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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
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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.
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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 highestchecled-inversion,soit will
reporta conflictif two userstry to checkoutthe samepackage.
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Forexample,in Figure4.1,auser(say Smith)haschecledoutthethreadpack-
agewith the commandvcheckout common/thread, therebyreservingthe name
Ivesta/west.ve st asy s. or g/ comma/ th re ad/4 for the next version.
The resenation is manifestedn the repositorynamespacasa stub, owned and
writable only by Smith. If userJonesasksto checkout the threadpackageoo,
hewill betold thatversion4 is alreadyresered by Smith. Jonesis thusalerted
to speakto Smith andmake suretheir intendedchangeswill not be redundanbor
conflicting.

If Joneswantsto proceedn parallelwith Smith, he canaskvcheclout to re-
sene adifferentversionnumbeyin ary of severalways.In theunusuaktasewhere
Joness changesare meantto completelysubsumeSmith’s, Jonescan leapfrog
Smith by askingto resere versionthread/5 . If Jonesds just makingonevari-
ant version, he can choosea nameoutsidethe main sequenceof versions,say
thread/3-jones . If Joneds startinga new line of developmenthatmay pro-
ceedfor several versionsbeforemeiging backinto the main line, or may never
meige backin, he can createa branchusing the vbranch tool. In our exam-
ple, Jonescould type vbranch common/thread/3.jones which would createa
new packagewith the specifiedname.Versioncommon/thread/3 .} ones/0
wouldbeidenticalto common/thread/3 . Jonesouldthencheckoutthebranch
andwork onit asin anormalpackage.

In noneof thesecasesoesJonesneedto “breakalock” Unlike RCS,Vesta
doesnotlock the old versionthat Smith startedfrom; instead Vestalocksthe newv
versionby creatinga stubfor it. Sothereis nothingto interferewith Jonesstarting
adifferentline of developmenthatbranche®ff from the sameold version.

Returningto the main line of the outerloop, when Smith hasfinishedmod-
ifying the packagehe simply typesvcheckin. The vcheckin tool replacesthe
resenation stub that was createdby vcheckout with an immutablesnapshobf
Smith’s mutableworking copy. It alsodeletesSmith’s working copy, sothathe
cannotinadwertentlycontinueto editit afterhis sessiorhasended.

Inner Loop

Theinnerloop of the developmentcycle is the familiar edit-tuild-test sequence,
with the addition of one stepthatis uniqueto Vesta: adwance. As statedprevi-
ously the Vestaevaluatorguaranteesuild reproducibility by building only from
immutablesourcesstoredin therepository Eventhe privatebuilds thatanindivid-
ual developerdoeson work heis not readyto checkin for public usearehandled
in thisway. After editingandbeforebuilding, a Vestadeveloperrunsthevadvance
command.This commandakes animmutablesnapshobf the developers muta-
ble working copy and putsit into the repositorynamespacendera newv version
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Figure4.2: Action of thecommandvcheckout common/thread

numberwithin the session.

To keepthe mary snapshotsreatedduring a sessionfrom cluttering up the
sharechamespaceherepositorytools putthemin adirectorythatis separatérom
the main-lineversionsof the packagecalledthe sessiordirectory A sessiordi-
rectoryis essentiallya branchwith a specialname createdoy vcheclout.

Repository Tool Details

Figure4.2 illustratesthe completeoperationof vcheclout. Initially, thread/3
is the latestversionof the threadpackage. When user Jonestypesvcheclkout
common/thread the systemcreateghereserationstubthread/4 andtheses-
siondirectorythread/checkou  t/ 4 in therepositorys appendablsourcetree
/vesta . It createshemutableworking copy jones/thread in aseparatenu-
tabledirectorytreenamedivesta-work . Thesessioris givenaninitial version
thread/checkout /4 /0 whosecontentareimmutableandidenticalto thelast
checled-inversionin themainline of developmentthread/checkout /13 . The
working copy initially hasthe samecontentsaswell, but it is fully mutable.
Jonescannow edit thefiles in his working copy with ary text editor or other
file manipulationtool. He canfreely createnew files or subdirectoriemanddelete
or renameexisting ones,usingordinary commanddike cp, mv, rm, mkdir , and
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Figure 4.3: Action of the commandvadvance in the directory
Ivesta-work/jones/thread

rmdir .

Wheneer Joneswantsto try compiling his modifiedfiles, hetypesvadvance
to save an immutablesnapshotisthe next higherversionin the currentsession
directory Figure4.3 illustratesthe operationof vadvance It simply makesan
immutablecopy of the working directoryin the packages sessiondirectory; the
nameof this copy is the next available versionnumberin the session.Jonescan
of courseusevadvance evenwhenheis not aboutto do a build; for example,he
coulduseit to checkpointis currentwork in preparatiorfor makingexperimental
changes.

Jonesusesthe vestacommandto invoke the Vestaevaluator(seeChapter7)
andto build the latestversionin the session.He will typically usea shortshell
scriptto do boththe advanceandevaluationin onestep.

Next, if his programhashbuilt without errors, Jonestestsit. If changesare
neededhe returnsto the editing stepandgoesaroundthe inner loop again. Any
time Jonemeedgo reexamineanold versionor backout a changehe cansimply
look backat the old snapshot—whetheit is in the currentsession,an old ses-
sion,themainline of checkinspr elsavhere—andcompareor copy thefilesto his
working directory

Finally, whenJonesds satisfiedheendsthe outerloop by runningvcheckin, as
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Figure 4.4. Action of the commandvcheckin in the directory
Ivesta-work/jones/thread

mentionecearlier Figure4.4 illustratesthis operation.Note thatcheckindoesnot
itself snapshofloness working copy of the packagejnstead,it usesthe snapshot
madeby themostrecentadwance first checkingthattheworking copy hasnotbeen
modifiedsincethen.

Remarks

Therepositoryseneris generaknoughto supportotherversioncontrolstyles.For
example,only small changedo the repositorytools would be requiredto support
concurrentversioningin the style of CVS. In concurrentversioning,thereis no
locking at all, and new versionnumbersare chosenat checkintime ratherthan
checlouttime. To supporthis, we would altervcheckout sothatit remembershe
versionit startedfrom, but doesnot createa stub We would altervcheckin sothat
it testswhetherarny new versionwaschecledin by anotherusersincetheworking
copy waschecled out, promptingthe userto merge changesf so. We would also
have to changethe namingcorventionfor sessiordirectoriesslightly, becausehe
currentconventionmakesthe sessiomamea function of theresened new version
name.

We have not written ary Vesta-specifitoolsfor meging changesnadealong
differentbranchesbut Vestamakesit easyto mewge branchesusingcommonly
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availabletools. Vestakeepsrackof the versionscreatedalongall the branchesall
the way backto the commonbaseversionsfrom which they diverged, and mani-
festseachoneasanordinaryfile systemdirectory Thus,onecaneasilyusestan-
dard directory-orientedools suchas diff, diff3, and patch, perhapsaugmented
with somesimpleshellscriptsfor corvenienceln contrastRCSandCVS require
specialvariantsof thesetoolsthatareintegratedwith their versioningsystems.

Additional tools

Thevcreatetool createsnev packageontainingno versions.Onecanthencheck
outthe new packageandaddcodeto it. Whena packagéhasno versionsapplying
vcheclout to it createsanemptydirectoryastheworking copy.

Thevsessiongool providesasimplegraphicainterfacefor managinghecled-
out packages.The tool automaticallydisplaysthe latestversionnumberin each
checlout sessionbelongingto its user It provides an Advancebutton for each
sessionwhich simply invokesvadvanceonit.

Thevlatesttool printsthelatestchecled-inversionnumberof agivenpackage,
or of all the packagesndbranchesn a givendirectorytree.

The vwhohastool lists the user(if ary) who haschecled out eithera given
packageor all the packagesindbranchesn agivendirectorytree.

The vhistory tool prints a changelog for a packagelisting all pastversions
andtheir checkinmessages.

Ourdescriptiorof therepositorytoolshastouchedonafew repositoryfeatures
thatwe have notyetdescribedn detail. In the next threesectionsve discusghree
of thesexmutablefiles anddirectories mutableattributes,andacces<ontrol.

4.1.5 Mutable Filesand Dir ectories

Mutablefiles anddirectoriesn therepositoryaregenerallysimilarto ordinaryfiles
anddirectoriesin the hostfile system but the repositoryprovidesadditionalfunc-
tionality for efficiently copying databetweenmutableandimmutabledirectories.
Thedevelopmentycle toolsusethis functionalityto make checlout, advance and
checkinvery fast. The addedfunctionality is accessedhrougha separateRPC
interface,notthroughNFS.

Objectsin amutabledirectorycanbe createddeletedwithoutleaving ghosts),
or renamedasdesired Mutablefiles canbe modifiedfreely.

Therepositorycanquickly createamutabledirectorywhoseinitial contentsare
the sameasary givenimmutabledirectory No datacopying is necessarywe say
the new directoryis basedon theold one. It is representeihternally asa pointer
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to the basedirectoryplusalist of changesinitially empty Thus,eachfile entryin
a mutabledirectoryinitially pointsto animmutablefile. If a usertriesto modify
suchafile, however, it is transparenthycopiedto presere the immutability of the
original,andanentryis addedo thechangdist pointingto thecopy. A new, empty
mutabledirectoryis representeth the sameway, but with a null basepointer

The repositorycanalso quickly createan immutabledirectory as a snapshot
of ary given mutabledirectory It doesthis by copying the basepointerandthe
list of changes.In addition, eachfile in the mutabledirectorythat was modified
or newly created(and henceis mutable)is simply marked as beingimmutable,
without makinga copy. If a userlatertriesto modify the file furtherthroughthe
mutabledirectory a new mutablecopy is madeatthattime.

In Figures4.2—4.4above, mutablefiles anddirectoriesareshavn asopendia-
monds.As illustrated themutabletreeunder/vesta-work  is separatdérom the
repositorys maintreeof appendablandimmutabledirectoriesunder/vesta

Currently we do notimplementsymboliclinks in mutabledirectoriesandwe
do not allow multiple hardlinks to a mutablefile. Symboliclinks areforbidden
becausé would notbemeaningfulo copy asymboliclink into theimmutablepart
of therepository;it is unclearwhata symboliclink thereshouldmeanif the Vesta
evaluatorwere to encounterone. Multiple hard links are forbiddento simplify
the booklkeepingandto guaranted¢hata mutablefile never hasto be copiedwhen
makinganimmutablesnapshotin practice thesdimitationsareinconsequential.

4.1.6 Mutable Attrib utes

A sourcecontrol systemtypically needsto storemetadataaboutsourcesheyond
justtheirnamesandcontents For example theVestarepositorytoolsneedo know
whethereachappendabl@irectoryis a checlout sessiona packageor something
else,andthey needto know the connectiondetweerstubs,sessionsandworking
directories.Usersoftenwantto knov whenandby whom a packagevascreated,
checledout,or checledin, andonwhatpreviousversionsanew versionwasbased.

The Vestarepositoryprovides mutableattributesto sene thesepurposesand
others. A sourceobjects attributesare a total function F from string namesto
setsof string values. If a namen hasnever beenboundto ary value, F(n) is
the empty set. Thereare operationsto setthe value of F(n) to a singletonset
or to clearit to the emptyset,andoperationgo add or remove an elementfrom
F(n). (SettingF (n) to a singletonis equivalentto atomicallyclearingit andthen
addingthe value.) Thereare also several operationso queryvaluesof F. This
functionalityis availablethroughanRPCinterface,andtherepositorytool vattrib
providesa generapurposecommand-lingnterfaceto it.
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Attributesare not visible to the Vestaevaluator soit is safefor themto be
mutable;changinganattribute cannotchangethe resultof anevaluation.

Eachsourceobjecthasattributesunlessts parentdirectoryis immutable.Thus
in Figure4.1, the immutableversioncommon/thread/ 3 hasattributes,but its
files andsubdirectorieshread.c ..., doc donot. This limitation is imposed
to simplify the implementation. It is not a problemin the useswe have for at-
tributes,becauseave generallywish to treateachpackageversionasa unit, not as
acollectionof files with individual properties.

The repositorydevelopmentcycle tools make extensie use of mutableat-
tributes. For example,the vcheckout tool puts attributes on the stub, the ses-
sion, and the working directory so that all three can be found given ary one.
The vadvance and vcheckin tools usetheseattributes and record someof their
own. In addition,vcheclkout andvcheckin recordthe previous version,the user
requestinghe operation the time, andotherinformation. Figure4.5 shavs some
sampleattributesappliedby the tools. Note the message attribute on the direc-
tory vesta/repos/30 ; it is a changelog messagesolicited from the userby
vcheckin.

We alsousemutableattributesto implementa limited form of symboliclink.
A symboliclink is implementedasa stubwith an attribute called symlink-to
thatgivesthelink value. The NFSinterfacemanifestsary stubwith this attribute
asasymboliclink, but to theevaluator suchstubsarejust stubs sothey cannotbe
usedin modelsandtheir mutability cannotcompromiseherepeatabilityof builds.

As acorveniencefeature eachappendabl@irectorythatcontainsversionshas
asymboliclink namedatest  thatpointsto thelatestversion.Forinstancein the
exampleof Figure4.1, /vesta/west.ves tas ys.o rg /c omnon/t hr ead/
latest wouldbeasymboliclink to 3.

We expectto find moreusedor attributesin thefuture. For example arelease-
statusattribute might be usedto mark a particularversionasinternally released,
externally releasedpr withdravn from releasedue to bugs. The vupdate tool
(Section5.3.1), which mechanicallyupdatesthe import  statementsn a Vesta
modelto newer versions could be modifiedto take suchanattribute into account.

Attributesarealsousedto storetheaccesgontrolinformationdescribedn the
next subsection.

4.1.7 AccessControl

Designingthe accessontrolmodelfor the repositorypresentecdomechallenges,
becauseeplication(Section4.4) andotherforms of remoteaccessaresometimes
neededetweenrepositorieghat arein differentrealms thatis, repositorieghat

areunderseparat@dministrationhave differentspace®f useramesandperhaps
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% vattrib /vesta/west.vestasys.org/vesta/repos
#owner

mann@west.vestasys.org
type

package
creation-time

Thu Aug 22 17:41:35 PDT 1996
created-by

heydon@west.vestasys.org

% vattrib /vesta/west.vestasys.org/vesta/repos/ 30
session-dir

Ivesta/west.vestasys.org/vesta/rep os/ch eckou t/30
old-version

Ivesta/west.vestasys.org/vesta/rep 0s/29
message

Added code to gather wusage statistics.
content

Ivesta/west.vestasys.org/vesta/rep os/ch eckou t/30/1
checkin-time

Tue Nov 4 14:10:22 PST 1997
checkin-by

mann@west.vestasys.org
#owner

mann@west.vestasys.org

% vattrib /vesta-work/mann/repos
session-ver-arc

0
session-dir

Ivesta/west.vestasys.org/vesta/rep os/ch eckou t/31
old-version

Ivesta/west.vestasys.org/vesta/rep 0s/30
new-version

Ivesta/west.vestasys.org/vesta/rep 0s/31

checkout-time

Wed Dec 3 09:55:12 PST 1997
checkout-by

mann@west.vestasys.org

Figure4.5: Sampleattributeson somedirectories.
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do not entirely trustoneanother Thuswe needa practicalway of authenticating
and accesscheckingcross-realnrequests. In addition, for repositoriesthat are
cooperatingclosely we needit to be meaningfulto replicateaccesscontrol lists,
sothateachrepositorydoesnot have to separatelyadministerthem. This section
outlineshow we have addressetheseissues.

All accesgontrollists andaccessheckingin therepositoryaredonein terms
of global principal names,with the syntaxuser@realm or "group@realm
The realmis an arbitrary namechosenby a systemadministratar typically an
Internetdomainnamethat makes the realms usernamesvalid email addresses.
Groupnamesarewritten with a leadingcaretonly for clarity; thereis not really
ary contet in which bothgroupnamesandusernamescanappearsothe caretis
not neededo preventambiguity

We have kepttherepositorys accessontrollists closeto the Unix stylesothat
they canbemanifestedairly accuratelthroughthe NFSinterface.Eachobjecthas
anownerACL andagroupACL, plusasetof ninemodeflagsthatindicatewhether
theowner, group,andothersaregrantedead write, and/ordirectorysearchaccess.
Unlike the Unix model,the ownerandgroupare setsof globalnamesnot single
local names;we have provided this featuremainly so thatan objectcanbe given
differentownersin differentrealmsif desired. Therefore,whenchoosingwhich
owner and groupto manifestthroughthe NFS interface, the repositorysearches
firstfor onein thelocalrealm. Therepositorymapshetweerglobalprincipalnames
andthe numericuser/groudds usedthroughthe NFS interfaceby examiningthe
local operatingsystems userandgroupregistries(on Unix, /etc/passwd  and
letc/group ) andbuilding up atranslatiortable.

Accesscontrol lists and mode flags are storedin mutableattributes named
#owner , #group , and#mode. Becausenot all objectshave attributes,andto
save space,we usea form of inheritance:if an objectdoesnot have a particu-
lar accesscontrol attribute, it inheritsthe valuefrom its parentdirectory Hence,
changingthe accessontrol on a directorycaneffectively changethe accesson-
trol on otherdirectoriesandfiles belaw it in thetree,adeparturdrom corventional
Unix semanticsThe namesof all accescontrolattributesbegin with anidentify-
ing charactel(*#"), andthe replicator(Section4.4) canbe instructednot to copy
themevenif ordinaryattributesarebeingcopied.

Executepermissionis treatedspecially In Unix andNFS, afile’s executebits
encodetwo logically distinctitems—whethetthe file is executable,andwhether
particularprincipalshave permissiorto executeit. Within a givendirectory some
files may be executableand somenot, soit is not appropriatefor files to inherit
executepermissiorfrom their parentdirectories.But afile storedin animmutable
directory doesnot have a #mode attribute of its own, so we cannotsetits per
missionsindividually. To work aroundthis problem,the repositorymaintainsan
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executableflag for every file. Whenthe Unix chmod function is invoked on a

mutablefile throughtherepositorys NFSinterface,thefile’s executablelagis set
to thelogical or of thethreeexecutablebits given; for immutablefiles, theflagis

immutabletoo, andchmod hasno effect. We thenusethe executabldlag andthe

readpermissiorbitsto determingheexecutepermissiorbits: if afile is executable,
its threeexecutebits area copy of its readbits; if not, they areall zero.

We alsosupplythe Unix setuidandsetgidflags. (Thesetuidflag tellsthe oper
ating systemthatif thisfile is executedasa program the resultingprocessshould
begrantedheprivilegesof thefile’s owner;thesetgidflag thatit shouldbegranted
the privilegesof thefile’s group.) Theseflagsareof no interestto Vestaitself, but
therepositoryis carefulto maintainthemwith the propersecurity;for example,a
file's setuidflag is automaticallyturnedoff if its owneris changed.Theflagsare
encodedn aninterestingway, designedo give theright securitypropertieswvhile
consideringhe possibility of multiple andchangingownersandgroups.Both the
#isetuid and#setgid attributesaresetsof principalnameslf thefirst valueof
#owner thatis in thelocal realm (the ownerthatwill be manifestedhroughthe
NFSinterface)is alsoa value of #setuid , the setuidflag is set,otherwisenot.
Similarly, if thefirst valueof #group thatis in thelocal realmis alsoa value of
#setgid ,thesetgidbit is set,otherwisenot.

Eachincomingrequesto therepositorymustbe authenticateédscomingfrom
someparticularuser Several authenticatiormethodsare supported.The reposi-
tory administratofills in atable(similarin styleto anNFSexporttable)thatspec-
ifies which usernamesto accept,from which hosts,using which authentication
methodsandwhetherto grantnormalor read-onlyaccess.Thusfar we have im-
plementednly two ratherinsecureauthenticatioomethodsthe NFSAUTHUNIX
style,wheretheuserprovideshis numericUnix userid andis believedif hecomes
from a trustedhost (neededo supportmostcurrentNFS clients), anda similar
style wherethe usersuppliesa global principal nameandis believed if he comes
from a hostthatis trustedfor namesfrom thatrealm. We have a designsketchfor
addingKerberosauthenticatiormandhopeto implementit in the future.

Therepositoryrecognizeshreedifferentadministratve principals. Thesystem
administrator(Unix userroot ) hasblanket permissiornto performary operation,
exceptoperationghat could causea violation of the replicaagreementnvariant
(Section4.4). For corveniencethereis alsoa non-rootVestaadministrator(typ-
ically Unix uservadmin ) that hasthe samepermissionsasroot exceptfor per
missionto modify the #setuid and#setgid flags;for the latter, vadmin is
treatedlike an ordinary user Thus, a designatedion-rootusercan managethe
Vestarepository but cannotgain root accesdo othersystemresource®or imper
sonateotherusers. Thereis alsoa specialwizard user(typically Unix username
vwizard ) thatis permittedto do all operationsgventhosethat could potentially
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violatetheagreemeninvariant;this facility is providedonly for emegeng repairs
andis notneededn normaloperation.

Our generalmodelfor groupaccesss thatthe userneedonly authenticatdnis
username;therepositorydeterminesvhatgroupsheis in. This modelworkswell
for intra-realmaccesspecausedhe repositoryusesthe local operatingsystems
facilities to determinethe group membershipof local users. A useraccessing
remoterepository however, by default will not berecognizedasa memberof ary
groups gvengroupsfrom his own realm. To addresshis problem we allow reposi-
tory administratorso augmenthegroupmembershipablewith additionalentries,
but this is a bit laborintensve. A usefulfuture additionmight be to allow group
membershigablesto bereplicated.

As anadditionalfeature oneusernameor groupnamecanbedesignatedsan
aliasfor anotherithis is usefulwhenthe samepersonhasa login in two different
realmsor whentwo cooperatingealmseachhave a groupthatis working on the
sameproject.

We omit the detailsof what accesgpermissionsarerequiredto performmost
operationswhich are generallyohvious. Operationson attributesare controlled
asfollows. Changingan attribute whosenamebegins with # generallyrequires
ownershipaccessgxceptfor a few specialcasessuchas#owner itself (which
requiresadministratre access)#setuid , and#setgid . Changingother at-
tributesrequireswrite accesswhile readingattributesis unrestricted.

4.2 The Evaluator'sView

This sectiondescribesomefeaturesof the repositorythat are provided specially
for useby the Vestaevaluatorandfunction cache.Most arenotvisible to ordinary
users.

4.2.1 DerivedFilesand Shortids

As discussedn Chaptel3, runningthe Vestaevaluatoron amodelcreatederived
filessuchasobjectmodules Jibraries,andexecutableprograms.Derivedfiles are
not enterednto the sourcenamespaceasthey arecreated:by default, they have
uservisible namesonly within the namespacef an evaluation,thatis, within a
running programin the Vestasystemdescriptionlanguage. As evaluation pro-
ceedsthe evaluatorwrites function cacheentriesthatreferto derveds,andwhen
anevaluationconcludesthe evaluatormay ship (copy or link) somederivedsinto
persistentuservisible directoriesasthe evaluations final output.
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The repositoryprovidesraw storagefor derivedsin the form of a simpleab-
stractioncalledthe shortid file. A shortidfile is simply anordinarydisk file that
is namedby a 32-bitinteger, or shortid The repositoryprovidesan interfacefor
allocatinga new shortidandcreatinga correspondindile, andfor openingan ex-
istingfile givenits shortid. Both ongoingevaluationsandpersistenfunctioncache
entriesreferto dervedsby shortid.

Whenthe Vestaweederdeletesa function cacheentry someor all of the de-
rivedsreferencedn the entry’s resultvalue may becomegarbageso shortidfiles
aremanagedisingmarkandsweepgarbagecollection. As theweedemwalks over
the cache,it assembles completelist of shortidsthat are referencedoy cache
entriesthat are being retained. The weederpasseghis list on to the repository
togetherwith the time at which the list is valid. (A time just beforethe startof
weedingis used,to guaranteghatderivedscreatedby evaluationsrunningin par
allel with the weederare not deleted;seeChapter8.) The repositorycandelete
ary shortidfile thatis not onthelist andwhosetime of lastchanggUnix ctime is
earlierthanthelist’s validity time.

Internally therepositorystoressourcefilesin shortidfiles too. By definitiona
source file is simply a shortidfile thathasa namein the repositorys sourcename
space.As with deriveds,the repositorymanagesourcesusing mark and sweep
garbagecollection, not referencecounts. Wheneer the weedersubmitsa list of
shortidsto keep,therepositoryaugmentshelist by walking its own directorytree
to find the sourcedt needsto keep. It thendeletesonly files that are not on the
augmentedist.

Sourcesandderivedsneedto be managediniformly becausét is possiblefor
a sourceto becomea derived, andvice versa. A sourcebecomesa dervedif a
functionreturnsa sourceas part of its result; this happenguite often. Later, the
original sources namemightbedeletedthatis, reboundo aghost) but theshortid
file thatthesourcewasstoredin will bekeptaslong asacacheentrystill refersto
it. A dervedbecomesasourcdf anRPCclientcallstherepositoryandasksfor the
derivedto beinserted(linked)into a sourcedirectory We do not currentlyusethis
feature but we have somefuture applicationan mind. For example,the evaluator
currentlyimplementsthe shippingof final outputderivedsfrom an evaluationby
copying theminto a corventionalfile systemdirectory but it could insteadlink
theminto a Vestadirectory;this implementatiorwould be fasteranduselessdisk
space.

The repositoryalso assignsa shortid to every distinct immutabledirectory
(Two immutabledirectoriesthatareidenticalexceptfor their nameand parentdi-
rectoryarenot consideredlistinct; they usually have the sameshortid.) This fea-
ture letsthe evaluatorandfunction cachereferto a wholetreeof sourceswith one
shortid,allowing a more compact,coarse-grainedepresentationf dependencies
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onfilesin thetree. The useof directory shortidsaddsanotherstepto the repos-
itory’s garbagecollection algorithm: for eachdirectory shortid that the weeder
asksit to keep,the repositorymustwalk the subtreerootedat the corresponding
directoryandkeepthe subdirectoriemndfiles thereaswell.

4.2.2 Evaluator Directoriesand Volatile Dir ectories

Therepositoryprovidestwo classe®f directoriescalledevaluatordirectoriesand
volatiledirectories for useby theruntoolsener (Sections.2.3). Theruntoolsener
encapsulate®olsby runningthemin anervironmentwhereall theirfile references
arerestrictedto suchdirectories,enablingthe Vestasystemto captureandrecord
all thereferenceshatthetoolsmalke andto supplyappropriateimmutablecontents
for eachreferencedile.

An evaluatordirectoryis a directorywhosecontentsare definedby a binding
that exists in the value spaceof an ongoingVestaevaluation. A binding (Sec-
tion 5.2.2)is a datastructurein the Vestalanguagethat pairsnameswith values
similar to a LISP associatiodist or Perlassociatie array An evaluatordirectory
D reflectsthe contentsof a binding B into thefile systemnamespace Eachname
in the binding appearsasa namein the directory If the nameN;j in the binding
B refersto avalueV; of type Text (a byte string or file), thenthe nameN; in the
directory D refersto afile with V; asits contents.If the nameN in the binding
B refersto another subordinateébinding V,, thenthe nameNs, in the directory D
refersto asubdirectorywhosecontentsaredefinedby Vo, recursvely. Thereis also
away to make I/0 devicessuchasthe Unix /dev/null appeatin anevaluator
directory An evaluatordirectoryis immutable becausdt is createcandusedonly
while anevaluationis blockedinsideacallto thelanguages _run _tool primitive.

Whentherepositoryrecevesan NFS requesto list an evaluatordirectoryor
look up anamein it, therepositorypassesherequesthroughto the evaluatorvia
anRPC.WhentheevaluatorrecevessuchanRPC,it recordsadependenconthe
givennameandreturnsits value. Thevaluecanbe eithera shortid,representing
file, or ahandlefor anotherbinding, representing@notherevaluatordirectory The
repositorythengenerateshe appropriateNFSreply. Therepositorykeepsa cache
for eachevaluatordirectoryto avoid repeatedRPCsfor the samename.

In additionto looking up files, an externaltool may createnew files or make
changedo existing ones. Suchchangesannotbe madedirectly to the binding
backingthe correspondingvaluatordirectory sincethatwould amountto a side-
effect. Insteadthe repositoryrecordsall suchchangesn volatile directories. At
theendof the_run _tool call thatlaunchedhetool, the changesecordedn the
volatile directoryarereportedbackto the calleraspartof the_run _tool result.

A volatile directory consistsof a pointerto an evaluatordirectory calledits
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base anda list of changes.Thus a volatile directoryis analogougo a mutable
directory As in amutabledirectory onecancreatenew files or (thanksto copy-
on-write) edit existing files! Thesedirectoriesare called “volatile” not for ary
fundamentareason but merely becauseour repositoryimplementationdoesnot
recordthemon disk, sothey arelostif the repositorycrashesand restarts. Any
shortidfiles createdareof courserecordedn disk; they arelatergarbageollected,
if necessaryThis volatility is tolerablebecause volatile directoryneedso exist
only aslong asit takesa singletool to run, so the only negatie effect is thaton
the rare occasionsvhenthe repositorycrashesary ongoingevaluationsfail. In
compensatiorthetaskof reclaimingresourcesftera crashis simplified.

Runningatool thenworksasfollows. An evaluationinvokesthe _run _tool
primitive with theargumentsdescribedn Section5.2.3,includingthe bindingthat
is to supplytheinitial contentsof thetool’s root directory The evaluatorassigns
a directoryhandleto this binding andcalls the repositoryto createa new volatile
directorybasedon it. The evaluatortheninvokesthe runtool sener, which starts
thetool with therootdirectoryname'/ ” reboundo thenew volatile directory (On
Unix, this stepusesthechroot systemcall.) After thetool finishesrunning,the
evaluatorcallstherepositoryto find out whatchangeghetool madeto its volatile
directory anduseghisinformationto constructresultbinding. If thetool created
or editedary files, their new shortidsarereturnedaspart of the changedlist, and
they becomederiveds. Finally, the evaluatordeleteghe volatile directory freeing
theresource# wasconsumingn therepository

4.2.3 Fingerprints

Within the function cache speciall28-bitchecksumgalledfingerprints areused
to provide compactuniqueabbre&iationsfor values.Two valuescanbe compared
for equalityby comparingtheir fingerprints,with a vanishinglysmall probability
of erroneouslyconsideringtwo differentvaluesto be equal. SeeSection6.2 for
furtherdetails.

As a serviceto the function cacheand evaluator the repositorykeepsfinger
printsfor certainkindsof files anddirectoriesandmakesthemavailablethoughan
RPCinterface.

Every immutabledirectory andimmutablefile in the tree rootedat /vesta
hasa fingerprint, becausen evaluationcanrefer to suchfiles anddirectoriesas
sources.Ghosts,stubs,and appendablairectoriesdo not have fingerprints,be-
causea (successfullvaluationcannever referto one. Therepositoryalsosupplies
fingerprintsfor filesin volatile andevaluatordirectories pecaus@anevaluationcan

1But seeSection4.3.3for restrictions.
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produceandcachesuchafile asaderived. Volatile andevaluatordirectorieshem-
sehes do not requirefingerprints;their existenceis ephemerabndthe function
cachenever containsa referenceo one. For performanceeasonsye useseveral
differentmethodof fingerprintingfiles anddirectories.

Eachlarge immutablefile andeachimmutabledirectoryis givena fingerprint
basednthefull hierarchicahameunderwhichit isfirst placedinto therepository
Thatfingerprint stayswith the sourceasit acquiresnew namesvia the checkin-
adwance-cheabut cycle or via renaming. Fingerprintingbasedon the namepro-
videstherequiredsemantichecauseherepositoryguaranteethatanameis never
reusedor adifferentsource.

Eachlarge new derived (thatis, eachlarge new file in a volatile directory)is
given a fingerprintbasedon an arbitrary uniqueidentifier thatis generatedvhen
thefile is created.Thatfingerprintis reportedoackto theevaluator storedwith ary
function cacheentry that pointsto the file, andsuppliedagainto the repositoryif
thefile laterappearasanexistingfile in anew evaluatordirectory Fingerprinting
basednauniqueidentifierprovidestherequiredsemantichecauseheidentifiers
arenever reused.It givesbetterperformanceahanfingerprintingthe file contents
becauseheidentifiersaremuchshorterthanthe averageargefile.

Thefingerprintof a smallfile is computedrom its contents.This methodof
fingerprintinghassomeinterestingconsequences$or example,if auser‘touches”
a sourcefile in aworking directory (thatis, performsa write to thefile thatdoes
not actually changethe contents) sourcefingerprintingbasedon a uniqueidenti-
fier would causethefile to be recompiledandeverythingthatdependnit to be
retuilt. With fingerprintingbasedon contentshowever, thefile will berecognized
asunchangedaandnothingwill be rekuilt. Further supposea usereditsthe com-
mentsin a sourcefile but doesnot changethe code. This always causeghe file
to berecompiled but if the compileris fully deterministictherecompilationwill
generataderivedfile with exactly the samecontentsasthepreviousversion.With
dervedfingerprintsbasedn contentsthenew derivedfile would berecognizeds
identicalto theold one,andprogramshatuseit would not berelinked.

Becausehetwo typesof fingerprintinggive semanticallyequivalentresultswe
have madethe sizethresholdconfigurableat runtime. By default, we currentlyfin-
gerprintbothsourcesaandderivedsthataresmallerthanonemegabyteby contents,
larger onesby uniqueidentifiet? This approactworkswell for sourcesput unfor
tunately the C and C++ compilersthat we are currently usinginserttimestamps
into the objectfiles they produce negatingthe benefitsof fingerprintingthesefiles
by contents.

2Onthehardwaredescribedn Chapte, afile canbefingerprintedatroughly 1 MB/sec(elapsed
time).
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Notethatchanginghesizethresholdbetweerthefingerprintingmethodsdoes
not causea problem. The cacheandevaluatorrequireonly thattwo files or direc-
torieswith differentcontentsalwayshave differentfingerprints.It is not essential
that two files or directorieswith the samecontentsalways have the samefinger
print, thoughit is advantageoushat they do asoften aspossible,sincethat will
allow for morefunction cachehits. (We of coursearrangethatfingerprintscom-
putedby thetwo methodsdo not collide, by includinga prefixin thefingerprinted
stringthatsayswhich type of fingerprintingwasused.)

A late additionto the repositorydesignwas an internaltable that allows arny
file or directoryto be looked up by its fingerprint. This table hastwo important
uses First, if auseradvancesasmallfile into therepositorythatis alreadypresent
with the samecontentsbut a differentname therepositorylooks up the new file's
fingerprintin the table, finds that a copy is alreadypresentandarrangedor the
two copiesto sharestorage thussaving disk space.Secondthe replicator(Sec-
tion 4.4.8)useghetableto avoid makingredundantopiesof bothfiles anddirec-
torieswhencopying datafrom onerepositoryto another andto avoid copying a
directoryin full if acopy of its base(Section4.3.2)is alreadypresentat the desti-
nation. Thetableis not kepton disk, asthe repositoryis ableto rehuild it from its
otherdatastructuresiponreboot.

4.3 The Implementor’'sView

This sectiondescribesomeinterestingaspect®f the repositoryimplementation.

4.3.1 Shortids and Files

The repositorystoresshortidfiles in an ordinaryfile systemprovided by the un-
derlying operatingsystemunderafixed directorychosenvhenVestais installed.
Eachfile’s nameis derived from its 32-bit shortid. For example,afile with shortid
0x12345678would have a namelike /vesta-sid/123/ 456/7 8. Interme-
diatedirectoriessuchas/vesta-sid/123 and/vesta-sid/123 /45 6 are
createdonly whenneededandaredeletedwhenthey becomeempty Vestausers
never seethesefilenames. The /vesta-sid directoryand all files and direc-
toriesbeneatht have their accespermissionsetso asto be directly accessible
only to the repositorysener, the function cachesener, andthe evaluator Im-
mutableshortidfiles (thosecorrespondingo immutablesourcefiles or to deriveds
thathave beencompletelywritten andarereferencedy cacheentries)have their
write permissiorbits turnedoff.

Why do processestherthanthe repositorysener itself have directaccesgso
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the /vesta-sid directory tree? We allow this for efficieng.. A processthat
knows afile’s shortidcanreador write it directly thoughthe underlyingfile sys-
tem, therebyavoiding the overheadof passingdatathroughthe repositoryNFS
interfaceandoffloadingwork from therepositorysener. We alsopermitprocesses
to createshortidfiles without contactingthe repositoryfor eachone. The reposi-
tory providesan RPCinterfacethat allocatesnewn shortidsin blocksof 256. The
blockshave leasesthatis, ownershipof a block timesoutif it is not periodically
renaved,enablingtherepositoryto reclaimblocksallocatedio processethathave
crashed A layer of library codeprovided by the repositoryimplementatiorhides
the compleity of block allocationandleaserenaval from client programs.

This efficient route for accessingshortid files unfortunatelyseeslittle use.
Nearlyall accesse® shortidfiles arethroughtherepositoryNFSinterface.Users
of courseaccessourceshroughNFS.Encapsulatetbolsreadexistingsourcesand
deriveds,andwrite new deriveds,usingthe repositorys NFS interfaceto volatile
directories.Only a few accesseby the evaluatoritself andby the weederbypass
the repositoryNFS sener. In hindsightit might have beena betterdesignchoice
to omit this accesgpath,insteadmakingthe /vesta-sid directorytreea private
datastructurethatis hiddenfrom all processebut therepositorysener itself.

To consere memory the repositoryavoids keepingary sort of in-memory
structureindexed by file shortid. It keepsa recordonly of which 256-shortid
blocks are currently leased. When someprocessholds a leaseon a block, that
procesgmaintainsa bitmapof unusedshortidsin the block. The initial value for
this bitmapis computedvhenthe block is allocated by looking at the /vesta-
sid directorytreeandseeingwhich shortidsin the block are currentlyboundto
files. Whenallocatingnew blocks,the repositorytries to chooseempty ones,but
doesnotguarante¢o do soeverytime.

Therepositorydoesneedto keepanindex thatmapsfrom immutabledirectory
shortidsto the actualdirectorystructurein memory Theindex is storedasa hash
tablein memory Theindex islittle used sothereshouldbeno seriougperformance
problemif it falls out of the repositorys working setandneedso be pagedback
in from disk whenused. It might have beenpreferableto eliminatethis index by
computinga directorys shortidfrom its memoryaddressbut this wasimpractical
becausdhe repositorys memorymanagemenfdiscussedhext) sometimesnoves
directoriesto differentaddressesAt ary rate, the index doesnot take up much
spaceseeSection9.3.2.

4.3.2 Directories

Therepositorykeepsall of its directorystructurein virtual memory Thisincludes
all five directorytypesdescribedabore (appendableéimmutable mutable evalua-
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tor, andvolatile), plusstubsandghosts.File datais storedin shortidfiles; directory
entriesfor files pointto themby shortid.

While the directory structureexternally appeargo be a tree, internally it is
a DAG (directedagyclic graph). Much structurethat appeardo be repeatedn
the tree occursonly oncein the DAG, therebysaring a greatdeal of memory
Internally directoriesdo not have parentlinks. Therefore,whenan immutable
directory with the samechildren appearsat two or more different placesin the
tree,internallythereneedbe only onecopy. This sortof sharingoccurswheneer
a packagehasa subdirectorythat remainsunchangedrom one packageversion
to the next. Also, assketchedearlier every directoryis implementedasa list of
entriestogethemwith a (possiblynull) basepointer Thereforewhenonedirectory
is nearlythe sameasanotherthe secondcanbe representedompactlyasalist of
changeselative to thefirst. This sortof sharingoccursbetweereachversionof a
packageandthe previousversion.Currently thereis nolimit on how longachain
of basepointerscangrow, but it would be straightforvard to adda heuristicthat
breaksthe chainif it becomesolongthatlookupsaretoo slow.

Therepositorypacksts in-memorystructureightly to keepmemoryconsump-
tion down. Thegoalis to keepthe structuresmallenoughto stayresidentn phys-
ical memoryatall times,sothatdirectoryacceswill notbeslovedby paging.To
this end,referencedetweerpartsof the structureuse32-bit arrayindicesinstead
of pointers(which are64 bits wide on Alpha, the architectureon which Vestawas
firstimplemented)andrecordfields arearbitrarily byte-aligned.We demonstrate
the effectivenesf this compactionn Section9.3.2.

To keepthe directorydatastable,we usea simplelogging andcheckpointing
techniqud7]. Wheneerarepositoryclientrequestanupdateoperationthesener
appendsa recordof the operatiorns nameand parameterso a log file andforces
it to disk beforemodifying the in-memorydataandreturningto the client. If the
repositorycrashesyponrestartit replaysthelog to restoreits state.Operationn
volatile directoriesarenotlogged.

To malke recovery faster the repositoryoccasionallymakes a chedpoint by
dumpingits stateto a file. The next recorery thenbgagins from the mostrecently
committedcheckpoint. The checkpointcodeis actually an application-specific
compactinggarbageollector socheckpointinghasthe usefulside-efect of reduc-
ing memoryfragmentationThealgorithmis designedor minimal memoryusage.
First, it writes the compactedcheckpointdirectly to a file, not to a second(“to-
space”)memoryregion asan ordinarycopying garbagecollectorwould. Second,
whenit copiesanobject,it putstheforwardingpointerto the objects new address
(whichis neededo keepthe objectfrom beingcopiedmorethanonceif thereare
mary pointersto it) into thefirst few bytesof the objects old location. Thusthe
algorithmis destructie, necessitatingnimmediaterecovery from the checkpoint
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file whenit is complete® This recavery is transparento therestof the systemwe
make it so by including even volatile directorystructuresn the checkpoint. The
volatile structuresare written at the end of the checkpointandareignoredwhen
recoveringfrom arealcrash.

Ourlogging packagss sufiiciently general-purposthatwe useit in the func-
tion cachesener aswell astherepository It permitsanarbitrarynumberof bytes
to be atomically appendedo a log, evenif the underlyingfile systemand disk
controllerhardwarereorderwritesto disk, by includinga versionnumberin every
disk block. Thelog packsdatatightly into disk blocks,yet ensureghatcommitted
datais not lost evenif a hardwarefailure corruptsthe block currently beingwrit-
ten. It achievesthis by alternatelywriting two differentblockswhenaddingmore
dataat thetail of thelog, like the ping-pongalgorithm[21] but avoiding the need
to sometimesio the lastwrite twice. The packagesupportsfuzzy checkpointing;
thatis, makinga checkpointin parallelwith appendingnoredata. Therepository
sener doesnot requirethis feature but the cachesener usesit to enableweeding
to proceedn parallelwith normaloperation.

4.3.3 Longids

To operateasan NFS sener, therepositorymustassigna 32-byteNFSfile handle
to everyfile anddirectoryit storesandit mustbeableto look up afile or directory
by its handle. For properNFS semanticsthe meaningof a handlemustremain
stableacrosgepositorycrashesndrestartsanda handlefor a deletedobjectmust
not be reusedat leastnot soon). To keepfrom usingtoo muchmemory we want
to avoid having alarge tablethatmapsfrom handleso memoryaddressesjet we
cannotusememoryaddresseslirectly as handlesbecausecheckpointingmoves
directorieso differentaddresses.

Anotherproblemtherepositoryfacess how to implementhe parentinks in a
Unix-like directorytreewhentheinternal DAG representatiodoesnot storesuch
links. Indeed,asmentionedearlier several externally visible andapparenthdis-
tinct directorieswith differentparentamay sharethe sameinternalrepresentation.

We solve boththeseproblemswith onenovel mechanismthelongid. A longid
encodeshe paththroughthe externallyvisible directorytreethatwasusedto reach
anobject. Eachcomponenof the pathnames encodedcasanindex number The
low-orderbit of this index numberindicateswhetherthe entryis in the mutable
changdist of the directoryor in theimmutablebase while the otherbits give the
entry numberwithin the indicatedlist. The index humbersare representedn a
variable-widthencodingwherenumberg to 2” — 1 requireonebyte, 2’ to 2% — 1

3If the repositorycrasheswhile writing a checkpoint,it will recover from the mostrecentsuc-
cessfulcheckpointandthe succeedingperationog.
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requiretwo, etc.), andthe resultingbytes are concatenatedo form the longid.
We resere 0 asaterminator Longidsarerestrictedto 32 bytesin lengthsothat
they canbe useddirectly asNFS handles.Restrictingthe longid lengthof course
restrictsthe depth of the directory tree, but 32 bytesseemsamplefor ary size
sourcepool we canimaginestoring? Longidsarerepository-specificnot global;
replicationdoesnot transmitthemfrom onerepaositoryto another

Longids have the major propertieswe need. Every objectin the externally
visible directorytree hasits own longid, which remainsstableacrossrepository
restartsLongidsarenotreusedpecauselirectoryentriesarenotreusecr deleted.
(In directorytypesthat permitdeletion,we keepaninvisible placeholdefor each
deletedentryto preventits index numberfrom beingreused.)Therepositorylooks
up alongid by traversingthe directorytreemuchasif it werelooking up the cor
respondingname;this traversalis fastbecauseahe entiretreeis keptin memory
Givenanobjects longid, onecanfind its parents longid simply by truncatingthe
lastcomponent.

Longids do not quite provide a perfectimplementationof the expectedNFS
semanticshut we have beenableto paperover the differenceeffectively. In par
ticular, if anobjectis renamedits NFS handleis expectedto remainthe same.In
the repository an objectthat is renamedunavoidably getsa new longid, but we
replaceits old directoryentrywith a forwardingpointerto the new onesothatits
old longid cancontinueto work also. The old longid stopsworking if the objects
old parentdirectoryis deleted however. Also, the existenceof two handledor the
samemutablefile will causean NFS cachecoherenceproblemin the extremely
unlikely eventthatthe sameclient hasthefile opentwice, onceundertheold han-
dle from beforeit wasrenamedand onceunderthe nev nameand nev handle.
Eventhoughboth opensare doneby the sameclient andthuswould normally be
coherentjn this casethe client seeswo differenthandlessoit will cachethefile
twice andfail to keepthetwo copiescoherentWe have never seensucha casein
practice.

Longids as describedso far have one major dravback. When the evaluator
createsa new volatile directorytreeto provide an encapsulate@rvironmentfor
a tool, all the files and directoriesin the tree acquirenaw, uniquelongids. But
whenthe evaluatorrunsseveraltoolsin successioin the courseof a build, mary
shortidfiles areaccessedepeatedlyfor example,standardC headeffiles thatare
readby mary compiles,or objectfiles that arewritten by a compileandreadby
a subsequenlink. For goodperformancetools shouldget NFS client cachehits
whenthey accessdilesthatothertoolshave recentlyaccessedjut thisis impossible
whenthe saméfile is seemashaving a differentfile handleeachtime anew tool is

“4In our own usagethusfar, we have not exceededL3 bytes.
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run. We hadsubstantiaperformanceroblemsn large Vestabuilds until we found
asolutionto this problem.

Our solutionis asfollows. Filesin volatile directoriesare optionally given a
shortid-basedongid, anew kind of longidthatencodeshefile’s shortidandfinger
print insteadof its pathname Thus,the sameshortidfile hasthe samefile handle
everytime ary tool encounterst, andthetools seegoodNFS cacheperformance.
All directoriescontinueto usestandargathname-basddngids.

Shortid-basedongids have two dravbacksthat keepthem from universally
displacingpathname-basddngids.

First, alevel of indirectionis lost, making copy-on-write impossible.Thatis,
with apathname-basddngid, therearetwo levelsof indirection: thelongid speci-
fiesapaththroughthedirectorytree,andthetreespecifiesashortid. Thereforewe
canchangdheshortidthatalongid pointsto by changinghetree;in particular we
cando copy-on write by changingthe treefrom specifyinganimmutableshortid
file to specifyinga new, mutablecopy of the samefile with a differentshortid.
But a shortid-basedbngid specifieghe shortiddirectly, soits meaningcannotbe
changedhisway. This makesshortid-basetbngidsunsuitablefor filesin mutable
directoriessowe do notusethemthere.lt alsomeanghattoolscannotbeallowed
to modify existingfilesin volatile directoriesastheoriginal designpermitted(Sec-
tion 4.2.2),becausehatalsorequirescopy-on-write. Thislimitation is no problem
for mosttools, but to accommodateinusualtools that needto be ableto modify
existing files, we have madethe old behaior selectabldéy aflag to the evaluators
_run _tool primitive (whichisin turn passedo therepositorys volatile directory
creationprimitive).

Secondtheability to find a sourceobjects parentdirectoryis lost. Thismakes
shortid-basedongidsunsuitablefor directories. It alsomeangshata file's access
controlcannotbeinheritedfrom its parentdirectory which makesthenew longids
poorly suitedfor filesin immutableandappendabléirectories. Onecouldimagine
living with the accesscontrol limitation, by making all immutablefiles world-
readableandrelying on directoryaccessontrolsto protectthemwhennecessaty
but this optionis unattractie.

Fortunatelypathname-basddngidsprovide adequat®&FScacheperformance
in mutable,immutable,and appendablalirectories,becausesuchdirectoriesare
not createdanddeletedfrequently soretainingthemtherehascausedis no prob-
lems.

4.3.4 Copy on Write

As explainedearlier therepositoryusescopy-on-write to save disk space Whena
usercreatesa mutabledirectorybasedon animmutableone,all the file entriesin
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thenew directoryinitially referto immutablefiles. If the usertriesto write to such
afile, therepositorycopiesit to anew file with anew shortid,addsanentryto the
“changes”portionof the mutabledirectoryto pointto it, andwritesto the new file
instead.

Pathname-baselbngids add an extra complicationhere. In the situationde-
scribedin the previous paragraphthe new entryhasadifferentindex numberthan
theold one,soalthoughthenew copy of thefile hasthe samenameastheold one,
it hasa differentlongid! Wefix this problemby settinga flag in the new directory
entryto indicatethat the old longid shouldcontinueto be used,not the new one.
Whentherepositorylooksup anameto find alongid, if it encounteranentrywith
thisflag set,it looksfor anotherentry containingthe samenamein thedirectorys
immutablebaseanduseshatentry’sindex numbern thelongid. Whentherepos-
itory looks up anobjectby longid, eachtime it encountersanindex numberthat
pointsinto theimmutablebaseof amutabledirectory it extractsthenamefrom the
directoryentryfoundandchecksto seeif thereis aflaggedentryin the“changes”
portionwith thesamename.This solutionusesminimal spacebut doesslow down
nameandlongid lookupa bit.

We also do copy-on-write for directories. A nev mutabledirectory may be
basedon animmutabledirectorywith immutablesubdirectories!f a usertriesto
editafile (or make any otherchangejn sucha subdirectorythe repositorycopies
the old immutablesubdirectoryto a newv mutableone, and addsan entry to the
mutableparentdirectoryto pointto it. In this case,of coursethe copying itself
is optimizedby creatingthe copy asa new directorybasedon the old onewith an
initially emptylist of changeslf theusermakeshisfirst edit severallevelsdeepin
thedirectorystructurethe copying processs appliedrecursvely.

4.3.5 NFSInterface

TherepositoryNFSsenerrunsentirelyin userspacelt is simply asoftwarelayer
ontop of thebasicrepositoryfunctionality whichis (aswe have described)ayered
ontopof anordinaryfile system.Thelayered,userspaceapproachmakesfor sim-
pler implementatiorand dehuggingthana kernel-residenapproachhut it incurs
additionaloverheadin datacopying and contet switching. We shav in Chap-
ter 9 that althoughthe repositoryprovides poorerfile systemperformancehana
standardkernel-residenNFSsener, it is still fully adequatdor our purposes.
The NFS senerimplementatiorusesa modifiedversionof Suns ONC (Open
Network Computing)RPClibrary. Theoriginal library wasdesignedor useonly
in single-threadegdrogramsin particularits sener-sideduplicatesuppressioma-
chineryassumesherecanbe only oneoutstandingequestt atime. But because
NFSis built onasimplerequest/respongzotocolwith no datastreamingNFSim-
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plementationgienerallyperformbadly unlessmary NFS readsand/orwrites can
bein flight simultaneoushbetweerthe sameclientandsenerin separatéhreads.
We rewrotetheduplicatesuppressiomachineryto enablemultithreadingthereby
removing this performancéottleneck.

Therepositorycheatsslightly in its implementatiorof NFS version2 seman-
tics. For strict correctnesswhen a client writes to an NFS2 sener, the sener
mustmake surethe datais stable(eitheron disk or in nornvolatile memory)before
acknavledging the write to the client. Otherwise,if the sener shouldcrashand
restartwith somedataacknavledgedbut not actually on disk, the client’s cache
would becomencoherentwith the sener’s stateandthe datawould never be writ-
ten. Therepositorydoesnotimplementthesesemanticsit passesvritesonto the
underlyingoperatingsystembeforeacknavledgingthemto the client, but it does
not wait for the operatingsystemto force themout to disk. Thereforeif the ma-
chinethattherepositorysener is runningon (not justtherepositoryprocesstself)
crasheswhile a clientis actively writing to it, a write thatthe client believeshas
beendonemayactuallybelost.

We have chosento leave this problemuncorrectedecauset rarely occursin
practice,typically haslittle impact,andwould be quite difficult to fix. The best
long-termfix would be for usto upgradethe repositorys NFS implementatiorto
NFS version3, but this protocolis muchmore complex thanNFS version2. A
simplefix within the NFS2framavork would be to make a Unix fsync system
call to force eachwrite to disk beforeacknavledgingit backto the client, but this
changewould significantlyharmtherepositorys NFS performance.

4.3.6 RPC Interfaces

Therepositoryhastwo additionalRPCinterfaces onefor accesso shortidfilesand
onefor accesgo thedirectorystructure.Most of theinterestingfeaturesavailable
throughtheseinterfaceshave beendiscussedbore, so we do not describethem
furtherhere.Bothinterfacesusethe SRPC(simpleRPC)packagealescribedriefly
in Section9.6.

4.4 Replication

Increasingly large software systemsare developedin parallel at geographically
distributed sites. The Vestarepositorywasthereforedesignedo make it easyto
replicatesourcesat mary sites. To enabledevelopersto work independentlythe
replicationdesignallows eachrepositoryto operatemostly autonomouslythereby
reducingthe overheadbf normalrepositoryoperations.
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Our conceptof replicationis broad, encompassingverything from source
distributionsissuedon CD-ROM to cooperatie developmentof one sourcepool
acrossmary geographicallyseparatedites. We begin by presentinghe overall
conceptandexplaining how it hasaffectedthe designof sourcenaming,mutable
attributes,andaccessontrol. We thengo on to describethe replicationtools we
have written.

4.4.1 Global Namespace

ConceptuallyVestasourcesarenamedn a singlenamespacthatis globalacross
all Vestarepositories.As describedearlier the namespaces organizedasatree.
Eachrepositorystoresa subtreeof the total namespaceReplicationexists when
two or morerepositoriesstoresubtreeghat overlap. In this case we requirethat
the overlappingportionsagree thatis, (1) the samenameis notboundto different
valuesin two differentrepositoriesand(2) at mostonerepositoryis masterfor

eachname.We definemastershi@ndagreemenpreciselyin the next section.We

often usethe term partial replicationfor our style of replication, becausesach
repositorycanreplicateall, part,or noneof the datastoredin ary otherrepository

We have choserthe standard/estanamingcorventionto malke it easyfor new
sitesto adoptVestawithout inadwertently creatingsourcenamesthat clashwith
thoseat othersites. Thus,two sitesthatinitially know nothingof eachotherand
shareno sourcescanstill be consideregarticipantan the globalnamespaceand
canlaterdecideto cooperateandtake replicasof eachothers code.In thestandard
namingcorvention,theroot of theglobalnamespaces called/vesta . Wechose
this namesimply to make it easyto mounttherepositoryinto a standardJnix file
namespaceWhena new Vestasite wantsto createsourceshat areinitially not
sharedwith ary othersite, by corventionthe site administratoputsthemin anewv
directoryimmediatelybelov /vesta , namedwith aninternetdomainnamethat
the site owns. In this way, the new namesare madeglobally uniquewithout the
needfor ary specialcoordination.This mechanisnis not perfect,becausénternet
domainnamescanbe dergjisteredandlater rergyisteredto someotherowner, but
we believe it is adequatdor practicaluse.

Sourceghatareto bedistributedwidely shouldbenamedcarefully sothatthe
namesmale senseo the peoplewho will be usingthem. For example,we plan
to malke the Vestasourcespublicly available undera directory named/vesta/
vestasys.org , hotonenamedfor someparticularmachine.
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4.4.2 Mastership

Every sourceobjectin a Vestarepositoryhasaboolearmasterflag, includingfiles,
directories stubs,andghosts.Whenanobijectis replicatedn severalrepositories,
its masterflag is setin at mostone of them. Mastershipfor an object can be
transferredfrom one repositoryto another;this mustbe doneusing a carefully
designedprotocol, to ensurethat a failed transferattemptstill leaves the object
with exactly onemaster We describemastershiggransferin Section4.4.5below.

Mastershipis importantchiefly for appendablalirectories. The mastercopy
of anappendablairectoryis the synchronizatiorpoint for addingneny namesto
the directory Arbitrary new namescan be freely addedto a masterappendable
directory but nev namesanbeaddedo anonmasteappendabldirectoryonly by
copying themfrom anotherepository Whenanappendablelirectoryis mastered
ataparticularrepositorywe do notrequirethatrepositoryto storea completecopy
of the subtreerootedat thatdirectory Neverthelessthe masterrepositoryneeds
to keepa completelist of boundnamesto prevent clasheswhennen namesare
inserted.To supporthis, we addanothemusefor the stubsandghostsintroducedn
Section4.1.1above: the mastercopy may bind somenamesto placeholdestubs
or ghostswhile othercopiesstorethe real data. Note thatanimmutabledirectory
cannotcontaina stub or ghost. Thus at eachrepository every tree rootedat an
immutabledirectoryis eithercompletelypresenpr completelyabsentin termsof
packagesindversionsjf ary file or directoryfrom a packageversionis replicated
in a givenrepository thenthatentireversionmustbereplicatedthere.

Mastershigs importantfor stubsaswell. A masterstubcanbefreelyreplaced
with a newly createdsourceof ary type, while a nonmastestubcanbe replaced
only by copying from anotherrepository In either case,the new sourcehasthe
samemastershipstatusasthe old stub The reseration stubsintroducedin Sec-
tion 4.1.4abore aremasterstubs.Thus,a masterstubis aplaceholdefor datathat
hasyet to be createdwhile a nonmastesstubis a placeholdeffor datathat may
existin anothemrepositorybut is not replicatedocally.

We alsomale a distinctionbetweermasterandnonmasteghosts.Both types
of ghostsindicatethat a previously existing sourcehasbeendeleted;thus they
sene a placeholderole similar to that of stubs. We allow eithertype of ghost
to be replacedby a copy of the sourcetaken from anotherreplica, with the new
sourceretainingthe mastershigstatusof the old ghost,exceptthata masterghost
cannotbechangedo a masterappendabléirectoryor masterstub It is impermis-
sibleto changea masterghostto a masterappendabléirectorybecauseve cannot
guarantedo restoreall the namesthat were boundin the directoryat the time it
wasdeleted.lt is impermissibleto changea masterghostto a masterstubbecause
the masterstubcouldin turn be replacedoy an arbitrary objectdifferentfrom the
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names original, pre-ghoswalue,thusviolating Vestas immutability guaranteé.

For othertypesof objectstherule thatanamehasat mostonemasteremains,
but mastershifasno otherenforcedmeaning By corvention,howvever, themaster
copy of anobjectcanbethoughtof asthe“main” copy, whichshouldnotbedeleted
(or replacedwith aghost)without thinking twice.

4.4.3 Replication Example

Figure4.6 shavs anexampleof two repositorieghat partially replicateeachother
andarein agreemenf{consistent).The figureillustratesseveral commonpatterns
thatoccurin realVestausage Ontheleft is thewestcoastrepositoryof theimagi-

nary VestaSystemsOrganizationpn theright is its eastcoastrepository

east.vestasys.org

gui

@= Immutable

O= Master Appendable
©= Nonmaster Appendable
O0= Master Stub

H= Nonmaster Stub

Figure 4.6: Two repositoriewesternand easternhat arein agree-
ment.

As discusse@bove, therootdirectory/vesta is notmastereateitherrepos-
itory, andthenameglirectly underit look like Internetdomainnames.Thewestern
repositoryhascreateda subdirectorynamedvest.vestasys.o rg andholdsits
mastercopy, andthe easterrrepositoryhasdonethe samefor east.vestasys
.org .

Partial replicationoccursat severallevels of thetree. At thetop, partof west
.vestasys.org/c ormmonis replicatedin the easterrepository The western
copy hasa completelist of namegqthread ,text ,table , andcache ), while
the easterrcopy is lackingtable . Thewesterncopy doesnot have the contents

5In hindsight,we could have simplified the designby eliminating both masterand nonmaster
ghostsusingnonmastestubsfor deletedtemsinstead.

56



of thecache directory but doeshave a stubwith thatnameasa placeholderthus
no onecancreatea differentcache directorythatwould clashwith the copy in
the eastermrepository

Onelevel down, in thethread packagethewesterncopy is masterandhas
all threeversionsthat currently exist, while the easterncopy doesnot currently
have version3. Thetext packagdllustratesthe pointthata directoryneednot
have the samemasterasits parent;it is masteredtthe easterrrepository Perhaps
whenfirst createdt wasmastereditthe westernrepositoryandlatermovedto the
easterrepository sinceversionl is presenin thewestbut notin the east.Since
the easterrcopy is mastey it musthave a completelist of namessoit hasa stub
for versionl, perhapsnsertedat the time it receved mastershipin addition,the
easterncopy hasa masterstubfor version3. This masterstubis a placeholder
for an objectwhosecontenthasnot yet beensupplied;the masterrepositoryis
free to replaceit later with a differenttype of object, but thereaftert cannotbe
changedackto a masterstub Masterstubsare usedby vcheckout to represent
resenations,asdescribedn Section4.1.4above.

4.4.4 Agreement

We arenow readyto give the precisedefinitionof VestaagreementLet A andB be
Vestasourceobjects et A.master denotehemastefflagof A, let A.repos denote
the repositorywhere A is stored,andif A is adirectory let A.names denotethe
list of namesthatareboundin it. Then A ~ B (read“ A agreeswith B”) if the
following recursvely definedconditionshold:

1. A.master A B.master = A.repos = B.repos and
2. At leastoneof thefollowing holds:

(a) A andB arefileswith identicalcontents.
(b) A andB areimmutabledirectorieswhere
i. A.names = B.names, and
ii. Vn:ne A.names = A/n~>~ B/n,
(c) A andB areappendablélirectorieswhere

i. Vn:n e A.names An € B.names = A/n >~ B/n,
ii. A master = B.names € A.names, and
iii. B.master = A.names C B.names.

(d) AandB arebothmasterstubs.
(e) Aor B isanonmastestub
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(f) AorBisaghost.

In addition,we saytwo repositoriesagreewvhentheirreplicasof therootdirec-
tory /lvesta agree.

Condition1 effectively saysthatthe samesourceis not masteredn morethan
onerepository It is statedin an odd-soundingvay so that agreementanbere-
flexive (thatis, sothatarepositoryagreeswith itself). Condition2dis alsoneeded
only for reflexivity. Conditions2aand2b requirereplicasof immutablefiles and
directoriesto beidentical.

Conditions2c and2e make partialreplicationpossible By 2c¢, two appendable
directoriescanagreeevenif oneor both have only a subsef the completesetof
nameglefinedin thedirectory But themastereplicahasacompletdist of names;
thus,the mastercancoordinatethe creationof new namesassuringhatthe same
nameis never boundin differentreplicasto sourceghatdo not agree.By 2e two
appendablelirectoriescanagreeevenif onehasa nonmastestubwherethe other
hassomeotherobiject.

Conditions2d-2freflectthe way stubsandghostsareintendedto be used,as
describedhbore. A masterstubagreeswith nothingbut itself or anonmastestub,
becaus@amastestubrepresenta sourcehatisto bechecledin later If themaster
stubis still presenttheactualsourcehasnotyetbeenchecledin, soit cannotexist
in adifferentrepository A nonmastestub,however, agreesvith anything. A ghost
alsoagreesith arnything, becaus@anobjectcanbedeletedrom onerepositorybut
remainpresenin others.

Notice that the agreementelationis not transitve; pairwise agreemenbe-
tween A and B and betweenB and C is not sufiicient to guaranteeagreement
betweenA andC. This nontransitiity is an unaoidablepropertyof partialrepli-
cation. Replicasare consideredo agreewhentheir overlappingportionsdo not
clash;but A andC may overlapandclashin a portionthatdoesnot overlapwith
B. For example,supposéhat/vesta/foo is masteredat repositoryA, andthat
Ivesta/foo/bar is animmutabledirectoryin repositoryA, absenin reposi-
tory B, andanimmutablefile in repositoryC. ThenA ~ B andB ~ C, but the
directoryat A clasheswith thefile at C, so A doesnotagreewith C.

Lestthis examplecreateawrongimpressionwe muststresghatVestareplica-
tionis notintendedo operatén amodewheresomepairsof repositoriesagreeand
othersdo not. We wantto establishandmaintainglobal agreement the invariant
thatall pairs of repositoriesagree.

We presere globalagreemenby allowing arepositoryto changeonly through
the applicationof specificoperationghatareknown to be safe. For an operation
thatmodifiesonly onerepositoryA, it is sufficient to shawv thatfor all repositories
B, if initially A ~ B holds,thenit still holdsafterthe operation.For anoperation
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that modifiestwo repositoriesA and B, it is sufficient to shav thatfor all repos-
itories C, if initially A ~ B A B >~ C A C >~ A holds,thenit still holdsafter
the operation.Dueto nontransityity, all threetermsin the postconditiormustbe
proved,andall threein the preconditionmustbe given.

4.4.5 Agreement-Pesewing Primiti ves

It is easyto establishinitial agreemenamongrepositoriessincea new repository
thatcontainsonly anemptycopy of theroot directory/vesta agreeswith every

otherrepository Thereafterwe needto knonv how to make changego agreeing
repositoriedn a safeway, onethatis guaranteeadhot to breakthe agreementWe

wantrepositoriego operatemostly autonomouslysoit is importantthatmostop-

erationscanbe performedwithout consultinganothemrepository andthatthe rest
requireconsultingonly oneother Our definitionof agreemenis designedo make

this fairly easy The following operationsare safe,andthe repositorysener pro-

videseachoneasa primitive® All the primitivesareatomicexceptfor number7,

mastershigransfer

1. Createanen mastemppendabldirectoryin /vesta , usingalocally owned
Internetdomainname.

2. Createa new child objectof ary immutableor appendabléypein a master
appendablelirectory

3. Replacea masterstubwith a new immutableobject.

4. Replaceary child of anappendablelirectorywith a ghostthathasthe same
mastershistatusastheold child.’

5. Copy ary child into an appendablelirectoryfrom anotherrepository pos-
sibly replacingan existing ghostor nonmasteistub If the original is an
appendabléirectory thecopy is anemptynonmasteappendablelirectory;
if desiredjts childrencanbe copiedby furtherapplicationsof the primitive.
If the original is immutable,however, it is copiedin full, including all its
descendants.

6. Createanonmastestubin anappendabléirectory if anotherepositoryhas
thatnamedefined.

5We do not present proof of safety but the operationsaregenerallysimpleandit shouldbeeasy
for thereadetto corvince himselfthateachoneis safe.

"Several variantsof this primitive arealsosafe,but we currentlyusethis one. Safealternaties
includeusinganonmastestubin placeof aghost,and/orcompletelyremaving thechild if theparent
is notmaster
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7. Transfemastershipn anobjectfrom onerepositoryto anotheratthesame
time adding stubsto the new masterfor ary missingchildren of the old
master

Internally therepositorybuilds the morecomplex primitiveson top of a setof
simplerprimitivesfor addingandreplacingsingleobjects,usinga built-in feature
thatallows for shortatomictransactionsvithin a singlerepository Primitives1—4
runatasinglerepository

Primitives5 and6 requireconsultinganotherepository but amulti-siteatomic
transactions not required;it is sufficient to readthe datafrom the sourcerepos-
itory, thenatomicallyinserta copy into the destination. No lock on the source
repositoryis neededvhile readingthe original, sinceit cannotchangeat worst, it
canbereplacedvith a stubwhile thereadis in progressbut this simply causeshe
primitive to returnanerrorwithout changingthe destination.

As mentionedatthe endof Section4.2.3,the destinatiorrepositoryoptimizes
the copying processn primitive 5 to avoid makingredundantopiesof objects,
suchas multiple objectsthat have the samecontentbut different names. Each
repositorykeepsanin-memorytablein which eachlocally storedimmutablefile
andimmutabledirectorytreecanbelooked up by its fingerprint. Whenan object
is to becopied,thedestinatiorrepositoryfirst looksupits fingerprintin thetableto
find whethera copy is alreadypresentif so,therepositorylinks the existing copy
into its namespaceinsteadof makinganother In addition, if a directory being
copiedis encodedn the sourcerepositoryasa list of changegelative to a base
directory(Section4.3.2),andthe destinationrepositoryalreadyhasa copy of the
basedirectory thenthe destinatiorencodeshecopy in the sameway.

Primitive 7, mastershigransferis themostcomple. Ourgoalsin choosingan
implementationvereto guaranteghatagreementould not be violated, to avoid
blocking eitherrepositoryduringthe transferprotocol,to minimize the likelihood
of afailureresultingin neitherrepositorybeingmasterandto keepahint on each
nonmastepbjectasto whereits mastemrepositoryis located.

In barestoutline, our implementationconsistsof two separateatomic opera-
tions. First, therepositorycedingmastershign anobjectmakesa completdist of
its childrenandturnsoff its masterflag; secondthe repositoryacquiringmaster
shipinsertsary missingchildreninto its copy asnonmastestubsandturnson the
masterflag. To meetour goals,the full implementatioralsotakes careof updat-
ing the masterocationhints, andit keepsa stablerecordof in-progresdransfers
at both repositoriespersistentlyretrying themuntil they arecomplete. With this
implementationagreementannotbe violated,andthe objectcanbe left without
a masteronly if onerepositorycrashegpermanentiyor the network link between
themis permanenthseseredwhile atransferis in progress.
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In more detail, our implementationworks as follows. Stepscarriedout by
the repositorytrying to acquiremastershigare numberedstartingwith Al; steps
carriedout by the repository ceding mastershipare numberedstartingwith C1
andareindented.Request/grantentifiersand masterocationhints arestoredin
mutableattributes.

Al. Checkthattherequestingiserhasthenecessaraccespermissiongandthat
the currentmasterepositorycanbereachedver the network; quit if not.

A2. Choosea uniquerequestidentifier and recordit on the local copy of the
object.

A3. Ask thecurrentmasterto cedemastershipsupplyingtherequesidentifier

Do stepsC1-C4atomically:

C1. Checkthat the requestinguserhasthe necessanaccesgpermissions;
refuseto cedemastershipf not.

C2. Formagrantidentifier If the objectis anappendablélirectory dothis
by appendinga list of its childrento the requestidentifier; otherwise
usetherequesidentifier Recordit onthelocal copy of the object.

C3. Changdheobjectstypefrom masteito nonmasterandrecordthenew
masterrepositorys locationonit. Thislocationis of courseonly ahint,
sincemastershigould move to yet anothemrepositorylater

C4. Returnthegrantidentifierto thecaller
A4. If thecurrentmasterefusedo cede eraseherequesidentifierandquit.

A5. Atomically fill in ary missingchildrenlistedin thegrantidentifier (creating
themasnonmastestubs),changethe objects type from nonmasteto mas-
ter, recordthis repositoryin the objects mastedocationhint, andrecordthe
grantidentifierin placeof therequesidentifier.

A6. Ask theold masterto erasethegrantidentifier
C5. Erasethegrantidentifier.
A7. Erasethegrantidentifier

Therepositorythatis trying to acquiremastershigriespersistentlyto complete
thesesteps.evenif it crashesandrestartsduring the transfer until stepA7 is fin-
ished. Thusmastershigvill not belostunlessoneof the repositoriepermanently
fails (orthenetwork is permanenthsevered)betweerstepC4 andA5, andevenin
this casetherewill be arecordof the incompletetransferin whichever repository
remainsup.
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4.4.6 PropagatingAttrib utes

Thedefinitionof agreemensaysnothingaboutmutableattributes;two replicasof a

sourcemayagreebut have entirelydifferentattributes.Eachrepositorycanchange
theattributesof bothmasterandnonmastesourcesandthereis no requiremento

propagatattribute changego otherrepositoriesBut in mary casesuchpropaga-
tion is desirable so we have includeda featurein the attribute facility to support
it.

Section4.1.6describedattributesasa total function F from namesto setsof
values but this is only the users view. At alower level of abstractionan objects
attributes are recordedas a history of statechangesH, representeds a set of
timestampeduples.Eachof thefour write operationgset,clear add,andremove)
takes a timestampargument,which can be ary value but defaults to the time at
which the operationwas requested. Applying an operationinsertsa new tuple
into H consistingof the nameof the operationandits aguments. F(H) is then
computedwheneer neededdy sorting H into timestamporder (with ties broken
by takingthe operationhame andvalueassecondangortkeys), andapplyingthe
resultingsequencef operationgo the emptyfunction.

In additionto the high-level operationghatquery F, we also provide a low-
level operationto query H. This operationdoesnot necessarilyreturn H itself.
Instead,t returnsa history K thatis equivalentto H, in thefollowing senseHis-
toriesH andK areequialentif for ary historyL, F(HUL) = F(KUL). Thatis,
K mayaswell have beentherealhistory becaus@necannottell the differenceby
observingeitherthe presenstateof F orits futurestatesasmoreoperationareap-
plied. Theimplementatiordoesnot storeH itself, but storesanequvalentK that
is generallysmaller For example,if the sameattribute is settwice in succession,
thefirst setoperationis notretainedn K.

The history level lets us make senseof the resultswhen attribute operations
areperformedndependentlypn two replicasof the sameobjectin differentrepos-
itories. If the history K 5 at repository A is propagatedo repositoryB, we can
combineit with the history Kg simply by formingH = Ka U Kg; thenew F(H)
thengivesa well-definedandreasonabldinal statefor the object. This technique
is adaptedrom Grapeaine [6].

In practicalterms,then, we propagateattribute changesrom onerepository
to anotherby sendingthe timestampedhangetuplesof the sourcerepositoryto
thedestinatiorrepositorythenunioningthemin to the secondepositorys change
history
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4.4.7 Replication AccessControl

We neededo add a few specialaccessontrol lists to the repositoryto provide
proper security for the replication primitives. As with other ACLs, if an ob-
ject doesnot have its own replicationaccesscontrol lists, it inherits the access
controlsfrom its parentdirectory The #mastership-to accesscontrol list
for an objectlists the repositorieghat mastershipon the objectcanbe cededto,
#mastership-fr omliststherepositorieghatmastershiganbeacceptedrom,
and#replicate-fro mlists therepositorieghatreplicascanbetakenfrom. In
addition, if an objecthasan #replicate-from -n oac accessontrol list, it
will acceptreplicasof the objects datafrom therepositoriedisted, but it will not
acceptreplicasof their accesscontrol attributes (that is, thoseattributes whose
namesstartwith #. No specialACL is neededo control giving replicas;readac-
cesshy therequestinguseris sufficient for that. Administratve accesss required
to changehesédlists.

Why arethesdists needed?Vith mastershipywe do notwantto accepimaster
ship from a roguerepositorythat might claim to have mastershipn a objectthat
is really masteredsomavhereelse,sincethis will causeusto comeinto disagree-
mentwith the repositorythat really hasmastership.We alsodo not wantto give
away mastershipn an objectto anunauthorizedepository With replication,we
donotwantto copy in datafrom a roguerepositorythatmight maliciouslysupply
incorrectvalues.

For convenience,we actually allow ary userto replicatedatainto his local
repository aslong ashe hasreadpermissiorfor the datain the remoterepository
hehassearctpermissioronthedirectoriesnvolvedin thelocal repository andthe
remoterepositoryis ontheproperaccesontrollist. Becauseeplicatingdatadoes
notchangat, therewouldbenosensén requiringtheuserto have write permission
in thelocalrepository In anearlierversionof therepository we requiredthe same
permissiongo replicatedatain aswe would have requiredto write new data;this
causedsereralannging problemssuchasausemothaving permissiorto replicate
in thevalueof anobjects #owner attribute unlesshewasalreadytheownerin the
local repository eventhoughthe valueto be copiedin from the remoterepository
would make him the owner

4.4.8 The Replicator

The primitiveslisted in the previous sectionggive us a safeway to copy dataand
transfermastershipetweernrepositoriesput they arequite low-level. In this sec-
tion we briefly describeahigherlevel replicator It is availablebothasa standalone
tool (vrepl) thatcanbeinvoked from thecommandine andasalibrary thatcanbe
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calledby othertools.

Our replicatortakes asinput a setof pathnamepatternsandthe network ad-
dresse®f two repositoriesa sourceandadestination.Thereplicatorwalksthedi-
rectorytreeof the sourceto find all nameghatmatchthe patternsaandcopiesthose
thatarenotalreadypresentatthedestinationlt alsoupdateshe mutableattributes
of every namethatmatchesy meging updatetuplesfrom the sourceinto the des-
tination. As atrivial example ,thecommandrrepl -d east.\estasys.og -e+/vesta/
west.\estasys.og/vest/repogLAST would replicatethe highest-numbereger
sion of the Vestarepositorysourcecodefrom the local repositoryinto the reposi-
tory ateast.vestasys.o rg . Thefull patternlanguages similarto Unix shell
glob patternswith someextensions(suchasthe pattern“LAST”, which matches
thehighestversionnumberthatis notastub). Prefixinga patternwith “+” addsthe
objectsthatmatchit to the setto be copied;prefixingit with “-” removesthem.

Thereplicatoralsohasa featurethatreplicateseverythingneededo do a par
ticular Vestabuild. For example,the commandvrepl -s west.\estasys.og -e@
/vesta/west.estasys.org/esta/reposil 24/.main.ves wouldreplicateall thesource
codeneededo recompileversion124 of the repositoryimplementatiorfrom the
west.vestasys.o rg repositoryinto thelocal repository including the entire
programmingervironment (libraries, compilers,etc.) that was available to the
build. Thisfeatureworksby first parsingthebuild description(writtenin theVesta
systemdescriptionlanguage)walking its import tree,andemitting a + patternfor
every packagdound; thenpassinghesepatternson to the basicreplicationalgo-
rithm. In practice,it hasturnedout that @ is usedfar more often than+ and-
are.

The replicatortool canbe usedto “push” sourcesfrom the local repository
to aremoteone, to “pull” sourcesdrom a remoterepositoryto the local one, or
evento copy sourcesbetweentwo differentremoterepositories. The repository
doesnot currentlyincludesupportfor automaticallytriggeringa replicationwhen
new packageversionsarechecledin, thoughthereis somesupportfor automatic
replicationin vcheckin, describedelon. Whentwo sitesarecooperatingit works
well to setup a periodicrun of the replicator(say from a Unix cronjob) to copy
new sourcesdbetweerthem. Thereplicatorcanalsoberun manuallywhenneeded.

Performanceneasurementsn thereplicatorarepresentedn Section9.3.5.

4.4.9 Cross-RepositoryCheckout

Whentwo sitesrunningseparateepositoriesarecloselycooperatingusersat one
site may wantto checkout packagesvhosemastercopiesarein the othersite’s
repository In this sectionwe outlinehow we extendedhedevelopmentcycletools
describedn Sectiond.1.4to supportthis.
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Figure4.7: Cross-repositorgheclout.
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Almostall of thechangegor cross-repositorgperationwverein vcheclout, as
shawvn in Figure4.7. Thesourcerepository wherethe packagebeingchecled out
is masteredijs shavn at the top; the destinationrepository which the userdoing
the checlout wantsto work in, is shavn at the bottom. Notice thatthe actionsin
the destinationrepositoryare similar to the single-repositorycasein Figure 4.2.
Thestepsin cross-repositorghecloutare:

1. Examinethe masterreplicain the sourcerepositoryto find the highestver-
sionnumber

2. If this versiondoesnot exist in the destinationcall the replicatorto copy it
in.

3. Createtheresenration stubandemptysessiordirectoryin the sourcerepos-
itory.

4. Callthereplicatorto copy themto thedestinatiorrepository
5. Transfermastershipn themfrom the sourceto the destination.

6. Insertversion0 in the sessiorandcreatethe working directoryat the desti-
nation.

No changeswere neededto vadvance since both the working and session
directoriesarein thedestinatiorrepository

It would not have beenstrictly necessaryto changevcheckin either since
vcheckout movesmastershif the reseration stubto the destinatiorrepository
However, it is likely thatthe sourcerepositorywill wanta copy of the new ver
sion soon,so we modified vcheckin to call the replicatorand copy it thereafter
checkingit in locally.

TheVestatoolsfor creatingnew packagegvcreate, branchingheversionse-
guence(vbranch), finding the latestversion(viatesf), andfinding who haspack-
ageschecled out (vbranch) alsorequiredminor modificationsto be cross-reposi-
tory aware. Thechangesequiredweresimilar to whatwasdoneto vcheckout but
considerablysimpler

Oneproblemcurrentlyremainswith the cross-repositoryools. In the single-
repositorycase,eachof our tools usesthe repositorys short atomic transaction
supportto make its completeactionatomic. This supportdoesnot work across
multiple repositoriessothetoolsbecomenonatomidn this case With vcheclout,
stepy(3) and(6) areindividually atomic,but if thereis afailure betweerthem,the
checlout is left in anincompletestate. We have not yet automatedhe recovery
from this state but it is not hardto recover manually
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The performancef thetoolsin the single-andcross-repositorgasess com-
paredin Section9.3.4.
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Chapter 5

SystemModeling Language

Therearetwo inputsto the constructiorof a software system:the souccesandthe
instructionsfor producingthe systemfrom thosesources.For small codebases,
the form taken by theseinstructionscanbe rathersimplistic. However, for even
moderatelylarge systemsexperienceshavs thata build languagewith moreflex-
ibility andsupportfor abstractionmakesit easierto specify the constructionof
suchsystemsFor example,becausévake doesnot provide ary abstractiorfacili-
ties,writing Make build descriptiondor suchsystemss abit like doingassembly
languageprogramming.

By contrast,Vestas build languageor systemmodelinglanguage, is a full-
fledgedprogrammindanguagedhatsupportscomplete hierarchicabuild descrip-
tions, andis vastly more powerful andflexible than Make’s. Moreover, the lan-
guages supportfor functional abstractiormakesit possibleto encapsulatéow-
level building tasks,therebysimplifying the systemdescriptionswritten by end
users.

This sectiondescribeghe Vestasystemmodelinglanguageandthe structure
of Vestasystemmodels. It alsodescribeghe standardconstructionernvironment
we have written for building C, C++, andModula-3programsgives examplesof
modelsfor differentkinds of packagesanddescribeshe mechanismgrovidedby
the constructiorernvironmentfor performingcustomizedouilds.

Although this sectiondescribessomeof the importantfeaturesof the Vesta
systemmodelinglanguageit is by nomeansomplete Ratheyits aimis to corvey
theform takenby typical userwritten modelsto shav thatthey aresimple,andto
presenioneway of organizinga standardconstructionervironmentthat supports
flexible customizatiormechanismsAppendixA presentshelanguages complete
syntaxandsemantics.
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5.1 Motivation

In Vesta,the instructionsfor building a systemare containedin systemmodels
Systemmodelsareprogramsnrittenin the Vestasystenmodelinglanguage They
describéhow to build asoftwaresystemfrom sourcesi.e., from scratch.While the
systemmodelsare being evaluated,tools like compilersandlinkers areinvoked
to build the program;the resultingbinariesare typically returnedas part of the
evaluationresult.

A few essentiatequirementslictatethe structureandfunctionality of the sys-
temmodelinglanguage:

e Thebuilder (i.e.,thelanguagenterpreterymustbe ableto construcisystems
repeatablyincrementallyandconsistently

¢ Thecompleity of asoftwaredescriptionshouldbe proportionalto the con-
ceptualcompleity of building the systemit describes.

e The languagemust be practicalfor developersto use;thatis, it mustbe
adaptableéo a variety of softwaredevelopmentimethodologiesindorganiza-
tional processes.

It follows thatthe modelinglanguageshouldbe organizedso thateven errors
in systemmodelscannotinterferewith repeatabl@ndconsistenbuilds. Moreover,
thelanguageshouldsupporincrementabuilding asthenorm,sothatgoodperfor
manceis therule, nottheexception.It alsofollows thatthecorelanguagdacilities
shouldbeasbasicand“methodology-neuttéa aspossible andthatsupportfor par
ticular stylesof systemconstructioror organizationshouldbe programmedn the
languagenot built in to thelanguageor the builder.

Theserequirementandimmediateconsequencesstablishthe major proper
tiesof theVestalanguage:

e Repeatabilityand consisteng give rise to two properties:all information
requiredto build a systemfrom sourceds capturedn systemmodels,and
all sourceaareimmutable.

¢ Incrementalityleadsto the choiceof a functionallanguage becausesach
functioninvocationthenrepresents unit of work that canbe conveniently
cached.

e “Proportionalcompleity” is achieredby providing aflexible modularstruc-
turein whichreusableabstractionganbe easilydefined.
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e Methodologicalneutralitycompelsa carefulchoiceof basicdatatypesand
primitive operations.

It hasbeenrightly saidthatonecanwrite a badprogramin ary languageand
the Vestamodelinglanguagds no exception. But experiencedemonstratethatit
is possibleto write good programs(that is, concise precisesystemdescriptions)
in this languagawithout greatdifficulty. Thefacilitiesof the Vestalanguageallow
developmentgroupsto organizetheir systemdescriptiongo fit their development
methodology while achiezing the centralbenefitsof repeatableconsistentand
incrementabuilds. The remainderof this sectioncoversthe importantlanguage
facilities,andshavs how they canbeusedio modelaparticulardevelopmenttruc-
ture.

5.2 LanguageHighlights

Unlike softwareconstructiorfanguagesuchasMake’s, theVestasystemmodeling
languageis a full-fledged programminganguagewith a well-definedsyntaxand
semanticgseeAppendixA).

The Vestamodelinglanguagsds functional, modular dynamicallytyped,and
lexically scopedIlts valuespacecontainsbooleansintegers,text strings,lists, clo-
suresandbindings. Thefirst five datatypesarethe familiar onesfrom Algol-lik e
languagesndLISP. Bindingsareorderedists of name-aluepairs. Thelanguage
containsabout60 built-in functionsfor arithmeticandboolearoperationsfor basic
manipulation®f texts, lists, andbindings,andfor invoking externaltools. Thereis
alsoabuilt-in functionfor applyingaclosureto alist of valuesin parallel,whichwe
useto achiere coarse-graine@arallelcompilation. Althoughall valuesaretyped,
andoperationsaretype-checkd at execution(interpretationime, statictyping is
optional!

Thereare clearadwantagesand disadantagedo usinga completefunctional
programminglanguageas the basisfor software descriptions. The main adwan-
tageis that a functionallanguageforms a tractablebasisfor cachingof function
calls,whichin turnis the basisfor Vestas incrementabuilding mechanism.The
main disadwantageis that nev usersmustlearna new language differentfrom
otherscriptinglanguagegor programconstruction.We considerthe advantageof
reliableincrementabuilding to be overwhelminglyimportant,andthereforehave
chosento designa nen language but we have doneall we canto minimize the
barrierthis posedor users.To reducenitial unfamiliarity, the Vestalanguageuses

1Therearesimpleprovisionsin the syntaxfor annotatinghe typesof variablesandfunctionre-
sults.However, theseannotationsene only ascommentsthey areignoredby the currentevaluator
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a C-like syntaxand C semanticsvherever practical. To reduceconceptuaunfa-
miliarity, Vestaprovidessimpletemplatedor systemmodelsdescribingcommon
situationsanda“library” of functionsfor systemconstructiorthatcanbeinvoked
from more customizedmodels. Thusin mostcaseswriting a modelreduceso
filling theblanksin astandardemplate.

Short,simpletemplatesequiretheability to decompos¢he completedescrip-
tion of a systembuild into componentparts. Thatis, the Vestalanguagemust
supportorganizingthe instructionsfor building a systeminto a setof modular
units. Thisis accomplishedby enablingone systemmodelto referencepr import
anotheyr yielding a hierarchicalstructurethat canreflectthe componenstructure
of the software systemitself.

Modular structuresare designedo localizeinformation,which is generallya
wise methodologicaprinciple for organizingsoftware systems.However, the na-
tureof thebuild procesdrequentlyrequiresbroad,systemati@lterationof default
behaior, andthe descriptionlanguagemustaccommodat¢hesesituationsgrace-
fully. For example,a customizedactionmay apply to anentirebuild (“build this
programandall the librariesit useswith dehugging symbols”)or to a large part
of it (“build the symbolicintegrationlibrary with optimization”). In practice this
meanghatthe functionsfor building a systemmustbe sufficiently parameterized
sothatthe constructionof the individual componentsanbe sensiblycustomized
by the callersof thosefunctions.

How is the potentialchaosof customizationcontrolled? By extensve useof
parameterizatiom the systendescriptionsit is possibleto localizetheactualcus-
tomizedvaluesof parametersearthe root of the hierarchyof systemdescription
modules. To facilitate customizedouilds, the currentconstructionparametersre
collectedtogetherin a singlecompositevalue calledthe environment In addition
to parametershat controlhow tools like the compilerandlinker areinvoked, the
environmentpassedo eachsuchtool containsa completerepresentatiorf the
file systemin which thetool is to run. The Vestalanguages bindingtypeis used
to represenervironments andthe languagencludesoperatordor easilymeiging
andoverriding particularpartsof the ervironment.

TheVestanotionof environmentis central. A preciselyspecifiedouild is noth-
ing morethana seriesof tool invocations(e.g.,compilesandlinks) in acontrolled
namingervironment. Thaternvironmentchangesubtly but crucially on eachtool
invocation,andthe procesof constructinghesemary slightly differenterviron-
mentsmustbeboth convenientto expressandefficientto implement.So,the Vesta
languageprovides:

e a mechanismby which the currentervironmentis easily passedbetween
functions,
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e abindingdatatype usedto represenhamingernvironments(including build
customizationsandfile directories)aswell aslanguagefacilities for easily
creatingandaugmentingindings,

¢ alanguageprimitive for executingatool in a particularervironment,and

e aclosue datatypefor delayingtool invocationsuntil thefiles they produce
areneeded.

Thenext four subsectionsglescribeheseparticularaspect®f the Vestasystem
modelinglanguagen moredetail.

5.2.1 The Environment Parameter

As statedpreviously, Vestabuilds are parameterizeénd customizedoy amalga-
matingfile systemsandbuild optionstogetherin a singlecompositebindingvalue
calledthe environment. Sincethe ervironmentplayssuchanimportantrole, there
is specialtreatmenfor it in the Vestalanguage.

In particular every Vestafunctiontakesanimplicit final parametenamed*. ”
(pronounceddot”) denotingthe currentervironment.Thatis, afunctiondeclared
with n explicit formal agumentsactuallyhasn + 1 agumentsthe lastbeingthe
implicit formal parametenamed'. . Thename'. ” is alegal Vestaidentifier, soit
canbeusedasanormalvariablename.A functionwith n formalagumentsanbe
calledwith eithern or n+ 1 actualargumentsin theformercasethecurrentvalue
of “. ” is boundto theimplicit formal parametet. ”; in thelattercasethen + 1st
actualparameters boundto theimplicit formal parametef. ”. In our experience,
the ervironmentis rarely passedxplicitly; it is usually“inherited” from callerto
callee.

5.2.2 Bindings

Amongotherthings,the currentervironmentembodiesoth build customizations
andthe file systemin which tools areinvoked. A corvenientdatatype for rep-
resentingboth thesekinds of valuesis the binding an orderedmap from names
(strings)to arbitraryVestavalues.Bindingscanbe nested.

Build customizationsare representedy hierarchicalarrangement®f map-
pingsfrom customizatiomamedo values.For example,Figure5.1 shavs a bind-
ing thatmight be usedto specifythe optionsfor compiling andlinking C++ pro-
grams.Thecodein Figure5.lademonstratethe syntaxfor constructingabinding:

[ name; = valuey, ..., name, = value, |
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denotesthe binding with namesname and correspondingraluesvalue. Fig-
ure5.1bshavs atreerepresentatioof the binding. The hierarchyarisesbecause
bindingis itself avaluein the Vestalanguage.

[ Cxx= [ switches= [ compile= [opt="-01"], link= [strip="-s"] ]]]
(@

Cxx
switcLes
compile/ link
opt="—|01" strip="|—s"

(b)

Figure5.1: The codefor constructinga binding of build options(a),
andthe samebindingrepresentedsatree(b).

Binding datastructurescan also be usedto represenfile systems. Eachdi-
rectoryin sucha file systemis representedby a binding that mapseachnamein
the directoryeitherto a subdirectory(a nestedbinding) or to afile (atext value)?
Henceadirectoryd containingfilesnamedf; and f, with correspondingontents
c; andc, would berepresentedly thebindingd = [ f; = ¢1, f> = ¢3].

The Vestaevaluatorstoreshindingsin mainmemory makingthetraversaland
manipulationof these“directory” structuresvery efficient comparedto corven-
tionalfile systemsSincebindingsarelightweight,new file systemsanbecreated
andaugmentean thefly for the particularneedf eachtool. In traditionaldevel-
opmentervironments creatingsuchcustomizedile systemswvould betoo expen-
sive becausé would requiredisk operationsinstead Unix toolsusecumbersome
mechanisméik e searchpaths.In Vesta,a customfile systemis easilyconstructed
for eachtool, eliminatingtheneedfor long searctpathsandmakingthefile choices
moreexplicit.

TheVestalanguageéncludessyntaxandoperatordgor creatingbindings,select-
ing a binding elementby name,meging two bindings,and subtractingelements
from a binding. Bindingsare constructedisingthe squarebraclet syntaxshavn
above. The valuenamedn in the binding b is selectedby writing b/n. For ex-
ample,the compiler switchesare selectedrom the binding namedoptions in
Figure5.1 by writing options/Cxx/swi tc hes/c ompi le , which evaluates
tothesingletonbinding[ opt = "-O1" ].

2Becausdile contentsarerepresenteabstractlyin the languageby text values,the implemen-
tation mustbe able to handlelarge text valuesthat are readand written asfiles; it doesthis by
representinguchvaluesinternallyaspointersto files storedin therepository(Section4.2.1).
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bl + b2 bl ++ b2

VANARNANAN
AAT AT A

b=8 ¢=9 d=1 a=1 b=8 c=9 d=1

Figure 5.2: The resultsproducedby overlaying (+) and recursvely

overlaying (++) two bindings,b; andb,. Notice thatin b; + by, the

bar componenbf b, is ignored,while in b; ++ by, the bar components
of by and b, are overlaid recursiely, with the valuesfrom b, taking

precedence.

Bindingsare melged usingthe overlay (+) andrecussive overlay (++) opera-
tors. Theexpressiorb; + b, is thebindingcontainingthe unionof thenamesn b;
andby; for thosenameghatappeaiin bothbindings,the valueboundto the name
in by takesprecedencerhebindingb; ++ by islike by + by, exceptthatwhereboth
bindingscontainthe samename ,andwhenthatnameis boundto a nestecbinding
in eachthenestedindingsareoverlaidrecursiely. Figure5.2 shavs anexample

applicationof the+ and++ bindingoperators.

The overlay andrecursve overlay operatorsprovide the basisfor extending
file systemsandfor applying customizations.For example,if “. " is a binding
denotingthe currentervironment,and”. /root” is theroot of afile systemlhenthe
ervironmentcanbe extendedto includethe extra directoriesandfiles containedn
thebindingfs by writing:

++= [ root = fs 1],
(Asin C,"“a op=b" is shorthandor “a=aopb”.)

Compilationoptionscanalso be overriddenusing overlays. For example,to
changethe build “options” above soasnotto useoptimization,you couldwrite:

options  ++=
[Cxx = [switches = [compile = [opt = "-O0"II;

Suchbindingsare so commonthat the languagencludesa shorthandor writing
them.For example the sameoverlay canbewritten asfollows:

options  ++= [ Cxx/switches/compile/opt = "-00"
By definition of the recursve overlay operatoy this assignmenkeavesthe linking
optionsunchangedbut it bindsthe opt field of the nestedcompile bindingto
“-00". Boththisexampleandthepreviousonedemonstrat@ow selectve portions
(i.e., subtreespf the ervironmentcanbe changedy a singlesourcestatementn
aVestamodel.
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5.2.3 Tool Encapsulation

Consistentith the functionalnatureof thelanguageinvocationsof externaltools
like compilersandlinkersareexpressedisfunctioncalls. To call anarbitrarytool
in an encapsulateérnvironment,the Vestalanguageprovides a built-in primitive
functioncalled_run _tool . (To avoid nameconflictswith userdefinedfunctions,
all primitive functionsin the Vestalanguagebegin with an underscore.)Hence,
thereis a single uniform mechanisnfor encapsulatingnen tools with Vesta;no
modificationsto atool arerequiredto invoke it. Tool invocationsvia _run _tool
arelaunchedy aruntoolsener runningonamachineof theappropriatelatform?

The _run _tool primitive is parameterizedy a commandline and several
otheramgumentsdescribingthe ervironmentin which the tool shouldbe run. It
returnsa bindingwith fields describingthetool's outcome.The completespecifi-
cationof _run _tool isgivenin AppendixA. Amongthe_run _tool amuments
areflagsfor specifyingthat the function call resultshouldnot be cachedin the
eventof variouserror conditions for example,if thetool returnsa non-zerostatus
codeor if it writesarything to the standarcerroroutput.

Of coursetheervironmentparametef. ” is alsoanagumentto _run _tool ;
it encapsulateboththetool’s ervironmentvariablesandthefile systemin which
thetool is run. Ervironmentvariablesarepassedn ./envVars : if it is defined,
thevalue./envVars istakentobeabindingthatdefineshenamesandvaluesof
environmentvariablegto besetfor thetool’s execution. Thefile systemseerby the
encapsulatetbol is passedn ./root . In particular ary absolutepathnamesef-
erencedy thetool arelookedupin ./root , while relative pathnamearelooked
up in the nestedbinding ./root/. WD . As describedn Chapter3, file system
referencesretrappedby therepository lookedupin ./root  or ./root/.WD
by theevaluator andrecordecby theevaluatorasdependenciesf the _run _tool
functioncall. All ervironmentvariablesdefinedin ./envVars  arealsorecorded
asdependencies.

Althoughthe _run _tool function providesa flexible meandfor invoking ex-
ternaltools, it is ratherprimitive. We do not expectmostuserwritten systemmod-
elsto callit directly. Insteadwe providereusabldibrariesof Vestafunctionscalled
bridgesaspartof thestandardonstructiorervironmentfor interfacingto develop-

3To determinevhich machineto contactfor agivenplatform,theevaluatorconsultghe Vestasite
configurationfile, which containsa list of suitablemachinedor eachplatformtype;it theniterates
throughthe list to find an unloadedor lightly loadedmachine. If the evaluatoris doing a parallel
build, it may have severaltoolsrunningon oneor moremachinestthe sametime.

“We would have preferredto recorddependenciesn only thoseervironmentvariablesreadby
thetool, but thereis no mechanisnfor trappingsuchreferencesln ary event,we have never needed
to setary ervironmentvariablesheforeinvoking atool, sowe have not experiencedary falsedepen-
dencieson unusecervironmentvariables.
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menttools (seeSection5.4 belav). We alsoexpectbridge codeto hide the details
of invoking _run _tool appropriatelyfor multi-platform and cross-platfornde-
velopment.However, our currentbridgesdo not yet provide suchsupport.

5.2.4 Closures

A closue is afunction pairedwith a context thatsuppliesvaluesfor all of theun-
boundvariablesappearingn the function's body In Vestaclosuresarefirst-class
values;thatis, they canbe passedas parameter®r embeddedn datastructures
justasary othervaluecan.

EachVestamodeldefinesa closurewith a singleimplicit paramete{namely
“. "). Hence amodels bodycanbeinvokedusingthenormalfunctioncall syntax.
At the startof an evaluation,the Vestaevaluatorinvokesthe modelon which it is
run by calling it with anemptyenvironment.

Closureshave severaluses.For example,a collectionof callablefunctionscan
berepresentethy a bindingthat mapsfunctionnamedo closurevalues.Consider
thefollowing model:

{
fO { /* body of closure f here * };
g) { /* body of closure g here * 1}
return [ x =f, y =491

}

Wheninvoked, this modelreturnsa binding containingfields namedx andy
boundto theclosured andg, respectiely. If thatresultbindingwasassignedo
thevariableb, thenthe closureg couldbeinvoked by writing b/y()

Closurescanalsobe usedto effect lazy evaluation: a lazy valuecanberepre-
sentedby a closurefor computingthat value. The work requiredto computethe
valuecanthusbe delayeduntil it is needed.This way, costly computationgsuch
as compilations)whoseresultsmight not be usedare not performed. Suchlazy
evaluationis notgenerallyrequired,but in thefew casesvhereit is neededit can
beimplementedxplicitly usingclosures.

5.3 Model Organization

With the languagepreliminariestaken careof, we cannow focuson the organiza-
tion of softwaredescriptionsn Vesta.Therearetwo partsto asoftwaredescription:
a list of the sourceshat comprisethe software, andthe instructionsfor building
thosesourcedo producederived objectfiles, libraries,andexecutablesIn Vesta,
thesetwo piecesareunifiedin files calledsystemmodels,or modelsfor short.
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5.3.1 Propertiesof Models

Models have two importantproperties. Thesetwo properties,togetherwith the
immutability of all sourcefiles, arethe basisfor repeatabilityin Vesta.

First, like all sourcesin the Vestarepository all modelsare versioned,im-
mutable andimmortal. Hence theinstructionsfor building a particularversionof
a software artifact arenever lost. In fact, modelsareregularfiles thatare part of
versionedpackagegustlike sourcefiles.

Secondmodelsarecompleteitheresultof amodelevaluationdoesnotdepend
on ary file, ervironmentvariable,or otheraspecif the systemon which Vestais
beingrun thatis not explicitly specifiedeitherby the modelitself or by a model
thatit imports(directly or indirectly). Putanothemway, anevaluatedmodelandthe
modelsit importsform a completerecordof the sourcesandtools contrituting to
abuild.

This secondpropertyimpliesthatin additionto the particularversionof each
sourcefile and modelthat contrikutesto a build, the modelsmustalsonamethe
particularversionsof all externaltoolsinvoked duringthe build. An in-housetool
for which sourcesareavailablemay be describedoy a modelfor building thetool
from source. A tool for which no sourcesare availableis describedby a model
thatsimply returnsthe pre-huilt tool binaries(which arestoredas“source”in the
repository).Both kinds of toolsareencapsulateth the sameway by the standard
constructiorervironment.

At this point, you mayimaginethatmodelswill bedifficult to maintain,since
it would seemtediousto have to nameandupdatea versionnumberfor eachsource
file referencedvithin a model. However, the burdenof referringto correctsource
versionsis mitigatedby threefactors. First, sourcesare versionedandimported
at the granularityof packagegdirectorytrees),not individual files. Seconddue
to the hierarchicalrrangemendf packagesypdatingthe versionof a singlehigh-
level import canindirectly import new versionsof mary packagedower in the
hierarchy Third, amodeldirectly referencesnly sourcdfilesthatexistin thesame
packageasthe modelitself, thoughit mayimport modelseitherinsideandoutside
the package.Referencedo local sourcefiles and local modelsdo not requirea
versionspecificatiorbecauseéhe packages versionedasawhole;thesereferences
areimplicitly boundto filesin the samepackagerersionasthe modelitself.

Reference$o modelsin otherpackageslo requirean explicit versionspeci-
fication. This requirementis sensible:to incorporatea new versionof a different
packageyou have to explicitly updateyour building instructions.Putanothemway,
eachdeveloperhascompletecontrol over whento incorporatenew versionsof
otherdevelopers’changesnto his or herown build. Sincethisis afairly common
operation,jt needsto be easyfor usersto carry out. We thereforeprovide a vup-

77



date tool for quickly updatinga packages importsfrom the commandine. There
is alsoavimports tool for listing thetransitive closureof amodels imports.

5.3.2 Requirementson Model Organization

A systemmodelis the unit of modularityin a Vestasystemdescription. Thus,a
completedescriptionis built up by writing a collectionof systemmodelsthat ref-
erencesachother But how is thisto bedone?Thatis, whatorganizingprinciples
or methodologyshouldbe usedto createa collectionof understandablandusable
models?

Of coursethereis no singleanswerto this question.To demonstratéhe Vesta
languages feasibility for this purpose the following sectionsdescribea particu-
lar organizationof systemmodels,derived from someparticulardevelopmental
requirementsgharacterize@sfollows:

e We expectthatthefiles in a packageunderdevelopmentchangemorefre-
guentlythanthe ervironmentin which that packagds built. Consequently
it is sensibleandusefulto separatehe descriptionof the packagerom the
descriptionof theenvironmentfor building the package.

e Fromthe perspectie of systemconstructionmary package$ave a similar
form. For example,a packagemay build eithera completeprogramor a
body of codeintendedto be linked into other programs. (We tendto call
theformeranapplicationandthelatteralibrary.) Generallythe modelsfor
applicationdook quitesimilarto oneanotherasdo the modelsfor libraries.
To simplify andstandardizeisermodels,the modelhierarchyshouldbe or-
ganizedso that commonfeaturescanbe factoredout into system-preided
models. In effect, thesestandardforms becomepart of the development
environment,availableto beinvoked by short,simplemodelswritten by de-
velopers.Of coursethestandardormscanbemodifiedor entirelybypassed
in exceptionalcases.

¢ Occasionallyadeveloperwill needa specializecervironment. Thespecial-
ization might include specialversionsof libraries, or libraries compiledin
a specialway or with a specialversionof a compiler Consequentlythe
systemdescriptionfor the constructionof the environmentmustbe exten-
sively parameterizetb permitanindividual developerto createthe custom
environmentneededo developapackage.

e Any constructedsystemis linkedtogetherfrom a collectionof components,
typically derivedobjectfilesandlibrary archives. Thedependencigsetween
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thesecomponentsnducean abstrachierarchy;in practice the components
mustbe given to the linker in a total order consistentwith the hierarchys
partialorder Thelibrary hierarchyis distinctfrom the packagenaminghi-
erarchy somodelsmustrepresenthelibrary hierarchyexplicitly.

e Systemarebuilt by executingtools(e.g.,compilersandlinkers),whichgen-
erally have extensie optionsthatareneedednly for specializedpurposes.
Theseoptionsmustbe accessibldrom Vestamodels,but mostusersof the
tools never needto be aware of them. Consequentlythe mechanismgor
compilingandlinking packagecomponentsnusthidethesecompleities by
default, without compromisinga developers ability to invoke the tools in
arbitraryways.

Theseconsiderationéeadto the organizationof a standad constructionervi-
ronmentwhichis discussedn Section5.4,anda hierarchyof library descriptions,
whichwe considemext.

5.3.3 Model Hierar chies

To accommodatéarge-scalesoftware, Vestasoftware descriptionsare organized
hierarchically;thatis, they aretreeswith modelsasnodesand modelimportsas
edges.

For example,Figure5.3 shavs the hierarchyof packagesomprisingthe com-
pletereleasef a hypotheticaimail system.Directedarrowns in thefigurerepresent
modelimports acrosspackages.At the lower right of the figure are two library
packagesiamedmail/sendrcv andmail/inde, for transportingandindexing mail,
respectiely. Thereleaseconsistf two applicationpackage®iamedmail/inc and
mail/seach, which provide facilities for incorporatingnenv mail and performing
querieson mail messages.

At theroot of thetreeis thereleasepackagdtself. Thereleasgpackagedoes
not containary sourcecode.Insteadjts modelimportsthe standardervironment,
the packagedor the two applicationprograms,andan umbeella library package
namedmail/lib, which itself importsthe two basdibraries.

As shavnin Figureb.3,thestandardrvironmentimportstwo kindsof models:

¢ the bridge modelsthat export interfacesfor invoking collectionsof tools,
suchaslanguage-specificompilersandlinkers,and

e all of thestandardibrariesrequiredby client applicationg(in this example,
only two standardC librariesareshawn).
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mail/
release

(

common/ mail/ mail/

std_env inc search
common/ common/ c/ Ci mail/ mail/
c CXX pthreads libc send_rcv index

Bridges

Figure5.3: The package®f a hypotheticalmail systemandtheir im-
ports.

As indicatedby the subtreerootedat the mail/lib_umbpackagelibrary pack-
ageshemselesmaybearrangedn hierarchiesln fact,our standarctonstruction
ernvironmentsupportsthreekinds of libraries: umbiella libraries which are col-
lectionsof otherlibraries,leaf libraries which arelibrariesbuilt from sourceand
pre-kuilt libraries which arelibrariesthatexist only in binaryform. In Figure5.3,
mail/lib_umbis anumbrellalibrary, mail/sendrcvandmail/index areleaflibraries,
andc/pthreadsandc/libc arepre-huilt libraries.

Umbrellalibrariesaremostlyaconveniencethey provide awayto packageup
acollectionof relatedlibrariesinto a singleconceptuakntity. They alsoencapsu-
latethe orderin whichthe child librariesmustbelistedonthefinal link line to link
correctly;the bridgemodelsarrangeto link thelibrariesin atotal orderconsistent
with the partialorderinducedby thelibrary hierarchy In this example therelease
packageneedonly import onelibrary packageatherthantwo. In larger software
systems—suchsthe releasemodelfor the Vestasystemitself, which contains9
leaf libraries—theuseof umbrellalibraries senesto make client modelssimpler
andmoresuccinct.

The particulararrangemendf modelimportsshavn in Figure5.3is notfixed.
Themodelscouldhave beenarrangedn otherways,andthecurrentarrangemens
partly a consequencef how our standarctonstructiorervironmentis structured,
asdescribedelav in Section5.4.

Perhapshemostcuriousaspecbf thecurrentarrangemernis thattheumbrella
library is importedby the releasegpackageratherthanby the individual applica-
tion packageshemseles. An alternatve arrangemenits shavn in Figure5.4. The
modelscertainly could have beenstructuredthat way. The adwantageto the ar
rangemenshawn in Figure 5.3 is that the umbrellapackages importedin only
oneplace,so only oneimport statemenmustbe updatedwvhena new versionof
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mail/
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common/ mail/ mail/
std_env inc search
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common/ common/ c/ c/ mail
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|
Bridges

mail/ mail/
send_rcv index

Figure5.4: An alternate arrangementf packagemportsof the hy-
potheticalmail systemof Figure5.3.

thatpackagedecomeswvailable.

5.3.4 Imports

Recallthat a model definesa closureof a single agument(namely “. 7). The
import statemenbindsa local identifierto the closurecorrespondingo the model
beingimported.For example the mail systems releasemodelmightbegin:

import
std env =
/vesta/west.vestasys.org/common/s td_env /9/bu ild.v es;

{

/I build the current environment
= std_env()/env_build("AlphaDU4.0");

/I instructions for  building the complete release...

}

Theimport statemenbindsthe local identifier std _env to the closurecorre-
spondingio version9 of the standardenvironmentmodel. Thatmodelis calledby
the expressionstd _env() . When evaluated,the standardervironmentmodel
returnsa binding representingan abstractinterface as describedabove in Sec-
tion 5.2.4. That binding mapsthe nameenv _build to a closurethatbuilds the
currentervironmentfor thetamgetplatformnamedby its first agument. Theresult
is boundto the distinguishedervironmentidentifier®. ” for useby the restof the
build.
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5.3.5 Control Panel Models

Certainaspectf a packagebuild—suchaswhich versionof the standardervi-
ronmentmodelto useandary desiredouild customizations—armoretransientn
naturethantheinstructionsfor building the packagetself. To facilitatethe modifi-
cationof thesetransientattributes,we ervisagea graphicaluserinterfaceprogram
calledthe Vestacontwol panelfor viewing and modifying the attributes, and for
initiating Vestabuilds of the packagen question.

We have notwritten a controlpanelapplication but we imagineit would work
by readingandwriting its own legal Vestamodels,called control panelmodels.
Eachcontrolpanelmodelwould embodytheimportsandcustomizationspecified
by the userin the graphicaluserinterface.

In theabsencef a Vestacontrolpanelwe simply createandedit controlpanel
modelsby hand. By corvention,they arenamed.main.ves They arehighly styl-
ized, and usually on the order of 10 to 20 lines long, dependingon the number
of customizationspecified. A control panelmodelbuilds a specificinstanceof
its packageby settingparametersamporting a suitableversionof the standarden-
vironment,and then usinganothermodelin the packagegcorventionally named
build.veg to compileandlink the packages sourcecodein this ervironment. The
build.vesmodelis designedo be independenof the versionof the standardervi-
ronmentin use,soit canalsobe calledfrom elsavhereto build the samepackage
in differentervironments.

A packageanayproduceseveraldifferentclasseof derivedfiles. For example,
apackagemay produceexecutablesneantto be exportedto clients,testprograms,
libraries,anddocumentationWe do not necessarilyvantto produceeachof these
artifactson every build. So by corvention, a packages build.vesmodelreturnsa
bindingthat containsa separatelosurefor building eachcateyory of derivedfile.
The control panelmodeltheninvokes only thoseclosuresin the binding thatare
currentlyof interestto theuser In essencegachcatayory is built lazily.

Figure 5.5 shaws a typical control panelmodel. The import lines at the
beginningimportthepackages localbuild.vesmodelandthestandardrvironment
model,boundto thenamesself andstd _env, respectiely. Line (1) invokesthe
env _build function of the std _env modelto build an ervironmenttargeted
to Alphasrunningthe Digital Unix 4.0 operatingsystem. Line (2) evaluatesthe
local build.vesmodel, binding the resultto the local variableb. Finally, line (3)
selectshelib andprogs fieldsout of the bindingb. Eachof thesefieldsis a
single-agumentclosure(theall-importantimplicit agument*. ). Eachclosureis
invoked, andthe resultsareboundto fields of a binding, which is returnedasthe
overall resultof the packagebuild.

Eachpackages build.vesmodelis easilyimplementedby simply importing
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import

self = build.ves;
std env =
/vesta/west.vestasys.org/common/std _env/9 /buil d.ves ;
{
/I bind the standard environment to
= std_env()/env_build("AlphaDU4.0") ; I Q)

/[ build selected components
b = self(); (2
return [ lib = bl/lib(), progs = b/progs() 1, 1 (3

Figure5.5: A typical controlpanelmodel.

separatesub-modelsvithin the packagdor building eachcateyory of packagee-
sult, andreturninga binding containingthe closurescorrespondingo thoseim-
portedmodels.Hence like controlpanelmodels build.vesmodelsaresimpleand
highly stylized. The realwork of building the packagds deferredto theimported
sub-modelswhosecontentsve describan thenext section.

5.4 The Standard Construction Environment

If userswererequiredto constructheir programsausingthe low-level _run _tool
primitive, their systemmodelswould be quite long andcomplicated.To simplify
andstandardizeisermodels,Vestaprovidesa standad constructionervironment
acollectionof reusablemodelsfor performingcommonbuilding operations.

This sectiondoesnot describethe workings of our standardervironmentdi-
rectly. Instead,it presentexamplesof client modelswritten againstthe standard
environment,andit describegshe mechanismswvailableto clientsfor customizing
their builds. Our aim hereis not only to corvey the generalform taken by client
models but alsoto demonstrat¢he languages power, flexibility, andutility.

We designedhe standardconstructionenvironmentto be flexible andto suit
our needshut differentdevelopmentorganizationgnight chooseo structuretheir
constructionervironmentdifferently Writing a new constructionervironmentis
entirely possiblejpursis justoneexample.
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5.4.1 Componentsof the Standard Environment

Ourstandaraconstructiorervironmentconsistof astd _env modelandacollec-
tion of bridgemodels.Eachbridgemodelexportsaninterfaceto somecollection
of relatedtools. Vesta-2bridgesare modelswritten in the regular Vestasystem
modelinglanguageandthey areinterpretedby the Vestaevaluatorjustlike client
models.They arenot hard-wiredinto the Vestasystemin ary way.

Bridge modelsmusthandlethe vagariesof interfacingto legag tools and of
supportingcustomizedbuilds, so they tendto be much more complicatedthan
clientmodels.Thestd _env modelandthe seven bridgemodelscomprisingour
standaradtonstructiorervironmentareroughly 1,800total lines of Vestacode.Ap-
proximatelytwo-thirdsof thatcodeis in the bridgesfor C/C++andModula-3pro-
grams. Thesebridgesexport functionsfor building programs pre-huilt libraries,
leaflibraries,andumbrellalibrarieswrittenin their respectie languages.

5.4.2 Building Library Models

Thestandardaconstructiorernvironmentemphasizethe organizationof codeinto a
hierarchyof libraries Althoughlibrariesmay be implementedn differentways,
they sharea commonstructure.Eachlibrary is modeledasa setof interfacefiles
and a setof files thatimplementthe interfaces. The format and arrangemenof
thesefiles dependon both the languagan which the library codeis written (and
thuswhich bridgeis usedto modelit) andthelibrary’s placein the hierarchy

For concretenessye restrictoursehesfor therestof this sectionto describing
thelibrary facilities provided by the C/C++ bridge. Thefacilities of the Modula-3
bridgearesimilar.

Recallthatthe standardcconstructiorervironmentsupportghe constructiorof
threekinds of libraries: umbrellalibraries, leaf libraries, and pre-huilt libraries.
The bridge exports a closurefor building eachkind of library. Sincethe client
may wish to customizehow a library is built, it is necessaryo deferthe actual
constructionof the library until it is needed.Hencethe closuresfor eachlibrary
type do not actually build arything. Instead,they embedthe library sourcefiles
in a binding that senes asa setof instructionsfor constructingthe library. The
library is built with the appropriateeustomization®nly whena programrequiring
it is built.

This approachdiffers sharplyfrom the corventionalone, in which particular
versionsof standardibrariesareplacedin standardocationsin thefile systemhi-
erarchy TheVestastandardervironmentplaceshighly parameterizeadtonstruction
recipesatthe developers disposaratherthanparticular previously built versions.
Thedifferencein flexibility anddevelopmenteasds enormous.
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files

c_files = [ Lex.C, Scan.C, Index.C 1],
h_files = [ Lex.H, Scan.H, IndexH 1];
priv_h_files = [ IndexRep.H 1];
{

return  ./Cxx/leaf("libMaillndex.a",

c_files, h_files, priv_h_files);
}

Figure5.6: The modelfor building the leaflibrary of the hypothetical
mail/index package.

To seehow the Vestaapproachworksin practice we first look attheorganiza-
tion of a leaf library. Figure5.6 shavs the modelfor the hypotheticalmail/index
library of Figure5.3; it describediow to build alibrary archive namedibMailln-
dex.a

In generalamodelsfiles  clausebindslocalvariablenamego localfilesand
directorieswithin thepackagethepathsin afiles  clauseareinterpretedelative
to thedirectorycontainingthe modelitself. In this case thefirst four lines of the
modelintroducethreelocal variablegc _files ,h_files ,andpriv _h_files )
whosevaluesarebindingsthat associatehe listed nameswith the corresponding
local file contents.For example,the local variablepriv _h_files is assigned
bindingthatassociatethenamelndexRep.H with thecontentof thatlocalfile.
Thusthesourcefiles areseparatethto threegroups:1) C++ sourcefiles thatmust
becompiledto produceobjectfiles, 2) headefilesthatareprovidedto clients,and
3) privateheadeffiles thatarerequiredonly by theimplementation.

The body of the model consistsof a single function call. The function be-
ing invoked is named./Cxx/leaf . It is the function namedleaf exported
by the C++ bridge, which in turn is part of the currentervironment®. ”. The
JCxxl/leaf functionsimply packagesip thefilesinto asinglebindingthatwill
sene astheinstructionsthat later will be usedto build the actuallibrary archve
(possiblywith developerdefinedcustomizations).

Figure5.7 shavs amodelfor building the hypotheticamail/lib_umbpackages
umbrellalibrary. Thefirstthreelinesof thismodelimportthetwo top-level models
of theumbrellas componentibraries,binding thosemodelsto thelocal variables
namedsend _rcv andindex . Thebodyof the modelfirst assignghelocal vari-
ablelibs toalist of thelibrariescomprisingtheumbrella.(A list is denotedby a
comma-separatexequencef valuesenclosedn anglebraclets.) Notethatthelist
of librariesalsoincludesthe standardothreadsandlibc libraries. Theselibraries
do not have to be imported,but insteadare accessedrom “. ”, wherethey were
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import

send rcv =
/vesta/west.vestasys.org/mail/send_rcv /1/bu ild.v es;
index =
Ivesta/west.vestasys.org/mail/index/3/ build .ves;
{
libs = < send_rcv(), index(), Cllibs/c/pthreads,
ICllibs/c/libc >
return  ./Cxx/umbrella("libMailUmb", libs);
}

Figure5.7: The modelfor building the umbrellalibrary of the hypo-
theticalmail/lib_umbpackage.

installedby the standardervironment. Including thesestandardibrariesin the
umbrellaobviatesthe needfor applicationmodelsto mentionthem. The models
final line invokes the C++ bridges umbrella  function, which packagesip the
suppliedlibrariesin anumbrellawith the suppliedname.

Thelibrary hierarchyprovided by umbrellamodelsgreatly simplifiesthe de-
velopers job in specifyingwhich librariesareneededo link a completeprogram,
andthe orderin which they mustbelisted onthelink line. Ratherthanhaving to
determineandexplicitly specify(in order)thesetof all necessariibrary archves,
asis generallyrequiredin the Unix ervironment,the developerspecifiesa small
numberof higherlevel umbrellalibraries. As a result,the developers modelsare
both simplerand morerobust. The C++ bridge function that performsprogram
constructiorhandleshe compleities of constructinga suitablecommandine for
the Unix linker by “flattening” the umbrellahierarchy

The C++ bridge also definesa function for packagingpre-huilt libraries. A
modelfor building a pre-huilt library simply invokesthis bridgefunction, supply-
ing thelibrary file andits associatetheadefiles asflat bindings. Thesemodelsare
typically evenshorterthanthe modelsfor building umbrellalibraries.

Now thatwe've describechow to build the threekinds of library models,we
turnto theapplicationmodelsthatusethem.

5.4.3 Building Application Models

The modelfor an applicationprogramspecifiesthe sourceandheadeffiles® com-
prising the program,the library packagedo link it againstandary overridesre-

5The headeffiles mustbe specifiedso they canbe addedto the virtual file systemin which each
sourcefile is compiled.
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quiredto build the programin a customizednanner

For example,Figure 5.8 shavs the modelfor building the hypotheticalappli-
cationpackagemail/seach. Themodelbeginswith anenumeratiorof thesources
comprisingthe applicationandthe overridesrequiredto build it. The actualcon-
structionoccurswhen the bridge function ./Cxx/program is invoked. This
function first builds the libraries specifiedby its libs amgument,which in this
caselists a singleumbrellalibrary taken from the ervironment. It thenaugments
thecurrentervironmentto includetheheadefilesin theh_files  amgumentcom-
piles eachof thefiles in the c_fles  amument,andlinks everythingtogether
The value returnedby the function is a singletonbinding that mapsthe name
mailsearch  to theresultingexecutable.

Notice thatthe packagesxpectsto getthe mail umbrellalibrary mail/lib_umb
fromits ervironment(“. ”). Thisreflectsthestructureshavnin Figure5.3,wherea
releasanodelimportsparticularversionsof the standardervironmentandthe mail
umbrella,addsthemto “. ”, andthenimportsandbuilds the two mail applications
in this ervironment. One could alsowrite a control panelmodelto build justthe
searchapplication;it too would have to chooseandimport particularversionsof
the standardernvironmentandthe mail umbrellalibrary.

files
c_files = [ QueryAST.C, ParseQuery.C, Search.C |;
h_files = [ QueryAST.H, ParseQuery.H, Search.H |;
{
/I override
ovs = [ Cxx/switches/link/shared_libs = "-non_shared" 1;

/[ build program

libs = < ./Cxx/libs/mail/lib_umb >:
return  ./Cxx/program("mailsearch”,
c_files, h_files, libs, ovs);

Figure5.8: Themodelfor building the searchapplicationof the hypo-
theticalmail/seach package.

As we describemorefully in the next section,the standardconstructionervi-
ronmentprovidesa quite generaimechanisnior customizingdifferentpartsof the
build process.It supportsdifferent customizationdor the compilationof a pro-
grams sourcefiles andits libraries. For example,thefifth parameteto the pro-
gram function,ovs , specifieverridesthatapplyto the compilationandlinking
of only the programs sources.n this case the givenvaluefor ovs specifieghat
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the programshouldbe staticallylinked (i.e., linked non _shared ).

5.4.4 Customizing Builds

The standarcconstructiorernvironmentincludesseveral differentmechanismsor
performingcustomizecdbuilds. The available customizationgangefrom building
againsta particularversionof an entire packageto compiling a singlefile of a
library in a customizedway. In generalthe mechanism$iave beendesignedso
thatthe conceptuakizeof a customizatioris proportionatlto the extra instructions
thatmustbewritten to producaeit.

In generaltheoverridessupportedy our standardrvironmentcanbedivided
into two classes:geneanl overridesand namedoverrides A generaloverrideis
usedto alter the standardernvironmentby addingor replacingbindingsin oneor
more locations. Sincethe standardenvironmentis a naminghierarchy a general
overrideis abindingthatdefinegnew) valuesfor selectechamesn someportionof
thathierarchy A generabverrideis appliedby recursvely overlayingthe override
atsomepointin thestandardervironment.A namedoverrideis abinding(possibly
containingotherbindings)thatis interpretedik e a table,with the binding names
beingthe keys. Typically, the namesspecify the entitiesto which the override
applies,suchasa sourcefilenameor alibrary name.We will seeexamplesof both
generalandnamedoverridesbelow.

We now considetthreeformsof overridingsupportedy our standaratonstruc-
tion ervironment.

PackageOverrides. Perhapshe mostcommonform of overrideinvolvesoverrid-
ing which versionof a packageo usein abuild. It is notuncommonfor example,
for adeveloperto besimultaneouslyvorkingonalibrary andaclientapplicationof
thatlibrary. In thatcasetheapplicationmodelmustspecifythatthelatestchecled
out versionof thelibrary packageshouldbe used ratherthanthe oneinstalledby
thestandardconstructiorervironment.

For packagesmportedby thestd _env model,a padkage overrideis accom-
plishedby passinga namedoverrideto thefunctionfor building the standarcdenvi-
ronment. Figure 5.9 shavs an exampleof a control panelmodelwith anoverride
to usea checlout versionof the c/libc library package.Comparethis versionof
the modelagainstthe oneshawvn in Figure5.5 (page83). The only differenceis
theextrapkg _ovs parametepassedo theenv _build function. This parameter
specifieghatcheclout version7/1 of the c/libc packageshouldbeused.

Build-Wide Overrides. As its nameimplies, a build-wide override appliesto an
entirebuild. Suchoverridesare effectedin the control panelmodel by applying
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import

self = build.ves;
std env =
/vesta/west.vestasys.org/common/std _env/9 /buil d.ves ;
libc =
Ivesta/west.vestasys.org/c/libc/che ckout/ 7/1/b uild. ves;
{
/[ bind the standard environment to ‘.’
pkg_ovs = [ cllibc = libc ;
= std_env()/env_build("AlphaDU4.0", pkg_ovs);
/[ build selected components
b = self();
return [ lib = bl/lib(), progs = b/progs() K

Figure 5.9: A control panel model that overridesthe versionof the
mail/index packageusedin the build.

ageneraloverrideto the currentervironmentafterthe ervironmenthasbeencon-
structed but beforethe packages own build.vesmodelis called.

For example,thefollowing build-wide overridemight be specifiedin the con-
trol panelmodel:

/I build-wide override
comp_switches = [ debug = "-g3" opt = "-O1" 1|;
++= [ Cxx/switches/compile = comp_switches ];

This particularoverride causesall C++ files to be compiledwith delugging
symbolsandoptimization.Theoverrideappliesto all programsbuilt by thismodel,
aswell asto all of thelibrariesthey import.

Thisexampleshavs how parametersanbepassedo bridgefunctionsthrough
theernvironment(i.e.,”. ”). Becauseaheernvironmentis passedmplicitly onevery
functioncall (seeSection5.2.1above), parameterstashednsideit areavailableto
every (bridge)function. The interfaceto the C++ bridge specifieswhich partsof

the ervironmentareaccessetly eachof its functions.

Library Overrides. Thestandardconstructiorernvironmentalsoincludesamech-
anismfor overridinghow aparticularlibrary is compiled,or evenhow aparticular
file within alibrary is compiled.Both formsusenamedoverrides sincethey must
namethelibrary archive or sourcefile, respectrely, to which the overrideapplies.
In thecasethatthe overrideappliesto anumbrellalibrary, the overridealsoaffects
all descendantsf theumbrella.
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As in the caseof build-wide overrides,library overridesare passedy recur
sively overlaying part of the currentervironment, typically in the control panel
model. For example,a control-panelmodel could causethe libVestaBasics.é-
braryto bebuilt with dehuggingsymbolsasfollows:

/I library overrides
++= [ lib_ovs/libVestaBasics.a =
[ ovs/Cxx/switches/compile/debug ="g" 1

Becausethe constructionof eachlibrary is delayeduntil it is needed,each
library is built accordingto the overridesin force at thetimetheapplicationusing
it is built. Hence,differentapplicationsin a releasecanbe built using different
customization®f the samelibrary.

5.4.5 Handling Lar ge ScaleSoftware

For Vestato accommodatéhe constructionof large scalesoftware, the naming
usedby the standardconstructiorervironmentmustbe designedo handlea large
numberof namedartifacts. The standarcconstructionernvironmentaddressethis
problemby providing varioushierarchicahamespacesTherearetwo in particular
worth mentioning.

First,thenamesusedo specifypackage# apackageverridearehierarchical,
usinga namespacethatparallelstherepositorys packageamespace Noticethat
in the packageoverrideexampleof Figure5.9 (page89), the pkg _ovs parameter
bindsthetwo-level namec/libc  to the new versionof the package.

Secondthe C/C++ bridge of the standardconstructionervironmentprovides
an option for naminglibrariesin library overridesusinghierarchicalnames.We
have alreadyseenthat umbrellascan be usedto organizelibrarieshierarchically
So long asthe numberof librariesis small, a flat namespacesuficesto name
them. But a flat namespaceis insuficient if the samenameis usedfor two leaf
librariesunderdifferentumbrellas. The bridgehasa modein which librariesare
namedhierarchically therebyaccommodatinguchcases.In this mode,a library
is namedn alibrary overrideby its pathin thelibrary hierarchy

90



Chapter 6

Function Cache

Conceptuallyevery Vestabuild is donefrom scratchto ensureconsisteng How-

ever, to achieve goodperformanceyYestaremembersheresultsof previous builds

andreuseshemwheneer possible therebymakingall builds incremental. The

Vestafunction cachesener is the componentesponsibldor storingthe resultsof

previous builds andmakingthem availablefor reuse. Sincethe samecentralized
functioncaches sharedby all developersatasite,developerssharethe benefitsof

eachothers builds.

Recallthatthe Vestasystemdescriptionlanguagés functional,andthatinvo-
cationsof toolslike compilersandlinkersarerepresenteth the Vestalanguageby
functioncalls. The partial resultsof previous builds canthusbe saved simply by
cachingtheagumentsandresultsof eachfunctionapplication.Thefunctioncache
storegheamgumentsandresultof eachfunctioncall asa cache entry.

Althoughthefunctioncachewvasdesignedarticularlyfor Vestaclients(namely
the evaluatorandweeder),ts interfaceis generalenoughto supportotherclients,
aswe will seein Section6.3 belon. As oneexampleof this generality the cache
keys storedby the function cachearearbitraryname/alue pairs. It is the client’s
soleresponsibilityto computethesekeys correctlysoasto make properuseof the
cache We discusghe Vestaevaluators cachingalgorithmin Chapter?.

For the function cacheto be of ary useto a client, oneobviousrequiremenis
thatthe time requiredby the clientto computethe necessaryesultin the event of
a cachemiss mustfar exceedthe time requiredby the cacheto producea cache
hit. Thisis certainlythe casein Vesta,sincesomefunctions(suchasexternaltool
invocations)arerelatively long running.

The rest of this chaptermotivatesthe Vestacachingproblem, describegshe
interface provided by the function cachesener, lists somerequirementghatthe
sener mustsatisfy andsketchesaspect®f the sener'simplementatiorthathelpit
to meettherequirements.
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6.1 Dynamic, Fine-Grained Dependencies

TheVestafunctioncachds differentfrom anormalmemorycachen two important
respectsFirst,the entriesstoredin the cacheareimmutable sothe cachedoesnot
have to supportinvalidation, a considerablesimplification. Secondthe complete
cachekey usedo look upacacheentryis notdirectly computabldrom thefunction
call site. This propertysubstantially\complicateshedesign put it isinherentin any
cachingschemen whichthecachekey is formedpartly from dependenciethatare
computeddynamically a topic we discusshelaw.

By using a cachedfunction resultwheneer it is safeto do so, unnecessary
recompilationsand other work can be avoided. But whenis it safeto reusea
cachedresult? Only whenthe evaluationcontext at a candidatecall site agrees
with thosepartsof the context on which someprevious call to the samefunction
depended.

Whendetectingdependenciest is of courseessentiahot to omit arny, or the
cachewould beunsoundsometimeseturningincorrectresults.In particular if the
cachedid not recordsufficient dependengc information for a particularfunction
call, a subsequentunction call might incorrectly return a hit on the previously
cachedesult. We call this situationa falsehit. It is anintolerableoutcomethatis
indicative of abug in theclient’s cachingalgorithm.

However, it is alsoimportantnot to err by introducingoverly coarse-gained
dependenciesr the cachewill beineffective, sometimesailing to returnaresult
whenit should. We call this situationa false miss Falsemissesarisebecause
the cachehasrecordedan unnecessargependencon the calling context. If that
aspecbf the calling contet is differenton a subsequentall, the cachewill report
amiss,eventhoughit would have beensafeto usethe cachedesult.

Falsemissesdo notleadto incorrectresults but they dointroduceunnecessary
inefficiengy. In fact,falsecachemissexanbequitecostlybecauséhey cantrigger
acascadef subsequertachanissesFor example,if onesourcefile is recompiled
unnecessarijfthenall subsequertommandshatusetheresultingobjectfile (e.q.,
building alibrary thatcontainghefile andprogramshatusethelibrary) arelikely
to beunnecessarilyepeatediswell, astheobjectfile will appearto have changed.
Hence we goto greatlengthsto avoid falsecachemisses.

For the cacheto be mosteffective, eachfunction call's dependenciesustbe
recordedaspreciselyaspossible For example considethefollowing simplefunc-
tion:

fix, v, 2) {
return (if x > 0 then y else 2);
}
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Becauseof the conditionalexpression the agumentson which this function
dependwary dynamicallyfrom call to call. For example,in thecall f (1, 2, 3), the
resultdependonly on the valuesof x andy; the valueof z is irrelevant. Hence,
the subsequeninvocation f (1, 2, 7) in which the valuesof x andy areidentical
shouldproducea cachehit on thefirst call.

In this particularexample the obserantreademill noticethatthe exactvalue
of x is alsounimportant. What mattersis simply whetheror not x is positive.
Hence,to get the mostaccuratecaching,dependencieshouldtake the form of
predicateson values,not the exact valuesthemseles. For now, we will assume
that all dependencieare recordedon values,but we describehow to represent
moregeneraldependencieis thenext chapter

The cachingproblemis further complicatedby compositevalue types, such
aslists andbindings. For example,considera slight modificationto our previous
example,in whichthe y agumentis a binding:

fix, v, 2) {
return (f x > 0 then y/a else 2);
}

In this case theresultof thecall f(1,[a = 2,b = 5], 3) dependnly on x
andy/a. Thesubsequerdall f(1,[a = 2, b = 9], 7) shouldproducea cachehit.
Recordingadependencontheentirebindingy would causeghesecondtall to get
a falsecachemiss. This exampledemonstratethat the dependenciesalculated
with respecto compositevaluesshouldbe asfine-grainedaspossible.

From thesetwo examples,we concludethat the Vestaevaluator mustcom-
pute fine-graineddependenciedynamically (that is, during an evaluation). The
challengesn accuratelyimplementinga cachingschemebasedon dynamic,fine-
graineddependenciearetwo-fold. First, algorithmsmustbe developedfor rep-
resenting,computing,and propagatingdynamic,fine-graineddependenciesWe
sketchthe techniqueusedby the Vestaevaluatorin Chapter7. Seconddueto the
dynamicnatureof the dependenciest is impossibleto computea single cache
key atafunctioncall site beforethe function hasbeenevaluated.We discusshis
problemnext.

6.2 The CachingProblem

To understandheproblemintroducedoy dynamicdependenciegonsidetthe pro-
totypical caseof cachinga compilation. Assumethata compilationis invoked by
acall to thefollowing function:

compile( filenameoptions,.);
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Here, filenameis the nameof the file to compile, optionsis a binding denoting
the command-lineoptionsto be passedo the compiletr and“.” is the current
environmentt

The currentervironment“.” is a binding valuethatincludesa representation
of afile systemdirectorytree. This directorytreecontainsall thefiles necessaryo
performthe compilation. As describedn Chapters, the Vestalanguagemakesit
easyto constructandextendbindings,so a customfile systemcanbe constructed
quite cheaplyfor eachbuild.

Figure 6.1 shavs a sampleervironment. Two pathsin “.” arespecial:root
androot/. WD . As describedn Chapter3, externaltools suchascompilersand
linkersarerunin anencapsulatedrnvironmentin which all referencego files are
trappedby the repositoryandservicedby the evaluator To servicea file request
from the repository the evaluatorlooks up the file in the currentenvironment:
absolutepathnamesirelooked up in theroot subtreewhile relatve pathnames
arelookedupin theroot/. WD  subtree.

root

.WD/ \usr
defs.h h\eﬁo.c include/ \Iib
stdio.h/ \\\ Iibc.a/ \\\

Figure6.1: Thefile systemdirectorytreesof asampleervironment.

Now considerthefollowing invocationof thecompilefunction:
compile("hello.c ", [debug = "-g"], );

Let“.” bethebindingshavn in Figure6.1. Wheninvoked, this function returns
the singletonbinding that mapsthe name“hello.o " to the derved objectfile
producedby compilingthefile boundto ./root/.WD/hello .C.

To effectively cachethis call, theevaluatorwill computedynamic fine-grained
dependenciesThis function invocationmight be found to dependon the defini-
tion of the compilefunctionitself, the valuesof the first two aguments,andthe
following partsof theervironment:

1As describedn Section5.2.1,thefinal “.” parametecanbe omitted,in which caseit is passed
implicitly.

94



Jroot/usr/lib/ cmpl rs /cc
root/.WD/hell 0.C
Jroot/usr/incl ude/ st dio .h

Notice that even the referenceto the compiler (cc) is trappedandrecordedasa
dependengc The cacheentryfor the compilationcombinesall thesevaluesinto a
cachekey, andassociatethatkey with theresultingvalue.

It is worth notingherewhatwe meanby “combining” valuestogetheito form a
cachekey. Sincethevaluesusedo form thecachekey canbequitelarge,theevalu-
atorandfunctioncacheusefingerprints of thevaluesinsteadof valuesthemseles.
A fingerprintis a small, fixed-sizehashof an arbitrary byte sequencgl0, 42].
Fingerprintscome with a mathematicaguaranteedboundingthe probability of a
collision; by choosinglong enoughfingerprints,the probability of a collision can
be madevanishinglysmall? As a result, fingerprintscan be usedas a basisfor
equalitytests,sincewe cansafelyassumehatFP(a) = FP(b) «— a = b. Two
operationsupportedn fingerprintsareextendinga fingerprintby morebytesand
extendingafingerprintby anotherfingerprint.In thelattercase we write fp; @ fp,
to denotetheresultof extendingfp, by fp,. The@® operationis non-commutavie.

Fingerprintshave the advantagethat they are small and can be easily com-
binedwithout forfeiting their probabilisticquarantee Storingjust the fingerprints
of valuescontrituting to the cachekey is sufiicientbecauséhe only operationghe
functioncacheneedgo performon suchvaluesare combiningthemandcompar
ing themfor equality both of which canbe donejust aswell onfingerprintsason
thefull values.Resultvalues,of course mustbe storedin full sothatthey canbe
suppliedto the evaluatorin the eventof a cachehit.

We now cometo the main cachingproblemin Vesta: how cana lookup be
performedon the cachewhenall of the dependenciearenot known until afterthe
function hasbeenevaluated? Given the useof dynamicdependenciest would
seemthatwhenthe evaluatorreaches new functioncall site, it mustevaluatethe
function beforeit will have the necessarkey to look it up in the cache! Obvi-
ously the cachewould thenbe useless.Alternatively, the evaluatorcould search
linearly throughthe entirecacheJooking at eachentry’s dependencieandcheck-
ing whethertheirvaluesatthe call site matchtheentry A cachedesignedhisway
would betoo slow to beuseful.

The solutionto this chicken-and-gg problemlies in separatinghe cachekey
into two parts,primary andsecondary Lookupthenbecomes two-stepprocess.
First, the evaluatorcomputeghe primarykey in afixedway solely from informa-

2For safety Vestauses128-bitfingerprints. Using the numbersin Section3.3 andotherconser
vative estimatesye computethatthe probability of a collision occurringover the expectedifetime
of the Vestasystemis muchlessthan2-42.
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tion availableatthecall site. A cachdookupusingthis primarykey yieldsa small
numberof candidateeacheentries.Next, thesecondarkey of eachcandidateentry
is checledto seeif it matchegshevaluesatthecall site.

In more detail, we divide the dependenciesto two groups: thosethat are
known staticallyatthefunctioncall site, which we call primary dependenciesand
thosethatareonly known dynamicallywhenthe functionis evaluated which we
call secondarydependencie Sinceprimary dependencieareknown at the calll
site,they canbe usedto computethe primarykey andreducethe numberof cache
entriesthatmustbe consideredluringa cacheookupoperation.

The primarykey (PK) is formedby combiningthe fingerprintsof the primary
dependengc values. Eachsecondarydependeng consistsof a nameandthe fin-
gerprintof the correspondingalue. Togetherthesesecondaryependencnames
andfingerprintsform the cacheentry’s secondarkey (SK). Overall, then,acache
entryis atriple of thefollowing form:

( primary-key, secondary-y, result-\alue)

Here,the primarykey is a singlefingerprint,the secondarkey is a setof (name,
fingerprint)pairs,andtheresultvalueis thefunction’s full resultvalue,suitablefor
useby the evaluatorin the eventof a cachehit.

Figure 6.2 shaws the primary and secondarykeys computedfor the example
compilationabove. First, the fingerprint Q of the compilefunctionitself (a clo-
surevalue) andthe fingerprintsR and S of the first two function agumentsare
computed.Thesefingerprintsarethencombinedto form a new fingerprint A, the
primarykey. Whenthe functionis evaluated referenceso “.” aretrappedandthe
namesandfingerprintsB, C, and D of the correspondingaluesarerecordedas
secondarydependenciesThe cacheentryformedfor this functionevaluationis a
triple consistingof the primarykey, secondarglependencnamesandfingerprints,
andtheresultvalueof the evaluation.

It is commonfor multiple cacheentriesto have thesameprimarykey. In partic-
ular, this occurswheneer a sourcfile is editedandrecompiled.Figure6.3 shawvs
an example. In thatfigure, the two columnsof fingerprintson the right denote
two differentcacheentries.Both cacheentriescorrespondo the compilationof a
file named‘hello.c " with the samecompilationswitches so both entrieshave
the sameprimary key A. However, betweenthe two compilations the sourcefile
“hello.c " hasbeenedited,so the fingerprintfor the correspondingecondary
dependenchaschangedrom C to E. Sincethe secondarydependenciefor the
two evaluationsaredifferent,two differententriesarestoredin the cache.

3As describedn Section7.4.1,the Vestaevaluatorusesheuristicsandusersuppliedpragmago
distinguishprimaryfrom secondargependenciewhencachingcallsto userdefinedfunctions.
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compile ("hello.c" , [debug ="-g"] D &

| /root/usr/lib/cmplrs/cc |
SK | ./root/.WD_/heIIo.c | ) |
| ootustincugersdon B |
Figure6.2: The primarykey (PK) andsecondarkey (SK) of a single
cacheentry,
Entries
0 1
Primary Key (PK) @ @
Iroot/usr/lib/cmplrs/cc
SK < ./root/.WD/hello.c © &
JIroot/usr/include/stdio.h @ @

Figure6.3: Two cacheentrieswith the sameprimarykey (PK).

An importantconsequencef usingdynamicfine-graineddependencieis that
thesetof secondarglependencnamesnaydiffer from onecacheentryto thenext,
evenamongentrieswith thesameprimarykey. An exampleis shavn in Figure6.4,
wherecacheentriesl and 2 have differentsetsof secondarydependenc names
because¢hefile “hello.c " waseditedto includeafile named'defs.h " instead
of “stdio.h . Thedifferencebetweerentries2 and3 is thatthefile “defs.h ”
waschanged.

Figure6.4 alsodemonstrateanimportantpropertyof the Vestacachingstrat-
egy. For Vestacachingto be correct,all userdefinedfunctionsandexternaltools
mustbe functionaland deterministic:the same(possiblydynamic)inputs should
always producethe sameoutpuf. As a result,cacheentrieslike the onelabeled

4Thisrequirements statedmorestrictly thanis actuallynecessaryFor example somecompilers
embeda timestampin the objectfiles they generateso strictly speakingthe contentsof generated
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Entries

Primary Key (PK)

Jroot/usr/lib/cmplrs/cc
Jroot/.WD/hello.c
Jroot/usr/include/stdio.h

Jroot/.WD/defs.h e

Figure6.4: Multiple cacheentrieswith the sameprimarykey (PK), but
with differing setsof secondarylependengnames.

SICJCIE
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P00 ~

SK

0066 -
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“X” in the figure shouldnot be created. The fingerprintsof cacheentry X agree
with thoseof cacheentry 3 for thosesecondarylependenciesharedy thetwo en-
tries,but entry X hasanadditionalsecondarygependenconthefile “stdio.h .
Functionaltools like compilersnever producesuchentries,and neitherdo user
definedfunctionswrittenin the Vestalanguage.

6.3 Interface

Having describedorimary and secondarydependenciesye are now preparedo
presenthetwo-stepcachdookupprocessn detail. Figure6.4 helpsillustratehow
lookupsin the cacheare performed. Considerthe function call from our running
example:

compile("hello.c ", [debug = "-g"], );

To testwhetherthis function call producesa hit in the cache,we first compute
the primary key from the call site asshawvn in Figure 6.2. We then considerall
cacheentrieswith thecomputedorimarykey. For eachsuchentry we comparehe
secondarydependeng fingerprintsagainstthe fingerprintsof the corresponding
valuesin the currentevaluationcontet. If the secondandependencfingerprints
of ary cacheentry matchthoseof the evaluationcontet, we have found a hit.
Otherwisewe reportamiss.

The protocolfor doinga cachelookupis thusa two-stepprocess Oneround-
trip to thefunctioncacheis requiredfor eachstep.

1. In thefirst step,the evaluatorcomputeshe primary key from the function
call site,andcommunicated to the functioncache.In responsethe cache

objectfiles dependon whenthe compileris run. However, suchembeddedimestampsresemanti-
cally irrelevantto the useof the objectfiles, soit is safeto treatthe compilerasa functionaltool.
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returnsthe union of all secondarydependencnamesassociateavith cache
entrieshaving the designategbrimarykey. In our runningexample,the sec-
ondarydependencnamesarethefour pathnameshavn in Figure6.4.

2. In the secondstep,the evaluatorcomputes(the fingerprintsof) the values
associatewvith thosesecondarglependencnamesn thecurrentevaluation
contet, andsendghemto thefunctioncache.Thefunctioncachethencom-
paresthosefingerprintsto eachof the entrieswith the designategrimary
key, looking for a matchbetweenthe fingerprintsfrom the evaluationcon-
text andthosein somecacheentry In our running example,the receved
fingerprintswould be comparedo the columnsof Figure6.4;if any column
matchesa cachehit is reported.

Betweenthesetwo stepsanotherclient may have addeda new entrythatincludes
somenew secondarydependenc names. To avoid reportinga falsemisson the
new entry, the cacheusesan optimistic concurreng control scheme:the second
stepmay returna resultindicatingthat the namesreturnedfrom the first stepare
stale,in which casethe client is expectedto restartthe lookup processrom step
one. This schemeeliminatesthe needto lock the cacheagainstupdatesduring a
lookupoperation.

In theeventof acachemiss,theevaluatorwill proceedo executethefunction,
recordingdynamicfine-graineddependenciealongtheway. It will thenform the
primary key, secondarykey, and resultvalue for a new cacheentry andcall a
methodof thefunctioncacheinterfacefor addingthis new entryto thecache.

In additionto the maininterfacethat supportsperformingcachelookupsand
addingnew entriesto the cache thefunction cachealsoexportsaninterfaceused
solely by the Vestaweeder This interfaceallows the weedetto indicatewhenit is
beginningits work, andwhenit hasdeterminedhefull setof cacheentriesto keep.
Betweerthesawo calls,thecachedisablegheexpirationof lease®n cachesntries
(describedbelow) to preventnewer entriesfrom beinginadwertentlydeleted.

6.4 SystemRequirements

In additionto implementingthe interfacesdescribedn the previous section there
areseveral otherrequirement®n the functioncache.This sectionhighlightssome
of thefunctioncache$ mainsystenrequirements.

¢ It muststorecacheentriespersistentlyproperlyshuttingdown andrestarting

thesenermustnotcauseary cacheentriesto belost. Persistences achiered
by storingoldercacheentriesin diskfilesandusingacombinatiorof logging
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and checkpointingfor newer cacheentries. For efficiengy, log entriesare
keptin memory;the interfaceto the function cacheincludesa methodfor
synchronouslylushingall pendinglog entriesto disk.

It mustbefault-tolerantIn theeventof a crashor otherfailure,the function
cachemustbeableto recoverin a consistenstate.In particular the various
log files and cacheentry files must be flushedin an orderthat allows the
recovery algorithmto toleratefailure at ary time. Although somerecently
createdcacheentriesmaybelostin a crash,only a relatvely smallamount
of work hasto berepeatedo recreatehem.

It mustsupportfastlookup. Sincedisk readsdominatethe time requiredto
do alookup, the formatof cacheentrieson disk hasbeendesignedso most
lookupscanbe performedwith atmosttwo disk reads.Many lookupsresult
in hits on in-memorycacheentries,which canbe servicedwithout any disk
reads.

It mustservicemultiple clientsconcurrently The sener is thread-safeand
it includesfine-grainedocksto avoid excessie lock contention.

It mustsupportconcurrenwweeding(the deletionof unwanteddervedfiles
andcacheentries)withoutaffectingclientsadwersely Supportingconcurrent
weedingis essentiabecausdhe weedercantake a long time to run, and
becausaleletingcacheentriesis alsotime consuming.Oncewe allow for
concurrentveedinganimmediateproblemarisesthesetof cacheentriesto
keepwill becomputedy theweedeibasednsome‘snapshot’of thecache,
soanextramechanisnis necessaryo protectall cacheentriescreatedsince
the snapshotwastaken.

It mustbe tolerantof client errorsandclient failures. For the former, the
functioncacheinterfaceincludesrun-timechecksof its amgumentswith pro-
visionsfor an error returncode. For the latter, the function cacheprotects
newly createcandrecentlylooked-upcacheentriesfrom weedingby leases
A leaseis a“fresh” bit that protectsa cacheentry from weeding but leases
expire aftera fixedamountof time. Hence,a cacheentrycreatedby a client
that crashesaneventuallybe weeded sincethe leaseprotectingthe cache
entrywill eventuallytime out.

It mustscale.In particular the functioncachehasbeendesignedo storeup
to tensof millions of cacheentries. To accommodat¢hat numberof cache
entries,atwo-level memoryhierarchyis used.New andrecentlylooked-up
cacheentriesare cachedin memory while othersare storedonly on disk.
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Within eachdisk file, cacheentriesarestoredin athree-leel hierarchyde-
scribedbelow.

Theserequirementsubstantiallyjcomplicatethe functioncaches implementa-
tion. It would betediousto go into completedetail hereon everythingtheimple-
mentationdoesto meetthe requirementsinsteadthe next sectiondescribesonly
the mostimportantaspectsf the implementation focusingon information that
will be neededasbackgroundo understandhe performancaneasurementgiven
in Chapten.

6.5 Implementation

Becausestep 1 of cachelookup narravs the searchdown to entriesthat match
a given primary key, it is mostefficient for the cachesener to organizeits cache
entrystorageby primarykey. Bothin memoryandondisk, thesener storesentries
in groupscalledPKFiles. EachPKFile holdsall the entriesthat have a particular
primarykey.

If thecachdookupalgorithmworkedexactly asoutlinedin Section6.3,its sec-
ondstepwould have to searchthroughall the cacheentriesin therelevant PKFile.
For eachsuchentry it would have to performafingerprintcomparisorfor eachof
theentry's secondarydependencieBoth the numberof cacheentriesin a PKFile
andthe numberof secondarydependencies a cacheentry canbe quitelarge,on
the orderof hundreds.Hence,if this naive lookup algorithmwere used,lookups
would requiretensof thousand®f fingerprintcomparisonsn the worstcase and
hencewould be quite expensie.

To avoid this problem,cacheentriesare organizedin a multi-level hierarchy
First, all entrieswith the sameprimarykey aregroupedtogether Thenthe entries
in eachgrouparepartitionedin suchaway thatonly a subsebf theentriesin each
groupneedbe examinedon ary lookup.

To explain how this partitioningis done,we introducesomenotation. For ary
cacheentrye, let e.pk denotee’s primarykey, let e.names denotethe setof names
in €s secondarykey, andfor ary namen < e.names, let eval (n) denotethe
fingerprintvalueassociateavith n in € s secondarkey. Now definethefollowing:

Entriespk = {e]epk= pk}

AllNamesgpk) = U e.names
ecEntriespk

CommonNamepk) = [l enames
ecEntriespk
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CFP(e) = ) eval (n)
neCommonNames.pk

ThesetCommonNamé&pk) thusconsistof thosenameghatoccurin every cache
entrywith thegivenprimarykey. Thenamesn AlINamesgpk) \CommonName&pk)
occurin somecacheentrieswith thegivenprimarykey but nototherswe call them
uncommon The value CFP(e), €'s commonfingerprint, is the resultof combin-
ing the fingerprintsof all secondarywaluesof e correspondindo e.pk's common
names.Due to the non-commutatie natureof the @ operation,it is importantto
enumeratehe namesn in a well-definedorder To this end, the function cache
maintainsa canonicalorderingfor eachpk of the namesn AllNamesgpk); it uses
thatorderingwhencomputingCFP(e).

Giventhesedefinitions,we cannow describehow the cacheimplementshoth
stepsof the lookup algorithm. For eachprimary key pk, the cachemaintains
Entriegpk), AllNamesgpk), and CommonNamepk) (the last of which is repre-
sentedby a bit vectorwith respectto AllNamegpk)). In stepl of the lookup al-
gorithm, the cachesimply returnsAlINamespk) for the suppliedprimarykey. To
efficiently performstep2 of thelookupalgorithm,the cachemaintainsCFP(e) for
every entry e. It thengroupsthe entriesEntriegpk) into equivalenceclassesac-
cordingto their commonfingerprints.For example,Figure6.5 shavs the common
namesandcommonfingerprintsfor the cacheentriesof Figure6.4.

Entries
0 1 2 3
Primary Key (PK) OO ®
Common | -/root/usr/lib/cmplrs/cc
Names | jroot/.WD/hello.c O E e
Common Fingerprint (CFP) @ @ @ @
Uncommon | -/root/usr/include/stdio.h @ @
Names | /root/.WD/defs.h &

Figure6.5: Thecommonnamesandcommonfingerprintsfor thecache
entriesof Figure6.4.

The PKFile is thenpartitionedby CFPvalue;two entriesarein the samepar
tition if andonly if they have the sameCFR Figure 6.6 shavs the hierarchythat
resultsfrom the cacheentriesand commonfingerprintsshavn in Figure6.5. As
shawvn in thisfigure,multiple entriesappeain the sameCFPgrouponly whenone
of theuncommorsecondargependenciesaschanged.
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CCache)

PK CAD
CFP OO D, 2D

Entries [ 0 | [1] [2] [3]

Figure6.6: The hierarchicaldivision of cacheentriesfirst by primary
key (PK) andthenby commonfingerprint(CFP)for the cacheentriesof
Figure6.5.

In step2 of the lookup operation,the cacheis given a pk and the finger
prints f1, f, ..., fx of the valuescorrespondingo the namesAlINamesgpk) at
the call site. Call thesefingerprints f; the call site fingerprints To perform
the lookup, the cachefirst combinesthosecall site fingerprintsassociatedvith
CommonNamépk), therebyproducinga commonfingerprintcfp. Next, thecache
doesahashtablelookupto seeif pkhascfpasoneof its associatedommonfinger
prints. If not, the cachereportsa miss. Otherwise the cacheexaminesthe entries
in theidentified CFPgroup. In testingfor a hit, only thefingerprintvaluesassoci-
atedwith the uncommomameseedbe examined,sinceby virtue of beingin the
correctCFPgroup,all entriesbeingconsideredreknown to have matchingvalues
for thecommonnames.

Theperformancef thislookupalgorithmdepend®nthedistribution of CFPs
within a PKFile andon the PKFile’s relative numberof commonanduncommon
names. In the caseof a compilation,the file beingcompiledwill be one of the
commonnames. Hence,eachtime a new versionof a file is compiled,a ne~
commonfingerprintis produced. The expectationthen,is that within a PKFile,
therewill bemary CFPs but eachCFPgroupingwill containrelatively few entries.
Thismeanghatthenumberof cacheentriesconsiderediuringalookupis expected
to besmall.

In addition,the lookup algorithmrequiresfewer fingerprintcomparisonsand
thereforeperformsbetter the smallerthe numberof uncommomamesper cache
entry In the style of usagewe ernvisagedwhendesigningthe cache we expected
nearlyall PKFilesto have few uncommomamesomparedo the numberof com-
monnamesln thecompilationexamplewe have beenconsideringthisexpectation
is not unrealistic,sincethe setof files readduring the compilationof a particular
sourcefile doesnottendto changemuchfrom versionto version. This hasproven
outsofarin practice,asshavn by thedistribution of PKs, CFPsandcommonand
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uncommomamesn anactualcachereportedn Section9.4.2.

In summarythen,this lookupalgorithmresultsin two majorcostsavingscom-
paredto the brute-forcealgorithm. First, only thoseentriesin the identified CFP
group needbe examined. Second,when examining the entriesin a CFP group,
only the valuesassociateavith the uncommonnamesneedbe examined. These
two effectsthusdrasticallyreducethe numberof fingerprintcomparisonsequired
to performacachdookup.

The function cachewas designedo storeon the orderof tensof millions of
cacheentries. Hence,storing all of the cacheentriesin memoryis impractical.
Instead,a two-level memoryhierarchyis used. Most of the entriesare storedin
stablePKFilesondisk,andthenewly createccacheentriesandthosecacheentries
onwhich ahit hasrecentlyoccurredarestoredin volatile PKFilesin memory Sta-
ble PKFilesarestoredin anormalfile systenprovidedby theunderlyingoperating
system.

To avoid the disk fragmentatiorthatwould otherwiseoccurfrom creatingone
diskfile perstablePKFile, the stablePKFilesare groupedtogetherinto so-called
MultiPKFilesondisk. Two PKFilesarestoredin thesameMultiPKFile if andonly
if their correspondingrimarykeys have thesamel 6-bit prefix> Sincetheprimary
keys areessentiallyrandom,the PKFilestendto be evenly distributedamongthe
MultiPKFiles.

To look up a cacheentry the cachelocatesthe appropriatevolatile PKFile,
andfirst looks for the entry in memory If a hit is not found there,it opensthe
appropriatestableMultiPKFile, and seeksto the startof the appropriatePKFile.
The stablePKFile headercontainsa table mappingcommonfingerprintvaluesto
positionsin the PKFile wherethe entrieswith eachCFParestored.The CFPtable
is storedin sortedorderby CFPsointerpolatedbinary searchcanbe usedfor CFP
lookup.

Most cachelookupsthat go to disk requiretwo disk reads: oneto readthe
CFPtable andoneto readthe entry in the event of a hit. In the typical casein
which no matchingCFPis found, only onedisk readis required. Dependingon
thefilesystemblock size, thefilesystemread-aheadlgorithm,andthe numberof
CFPsin the PKFile, somecachehits canactuallybe servicedn a singledisk read.
However, morethantwo disk readsmay be requiredto servicea cachehit if the
CFPtable or the cacheentry beingreadis larger thanthe filesystemblock size.
Section9.4.1reportsthe time requiredto perform cachelookup operationswith
variousoutcomes.

Maintainingthis cacheorganizationis complicatecby the additionor removal
of cacheentries.Whenanew entryis addedo or removedfrom thesetEntriegpk),

5This prefix sizeis a compile-timeconstantandcanbe easilychanged.
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the setsAlINamegpk) and CommonNamepk) canchange.Sincechangedo the
latterwould requirecommonfingerprintsto berecomputedndcacheentriesto be
reolganizednewvly addedentriesarekeptin two sidebuffers (onefor entriesthat
have all of the commonnamesandonefor thosethatdo not). The lookup algo-
rithm mustconsultthesesidebuffersin additionto checkingfor ahit in Entriegpk).

Oncea large enoughnumberof new entriesare collected,they are meigedinto

Entriegpk) together therebyamortizingthe high cost of recomputingall of the
commonfingerprintsand shufling cacheentriesamongCFP groups. Deletions
triggeredby the weederare handledsimilarly; again,nev commonnamesand
commonfingerprintsare not computedfor every deletion,but only oncefor each
PKFile asabatch.

The function cacheusesmutexes to protectits shareddatastructures. One
centralizednutex protectsthe maincachevariables.To reducelock contentiona
separatenutex protectsaccesgo the cacheentriesandotherstateof eachvolatile
PKFile. The useof a separatenutex for eachvolatile PKFile allows lookupson
differentprimarykeysto proceedn parallel. Whena PKFile is rewritten, its mutex
is heldonly aslongasnecessaryfor example themutex is notheldwhile thestable
PKFile is readand while its commonnamesandthe commonfingerprintsof its
entriesarerecomputedThislocking strategy allows mostof theconsiderablevork
requiredin rewriting a PKFile to occurin parallelwith lookupsandthe additionof
new entries therebyimproving the caches overall performance.
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Chapter 7

Evaluator

The Vestaevaluatorinterpretssystemmodelswritten in the Vestasystemdescrip-
tion languagelt interactawith thefunctioncachedescribedn Chaptei6 to achieve
higher performancehroughincrementalbuilding. Writing an interpreterfor the
Vestalanguagds straightforvard, but exploiting the function cacheeffectively is
not. This sectiondescribeshe evaluators cachingstratay, aswell asits solutions
to somepracticalproblemsthatarisedueto caching.

7.1 Overview

In atypical Vestabuild, theexpensve operationsreapplicationf thelanguages
_run _tool primitive,whichcausexternaltoolsto beinvoked. Hence effectively
caching_run _tool invocationsis crucial to achiering good incrementalbuild
performance.The relatively high costof invoking externaltools meansthat the
evaluatorcanafford to spendtime computingfine-graineddependenciem order
to increasehe cachehit rateon suchcalls.

Although caching_run _tool callsis a goodstart, suchcachingalonedoes
not scalewell. As discussedn Chapter3, it is importantfor the runningtime of
anincrementalbuild to be proportionalto the size of the change not to the size
of the systembeingbuilt. Building a large software systemfrom scratchmight
entailthousandsr tensof thousand®f tool invocations.If we assumehatacache
lookuptakes10-20millisecondsanincrementabuild usingonly _run _tool call
cachingwould take tensof secondgo retuild sucha systemevenif it werecom-
pletelyupto date.In fact,thisis preciselythe behaior exhibitedby Make, whose
“cachelookups” arefile timestampcomparison®on the input and outputfiles of
tool executions. The time requiredfor theselookupsincreasedinearly with the
numberof files involved in a build, which is the primary reasonMake doesnot
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scalewell.

Thereforejt is importantto cachepartsof the build largerthanindividual tool
invocations.Vestasfunctionalmodelinglanguagerovidesanaturalbasisfor such
caching.Eachfunctioncall in a build’s call graphcanbe cached.During a build,
wheneer the evaluatorencounters function call, it consultsthe function cache
to seeif the samefunction haspreviously beenevaluatedon suficiently similar
aguments.If so,the evaluationof thatfunctionandall of its descendantm the
call graphis skipped.Becauséghelanguages functional,thereareno sideeffects
to bereproducedthe evaluatorsimply takesthe previous call’s resultvaluefrom
the cacheandusest astheresultof the new call.t

As describedn Section6.1, using dependenciethat aretoo coarse-grained
canleadto costly falsecachemisses.To avoid falsecachemissesthe evaluator
attemptsto computedependenciesn only thosepartsof the evaluationcontet
thatarerelevantto thefunctionbeingevaluated.Thesedependenciesrecomputed
dynamically thatis, asthe evaluatoris interpretinga functioncall.

A dependengc canbe thoughtof asa predicateon the evaluationstatethatis
requiredto producea cachehit. Whenviewedin thisway, adependengcthatis too
coarse-grainedorrespond$o a predicatethatis unnecessarilygtrong. The goal
of the evaluatoris to recorddependenciethatareasweakaspossible but strong
enoughto capturethe relevant aspectof the stateso asto producecorrectcache
hitsin thefuture. As describecearlier we call suchdependencieine-grined

Thedependenciesecordeday the evaluatorarenot alwaysthe wealestpossi-
ble predicates Sometimesunnecessarilgtrongdependencieare usedintention-
ally becausehey aremorecompactandthereforeeasierto manipulateandcheck.
Thereis atradeof betweerthe strengthof the dependencandthecostof gettinga
cachemiss.In practice we have balancedhetradeof sothatVestas performance
rarelysuffersdueto unnecessarilgtrongdependenciesn ary event,theevaluator
never recordsdependenciethataretoo weak. If it did, falsecachehits would be
possible andincorrectbuilds would result.

When caching_run _tool calls, the evaluatorrecordsthe tool’s file system
referencessfine-graineddependenciesSereral differenttypesof dependencies
arerecordedgachcorrespondingdo a differentkind of file systemoperation,and
eachrepresentin@ differentpredicateon the evaluationstate. For example,it is
essentiafor correctnesshat all attemptsto opennon-«istentfiles arerecorded.
The operationof listing a directory is anotherkind of dependengc that mustbe
recorded Eachof thesediffersfrom thedependenccreatediy successfullyopen-

The languages primitive functionsotherthan _run _tool areinexpensve, andthereforeare
not cached.By default, all othercalls are cached.However, the languagealsoincludesa stylized
comment,or pragma to suppressachingof particularfunctions,which is occasionallyusefulin
build performanceauning.
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ing andreadingafile.

Cachinginvocationsof userdefinedfunctions(i.e., closures)s morecomple
thancachinginvocationsof tools. More kinds of operationsare available on data
structuredn thelanguagahanareavailableon anencapsulateflle system mak-
ing it desirableto usemoreprecisedependencpredicatesin fact,the mainchal-
lengein implementingthe Vestasystemdescriptionlanguagelies in computing
fine-graineddependenciefor the languages mary operationsjn orderto make
effective useof the functioncache.

Althoughcachinguserdefinedfunctionsleadsto significantperformancegains,
it doesnot solve the scalingproblemcompletely When one function calls an-
other mostdependenciesf the calleetypically becomedependenciesf thecaller
Hence,if nospecialmeasuresveretaken,therootfunctionof anevaluationwould
have an extremelylarge numberof dependenciesObviously, thatsituationcould
prevent Vestafrom scalingwell. To preventtoo mary dependenciefom being
propagatedup to the root of an evaluation, we exploit the specialpropertiesof
models(asdistinctfrom generalclosures}o allow for an efficient, coarse-grained
representationf thedependencieassociateevith modelevaluations Modelsthus
sene ascutof pointsin thecall graph beyondwhich overly fine-grainecandbulky
dependenciedo not propagateWe explain this matterfully in Section7.5below.

The restof this chapteris organizedasfollows. The next sectionbriefly de-
scribeshow the evaluatorrepresentslependenciesThe threesectionsafter that
describethe evaluators algorithmfor creatingcacheentriesfor the threeclasses
of functionsenumeratedbove, namely the _run _tool primitive, userdefined
functions,andmodels.Section7.6thenshavs the effect of theevaluators caching
techniquen real builds. The final sectiondescribeshow the evaluatorhandles
errors.

7.2 RepresentingDependencies

As mentionedearlier dependenciemn generalare predicateson the evaluation
contet. In apracticalimplementationhowever, allowing for arbitrarypredicates
would be costlyin bothspaceandtime. We thereforeusea small, fixed collection
of predicatesencodecasdependencyaths It is thesedependencpathsthatare
passedo thefunctioncacheasthenamedn a cacheentry’s secondarykey.
Thesyntaxof adependencpathis givenby thefollowing grammar:

dpath = t:path
t == V|IX|D|T|L|E
path := ¢]id/path
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A dependengcpathtakestheform t : path wheret denoteghe dependenctype,
andpathspecifiegshecomponenbf theevaluationcontext onwhichtheevaluation
depends.We usee to denotean empty path; a path of the form id/e or €/id is
equialentto the pathid.

Thetypeis a single-charactecodethat selectsa predicateon the path’s value
that mustbe satisfiedfor the dependencto match;we describethe meaningsof
the six dependenctypesbelon. The pathis a pathnamehat can be looked up
in the context of the function call being evaluated. It is not necessarilya path
expressiorthatwould be valid to write atthat pointin the model. For example,if
ais abinding,thepatha/b wouldrepresenthefield b in a, butif ais aclosurea/b
would representhevalueof b in a's context.

Associatedvith eachdependeng pathis a valuewhosefingerprintis passed
to the cacheon a lookup operationor whena new cacheentry is created. The
rulesfor computingthe value associateavith a dependengc pathvary depending
on the dependengctype andthekind of function beingevaluated.Theserulesare
describedn moredetailbelow.

7.3 Caching External Tool Invocations

Caching_run _tool callsis fairly straightforvard. The primarykey for thecache
entryis formedby combiningafixedfingerprintfor the_run _tool primitive with
thefingerprintsof all of thefunction's agumentsexcepttheimplicit “. ” agument.
As describedin Section5.2.3,the tool’s file systemis suppliedvia the binding
Jroot . Obviously, recordinga dependengc on the completefile systemrepre-
sentecby ./root  would betoo coarse-grainedsinceit is very unlikely thatthe
tool will accessll thefiles in that directorytree. Hence,the cacheentry’s sec-
ondarykey is formedfrom the file systemreferencesnadeby the tool during its
execution.As describedn Chapter3, thetool's file systemreferencesretrapped
by the repository sentto the evaluator and satisfiedby the evaluatorby doing
lookupsin ./root

Theevaluatormusthandletwo differentkinds of requestgrom therepository
andit recordghreedifferenttypesof secondarylependenciesasednthekind of
requestndits outcome.Thetwo typesof requestarelookup(looking up aname
in a binding that represents filesystemdirectory) andlist (listing the entriesin
suchabinding). Table7.1 lists the threetypesof dependenciethat the evaluator
createsin responseo repositoryrequestsduring a tool execution. We give the
detailsin thefollowing paragraphs.

Whenanamelookupsucceedsndreturnsafile, the evaluatorpasseshefile’s
shortid backto the repositoryandrecordsa value (V) dependenc The depen-
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Operation | Dependeng Path | Value

lookup(ir, namg = success V :dir/name Value@ir/nameg
lookup(dir, nam@ = failure | X:dir/name FALSE
list(dir) D .dir domainglir)

Table7.1: Thethreedependengtypesrecordedy theevaluatorduring
externaltool invocations.

deng’s associatedralueis the contentsof the file; however, recall thatthe evalu-
atorandcacheactuallyusethe fingerprintof the valuein the dependeng notthe
valueitself. In this case,the fingerprintfor thefile is suppliedby the repository
(seeSection4.2.3).

When a namelookup succeedsand returnsa directory the evaluatorpasses
a handlefor the directory backto the repository The tool now knows that the
directory exists, so in generalthe evaluatormustrecorda dependengc reflecting
this fact; namely an existence(X) dependengcon the directorys pathnamewith
TRUE asits value. However, in the mostcommoncase,theseX dependencies
canbe optimizedout: if thetool subsequenthattemptsto look up a namein the
directory the evaluatorwill generatea dependencwhosepathhasthedirectorys
pathasa prefix. Suchadependencsubsumeshe X dependencfor thedirectory
itself, sothe evaluatoravoids recordingthe latter

When a namelookup fails, the evaluatorreturnsa “not found” resultto the
repositoryandagainrecordsanexistence(X) dependenconthepath.In thiscase
the pathis notdefined sothe dependengs associatedalueis FALSE.

Finally, if the evaluatorreceves a requestto list a directory it recordsa do-
main (D) dependenc To obtainthe dependengs valuefingerprint,the evaluator
combinesthe fingerprintsof the namesdefinedby the correspondinginding, in
order Thevaluesboundto thosenamesarenot consideredn thefingerprint. This
procedureeflectsthe semanticf listing a directory: the resultdependsnly on
whatnamesaredefined(andtheir order),noton whatthe namesareboundto.

Table7.2shavs someof thesecondarglependencieghatmightberecordedor
a simplecompilationof afile named‘hello.c”. Thefingerprintsin the Fingerprint
field are thosesuppliedby the repositoryfor the correspondindiles, except of
coursefor FP(FALSE).

As mentionedpreviously, it is importantfor correctnesto recorda FALSE
existence(X) dependenc when a lookup requestfails. For example, consider
thefollowing commonsituation.A compilertypically searcheseveraldirectories
for headerfiles. Assumethat on one compilation,a headerfile wasfoundin the
secondsuchdirectory but not the first. If on a subsequentompilationa file of
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Type | Path Fingerprint
\% Jroot/usr/lib/ cmpl rs/ cc FP(cc)
\% Jroot/. WD/hell 0.cC FP(hello.c )
X Jroot/. WD/stdi 0. h FP(FALSE)
\% Jroot/usr/incl ude/ std io .h | FP(stdio.h )

Table7.2: Someof the secondarydependenciefor a simplecompila-
tion of thefile “hello.c”. FP denoteghefingerprintfunction.

the samenameexistedin thefirst directory a falsecachehit would resulton the
first compilationunlessa FALSE existencedependenchadbeenrecordedor the
filenamein the first directory during the first build.2  Suchfalse cachehits are
intolerable sincethey canleadto inconsistenbuilds.

7.4 Caching User-Defined Function Evaluations

Computindgfine-grainedlependencie®r callsto _run _tool isrelatively straight-
forward, sincethey arelimited to file systemaccessesBut handlingthe general
caseof cachinga call to a userdefinedfunction written in the Vestalanguagds
quite challenging,and proved to be the mostdifficult part of the evaluatordesign
andimplementationThis sectiongivesthe mathematicatuleswe have developed
for computingdependencieduringtheevaluationof userdefinedfunctions.It also
stategbut doesnot prove) a correctnesgheorem.

To describehekey ideasusedin our dependengccalculationwe definea sub-
setof the Vestamodelinglanguage.Table7.3 givesthe subselanguages syntax.
Here,Literal is the setof possiblditerals (constants)andld is the setof possible
identifiers(variables).This subsetasbeenchoserto includethe corepartsof the
Vestaanguagehatpresenthemostsignificantchallengeso effective dependenc
analysis. It omitsthe languages primitive functions(of which thereare approxi-
mately 60), its iterationconstruct,its provisionsfor importing one systemmodel
from anotherandits supportfor bindingprogramvariablego versionedlirectories
andfilesin the Vestarepository

Every expressions evaluatedin someevaluationcontext, which is a mapping
from variablenamesto values. Let Eval(e, ¢) denotethe resultof evaluatingthe

2Somebuild systemsio not handlethisissuecorrectly For example,ClearCASErecordsdepen-
denciesonly on existing files. Makefilesgeneratedby the Unix makedependool have this problem
aswell. In bothcasesthis deficieny canleadto inconsistenbuilds.
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e:=
| a literal

| X variable

| AX.€ lambda

| if & thene, elsee; conditional
[[n1=e, N2 =6, ..., Nk = &] binding constructor
| e/n binding selection

| eln bindingdomaintest
&1+ & bindingoverlay
|letx =ejine let construct

| e1(e2) functionapplication

Table 7.3: The syntaxfor a subsetof our systemmodelinglanguage.
Hereerepresentanexpressiona aliteral, x anidentifier, andn aname.

expressiorein thecontext ¢, andlet Dpnd(e, ¢) denotehedependengcinformation
resultingfrom evaluatinge in c. Sincewe usestandardcall-by-value evaluation,
therulesfor Eval(e, c) arestraightforvard, sowe will notdescribeéhemhere.

7.4.1 Computing Primary and SecondaryCacheKeys

Whencachingthe evaluationof a userdefinedfunction, how arethe primary and
secondarycachekeys computed?Clearly, the primary key shouldcontainsome
representationf thefunctionitself, sinceno cachehits shouldoccuronold entries
if thefunctiondefinitionhaschangedIn fact,the evaluatorusesthe fingerprintof
thefunction’s parsetreeasthe basisfor the primary key.

What aboutthe function’s aguments? As we have seen,folding all of the
argumentsinto the primary key would producecacheentriesthat aretoo coarse-
grained. However, not including ary of the agumentsin the primary key would
producemary cacheentrieswith the sameprimary key. Thatwould causecache
lookupsto take longer sincetherewould be moreentriesto searchthroughfor ary
givenprimarykey — onefor eachtime thefunctionwasinvoked.

Theevaluatorchooses coursebetweerthesetwo extremes.It usesa heuristic
thatfolds the fingerprintsof simpleaguments(i.e., booleansintegers,andtexts)
into the primary key, but performsfine-graineddependencanalysison the com-
positeaguments(i.e., bindings,lists, andclosures).Thatis, all dependenciesn
valuesnot capturedby the primary key areincludedin the secondarykey. The
Vestalanguageancludespragmador overriding this heuristic,but they arerarely
needed.They areusedmainly by writers of bridgesto tunethe systemfor better
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cacheperformancejn ary event, their presencer absenceannotproducefalse
cachehits.

7.4.2 Relationto Caching

As describedn the previous section,whenfacedwith a function invocation,the
evaluatorfirst computesa primary key from thefunction’s bodyandzeroor more
of theargumentvalues.In responséo this primarykey, the functioncachereturns
a setof secondarynames. The cachetreatsthe secondarynamesas meaningless
strings,but to the evaluatorthey representependenciesThe evaluatorcomputes
thevaluesof eachof thesecondarynamesn thecurrentcontet, fingerprintsthem,
andsendgheresultinglist of valuefingerprintsto the cache.The cachethentests
for a hit aspreviously discussedIn the eventof a cachehit, the evaluatorusesthe
cachedesultvalue.

In theeventof acachemiss,the evaluatorproceedso evaluatethefunctionon
thegivenarguments As it doesso, it representgachruntimevalueby a pair con-
taining the true value andthe dependenciedetectedvhile computingthatvalue.
Value-dependegqairsarealsostoredfor ary sub-valuesnestednsidecomposite
valuessuchaslists or bindings. Onceit hasfinishedevaluatingthe function, the
evaluatorcollectsup the dependenciem the function’s resultvalue. Any depen-
dencieghatarenot alreadypartof the primarykey areconsideredartof the sec-
ondarykey. Theevaluatorthencallsthefunctioncacheto createa newv cacheentry
with the computedprimarykey, secondarkey, andresultvalue. It is importantto
notethatthe cachedresultvalue, like all of the evaluators runtime values,itself
is a pair thatincludesdependenciesVheneer a later evaluationgetsa hit on this
entry boththe valueandits dependenciewill be neededsothatthe dependenc
analysisfor subsequentisesof thevaluecanproceeccorrectly

For cachingto be correct,the cacheentriescreatedby the evaluatormustsat-
isfy a theorem,a formal statemenbf which is givenin Section7.4.6belov. To
understandhe intuition behindthe theorem,imaginethat the cachecontainsan
entrywith primarykey pk thatresultedfrom evaluatingthe expressiore in a con-
text c;. The secondarynamesassociatedvith this cacheentry will be the setof
dependencieBpnd(e, ¢;).

When attemptingto evaluatee in anothercontet c,, the cachewill produce
a hit on the cachedentry only if the valuescomputedin c, for the dependencies
Dpnd(e, ¢;) matchthe valuesstoredin the cache.Notethatthe valuesassociated
with the dependencies the cacheare preciselythe valuescomputedin c; for
Dpnd(e, ¢;).

We thereforedefineequivalencébetweertwo contexts with respecto a setof
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Dependengon
Type | thecomponens. .. Computedvalue

\Y) ...completevalue Value(V : path ¢) = Eval(path c)

X .. .existence Value(X : pathy/id, c) = Eval(pathlid, c)
D ...domain Valueg(D : path ¢) = {n| Eval(pathn, ¢)}
T ...type Valug(T : path ¢) = Eval(typeofpath), c)
L ...length Value(L : path ¢) = Eval(lengthipath), c)
E ..expression(closures)| ValugE : path c) = Eval(path c).body

Table7.4: Themeaning®f thesix dependengtypesandtherulesused
by the evaluatorto evaluateeachtype of pathin a context c.

dependencied asfollows:
EquiM(cy, ¢z, d) = (Vp € d : Value(p, ¢;) = Value(p, ¢2)).

In this definition, Value(p, ¢) denotegheresultof “evaluating”the dependengc p
in the contet c. It correspondso the fingerprintassociatedvith eachsecondary
namein the cache.(We defineValueg(p, ¢) for the particulardependenciesreated
by the evaluatorin the next section.)

Clearly the cachehit will be correctif andonly if performingthe evaluation
of e in ¢c; would producethe sameresultasthe one storedin the cache thatis,
Eval(e, co) = Eval(e, ¢;). Thereforeto prove our cachingcorrect,we mustshav
that

Equiv(cy, ¢z, d) =— Eval(e, ¢;) = Eval(e, ¢1).

After describingour dependengccalculationalgorithm,we give aformal statement
of thisrequirementn Section7.4.6below.

7.4.3 DependencyTypes

Table 7.4 presentdhe meaningsof eachof the evaluators six dependenctypes
during a userdefinedfunction evaluation,alongwith the rulesit usesto compute
Value(t : path c), thevalueof thedependengcpatht : pathin thecontet c. In this
table, the languages primitive typeofandlengthfunctionscomputethe dynamic
typeof avalueandthelengthof alist or binding,respectiely. Thenotationcl.body
denotegheclosurecl’s bodycomponent.

TheV (value)dependengctype recordsa dependengc on the entirerun-time
value.lt is the strongestlependenctype,andhencesubsumeshe otherfive. The
X type denoteghe existence(or non-&istence)of a namein abindingor closure
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contet; the D type denotegshe domainof a binding (i.e., the sequenc®f names
in the binding’s domain);the T type denoteghe run-timetype of a value;the L

type denoteghe lengthof alist or binding; andthe E type denoteghevalueof a
closures expression(i.e., function body). Someof thesedependengctypes,such
astheT andL types,arisesolelyfrom theexistenceof certainlanguageorimitives.

Although somedependencieare subsumedy others,the evaluatordoesnot
prunesuchredundantdependencieshenit forms cacheentriesfor userdefined
functions. It is unclearwhetherthe costof communicatingandstoringthe extras
outweighsthe costof detectingandremaoving them.

The dependenctypesthatthe evaluatoruseswere chosenbasedon practical
considerationgboutthe expecteduseof the Vestalanguage.The currentdepen-
deng typesareappropriatdor thestandaratonstructiorervironment(Sections.4)
andmary similar environments.lt is possibleof course thata radically different
style of useof the Vestalanguagamight reveal a needfor additionaldependenc

types.

7.4.4 DependencyCalculation Rules

We now give the mathematicatulesfor calculatingdependenciesiVe first define
D(e, c, p) where p is a dependengc path; D(e, ¢, p) evaluatesto a setof depen-
deng paths.We thendefineDpnd(e, c) = D(e, ¢, V :¢). Intuitively, D(e, c, p) is
thedependengcfor justtheportionof €' svaluethatis selectedy p. Thedefinition
of D(e, ¢, p) now proceeddy caseon the programstructure:

e If e=a (a € Literal), thenD(e, c, t: p) = @. Evaluatinga constanhasno
dependengconthe context.

e If e=x (x € Id), thenD(e,c,t:p) = {t:x/p}. Evaluatinga variablex
depend®nly onthedependengcpathextendedon theleft by x.

e If e = AX.ey, only thefollowing two casesarise:

D(e,c,V:.e) = FVse)
D(e,c,E:e) ={}

whereFVse) denoteghe setof €'s free variables. In both casesthe path
mustbe empty If thetype of the pathis V, the lambdaexpressiondepends
on thewhole closurevalue,thatis, the setof €'s free variables.If thetype
of the pathis E, it dependon only the lambdaexpressionof the closure
value,namely theexpressiore. Sincee is incorporatednto theprimarykey
of every function call whosebody containsg, it is correctnot to recordary
dependenciein this case.

115



If e =if e; thene, elsees, thenwe have thefollowing rule:

dy = D(er, ¢, Vie)
v, = Eval(ey, ©)
dr = if vy thenD(ey, c,t: p) elseD(es, C,t:p)
D(ec t:p)=diuUd,

This rule stateghatthe dependencof a conditionalis the union of the de-

pendenciesf theguarde; andthedependengcof eithere, or e3, depending
onthevalueof e;. Weuseanemptypathin computingtheguards dependen-
ciesbecaus¢heguardevaluatego a booleanvaluethathasno components.

If e=[n1 =e,n =6, .., N = &], therearetwo casedo consider If
p is empty it meanghatwe dependon theentirebinding. If p = t:n;j/p1,
it meanghatwe dependonly on the valueof field n;. Thefollowing rules
coverthetwo cases:

D(e,c,t:e) = UK D(&,c, V:e)
D(e,c,tini/p1) =D(e,c, t:p1)

If e=ey/n,thenD(e, c, t:p) = D(ey, ¢, t:n/p). For bindingselectionwe
recursvely call D with the pathextendedontheleft by n.

If e=ei!n, thenD(e, c,t:p) = D(ey, ¢, X:n/p). Forthebindingdomain
test,werecursvely call D with the pathextendedon theleft by n. Notethat
the new dependengcpathhastype X, regardlessof thetypet.

If e = e + &, thentherearetwo casedo consider:If p is empty it means
that we dependon the entire binding. If p = t : n/py, it meansthat we
dependonly on the binding that suppliesthe n field. In the casethatthen
field comesrom e1, we mustaddthedependencthatn is notdefinedin e.
Thefollowing rulescover thetwo cases:

D(e,c,tie) = (7.1)
D(e,¢, Vie)UD(e, ¢, V:ie) (7.2)
D(e,c,t:n/pp) = (7.3)
if Evalle!n, c) (7.4)
thenD(ey, ¢, t:n/p1) (7.5)
elseD(ey, ¢, X:n) UD(eg, c,t:n/p1) (7.6)
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e Ife=letx =g in e, then

C; = Co {X — Eval(e, ¢)}
do =D(e, C1,t:p)
tha = {P'| P’ € d2 A head p) # x}
Oop = {t':p' [ t':X/p € dp}
D(e, c,t:p) = doa JUpedpD(€1, C, P)

whereo denoteghe operationfor extendinga context, andhead p) denotes
thefirst elementof p’s path. We first augmenthe evaluationcontext with

X mappedto Eval(e;, ¢) and computed, asthe dependenc of e, in the

augmentedontet. We thendivide thedependengcpathsin d; into two sets
dya anddy,. The setdy; containspathsunrelatedto x. So, dyg musthbe

includedin the result. The setdy, containspathsstartingwith x. So, we

needto recursvely computeD(ey, ¢, p’) for eachpathp’ in dyp.

e If e=g (&), then

Eval(e;, ¢) =< AX.e3,C3 >
di =D(ey, ¢, E )

C; = C30 {X — Eval(ey, ©)}
dz = D(es, c1,t:p)

Oza = {p' | p' € d3 A head(p') # x}

dap = {t':p’ [t':x/p’ € d3}

D(e,c,t:p) =di |
(Upeas,D(e1, ¢, p)) U
(Upedy, D(&2, C, P'))

This rule is similar to the rule for the let constructwheree; in thelet ex-

pressioris like theagumente, here,ande; in thelet expressions like the
closurebodyes here.

7.4.5 Example

We now presenta simpleexampleto demonstrat¢he abose dependencrules. We
computethe dependenciefor the expression:

e=letx =[r=[s=y],t=2]in x/r/s

in thecontext c. Obviously, Eval(e, ¢) = c(y). Hereis the startof thedependengc
calculation:
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Dpnd(e, ¢)
= { definitionof Dpnd }
D(e,c,V:e)

Sincethe expressiore is alet constructthelet rule applies. The mainstepin cal-
culatingthedependencieor thelet construcinvolvescalculatingthedependenc
setnamedd, in thatrule, wheree; = [r =[s=Y],t =Z] ande, = Xx/r/s. Here
we derie the valuefor dy, usingc; to denotethe augmentecontet ¢ o {x —
Eval(e, ©)}:

D(x/r/s,c1,V:e)

= { bindingselectiorrule }
D(x/r,c1,V:s)

= { bindingselectiorrule }
D(x,c1,V:r/s)

= { variablerule }

{V:x/r/s}
Fromthedependencsetd,, we computethe partitionedsetsd,, anddoy:

d2a:@
dp={Vir/s}

We cannow continuecomputingDpnd(e, ¢):

D(e,c,V:e)

= {letrule}
AUD(r=[s=y]l,t=2z],c,V:r/s)

= { bindingconstructorrule }
D([s=yl,c,V:s)

= { bindingconstructorrule }
D(y,c,V:e)

= { variablerule }
{Viy}

Hence theevaluationof e in ¢ depend®nly onthevalueof y, aswe would expect.

7.4.6 Correctness

Thefollowing theoremstateghe correctnessf thedependenccalculationrules.

Theorem 1 (Caching Corr ectness)|If the expressione evaluatesto a valuewv in
the contet ¢;, thenwe cancomputeDpnd(e, ¢1), and,if everypathin Dpnd(e, ¢;)
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evaluatesto the samevaluein contexts ¢; andcy, thene alsoevaluatesto v in c;.
Formally,

(Fv : Bvalle,c;) = v) = (7.7)
(3d : Dpnd(e, ¢;) = d) (7.8)

A (Equiv(cy, ¢, Dpnd(e, ¢1)) — (7.9)
Eval(e, co) = Eval(e, ¢y))). (7.10)

Beforeimplementinghedependencalgorithm,we formalizedtheabove eval-
uationand dependeng rulesfor this subsetof the Vestalanguagein the Ngthm
theoremprover [9], andmechanicallychecledthe correctnessheorem.The proof
is beyond the scopeof this paper It took severaliterationsof runningthe prover
and correctingour rules beforethe mechanicaproof succeeded.This proof ef-
fort revealeda coupleof subtleerrorsin earlier versionsof the rules. We then
implementedhe rulesin the Vestaevaluator Althoughwe did not mechanically
checktherulesfor the completeVestalanguagethe subsetwe did verify covers
the mostcomple aspect®f the languageandsothe mechanicaverificationwas
quiteuseful.

Ourdependengccalculationis relatedto earlierwork by Abadi, Lampsonand
Lévy, which usesa labeledi-calculusto computeboth dynamicandfine-grained
dependenciefl]. However, their approachs quite differentfrom ours. It asso-
ciateslabelswith all expressionsn a function body, andthendevelopsrulesfor
keepingthelabelsof only thoseexpressionghatareevaluatedduringacall. As a
result,it recordsonly onekind of dependeng analogougo our valuedependen-
cies. Also, their calculussupportsonly the selectionoperationon records.Com-
puting dependenciefor the binding operatord and+ complicateshe problem
significantly

7.5 Caching Model Evaluations and Model Values

We treattwo closelyrelatedtopicsin this section:cachingevaluationsof models,
andrecordingdependenciesn modelvaluesin othercacheentries.

7.5.1 Model Evaluations

Theevaluatorcreateswo cacheentriesfor eachmodelevaluation:a specialentry
that takes advantageof the specialsemanticof models,anda normal entry that
cachesthe model evaluationin the samemanneras the evaluationof ary other
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functioncall 3

The main differencebetweenspecialand normal model entriesis in the dis-
tribution of dependenciebetweenthe primary and secondarycachekeys. The
primarykey of aspeciaimodelentry combinegwo items:

1. thefingerprintof the immutabledirectory containingthe model, which (as
explainedin Section4.2.3) capturegshe stateof the entire immutabletree
rootedat thatdirectory and

2. themodels namerelative to thatdirectory

Computingthe primarykey in this way impliesthatthe evaluationdepend®n the
modelsentiredirectorytree,includingthecompletetext of themodelitself. All lo-
cally referencediles arethuscapturedn the primarykey andneednotberecorded
in the secondarkey. All non-localmodelimportsarealsocapturedpecause¢he
absolutepathnamef eachsuchimportappearsn thetext of themodelfile andthus
contributesto thefingerprint. (Unfortunately ary filesin themodels directorytree
thatthe modeldoesnot referenceaarealsocapturedaswell asirrelevant elements
in the modeltext suchasimportsthat are not used,commentsandwhitespace.)
Becauseso muchis capturedby the primary key, the secondarykey of a special
modelentry includesonly fine-graineddependenciesn the models ervironment
(“. ") parameter

In contrast,the dependenciesf a normalmodel entry are calculatedin the
standardwvay, by treatingthe modelasa closureof oneagumentwhosecontext is
definedby its files andimport clausesThusanormalmodelentry’s primary
key captureonly theparsdreeof themodelbody, while its secondarkey includes
both referencego the ervironment(“. ") parameterand referencego files and
modelsmadethroughthe body’s freevariables.

Why two kinds of entries?Specialmodelentrieshave fewer secondargdepen-
denciesthan normal model entries,making them fasterto look up in the cache.
More importantly as mentionedat the end of Section7.1, specialmodel entries
sene ascut-off pointsto preventtoo mary dependenciesom propagatingup the
function call graph: individual dependenciesn files or imports of a model are
not propagatedeyond calls or referencego that model. Without thesecut-offs,
theroot nodeof the functioncall graphof a build would containa dependencon
every sourcefile contrituting to the build.

Moreover, cachehitsonspecialmodelentriesarecommon.For example when
an applicationis built againstseveral frequently-usedibraries, chancesare that
mostof thelibrarieswill beunchangedsotheevaluatorwill getfastcachehitson

3Recallfrom Section5.3.4thatmodelsare semanticallyequivalentto closuresof oneargument,
soamodelevaluationis semanticallyidenticalto afunctioncall.
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thelibraries’ specialimodelentries.In fact, the performancdenefitsof the special
cacheentriescreatedfor model evaluationsare so appealingthat we sometimes
createa separatenodelfor a pieceof Vestacode,ratherthansimply wrappingthat
codein a function definition within an existing model. This techniqudeadsto a
slightly larger numberof modelfilesin exchangdor bettercachingperformance.

Falsecachemissen speciaimodelentriesarepossiblebecaus¢heentriesare
intentionally coarse-grainedWhenlooking up a modelevaluationin the cache,
the evaluatoralwayschecksor a speciaimodelentryfirst; if thatlookup missesit
checksfor a normalmodelentry A new specialmodelentryis createdwhenaer
thefirst lookupmissesgvenin theeventof a cachehit onthenormalmodelentry
Althoughit is uncommorfor a cachelookupto misson a specialmodelentry but
hit on the correspondinghormal entry, this doeshappenoccasionally Suchhits
save enoughwork to amplyjustify the costof creatingthe normalentry.

7.5.2 Model Values

Recallfrom Section5.2.4thatevery importedmodelhasa correspondinglosure
valuethat canbe returnedas (part of) a function resultjust like ary othervalue.

Wheneer ary function evaluationdependson an unevaluatedmodel value, we

recordthis dependengcin a coarse-grainechannerusingthe sameideadescribed
above for constructinghe primarykey of amodelevaluation.

For example,supposefunction f1 calls modelm;, while function f, returns
an unevaluatedmodelm, as part of its result. (Both thesecasesare commonin
our own usageof Vesta.) When f; calls my, the evaluatorwill of courseeither
find or createa specialmodelentry for m; asjust describedand f; will inherit
the limited secondarydependenciefrom this coarse-grainedacheentry as part
of its own dependenciedn the caseof f,, althoughm, is unevaluatedandhence
no cacheentry is involved, the evaluatorstill constructsf,’s dependenc on m,
usingthesamemodelfingerprintingtechnique Thatis, theevaluatorcreatea Vv’
dependencwhosefingerprintfield combineq1) thefingerprintof the immutable
directoryfrom whichm, wasimported,and(2) m,’snamerelative to thatdirectory
As before thistechniquéds correctbecausen,’s valueasan (unevaluated)closure
is fully specifiedby the immutabletext of the modelfile that definesit andthe
immutablecontentsof the directorytreewherethefiles andimport clausesn that
modelareresohed.
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7.6 Example Evaluation Call Graphs

We now considerthe effects of the evaluators function cachingin practice. We
shaw the call graphsthatresultfrom the evaluationof variouspackages.

7.6.1 ScratchBuild of the Standard Environment

Figure7.1shaws thecall graphthatresultsfrom evaluatingthe modelfor the stan-
dardconstructiorervironmentagainstan emptycache.In this figure andthe next
two, thenodesdenotgunctioninvocationsandanedgefrom anode f to anodeg
indicatesthat f callsg. Theedgeis solid blackif f andg aredefinedin thesame
packageandgray otherwise.

Thecall graphin this examplecanbedividedroughlyin half. Theleft half of
the figure shaws the evaluationof a strippeddown “backstop” standarderviron-
ment. This ervironmentcontainsbridgesandlibrariesnecessaryo build the full
standarcervironment,whichis shavn in theright half of thefigure.

In bothcaseshuilding thestandaranvironmententailsevaluatingbridgemod-
els andlibrary models. The library modelsare divided into threegroups: C li-
braries, Vestalibraries, and Modula-3 libraries. The full standardervironment
containsthreemorebridgesthanthe backstopenvironment. Oneof these thelim
bridge,requiresmorework, sincethelim tool exportedby the bridgemustbe built
from source.

Notethatalthoughthis evaluationwasperformedagainsta cachethatwasini-
tially empty somecachehits still occurred.In particulay cachehits occurredon
five of the six bridgesin the full environmentbecauseadenticalversionsof those
bridgeshadalreadybeenevaluatedin the backstopervironment. Cachehits also
occurredonthe completesub-treeof the C andModula-3libraries,againbecause
thoselibrarieshadbeenevaluatedin the backstop.In contrast hits did not occur
onall of the Vestalibrariesbecauséehe versionof thoselibrariesreferencedy the
full standarcervironmentmodel(i.e., version30) differsfrom the onereferenced
by thebackstopversion28). Notethatnoneof thelibrary evaluationsresultedn a
tool invocation,sincein generatheactualconstructiorof alibrary is delayeduntil
aprogramis built againsit.

7.6.2 ScratchBuild of the VestaUmbrella Library

Figure 7.2 shaws the call graphthat resultsfrom building a “hello world” C pro-
gramagainstthe completeVestaumbrellalibrary, assuminghatthe construction
of the standardervironmentmodelshavn in Figure 7.1 is alreadycached. The
only reasonfor building sucha simple programagainstthe Vestaumbrellais to
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illustratethe constructiorof theumbrella,which constituteghe bulk of thisfigure.
Theactualconstructionof the hello world programitself consistsonly of thetwo
rightmosttool invocations.

Althoughthefunctioncachds relatively emptyin thisexample theimportance
of goodcachings evident. Thecachehit onthestandaraconstructiorervironment
in the upperleft of thefigureis critically important,asit savesthe evaluatorfrom
having to evaluatethe entirecall graphof Figure7.1!

Perhapshe mainthing to noticeaboutthis call graphis its sheersize.Building
the Vestaumbrellalibrary from scratchrequires86 tool invocations. Exceptfor
the fingerprintlibrary, eachsub-libraryis constructedoy compiling the library’s
sourcesoneat a time, andthencollectingthe resultingobjectstogetherinto a li-
braryarchve.

The constructionof the fingerprintlibrary requiresa bit morework, sincea
programfor generatingheadefile of computedingerprintconstantsnustfirst be
built andrun. This exampleshaovs how theintermediataesultsof abuild (namely
the programfor generatinghe headeffile) canbeinvokedlaterin thebuild. It also
illustratesthat Vestas distinctionbetweersourceandderivedfiles is notthe same
asthe C compilers distinctionbetweersourceandobjectfiles; here,a C sourceile
is mechanicallygeneratednot storeddirectly in the repository soit is a derived
from Vestas point of view.

7.6.3 Scratchand Incr emental Builds of the Evaluator

Figure 7.3(a) shaws the call graphthat resultsfrom building the Vestaevaluator
packagdrom scratchassuminghatthe standardcervironmentandVestaumbrella
library arecachedIn additionto the Vestaevaluatorexecutablepuilding the pack-
agealsocauses helperprogramandsomederived documentatioffiles to be con-
structed.

Thisfigureis anevenbetterexampleof theimportanceof effective caching.In
thiscasethereis a hit notonly ontheevaluationof the standarctonstructiorervi-
ronmentbut alsoon the entireVestaumbrellalibrary shavn in Figure7.2. Hence,
the 86 tool invocationsshawvn in that previous figure are all avoidedby virtue of
a single cachehit. The constructionof the evaluatoritself is straightforvard: its
18 sourcesare compiledinto objects,andthoseobjectsare thenlinked together
againstthe Vestaumbrellalibrary. The constructionof the helperprogramand
documentatiotiilesis alsostraightforvard.

Figure 7.3(b) shaws the call graphthat resultsfrom an incrementalbuild of
the Vestaevaluator This exampleillustratesthetypical casethatoccursduringthe
inner edit-kuild-testloop of the developmentcycle. This figure wasproducedby
startingwith the cachethat resultedfrom the evaluationof Figure7.3(a),modify-
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Figure7.3: Thecall graphgthatresultfrom building the Vestagvaluator
packagefrom scratch(a) and againafter one of the evaluators source
files hasbeenmodified (b). In both caseshits occur on the standard
constructiorervironmentandthe Vestaumbrellalibraries.
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ing oneof the evaluators sourcefiles, andreluilding. In this casetherearemary
cachehitsandonly two tool invocationsoneto recompilethemodifiedsourceand
oneto relink theevaluatorexecutable) Because¢he helperprogramanddocumen-
tation sourcesnverenot changedhigh-level cachehits occuron thosepartsof the
evaluation.

This examplealsoillustratesaninterestingfeatureof the C andC++ bridges.
In particular notice that the compilation of 10 or more sourcesin a library or
applicationproducesa balancedsubtreein the call graphso that no morethan9
files are compiledtogetherdirectly undera single node. This “weepingwillow”
effect is especiallyevident in the constructionof the GC library in Figure 7.2.
Whenthe evaluatorwasbuilt from scratch the compilationof its 18 sourcesvas
automaticallydivided by the bridgeinto two groupsof 9. As a result, the work
requiredto recompilethefiles in the first groupcanbe avoidedby a singlecache
hit. In thegeneraincrementakase this divide-and-conguetechniqueresultsin a
numberof cachelookupsproportionalto the logarithmof the numberof sources
in thelibrary or application,ratherthanthe linear numberthatwould resultif the
nawe flat organizationhadbeenused.

7.7 Error Handling

Somecareis requiredto handleevaluationerrorscorrectlyin the faceof caching.
Two kinds of errorsarepossible:runtimeerrorsthatoccurwhile evaluatingan ex-
pressionin the Vestaanguageandfailed_run _tool calls. Theevaluatorhandles
thetwo kindsof errorssomevhatdifferently

When an evaluation error occurs,suchas attemptingto selectan undefined
componenbf a binding, the evaluationis aborted.An errormessagés printedto
the user alongwith the evaluationcall stackto indicatethe error’s source.In this
case naturally no cacheentriesare createdor the function evaluationsthatwere
still in progresqi.e., onthe call stack)at thetime of the error, sincethey hadnot
yet returneda valuethat could be cached.Earlier function calls in the evaluation
thatdid completearecachedhowever, soif the evaluationis performedagain,the
sameerrormessagés regeneratedjuickly.

In contrastwhena _run _tool call fails, it may be undesirabldo abortthe
entire evaluationimmediately For example,whenthe evaluatoris compiling a
long list of sourcesthe userwill often go off anddo somethingelse. If a com-
pilation early in thelist fails, the userwill be muchhappierif the evaluatorgoes
on to compiletherestof the files beforehe returnsthanif it abortsimmediately
Therefore, whena _run _tool call fails, if anappropriatecommandline switch
hasbeengiven,the evaluatorprintsanerrormessagandcontinuesjndicatingthe
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erroraspartof thefunctionresult. (If this switchis not given, the evaluatorprints
an error messagend abortsthe evaluation.) Bridgesaretypically written to de-
tectary sucherrorsandpasshe specialvalueERRup to their callers,causingany
attemptto usetheresultof the compilationto fail andstopthe evaluation.

Whena _run _tool call fails, althoughit would be theoreticallycorrectto
cachethe failure andreturnit againif the build is repeatedijt is preferablenot
to do so, for two reasons.First, occasionallya tool invocationmay fail because
of sometransientconditionthatis outsideVestas control, sucha full disk or a
network timeout. Capturingsucha failure in the cachewould make it impossible
to correctthe problemby clearingthe transientconditionandretrying. Second,
Vestabridgesare usually written to print suchmessagess a side-efect, rather
thanincludingthemaspartof the _run _tool result. Whena Vestauserneedso
reproducethe error messagefrom a failed compile, it is importantfor him to be
ableto runthe compileragainto regeneratéhe messages.

Therefore failed callsto _run _tool mustnotbe cached.Cachingary func-
tion higherup in the call graphwould be equallybad,sincea hit on suchanentry
would preventthefailed call to _run _tool from reoccurring,againsuppressing
the errormessagesTo handlethis situation,the evaluatorrecordsa cachableflag
for eachruntimevalue. The evaluatorcomputeghe cachabldlag of a new value
basedon the cachableflagsof the valuesfrom which the new valueis produced.
A cacheentry for a function evaluationis createdonly whenits resultvalueis
cachable.

Gooderrorreportinghasits costs. Whenthe evaluatorencountersa runtime
errorin a Vestamodel,it is importantfor it to reportthe location (file name,line
numberandcolumnnumber)of eachentryon the functioncall stack;if thisinfor-
mationwerenot provided, failing modelswould be very difficult to delug. There-
fore, whenthe evaluatorcaches function resultvaluethatincludesa closure,it
muststorenot only the parsetreeof the closures functionbody, but alsothe orig-
inal modelnamefrom which the body wasreadandthe original line andcolumn
numbersof its tokens. Theseextra fields increasethe function caches commu-
nication,memory andstoragecosts. However, our experiencedeluggingsystem
modelsthatuseclosuresdemonstratethatthe extra cachingcostsarewell worth-
while.
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Chapter 8

Weeder

Vestamanageshecreationandnamingof derivedfiles automatically Thedeletion
of derivedfilesis left to a separatguasi-automaticmanagemenrocessalledthe
Vestaweeder Theweedelis alsoresponsibldor deletingunwantedcacheentries,
which consumesystenresourcegaswell.

8.1 Motivation

Ideally, thefile deletionprocessvould be completelyautomaticperhapsperating
accordingto someheuristic. For example,it might deletefiles older than some
thresholdage, or thosethat had not beenrecentlyused. However, therearetwo
problemswith suchheuristicapproaches.

First,aderivedfile cannotsimply be deletedrrespectie of thosecacheentries
thatreferto it. A seriousfailure would resultif a client couldgeta hit onacache
entrythatreference@ noneistentderivedfile! Hence thedeletionof derivedfiles
mustbe coordinatedvith the deletionof unwantedcacheentries.

Secondthefrequeng of derivedfile obsolescenciendsto vary dramatically
from packageto package,dependingon howv actively a packageis undegoing
development.As aresult,ary fixed heuristicis likely to deletetoo muchin some
packagesand not enoughin others. Sincethe developersknow the mostabout
which packageversionsareworth preservingit makessenseo give thedevelopers
controlover whatis kept,ratherthanrelying on a heuristic.

Thesepointssuggesthatthedeletionof derivedfiles andcacheentriesshould
be managedby a commonprocessandthat the input to that processshouldbe
specifiedby people. The Vestaweederis responsibldor managingthe deletion
process.t determinesvhich derived files and cacheentriesto keepusinga tech-
niqueakin to garbagecollection,andthencommunicatesvith the repositoryand
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functioncachewhich dothe actualwork of deletingeverythingelse.

Apart from the obvious requirementhat the weedemot deletearything that
it wasmeantto keep,the mainconsiderationn the designof the weedelris thatit
be asunobtrusie aspossible.By this we meantwo things. First, weedingshould
be transparento users. While a weedis in progressjt shouldbe possibleto do
normalbuilds, andthe performancampactof weedingon the restof the system
shouldbeminimal. Secondthe administratve overheadof runningaweedshould
be ngyligible. In particular weedingshouldbe aninfrequentactiity, the weeder
shouldnot requiregrossamountsof disk spaceor memory andthe instructions
telling theweedemwhatto keepshouldbe simpleto specify

In this chapterwelimit ourdiscussiono theweeders designimplementation,
and usability We evaluatethe weeders performancdn Section9.5 of the next
chapter covering the measuregerformanceof weedingandthe frequeng with
which weedingis requiredfor amedium-sizedalevelopmentproject.

To simplify the task of writing weedinginstructions,the setof cacheentries
andderived files to keepis specifiedat a coarsegranularity; namely at the level
of packagebuilds. If the weederis instructedto keepa particularpackagebuild,
it automaticallykeepsall cacheentriesandderivedsgeneratedy thatbuild. The
packagebuilds to keeparespecifiedusinga simple but powerful patternlanguage
(describedelow), soinstructionfiles canbekeptshortandeasyto understandAs
we shall see,one of the advantagedo specifyingpackagebuilds is thatthey are
quite straightforvardto name.

What happensf the weederis run with instructionsthat tell it to deletetoo
little ortoo much?Thecostof deletingtoo few derivedfilesis thatnotenoughdisk
spacds freedup. In thatcase theweedercansimply be re-runwith a smallerlist
of packageso keep.Thecostof deletingtoo muchis thatsomebuilds mayhave to
berepeatedBut becauseall sourcesn Vestaareimmutableandimmortal,andall
builds arerepeatablethereis never a correctnesproblemassociatedvith deleting
too much. Hence thereis a time-spacdradeof inherentin the weedingprocess.
Weedingmore derived files freesup moredisk space but it may requiretime to
recreatehoseweedediles (andcacheentries)if they areneededater.

Why is Vestas clean-upprocessalledweedinginsteadof garbagecollecting?
In a normalgarbagecollector thereis a cleardistinctionbetweernobjectsthatare
reachabldrom a setof known roots andthosethat are unreachableyarbage.In
Vesta,thereis noreal “garbage”: ary cacheentryis potentiallyusefulin a future
build. Hence,a personmustdecidewhich builds areworth keeping. Thesebuilds
aretakenasthe “roots” of a typical mark andsweepgarbagecollection;all other
builds areweededirom the system.Decidingwhich builds to keepis subjectve:
onepersors flower is anothers weed.
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8.2 Weedinglnstructions

Theinputto theweedemamegheexactversionof control-panemodelsonwhich
theevaluatorwasinvoked andwhosecorrespondingpuilds aredeemedvorth keep-
ing. It would betoo tediousto have to specifythe exactnameandversionof every
Vestapackageuild to bekept,sotheweeders inputis a patternlanguageHereis
theinputfor oneof ourrecentweeds:

+ /vesta/west.vestasys.org/vesta/release/[LA ST-1,L AST])/. main.v es
+ /vesta/west.vestasys.org/vesta/*/LAST/.mai n.ves
+ /vesta/west.vestasys.org/vesta/*/checkout/ LAST/* /.main .ves

Thefirst line causeshetwo latestversionsof the Vestareleaseo bekept. The
secondline keepsthe last checled-in versionof every Vestapackagebuild, and
the last line keepsall checlout sessionbuilds of the last versionof every Vesta
package Eachpatternendsin “.main.ves 7, indicatingthateachpatternnames
arootcontrol-panemodelonwhichthe Vestaevaluatorwasactuallyinvoked. The
weederkeepsall derived files and cacheentriescreatedby suchroot invocations.
In addition,it is possibleto specifyasa command-lineoptionto the weederthat
ary builds performedrecently(i.e, in thelastn hoursfor somegivenn) shouldalso
bekept.

Note that eachline is precededyy a plus sign, indicatingthat theseversions
areto be kept. The weeders input languagealso allows lines beginning with a
minussign, which removesthe specifiedpackagebuilds from the setof builds to
keep.Thelinesareprocessedh order;plusandminussignsmay be alternatedo
successkly include andexclude different setsof packagebuilds. The exclusion
featuremalesthelanguageslightly morecomple, andin hindsight,perhapst was
not necessarythusfar we have not hadoccasiorto useit.

8.3 Implementation

Beforedescribingheweedersimplementationyefirst describesomepreliminary
informationaboutthe functioncacheandevaluator
First, we describethe cachefrom the weeders point of view. Runninga setof

Vestaevaluationsagainsthe cachecanbeviewedasgeneratinga directedacyclic

graph(DAG) in whichthenodesarecacheentries(i.e.,functioncallswhoseresults
arecachedpandin whichthereis anedgefrom entry f to entryg if andonly if the
call g wasmadeduring the evaluationof f’s body This DAG is in generalnota
tree,becausea cacheentryacquiresanadditionalparentwheneer anen cachehit

is producedonit. Therootsof the DAG correspondo the evaluationsof the top-
level (control panel)modelson which the Vestaevaluatorhasbeeninvoked. The
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functioncachein factmaintainsthis graphasan explicit datastructure;the nodes
are cacheentriesthat are storedas describedin Chapter6, while the edgesare
kepton disk asa separatdile calledthe graphlog. Eachcacheentryis identified
uniquely by a small integer called its cache index, andthe graphlog edgesare
representedn termsof cacheindices. Eachentry in the graphlog containsthe
index of acacheentryandtheindicesof all its children. Thegraphlogisa“log” in
the sensehatexceptduringweeding,nenv edgesareonly appendedo it; existing
edgesarenever deletedor changed.

Secondapointaboutderivedfiles. To avoid largeruntimevalues theevaluator
representthe contentf a sourceor derivedfile by the shortidof the correspond-
ing file in the repository For example,the resultvalue of a compilerinvocation
might be a singletonbinding that mapsthe nameof a derived file to the file's
shortid. The shortidsof all files referencedn a function’s resultvalue are also
storedin thegraphlog entrycorrespondindo thatfunctionevaluation! Henceall
derivedsreferencedy anevaluationcanbereachedy traversingthefunctioncall
graphcorrespondingo thatevaluation.

So muchfor preliminaries. The weederitself works like a mark-and-sweep
garbagecollector It readsthe users specificationof which modelevaluationsto
keep,andtreatsthoseasthe roots of its mark phase. It thenreadsthe graphlog
written by the function cache,and marksall cacheentriesreachabldrom ary of
theroots. It alsowritesto a separatdile the shortidsof all derivedfilesreferenced
from ary marked entry Onceit hasmarkedthe dervedfiles andcacheentriesto
keep,the weedernotifies the repositoryand the function cacheto do the actual
work of deletingtheunmarled derivedfiles andcacheentries(in parallel).

This descriptionglossesover two importantissuesn the weeders implemen-
tation.

Thefirst issuearisesfrom thefactthat Vestas designtargetsarelarge enough
that the entire function call graphis not expectedto fit entirely in memory(see
Section3.3). However, thegraphis smallenoughthattheweedercanafford to keep
asinglemarkbit in memoryfor eachcacheentry;it collectsthesebitstogethelinto
alargebit vector Theweeders markphasebaginsby markingeachof theroots. It
thenworksby iteratively scanninghegraphlog. Oneachscanary graphlog entry
whosecorrespondingacheindex is unmarked is written out to a new versionof
thelog to bereadon the next iteration. If, onthe otherhand,the graphlog entry’s
correspondingacheindex is marked, the mark bits correspondingdo its children
areset,andthegraphlog entryis thendropped.This processepeatantil nomore

For the mostpart, thesearederivedfiles, but it is quite possiblefor a functionto returna source
aspartof its result. Strictly speakingsuchfiles arenot derived, but they muststill be protectedrom
weedingby virtue of beingreferencedn afunctionresult.In this chapterwe will simply referto all
filesreferencedy afunctionresultasderivedfiles.
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entriesgetmarked.

In general,this algorithm requiresd iterations,whered is the depthof the
call graph. Although d is not expectedto be large, the weederimplementsan
optimizationto reducethe numberof iterationsfurther: insteadof writing out all
unmarled graphlog entriesimmediately it holdsasmary aspossiblein a fixed-
sizememorybuffer, from which they areretrieved andprocessedf they become
marked. Unmarled entriesare thenwritten out only whenthe buffer overflows.
How big to make the memorybuffer is strictly a time-spacedrade-of. the larger
the buffer, the fewer iterationsare required. We reporton our experiencefor a
particularbuffer sizein Section9.5.

Thesecondmoresubtleissueinvolvesthe synchronizatiometweertherepos-
itory, functioncache andweeder Sinceweedingmay requirea noticeableamount
of time, the interfacesbetweenhe weederandthe othertwo processebave been
designedso that weedingcan proceedconcurrentlywith normal builds. There
areseveral aspectdo this problem,but herewe will focuson the mostimportant
one,namely the protectionof recentlycreatedderivedfiles andcacheentriesfrom
the weeder This descriptionomits several importantdetails,but it describeghe
essencef thedesign.

Theweeders first actionis to checkpointhe graphlog; its remainingprocess-
ing usegheresultingfile. Hence theweedeoperate®n asnapshobf thefunction
call graph. Careis requiredbecausesomeevaluationsmay have beenin progress
atthetime the snapshotvastaken.

According to the weeders marking algorithm, a derived file or cacheentry
is protectedfrom weedingby virtue of a pathin the graphlog from one of the
userspecifiedweederootsto the dervedfile or cacheentry Butif anevaluation
was in progresswhenthe snapshotvas taken, ary new entriescreatedby that
evaluationarenotyetreachabldérom aroot, sincetherootentryis notcreateduntil
the evaluationcompletesHence,|if no specialactionis taken, thesenewly created
entrieswould all beweeded.

To prevent this problem, all newly createdcacheentriesare automatically
leased 20, 36]. We usethetermleasein a broadsense:a leaseis anagreement
betweentwo or more partiesthat remainsvalid up to a prearrangedime even if
the partiesare not in actve communication.In this case,the evaluatoracquires
aleaseon newly createdcacheentriesthatis alsorecognizedy the cachesener
andtheweederLeasesanberenaved;theleaseon a cacheentryis automatically
renavedwheneer a clientgetsa cachehit onthatentry

A leaseprotectsa cacheentry from weeding. A leaseon a cacheentry also
protectsall cacheentriesand derived files reachablefrom that cacheentry At
weedingtime, the cacheinforms the weederwhich entriesare currently leased,
andtheweederadditionallyusesall suchentriesasrootsof its markphase.
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Oncetheweedehascommunicatedo the function cachewhich cacheentries
to delete,ary lookup on an entry pendingfor deletionis treatedasa miss, even
if the entry still exists in the cache. Hence,thereis a small possibility that the
evaluatormay have to re-evaluatea function whosevalueis still in the cachebut
wasaboutto bedeleted.Therewould beno pointin addingmachineryto keepthis
rareandharmlesseventfrom occurring.

All leaseseventually expire. If leasesdid not expire, thenno cacheentries
or deried files could ever be deleted! We have usedleasedurationsaslong as
threedaysduring Vestadevelopmentto allow for situationswherethe evaluatoris
stoppedn the dehuggerfor a day or two, andasshortasthreehoursin a produc-
tion ervironmentwheredisk spacewasin shortsupply For efficiengy, our lease
implementatiormay actuallyprotectentriesfor up to twice aslong asthe nominal
leaseduration.Whenchoosingaleaseduration,it is bestto errontheconserative
(long) side; anunduly long leasecausesio problemsexceptfor preventingsome
files andcacheentriesfrom beingdeletedassoonasthey couldhave been.
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Chapter 9

Performance

This sectiondescribes/estas performance.We first comparethe overall system
performanceo thatof Make, focusingon the resourceequirement®f the Vesta
componentshattypically run on usermachinesnamelythe evaluatorandruntool
sener. We then presentmore detailedperformancemeasurementsf the Vesta
componentshattypically run on a centralsener machine namelytherepository
functioncacheandweeder We alsodescribeheperformancef ourremoteproce-
durecall (RPC)library, whichis usedfor communicatioramongthe components.

Oneof Vestas maindesigngoalsis thatit shouldscaleto the constructionof
very large software(seeSection3.3). Unfortunately at the time themeasurements
in this chapterwere taken, the loadswe had placedon Vestawere quite small
comparedo thosefor which it wasdesigned.For example,we hadnever stored
morethanabout10,000entriesin thefunctioncacheatary onetime, two ordersof
magnituddessthanthedesigntarget. In addition,the systemhadhadat mostfour
simultaneousisers,oneto two ordersof magnitudelessthanthe designtarget?!
Hencewe donothave any performanceneasurementdirectly attestingo Vestas
scalability

However, all of the Vestacomponentdhave beendesignedandimplemented
with an eye toward good scalability Hence,we have reasonto hopethat asthe
systemis put underincreasedoad, ary unforeseerperformancebottleneckgshat
arisewill notbeshav-stoppers. In this sectionwe amguefor Vestas scalabilityby
extrapolatingfrom our currentperformancaneasurementandby describingthe
measuresve have takento avoid scalabilitybottlenecks.

!Later, agroupof about130 developerswithin Compagadoptedvestaandusedit to develop a
codebaseof about700,000inesovera?2.5yearsperiod. Unfortunatelywe do nothave performance
measurement®r theirinstallation.

2This hasproventrue sofar with our productdevelopmentusers.
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9.1 Hardware Configuration

The measurementdescribedin this chapterwere performedwith the standard
Vestasystemconfiguration.In this configurationthe evaluatorandruntool sener

run on a single client machine,and the repositoryand function cacherun on a

single sener machine.For the Make experimentsdescribedelow, we ran Make

on the client machine,usingfiles sened by a standardn-kernel NFS version3

implementatiorrunning on the sener machine. In both setsof experimentsthe

underlyingfiles beingsenedby therepositoryandNFS3senersweremountedon

alocal Digital AdvFSfile systemusingtwo directly attachedigital RZ28 SCSI

disks.

The client machineusedin our testswas a Digital AlphaStation500 5/333,
with a 333 MHz CPU and 192MB of memory The sener machinewas a Digi-
tal AlphaStation400 4/233,with a 233 MHz CPU and192MB of memory The
two machinesvereconnectedy SRC’s local AN2 network, a prototypeof Digi-
tal's GIGAswitch/ATM high-bandwidth ATM network. More detailsaboutVestas
communicatiorcostsaredescribedn Section9.6 below.

Thesemachinesarenow two generationsld, sowe expecttheabsolutgerfor
mancein boththe VestaandMake casesvould be substantiallybetteron modern
hardware.

9.2 Overall SystemPerformance

In this sectionwe reportour measurementsf the overall performancef the Vesta
systemfrom ausers point of view.

First, we comparethe performanceof Vestaagainstthat of Make [17]. Our
measurementshav thatVestaoutperformaMake on both scratchandincremental
builds. In themostcommoncase anincrementabuild in which a smallnumberof
files arerecompiled VestasubstantiallyoutperformaMake. Thisimproved perfor
mancecomedespitehefactthatVestaprovidesconsiderablystrongerconsisteng
guaranteethanMake does.

Secondwe preseninoredetailedmeasurementsf Vestas clientperformance.
Our measurementshav that the Vestacachingmachineryperformsquite well.
The cost of incrementalbuilds is indeed proportionalto the magnitudeof the
changehot to the total size of the software being built. Our measurementalso
confirmthatVestaspendsnostof its timein runtoolcalls,indicatingthatthe over-
headinducedby the evaluatorandfunctioncacheis low.

Finally, we characterizahe memoryusageof the evaluatorand the runtool
sener—the two Vestaprocessethat areexpectedto run on client machines.The
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measurementshav thatthe run-time memoryconsumptiorof theseprocessess
reasonableVestadoesnot compromisehe performancenf the otherapplications
ontheclientmachinebecaus®f its memoryconsumption.

To compareMake andVestawe ranthreetests. TheHello testrequirescompil-
ing andlinking atoy “hello world” program.The Evaluatortestrequiresbuilding
the Vestaevaluator which in turn requiresbuilding all of the Vestalibrariesused
by the evaluator Finally, the Releasdestentailsbuilding the entire Vestarelease,
which includesbuilding all of the Vestalibraries, sener programsutilities, and
testprograms.

Table 9.1 summarizevariousattributesof the threetests. Whencountingthe
total sourcelines, we treatedall the C, C++, andheadeffiles in the Vestaimple-
mentationas sourcefiles. When countingthe numberof modules,we included
only the C files, not the headeffiles. The numberof runtool calls reportedin the
tableis the numberof timesan externaltool invocationis requiredduringthe test;
it includesinvocationsof compilers linkers,andarchvers. Finally, the numberof
packageseportedis the numberof separatgpackagesroundwhich the sources
areorganized.

Total Numberof | Numberof | Numberof
Test ‘ Sourcelines| Modules | Runtools | Packages
Hello 10 1 2 1
Evaluator 53,304 103 117 11
Release 119,602 255 333 16

Table9.1: Sizesof the ThreeBuild Tests

Eventhelargesttests sizeis well belaov thatof the softwaresystemgor which
Vestawas designed. In interpretingthe resultsof our measurementsye make
argumentsaboutVestas scalabilitywhenit is possibleto extrapolatefrom the data
presented.

9.2.1 PerformanceComparisonwith Make

In thissubsectionywe compardheperformancef VestaandMake for bothscratch
andincrementabuilds. As explainedin Chapter2, Make doesnot always build
consistensoftwaresystemsasVestadoes.The combinationof Make andMakede-
pend thoughabetterapproximatiorto Vestastill falls shortof providing thesame
consisteng guaranteeFigures9.1and9.2 comparehe performancesf Vestaand
Make on scratchand incrementalbuilds, respectiely. Using Makedependwith
Make would adda nontrivial amountof time to the Make timesin thetableswhich
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Figure9.1: Elapsedime in seconddor scratchbuilds of thethreetests
usingVestaandMake.

would be quite significantin the caseof incrementabuilds.

As shawn in Figure9.1, Vestawasslightly fasterthanMake on scratchbuilds
of all threebuild tests.EventhoughVestaoutperformsaMake on scratchbuilds, it
is worth noting that scratchbuilds occurlessoften underVesta. Make usersof-
teninitiate scratchbuilds becausduilding a systemfrom scratchis the only way
to guaranteeconsisteng with Make. The needfor suchscratchbuilds is elimi-
natedunderVesta,because/estaalways producesconsistenincrementabuilds.
However, if a userchangesa low-level headeffile thatis usedin mary places,a
nearscratchbuild will resultin which mary files arerecompiled.Figure 9.1 indi-
catesthatVestaperformsquite well on suchbuilds.

As shavnin Figure9.2,Vestaclearlyoutperformdviake onincrementabuilds.
To testincrementabuild performancewe toucheda singlesourcefile andrehuilt.
In eachtest,this requiredoneinvocationof the compilerandoneinvocationof the
linker, sowe estimatehatthetotal time spentrunningtoolswasroughlythe same
underVestaandMake. Figure 9.2 shavs the elapsedncrementabuild timesfor
thethreetests.

Whenaprograms composeaf sourcespanningnultiple packagegasoccurs
in the EvaluatorandReleasdests) developerausingMake typically run Make only
in the packageon which they areworking; thesearethetimesreportedunderthe
“Make One” column. However, suchincrementabuilds canleadto inconsistent
resultsf filesin ary of theotherpackagesiave changedTo geta(more)consistent
build, Make canbe run in all of the contrituting packagestheseare the times
reportedunderthe “Make All” column. In this incrementakest, however, we did
not modify any of the otherpackagessothe differencebetweerthe “Make One”
and“MakeAll” columnsis simplythetime requiredby Make to determinghatthe
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Figure 9.2: Elapsedtimesin secondsfor one-module,incremental
builds under Vestaand Make. The “Make One” column s the time
requiredto run Make in the single packagein which the changewas
made,while the “Make All” columnalsoincludesthe time requiredto
run Make in eachof the programs otherpackages.

otherpackagesvereall up-to-date.

We considerthe “Make All” scenariao be muchmoreof anapples-to-apples
comparisorwith Vestathanthe“Make One” scenario However, neitherMake sce-
nariocomescloseto matchingVestas consisteng guaranteegarticularlybecause
they do not includethe time requiredto run Makedependn eachof the relevant
packages.

Exceptfor thetrivial Hello program,Vestaran86%to 145%fasterthanMake
alone. We expectthat Vestas performanceadvantagewill tendonly to increase
whenbuilding larger software,sinceincrementabuilds underMake andMakede-
pendrequiretime proportionalto the sizeof the softwarebeinghbuilt, while incre-
mentalbuilds underVestarequiretime proportionako themagnitudeof thechange.
This claim is confirmedby the factthat Vestaran 86% fasterthan Make aloneon
the Evaluatortest,but 145%fasteronthelarger Releasdest.

9.2.2 PerformanceBreakdownn

In this subsectionywe examinehow time was spentby Vestain both scratchand
incrementabuilds.

We divide the total elapsedime into threeparts: the time spentin the Vesta
evaluatoritself, the time spentby the evaluatormakingremoteprocedurecallson
the Vestafunction cacheandthetime spentin externalruntoolinvocations.Note
thatthe overheadslueto the repositoryandthe tool encapsulatiomachineryare
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Figure 9.3: Breakdavn of scratchbuild elapsedimesin seconddor
eachof Vestas components.

includedin the runtooltime. We have not analyzedheseoverheadsn ary greater
detail.

For scratchbuilds, Figure 9.3 shavs thatthe time spentdoing evaluationand
cachingfor non-trivial builds is no morethan8% of thetotal runningtime. More-
over, thetime spentrunningthe evaluatorandcacheaccountgor a smallerfraction
of thetotal elapsedime thelargerthe softwarebeingbuilt. As yetlargersoftware
is built with Vesta,we expectthis fraction to continueto declinesomevhat, and
certainlyneverto increase.

The breakdavn of the elapsedtime for incrementalbuilds is shavn in Fig-
ure9.4. It demonstratethatVestas performancescaleswell, atleastfor medium-
sizedprograms.Eventhoughthe Releasesourcesaremorethantwice the size of
the Evaluatorsourcesthe absoluteimesspentin the Vestaevaluatorandfunction
cachearesmallandnearlyidenticalacrosshetwo builds. This resultsupportsour
claim thatthetime spentin the Vestasystemproperis proportionalto the magni-
tudeof thechangenotto thetotal sizeof the softwarebeingbuilt.

9.2.3 CachingAnalysis

In Chapter7, we amguedthat cachinguserdefinedfunction calls is necessaryo
achieze goodoverall systemperformanceCachinguserdefinedfunctioncallshas
its costs(mostnotably the costof computingeachfunction’s fine-graindependen-
cies).In this sectionwe shav thatthe benefitsoutweighthe costsin practice.

To measure¢heeffectivenesof cachinguserdefinedfunctions,weranourtests
with threedifferentlevels of caching.At the lowestlevel, we cachedonly runtool
calls. This level of cachingis essentiallywhat Make provides, but with Vestas
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Figure9.4: Breakdavn of one-modulejincrementabuild elapsedimes
in seconddor eachof VVestas components.

strongconsisteng guarantee At the next level, we cachedboth runtool calls and
modelcalls? Modelsarea naturalcachingboundarybecausevery packagebuild
is performedby evaluatingthe packages root model.Finally, we reporton Vestas
default behaior, which is to cacheruntool calls, model calls, and calls of user
definedfunctions. Figure 9.5 shaws theresultsof doingincrementabuilds of the
threetestswith thesethreecachinglevels; the final columnshaws the “Make All”
elapsedime from Figure9.2for comparison.
We candraw threemainconclusiondrom this data:

e Cachingall function calls is substantiallyfasterthan cachingonly runtool
calls or runtool and model calls together We expectthatthis performance
differencewill becomeavenbiggerfor largersoftware.

e Cachingonly tool invocationsis clearly not sufiicient. Whenonly tool in-
vocationsare cached,the cost of doing incrementalbuilds is proportional
to the size of the software beinghbuilt, not to the numberof tool executions
required. This is especiallyevident in the caseof the Releasdest, where
cachingonly runtoolcallsled to somary request®nthefunctioncachethat
thebuild time wasan orderof magnituddargerthanwhenall functioncalls
werecached.

e Although cachingmodel calls in additionto runtool calls doeshelp, sub-
stantialperformancéenefitsoccurwhencallsto userdefinedfunctionsare
alsocached.Again, the Releasdestdemonstratethis point well: caching

3Recallthata Vestamodelrepresents one-agumentclosurethatcanbe calledfrom otherfunc-
tionsandmodels.
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Figure9.5: Elapsedimesof one-moduleincrementabuildsin seconds
with different Vestacachinglevels. For comparisonthe final column
showvstheincrementabuild time underMake.

modelsin additionto runtoolcallsled to afactorof 5.5 speedupbut caching
userdefinedfunction calls aswell yieldedanotherspeedugactorof nearly
2.

Together thesepoints shav that the benefitsof performingfine-graineddepen-
dengy analysisclearly outweighits cost.

Recallfrom Section7.5thatin additionto the normalcacheentry createdor
eachmodel evaluation, the evaluatoralso createsa specialcacheentry These
specialcacheentriesyield fastercachehits, andthe overheadrequiredto create
themis quite small. In the testsabore, suchspecialcacheentriesaccountedor
all the cachehits for model evaluations. This result suggestghe usefulnesof
thesespecialcacheentries,althoughwe have not measuredhe systems overall
performancevithoutthem.

9.2.4 ResourceUsage

Thissubsectiomeportshe CPUusageof themaincomponentsf theVestasystem,
aswell asthe memoryusageof client processes.More detailedmeasurements
aboutthefunctioncacheandrepositoryarepresenteth Section®.3and9.4below.

CPU Usage

To measurdhe CPU usagewe wrote a simple scriptto invoke ps(1) onceevery
secondWe usedthis scriptto monitortheevaluator theruntoolsener, thefunction
cacheandtherepositoryduring both scratchandincrementabuilds. During the
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Figure9.6: ThemeanCPU loadsof the Vestaevaluator runtoolsener,
function cachesener, and repositorysener during scratchand incre-
mentalbuilds.

builds, therewasno otherbuild in progresghatwasusingthe samefunctioncache
or repositoryi.e.,the Vestasystenwasbeingusedby a singleclient.

The evaluatorand the runtool sener arerun on the client machine. So, the
averageCPU overheadon the client machineis belov 5%. We believe thatthe
CPU load of thesetwo programsshouldremainaboutthe samewhen building
larger software.

Thefunctioncacheandrepositorysenerswererunonasinglededicategener
machine althoughthey couldberun on separatsener machinesaswell. If multi-
ple builds wereperformedsimultaneouslythe CPU loadswould be higher Based
onthedatain Figure9.6, Vestarunningontherelatively old hardwareusedin these
experimentscould adequatelysupport50-100developers,assuminghe function
cacheandrepositorywererun on separatesener machinesaandthat not all devel-
operswould bedoingbuilds simultaneouslyMore powerful senermachinesould
be usedto supporta larger numberof developers.In fact,aswe reportin the next
chapterVestahasbeenusedby ateamof 130engineerslevelopinga codebaseof
approximately700,000ines,andit heldup well underthatload.

Client ProcessMemory Usage

In the typical Vestasystemconfiguration the evaluatorandthe runtool sener are
bothrun ontheclient machine. The memoryusageof the runtoolseneris always
well belov 2MB. The evaluator on the otherhand,canconsumesomeavhat more
memoryduring a large scratchbuild. To measureghe memoryusageof the eval-
uator the evaluatorcalls ps(1)right beforeit exits. Figure9.7 givesthe memory
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Figure 9.7: The run-time memory usageof the Vestaevaluatoron
scratchandincrementabuilds. Thelasttwo columnsin eachcaseshov
theincrementakesultsin which 1 file and5 files werechangedrespec-
tively. (The5-file changéestis notapplicablein theHello casebecause
thatprogramconsistof only a singlefile.)

consumptiorof the evaluatorfor both scratchand incrementalbuilds of the test
programs.

How canthesememoryrequirementde expectedto scalefor larger builds?
For incrementalbuilds, we expectto seesimilar memoryconsumptiongven for
much larger software. As explainedin Section9.2.2,the costof anincremental
build is determinedy the magnitudeof the change Sincethe evaluators memory
consumptionis roughly proportionalto the size of the call graphit mustevalu-
ate, the memoryrequiredby the evaluatorto do an incrementalbuild is almost
completelyindependenbf the size of the softwarebeingconstructedFor scratch
builds, however, it still remainsto be seenwhetherthe evaluatorwill performwell
whenVestais usedto build multi-million line softwaresystems.

The memoryrequirementseportedabove may be artificially high dueto the
factthatthe evaluatorusesa garbagecollectorfor its memorymanagementThe
collectorusesheuristicsto decidewhenit shouldgrow its heap,andwe have ob-
senedthe currentcollectorgrowing the heapunnecessarilyWe believe we could
decreasehe evaluators memoryusagefor large scratchbuilds by tuning the col-
lector’s heuristics However, doingsowould probablyleadto anincreasedwumber
of collections,whichin turn mightleadto somevhatslowver evaluations.

9.3 Repository Performance

We describeseveralaspectof therepositoryperformancen this section.
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First, we measurehe speedof basicfile operationghroughthe repositorys
NFS sener interface. This aspectof repositoryperformancds mostimportant
duringbuilds, whenencapsulatetbols malke intensve useof therepositoryto pro-
vide file service. If the repositoryis fastenoughto servicebuilds adequatelyit
will easily meetthe lighter demandgplacedon it by usersbrowsing throughthe
append-onlysourcetree or editing files in mutablesourcedirectories. Our mea-
surementshav that repositoryperformancds adequate.ln comparison®n the
samehardware,the repositoryshavs a write datarate of about96% of a standard
NFS sener, areaddatarate of about55%, andcomparablgerformanceon other
operations.

Secondye examinetherepositorys memoryanddisk spaceconsumptionWe
presenimeasurementsf the currentamountof sourcecodestoredn therepository
(numberof packagesyersionsfiles, etc.),togethemwith abreakdan of theactual
memoryanddisk spaceusedby the sener for variouspurposes Our approacthof
keepingdirectory structuresn memoryappearssuccessful:a nontriial but rea-
sonableamountof memoryis usedandmemorywill notgrov unreasonablgsthe
amountof sourcecodeincreasesOur approacho file versioningappearsuccess-
ful too: eventhoughwe do not usedeltasor otherformsof compressiongerveds
still take up considerablymore disk spacethansourcesandthe spaceconsumed
by old versionsof sourcess inexpensve attodays disk prices.

Finally, we measurehe performanceof the repositorys developmentcycle
tools: vcheckout, vadvance vcheckin, etc. Thesetoolsall run very fast(roughly
0.5to 1.5elapsedseconddor the casegested) makingthe systempleasanto use.

9.3.1 Speedof File Operations

We measuredhe speedof the repositoryasa file sener on two commonlyused
file systembenchmarksthe Connectathor®7 BasicBenchmarkCBB) [15] and
theModified Andrew BenchmarKMAB) [28, 40]. CBB is amicrobenchmarkhat
testssmall groupsof relatedoperations. MAB is a higherlevel benchmarkhat
measureperformanceon a software developmenttask. Neitherbenchmarlpro-
videsa measuremertf file sener performancen isolation;both measureoverall
file systemperformanceincludingthe buffer cacheof the client operatingsystem.
Both (especiallyMAB) canattimesbe CPU-boundnot I/0O-bound.Nonetheless,
the benchmarkprovide a roughbasisfor comparisorbetweerthe repositoryand
anordinaryNFSfile sener.

For thesemeasurementsye usedthestandard/estaconfiguratiordescribedn
Section9.1. Thebenchmarkitheraccessed mutabledirectoryin the userspace
repositorysener via NFS version2, or (for comparisonaccessea directoryin
the underlyingAdvFSfile systemthroughthe standardkernel-spaceNFS version
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3 sener. In bothcasesaccessewereover SRCs high-speedTM network.

Test| Description AdvFS+NFS3| Vesta+NFS2

1 file anddirectorycreation: 6.13 (0.19)| 7.32 (0.38)
createsl55filesand62 directories.

2 file anddirectoryremoval: 5.56 (0.19)| 6.53 (0.36)
removes155filesand62 directories.

3 lookupacrossmountpoint: 1.35 (0.07)| 1.37 (0.04)
500getwdandstatcalls.

4 setatty getattr andlookup: 11.38 (0.17)| 3.04 (0.42)
1000chmodsandstatson 10files.

4a | getattrandlookup: 0.11 (0.02)| 0.01 (0.03)
1000statson 10files.

5a | write: 5.88 (0.57)| 6.26 (0.82)
writesa 1048576-bytdile 10times.

5b | read: 1.40 (0.02)| 2.54 (0.08)
readsa 1048576-bytdile 10times.

6 readdir: 5.28 (0.18)| 7.27 (0.24)
reads20500directoryentries,200files.

7a | rename200rename®n 10files. 3.51 (0.13)| 6.75 (0.34)

9 statfs: 1500statfscalls. 1.16 (0.04)| 1.18 (0.17)

Table9.2: ConnectathomBasicBenchmarkyun on a standardile sys-
tem through NFS version3, and on the VestarepositorythroughNFS
version2. Eachtableentryis anaverageclapsedimein secondssmaller
numbersarebetter All valuesareaveragedover 20 runsof the bench-
mark. Standarddeviationsareincludedin parentheses.

On the ConnectathomBasicBenchmark(Table9.2), the repositoryis slightly
slowerthanthekernelNFS sener on mostoperationsbut therearesubstantiatlif-
ferenceon afew. Datawritesandreads(testscaand5b) arethe mostinteresting.
Corverting the elapsedimesto bytesper secondandcomparingwe find thatthe
repositorys write datarateis 96% of kernelNFS, while its readdatarateis 55%.

We have notinvestigatedhereasongor thesadifferencesn detail,but it seems
likely thatwrites appeaartificially fastunderVestabecaus¢herepositorycheats,
asexplainedin Section4.3.5. Therepositorysener currentlyviolatesthe expected
NFS2semanticdy notforcing writesall the way throughto disk beforereturning
to the client, so the benchmarkdoesnot get the expectedwrite-throughon close
semanticatuserlevel. ThekernelNFSsener, onthe otherhand,implementghe
NFS3protocolcorrectlyandthusdoesprovide write-throughon close.
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Readdikely areslow becauseahe datais really beingreadfrom disk, sothe
extra overheadof going throughthe userspacerepositorysener is fully visible.
The Connectathomeadtestflushesthe client machines buffer cachebeforeeach
read.

Curiously the repositoryis a greatdealfasterthankernelNFS on tests4 and
4a. This maybe dueto the repositorys in-memorydirectorystructure put in ary
casethedifferences probablyunimportantfor overall systemperformance.

Tests7b and8 of thebenchmarkvereomittedbecausehey testhardlinks and
symboliclinks, neitherof which aresupportedn repositorymutabledirectories.

Phase| Description AdvFS+NFS3| Vesta+NFS2
1 | CreateDirectories| 947 (175) 756 (116)

2 | Copy Files 9286 (366)| 5776 (280)

3 | Directory Status 3609 (56)| 3750 (90)

4 | ScanFiles 4393 (189)| 4414 (112)

5 | Compile 22627 (536) | 18913 (630)
Total 40862 (654)| 33609 (840)

Table9.3: Modified Andrew Benchmarkyun on a standardile system
throughNFSversion3, andontheVestarepositorythroughNFSversion
2. Eachtableentryis anaverageelapsedime in secondssmallernum-
bersarebetter All valuesareaveragedover 20 runsof the benchmark.
Standardieviationsareincludedin parentheses.

Thefirst phaseof the Modified Andrev Benchmark(Table9.3) createsatree
of directories.The secondphasecopiesa 350KB collectionof C sourcefiles into
thetree.Thethird phasdraverseshenew treeandexamineshe statusof eachfile
anddirectory The fourth phasereadsevery file in the new tree. Thefifth phase
compilesandlinks thefiles. This benchmarkdoesnot usethe Vestaevaluatoror
tool encapsulationherewe arecomparingonly the performancef the repository
asalfile sener, notthe overall Vestasystemperformancen softwarebuilding.

On this benchmark,surprisingly the repositoryis actually somavhat faster
thanthe kernel NFS sener in somephasesandin the overall time. We have not
donethe detailedmeasurementthat would be neededo find out for certainwhy
this happens.It seemdikely that someof the difference(especiallyin Phasel)
is dueto the repositorys in-memorydirectory structure,and some(especiallyin
Phase® and5) is dueto thelack of write-thoughon closediscussedbore.

Our purposen makingthesemeasurementsasnot to understandhe reposi-
tory’s NFS performancen detail; it wassimply to establishthatthe performance
is adequatdor our purpose.The measurementsonfirmthis claim. Eventhough
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readingfrom the repositorysener takes almosttwice aslong asreadingfrom an
in-kernelNFSsener, theactualelapsedimeto do builds is slightly less.Both the
small, non-encapsulatebuild measuredn the Andrew benchmarkandthe Vesta
builds measuredn Section9.2.1shaw this effect.

In thefuture,we mayinvestigatehe possibilityof speedingip repositoryNFS
readsandwrites by moving theminto the kernel. The repositorysener doesno
usefulwork ontheseoperationotherthanmappingfrom its file handleqlongids)
to the correctfiles in the underlyingfile system. It would be straightforvard to
move this functionality into the kernel, getting the userspacesener out of the
loop for thesetime-criticaloperations All otherrepositoryNFS operationsvould
continueto be handledn userspace minimizing the amountof codeaddedto the
kernel. However, one big adwantageto the currentdesignis thatit is far more
portable.

9.3.2 Disk and Memory Consumption

For this section,we took a snapshotf our working repositoryas of October27,
1997, and madea variety of measurementsn its contents. We were usingthis
repositoryto developtheVestasystemitself. It alsocontainedafew othersoftware
packageshatwe hadcorvertedto be built underVestaastestcasedor therepos-
itory andevaluator In particular it includedthe Juno-2constraint-basedraving
editor[27, 29] andthemary Modula-3[38, 39 librariesrequiredby Juno-2.

Our measurementdo morethanindicatehow muchdisk and memoryspace
is requiredto storethe currentsnapshotpy extrapolationthey alsogive a useful
estimateof how spaceconsumptiorwill grov asmorepackagesndversionsare
addedto the repository We discussthis extrapolationafter presentinghe basic
figures.

The snapshotontains69 top-level packagesand 26 branches.Within these,
thereare 648 checled-in versionsand10 resenration stubsfor versionsunderde-
velopment.Thereare631checlout sessionsthis includesbothactive sessiongs-
sociatedwith theresenration stubs(10), andold sessionsssociateavith checled-
in versiong621). Within thesecheclout sessionshereare4,981packagesersions,
for agrandtotal of 5,629versions.

Summingover the entire snapshot,ncluding both checled-in versionsand
checlout sessionsthere are 24,556 directoriesand 407,662files. Thatis, the
snapshos externally visible hierarchicalhamespacencludesthat mary distinctly
nameddirectoriesandfiles. In the repositorys internal DAG structure,mary of
thesedirectoriesandfiles sharestorage.If all 407,662files were storedwithout
sharing,they would occupy 12,076,631,120@ytes,or (consideringragmentation)
12,018,130QL-KB blocks(aboutl1.7GB).
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The mutableportion of the repositorywas alsoincludedin the snapshot. It
contains29 directoriesand449files; again,someof thesefiles may sharestorage
with eachotheror with immutablefiles. If storedwithout sharing,the files would
occupy 2,9861-KB blocks(about2.9 MB).

Therepositorys internalsharingof storageéetweeridenticalfiles shrinksthese
numbergyreatly In reality, only 10,856distinctsourcefiles exist in the snapshos
shortidpool, occupying only 269,0301-KB blocks(about263MB).

How muchdisk spaceis being spenton old versionsand branches?To get
anapproximateanswerto this questionwe look at only the latestversionof each
packageandeachbranch. Thereare 66 latesttop-level versions(not 69, because
afew packagesave no versions) belov which are445 directoriesand4,367im-
mutablefiles; if storedwithout sharing,thesefiles would occupy 93,3911-KB
blocks(about93 MB). Sinceonly oneversionfrom eachpackages countedhere,
thereis in factlittle or nosharing sowe cantake thesdiguresastheactualamount
of spaceconsumedThus269 030— 93,391 = 175 6391-KB blocks(about172
MB) areconsumedstoringold versionsandbranches.To summarizeabout35%
of thesourcedisk spacds spentstoringlatestversions andabout65%is spenton
old versionsandbranches.

The snapshotvastaken immediatelyafter a weedthat kept only the deriveds
producedby evaluatingthe latestversionof eachpackage pranch,andcheclout
session;all otherdervedswere deleted. This weedleft the snapshotvith 2,958
derivedfiles. (Somefiles canbe both sourcesandderiveds; we omit thosefrom
this count,includingthemonly assources.)Thesedervedsoccupy 288,3671-KB
blocks(about282MB). Thus,acrosgheentirepool of sourcesandderiveds,about
17% of the spaceis consumedy latestsourceversions,31% by old versionsand
branchesand52%by deriveds.

Of coursejf thesnapshohadnot beentaken just aftera weed,the proportion
of derivedswould be muchhigher We tendto wait until our disk (about4 GB) is
nearlyfull beforerunningaweed. At this point over 93% of the disk is occupied
by derveds.

Becauseherepositorykeepsall of its directoriesn memory(seeSectiord.3.2),
we alsomeasuredheamountof memoryrequiredto storethesnapshotTherepos-
itory’s pacled, garbage-collectechemorypool used3.0 MB to storeimmutable
directories0.34MB to storeappendablandmutabledirectories0.44MB to store
mutableattributes,anda few tensof kilobytesfor otherstructures.A checkpoint
thatwastaken just beforethe snapshots 3.77MB long; this checkpointis an ex-
actimageof therepositorys runtimememorypool andencodests completestate.
In addition,0.24MB of the repositorys general-purposkeap(memoryallocated
by new in C++) wereconsumedy aninvertedindex that mapsfrom immutable
directory shortidsto the in-memorydirectory datastructuregseeSection4.3.1);
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this index wasnot includedin the checkpointbecauset canbe reconstructedt
recovery time. Thus, 4.0 MB were usedto store24,585directories(andrelated
structuresuchasattributes). Theaveragecostwasaboutl 71 bytesperdirectory

Therepositorysavesmemoryaswell asdisk spaceby storingthe hierarchical
namespaceinternally asa DAG. Although thereare 24,585directorieswith dis-
tinct hierarchicahamesijnternallythe snapshotontainsonly 8,411directorydata
structureq7,560immutableand851 appendabler mutable).Within thosedirec-
tories,additionalspaceds savedby recordingdirectoriesaslists of changeselative
to otherdirectorieswherepossible.Although thereare432,696files anddirecto-
ries with distinct hierarchicalnames,and hencean averageof 432,696/24,585%
17.60entriesin eachexternaldirectory the internal directory datastructurecon-
tainsonly 85,650entriesfor anaverageof 85,650/841 % 10.18entriesperinternal
directory Internaldirectoriescanalsocontainplaceholdeentriesfor objectsthat
have beendeletedthe snapshotontainedL,8660f these anaverageof about0.22
perinternaldirectory

An internal directory consistsof one or more blocks (usuallyjust one),each
containingafixed34-byteheadera pacledlist of entries,and(for appendabland
mutabledirectories)someoptionalspacefor expansion.The snapshotised8,502
blocksto storethe 8,411directoriesfor atotal of 0.28 MB of headeranaverage
of 34 byteseach),andatotal of 0.21MB of expansiornspacen the851appendable
and mutabledirectories(an averageof about258 byteseach). An entry contains
a pathnamearc plus either 10 or 26 bytesof overhead(dependingon whetherit
pointsto a directoryor file, respectiely). The snapshotiseda total of 2.8 MB to
storeactie directoryentriesandanadditional29.0KB to storeplaceholdeentries
for deletedobjects.The averagecostwas33.78bytesperentry

Steppingbackfrom thesedetails,whatdowe learnabouttherepositorys over
all memoryand disk consumption,and how canwe expectit to grov as more
sourcesarestored?

Disk consumptiorfor sourcess proportionalto the number(andsize)of dis-
tinct sourcefile versions.After aboutayearof developingVestaitself underVesta,
the dataabove shavs abouta threefoldexpansionin disk storageby storing all
packageversionsinsteadof keepingonly the mostrecentversionof eachpackage.
Evenwith this expansion,andeven after a weedthatkept only oneversionof the
deriveds,dervedsoccupy moredisk spacethansources Of coursewe would ex-
pectthe factorof threeto grow a bit worseon a sourcepool thatwasworked on
for alongertime andhadmoreactive branchesStill, consideringodays rapidly
falling disk prices,andthefactthathumansarenotlearningto typein newv source
codeat correspondinglyhigher rates,we believe that the disk spacerequiredto
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storeold sourceversionss nota problemin Vesta?

Memoryconsumptioris moreof aconcernput hereagainit is roughlypropor
tional to the numberof distinctsourcefile versions.Eachnew sourcefile version
addedo therepositoryrequiresat mosta smallconstanhumberof directoriesand
directoryentriesto beaddedo thedatastructure A conserative estimateroughly
valid if aseparateradvanceis usedto inserteachnew file version,is onenew di-
rectoryandtwo new directoryentriespernew file version,for atotal of about100
bytes.Thus,arepositorysener machinewith 200MB of physicalmemory(notat
all unreasonablat todays memoryprices)could hold the directory structurefor
sometwo million sourcefile versions.Moreover, the repositorywill still run cor
rectly with lessphysicalmemory;it will simply run moreslowly dueto paging.As
memorypricescontinueto drop, larger repositorieswill becomefeasible. There
arealsoa few opportunitiesto shrink the presentdatastructures:eliminatingthe
perdirectory expansionspacewould save almost10% with essentiallyno lossin
performance,andmoresavingswould be possibleby tradingtime for space.

9.3.3 Speedof Repository Tools

To evaluatethespeedf therepositorytools,weranasimplebenchmarkEachstep

of the benchmarlkappliedthe sameoperationonceeachto 10 separatgackages.

Everyrepositorytool tookwell underl.5seconds$o run,andmosttook 0.5seconds

or less. Stepsthat copiednew sourcecodeinto the repository or modified an

existing sourcefile for the first time (triggeringa copy-on-write), took longerbut

werein line with the performanceneasurementsf Section9.3.1above.
Herearethe stepsof thebenchmarkn detail.

1. Runvcreateto createa new package.
2. Runvcheclout to createa checlout sessiorfor the emptypackage.

3. Copy the repositorys own sourcecode from an ordinary (NFS-mounted)
file systeminto the new working directoryfor the package Thesourcecode
consistf 92 files, containing835,120bytesor 876 1-KB blocks.

4. Runvadvanceto install the sourceasthefirst versionof the checlout ses-
sion.

“In the Vesta-1repository we implementedan optional featurethat could compresold source
versionshy encodingthemasdeltas,similar to the representatiomnisedby RCS.Whenwe put the
systeminto daily use, however, we found that 80% of our disk spacewas typically occupiedby
derivedfiles[13]. Thus,delta-compressinthesourcefileswould have savedonly asmallpercentage
of ouravailabledisk spacesowe never botheredo turn onthefeature andwe omittedit from Vesta-
2 entirely

5In fact,we madethis changen alaterversionof Vestathanthe onemeasuredhere.
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5. Runvadvanceagain.In this casevadvancedetectghatthe working direc-
tory hasnotchangedanddoesnot createa new version.

6. Touch (modify) onefile in the package triggering a copy-on-write. The
choserfile was79,357byteslong.

7. Runvadvance

8. Touch(modify) all the files in the packagetriggeringa copy-on-write for
everyone.

9. Runvadvance

10. Runvcheckin, installingthe final versionfrom the checlout sessiorasver
sion1 of the packageanddeletingthe working directory

11. Runvcheclkout onthe packagecreatinga new checlout sessiorinitialized
from versionl.

12. Againtouchonefile, sameasstepé.
13. Runvadvance

14. Yetagaintouchonefile, sameasstep6.
15. Runvadvance

16. Runvcheckin, installingthe final versionfrom the checlout sessiorasver
sion 2 of the packageanddeletingthe working directory

Theentirebenchmarkvasrun 5 times,eachtime on 10 packagesTheresults
areshovn in Table9.4. Theaveragetime takenper packages givenfor eachstep,
roundedto two significantdigits.

We arevery satisfiedwith the tools runningat this speed. Subjectiely, they
aremorethanfastenoughto make the systenpleasanto use.

9.3.4 Speedof Cross-RepositoryTools

Several yearsafter taking the measurementis the previous section,we repeated
the benchmarkto comparethe performanceof the tools on the single-repository
andcross-repositorySection4.4.9)casesWhenthe measurements this section
weretaken,boththecomputerandthe networksusedfor theearliermeasurements
hadbeenreplacedwith fasterhardware. We omittedstepsl4 and15 of theearlier
benchmarkn thisrun, sincethey arepurelylocal andduplicateearliersteps.
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Step| Description Time perpackage
1 | createanemptypackage 260ms
2 | checkoutthenew package 560ms
3 | copy in 835KB of sourcecode 12000ms
4 | adwancethepackage 1400ms
5 | adwanceagain(no changes) 120ms
6 | toucha79KB file 110ms
7 | adwancethepackage 200ms
8 | touchall 92filesin the package 7600ms
9 | adwancethepackage 1300ms

10 | checkin thepackage 470ms
11 | checkoutthe package 660ms
12 | toucha79KB file 140ms
13 | adwancethepackage 180ms
14 | toucha79KB file 120ms
15 | adwancethepackage 190ms
16 | checkin the package 460ms

Table 9.4: Vestarepositorytool performance. The entire benchmark
wasrun 5 times,eachtime on 10 packagesThe averagetime taken per
packages givenfor eachstep,roundedo two significantdigits.

Table9.5shavs theresultsof the cross-repositorperformancéenchmarkin
thistest,the stepdistedwererunin order 50 timeseachon 50 separatgackages.
Thetablegivesthe averagetime for eachstep,roundedto two significantfigures.
TheLocal columnis thesinglerepositorycase Nearbyis the cross-repositorgase
wherethe local and remoterepositoriesare connectedoy a single hop of giga-
bit ethernet,and Distant is the cross-repositorycasewherethe repositoriesare
on oppositecoastsconnectedyy ten hopsthrougha corporateintranet. Note that
copying, touching,and adwancingare always local operations. Eachrepository
was runningon a 500 to 600 MHz Alpha 21164A processar In eachcase,the
toolswererun on a client workstationwith a 667 MHz Alpha 21264Aprocessqr
connectedo thelocal sener by 100Mb ethernet As thetableshaws, thetoolsare
very fastin the local and nearbycasesandfastenoughto be usableevenin the
distantcase.

Comparingthe figuresfrom the oldertestsof Table9.4 doneon slowver hard-
warewith the newer onesin Table 9.5, the tools have speededip on mosttests,
but appeamotablyslover on advancetests4 and9. Therearetwo reasongor the
difference:first, the testsweredoneon a larger packagg835 KB vs. 1204KB),
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Step | Description Local | Nearby Distant
1 | createanemptypackage 50ms | 250ms | 6400ms
2 | checkoutthenew package 64ms| 590ms | 5700ms
3 | copyin 1204KB of sourcecode | 5300ms | 5400ms | 5200ms
4 | advancethepackage 2500ms | 2600ms | 2500ms
5 | advanceagain(no changes) 170ms | 170ms 180ms
6 | touchal108KB file 34ms 32ms 30ms
7 | advancethe package 160ms | 180ms 180ms
8 | touchall 92filesin thepackage | 3200ms | 3300ms | 3200ms
9 | adwancethepackage 2500ms | 2500ms | 2600ms

10 | checkin thepackage 110ms| 780ms | 18000ms
11 | checkoutthepackage 49ms| 730ms| 5800ms
12 | toucha108KB file 49ms 73ms 59ms
13 | adwancethe package 150ms | 160ms 160ms
14 | checkin thepackage 64ms| 170ms| 4700ms

Table9.5: Vestarepositorytool performancegomparingthelocal (sin-
gle-repository)casewith two cross-repositorgasespnewherethe re-
moterepositoryis nearbyandthe otherwhereit is distant.

andsecondthemeasuremenis Table9.4weretakenbeforewe implementedin-
gerprintingfiles by content(Section4.2.3),so they do not includefingerprinting
costs.

9.3.5 Speedof the Replicator

Table9.6 givesafew simplemeasurementsf the Vestareplicatorvrepl described
in Sectiord.4.8.Like thecross-repositoryool measurementshesemeasurements
weretakenseveralyeardaterthantheothersn thischapterandboththecomputers
andthe networks usedfor the earliermeasurementsadbeenreplacedwith faster
hardware. For the following measurementgachrepositorywasrunningon a 500
to 600MHz Alpha 21164Aprocessorin the Nearbycasesthetwo repositoryhost
machineswvere directly connectedvia gigabit ethernet. In the Distant casesthe
two machinesvereon oppositecoastsconnectedia 10 hopsthrougha corporate
intranet. The replicatoritself was run on a client workstationwith a 667 MHz
Alpha 21264Aprocessqrconnectedo thelocal sener by 100 Mb ethernet.As a
roughpoint of comparisonthe rcp columnsgive the time to copy the samefiles
directly out of the native file systemthattherepositoryis built ontop of. All times
areaveragedover threetrials androundedo two significantfigures.
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vrepl rcp

Replicate Size | Nearby | Distant | Nearby | Distant
+repos/1240 emptyrepository | 1.2MB 1.7s 45s 17s 57s
+repos/125vith 124 present 582KB 0.6s 14s 1.6s 1l4s
@repos/1240 emptyrepository | 127 MB 140s | 3200s 620s | 2600s
@repos/125vith 124 present 640KB 9.6s 120s 1l.4s 13s

Table9.6: Vestareplicatorperformance.

9.4 Function CachePerformance

9.4.1 Sewer Performance

Recallfrom Section6.3 that looking up an entry in the function cacheis a two-
stepprocess.In thefirst step,the evaluatorinvokesthe caches SecondaryNames
functionto learnthesetof all secondarglependencnamesassociatewith agiven
primary key (PK). In the secondstep, it invokesthe caches Lookup function. In
the event that thereare no entriesassociatedvith the primary key passedo the
SecondaryNamefinction, the Lookup call is skipped. In the event of a cache
miss, the evaluatorinvokes the cache$ AddEntry function to createa new entry
andaddit to thecache.

We measuredhe elapsedime spentin the function cachesener processto
handlevariousRPCrequestdrom the client. Thesemeasurementaere madeby
performingseveral identicalexperiments.Eachexperimentconsistedf perform-
ing a scratchbuild of the Vestaevaluator(startingfrom a nearly emptyfunction
cachein which only the standardervironmenthad beenbuilt), followed by five
incrementabuilds of the evaluatortriggeredby touchinga singleevaluatorsource
file. The meantimesfor eachoperationwerecalculatedfor eachexperiment;the
meansandstandardieviationsof thosemeantimesarereportedn Table9.7.

Number Mean Std. Dev.

Operation of Calls Time(ms) (% of Mean)
SecondaryNames 518 16.8 0.63%
Lookup 112 11.7 0.44%
AddEntry 438 8.1 0.24%

Table9.7: Elapsedimesof variousfunctioncachesener operations.

A more detailedanalysisrevealsthat missesaccountfor 34% of the Lookup
callsandtake 17.8 ms on average. In this experiment,90% of the hits wereto
cacheentriesn memorytakingonly 6.3mseachwhile theremaininghitsto cache
entrieson disk took 30.3ms on average. The limiting factorin cacheoperations
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seemgo be disk lateny. We suspecthe function cacheand repositorymay be
competingfor CPUanddisk. Suchcontentioncould be eliminatedby runningthe
processe®n separatesener machinesand by storing their files on separatdile
systems.

The performanceresultsabove are for a relatively small build. As another
experiment,we performeda scratchbuild of the entire Vestareleaseollowed by
incrementalbuilds of newver and older versionsof the entire Vestarelease. The
numberof cacheoperationsn this secondexperimentwassignificantlylarger, as
wasthe numberof new entriesaddedto the cache.Table9.8 shaws theresults®

Number Mean

Operation of Calls Time (ms)
SecondaryNames 4,351 29.0
Lookup 763 44.0
AddEntry 3,948 21.6

Table9.8: Elapsedimesof variousfunctioncacheseneroperationgor
ascratchbuild of the completeVestareleasdollowedby two incremen-
tal builds.

ComparingTables9.7 and9.8,we seethatcacheperformancealoesdegradeas
the numberof cacheentriesis increased.Although we do not have enoughdata
to meaningfullyextrapolatehow the function cachewill performfor even larger
builds, the resultspresentedn Section9.2.2indicatethatthe function cacheper
formswell for themedium-sizescratchandincrementabuilds we have performed.

9.4.2 StableCacheAttrib utes

Recallfrom Section6.5 that cacheentriesare partitionedfirst into PKFiles, and
theninto CFP groups;only the entriesin a single CFP group needbe consulted
on eachLookupoperation.To determinethe effectivenesof this organizationwe
measuredariousattributesof thefunctioncaches stablecacheentryfiles.

The meanvaluesof variousfunction cacheattributesare shavn in Table9.9.
Thesestatisticaveremeasuredrom astablecachecontainingl 3,900cacheentries
distributedover 10,183PKFiles. Thetotal disk spacaequiredto storetheseentries
was112MB, or 8.2KB percacheentry.

Thestatisticandicatethatthe separatiorof entriesinto CFPgroupsis working
well: the averagenumberof entriesper CFP groupis only slightly morethan 1.
Moreover, of the average52.4 secondarynamesper PKFile, morethan 99% are

5This table doesnot include standarddeviations becausehe experimentwas performedonly
once.

156



Attribute MeanValue
Numberof CFPgroupsperPKFile 1.33
Numberof entriesper CFPgroup 1.02
Cacheentrysize(Kbytes) 8.24
Functionresultvaluesize (Kbytes) 5.82
Numberof secondannamesper PKFile 524
Percentagef commonnamesper PKFile 99.1%
Percentagef uncommomamespercacheentry 2.5%

Table9.9: Meanvaluesof variousfunction cacheattributes.

common.Thus,only avery smallnumberof fingerprintsneedbe comparediuring
atypicallookupoperation.

9.4.3 ResourceUsage

This subsectiorreportson the function caches memoryanddisk usage;its CPU
usagewasreportedearlierin Section9.2.4.

Thecachesener's memoryrequirementaredominatedy thestoragaisedfor
in-memorycacheentries.Much like a virtual memorysystem the function cache
flushesunusedcacheentriesto disk over time. Its policy canbe adjustedo flush
entriesmoreaggressiely if too mary entriesarebeingretainedn memory

As shavn in Table9.9,theaveragefunctionresultvaluealoneis nearly6KB in
size. The functionresultvalueis the dominantfactorin the caches memoryuse.
Hence onamachinewith 100MB of availablemainmemory thecachecouldkeep
about18,000entriesin memorysimultaneously Consideringthat a build of the
entire Vestasystem(including the completeset of Modula-3libraries) generates
only about3,500cacheentries thefunctioncaches memoryusageshouldscaleup
well to larger projects.

The function cacheusesthe samegarbagecollector as the evaluator so as
describedn Section9.2.4,its actualusagemay be somevhat more than strictly
neededThecommentsn thatsectionabouttuningthe collectors heuristicsapply
equallywell to thefunctioncache.

Thefunctioncaches diskrequirementpercacheentryarelargerthanits mem-
ory requirements.The extra costsare dueto metadata—suchsthe PKFile and
CFPgroupdatastructures—andbo extra informationstoredwith stablecacheen-
triesthat allows themto be efficiently shufled into new CFP groupswhena PK-
File's setof commonnameschangesOn average,a cacheentry requiresroughly
8.25KB of disk space.To accommodatéhe designtarget of 12 million cacheen-
tries,the functioncachewould thusrequireroughly 95GB of disk storage.
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9.4.4 Scalability

In this subsectionwe describepotential scalability bottlenecksin the function
cacheandthe stepswe have takento avoid them.

¢ Lock Contention. Asthenumberof clientsincreasespverallfunctioncache
performancenightdegradedueto lock contentioronthecachesin-memory
datastructuresTo avoid thisproblem thefunctioncacheusegelatiely fine-
grainedlocking: thereis a separatdéock on eachin-memoryPKFile andits
cacheentries.Moreover, thelock onthe caches centralstructuress heldas
briefly aspossiblein the placeswhereit is required.

e Bad CacheEntry Distrib ution. Thefunctioncaches performancevill suf-
fer if the numberof cacheentriesper CFPgroupgrows too large. However,
dueto thefunction caches schemeof dividing PKFilesinto CFPgroups(as
describedn Section6.5),we do notexpectthis problemto beserious.When
the problemhasarisenin the past,it wasusuallydueto a flaw in the eval-
uators cachingstrata@y, or it could be correctedby changingbridge mod-
els so the evaluatorcomputedbetterprimary keys for their functions. The
VCacheStatprogramthatwasusedto gatherthe statisticsfor Table9.9 can
alsobe usedto uncover skewed cacheentry distributions, so suchproblems
areeasilydetected.

e Disk Latency. As the numberof cacheentriesper PKFile increasesthe
files grow larger andmoretime may be spentwaiting on disk readsduring
lookups. Two factorsmitigatethis effect. First, we expectthatanincreased
numberof entriesper PKFile will accounffor atmostoneof thetwo orders
of magnitudein cacheentry growth cited above. (The otherorderof mag-
nitudewill appeaiin theform of anincreasechumberof PKFiles.) Second,
the PKFile disk format hasbeendesignedo minimize the numberof disk
readsrequiredperlookup. In particular the index of CFP groupsis stored
separatelyfrom the cacheentriesin the hopethat the entire index canbe
readin a singledisk operation.Similarly, extra cacheentryinformationnot
requiredfor lookup is storedseparatelyfrom the entries,againto decrease
the numberof readandseekoperationsn atypical lookup.

e Memory Usage.Thereis anobvioustime-spacdradeof betweerthe num-
ber of cacheentrieskeptin memoryandthe speedof a typical lookup. As
the numberof cacheentriesandclientsincreasesa smallerfraction of the
“working set” entriescanbekeptin memory Onesolutionto this problemis
simply to installmorememoryon the sener machine But evenif no entries
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werekeptin memory the detailedresultsdescribedn Section9.4.1above
imply thatthe overall functioncacheperformancevould not degradebadly

9.5 WeederPerformance

In evaluatingthe performanceof the weedey two measuresre of interest. First,
we considerhow often weedsare necessary Second,we considerhow long it
takesthe weederto run. Becauseveedingis a backgroundorocesspoth issues
arenearlyinvisible to users.However, someadministratve effort is neededo run
the weeder(or to setit up to run automatically),and builds are likely to run a
bit moreslowvly while the weederis active and competingfor resourcesso these
performancéssuesareworth considering.

How oftenareweedsnecessaryTheanswerdepend®n how quickly thedisk
usedby the repositoryandfunction cachefills up, which in turn is a function of
the disk’s size, the rate at which new cacheentriesandderivedsare createdand
the sizesof thosecacheentriesandderivedfiles on disk. Our experiencejn which
threedeveloperswere actively doing builds againsta 4GB disk, is that weeding
wasrequiredaboutonceevery two weeks.

The weedingexperienceof the larger Compagengineeringgroup discussed
in the next chapterprovidesanotherdatapoint. They wereusinga 100 GB disk
cluster andtheir builds producedroughly 10 GB of deried files perday They
wrote a cron job that ran every night, and that automaticallyperformeda weed
wheneerthedisk usaggpassed predeterminethreshold.This samejob alsoran
automaticallyduring the day with a higherthresholdto make surethata spike in
the rate of disk consumptiorwould not fill the disk beforethe next nightly run.
Weedsgenerallyoccurredonceor twice aweek.

How longdoesit take theweedetto run? Recallfrom Chapte8 thattheweeder
runsin two phases:a mark phasein which the cacheentriesand derived files to
keepare discovered, followed by a deletionphasein which the function cache
andrepositorydo cacheentry deletionandderied file deletionin parallel. In our
experience the deletionphasetakes significantlylongerthanthe mark phase.In
particular the deletionphasetakes on the orderof 10—15minuteswhenweeding
against4GBdisk. A weedby the Compacengineeringgroupagainstheir100GB
disk generallytook aboutan hout We expectthe deletiontime will scalelinearly
with the numberof cacheentriesbeingdeleted which in turnis boundedinearly
by the sizeof the backingdisk.

The performanceof the weeders mark phaseis a function of the numberof
graphlog entriesbufferedin memory:the smallerthe buffer, the morepasse®ver
the graphlog arerequired. As one point along the time-spacecurve, we found
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thatweedinga graphlog containingover 30,000entriesusinga buffer of 10,000
entriesrequiredfour scansof the disk file and 10 second®f elapsedime. As the
sizeof thegraphlog increasesmorescansof thediskfile will berequiredbut we
expectthattheentiremarkphasewill requireno morethantenminutesonacache
containingonemillion cacheentries.

9.6 Inter processCommunication

For interproces€ommunicationVestausesSRPC,a simple RPC (remoteproce-
durecall) protocolandlibrary for C++ thatwe implementedn top of TCP sock-
ets. SRPCdoesnot includean automaticstubgeneratarso all of our marshaling
and unmarshalingstubswere written by hand. To simplify stub coding, SRPC
providesmethoddor sendingandreceving commondatatypeslik e integers,null-
terminatedstrings,arraysof bytes,andsequenceslhe SRPCimplementatioruses
TCPkeepalvesto detectnetwork partitionsandotherconnectiorfailures.

Exceptwherenotedin the morerecentcross-repositorgxperimentsall of the
testsdescribedabore were run on our local AN2 network. AN2 is a switched
AsynchronousTransferMode (ATM) network that uses155 megabit per second
(Mbit/sec) links. On this network, our RPC packageperformsasfollows. The
round-tripelapsedime for a null RPC(i.e., no agumentsor results)is 1.2 mil-
lisecondson average.In simpletestsperformedover varying agumentandresult
sizesclientssendalgumentsat anaveragerateof 75to 100 Mbit/sec,andreceve
resultsatanaveragerateof 65to 132 Mbit/sec.
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Chapter 10

Conclusions

Thegoalof the Vestaprojecthasbeento provide a solid bas€for softwareconfigu-
rationmanagemeny dealingwell with the coreproblemsof sourcemanagement
andhbuilding, in a way that scalesup to very large software projects(tensof mil-
lions of linesof code),yet alsoworkswell for smallerones.

To theextentthatwe areableto evaluateit, Vestahasmetits goal. The source
managemensystempreseres sourcecodeimmutably and immortally, supports
bothsimplelinearversioningandarbitrarily comple< branchingfor paralleldevel-
opment,makes all versionsdirectly accessibleghroughthe file system,and pro-
videsvery fastcheclout andcheckinusingcopy-on-write. It supportdistributed
developmentwith sourcereplication,cross-repositorgheclout and checkin,and
cross-realmaccesscontrol. The build systemprovides repeatablejncremental,
andconsistenbuilds. Despiteproviding muchstrongerguaranteesn build con-
sisteng, it runsasfastasMake for scratchbuilds, andfasterfor incrementabuilds.
Thebuilder alsosupportgarallelbuilds on multiple machinesThe systenmodel-
ing languagéas modular flexible, andgeneral.lt allows the descriptionof a large,
compl« softwaresystento bebrokendown into small,relatively simplemodules.
It allows new build toolsto beintegratedby codingwithin the modelinglanguage,
with no needto modify the basesystem.

For over two and a half years, Vestawas in daily useby Compags Arana
group,ateamof about130developersworking on a large microprocessodesign.
Theteamwassplit into two subgroupspnein New Englandandthe otherin Cal-
ifornia, eachwith its own repository Both the chip designitself andthe teams
customdesignsoftware were storedin the repositoriesand processedising the
build system.Thefinal codebaseconsistedf about700,000ines. We foundthis
experiencehighly valuablein validatingthe Vestadesign,shakingout bugsin the
implementation.and exposingthe needfor varioussmall featuresthat were not
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initially anticipated.

The Arafa groupin turn was pleasedwith Vesta. They have statedthat its
strongsupportfor parallelsourcedevelopmentandreproducibleouilds savedthem
considerablgime (3 to 6 monthsin the architecturadesignphasealone),andthat
thedistributeddevelopmentfeaturegprovided answergo someextremelydifficult
problemsthey facedin bicoastaloftwareanddesigndatabasenanagementThey
alsofound Vestato be extremelyusefulfor trackingdown difficult bugs,andex-
pectedt to becomesvenmorevaluableasthe projectdrew closerto completion.

Somequestionsdo remain,including scalability generality easeof use,and
corversionandlearningcosts.

The Vestaimplementatiorshavs excellent performancevhenmanagingand
building the software projectswe have testedit on, but our goal wasto support
projectsatleastanorderof magnituddarger We have aguedat appropriatgoints
throughouthis reportthatour algorithmsandimplementatiorstructurecanbe ex-
pectedto scaleup well, but our casecannotreally be corvincing until the system
is putinto useonthe scaleit wasintendedor. In thefuturewe hopeto furthertest
Vestas scalability by finding additionalusersin the free softwarearena.Portsto
AlphaLinux and32-bit Intel Linux have beencompletedandCompacdhasagreed
to releasdhe systems sourcecodeto the public underthe LGPL [19]. Thecom-
pletesourcewill soonbe madeavailablethroughthe Vestawebsite[51].

The Vestabuilder alwaysbuilds derived objectsfrom source but doesits own
cachingof build stepsto save work. This paradigmlimits the builder’s generality
someavhat,becaussomesoftwaretool setsdonotwork bestwhenbuilding directly
from sourceandgiving Vestacontrol over eachindividual step. For example,an
incrementalinkerincreaseshe speedf linking by modifying a previously linked
programyeplacingonly thepartsthathave changedratherthanrelinkingtheentire
program. Somelanguagecompilers(suchasthe Modula-3compiler)work most
efficiently whengiven all the sourcefiles thatgo into a programat once;this al-
lows themto parseinterfacefiles only onceandcachethe resultsfor reuse rather
thanreparsinghemfor eachimplementatiorfile thatusesthem. Somebuild tools
may askfor humaninterventionduringthe build process.Generally Vestacanbe
usedwith tools of thesekinds by bypassinghe incrementafeaturesandscripting
ary humaninteractionthat would otherwisebe required,but therecanbe a per
formancepenaltyin doing so. For example,the Arafia group had one tool that
operatedn anincrementaimode,andin factit wasin the processof beingmodi-
fied to have even moreincrementafeaturesat thetime they beganto adoptVesta.
Although disablingthesefeaturesmadethe tool slower, the groupdecidedthat it
wasworthwhile payingthis performancesostin orderto getVestas otherbenefits.
Ultimately they wereableto modify thetool to work betterwith Vestaandgetback
agooddealof thelost performance.
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We have foundVestafairly easyto usefor our own softwaredevelopment@ctiv-
ities, asdid the Arafiagroup. OnceVestawasmatureenougho beusedto develop
itself, we happily switchedto it andnever wantedto go back.Our experiencewith
Vesta-lalsotaughtus much;Vesta-2preseresthe strengthf Vesta-1while cor
rectingits major deficienciespothin easeof useandperformance.Somepieces
thatcould make Vesta-2easierto usearemissingat this writing, however, includ-
ing agraphicaluserinterface toolsto synthesizesimplemodelsautomaticallyand
tutorialuserdocumentationThe Araiagroupdevelopedtheirown specializedrer-
sionsof eachof theseitemsfor their own environment,however, andin thefuture
we may beableto generalizesomeof themfor useby others.

BecauseVestarepresent@ comprehensi nev approach software develop-
mentgroupswill incur somecostsin switchingto it. Groupswith large software
basesalreadyunderdevelopmentusing existing configurationmanagemensys-
temswill needcorversiontools. (In working with the Arafiagroup,we werefortu-
nateto comein at the bgginning of the project,whenvery little of the chip design
codebasehadyet beenwritten.) We have severalunpublishedlesigngor toolsto
easehe corversionfrom Makefilesto models,anddesigningtoolsto corvertfrom
RCS,CVS,andtheliketo therepositorywouldbefairly straightforvard. However,
we have notimplementedsuchtoolsto date. Therewill alsobeatrainingcostin
learningto useVesta.We have tried to designtherepositorytoolsto be simpleand
intuitive to use,but they dodiffer somavhatfrom existing systemsA moreserious
concernis the modelinglanguage.We have greatly simplified andimproved the
languagesinceVesta-1andwe have madesurethatthemodelsusersnormally see
andwrite arelittle morethanlists of sourcefiles with afew linesof boilerplate.Yet
we anticipatethatthe languaganaystill be anobstacleio acceptancenave users
will find it unfamiliar, andsophisticatediserswill have a greatdealof learningto
doif they needto modify the complex modelsin the standardconstructionervi-
ronment.(Several Arafiausersdid do this successfullyafew becameguite expert
atwriting models.)

In summarytheresearctphaseof the Vestaprojectis completethesystemhas
seenserioususewithin Compagfor morethantwo years,andwe arenow on the
veme of releasingt asfree softwarefor externaluse. We believe the systemhas
mary strengthsaandwill sene its futureuserswell.

163



Appendix A

The VestaSystemDescription
Language

A.1 Intr oduction

Thisappendixdescribesheformal syntaxandsemantic®f the Vesta-2SystenDe-
scriptionLanguaggSDL). We expectit will beusedasareferenceoy Vestausers.
Becausehis descriptionis meantto be completeand unambiguousits treatment
is ratherformal. A lessformallanguageeferencas available[45].

In Vestatheinstructionsfor building a softwareartifactarewritten asan SDL
program.Evaluatingthe programcauseshesoftwaresystemnto beconstructedthe
programs resultvaluetypically containsthe derivedfiles producedoy the evalua-
tion.

The VestaSDL is a functionallanguagewith lexical scoping. Its valuespace
includesBooleansjntegers,texts, lists (similar to LISP lists), sequencesf name-
valuepairscalledbindings closuresanda uniqueerrorvalue.

The languageis dynamically typed; that is, types are associatedwvith run-
time valuesinsteadof with static namesand expressions. Even without static
type checking thelanguages stronglytyped: an executingVestaprogramcannot
breachthelanguages type system.The expectedtypesof parameterso language
primitives are defined,andthosetypesare checled whenthe primitivesare eval-
uated. The languagencludesprovisionsfor specifyingthe typesof userdefined
function agumentsand local variables,but thesetype declarationsare currently
unchecled.

Thelanguagecontainsroughly 60 primitive functions. Thereis a _run _tool
primitive for invoking externaltools like compilersandlinkers asfunction calls.
Externaltoolscanbeinvoked from Vestawithout modification.
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Conceptually every software artifact built with Vestais built from scratch,
therebyguaranteeinghat the resultingartifact is composef consistentpieces.
Vestausesextensve cachingto avoid unnecessaryeluilding. Vestarecordssoft-
ware dependencieautomatically The techniquesby which the implementation
cachedunctioncallsanddetermineslependenciearedescribedn Chapters$ and
7 of thisreport.

A.2 Lexical Conventions

This sectiondefinesthe meta-notatiorandterminalsusedin subsequergections.
SectionA.3 introducesachlanguageonstrucby giving its syntaxandsemantics.
Thesyntaxof thecompletdanguagés givenin SectionA.4.

A.2.1 Meta-notation

Nonterminalsof the grammarbegin with anuppercaséetter, areat leasttwo char
actersin length, andinclude at leastone lowercaseletter Exceptfor the four
terminalslisted in SectionA.2.2 below, eachof which denotesa classof tokens,
theterminalsof the grammararecharactestringsnot of this form.

The grammaris written in a variantof BNF (Backus-Naut~orm). The meta-
character®sf this notationare:

=Ll Ly
Themeaningof the metacharacteiis asfollows:

NT::=Ex Non-terminalNT rewritesto expressiorEx
Ex1| Ex2 ExlorEx2

[ Ex] optional Ex

{Ex} meta-parenthesdsr grouping

Ex* zeroor moreEx's

Ex*, zeroor moreEx s separatethy commastrailing commaoptional
Ex*; zeroor moreEX s separatethy semicolonstrailing semioptional
Ex+ oneor moreExs

Ex+, oneor moreExX s separatethy commasirailing commaoptional

Ex+; oneor moreEx s separatethy semicolonstrailing semioptional

‘s theliteral characteor charactesequences

Whenusedasterminals squarebraclets,curly braclets,andverticalbarappeain
singlequotesto avoid ambiguitywith the correspondingnetacharacter@.e., ‘[ ’,

10D,
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A.2.2 Terminals

Thefollowing namesareusedasterminalsin thegrammar They denoteclasse®f
tokens,andaredefinedpreciselyin SectionA.4.3.

Delim A pathnamedelimiter Either forward or backward slashesare allowed
within pathnamesjyut not both.

Integer  An integer, expressedn eitherdecimal,octal,or hexadecimal.

Id Anidentifier An identifieris ary sequencef letters,digits, periods,andun-
derscoreshatdoesnotrepresenaninteger For example,foo and36.fooare
identifiers,but 36 andOx36 arenot.

Text A text string. Textsareenclosedn double-quotesThey maycontainescape
seqguenceandspaces.

Commentsandwhite spacdollow C++ corventions.A commentitherbegins
with // andendswith thefirst subsequemewline, or beginswith /* andendswith
*/ (the latter form doesnot nest). Of course thesedelimitersareonly recognized
outsidetext literals. White spacedelimitstokensbut is otherwiseignored(except
thatthe Spacecharacterthe ASCII characterepresentedhy the decimalnumber
32, is significantwithin text literals). The grammarprohibits white spaceother
thanthe Spacecharactemithin text literals.

Thenamesf thebuilt-in functionsbegin with anunderscoreharacterandthe
identifier consistingof a single period(i.e., “.”) playsa specialrole in the Vesta
SDL. It isthereforerecommendethatVestaprogramsavoid definingidentifiersof
theseforms.

A.3 Semantics

The semanticof programswritten in the VestaSDL aredescribedoy a function
Eval that mapsa syntacticexpressionand a contect to a value Thatis, Eval(E,
C) returnsthe value of the syntacticexpressiork in the context C. In additionto
syntacticexpressiongdenotedby the non-terminalExpr in the grammar) the do-
main of Eval includesadditionalsyntacticconstructs. Someof theseadditional
constructaredefinedby the concretegrammaywhile othersareintroducedas‘in-
termediateresults”duringthe evaluationprocess.The latter are notedwherethey
areintroduced.Eachvaluereturnedby Eval is in the Vestavaluespacegdescribed
in thenext section.Thecontet parametecC to Eval is avalueof typet_bindingin
the Vestavaluespace.
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Typename| Valuesof thetype

t_bool true, false

t_int integers

t_text arbitrarybyte sequences

t_list sequencesf zeroor morearbitraryvalues

t_binding | sequencesf zeroor more(name valug pairs
t_closure | closuresgachof whichis atriple (e, f, b)
terr err

t_value unionof all of theabove types

TableA.1: Thetypesandvaluesof the Vestalanguage.

A.3.1 Value Space

Valuesaretyped. Thetypesandvaluesof thelanguageareshavn in TableA.1.

The valuestrue, false emptylist(the list of length zero), emptybinding(the
binding of lengthzero),anderr arenot to be confusedwith the languagditerals
TRUE FALSE, <>, [] , andERRthatdenotethosevalues.

Thetypet_bool containshe Booleanvaluestrue andfalse denotedn thelan-
guageby theliteralsTRUEandFALSE

Thetypet_int containsntegersover atleasttherange—23* to 231 — 1; theexact
rangeis implementatiordependent.

Thetypet_text containsarbitrarysequencesf 8-bit bytes.Thistypeis usedto
representext literals (quotedstrings)in SDL programsaswell asthe contentsof
files introducedthroughthe Files nonterminalof the grammar Consequentlyan
implementatiommustreasonablysupportthe representatioof large valuesof this
type (millions of bytes),but is notrequiredto supportefficient operationsnlarge
text values.

Thetypet_list containssequencesf values.Theelementsf alist neednot be
of thesametype.

Thetypet_bindingcontainssequencesf pairs(t;, v;), in whicheacht; isanon-
emptyvalueof typet_text, eachv; is anarbitraryVestavalue(i.e., of typet_value),
andthet; areall distinct. Note thatbindingsaresequenceshey areordered.The
domainof a bindingis the sequencef nameg; atits top level. Bindingsmay be
nested.

Bindingsplay animportantrole in the Vestalanguage.They areusedto rep-
resenta variety of interestingobjects. For example,flat bindingsthatmapnames
to texts can be usedto represencommand-lineswitchesand ervironmentvari-
ables;bindingsthat containnestedbindingscanbe usedto represenfile systems;
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andbindingsthatmapnamesgo closurescanbe usedto represeninterfaces.Sec-
tion A.3.4.5describegheprimitive functionsandoperatordor manipulatingoind-
ings,includingthreeprimitivesfor combiningtwo bindings.

Thetypet_closurecontainsclosurevaluesfor theprimitive operatorsandfunc-
tions (definedin SectionA.3.4) aswell asfor userdefinedfunctions.In aclosure
(e, f,b):

e eisafunctionbody(i.e.,aBlock asperthegrammarbelow);

e fisalist of pairs(tj, g ), wheret; is at_text value(aformal parametename)
andg is eitherthe distinguishedexpressioniemptyExp§ or an Expr (a de-
fault parameteralue);and

¢ bisavalueof typet_binding (theclosurecontext).

The type t_err consistsof the single distinguishedvalue err, denotedin the
languagéeby theliteral ERR Programmersanusethis valueasthey choosejt has
no predefinedsemantics.

A.3.2 TypeDeclarations

Thelanguagéncludesa rudimentarymechanisnfor declaringthe expectedtypes
of valuescomputedduring evaluation. The grammardefinesa smallsub-language
of type expressionswhich includesthe ability to give namesto typesandto de-
scribeaggr@atetypes(lists, bindings,functions)with varying degreesof detail.
Type expressiongnay be attachedo function agumentsandresultsandto local
variablesjndicatingthetypeof theexpectedvaluefor theseidentifiersandexpres-
sionsduringevaluation.

TheVestaevaluatorcurrentlytreatstypenamesandtypeexpressiongssyntac-
tically checled commentsit performsno otherchecking.Futureimplementations
may type-checkexpressionsat run time andreportan error if the value doesnot
matchthe specifiedtype (accordingto someasyet unspecifieddefinition of what
it meandor avalueto “match” atype specification).

The syntaxfragmentsand semanticdescriptionsn subsequensectionsomit
ary furtherreferenceo type expressiongntirely

A.3.3 Evaluation Rules

Theevaluationof a Vestaprogramcorresponds$o the abstracevaluation:

Eval( M) ., C-inital)
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class val {
public:
operator  int();
/I converts Vesta tint or t bool to C++ int

val(int);
/I converts a C++ integer to a Vesta t_int

int operator== (val);

/I compares two Vesta values, returning true (1)
/[ if they have the same type and are equal, and
/[ false (0) otherwise

}

TableA.2: A C++ classdeclaratiorfor Vestavalues.
static val true; /I value of literal TRUE
static val false; /I value of literal FALSE
static val emptylist; /Il value of literal < >
static val emptybinding; /[ value of literal [ 1]
static val err,; /I value of literal ERR

TableA.3: Definitionsof constantsisedby the pseudo-code.

whereM is the closurecorrespondindo the contentsof animmutablefile (a sys-
temmodel)in the Vestarepositoryand C-initial is aninitial contet. M’s model
shouldhave thesyntacticform definedby thenonterminaModel describedn Sec-
tion A.3.3.13below. C-initial defineshe namesandassociatedaluesof the built-
in primitive operatorsaandfunctionsdescribedn SectionA.3.4 below.

The definition of Eval by casedollows. UnlessE is handledby oneof these
casesEval(E, C) yieldsaruntimeerror As mentionedabove, the domainof Eval
includesthelanguagegeneratedby theconcretegrammairasapropersubset.Thus,
in someof thecasedelow, theexpressiorE canariseonly asanintermediataesult
of anothercaseof Eval. Thesecasesareexplicitly noted.

The pseudo-codéhatdefinesthe variouscasef Eval andthe primitive func-
tionsshouldbereadlike C++. Thatcodeassumeshedeclaratiorfor therepresen-
tationof Vestavaluesshavn in TableA.2. Notethatthe operator== istheone
invoked by usesof “==" in the C++ pseudo-codét is notto be confusedwith the
primitive equality operatordefinedon variousVestatypesin SectionA.3.4. The
pseudo-codalsorefersto the constantshavn in TableA.3.

For conveniencethepseudo-codadoptghefollowing notationalcornventions:
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e Evalis definedby casegatherthanby one C++ functionwith anenormous
embeddedaaseselection.

e Recursie referencedo Eval appearinline in the sameform thatis usedto
identify theindividual cases.

¢ Primitive functionsof the Vestalanguagewhosenamesbeggin with an un-
derscoreareinvoked inline from the pseudo-codasif they wereordinary
C++ functions. The primitive operatorsof the Vestalanguageare invoked
in this way too; for example,whenthe pseudo-codeefersto operator+,it
meanghe Vestaprimitive function, not the C++ operator Note thatsomeof
the Vestaoperatorsare overloadedby type, but not by arity. For example,
operator4s definedonintegers texts, lists, andbindings but it alwaystakes
two arguments.

¢ In the pseudo-coddor rulesthat containthe terminalld, the variableid
denoteghevalueof theld representedsat text.

e If the pseudo-statememtrror is reachedgvaluationhaltswith a runtime
errorandappropriateerrormessageNo valueis produced.

In eachof the following sectionswe first presenthe relevant portionsof the
languagesyntax.We thenpresenthe evaluationrulesthatapplyto thosesyntactic
constructsThecompletdanguagesyntaxis givenin SectionA.4.

A.3.3.1 Expr

Syntax:

Expr = if Expr then Expr else Expr | Exprl
Exprl = Expr2 { => Expr2 }

Expr2 = Expr3 { || Expr3 }

Expr3 = Exprd { && Exprd }

Expra = Expr5 [ { == I= | <| > | <= >= } Expr5 ]
Expr5 .= Expr6 { AddOp Expr6 }*

AddOp =+ | o+ | -

Expr6 = Expr7 { MulOp Expr7 }*

MulOp =

Expr7 = [ UnaryOp ] Expr8

UnaryOp = - | !

Expr8 ;= Primary [ TypeQual ]

Primary = ( Expr ) | Literal | Id | List

| Binding | Select | Block | FuncCall
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The grammarlists the operatorsin increasingorder of precedence.The binary
operatorsat eachprecedencéevel areleft-associatie.

Evaluation Rules:

The evaluationrulesfor conditional,implication, disjunction,conjunction,com-
parison,AddOp, MulOp, UnaryOp, and parenthesize@xpressionsare shovn in
TablesA.4 andA.5. Thereareseven remainingpossibilitiesfor a Primary: Lit-
eral,ld, List, Binding, Select Block, andFuncCall. Thesearetreatedseparatelyn
subsequerdections.

A.3.3.2 Literal

Syntax:
Literal ©= ERR| TRUE| FALSE | Text | Integer

Evaluation Rules:

Eval( Text , O
Eval( Integer, C)

the corresponding t text value
the corresponding t int value

Eval( ERR , C) =ermr
Eval( TRUE , C) = true
Eval( FALSE , C) = false

In the Text evaluationrule, the C++ interpretatiorof escapeharacterss used.
In the Integerevaluationrule, evaluationhaltswith a runtimeerrorif theintegeris
too large or smallto berepresentefly theimplementation.
A3.33 Id
Evaluation Rules:

Eval( Id , C) = _lookup(C, id)

As definedin SectionA.3.4.5, _lookup (b, nm) is the value associatedvith the
non-emptynamenmin the bindingb. The evaluationhaltswith a runtimeerrorif
nmis emptyor is notin b’sdomain.

A.3.3.4 List
Syntax:

List n= < Exprr, >
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/I conditional expression
Eval( if Expr 1 then Expr 2 else Expr 3 , C) =
{

val b = Eval( Expr1 , C)

if (_is_bool(b) == false) error;
if (b == true) return Eval( Expr 2 , C);
else return Eval( Expr 3 , C);
}
/I conditional implication
Eval( Expr_1 => Expr 2 , C) =
{
val b = Eval( Expr.1 , C)
if (_is_bool(b) == false) error;
if (b == false) return true;
b = Eval( Expr 2 , C);
if (_is_bool(b) == false) error;
return  b;
}
/I conditional OR (disjunction)
Eval( Expr 1 || Expr2 , C) =
{
val b = Eval( Expr.1 , C)
if (_is_bool(b) == false) error;
if (b == true) return true;
b = Eval( Expr 2 , C);
if (_is_bool(b) == false) error;
return  b;
}
/I conditional AND (conjunction)
Eval( Expr_1 && Expr 2 , C) =
{
val b = Eval( Expr.1 , C)
if  (_is_bool(b) == false) error;
if (b == false) return false;
b = Eval( Expr 2 , C);
if (_is_bool(b) == false) error;
return  b;
}

Table A.4: Evaluation rules for conditional, implication, disjunc-
tion, and conjunction expressions. As definedin Section A.3.4.7,
_is _bool (b)istrueif bis avalueof typet_bool andfalseotherwise.
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/I comparison

Eval( Expr.1 == Expr 2 , C) =
operator==(Eval( Expr 1 , C), Eval( Expr 2 , Q)
Eval( Expr 1 != Expr2 , C) =
operator!=(Eval( Expr 1 , C), Eval( Expr 2 , Q)

Eval( Expr 1 < Expr2 , C) =
operator<  (Eval( Expr.1 , C), Eval( Expr.2 , Q))
Eval( Expr.1 > Expr2 , C) =
operator> (Eval( Expr. 1 , C), Eval(l Expr.2 , Q))
Eval( Expr 1 <= Expr 2 , C) =
operator<=(Eval( Expr 1 , C), Eval( Expr 2 , Q)
Eval( Expr 1 >= Expr 2 , C) =
operator>=(Eval( Expr 1 , C), Eval( Expr 2 , Q)

/I AddOp

Eval( Expr.1 + Expr2 , C) =

operator+ (Eval( Expr 1 , C), Eval( Expr.2 , Q))
Eval( Expr.1 ++ Expr 2 , C) =

operator++(Eval( Expr 1 , C), Eval( Expr 2 , Q)

/I MulOp

Eval( Expr.1 - Expr2 , C) =

operator- (Eval( Expr.1 , C), Eval( Expr 2 , Q)
Eval( Expr.1 * Expr2 , C) =

operator* (Eval( Expr 1 , C), Eval( Expr 2 , Q)

/' UnaryOp
Eval( ! Expr , C) = operator!(Eval( Expr , C))
Eval( - Expr , C) = operator-(Eval( Expr , Q)

/I parenthesization
Eval( ( Expr ) , C) = Eval( Expr , C)

TableA.5: Evaluationrulesfor comparisonAddOp,MulOp, UnaryOp,
andparenthesizedxpressions.
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The useof <, > asboth binary operatorsandlist delimitersmalkesthe grammar
ambiguousSectionA.4.2 explainshow theambiguityis resoled.

Syntactic Desugarings:
<Expry, ..., Expr,> desugarso <Expr;> + <Expr,, ..., Expr,>

Here,'+' istheconcatenatiomperatormon lists.

Evaluation Rules:

Eval( <> , O
Evall < Expr >, C)

emptylist
_list1(Eval( Expr , Q))

As definedin SectionA.3.4.4, listl  (val) evaluatego alist containingthesingle
valueval.

A.3.3.5 Binding

Syntax:

Binding = T BindElem*, 7

BindElem = SelfNameB | NameBind

SelfNameB = Id

NameBind ;= GenPath = Expr

GenPath ;= GenArc { Delim GenArc }* [ Delim ]
GenArc = Arc | $Id | $( Expr ) | %Expr %
Arc = Id | Integer | Text

Syntactic Desugarings:

Thefollowing desugaringspplyto BindElems within a Binding.

Id desugarso Id=1d

GenArcDelim = Expr desugarso GenArc= Expr
GenArcDelim GenRith= Expr desugarso GenArc=[ GenRith= Expr]
$ 1d = Expr desugarso $ (Id)=Expr

%EXpr; %= Expr, desugarso $ ( Expr; ) = Expr,

The SelfNameBsyntacticsugarallows namedrom the currentscopeto be copied
into bindingsmoresuccinctly For example,the bindingvalue:

[ progs = progs, tests = tests, lib =1lb ]
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caninsteadbewritten:
[ progs, tests, lib ]

The GenRith syntacticsugarallows bindingsconsistingof a single pathto be
written moresuccinctly For example thebindingvalue:

[ env_ovs
[ debug

= [ Cxx = [ switches = [ compile =
= "-g3", optimize = "-O" I
caninsteadbewritten:
[ env_ovs/Cxx/switches/compile =
[ debug = "-g3", optimize = "-O" ]

Evaluation Rules:

First, therulesfor constructingemptyandsingletonbindings:

Eval( [ ] . O
Eval( [ Arc = Expr ] , C)

emptybinding
_bind1(id, Eval( Expr , Q)

Hereid is the t_text representatiomf Arc. The corversionfrom anArc to a
t_text is straightforvard. If the Arc is anld, theliteral character®f theidentifier
becomehetext value. If the Arc is anInteger, theliteral charactersisedto repre-
sentthe integer in the sourceof the modelbecomethe text value. If the Arc is a
Text, theresultof Eval(Arc, C) is used.As definedin SectionA.3.4.5,_bind1 (id,
V) evaluatedo a singletonbindingthatassociatethe non-emptyt_text id with the
valuev.

The $( Expr) syntaxallows the nameintroducedinto a binding to be com-
puted:

Evall [ $ ( Expr.l ) = Expr.2 ] , C) =
_bind1(Eval(Expr_1, C), Eval( Expr_2 , Q))

Whenthefield nameis computedusingthe $ syntaxtheexpressiormusteval-
uateto a non-emptyt_text (seethe _bind1 primitive in SectionA.3.4.5belaw).
Thefollowing rule handleghe casewheremultiple BindElems aregiven.

Eval( [ BindElem_1, ..., BindElem_n ] , C) =
{

val bl Eval( [ BindElem_ 1 ] , C);

val b2 Eval( [ BindElem_ 2, ..., BindElem_n ] , C);
return _append(bl, b2);

As definedin SectionA.3.4.5,_append (b1, b2) evaluatego theconcatenation
of thebindingsbl andb2; it requireshattheir domainsaredisjoint.
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A.3.3.6 Select

Syntax:

Select = Primary Selector GenArc

Selector = Delim | !

GenArc = Arc | $Id | $( Expr ) | %Expr %
Arc = Id | Integer | Text

A Selectexpressiondenotesa selectionfrom a binding, sothe Primarymusteval-
uateto a bindingvalue.

Syntactic Desugarings:

PrimarySelecto®Expr% desugarso PrimarySelector$ ( Expr)

Evaluation Rules:

The Delim syntaxselectsa valueout of a bindingby name.

Eval( Primary Delim Arc , C) =
_lookup(Eval( Primary , C), id)

Hereid is thet_text valueof Arc, asdefinedin SectionA.3.3.5above.
The$( Expr) syntaxallows theselectechameto be computed:

Eval( Primary Delim $ ( Expr ) , C) =
_lookup(Eval( Primary , C), Eval( Expr , C))

The! syntaxtestswhetheranameis in abinding’s domain:

Eval( Primary ! Id , C) =
_defined(Eval( Primary , C), id),

As definedin SectionA.3.4.5, defined (b, nm) evaluatesto true if nmis non-
emptyandin b's domain,andto falseotherwise.As above, the $( Expr ) syntax
canbeusedto computethename:

Eval( Primary ! & ( Expr ) , C) =
_defined(Eval( Primary , C), Eval( Expr , C))

In bothcasesvherethe GenArcis acomputedexpressionthe Expr mustevaluate
to at_text.
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A.3.3.7 Block

Syntax:

Block = Y{ Stmt*; Result; Y}

Stmt ;= Assign | Ilterate | FuncDef | TypeDef
Result = { value | return } Expr

Syntactic Desugarings:

return Expr desugarso value Expr

Thatis, the keywordsreturn  andvalue aresynoryms, provided for stylistic
reasonsThereturn /value statemenmustappealattheendof aBlock;there
is noanalogof the C/C++returnstatementhatterminatesxecutionof thefunction
in whichit appears.

Evaluation Rules:

SincetheVestaSDL is functional,evaluationof a statementloesnot produceside-

effects,but ratherproducesbinding. Evaluationof ablock occursby augmenting
thecontet with thebindingsproducedy evaluatingthe Stmts thenevaluatingthe

final Exprin theaugmentedontext.

Eval( { value Expr } , C) = Eval( Expr , C)

Eval( { Stmt 1; ..; Stmt_n; value Expr } , C) =
{
val b = Evall { Stmt 1, .. Stmt n } , C);
return  Eval( Expr , operator+(C, b));
}

Noticethatthis secondule introducesanargumentto Eval in the “extended”lan-
guagethatis notgeneratedby any non-terminalof the grammar

A.3.3.8 Stmt

Evaluation Rules:

Evaluatinga Stmtor sequencef Stmtsproducesa binding. Note thatthe binding
resultingfrom theevaluationof a sequencef Stmtsis simply theoverlay(operator
‘+") of the bindingsresultingfrom evaluatingeachStmtin the sequenceanddoes
notincludethe context C.
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Evall { } , C) = emptybinding

Eval( { Stmt 1; Stmt2 .. Stmtn } , C) =

{
val b0 = Eval( Stmt 1 , C);
val bl = Eval( { Stmt 2; ..; Stmt n }, operator+(C, b0));
return  operator+(b0, bl);

}

Theserulesapplyto constructsn the“extended’language Therearethreepossi-
bilities for a Stmt: Assign,lterate,andFuncDef. They arecoveredin thenext three
sections.

A.3.3.9 Assign

Sincethe VestaSDL is functional, assignmentslo not produceside-efects. In-
steadthey introducea new nameinto the evaluationcontext whosevalueis thatof
the givenexpression.

Syntax:

Assign = Id [ TypeQual ] [ Op] = Expr
Op =  AddOp | MulOp

AddOp =+ |+ -

MulOp = *

Syntactic Desugarings:

Id Op=Expr desugarso Id=Id OpExpr

Evaluation Rules:

Evall Id = Expr , C) = _hindi(id, Eval( Expr , Q)

A.3.3.10 lterate

Thelanguagencludesexpressiondor iteratingover bothlists andbindings.There
is also a _map primitive definedon lists (SectionA.3.4.4) and bindings (Sec-
tion A.3.4.5). _-map is moreefficient but lessgeneralthanthe languages Iterate
construct.
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Syntax:

Iterate .= foreach Control in Expr do IterBody
Control = Id | T Id =17
IterBody = Stmt | { Stmt+; Y}

Thetwo Controlformsareusedto iterateover lists andbindings,respectiely.

Evaluation Rules:

/I iteration with  single-statement body
Eval( foreach Control in Expr do Stmt , C) =
Eval( foreach Control in Expr do { Stmt } , C)

Thesemanticof aloop areto conceptuallyunroll theloop n times,wheren is the
lengthof thelist or binding beingiteratedover. The evaluationrulesfor iterating
over lists and bindingsare shavn in Table A.6. Note thatthe iterationvariables
(thatis, Id , Id1 , andld2 in the Table)arenot boundin the bindingthatresults
from evaluatingtheforeach statementHowever, ary assignmentsnadein the
loop bodyare includedin theresultbinding.

Iteration statementsre typically usedto walk over or collect partsof a list
or binding. For example, Table A.7 presentgunctionsfor reversinga list andfor
countingthenumberof leavesin abinding.

A.3.3.11 FuncDef

Syntax:

The function definition syntaxallows a sufiix of the formal parameterd¢o have
associatedefault values.

FuncDef ;= Id Formals+ [ TypeQual ] Block
Formals .= ( FormalArgs )
FormalArgs := Typedid*,

| { Typedld = Expr }*,
| Typedld { , Typedld } { , Typedld = Expr }+

The three alternatves for FormalAmgs correspondo the casesin which no ar
gumentsare defaulted,all agumentsare defaulted,and someargumentsare de-
faulted,respectuely.

Note that the syntaxallows multiple Formals to follow the function name.
As therulesbelov describethe useof multiple Formalsproducesa sequencef
curriedfunctions,all but thefirst of whichis anorymous.
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/I iteration over a list

Eval( foreach Id in Expr do { Stmt 1; ..; Stmtn } , Q)
{
val | = Eval( Expr, C);
if (is_list(l) == false) error;
ttext id = Id; /I identifier Id as a t_text
val r = emptybinding;
for (¢ (I == emptylist); I = _tail(l)) {
val rl = operator+(C, r;
rl = operator+(rl, _bind1(id, _head(l)));
r = operator+(r, Eval( { Stmt 1; ..; Stmt n } , rl));
}
return ;
}
/I iteration over a bhinding
Eval(foreach [Id1=Id2] in Expr do {Stmt_1;...;Stmt_n}, C)
{
val b = Eval( Expr, C);
if (_is_binding(b) == false) error;
t text idl = 1dl; // identifier Idl as a t text
t text id2 = 1d2; /I identifier Id2 as a t_text
val r = emptybinding;
for (; b == emptybinding); b = _tail(b)) {
val rl = operator+(C, r;
rl = operator+(rl, _bind1(id1, _n(_head(b))));
rl = operator+(rl, _bind1(id2, _v(_head(b))));
r = operator+(r, Eval( { Stmt 1; ..; Stmt n } , rl));
}
return ;

Table A.6: Evaluationrulesfor iterating over lists and bindings. As
definedin SectionA.3.4.7,_is _ist (I) is trueif | is of typet_list, and
falseotherwise;_is _binding (b) is trueif b is of typet_binding, and
falseotherwise.
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reverse_list(l: list): list
res: list = <>
foreach elt in | do
res = <elt> + res;
return  res;

}

count_leaves(b: binding): int
{
res: int = 0;
foreach [ nm=val ] in b do
res += if _is_binding(val)
then count_leaves(val) else 1,
return  res;

TableA.7: Two functionsdemonstratingheuseof foreach toiterate
overalist anda binding.

Evaluation Rules:

Eval( Id Formals_1 .. Formals_n Block , C) =
_bind1(id, Eval( e , Cl)),

where:
e ¢ = LAMBDAFormals _1 ... LAMBDAFormals _n Block
e C1l = operator+(C, _bind1(id, Eval( e , Cl))

Noticetherecursve definitionof C1. Thisallowsfunctionsto beself-recursie,
but not mutually recursve. Althoughthis recursve definitionlooksal little odd, it
canbeimplementedby the evaluatorby introducinga cycle into the context C1.
This is the only casewhereary Vestavalue can containa cycle (the language
syntaxandoperatorgdo not allow cyclic lists or bindingsto be constructed)and
the cycle is invisible to clients. Thereis no practicaldifficulty in constructinghe
cycle becauseaswe are aboutto see,the “evaluation” of a LAMBDAIs purely
syntactic.

Also notethatthis rule producesa LAMBDAconstructin the “extended”lan-
guagethatis notgeneratedby ary non-terminabf thegrammar The evaluationof
LAMBDAproducesat_closurevalue(e, f, b) asdescribedn SectionA.3.1.
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Thefollowing is thesimplecaseof LAMBDAwhereall actualparametersnust
begivenin ary applicationof the closure.Thereasorfor therestrictionontheuse

won

of “.” asaformal parameters treatedbelow in thesectionon functioncalls.

Eval( LAMBDA(ld_1, .., Id_m)
LAMBDAFormals_ 2 ... LAMBDAFormals_ n Block , C) =
<LAMBDAFormals 2 ... LAMBDAFormals_ n Block, f, C>,

wheref is alist of pairs(id;, (emptyExpk) suchthatid; is thet_text representation
of Id_i, for i in the closedinterval [1, m]. If ary of theidentifiersld.i is “.”, the
evaluationhaltswith aruntimeerror.

In the typical casewhereonly onesetof Formalsis specified(thatis, n = 1),
thefirst elementof theresultingclosurevalueis simply a Block.

Next is the generalcaseof LAMBDAIN which “default expressions’aregiven
for asuffix of theformal parametelist. Functionanaybecalledwith feweractuals
thanformalsif eachformal correspondingo anomittedactualincludesanexpres-
sion specifyingthe default valueto be computed.Whenthe closureis applied,if
anactualparameters missing,its formal’s expressions evaluated(in the context
of the LAMBDA andpassednstead. The following sectionon FuncCalldefines
this precisely

Eval(
LAMBDA(Id_1,... Id_k, Id_k+1=Expr_k+1,... Id_m=Expr_m)
LAMBDAFormals_ 2 ... LAMBDAFormals_ n Block , C) =
<LAMBDAFormals 2 ... LAMBDAFormals_ n Block, f, C>,

wheref is alist of pairs(id;, expr;) suchthat:
e id; isthet_text representatioof Id_i, fori in [1, m],
e expr; is (emptyExpy, fori in [1, K], and
e expr; is Expri, fori in [k + 1, m].

won

As before,if ary of theidentifiersid_i is “.”, the evaluationhaltswith a runtime
error

A.3.3.12 FunccCall

Syntax:
FuncCall = Primary Actuals
Actuals = ( Expry, )
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Evaluation Rules:

Thefunction call mechanisnprovides specialtreatmenfor theidentifier consist-
ing of a single period, called the current environmentand pronounceddot. Dot
is typically assigneda binding that containsthe tools, switches,andfile system
requiredfor the restof the build. The initial ervironment, C-initial (seeSec-
tion A.3.3 above), doesnot bind dot (thatis, “_defined( C-initial, "")
== false ).

Whenafunctionis called,the contet in which its body executesmaybind“.”
to avalueestablishedsfollows:

e if thefunctionis definedwith n formalsandcalledwith n or fewer actuals,
thenthe valuefor “.” at the point of call is boundto the implicit formal

(1]

parametenamed'.” in thecallee;

e if thefunctionis definedwith n formalsandcalledwith n 4+ 1 actualsithen
the value boundto the implicit formal parametenamed®.” is the value of
thelastactual.

Thus,thebindingfor “.”, if ary, is passedhroughthe dynamiccall chainuntil
it is alteredeitherexplicitly by anAssignstatemen{SectionA.3.3.9)or implicitly
by calling a function with an extra actualparameter The pseudo-codshawvn in
TableA.8 makesthis precise.In this code,the comparisorwith (emptyExpf has
notbeenformalized,but it shouldbeintuitively clear

A.3.3.13 Model

Syntax:

Model = Files Imports Block

Evaluation Rules:

The nonterminalModel is treatedlik e the body of a function definition (i.e., like
a FuncDef(SectionA.3.3.11),but without the identifier namingthe function and
with anemptylist of formal parameters)More precisely:

Eval( Files Imports Block , C) =

{
val CO = Eval( Files Imports , emptybinding);
return  Eval( LAMBDA() Block , _append(CO, CQ));

}
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Eval( Primary ( Expr_1, ..., Exprn ) , C) =

{

val cl = Eval( Primary , C);
if  (Lis_closure(cl) == false) error;

/* cle is the function body, clf are the formals, and
cl.b is the context *

int m = _length(cl.f); /I number of formals

if (n >m+ 1) error,; /I too many actuals

val C1 = clb; /Il t_binding

val f = clf; /I t_list (of (t, e) pairs)

/* augment C1 to include formals bound to corresponding

actuals  */

int i

for (i =1; i <=m; i++) {
val form = _head(f); /I i-th  formal
val act; /I corresponding actual
if (i <=n)
act = Eval( Expr_i , C); /[ value for i-th actual
else {
if (forme == <emptyExpr>) {

/I a required actual is missing
error;
}
act = Eval( form.e , clb); /I defaulted formal value
}
C1 = operator+(C1, _bind1(form.t, act));
f = _tail(f);

}

/I bind "" in C1

val dot;

if (n <= m)
dot = _lookup(C, ""); /I inherit """ from C

else
dot = Eval( Expr_n , C); /I last actual value supplied

C1 = operator+(C1, _bind2(".", dot));

/¥ Clis now a suitable environment. If the closure is
a primitive function, then invoke it by a special
mechanism internal to the evaluator and return the
value it computes. Otherwise, perform the following:

*/

return  Eval( cle , Cl);

TableA.8: Evaluationrule for FuncCall.
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As this rule indicates,the Files and Imports constructsare evaluatedin an
emptycontet, andthey addto the closurecontext in which the models LAMBDA
is evaluated.In practice,the context C will alwaysbe theinitial context C-initial
whenthisrule is applied(cf. SectionsA.3.3andA.3.3.15).

The Files nonterminalintroducesvaluescorrespondingo the contentsof or-
dinary files and directories. The Imports nonterminalintroducesclosurevalues
correspondingo otherVestaSDL models.

The evaluationruleshandleFilesandimportsclausesy augmentinghe con-
text usingthe _append primitive, therebyensuringthatthe namesintroducedby
theseclausesareall distinct, just asif the FilesandImportsclausesf the Model
were a single binding constructar The Files and Imports clausesare evaluated
independently:

Eval( Files Imports , C) =
_append(Eval( Files , C), Eval( Imports , C))

The following two sectionsgive the rules for evaluating Files and Imports
clausesindividually. It is worth noting that the evaluationcontet C is ignored
in thoserules.

A.3.3.14 Files

A Files clauseintroducesnamescorrespondingdo files or directoriesin the Vesta
repository Generally thesefiles or directoriesarenamedby relative paths,which
areinterpretedrelative to the location of the model containingthe Files clause.
Absolutepathsarepermitted thoughthey areexpectedo berarelyused.

Syntax:

Files = FileClause*

FileClause = files Fileltem®*;

Fileltem .= FileSpec | FileBinding
FileSpec = [ Arc =] DelimPath
FileBinding = Arc =T FileSpec*, T
DelimPath .= [ Delim ] Path [ Delim ]
Path .= Arc { Delim Arc }

Arc = Id | Integer | Text

EachFileltemin aFilesclauseakesoneof two forms: aFileSpear aFileBind-
ing. Eachform introducegbinds)exactlyonename.In theFileSpecasethename
correspondso thecontentsof asinglefile or directory;in theFileBindingcasethe
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namecorresponds$o a binding consistingof perhapsnary files or directories.In
bothcasestheidentifierintroducednto the Vestanamingcontet or theidentifiers
introducedinto the binding canbe specifiedexplicitly or derived from an Arc in
the Path.

For example,considerthefollowing files  clause:

files
scripts = bin;
c_files = [ utils.c, main.c |;

Supposehedirectorycontainingthis modelalsocontainsa directorynamedbin
andfiles namedutils.c andmain.c . Thenthisfiles clauseintroducegshe
two namesscripts  andc_files into the context. The formeris boundto a
bindingwhosestructurecorrespond$o thebin directory Thelatteris boundto a
bindingthatmapsthenameautils.c andmain.c tothecontentf thosefiles,
respectrely. Thefile contentsarevaluesof typet_text.

Syntactic Desugaring:

Whenmultiple Fileltem’s aregivenin a FileClausethefiles  keyword simply
distributesover eachof the Fileltem’s. Thatis:

files Fileltem_1; Fileltem_n;
desugarso:

files Fileltem_1;

files Fileltem_n;

Whentheinitial Arc is omittedfrom aFileSpecit is inferredfrom the path.In
particular:

files [ Delim ] { Arc Delim }* Arc [ Delim ];
desugargo:
fles Arc = [ Delim ] { Arc Delim } Arc [ Delim 1],
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Evaluation Rules:

Multiple FileClausesreevaluatedndependently:

Eval( FileClause 0 FileClause 1 ... FileClause_n , C) =
{
val C2 = Eval( FileClause 1 ...  FileClause_n , C);
return _append(Eval( FileClause_0 , C), C2)
}

Thatleavesonly two casedo consider: FileSpec(in which the initial Arc is
specified)andFileBinding.

I/l FileSpec
Eval( files Arc = DelimPath , C) = _hindi(id, V)

where:

e idisthet_text representationf Arc, asdefinedin SectionA.3.3.5above.

¢ If DelimRathbegginswith aDelim, it is interpretedasanabsolutegpath,which
must neverthelesgresole to a file or directoryin the Vestarepository If
DelimPath doesnot begin with aDelim, it refersto afile or directorynamed
relative to the directoryof the enclosingModel.

e If the entity namedby DelimPath is a file, v is a t_text value formed by
taking the file's contents.If DelimPath namesa directory v is a t_binding
value constructedrom the contentsof the directory treatingthe files (if
ary) in the directoryasabove (i.e., ast_text values)andthe directories(if
ary) recursvely (i.e., asbindings). The membersof the resultingbinding
arein anunspecifiedorder If DelimPath doesnot correspondo eitheran
extantfile or adirectory the evaluationhaltswith aruntimeerror.

/I FileBinding
Eval( files Arc = [ FileSpec 1, FileSpec n ] , C) =
_bind1(id, Eval( files FileSpec_1; FileSpec n , Q))

Again,id is thet_text representationf Arc.

The FileBinding form of the Files clauseprovides a corvenientway to cre-
ate a binding containingmultiple FileSpecs.Without this construct,it would be
necessaryo nameeachfile twice, oncein the FileSpecandoncein a subsequent
binding constructar Making a bindingwith FileBindingis semanticallysimilar to
constructinga file systemdirectory with the additional propertythat thereis an
enumeratiororderfor the componenfiles.
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Notice that the grammarand evaluationrules given above for FileSpecand
FileBinding allow a generalArc on the left-handside of eachequalsign, not just
anld. Thiswasdoneto simplify the definitionsand desugaringules. However,
it would be uselesgo write constructdik e the following, which introducenames
thatcannotbereferencedn thebody of the model:

files
33;
34 = 34
"hash-table.c";
"foo bar" = [ foo, bar ];

Thereforeweintroduceanadditionalrestriction:thecontet createdy aFiles
clausemustbind only nameghatarelegal identifiers;thatis, nameshatmatchthe
syntaxof theld token.

If you needto usefileswhosenamesarenotlegal identifiers,you shouldeither
assignthemlegal nameswith the equalsign syntaxor embedthemin a binding.
Somepossibilities:

/I Choose a legal name

files
f33 = 33;
f34 = 34;
hash_table.c = "hash-table.c";
foo_bar = [ foo, bar ],

/I Embed in a binding
files
f =] 33, 34 ]
src = [ "hash-table.c" K

A.3.3.15 Imports

ThelmportsclauseenableoneVestaSDL modelto referenceanduseothersithat
is, it supportanodulardecompositiorof VestaSDL programs.

Syntax:
Imports ;= ImpClause*
ImpClause ;= ImpldReq | ImpldOpt

Thereare two major forms of the Imports clause: one whereidentifiersare
required(ImpldReq),and one wherethey are optional (ImpldOpt). Both forms
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have two sub-formsin which either a single model or a list of modelsmay be
imported.

First,considethelmpldReqcase.Thisform is typically usedto importmodels
in the samepackageas the importing model. EachimpltemR in the ImpldReq
clausetakes one of two forms: an ImpSpecRor an ImpListR. Eachform binds
exactly onename.

ImpldReq ;= import ImpltemR¥*;
ImpltemR = ImpSpecR | ImpListR
ImpSpecR = Arc = DelimPath

ImpListR = Arc = ImpSpecR*, T
DelimPath = [ Delim ] Path [ Delim ]
Path = Arc { Delim Arc }

Arc = Id | Integer | Text

In the ImpSpecRcase,the nameis boundto the t_closurevalue that results
from evaluationof the contentsof afile accordingto the Model evaluationrulesof
SectionA.3.3.13.For example,considerthe Import clause:

import self = progs.ves;

Thisclausebindsthenameself totheclosurecorrespondingo thelocalprogs.ves
modelin the samedirectoryasthe modelin whichit appears.

In the ImpListR case,the nameis boundto a binding of suchvalues. For
example:

import sub =
[ progs = src/progs.ves, tests = srcl/tests.ves K

This clausebindsthe namesub to a binding containingthe namesprogs and
tests ;thesenameswithin thebindingareboundto theclosuresorrespondingo
the modelsnamedprogs.vesandtests.vedn the packages src  subdirectory For
examplethe progs.vegnodelcouldbeinvoked by writing “sub/progs() ”

Becausdhe Importsclauseoften mentionssereralfiles with nameshatshare
a commonprefix, a syntacticform is provided to allow the prefix to be written
once.Thisis thelmpldOptform. It is usedto import modelsfrom otherpackages.
Thesemanticaredefinedsothatmary identifiersareoptional,whenomitted,they
default to the nameof the packagdrom which themodelis beingimported.As in
thelmpldReqcase)mpldOpthasformsfor importing bothsinglemodelsandlists
of multiple models.
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ImpldOpt ;= from DelimPath import ImpltemO¥;
ImpltemO = ImpSpecO | ImpListO

ImpSpecO = [ Arc =] Path [ Delim ]
ImpListO = Arc =T ImpSpecO*, T

Herearesomeexamplesof ImpldOptimports:

from /vesta/west.vestasys.org/vesta import
cache/12/build.ves;
libs = [ srpc/2/build.ves, basics/5/build.ves 1

This examplebindsthe namecache to the closurecorrespondindo version
12 of that packages build.vesmodel, andit bindsthe namelibs to a binding
containingthe namessrpc andbasics , boundto versions2 and5 of those
packages build.vesmodels. (As the evaluationrules belov describe,the three
occurrencesf “/build.ves " in thisexamplecouldactuallyhave beenomitted.)

Syntactic Desugaring:

Whenmultiple ImpltemRS aregivenin a ImpldReq,theimport  keyword dis-
tributesover eachof the ImpltemRs5. Thatis:

import ImpSpec_1; .. ImpSpec_n;
desugarso:

import  ImpSpec_1;

i}r.{port ImpSpec_n;

Similarly, thefrom clausedistributesover the individual importsof anImpl-
dOpt. In particular:

from DelimPath import ImpltemO_1; ..; ImpltemO_n;
desugarso:

from DelimPath import ImpltemO_1;

%lr.(,)m DelimPath  import ImpltemQO_n;

The useof from makesit optionalto supply a namefor the closurevalue
beingintroduced;if the nameis omitted, it is derived from the Pathfollowing the
import keyword asfollows:
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from DelimPath import
[ Arc1 =] [ Delim ] Arc_2 { Delim Arc }* [ Delim ]

desugarso:

import Arc =
DelimPath Delim Arc 2 { Delim Arc }* [ Delim ]

whereArc is Arc, if it is presentandis Arc, otherwise. Similarly:

from DelimPath import Arc = |
[ Arck 1 =1 [ Delim ] Arc2 1 { Delim Arc } [ Delim ],

t“’Arcl_n =] [ Delim ] Arc2_n { Delim Arc }* [ Delim ] ]
desugarso:

import Arc = |
Arc_1 = DelimPath Delim Arc2_1 {Delim Arc } [ Delim ],

Arc_ n = DelimPath Delim Arc2 n {Delim Arc } [ Delm ] ]
whereArc; is Arcl; if it is presentandis Arc2; otherwise.

Evaluation Rules:

Multiple ImpClauses areevaluatedndependently:

Eval( ImpClause_0 ImpClause_1 .. ImpClause.n , C) =
{

val C2 = Eval( ImpClause_ 1 ... ImpClause_ n , C);
return _append(Eval( ImpClause_ 0 , C), C2);

}

This leaves two fundamentalforms of the Imports clause,whosesemanticsare
definedasfollows:

/I ImpSpecR
Eval( import Arc = DelimPath , C) =
_bind1(id, Eval( model , C-initial))

where:

e id isthet_text representationf Arc, asdefinedin SectionA.3.3.5above.
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e Letfbethesequencef DelimsandArcs thatconstitutethe DelimPath.

1. If f doesnot begin with a Delim, prepend‘Delim PathO Delim ”
to f, wherePathO namesthe directory containingthe Model in which
this Importsclauseappears.

2. Look up the pathf in the Vestarepository (SeeSectionA.3.3.16be-
low.) If f namesadirectory appendaDelim (if f doesnt alreadyendin
one)andthe string “build.ves ", thenlook up the augmentegath
f in the repositoryagain. If f doesnot namea directoryandits final
elementdoesnotendin “.ves ", appendhestring“.ves " to thefinal
elemenftof f, andlook it upin therepositoryagain.

e modelis the VestaSDL Model representethy the contentsof thefile in the
Vestarepositorynamedby the sequencd. If no suchexpressioncan be
produced(e.g.,the file doesnt exist, or cant be parsedasan expression),
evaluationhaltswith aruntimeerror.

/[ ImpListR
Eval( import Arc = [ ImpSpecR_1, ..., ImpSpecR_ n ] , C) =
_bind1(id, Eval( import ImpSpecR_1; ..; ImpSpecR_n , Q))

Again,id is thet_text representationf Arc.

As with the Filesclause andfor the samereasonwe addonerestrictionto the
rulesjust given: the context createdby an Imports clausemustbind only names
thatarelegal identifiers;thatis, nameghat matchthe syntaxof the ld token.

A.3.3.16 Filenamelnter pretation

The evaluationrulesfor the Files andImportsclausesdo not specifyhow the se-
guenceof Arcs andDelims makingup a DelimPathis convertedinto afilenamein
the underlyingfile system.While this is somavhat system-dependerit, is never-
thelessntendedo beintuitive. In particular

e Multiple adjacenDelimsarereplacedy asingleone.(Thegrammaraboe
doesnt permitadjacenDelims, but they canbe producedy thedesugaring
rules.)

e The VestaSDL syntaxallows the arbitrary intermingling of “/” and“\ ”
asarc separatorsHowever, theimplementatioractuallyrequiresthat Vesta
programsuseoneor the otheruniformly. Whencreatinga filenamefrom a
sequencef Arcs andDelims,theimplementationnsertstheappropriatearc
separatorequiredoy theunderlyingdfile system.Thechoiceis notinfluenced
by the choiceof Delim thatappearsn the VestaSDL program.
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e Thegrammarpermitsan Arc to be anarbitraryText. An Arc in afilename,
however, is forbiddento containa Delim charactexi.e., forward or back-
wardslash),andtheArcs“.. ” and“. ” areforbiddenin filenamesaswell.
In particular “.. ” cannotbe usedto meanparent directoryand”. ” can-
not be usedto meancurrentdirectory The“.. " notationis forbiddenfor
technicalreasongelatedto Vestacaching,while the “. ” notationis sim-
ply unimplemented However, the emptyArc “” canbe usedto denotethe

currentdirectory

A.3.4 Primiti ves

The primitive namesand associatedrialuesdescribedbelov are provided by the
VestaSDL interpreterin C-initial, the initial context. Most of thesevaluesare
closureswith emptycontexts; thatis, they areprimitive functions.

In the descriptiongthat follow, the notationusedfor the function signatures
follows C++, with the resulttype precedinghe functionnameandeachargument
type precedingthe correspondingargumentname. Defaulting corventionsalso
follow C++; if anamgumentnameis followed by “= val ue”, thenomitting the
correspondingctualargumentis equvalentto supplyingvalue

Someof thefunctionsignaturesisethe C++ operatordefinition syntax,which
shouldbe understoodasdefininga functionwhosenameis notanld in the sense
of thegrammarabove. Suchoperatomamescannotbe rebound.Theseoperators
aretypically overloadedasthe descriptionsdelown indicate. Usesof thesebuilt-in
Vestaprimitiveswithin C++ codearedenotedby theoperator  syntax.

The pseudo-codef this sectionassumeshe definition of the Vestavalueclass
givenatthe startof SectionA.3.3. Invocationof a Vestaoperatorprimitive within
the pseudo-codés denotedoy theoperator  syntax.All otheroperatorsappear
ing in the pseudo-coddenotethe C++ operators.

In thesedescriptionsthe agumenttypesrepresenthe naturaldomain;the re-
sulttypeis thenaturalrange.If aprimitive functionis passed valuethatlies out-
sideits naturaldomain,evaluationhaltswith a runtimeerror This type-checking
occurswhenthe primitive functionis called,not before.

A.3.4.1 Functionson Typet_bool

Recallthattrue andfalseareVestavaluesnot C++ quantities.

t bool
operator==(t_bool bl, t bool b2)

Returngrueif b1 andb2 arethe same andfalseotherwise.
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t_bool

operator!=(t_bool bl, t bool b2)
operator!(operator==(b1, b2))

t_bool

operator!(t_bool b)

Returngthelogical complemenof b.

A.3.4.2 Functionson Typet_int

t_bool
operator==(t_int i1, tint i2)
Returndrueif i1 andi2 areequal,andfalseotherwise.

t bool

operator!=(t_int i1, tint i2) =
operator!(operator==(i1, i2))

t int

operator+(t_int i1, tint i2)

Returnsthe integer sumil + i2 unlessit lies outsidethe implementation-defined
range,in which caseevaluationhaltswith aruntimeerrot

t int

operator-(t_int i1, tint i2)

Returnsthe integer differenceil - i2 unlessit lies outsidethe implementation-
definedrange,in which caseevaluationhaltswith aruntimeerror.

t int

operator-(t_int i) =
operator-(0, i)

t int

operator*(t_int i1, tint i2)

Returngheintegerproductil * i2 unlesst lies outsidetheimplementation-defined
range,in which caseevaluationhaltswith aruntimeerror

t int

_div(t_int i1, tint i2)

Returnsthe integer quotientil / i2 (thatis, thefloor of the realquotient)unlessit
lies outsidetheimplementation-definetinge,in which caseevaluationhaltswith
aruntimeerror. This erroris possibleonly if i2 is zeroor if i2 is -1 andil is the
largestimplementation-definedegative number
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t int
_mod(t_int i1, tint i2) =

operator-(i1, operator*(_div(il,i2), i2))
t_bool
operator<(t_int i1, tint i2)

Returngrueif andonly if il is lessthani2.

t_bool

operator>(t_int i1, tint i2) =
operator<(i2, i1)

t bool

operator<=(t_int i1, tint i2)

Returngrueif andonly if il is at mosti2.

t bool
operator>=(t_int i1, tint i2) =
operator<=(i2, i1)
t int
_min(t_int i1, tint i2) =
{ if (operator<(i1, i2)) return il; else return i2; }
t int
_max(t_int i1, tint i2) =
{ if (operator>(i1, i2)) return il; else return i2; }

A.3.4.3 Functionson Typet_text

Thefirst byte of at_text valuehasindex 0.

t bool
operator==(t_text tl, ttext t2)

Returndrueif t1 andt2 areidenticalbyte sequencesndfalseotherwise.

t bool

operator!=(t_text t1, ttext t2) =
operator!(operator==(t1, t2))

t_text

operator+(t_text t1, ttext t2)

Returnsthe byte sequencéormedby appendinghe byte sequencé? to the byte
sequencél (concatenation).
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t int
_length(t_text t)
Returnghe numberof bytesin the byte sequence.

t text

_elem(t_text t, tint i)

If 0 <i < length( t),returnsabytesequencef lengthl consistingof bytei
of thebyte sequenceé. Otherwisereturnstheemptybyte sequence.

t_text
_sub(t_text t, tint start = 0, tint len = _length(t)) =
{
int w = _length(t);
int i = _min(_max(start, 0)), w);
int j = _mini  + _max(len, 0), w);
/I 0 <=1i <=j <= _length(t); extract  [i..))
t_text r ="
for (; i < j; i++) r = operator+(r, _elem(t, 0));
return ;
}

Extractsfrom t andreturnsa byte sequenc®f lengthlen beginning at byte start
Note the boundarycasesdefinedby the pseudo-code;sub producesa runtime
erroronly if it is passedigumentsof thewrongtype.

t_int
_find(t_text t, ttext p, tint start = 0) =
{
int j = _length(t) - _length(p);
if (G < 0) return -1;
int i = _max(start, 0);
if ( >1] return -1;
for ( i <=7j i+ {
int k = 0;
while (k < _length(p) &&
_elem(t, i+k) == _elem(p, Kk)) k++;
if (k == _length(p)) return i
}
return -1,
}

Findstheleftmostoccurrencef p in t thatbeginsat or afterpositionstart Returns
theindex of thefirst byte of theoccurrenceor -1 if noneexists.

t int
_findr(t_text t, ttext p, tint stat = 0) =
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int j = _length(t) - _length(p);
if (G < 0) return -1;
int i = _max(start, 0);
if ( > 1] return -1;
for G 1 <=1 ) A
int k = 0;
while (k< _length(p) &&
_elem(t, j+k) == _elem(p, Kk)) k++;
if (k == _length(p)) return  j;
}
return -1,

}
Findsthe rightmostoccurrenceof p in t thatbegins at or after positionstart Re-
turnstheindex of thefirst byte of theoccurrenceor -1 if noneexists.

A.3.4.4 Functionson Typet_list

t_bool

operator==(t_list 11, t list 12)

Returngrueif 11 andI2 arelists of the samelengthcontaining(recursvely) equal
values,andfalseotherwise.

t_bool

operator!=(t_list 11, t list 2) =
operator!(operator==(11, 12))

t list

_list1(t_value V)

Returnsalist containinga singleelementwhosevalueis v.

t value
_head(t_list )]

Returnghefirst elementof I. If | is empty evaluationhaltswith a runtimeerror.

t list
_tail(t_list )

Returnsthe list consistingof all elementsof |, in order exceptthe first. If | is
empty evaluationhaltswith aruntimeerror.

t int

_length(t_list )]
Returnghe numberof (top-level) valuesin thelist I.
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t value

_elem(t_list I, tint i)

Returnsthei-th valuein thelist |. If no suchvalueexists, evaluationhaltswith a
runtimeerror Thefirst valueof alist hasindex 0.

t list
operator+(t_list 11, t list 12)
Returnghelist formedby appendind2 to I1.
t list
_sub(t_list [, tint stat =0, tint len = _length(l)
{
int w = _length(l);
int i = _min(_max(start, 0)), w);
int j = _mini  + _max(len, 0), w);
/I 0 <=1 <=j <= _length(l); extract  [i..j)
t list r = emptylist;
for (; i < j; i++) r = operator+(r, _elem(l, 0);
return ;

}

Returnsthe sub-listof | of lengthlen startingat elementstart Notethe boundary
casegslefinedby thepseudo-codesub producesruntimeerroronlyif it is passed
argumentsof thewrongtype.

t_list
_map(t_closure f, t_list h =
{
t list res = emptylist;
for (; (I == emptylist); I = _tail(l)) {
t value v = f(_head(l)); /[ apply the closure "f"
res = operator+(res, v);
}
return  res;

}Returnsthelist thatresultsfrom applyingthe closuref to eachelementf thelist I,

andconcatenatingheresultsin order Theclosuref shouldtake onevalue(of type
t_value)asamgumentandreturna valueof ary type. If f hasthewrong signature,
the evaluationhaltswith aruntimeerror

t list
_par_map(t_closure f, tlist ) _ o
Formallyequialentto _map, but theimplementatioomayperformeachapplication

of fin aseparat@arallelthread.Externaltoolsinvoked by _run _tool in different
threadsnayberun simultaneouslpndifferentmachineslf aruntimeerroroccurs
in onethread,the otherthreadsmay still run to completionbeforethe evaluation
terminates.
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A.3.4.5 Functionson Typet_binding

t bool

operator==(t_binding bl, t binding b2)

Returnstrue if bl and b2 are bindingsof the samelength containingthe same
namegin order)boundto (recursvely) equalvalues,andfalseotherwise.

t_bool

operator!=(t_binding bl, t binding b2) =
operator!(operator==(b1, b2))

t_binding

_bind1(t_text n, tvalue V)

If nis notempty returnsa bindingwith the single(name value)pair (n, v). If nis
empty theevaluationhaltswith aruntimeerror.

t binding

_head(t_binding b)

Returnsa bindingwith one(name value)pair equalto thefirst elementof b. If b
is empty the evaluationhaltswith a runtimeerror.

t binding

_tail(t_binding b)

Returnghebindingconsistingof all elementf b, in order exceptthefirst. If bis
empty theevaluationhaltswith aruntimeerror.

t int
_length(t_binding b)
Returnghe numberof (name yvalue)pairsin b.

t_binding

_elem(t_binding b, tint i)

Returnsa binding consistingsolely of thei-th (name value)pair in the bindingb.
If no suchpair exists, the evaluationhaltswith a runtimeerror Thefirst pair of a
bindinghasindex O.

t_text

_n(t_binding b)

If _length(b) = 1, returnsthe namepartof the (name yvalue)pair thatconsti-
tutesb. Otherwisethe evaluationhaltswith aruntimeerror.

t value
_Vv(t_binding b)
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If _length( b) differsfrom 1, the evaluationhaltswith a runtime error Oth-
erwise, let v be the value part of the (hame,value) pair that constitutesh. This
functionreturnsv.

t_bool

_defined(t_binding b, ttext name)

If nameis empty theevaluationhaltswith aruntimeerror Otherwisethefunction
returnstrueif thebindingb containsapair (n, v) with nidenticalto name andfalse
otherwise.

t value

_lookup(t_binding b, ttext name)

If nameis nonemptyandis definedin b, returnsthevalueassociateavith it; other
wise,the evaluationhaltswith aruntimeerror

t_binding

_append(t_binding bl, t binding b2)

Returnsa binding formedby appendingb2 to b1, but only if all the namesn bl
andb?2 aredistinct. Otherwise the evaluationhaltswith aruntimeerrot.

t binding
operator+(t_binding bl, t binding b2) =
{
val r = emptybinding;
for (; Wbl == emptybinding); bl
val n = _n(_head(bl));
val v;
if (_defined(b2, n) == true)
v = _lookup(b2, n);
else v = _v(_head(bl));
r = _append(r, _bind1(n, v));
}
for (; (b2 == emptybinding); b2 _tail(b2)) {
if (_defined(bl, _n(_head(b2)) == false)
r = _append(r, _head(b2));

_tail(b1)) {

}

return r

}
Returnsa binding formed by appendingb2 to b1, giving precedencéo b2 when

bothb1 andb2 contain(hame value)pairswith the samename
t binding

operator++(t_binding bl, t binding b2) =
{
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val r = emptybinding;

for (; (bl == emptybinding); bl = _tail(bl)) {
val n = _n(_head(bl));
val v;

if (_defined(b2, n) == true) {
val v2 = _lookup(b2, n);

if  (_is_binding(v2) == true) {
v = _v(_head(bl);
if (_is_binding(v) == true)
vV = operator++(v, v2);
else v = v2;
}
else v = v2;

}
else v = _v(_head(bl));
r = _append(r, _bindl(n,  V));

}
for (; (b2 == emptybinding); b2 = _tail(b2)) {
if (_defined(r, _n(_head(b2)) == false)
r = _append(r, _head(b2));
}
return

}

Similar to operator+but performsthe operationrecursvely for eachnamen that
is associateavith abindingvaluein bothbl andb2

t binding
operator-(t_binding bl, t binding b2) =
{

val = emptybinding;

r
for (; (bl = emptybinding); bl = _tail(bl)) {
val n = _n(_head(bl));
if (_defined(b2, n) == false)
r = _append(r, _head(bl));
}

return I

}

Returnsa bindingformedby remaoving from b1 any pair (n, v) suchthatthe name
nis definedin b2. Thevaluev associatedavith nin b2is irrelevant.

t_binding
_sub(t_binding b, tint stat =0, tint len = _length(b))
{

int  w = _length(b);

int i = _min(_max(start, 0), w);
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int j = _mini  + _max(len, 0), w);

/I 0 <=1i <=j <= _length(b); extract  [i..))
t_binding r = emptybinding;

for (¢ i < j; i++) r = _append(r, _elem(b, i));
return

}

Returnghesub-bindingof b of lengthlenstartingatelemenstart Notethebound-
ary casedefinedby the pseudo-code;sub producesaruntimeerroronly if it is
passedigumentsof thewrongtype.

t_binding
_map(t_closure f, t_binding b) =
{
t_binding res = emptybinding;
for (; b == emptybinding); b = _tail(l)) {
/I apply the closure "f"
t_binding bl = f(_n(_head(b)), _v(_head(b)));
res = _append(res, b1);
}
return  res;
}

Returnsthe binding thatresultsfrom applyingthe closuref to each(name value
pair of the bindingb, andappendinghe resultingbindingstogether The closuref
shouldtake the name(of typet_text) andvalue(of typet_value)asagumentsand
returnavalueof typet_binding. If f hasthewrong signaturethe evaluationhalts
with aruntimeerror

t_binding

_par_map(t_closure f, t_binding b)

Formallyequivalentto _map, but theimplementatiormayperformeachapplication
of fin aseparat@arallelthread.Externaltoolsinvoked by _run _tool in different
threadsnayberun simultaneouslypndifferentmachineslf aruntimeerroroccurs
in onethread,the otherthreadsmay still run to completionbeforethe evaluation
terminates.

A.3.4.6 SpecialPurposeFunctions

t closure _self

Unlessredefinedthename_self alwaysrefersto themodelin whichit textually
occurs. In effect, every model importsitself underthis name,prior to the first
import clausethatappearexplicitly in the SDL programtext.

t_text
_model_name(t_closure m)
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Thevaluem mustbeamodel;thatis, a closuredefinedby importinganimmutable
file from the Vestarepository _-model _name returnsa text valuethat givesone
namefor mwithin therepository If amodelwith identicalcontentsn anidentical
directoryis presenttseverallocationsin therepositorythenamereturnedmaybe
thatof arny of thesdocationsnot necessarilyhe onethatwasactuallyimportedin

thecurrentevaluation.

t_text

_fingerprint(t_value V)

The _fingerprint primitive returnsa text representatiomf the given values
fingerprint, a 128-bitinternalidentifier for the value. Fingerprintsare chosenso
thatwith very high probability two differentvalueswill alwayshave differentfin-
gerprints.A givenvaluemay have differentfingerprintsin differentevaluationsor
whencomputedat differentpointsin the sameevaluation,but theimplementation
triesto avoid this whenpractical.

Specifically a sourcewith a particularabsolutenamein the Vestarepository
alwayshasthe samefingerprint,while two sourceswith differentnamesbut with
thesamevaluewill have the samefingerprintif they werefingerprintedoy content
wheninsertednto therepository Seethedocumentatiomf thevadvanceprogram
for detailson whensourcesarefingerprintedoy nameandwhenby content.A de-
rivedvaluereturnedby ary Vestaprimitive otherthan_run _tool hasafingerprint
thatdependsieterministicallyon thefingerprintsof its aguments Derivedvalues
returnedby _run _tool have eitherarbitraryuniquefingerprintsor deterministic
content-basetingerprints;seeSectionA.3.4.8for details.

Thesepropertiesmale fingerprintsuseful as versionstampsfor Vestaevalu-
ations,sometimeanore usefulthan _-model _name. If m1, m2 are modelswith
identicalcontentsthatresidein identicaldirectories then _fingerprint(m2l)
= _fingerprint(m2 ) will oftenbetrueevenwhen_model _-name(ml) !=
_model _-name(m2) .

A.3.4.7 Type Manipulation Functions

t_text
_type_of(t_value V)
Returnsatext valuecorrespondingo thetypeof thevaluevasshavnin TableA.9.

t bool

_same_type(t_value vl, t value v2) =
operator==(_type_of(vl), _type_of(v2))

t_bool

_is_bool(t_value V)
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Value Text returnecby _type _of
true,false “t_bool”

integer “t_int”

bytesequence “t _text”

err “t_err”

list “t list”

binding “t _binding”

closures “t _closure”

Table A.9: Text valuesreturnedby the _type _of primitive for each
possibleinputvalue.

Returngrueif vis of typet_bool; returnsfalseotherwise.

t bool
_is_int(t_value V)

Returndrueif vis of typet_int; returnsfalseotherwise.

t_bool
_is_text(t_value V)

Returngrueif vis of typet_text; returnsfalseotherwise.

t bool
_is_err(t_value V)

Returngrueif vis of typet_err; returnsfalseotherwise.

t bool
_is_list(t_value V)

Returngrueif vis of typet_list; returnsfalseotherwise.

t bool
_is_binding(t_value V)

Returngrueif vis of typet_binding; returnsfalseotherwise.

t bool
_is_closure(t_value V)

Returngrueif vis of typet_closure;returnsfalseotherwise.
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A.3.4.8 Tool Invocation Function

t_binding

_run_tool(
t text  platform,
t list command,
t text stdin = "™,
t text  stdout treatment
t text  stderr_treatment
t text  status_treatment

t text  signal_treatment

"report",
"report",
"report_nocache",
"report_nocache",

t int fp_content = -2,
t text wd = "WD",
t bool existing_writable = FALSE)

_run _tool isthemechanisnby whichexternalprogramdike compilersandlink-
ersareexecutedfrom a VestaSDL program.lt providesfunctionality thatis fairly
platform-independent.The following description,howvever, is someavhat Unix-
specific(for example,in its descriptionof exit codesandsignals).

The platform argumentspecifiesthe platform on which the tool is to be exe-
cuted. _run _tool selectsa specificmachinefor the given platform. The legal
valuesfor platform and the mechanismby which a machineof the appropriate
platformis choserareimplementatiordependent.

Thetool to be executeds specifiedoy the commandargument.This argument
is a t list of t_text values. The first memberof the list is the nameof the tool
(interpretatiorof the nameis discussedbelow); the remainingmembersf thelist
arethe agumentgpassedo thetool asits commandine. Thetool is executedon
the specifiedblatformin anervironmentwith thefollowing characteristics:

e Thefile systemis encapsulatedo thatabsolutepaths(i.e., thosebeginning
with a Delim) areinterpretedrelative to ./root , where'.’ is theimplicit
final parameteto _run _tool . Non-absolut@athsareinterpretedelatveto
Jroot/$  wd, wherewdis a parameteto _run _tool . Theinterpretation
of filenamesgs discussedn moredetailbelow.

e The ernvironmentvariablesare taken from ./envVars , where‘.’ is the
implicit final parameteto _run _tool

¢ Thecontentof standardnputis thevalueof thestdin_run _tool parameter

e Treatmentof standardoutput and standarderror is specifiedby the std-
outtreatmentand stderr_treatmentparameters.Theseparametersnay be
oneof the t_text values"ignore” , "report" , "report _nocache" ,
"value" , or "report _value" . If the treatmentis "ignore" , ary
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byteswritten to the correspondingutputstream(stdoutor stderr)are dis-
cardedlf thetreatments"report" ,thecorrespondingutputis madevis-
ible totheuser If thetreatments "report _nocache" ,thecorresponding
outputis madevisible to the userand, if it is not empty the evaluatordoes
not cachethe resultof the _run _tool call. If thetreatments "value"
the outputstreamis corvertedto a Vestavalueof typet_text andreturnedas
partof the _run _tool result,asdescribedelow. If thetreatmenis "re-
port _value" ,theoutputstreamis both madevisible to the userandalso
returnedaspartof theresult.

The statustreatmentandsignaltreatmentagumentsmay take on thet_text

value'"report"  or"report _nocache" .Regardles®of theirvaluesthe
code andsignal fieldsof theresultvaluewill besetasdescribedelow. If

thevalueof statustreatments "report _nocache" ,this_run _tool call

will notbecachedf theresultcode isnonzerosimilarly, if signaltreatment
is"report _nocache" ,the_run _tool callwill notbecachedf there-

sultsignal is nonzero.Additionally, in ourimplementationa runtoolcall

thatis not cachedbecausef its returncodeor signalis consideredruntime
error and halts the evaluationwith an error messageunlessthe -k (“keep
going”) flagis givenon the evaluatorcommandine.

The fp_contentargumentcontrolshow fingerprintsare assignedo ary de-

rived files createdby the tool execution,including derived files createdfor

stdoutor stderrwhenthe value of the stdouttreatmentor stderr treatment
parameteis “value”. A valueof -1 causeghe fingerprintsof all suchde-

rived files to be computeddeterministicallyfrom their contents. A non-

negative fp_contentvalue of x causesnly thosefiles lessthan x bytesin

lengthto have their fingerprintscomputedfrom the file contents;an arbi-

trary uniquefingerprintis choserfor files atleastx bytesin length. Hence,
a value of 0 causesall derived files to be assignedarbitrary fingerprints.
Settingfp_contentto -2 selectsa site-dependendefault value (set by the
[Evaluator]/FpContentonfigurationvariable,in our implementation).The
booleanvaluesTRUEand FALSE are acceptedas synoryms for -1 and O,

respectiely.

The costof fingerprintinga file's contentsis non-trivial (approximatelyl
secondoermegabyteon the prototypeimplementation)but doingsoallows
for cachehitsin casesvheretwo evaluationsdependon avaluethatis iden-
tical, but wascomputedn two differentways.

The existing writable agumentcontrols whetherthe tool is permittedto
write to files that alreadyexist in its encapsulatedile systemwhenit is
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started.If the argumentis TRUE suchfiles may be openedfor writing and
written to; if it is FALSE, they may not. For technicalreasonsn the NFS-
basedepositoryimplementationtoolswill getmuchbetterfile systemper
formancewhenexisting writable is FALSE. It shouldbe setto TRUEoNly
for toolsthatrequireit.

The _run _tool primitive returnsa binding that containsthe resultsof the

commandxecution.This binding hastype:

type run_tool result = binding [

code ©oint,

signal : int,

stdout_written . bool,
stderr_written . bool,

stdout : text,

stderr  : text,

root : binding

]

If r is of typerun_tool_result,then:

e r/code isanintegervaluethatcharacterizehow thecommanderminated

(i.e.,theexit statusof the Unix process).

r /signal is aninteger valueidentifying the Unix signalthat terminated
theprocessor 0 if the processxited voluntarily.

r/stdout _written andr/stderr _written indicate whetherdata
waswrittento the stdoutandstderrstreamsrespecirely.

r/stdout is definedif andonly if the stdouttreatmentrun _tool pa-
rameteris "value" or"report _value" |, in which caseit containsthe
byteswrittento stdout.

r /stderr is definedif andonly if the stderrtreatmentrun _tool pa-
rameteris "value" or"report _value" |, in which caseit containsthe
byteswrittento stderr

r/root is a binding containingall files createdby the commandthat are
extant uponexit. Seethe descriptionunder“File SystemEncapsulation”
belav for details.

Two fine pointsrelatingto theresultsof _run _tool
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1. If the tool cannotbe invoked—for example, becauseof errorsin the pa-
rameterdo _run _tool —theevaluatoralwaysprintsa diagnosticandhalts
with a runtime error  However, errorsthat occur during the execution of
the tool arereportedin a tool-specificfashion,asdiscussedinder'sta-
tus _treatment" and"signal _treatment" above.

2. If "report _nocache" is specifiedasthe treatmenfor anoutputstream
(stdoutor stderr)or the exit or signal status,the evaluatorwill not make a
cacheentryfor the _run _tool callif any outputis producedon the corre-
spondingoutputstreamor if theexit or signalstatuss nonzeroyespecirely.
In addition,noneof the ancestofunctionsof thefailing _run _tool callin
the call grapharecachedeither Sinceno cacheentriesaremade,a subse-
quentre-interpretatiorof the modelwill producethe sameoutput(on stdout
or stderr).Thiscanbeusefulfor reproducingerrormessagesomacompiler
or otherexternaltool thataredisplayedthroughthe Vestauserinterface.

File SystemEncapsulation:

e Whenthe commandprocesqor ary subproces# createskxecutesa Unix
systemcall thatincludesafile pathasa parameterthefile pathis translated
into areferencanto the'.’” bindingthatis thelastparameteto _run _tool

e Thepathis interpretedrelative to ./root  if it is absolutg(i.e., if it begins
with “/), andrelative to ./root/$wd otherwise where$wd is the value
of the wd parameteto _run _tool . Eachcomponenbf the path—ecept
possiblythefinal one—musnamea Vestabinding. Theinterpretatiorof the
final componenbf the pathdepend®n the semanticof the systemcall. If
the systentall expectsanextantfile, thefinal componentmustnamea Vesta
valueof typet_text. If the systemcall expectsanextantdirectory the Vesta
valuemustbeof typet_binding. If thesystencall expectsanunboundhame,
thenamemustnotbeboundby thebindingcorrespondingo the penultimate
pathcomponent.

¢ A file createdor modified by the commandprocess(or a subprocessje-
mainsvisible in the namespacethroughoutthe remainderof the process
execution(or until deleted)justasin aregularfile system.Thisis achieved
by modelingfile creation,modification,anddeletionasa suitableoverlay-
ing of ./root . For example,if the processreatesfoo.o0” in its working
directory this hasthe effect of:

Jroot/$wd += [ foo.o = <bytes of file> J;
<subsequent execution of the command process>
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e File modificationis handledin exactly the sameway. For example,if the
processopensthe existing file “foo.db” in its working directoryandwrites
to it, this hasthe effect of:

Jroot/$wd += [ foo.db = <new contents of file> ]
<subsequent execution of the command process>

Notethatmodificationof pre«istingfilesis forbiddenif theexisting writable
argumentto _run _tool is setto FALSE (its default value).

e File deletionsaremodeledsimilarly, but thefiles areremovedfrom the con-
text using the binding difference(-) operatoy insteadof addedusingthe
bindingoverlay (+) operator

¢ Whenthe commandprocessaxits, the accumulatedeffects of the file cre-
ationsanddeletionst hasperformedarereturnedaspartof the _run _tool
result(inr /root ). In thisbinding,thenamef filesdeletedby thetool are
boundto false Suchnamesorresponeitherto filesthatexistedin ./root
beforethetool wasinvoked, or to files createdandsubsequentlyleletedby
thetool.
Thus,if ./root  representshe stateof thefile systemvisible to the com-

mandprocessatthetimeit is launchedthenthestateof thefile systemwhen
it exits canbedescribeds:

Jroot ++ r/root

So, if theinvoker of _run _tool wantedto update./root  to reflectthe
changesnadeby calling _run _tool ,thecodemightlook like this:

r = _run_tool( <suitable parameters> );
new fs = ./root ++ r/root;
+= [ root = new_fs 1],

After the last assignmentpnamesin ./root  boundto false arefiles that
were deletedby the tool. Hereis a recursve function for removing such
files:

remove_deleted(b: binding): binding
{
res: binding = [];
foreach [ n=v ] in b do
res += if v = false then [] else
if _is_binding(v)
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then [ $n = remove_deleted(v) ]
else [ $n =v |;
return  res;
h
A.3.4.9 DiagnosticFunctions
t value
_print(t_value v, tint deps = 0, t bool verbose = FALSE)

Printthevaluev to standardutputfollowedby a newline, andreturnv. Whatgets
printeddependsn v's type. If v is of typet_err, ERRIs printed. If v is of type
t_bool, TRUEor FALSE s printed.If vis of typet.int, its decimalvalueis printed.

The printedrepresentationf at_text valueis <file ~ Ox XXXXXXXX% if ver
boseis falseandthetext is representetly abackingfile, in which caseXXXXXXXX
is the file’s hexadecimalidentifier Otherwise,it is the text values contentsen-
closedin doublequotes.

Theprintedrepresentationf at_list valuecontainingthevaluesv, v, .. ., vk
is< p1, P2, ..., Pk >, Wwherep; denoteghe printedrepresentationf thevaluev;.

The printedrepresentatiomf a t_binding value containingthe (name,value)
pairs(ny, v1), (N2, v2), ..., (Nk, k) IS N1 = P1,..., Nk = Pk ] , whereagainp;
denoteghe printedrepresentatioof the valuew;.

Theprintedrepresentationf at_closurevalueis <Model name- if theclosure
is representedby a model,in which casenameis a namefor the modelfile in the
repository Otherwise,if verboseis true, it is the completelist of formals, body,
andcontet; if notit is simply <Closure>

If depsis greaterthanzero,the values dependenciearealsoprinted. In the
currentimplementationyaluesof 1 and?2 provide differentlevels of detail. This
featureis meantfor detuggingthe evaluatoritself.

Typically, _print is usedfor delugging purposesandits resultis ignored.
However, it is importantto remembethat _print  is afunction, not a statement.
Hence onecannotsimply write:

_print(v);

insidea functionbody Insteadthe call to _print mustbe usedin a functional
way, suchas:

dummy = _print(v);

Note alsothatefficientimplementation®f the Vestalanguagewill cachefunction
resultsandre-usethosecachedresultswheneer it is safeto do so. Callsto the
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_print  function itself are never cached. However, the _print  function’s side
effect of printing to the terminalis not repeatedvheneer the call to _print  is
skippeddueto a higherlevel hit onthefunctioncache.

t_bool
_assert(t_bool cond, t value msg)

If thevaluecondis true, returntrue. Otherwise,print the value msgaswith the
_print  primitive, thenterminatethe evaluationwith aruntimeerror As adiag-
nosticaid, ourimplementatiorallows thecontet of afalseassertiorand/ora stack
traceto be printedaswell, if selectecby command-lineoptionsto the evaluator
Notethat,like _print , _assert isafunction,notastatement.

A.4 Concrete Syntax

A.4.1 Grammar

Models:

Model

Files Imports Block

Files Clauses:

Files := FileClause*

FileClause = files Fileltem?;

Fileltem = FileSpec | FileBinding
FileSpec = [ Arc =] DelimPath
FileBinding = Arc =T  FileSpec*, T

Import Clauses:

Imports := ImpClause*

ImpClause ;= ImpldReq | ImpldOpt

ImpldReq = import ImpltemR*;

ImpltemR = ImpSpecR | ImpListR

ImpSpecR .= Arc = DelimPath

ImpListR = Arc = ImpSpecR*, T
ImpldOpt ;= from DelimPath import ImpltemO?¥;
ImpltemO = ImpSpecO | ImpListO

ImpSpecO = [ Arc =] Path [ Delim ]
ImpListO = Arc =T ImpSpecO*, T
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Paths and Arcs:

DelimPath .= [ Delim ] Path [ Delim ]
Path = Arc { Delim Arc }*
Arc ‘= Id | Integer | Text
Blocks and Statements:
Block = Y Stmt*; Result; Y}
Stmt ;= Assign | lterate | FuncDef | TypeDef
Result = { value | return } Expr
AssignmentStatements:
Assign ;= Typedid [ Op] = Expr
Op = AddOp | MulOp
AddOp =+ |+ | -
MulOp =
Iteration Statements:
Iterate := foreach Control in Expr do IterBody
Control = Typedid | T Typedild = Typedld T
IterBody = Stmt | { Stmt+; Y}
Function Definitions:
FuncDef ;= Id Formals+ [ TypeQual ] Block
Formals = ( FormalArgs )
FormalArgs = Typedld?,

| { Typedld = Expr },

| Typedid { , Typedid }* { , Typedld = Expr }+
Expressions:
Expr = if Expr then Expr else Expr | Exprl
Exprl = Expr2 { => Expr2 }
Expr2 = Expr3 { || Expr3 }
Expr3 = Exprd { && Exprd P
Expra = Expr5 [ { == = | <| >| <= >= } Expr5 ]
Expr5 = Expr6 { AddOp Expr6 }*
Expr6 = Expr7 { MulOp Expr7 }*
Expr7 = [ UnaryOp ] Expr8
UnaryOp = - | !
Expr8 = Primary [ TypeQual ]
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Primary

List
FuncCall

( Expr ) |
Binding | Select |

Literal | 1d |
Block |

Binary operatorswith equalprecedencareleft-associatie.

Literals:

Literal

Lists:

List

Bindings:

Binding
BindElem
SelfNameB
NameBind
GenPath
GenArc

Binding Selections:

Select
Selector

Function Calls:

FunccCall
Actuals

Type Definitions:

TypeDef
Typedld
TypeQual
Type

TypedForm

ERR| TRUE| FALSE | Text | Integer
< Expr*, >

T BindElem*, 7

SelfNameB | NameBind

Id

GenPath = Expr

GenArc { Delim GenArc }* [ Delim ]
Arc | $1d | $ ( Expr ) | %Expr %
Primary Selector  GenArc

Delim | !

Primary  Actuals

( Exprs, )

type Id = Type

Id [ TypeQual ]

. Type

any | bool | int | text

list [ ( Type ) ]

binding ( TypeQual )

binding [ ( Typedid*, ) ]

function { ( TypedForm*, ) }*

Id

[ 1d : ] Type
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A.4.2 Ambiguity Resolution

Thegrammarasgivenabove is ambiguousWe resole theambiguityasfollows.

The Vestaparseracceptsa modifiedgrammairin which the > tokenis replaced
by two distincttokens: GREATER in the productionfor Expr4 andRANGLE in
the productionfor List. The modifiedgrammaris unambiguousndcaneasilybe
parsedoy anLL(1) or LALR(1) automaton.

TheVestatokenizeris responsibldor disambiguatindpetweerlGREATER and
RANGLE whererer > appearsn theinput. It doessoby looking aheado the next
tokenafterthe>. If the next tokenis oneof

- I ( ERRTRUE FALSE Text Integer Id < [ {

thenthe> is takenasGREATER; otherwisejt is takenasRANGLE.

Why is this solutionreasonablednspectionof the grammarshows thatin a
syntacticallyvalid program,the next token after GREATER mustbe one of those
in thelist above. The next tokenafter RANGLE mustbe oneof thefollowing:

¥ 4+ ++ - == I= < GREATER<= >= && || =>
; do , ) then else RANGLE] %/ \ ! (

Thesesetsoverlapin thetokens-, !, (, and<. Becauseve have chosento
resohe thesecasesas GREATER, it is impossibleto write certainsyntactically
valid programscontainingRANGLE. However, ary suchprogramcanberewritten
by replacingevery List nonterminalby ( List ), yielding a semanticallyequva-
lent programin which the closing> of the List is correctlyresoihed asRANGLE.
Moreover, we claim (without presentinga proof) thatany programin which RAN-
GLEisfollowedby-,!, (, or < musthave aruntimetypeerror, dueto the paucity
of operatorslefinedonthelist type,soin practicesuchprogramsareneverwritten.

A.4.3 Tokens

Table A.10 gives a BNF descriptionof the tokens of the language. The token
classedelim, Integer, Id, andText, andtheindividual tokensin the classesunc,
TwoPunc,andKeyword, sene asterminalsin the BNF of earliersections.

We defineNewline asan ASCII new line sequencegitherCR, LF, or CRLF
NonNeawlineCharis ary ASCII characteotherthanCR andLF. CommentBodys
ary sequencef ASCII charactershatdoesnotcontain*/’. TabistheASCII TAB
character

The ambiguitiesin the token grammarareresohed asfollows. Thetokenizer
interpretshe programasa TokenSeqlt scandrom left to right, repeatedlynatch-
ing the longestpossibleToken beginning with the next unmatchedharacter The

214



TokenSeq =  Token*

Token ©= Integer | Id | Text | Punc
| TwoPunc | Keyword | Whitespace
| Comment
Delim = |\
Integer = DecimalNZ Decimal*
| O Octal* | 0 { x| X} Hext
Decimal = 0| 1] 2| 3] 4| 5] 6] 7] 8] 29
DecimalNZ = 11 2| 3| 4| 5| 6| 7| 8] 9
Octal = 0| 1] 2| 3] 4] 5] 6] 7
Hex := Decimal
| Al B|] C| D| E| F
| a] b c] d| e] f
Id w= { Letter | Decimal | IdPunc }+
Letter == A| B| C| D| E| F| G| H|] I | J| K
| LI M| N| O] P| Q| R S| T| U|V
| W| X| Y| Z
| al bl cldle|]f ] g|lh]i]j]k
[T mfnlolplalr|s|]t]ul]yv
| w| x| vyl z
IdPunc = | _
Text w= " TextChar* "
TextChar := Decimal | Letter | Punc | Escape
Punc = "1 rlr el #1 8] %l " &l <] (]
[ -1+l =0C 1T Y 7T ||
LT 1. <t .1 >1?21/1 Space
Escape .= \ EscapeChar
EscapeChar := n| t | v | b | r | f] a] \V | "
| Octals | Hexes
Octals ;= Octal [ Octal [ Octal ] ]
Hexes = { x| X} Hex [ Hex ]
TwoPunc =+ | == I= | <= | >=| = | || | &&
Keyword := binding | do | else | ERR| FALSE | files
| foreach | from | function | if | in | import
| list | return | then | type | TRUE| value
Whitespace == * ' | Tab | Newline
Comment = /I NonNewlineChar*  Newline

| ™ CommentBody “*/

TableA.10: BNF for thetokensof the VestaSDL.
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tokensWhitespaceand Commentare discardedafter matching;othertokensare
passedn for parsingby the main grammar Whena string of charactersnatches
bothIntegerandld, it is tokenizedasinteger Whenastringmatche$othKeyword

andld, it is tokenizedasKeyword.

A.4.4 Resewed ldentifiers

Herearethe VestaSDL sreseredidentifiers;they shouldnot beredefined:

_append _assert _bindl _defined _div _elem _find _findr

_fingerprint _head _is_binding _is_bool _is_closure
_is_err  _is_int _is_list _is_text _length _listl _lookup
_map _max _min _mod _model name _n _par_map _print
_run_tool _same type _self _sub _tail _type of v
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