmentasto whatpartof a pathnameshould
be the versionnumber but for several reasonswe have found versioningat the
level of directorytreesto be corvenient,andhave designedhe repositorytoolsto
useit.

Most programsconsistof several files that make up a logical unit, which we
callapadage. At minimuma packagencludesonefile of sourcecodeandoneof
building instructions.A packagecanalsobelarger, consistingtypically of several
closelyrelatedfiles of code interfaces anddocumentationperhaprganizedn a
treeof subdirectoriesLarge programscangenerallybe decomposedhto several
packageseachrelatively independenof the others. It is corvenientto storeeach
packageasa separatalirectoryor directorytree.

Whena packagas modified, often severalfiles in it mustchangeogetherfor
consisteng. In systemdike CVS, whereevery file is versionedseparatelya sep-
aratedatastructureandtools arerequiredto keeptrack of which versionsof the
files in a packagego togetherto make a coherentversionof the whole package.
In Vesta,eachcoherenipackageversionsimply corresponds$o oneimmutabledi-
rectorywith onehierarchicalfile name,with the versionnumberasa component
of thename.For example thedirectorieshread/5 andthread/10 would be
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versions5 and 10 of the threadpackage andthe files thread/5/foo.c and
thread/5/foo.h would be consistentversionsof its componentgoo.c and
foo.h. If foo.cis unchangedetweentwo versionsof a packagethe repository
links the samammutabléefile into bothversiondirectoriespnly onecopy existson
disk.

All packageversionsare directly available for browsing and building at all
times. A usercaneasily seewhatis in a particularversionby changingto its
directoryandlooking around,and caneasily comparetwo versionswith existing
toolslike diff. Thereis no needto checkout a privatecopy of a packagaunlessit
is to be modified.

A secondaryreasonfor versioningat the level of directoriesis that existing
Unix and Windows tools are not preparedto deal with versionnumbersin file
names. Vesta“hides” the numbersfrom them by placing them earlier thanthe
last componentn the pathname.For example,a Unix or Windows C compiler
is betteradaptedto dealwith file namesof the form 2/foo.c  thanfoo.c/2
or foo.c;2 . Therepositorysener could supportary of thesethreeversioning
schemesasit allows immutablefiles to be placeddirectly in appendablalirecto-
ries, but therepositorytools supportonly thefirst.

Of coursewhena large software systemis madeup of several separatelyer
sionedpackagesyve still needa way to keeptrack of which versionsof the pad-
agesgotogetherto malke a coherensystem.Ratherthantrying to solve thatprob-
lemwithin therepository Vestadealswith it in thesystemmodelinglanguagesee
Section5.3.3. Onemight aguethatif a mechanisnfor namingpackageversions
is requiredin the modelinglanguage we might just aswell usethat mechanism
to nameindividual file versionsanddispensavith package-teel versioningin the
repository But althoughthis approachwould be technicallyfeasible,it would be
farlesscorvenientfor usershanthe approachwe have chosen—models/ould be
clutteredwith large numbersof versionediile namesnsteadof containingonly a
few versionedrackagenames.

4.1.3 Naming Convention

A hierarchicahamespacgivesgreatfreedomin assigninghamedo files. To avoid
chaosoneneeddo organizethe namespacdpo establishconentionson how files
arenamedsothatpeoplecanfind them. Vestas repositorysener doesnot enforce
ary particularnamingcorvention, but the repositorytools do. Figure4.1 shavs
partof atypical repositorydirectorystructure.

The root of the subtreein the figure is named/vesta/west.ves tasys
.org . Thisnameis choserto beglobally uniqueacrossall Vestainstallationsfor
reasongliscussedn Section4.4 below.

28



/vesta/west.vestasys.q )y

& exx () private
commo} _
(Ysmith HrJones
text()
(O thread
table() 1 @ = Immutable
ap O= Appendable
2 O= Stub
W= Ghost
3
2 fasiQ . doc
build.ves
0 1 2 thread.h
thread.c

Figure4.1: Namingcornventionexample.

Below therootis a tree of appendablelirectoriesusedfor cateyorizing pack-
ages.In thisexample packageshataregenerallyusefulareplacedn thecommon
directory packagegshat are part of the C++ compilationsystemarein cxx , and
private packageswnedby usersSmith and Jonesarein private/smith and
private/jones . This directory tree can have arbitrary shape;the repository
toolsplacenorestrictionsonit.

At the next level down in thetreeareindividual packagesuchastext |, ta-
ble , andthread . Thethreadpackagds shavn in detailin thefigure. Theim-
mutablesubdirectorieshread/2  andthread/3  areversionsof the package;
thelatteris shavn ascontainingthreeimmutablefiles andanimmutablesubdirec-
tory. Versionthread/1  hasbeendeleted]eaving aghostin its placeto keepthe
namefrom beingreused.Thenamethread/4 is boundto a stub,reservingt for
anew versionthata useris working on andhasnotchecledin yet.

The appendablealirectorythread/2.fast is a branch of the threadpack-
age. While versionsl, 2, 3, ... representhe mainline of development.the ver-
sionsunder2.fast  areanotheiine of developmentbranchingoff from version
2. Essentially thread/2.fast is a new packagewhoseversionO is identi-
cal to version2 of the threadpackage.Branchesoff of branchesare also possi-
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ble; for example,a branchfrom thread/2.fast could be namedthread/
2 fast/1.bugfix

4.1.4 DevelopmentCycle Tools

Thedevelopmentycleis Vestas namefor thesequencef stepghatuserdypically

gothroughwhendevelopingsoftware. Theoutlinebelov shavsthecycle andgives
thenameof theVestacommandisedin eachstep.Thecommandrestais the Vesta
evaluator;the othercommandshaowvn arerepositorytools.

1. Checkoutapackagevcheckout
2. Modify thepackage

(a) Edit: ary text editor

(b) Advance:vadvance

(c) Build: vesta

(d) Test

(e) Gobackto step2auntil done.

3. Checkin theresults:vcheckin.

4. Optionallygo backto stepl.

Outer Loop

In the outerloop of thedevelopmentcycle, onechecksouta packagg1), modifies
it (2), and checksin the resultasthe next version(3). We call onetrip around
this cycle a session Checlout createsa mutableworking copy of the package.
Modification is the inner loop of development,discussedhext. Checkinwrites
an immutablesnapshobf the working copy into the repository Both checlout
and checkinuse copy-on-write to improve performanceand spaceefficiengy, as
describedn Section4.3.4below.

Therepositorytools we have implementedisea locking paradigmfor check-
out. Checkingout a packageresenesa name(thatis, a versionnumber)for the
modifiedversionthatis to be checledin later No otherusercanresere thesame
name,and normally only the userwho resered a nameis given permissionto
checkthe packagdéackin underthatname.By default, vcheclout triesto resere
aversionnumberthatis onegreaterthanthe highestch