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1 Intr oduction

Separationof concernsis oneof thefoundationalrulesof softwareengineering.Separatingtheaspectsof systemsthat
performdifferentrolessimplifiesthecodeof softwaresystems,makingthosesystemseasierto implement,easierto
understand,andlessproneto bugs.

Similarly, softwareconfigurationmanagement(SCM) systemsareoneof thefoundationaltoolsof softwareengi-
neering.SCM toolshave provedto besovaluableto softwareengineeringthatno significantsystemis implemented
without theuseof SCM tools. However, in theSCM systemsthemselves,many importantconcernsremainunsepa-
rated,particularlythekey concernsof programstorageandprogramorganization.This lack of separationlimits the
functionalitythatcanbeprovidedby theSCMsystem.

I havebeenbuilding anSCM calledCovensystembasedon separatingtheconcernsof programstorage,program
organization,andinter-programmercoordination.I believe thatby separatingtheseaspectsof theSCM system,that
theresultingsystembecomesmorepowerful, andenhancesboththebasicfunctionalityof thesystem,in particularits
ability to beusedto handleseparationof theoverlappingconcernsthatmake up therealsystemsdevelopedusingthe
SCMsystem.A moredetaileddescriptionof theCovenSCMsystemcanbefoundin [3].

2 Multidimensional SoftwareConfiguration Management

A key to our approachis observingthatin a conventionalSCM system,sourcefiles areusedasa basisfor addressing
two distinctconcerns:storage,andorganization.Thestorageconcernis an obviousnotion: codemustbe placedin
a sourcefile to be storedby a file-basedsystem.But the placementof codeinto a particular sourcefile, andinto a
particularlocationin a particularsourcefile is not just for the purposeof storage:it cancommunicateinformation
aboutthesystemto otherprogrammers.Thelayoutof codeinto sourcefiles createsanorganizationaldecomposition
of thesysteminto discreteunits which demonstratesa viewpoint on the structureor meaningof thesystem.This is
whatwe call theorganizationalconcernof softwaredevelopment.

The storageconcernis actuallya key basisfor muchof the functionality of the SCM system.The atomicunits
in thestorageconcernarealsothebasicunitsusedby thesystemfor providing versioning,coordination,consistency,
andcommunication.

Thefundamentalproblemwith thecurrentsituationis thatby thelackof separationbetweenstorageandorganiza-
tion, SCM systemstreatsourcefilesasatomicunits(becausethey areatomicfor storagepurposes),whenin factthey
aresemanticallycompositesmadeup of collectionsof smallerindependentcodefragments,andotherconcernscan
only beaddressedproperlyby treatingsourcefilesasnon-atomic,andallowing featuresto beprovidedin termsof the
smallerentitiesthatmakeup asourcefile.

By providing the key functionalitiesof versioningandcoordinationin termsof large, complex compounds,the
SCM systemis thuscrippled,andcannotprovide a variety of facilities which arepotentiallyextremelyuseful. In
particular, it limits theabilitiesof theSCMsystemto addressissuesof communicationandcoordinationamongateams
of programmerscollaboratively developinglargesystems– which is exactly thedomainfor which SCMfunctionality
is mostcriticial.

The solutionthat I proposeto this is multidimensionalsoftware configuration management, which separatesthe
key concernsof programstorage,programorganization,andinter-programmercoordination.To achieve thegoalsof
multidimensionalSCM,anSCMsystemmustprovidethefollowing facilities.
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1. Programs(andrelatedinformation)arestoredasfine-grainedartifacts,wherea storedartifact is the smallest
independentsemanticunit of thelanguageusedto write theartifact.

2. Organizationalviews areprovidedthroughdynamicallygeneratedcompositeobjectscalledvirtual sourcefiles
(VSFs). A VSF lookslikea normalsourcefile, exceptthatits elementsareactuallyindependententities.

3. Coordinationfacilitiesareprovidedin termsof collectionsof storedartifacts.In a locking SCM system,locks
would apply not to individual programartifacts,but to dynamicallyspecifiedcollectionsof artifactsthat are
relatedto aparticularchange.

4. Versioningis providedin termsof consistentviews of a system.That is, whena changeis performed,it is not
recordedasa seriesof updatesto individual artifacts: it is recordedasanatomicchangeto thesystem.Thus,
the systemrecordsa history of reproducableconsistentproject versions, wherea consistentproject version
representstheprecisestateof aprojectatsomepoint in time.

In therestof this paper, I will describeCoven,themultidimensionalsoftwareconfigurationmanagementsystem
beingdevelopedby my groupat IBM Research,andhow it meetstheserequirements.

2.1 Program Organizationand Virtual SourceFiles

In Coven,we performstorageandversioningof codein small, fine-grainedartifacts. Theseartifactscorrespondto
the independentsemanticunits within a sourcefile in a conventionalSCM system. (For example,for storingJava
programs,anartifactis a field or methoddeclaration;for Z, it is aschema,adefinition,or a blockof descriptive text.)

Programorganizationin Covenis providedthroughadynamicfacility to assemblethesefinegrainedartifactsinto
compoundunits calledvirtual source files (VSFs). VSFsplay no role in programstorage,but exist solely for the
purposeof communicatingorganizationalmeaning.VSFsthemselvescanbe namedandstoredby the system,and
canin turnbemembersof higher-orderVSFswhichcorrespondto virtual sourcedirectories,subprojects,etc.A given
artifact is not restrictedto beinga memberof oneVSF, anda givenVSF is not restrictedto beinga memberof one
virtual directory.

Thisseparationof storagefrom organizationallowsprogrammersto createmultiple,orthogonalcodeorganizations
in termsof VSFs,eachof whichdescribesadistinctviewpointof thestructureof thesystem.Throughthismechanism,
programmersfamiliarwith particularpartsof thesystemcanstoreviews thatserveasanillustrationor explanationof
thatpartof thesystem.

In additionto this servicefor codeunderstanding,theVSF systemallowsprogrammersto storecodein structures
well suitedto differenttasks:to performa particulartask,theprogrammerscanchoosetheorganizationbestsuitedto
thattask.

� All artifactsthatcontainacall to themethod“registerGenerator”:
all x

�
x calls "registerGenerator"

� All artifactsthatimplementthemethod“getProperty”,call themethod“submitQuery”,andcontainanassignmentto thefield “ xmlRepr”:

all x |
x implements "getProperty" AND
x calls "submitQuery" AND
x assigns " xmlRepr"

� All artifactsthatareapartof thedynamicmenucontribution subsystem:

all x |
x implements "contributeMenu" OR
x creates "MenuContribution" OR
(exists m : MethodCall |

m in x AND
(m.name="generateMessage" AND m.param[1]="menu.submit") OR
(m.name="subscribeMessage" AND m.param[1]="menu.contribute"))

Figure1: Examplequeriesfor VSF generation

Covenprovidessupportfor dynamicallygeneratingVSFsthroughtheuseof a querylanguage.Programmerscan
specifyqueriesto describewhat programartifactsshouldbe includedin a particularVSF, or what VSFsshouldbe
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includedin avirtual directory, etc.Theuseof aquerylanguageallowsprogrammersto compactlyandunderstandably
describethe contentsof a programartifact. (We presentour argumentfor the necessityof a dynamicquerysystem,
alongwith thedetailsof thequerylanguageandits efficient implementationin [4].) WhenaVSFis namedandstored
by thesystem,thequerythatgeneratedtheVSFis storedunderthename,andcanbeincrementally(andautomatically)
updatedastheprogrammermodifiesthesetof artifactsthatmake up theVSF. A few samplequeriestakenfrom our
studyof ahighly decoupledprogrammingenvironmentareillustratedin figure1.

2.2 Locks and Coordination

Likeprogramorganization,in mostSCM systems,coordinationbetweenprogrammersoverlapswith storage:coordi-
nationis providedthroughfeatureslikelocksor optimisticconflictdetection,andthatfunctionalityis providedentirely
in termsof atomicsourcefiles. This leadsto problemswith strongcoordinationfacilities,becausethey areprovided
in termsof theatomicunit of thestorageconcern,whenin fact,they shouldbeprovidedin termsof thesemanticunits
of theunderlingprogramminglanguage.

The purposeof coordinationfacilities is to allow programmersto communicateinformation about impending
changes.Thecoordinationfacilitiesallow thesystemto maintaina consistentcodebase,allowing multiple program-
mersmakingconcurrentchanges,but preventingconflictingchangesfrom beingenteredinto thesharedcodereposi-
tory. Therearetwo mainmethodsusedto performcoordination:locking (or pessimistic)coordination,andoptimistic
coordination.

In lockingcoordination,theSCMsystemallowsprogrammersto lock thestoredprogramartifactsthatthey intend
to change.Only oneprogrammeris allowedto havea lock onagivenartifactatagivenmoment.If thismechanismis
usedcorrectly, programmersarepreventedfrom makingconflictingchanges.

In optimisticcoordination,theSCM systemmakesno attemptto actively coordinatetheprogrammers.It allows
programmmersto make concurrentchangeswithout botheringto preventconflicts.However, whencodeis integrated
into the sharedrepository, it detectsany conflictsbetweenthe codebeingintegrated,andthe currentversionin the
sharedrepository. If any conflicts aredetected,the codeintegration is halted,and the conflictsmust be resolved,
possiblywith theassistanceof theSCMsystem.

I claim thatlocking coordinationis thecorrectapproach:theSCM shouldmake its besteffort to preventconflicts
from occuring.Optimisticcoordinationis only desirablebecauselocksareprovidedon thewrongobjects,andthis, in
turn, is becauseof thefundamentalerrorof treatingsourcefilesasatomicunits.

Coordinationis properlyprovidedin termsof collectionsof artifacts:locksshouldbeappliedto theexactcollection
of artifactsaffectedby an impendingchange.In a conentionalSCM system,wherecooridnationoccursin termsof
files,this is impossible.But in asystemlikeCoven,wheretheconcernof coordinationis properlyseparatedfrom both
storageandorganization,it is naturalto provide lockingcoordinationof thecorrectstructures.

In Coven,thesamequerylanguageusedfor specifyingVSFsis usedfor specifyinglocks.A lock canbeappliedto
any collectionof fine-grainedprogramartifactsspecifiedby a query. Thelockedcodecollectionneednot correspond
to any existingVSF, but cancrossall of thestoredprogramorganizationsin any way thattheprogrammerdesires.

Therearetwo significantadvantagesto this approach.First, theprogrammercanlock exactly thesetof artifacts
associatedwith a change.Insteadof locking an entiresourcefile (asin mostfile-basedSCM systems),or locking
individual fine-grainedartifacts(as in mostfine-grainedSCM systems),the programmercanpreciselyspecify the
scopeof thechange,andlock exactly therelevantartifacts.

Second,this mechanismenhancesthe understandingof otherprogrammers.While the changeis in process,a
programmerwho triesto createa conflictinglock will beinformedof theconflict, andwill seethedescriptionof the
conflictingchange.If they wantto breakthelock, they arefreeto do so,but theprogrammerholdingthelock will be
notifiedof thebreak,andthedescriptionof thechangethatrequiredthebreak.

2.3 ConsistentProject Versioning

Consistentprojectversioning(CPV) is an essentialfeaturefor any modernSCM. By CPV, we meanthat the SCM
systemprovidessomemechanismof managingchangeby recordingchangesthatcrossorganizationalunitsasatomic
units. This canbedoneby a varietyof mechanisms,mostprominentlyincludingchangepackages(asusedby many
systemssuchas ClearCase[9], Adele[5, 2] or Infuse[8]), or project orientedversioning(as usedby systemslike
PRCS[6]).

3



Liketheotherrequirementsthatwehavediscussed,consistentversioningrequirescrossingstandardorganizational
dimension,andis absolutelycrucialfor muchof theadvancedfunctionalityof currentSCMsystems.Unlike theother
featuresproposedhere,this is alreadywidely implemented:someform of it is presentin everymodernSCM system
in usetoday. However useful it is in its currentform, this featureis limited by the fact that it crossesthe dominant
decompositionof thesystem,withoutacknowledgingthefactthattheorganizationaldimensionof thesystemis made
up of non-atomicunitsthatcanbedecomposedinto smallsemanticallymeaningfulpieces.

A consistentchangeaccrossthe systemis recordedin termsof deltasappliedto source files. The fact that a
particularchangeaffectsonly a smallportionof givensourcefile is recordedby thesystem,but thefactthatit affects
preciselyonesemanticentity in thesourcefile is lost, becausethesystemcannotrecognizethesemanticentitiesthat
makeup thesourcefile.

In Coven, we perform consistentproject versioningusing a heirarchicalproject model basedon the project-
versioningmodelof systemslike PRCS.Eachtime a programmermakesa changethatspansa collectionof artifacts,
thesystemcreatesnew versionsof thechangedartifacts,andthenrecordsa new versionof thesystemcontainingthe
updatedartifacts.With this mechanism,thesystemhasa recordof exactly whatartifactversionscoexistedwith one
anotherat any given time. This addressesoneof the key problemswith the changepackagemodel: underchange
packages,it canbedifficult to identify whethera particularversionextractedfrom thesystemcorrespondsto a prior
stateof thesystem.

3 RelatedWork

Theideaof multidimensionalityusedby Covenoriginatedin theseparationof concernscommunity[12], andtheideas
weredevelopedin discussionswith IBM’ s HyperSpaces[7] team.This notion is closelyrelatedto thedynamicview
mechanismsof theGwydionSheetsenvironment[11], andDesert[10], andthedynamichierarchicalconfigurationsin
ICE[13], Adele,andInfuse[8].

The versioningmodelusedby Coven is basedon a variantof the project-basedversioningmodelproposedby
PRCS[6],with a consistency modelbasedon thefeaturelogic of ICE[13]. Usingfine-grainedversioningasa mecha-
nismfor inter-programmercoordinationwasexploredby theCOOP/Ormproject[1]. COOP/Ormwasa collaborative
programmingenvironment,basedon extremely tight collaborationbetweenprogrammers,and usedan even finer
grainedform of storageandversioningthanCoven. However, it still enforceda singleorganizationalview of the
system.

4 Conclusions

In this paper, I have describedhow multidimensionalsoftwareconfigurationmanagementprovidesmorepowerful
supportfor softwaredevelopmentthanconventionalSCM systems.It doesthis by separatingthedistinctconcernsof
programstorage,programorganization,andinter-programmercoordinationwithin theSCM system.This separation
enablesa varietyof features,includingdynamicmultidimensionalprogramorganizationthroughvirtual sourcefiles,
lock basedcoordinationof appropriateprogramartifacts,andenhancedcommunicationbetweenprogrammingteams.
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