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Abstract

Softwaredeploymentis acomplex processandindustrial-strength
frameworks suchas .NET, Java, and CORBA all provide explicit
supportfor componentdeployment. However, theseframavorks
are not built aroundfundamentalprinciplesas much asthey are
engineeringefforts closelytied to particularsof the respectie sys-
tems.Herewe aimto elucidatethe fundamentaprinciplesof soft-
ware deplayment, in a platform-independenianner Issuesthat
needto be addressethcludedeploymentunit designwhen whee
andhow to wire componentgogether versioning,versiondepen-
denciesandhot-deplgmentof componentsWe de ne the appli-
cation buildbox asthe placewheresoftwareis developedandde-
ployed, and de ne a formal LabeledTransitionSystem(LTS) on
the buildbox with transitionsfor deployment operationsthat in-
cludebuild, install,ship,andupdate We establistformal properties
of theLTS, includingthefactthatif acomponents shippedwith a
certainversiondependeng thenatruntime thatdependencmust
be satis ed with a compatibleversion.Our treatmentof deplgy-
mentis both platform-andvendorindependentandwe shav howv
it modelsthe core mechanism®f the industrial-strengthdeploy-
mentframenorks.

Categoriesand SubjectDescriptors D.3.1 [ProgrammingLan-
guaged: Formal De nitions and Theory; D.2.7 [Softwae Engi-
neering: VersionControl

GeneralTerms LanguagesDesign,Theory

Keywords Application Buildbox, Deployment, ComponentVer-
sion

1. Intr oduction

In [44], Szyperskipresentshe threede ning propertiesof soft-
ware componentshis rst propertyis that they sene as units of
independentleploymentThis aspechasattractedarlessattention
from the researchcommunitythan his othertwo properties(that
componentsare units of compositionandunits of stateencapsula-
tion). Make no mistale, componentleploymentis a complex pro-
cesswhich mustbe carefullythoughtoutif correctsoftwarebehar-
ior is to be achieved: an EnterpriseJaszaBean[17] might be tested
in onecontainerandthendeplg/ed in a differentcontainerthatis
incompatiblewith the bean;the sameJava applicationmight dis-
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play different run-time behaiors on siteswith different settings
of CLASSPATH locatedependenccomponentsupdatinga Win-

dows DLL wheninstalling an applicationmight causeother ap-
plicationsdependenbn it to exhibit erratic behaiors; and, with

dynamicplugins,componentganalsobe deplgedinto arunning
application.

Themanneiin which industryhasrespondedo theseproblems
is a barometerof real-world needfor elegantand rigorous mod-
els of deployment: numeroustools [18, 40, 12, 25, 10, 11, 43]
have beendesignedto supportcomponentdeployment, and the
.NET, Java and CORBA platformsde ne howv software compo-
nentsshouldbe deployed [32, 17, 36]. Theseindustrial solutions
provide workable systemsthat userscan directly use, but along
with this strengthcomesa weaknessto ensurecorrectfunctional-
ity on a particularplatform, thesesolutionsare highly embedded
in platform-speci c details,suchas le systemstructures ervi-
ronmentvariables scripts,middlevarearchitecturesandprogram-
ming languagemodels.The speci cationsare also informal, and
so no propertiescanbe rigorously guaranteedkor tool-basedap-
proachesnon-trivial issuessuchasdependengcresolutionaresub-
megedin thecode Thebestwayto understandhemin somecases
is to run the tools andseewhathappensSo, we believe thereis a
realneedfor theformal studyof the componenteploymentprob-
lem.

1.1 This Work

In this paper we elucidatethe fundamentaprinciplesof software
deplgyment,in a platform-independenmanner Despiteits com-
plexity, software deploymentis known to follow a lifecycle where
commonactvities areshared22, 37]: releasefrom the develop-
ment site (shipping, unpackingat the deployment site (installa-
tion), recon guring at the deploymentsite in responseo changes
(updatg, andactivating the applicationinto a usablestate(execu-
tion). Is therea common“core” that a good deployment system
shouldhave regardlesof thechoiceof the platform?Is thereafun-
damentabndprecisenotionaboutwhata shipmenpackageshould
contain,whatit meango be a goodsoftwareupdateandwhatde-
ploymentswill notviolateversioncompatibility?We answerthese
questionsby coming up with an abstractformalization.Our goal
is for theseresultsto give researchera basisto reasonaboutde-
ployment,andguidefuturedeploymenttool developersto comeup
with systemswith well-de ned operationghat have provable cor-
rectnesproperties.

This paperalso indirectly shedslight on componentdesign,
from the perspectie of what kind of componentmodelis best-
suitedfor deployment.By focusingprimarily onthis propertyhere,
this paperextendsour paststudies,from different perspecties,
of componentdependenc and linking [42, 27, 2§]. Linking —
especiallyits theoreticalfoundationsand type properties— has
beenextensvely studiedandwell-understood6, 19, 20, 14, 13].
However, previous studiesdo not adequatelytake into account



the when and wheee of linking: Doesit happenat build time,

installationtime, or run time?Doesit happenon the development
site or the deploymentsite? If the softwareis rst linked at the
developmentsite,andthensomeof its dependenciearerelinked at
the deploymentsite, arethesenew dependenciesompatiblewith

thoseat the developmentsite?

1.2 Goalsand Contrib utions

Themaincontritutionsof our framevork canbe groupednto four
categories,eachof which addressea principal designgoal of the
framework:

ExpressivenessThe framevork addresseshe entire lifecycle
of applicationevolution, spanningboth the developmentsite
anddeplo/mentsite,andcoveringbothhow applicationsevolve
staticallyaswell asdynamically A moredetaileddiscussioron
theframework featureds givenin Sec.2.

Geneanlity. Our treatmentof componentdeploymentis both
platform-andvendorindependentand modelsthe coremech-
anismsof existing deployment models found in Microsoft
products(DLLs, COM[33], CLI Assemblies[3D, Unix/Linux
(packageinstallers[18 12, 40)), Java (EJB[17], Classloaders)
andmiddlewareinfrastructure§CORBA CCM[36]). Sec.5 de-
tails how our framework canbe relatedto differentplatforms.
Although our framework doesnot captureevery featurein ev-
ery existing deploymentmodel,it offersa moreprincipledway
to implementtheir corefeatures.

CorrectnessWe give the rst known proof of versioncompat-
ibility in a software deploymentcontext, which statesthatif a
components shippedwith a certainversionrequiremenfor its
dependencieghenat run time the dependenc mustbe satis-
ed with a compatibleversion.Our framework also provides
a formal notion of applicationwell-formednessandwe prove
the frameawork is robust enoughto presere well-formedeness
duringapplicationevolution. This topicis elaboratedn Sec.4.

Simplicity. Our framevork provides a foundationalmodel of
the coreissuesof deployment suchas evolution, namingand
versioning Becausat is simple,it will be possibleto useit asa
basisfor studyingmoreadwanceddeploymentfeaturessuchas
securityandtransactiorcontrol.

2. Informal Overview

In this section,we informally explain the coreideasof our frame-
work. A few designdecisionsarealsodiscussed.

2.1 CoreConcepts
2.1.1 The ComponentModel: Assemblages

Software componentsn our framewvork are called assemblges
Eachassemblagés a named,versioned,ndependentlyshippable
and independentlydeplg/able code unit. This abstractioncan be
mappedo ary form of real-world deploymentunit, for examplean
EJBcomponenta Java .class le, anEclipseplugin, or aC dy-
namiclinking library. (A non-exampleis thetypicaluseof theC .o
le onUnix platforms:it is notanindependentinit sinceit relieson
linking at the developmentsite beforeshipmentand deployment.)
Our goalis to constructa modelwhich elegantly captureshe key
featuresof thewidely knowvn deploymentmodels;after presenting
thetechnicaldetailswe will male adetailedcomparisorwith these
modelsto shav how we meetthis goal.

Each assemblagenay be equippedwith two kinds of inter
faces,mixers and pluggers. Both mixers and pluggersare named
interfaceswhich can not only export featuresde ned inside the
assemblagémplementationbody to other assemblagedyut also

Plugins

_d Browser k?

(a)

v3 V2
M Net

Plugins

@-

NetLib Browser

v4

M
@

vl
......... Pugns B 15

NetL|b “Browser@ml Flash

R

reveees M

e —_—
(©)
Legends

=== RCTRITE .

1 1 :
L .! 3 i

Applicatior  Applicetior Assemblage

Buildbox Runtime Assemblage Runtime
B G ==
Mixer Plugger M\/I\>l<ilrr’139 P\I/l\J/igiglng

Figurel. CoreConceptga) An Assemblagéa) A Snapshoof the
ApplicationBuildbox (b) A Snapshobf the Application Runtime



canimport featuresrom otherassemblage®ur framevork does
not make assumptionon the format of the featuresthemseles;
they maybefunctions classesor otherstructuresFor convenience
here,we oftenwill usefunctionsasexamplesWe will explainthe
differencebetweermixersandpluggerssoon,in Sec.2.1.2A sim-
ple assemblagesxampleis givenin Fig. 1(a),shaving a browsing
tool thatis wrappedup asanindependentieploymentunit. It has
thenameBrowser, andversionidenti er v2.

The componenmodelintroducedhereis basedon the module
constructof our previous Assemblges project [27]. Despitethe
sharedstructuralsimilarity, the goal of this work is very different
from the original calculus ,wheretype safetywasthe focus.Since
we have previously addressetyping issueswe ignorethemin this
paperfor simplicity.

2.1.2 The ComponentWires:Mixing and Plugging

Component-basegpplicationsarecommonlyviewed asa number
of individual componentswired together{44], wherewiring indi-
catesnamebinding. Whatmattersin adeploymentcontext is when
thewiresareestablishedThewatershedventin acomponentife-
timeis load time, whenthe componenturnsfrom a pieceof state-
lesscodeto a potentiallystatefulandexecutableruntimeform. We
callawire establishedeforethetwo wired componentgothrough
thiswatersheaventamixingwire (or sometimesimply amixing),
andfor awire establishedfterthata plugging wire (or sometimes
simply a plugging). In Fig. 1(b), thereis a mixing wire between
the networking library NetLib assemblagand the Browser as-
semblageandits natureindicateghewire is establishedefoe the
browseris up andrunning. In Fig. 1(c), thereis a pluggingwire
betweerthe Browser andthe Flash dynamicplugin. Suchawire
is establishedfter the browserhasbeenlaunched.

Fromanassemblageriter's perspectie, declaringa mixer sig-
ni es a willingnessto establisha wire beforeit is loaded,while
declaringa pluggersigni es a desireto establisha wire afterload-
ing. A mixing wire bindstogethera pair of mixers,onefrom each
wired party, sothattheimportsfrom onemixer canbesatis ed by
theexportsfrom theother A pluggingwire is thesameasa mixing
wire, exceptit bindstogethera pluggerof an assemblagalready
loadedand a mixer of an assemblagéo be loadedas a result of
plugging.The useof a mixer heremay soundodd, but it indicates
thedesireof theassemblagbeingpluggedin: Flash asapluginin
factdesiredts namesnsideBrwinterfaceberesohedtheminuteit
is loaded not after.

2.1.3 Evolution and Application Buildbox

Thestudyof deploymentleadsto thestudyof applicationevolution.
The componentgorming the applicationare rst deplo/ed oneby
one, thenthe wires betweenthem are formed, and then perhaps
somecomponentswill be updatedindependentlyand eventually
theapplicationis launchednto the runtimeform.

In our framework, this “applicationin ux”, i.e. a snapshobf
the evolution processwheresomecomponentof the application
areyetto bedeplored andsomewiresareyet to be establishedis
evolving in animaginary“box” calledanapplicationbuildbox or
simply a buildbox The buildbox is illustratedin Fig. 1(b). Three
assemblagearecurrentlyin the buildbox, with two of thembeing
two different versionsof the samenamedassemblagéNetLib .
When the buildbox containsall the componentshe application
needsand all the wires are establishedwe say an application

1our term“mixing” is sometimescalled“static linking” in the literature.
We are cautiousin using that term, however, becauset is overloadedin
the C contet, whereit refersto the linking of .0 object les. Mixing is
analogougo the casein C wherean a.out le is linked to its dynamic
linking library (.so les), an action — due to the technicalitiesof the
platforms— called“dynamiclinking” in C terminology

is formed The buildbox naturally capturesthe evolving nature
of component-basedoftware developmentand deployment, and
senesasa usefulmechanisnfor modelingthe process.

After theapplicationis formed,it canbelaunchedandbeturned
into astatefulandexecutableapplicationruntime Fig. 1(c)shavsa
shapshobf an applicationruntime,which containsa collectionof
running assemblagesalled assemblge runtimes Becauseplug-
ging wiresmay be establishedfterapplicationruntimesareestab-
lished,applicationexecutioncontinuesto supportlimited applica-
tion evolution.

2.2 The DeploymentLifecycle

A primarygoalof ourframework is to modelall of thefundamental
actionsinvolved in the deployment processTo demonstratehis,

we now describehow thedevelopmenanddeploymentof asimple
browseris modeledn our framework. Thefocusof the framevork

is decidedlyon deplgyment,but to modeldeploymentwe mustalso
model fundamentalactionsat the developmentstage,since they

have a major impacton deplayment. The importantdevelopment
anddeployment actionsof our framework areillustratedin detail

in Fig. 2.

ComponenBuild Component-basezbftwaredevelopmenstarts
by preparingthe componentshemseles. There are two ways a
developer can obtain a component:either by building one from
scratchpr by usingoff-the-shelfcomponentshippedby third par
ties.The rst caseis modeledby anactioncalledcomponenbuild,
in Fig. 2(a). For a concreteanalogy this stepcanbe viewed asthe
creationof a Java .class le. After this build step,the Browser
components now in the buildbox. A new browserversionv2 as-
signedto thecomponenanduniquelyidenti es it. Thesecondvay
in whichacomponentanbe obtainedanoff-the-shelfcomponent
like NetLib ) will beexplainedbelay whencomponeninstallation
is discussed.

ComponentAssembling In Fig. 2(a), thetwo componentsarein
thebuildbox, but thenamespacdsave yetto bewiredtogetherThe
componentassemblingprocessachieves this, by wiring together
the two mixer interfaces,onefrom eachcomponentNote thatthe
mixing wire is betweentwo versionsof componentsnot just two
componentsFor instancein Fig. 2(b), the frameavork is not just
awarethata NetLib components wired to Browser component,
but alsoit is thatvl of NetLib is wiredto v2 of Browser.

ComponentShipping Whendevelopmentof the browvseris n-
ished theBrowser componenheeddo bepacledup andshipped.
Thiscomponenshippingprocesss modeledn Fig. 2(c). Theresult
of shippingis the pacled form of Browser, a datastructurecalled
padaged assemblge. Whena componenis shipped the shipper
is giventhe optionof specifyingwhethereachversiondependenc
shouldbe matchedwvhenthe components installedelsevhere.In
the examplehere,let us assumehe Broswer shipperdoesindeed
careaboutthe versionof the network library, so thatit will not
be installed on a machinewhoseNetLib componenthasan in-
compatibleversionthate.g. might crashthe browser Theresulting
packagedssemblagendsup containinga dependencgonstaint
saying“my mixer Net atdevelopmentime is wired to the Mmixer
of versionvl of NetLib . | will neverlet myselfbewired to aver
sionof NetLib thatis notcompatiblewith v1”. Ontheotherhand,
if theshipperdecidesall thatmattersis thatNetLib hasa mixer M
containingthefeaturest needsbut nottheversionsof them,he/she
couldalsochooseo leave out this constraint.

Componentinstallation Thebrowserentersthe deploymentsite
by the action of componentinstallation,illustratedin Fig. 2(d).
The installation unit is a packagedassemblageNote that in the
example, the deployment site doesnt happento have a copy of
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versionvl of NetLib, only a compatibleversion.It resultsin a
mixing wire connecting/3 of NetLib andv2 of Browser.

Earlierwhenwe explainedcomponenbuild, weraisedtheques-
tion of haw NetLib wasputinto thebuildbox. TheBrowser devel-
opercertainlydoesnotwantto build it from scratchandmostlik ely
it is preparedby someotherlibrary developer In our framework,
theway athird-partycomponensuchasNetLib is putin thebuild-
box is via componentinstallation Indeed the developmensite of
abraowseris in factthe deploymensite of thenetwork library. This
explainsfrom one anglethe inseparableelationshipbetweende-
velopmentanddeplgyment,andwhy adeploymentframevork also
coverstheactionsin development.

ComponentUpdate At somepoint,theremaybeanew, improved

releaseof the NetLib, and the systemadministratorwishesto

updatethe browserto usethe newer version.This updatingaction
is modeledin Fig. 2(e), where the wiring to the Net mixer of

Browser is now switchedto the new NetLib library of version
v4. A componenupdateis only successfuif the updatedoesnot
violate version compatibility Our framewvork doesnot explicitly

supportcomponentemoval, asnon-reference@omponentgsuch
asversionv3 of NetLib hereafterthe transition)canbe garbage
collectedeasily

Dynamic ComponentDeployment With the browser now in-
stalled,it will eventually be launched.And, oncethe browseris
launchedausermightdovnloada dynamicplugin suchasFlash .
It will bedesirabldor thebrowserto useFlash withouttheneedo
terminateandrestart.This actionis modeledn Fig. 2(f). It is simi-
lar in spirit to componenassemblingbut is anactionthathappens
only atruntime. Notethata Flash plugin hereis alsoa packaged
assemblagewhich shouldcomeas no surprisesinceit is alsoa
well-encapsulatedndependenthydeplo/able unit. This makesthe
action of enablinga dynamicplugin equivalentto deploymenta
componentdynamically an action sometimesalso called hot de-
ploymentin thedeploymentcommunity

Formalismand Its DesignChoices In ourformal framework, all
actionsrepresentedn Fig. 2 exceptthe last one are represented
astransitionsin a LabeledTransition System(LTS). Only well-
de ned transitionsareallowed during deployment. Dangerouop-
erationssuchasmanipulatinglow-level les andsystemregistries
arbitrarily are not allowed. In the spectrumof formal models,the
LTS approacHies betweerpurely declaratve approacheandfull-
edged procedurallanguagesA purely declaratve approachhas
the strengthof being more mathematicallyconcise,but it is too
weakto model the dynamicevolution of the deploymentprocess
asthe latter is inherentlydynamic.A full- edged proceduralap-
proachis maximallyexpressve, butit comeswith thepriceof com-
plexity and greaterdif culty in veri cation. We believe an LTS
senesasa goodbalancebetweenformal veri cation and expres-
sivenesstheimportantoperationof deploymentarefaithfully and
intuitively modeled,andat the sametime formal propertiesof the
framewvork can be proved. In this paperwe proved deployment
sitewell-formednesgreserationandversionaccessompatibility
propertiesin fact, out of the traditional strengthof LTS, stronger
framewvork-speci c temporalpropertiescanalsobe expressedand
checled, suchasthe fact that componenupdatemusthappenbe-
fore componentnstallation.

All LTS transitionsare independenbf the componentimple-
mentationand are completelylanguage-neutralAs for dynamic
componentdeployment, since it is fundamentallyan operation
after the applicationis executed,it is modeledas a reduction
stepwithin a minimally de ned programminglanguage Indeed,
sincedynamicdeplaymentfundamentallyrelieson dynamiclink-
ing/loading, some execution model must be assumedModeling
it as a languageexpressionmales it programmableso that the
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Browser developer hasthe freedomof trigger dynamic deplgy-
mentatary pointin theprogram.

2.3 Designlssues

This sectionattemptgo elucidatea few designdecisionsve made,
and also introducessome adwancedfeaturesof the framevork.
Among them, an importantdecisionary deployment framevork
needgo male is theformatof thedeploymentunit, i.e. thecompo-
nentmodel.In Sec.2.1, we describedbur componenmodel;you
mayask,why doesit look theway it is? Thebeginningsubsections
herewill answerthis questionfrom the perspectie of how sucha
modelcanfacilitatedeployment.

2.3.1 Why are Interfaces Neededfor Deployment?

Fromtheperspectie of encapsulatiorthereis universalconsensus
that componentshould be designedwith explicit interfaces.We
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amuethatuserde nable interfacesfor the purposeof deployment
arealsoimportant,for severalreasons.

First, aninterfacefor a deploymentunit is usefulto de ne the
atomic unit of versioning,i.e., all dependenciet oneinterface
mustbe satis ed with the sameversion of the componentwhere
the dependenciearede ned. Fig. 3 demonstratethis point. It is
commonthat a software componentsay PalmClient , contains
two symbolicreferencessay Palm and PalmDriver , de ned in
a differentcomponentsay PalmCompA versionof PalmDriver
shouldonly operateupona Palm of the sameversion.A careless
designof a deploymentunit could resultin the dangeroudinding
of Fig. 3(a),andtheapplicationmayexhibit erratichehaiors. This
problemcanbe avoidedby equippingthe componentvith explicit
interfaces,llustratedin Fig. 3(b). Here,dependenciearesatis ed
onthelevel of interfaces andnot on thelevel of a singlesymbolic
reference,so that all importsin the sameinterface can only be
satis ed by oneversionof anothercomponentEquippinga mixer
with an assemblagexpresseghe desireto de ne an atomic unit
for versioningdependencies.

Secondexplicitly declaringinterfaceson deploymentunitsalso
presentsa cleanersolution for namespacenanagementThis is
especiallytrue whena componenwill be deplo/edin a different
site,andthecomponenheedso rebindits dependenciesn Fig. 3,
the namespacef the two mixers are meigedtogetheronly when
a mixing dependenc is present,and thereis no global binding
of names.Since the developmentsite and deplgyment site will
often differ, global binding of namescaneasilyleadto accidental
capture/clastof names,and also make deployment sensitve to
platform-speci ¢ details such as the CLASSPAT®ur approach
hereis similar to Units [19] and Knit [41] (Units' adaptationto
C-like languages).

Third, interfacesalso specifya componens capabilityfor de-
ployment. Sucha declaratve constructis in fact commonin ex-
isting deploymentframeworks,includingthe packagespeci cation
usedby Unix/Linux packagemanagers[1840, 12], andthe De-
ploymentDescriptorsof EJB.

2.3.2 Why are Interfaces Bidir ectional?

Bidirectional dependenciedetweensoftware componentsare a
naturalresultof softwaredecompositionFor instancethe CORBA
CCM modelallows usersto de ne four typesof interfaceswhere
two typesof themcanbe analogouslytthoughtof asall-export mix-
ersin our framevork andtwo asall-import mixers. In CLI As-
sembliesalthoughno explicit bidirectionalinterfacesarede ned,
it is defacto equivalentto an assemblag&ith eachde ned class

2The interfacesof concernarecalledportsin CORBA, andthe two types
correspondingo all-export mixers are Facet and EventConsumer and
the other two correspondingo all-import mixers are Receptaclesand
EventPublisher.

representinga one-eport mixer, and eachclassdependenc asa
one-importmixer.

A moreimportantquestionto answeris how bidirectionalin-
terfaceshelp model the processof deploymentWe will usethe
example of EJB deploymentto shaw the prevalenceof bidirec-
tional dependengc The primary task of an EJB deployer is to es-
tablishtheinteractionbetweertheto-be-deplgedbeanandits con-
tainerlocatedat the deploymentsite. Suchaninteractionis funda-
mentally bidirectional:the beandependson the containerto pro-
vide containerspeci ¢ environmententriesto customizets beha-
ior, while the containerdependsn the beanto provide call-back
lifecycle-relatedmethods®. Currently EJB treatstheseas special
caseswhereervironmententriesaredeclaredn anauxiliary data
structurecalled the deploymentescriptor with specialtagsthat
canberecognizedy the containerandcall-backmethodsaresup-
portedby addingsyntacticrestrictionson whata beanclasshasto
satisfy

Our framewvork canmodelsucha casemoredirectly, by allow-
ing thebeanto declarea bidirectionalinterfacesignifying how the
beanwill interactwith the container Fig. 4 demonstratesuchan
interaction.In the gure, theBeancanaccessts importsto obtain
ervironmententry informationsetby the Container , suchasthe
dataSource andsearchBase here.TheContainer canaccessts
importsto invoke thelifecycle-relatednethodsof theBeansuchas
ejbCreate andejbRemove

Themeritof ourapproachs ourcoremodelis smaller environ-
mententryaccess&ndcall-backmethodsarenot handledasspecial
casesandthe interfacefor a beans interactionwith its container
is structurallysimilarto mary otherEJBbusinessnterfacesWhen
the abore Beanis deploed, the only thing that mustbe doneis
to setup a mixing wire betweenthe Bearis IContainer mixer
andContainer 's IBean mixer*. Thismoreuni ed treatmengives
thedeploymentmodela morerigorousbasis,andcanhelp deploy/-
ersto focus on the core aspectof the deploymenttask. In addi-
tion, versioncontrol canalsobe naturally supportedasexplained
in Sec.2.3.1.For instancea beancanspecifythatit mustbe de-
ployed in someparticularversionof container The currentEJB
model doesnot supportversion control explicitly, and so sucha
taskwould needspecialhandlingby the programmer

SincelContainer being de ned as a distinct mixer, the de-
ployment logic and businesslogic, de ned on other mixers, are
naturallyseparatedwith this separatiorin place,aninterfacesuch
aslContainer couldbewrittenby the EJBdeploymentdescriptor
writer role.

2.3.3 Why Put Pluggersin a DeploymentUnit?

For frameworks supportinghot deployment,issuessuchaswhich
partyshouldinitiate the deploaymentandwhenit shouldbeinitiated
are often a vendorspeci ¢ decisions.For instance,WebLogic's
implementationof EJB [4] supportshot deploymentvia a utility
weblogic.deploy . IndeedsinceWebLogicis acontainewendor
they know all the detailsof their containeimplementationandso
writing a tool of this avor is possible.Our approachs to make
minimal assumptionsn the underlyingsoftware architectureand
provide alanguagesonstructwhich canfacilitatethecodingof such
hot-deplymenttools.

3Different kinds of beansneed to implement different sets of call-
back methods. For an entity bean for instance,they include x ed
name/signaturanethodsejbCreate , ejbPostCreate , ejbActivate
ejbPassivate , ejbStore , ejbLoad, ejpRemove setEntityContext
unsetEntityContext

4Somevendorsof EJB supportshot-deplging. In that case the example

will demonstrate pluggingwire; the amumentstaysthe samein termsof
bi-directionaldependenc
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At a high level, placing a pluggeron an assemblagéndicates
its ability to initiate dynamicdeplgyment. Sinceeachcomponent
in component-basedoftware developmentis independentlyde-
ployable,suchaninterfacedeclarationgivesthe deplo/er a better
ideawhathot-deplging ability theto-be-deplged componentan
have. For instance whena Browser componentis deplo/ed, the
deplorer knows the buildbox the componentwill enterwill have
somecapabilityfor hot-deplyment,andcanthusprepareaccord-
ingly for otherorthogonalandyet importantissues suchassecu-
rity. Theimport andexport declaration®f the pluggercanfurther
aid the deployer by describinghow the hot-deplyed component
needsto interactwith the restof the system,and thus what con-
sequencethe potentialhot-deplying might have. For instancejf
the Plugins pluggerof the Browser is goingto export a method
calledfileWrite , thedeplo/er of Browser may have to be care-
ful aboutsecurityissues Appletsarean analogoussituationif we
modelappletdovnloadasahotdeployment.

2.3.4 Plugger Rebindability and Dynamic Component
Update

Pluggersarerebindablein our framework: a pluggercanbe wired
to multiple hot-deplyed componentsitthe sametime. In Fig. 2(e),
we presentedn applicationruntimewith only oneplugin, Flash.
But asthe applicationruntime evolves, it canhot-deply another
plugin, say ShockWavgewhich would resultin the situationcap-
turedby Fig. 5 (a). Sincethereis noway to predictin advancehow
mary dynamicpluginsabrowvsermighthot-deplg, thereis noway
onecanenumeratall pluggersstatically Rebindabilityprovidesa
solutionto this problem.

FromtheBrowser's perspectie, it needsaway to interactwith
thesetwo pluginsindividually. Sincehot deploymentis modeled

by alanguageexpressionwe candistinguishdifferentplugins by
allowing the expressiorto returna handlethat uniquelyidenti es
the speci ¢ hot-deplyed component.For instance the setupof
Fig. 5 (a) canbe achieved by thefollowing codefragment:

//hot-deply Shockvave

hl = plugin Wshockwave With Plugins >> Brw
//hot-deply Flash

h2 = plugin Wsasn with Plugins >> Brw
/linvoke afunctionon Shockvave

hl:start ();

/linvoke afunctionon Flash

h2::start ();

The handleshl and h2 canstart the Shockwaveand Flash
plugins,respecitiely.

The rebindability of pluggersgives our framevork de facto
supportfor dynamicsoftware updating.Different handlesto the
samepluggercould be viewed as different versionsof the same
componentFor instance,supposewe have an air trafc control
componentenclosedin assemblageéiirControl . The software
muststayrunning,but it is usefulto allow someof the corealgo-
rithmsto periodicallybetunedupandreplacedwith betterversions.
For this purposethe AirControl assemblageandeclarea plug-
ger AlgmUpdate that imports the main algorithmic function say
compute Invocationrecent ..compute() will alwaysrefersto
the mostrecentalgorithmif we declarea mutable eld recent in
AirControl , andde ne theupdatdogic asfollows:

/Ihot-deply anew algorithm

p = plugin Whewagmwith AlgmUpdate>> M
/I storethe handleto the eld

recent = p;

If a hot-deplyed componentannot be reachedrom all live
variablesit canbe automaticallygarbagecollected,removing the
componenfrom theapplication.

2.3.5 SingletonMixers and Rebindable Mixers

A mixer is a singletonif thereis at mostone other mixer wired
to it at ary pointin time. Singletonmixersarethe mostcommon
form of dependengc betweencomponentsfor exampleif a Jasa
.class le containsa symbolic referenceto a classname,this
nameclearly refersto a singleclassde nition. Most of the exam-
pleswe have shavn thusfar usesingletonmixers.The oneexcep-
tionisthelBean mixerin Fig. 4. In theEJBinfrastructureall beans
in anapplicationin factexchangenformationwith their container
For example,if we have a simpleapplicationinvolving two beans,
oneCustomerandoneAgent, both of themwill needto readen-
vironmententries The containesbeaninteractionthusformsa pic-
tureillustratedin Fig. 6. Notethatin this case althoughtheimport
ejbCreate of Container is currentlyassociategvith multiple ex-
portsfrom differentBeans thereis no confusionasto which one
acontainershouldcall at any giventime. This is becausehey are
call-badkswhich arenever proactvely invoked by the Container .
Our framework supportsthis style of mixer, andwe call themre-
bindablemixers. We placethe aforementionedestrictionon their
use:the importsare never proactiely invoked by the rebindable-
mixer-owning party A precisede nition of its usewill be detailed
in Sec.3.4.

One way to help understandhe differencebetweenthe two
stylesof mixersis they represendifferentforms of dependengc
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Singletonmixers representhe standardone-import-satis ed-by-
one-&port dependeng andrebindablemixersrepresenparamet-
ric dependengc Indeed,parameterizednodulessuchasML func-
tors expressparametricdependencieandthey arewell-knowvn to
be useful. However, existing deployment framevorks almostex-
clusively disreggardthis form of dependenc The consequencés
that parameterizednodulesare not independentieploymentunits
andthuscannotbe updatedndependentlyn thoseframeworks.

2.3.6 On Hierarchical Code Composition

One designdecisiona typical component/moduleystemneeds
to answeris: should code compositionbe hierarchical?in other
words, doesthe systemsupportoperationssuchas A = B + C
where B and C are componentsand A can also be viewed as a
componenusedfor furthercompositionsuchasg = A + D? Hi-
erarchicalcompositionis in factvery commonin moderncompo-
nent/modulesystemssuchasthe compoundsn Units[19] andMJ
[9].

Do assemblageallow for hierarchicalcodecomposition?The
answeilis yesandno: assemblagesanbehierarchicallycomposed,
very muchin thesameway asotherrelatedwork, but only thecom-
posedassemblagés consideredan independendeplg/ment unit.
Theideais thatonthedevelopmensite, if hierarchicatomposition
is neededdeveloperscanfreely usestaticlinking of assemblages
(atopic we have left out of this paperfor brevity—interestedread-
erscanreferto [27]) to achieve this goal,andshipthecompoundas
onedeploymentunit. Assemblagesn the deploymensite are not
hierarchicallycomposable.

The main reasonbehindthis designdecisionis that hierarchi-
cal compositionwill introducecompleity if every participantis
individually versionedTake the abore example.If we allow hier
archicalcompositionon the deploymentsite,would we give both A
andE new versionsif Bwasupdatedndeed,somesolutionalong
thesdineswould probablybe possible but we feel the expressie-
nesgyainedis outweigheddy the compleity thatmustbeadded.

It is worth pointing out that even without hierarchicalcode
compositionon the deploymentsite, sometypical bene ts of hier
archicalcompositionare nonethelesgreseredin our framevork.
For instancepnesituationhierarchicaktompositionis usefulfor is

for the casethata parametricomponents usedmorethanoncein
formingafull application.Forinstance,

MyApplicaton =E + F
E=A+B
F=A+C

If oneinsistson deplo/ing every componenbf MyApplication as
anindependentnit, a naive non-hierarchicatreatmentwill have
will have to deploy two distinctversionsof A a solutionwhich will
notbeefcient or elegant.Notethatthis problemcanbeaddressed
in our framevork throughthe useof rebindablemixers,in which
caseonly onecopy of Aneedgo bedeplg/ed.

2.3.7 On Sub-versioning

Our framework doesnot have a x edde nition of whentwo ver
sionsof acomponentareconsideredgemanticallycompatible The
only constraintsour framevork assumedor sub-\ersioningare
minimal structuralcompatibility, suchasif a versionhasaninter
facenamedm, thenary sutversionshouldhave aninterfaceof the
samename We will formalizethisnotionin Sec.3.3.1.

Refrainingfrom giving sub-\ersioninga strongerde nition is
in fact a featureof the framework: it gives our framevork more
generality In the real world, whatis considerech compatiblede-
pendeng in the deploymentcontet varies:in Java dynamicclass
loading,it meanssatisfyingtype constraintsyvhile in othercritical
systemsit meansmorerestrictve invariantssuchaspre-conditions
andpost-conditionsPrevious approacheso answeringwhat con-
stitutescompatibleversionsinclude behaioral subtyping[26, 30]
andrefactorability [2]. In our framevork we assumecompatibil-
ity of versionsis declarecby somemeansg.g., basedon analysis
resultsfrom theaforementionedystems.

3. TheFormal System

In thissectionwe make rigoroustheideasof theprevioussectionby
presentingaformal LabeledTransitionSystem(LTS) thatcaptures
thekey componeninteractionsduring the deploymentprocessin
the following sectionwe establishcorrectnessgpropertiesof our
formal framework.

with emptyset; . jSjisthesizeofsetSandA B = A\B.x 7'y

is usedto denotea mappingfunction M p mappingxi toys, ...,

Xp toyp wheref x1;::: X, g is thedomainof thefunction,denoted
asdom(M p). We alsowrite M p(X1) = y1;:::Mp(Xp) = (Yp)-

We use; v to denotean empty map.dom(;m ) = ;. We write

M p[x 7! y] asastandardnapupdate M p andM p[x 7! y] are
identicalexceptthatM p[x 7! y] mapsx toy.

3.1 De nitions

Fig. 7 de nes the grammaticstructureof the buildbox, andFig. 8
givesauxiliary functionsthat are usedin the framewvork. We now
work throughthesede nitions stepby step.

Buildbox A buildbox (Abb) is representedsa graph,wherethe
nodegN ) arecomponentandtheedgegK ) arethewiresbetween
them.Thisis in syncwith the generalnotion of component-based
softwaredevelopmentapplicationsarecomponentsviredtogether
Eachnodemight containmultiple versions(V) of component®of
thesamename(a), andeachversionof thecomponents identi ed
by aversionidenti er (). Insteadof giving a concreteaepresenta-
tion of a versionidenti er, we only requirethat versionidenti ers
areuniqueto adegreethataccidentatlashcanbeavoided.In real-
world systemsa versionidenti er couldberealizedasa meaning-
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Figure 7. De nition: Buildbox

ful numberappendedo a veri able signatureor hash.Othercon-
creteexamplesalongthe samelines arethe GUID's of COM and
thestrongnamesof CLI Assemblies.

Assemblage Recall from earlier discussionthat componentsn

our framework are realizedas assemblges Eachassemblagés

formally representeds a list of interfacesM and local internal
de nitions L. Interfacescan eitherbe singletonmixers (smixer),

rebindablemixers(rmixer ) or pluggergplugger ). Eachinterface
is bidirectionalwith its imports(l ) andexports(E ) declaredNote
thatfor now, we abstractlyrepresenttemsimportedandexported
throughinterfacesas named‘features”; the concretede nition of

a codeblock B is not given until Sec.3.4. Beforethen, all our

discussioris independentf theactualcomponentmplementation,
soit is language-neutrandplatform-neutral.

Wire A wireisrepresentedsa: :m » b: :n (seede nition of
K in Fig. 7). It meansthat component version 'sinterfacem

is wired to component version 's interfacen. Note the wiring

informationis preciseasto whatversionof the nodeis wired. We
equatea::m ~ b: :n andb: :n » a::m . Onthe syntactical
level, we do not distinguishmixing wiresandpluggingwires. This
taskcanbe easilyachieved giventhe kinds of interfacesof m and
n.

PadkagedAssemblage A package@ssemblag@V ) istheshipped
form of componenthatcanbe deplg/ed at a deploymentsite,and
so it senes as the bridge betweenthe developmentsite and the
deplgymentsite. It containsthe name(a), versionidenti er ( ) of
the assemblagé¢o be shipped(A), togetherwith its dependenc
constraints(C) and compatibility information (R). We will next
explain dependengc constraintsand postponehe elaborationof R
until Sec. 3.3.1.

DependencyConstraint A dependencconstraintn A~ b: :nin
C indicateghatthecurrentassemblage'm interfaceshouldbesat-
is ed by aninterfacenamedn of assemblageamedb of version
. NotethatC is bothpartof apackagedssemblagéWV ) andpart
of an alreadyinstallednode (V). One might be temptedto think
thatdependengc constraintsshouldbe checled againstat installa-
tion time anddeclaredsatis ed or failed,sothatinstallednodesdo
not needto carry suchinformationary more.But, this is not real-
istic becausessemblagesay be mutually dependentsolvingall
constraintamight end up leadingto neitherassemblagéeingin-
stalled.In fact,sincethe buildbox at deploymentsiteis anevolving
system thereis nothingwrong with recordingsomeof the unsat-
is ed constraintsthe C foundin the de nition of V. In addition,
recordingthe constraintanalsohelp with future updatesruling
outthoseoperationsiolating the dependengcconstraints.

3.2 Buildbox Well-formednessand Closure

Oneimportantpropertyof our framevork is thatno matterhow the
buildbox evolves, it stays“well-formed” (seeSec.4). We de ne
the notion of well-formednessn Fig. 8. A buildbox Abb is well-
formed(w Abb ) if all versionsof all nodeswiresandversioncom-
patibility settingsarewell-formed,representetly w V er, w Wire
andw R respectrely. A componendf a speci ¢ versionis well-
formedif thereis no con ict betweenits dependenc constraints
andtherestof the buildbox (nocon ictC ), andno importin asin-
gletonmixer is satis ed by morethanoneexport (nocon ictimp ),
asexplainedearlierin Sec.2.3.5.Wire well-formednesgw Wire )
dependsn the correctmatchingof interfaces:on a perwire ba-
sis, importsin the interfaceon one end of the wire mustbe satis-
ed by exportson the otherend. A well-formedwire alsoshould
notconnectwo rebindablemixers,becausetherwiseneitherparty
would initiate ary invocationandis defactofutile (recallthe call-
backnatureof rebindablemixers,explainedin Sec.2.3.5).Thelast
constraintprecludeswo pluggersfrom beingconnectedogether:
pluggersonly declarewvhatpluginsmaybe pluggedinto thecurrent
runtime.We will explainw R in Sec.3.3.1below.

Note that buildbox well-formednesstself doesnot requireall
importsof installedassemblage® besatis edatdeploymenttime,
nor doesit requireall dependengc constraintsassociatedvith a
nodeversionto be satis ed, as we explainedin Sec.3.1. These
extra conditionsarecapturedby de nition closedAbb

3.3 The Labeled Transition System

The evolution of a buildbox is de ned asa seriesof transitionsin
the LTS of Fig. 9. This LTS is the formalizationof the software
developmentanddeploymentcycle, andrepresentthegeneralnd
formal versionof Fig. 2. All rulesexcepting(ship) areof theform

Abb ! AbK’, denotinga buildbox transitionfrom state Abb to
Abb’, via operationl. EachLTS rule de nes alegal operationthat
canbe performedby a deployer (or by a role appropriatefor the
operation)with valuesin thelabelbeingtheinformationprovided
by therole. The pre-conditionof eachrule de ne whata “good”

operationis. Multi-step evolution Abb ' AbKis de ned asthe
transitve closureover the single-steptransition.The (ship) rule is
slightly differentbecauseve only careaboutits output(packaged
assemblages).

The focusof this sectionis on how individual componentsre
developedanddeplored (Sec.3.3.1). At this point we assumdor
simplicity that thereis only one buildbox deplo/ed in the whole
universe.In Sec.3.3.4, we shawv how a universewith multiple
buildboxscanbemodeledn termsof this simplernotion.Sec.3.3.2
discussesheimpactof our framework on distributedapplications.
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3.3.1 Component-Level Deployment

Building a Component Building a componentfrom scratchis

coveredby transitionrule (build). It is an operationtypically per

formedby arole differentfrom adeplg/er. Forinstancan the EJB
speci cation,arolenamedBeanProvideris de nedfor thisrespon-
sibility. It rst involvesspecifyingthe componentvith a name(a),

andits interfacesandthe implementatior(A). Note thata compo-
nentalmostalways dependson other componentssincelibraries
arethemseles componentsHerewe allow a componento spec-
ify how suchdependencieshouldbesatis ed,in dependenccon-
straintsC. Sucha mechanismis not absolutelynecessarysince
a separateaule (assembl¢ handlesthe wiring of componentgo-

gether but we feel it is closerto real-world developmentpractice
whenlibrary componentiependencieareimmediatelyresohedat
build time. A freshversionidenti er is assignedo eachbuild.

AssemblingComponents To form an application,components
needto beassembledogether This processn theLTS is modeled
by (assemblg. The parameteiof the operationis a setof wiring
speci cations(K 9. Theassemblingrocessanonly succeedf the
well-formednes®f the buildbox is not underminedFor instance,
wiring two mixers with unmatchedmport-export pairs will fail
to transition. As anotherexample,if one componentcontainsa
constraintsayingits mixer m canonly be satis ed by mixer n of
componenb version or acompatibleone,thetransitionwill fail
if theattemptis to wire it with componenbversion °where ®is
notcompatiblewith

The (assemblé operationis typically performedby the appli-
cationdeveloper:in the speci cationof EJB, thisis mostlythere-
sponsibilityof the Assemblerole. Somecomponentiependencies
canonly be solved at deploymenttime, for exampleEJB erviron-
mententries;so,theseoperationcanalsobe performedby the De-
ployer.

Shipping a Component Shipping a componentis de ned in

(ship), andinvolves specifyingthe namea andversion of the
componento be shipped.Userscanalsospecifya setof interface
namesof thecomponen{ ), expressinghedesirethattheversion
information of the dependenc to that interface be recordedas a
dependengc constraintin the packagedassemblagéthe C part).
Sucha mechanisngives usersthe freedomto selectvely record
versioninformation.For thoseinterfacesotincludedin  but still

dependenbn othercomponentsa specialversionidenti er any is
recordedDependeng constraintswill affectthe versionchecking
whenthe components laterdeplo/ed.

Thekey taskof shippingis to createa packagedssemblagen
theform asde nedin Fig. 7. Preparinghedependencconstraints
is the core of this processihis is modeledby the wrap function
de ned Fig. 8. What makes wrap a non-trivial task is that not
every wire to anassemblaginterfaceis necessarilya dependeng
for instancean all export mixer doesnot dependon assemblages
wired to it (it is the otherway around).The essenc®f the wrap
functionis to preciselyidentify therealdependencieSpeci cally,
it only garnersconstraintgrom thewireshookedupto its singleton
mixers' imports. No wire to a rebindablemixer will generatea
dependencconstraintrebindablemixersby natureis passivei.e.
the assemblagevith the mixer can never proactively accesshe
codede ned in the assemblagé is wired with. (Otherwisethere
would beambiguityasto which dependengis to beusedwhenan
import is accessed.)n termsof dependeng it is the other party
thatdepend®nit but notviceversa

SettingComponeni/ersionCompatibility As we have explained
in Sec.2.3.7,our framevork providesa userinterfacefor declaring
two componenversionsarebackwardcompatibleln ourtransition
system,this is modeledby rule (set-compatiblg, and operation

setComp b 9 setsversion © of the componentnamedb to
be backward compatiblewith version . To explain this rule, we
rst needto explain how backward compatibility information is
recordedin an buildbox, the R of Fig. 7. R is a setof version
identi er pairsof theform % meaningversion Cis backward
compatiblewith version . Sometimesvealsosay °is newerthan

We now give a few formal de nitions relatedto R, including
“merging”. R is well-formed,denotedasw R (V; R) (seeFig. 8),
iff R is a partial order (the de nition of partialOrder(R) is stan-
dard)andeachpair of versionsdeclaredas compatibleby R also
satis esminimal structuralcompatibility (thede nition of <), as
explainedin Sec.2.3.7.We de ne memging R1 [ m R2 asthetran-
sitive closureoverrelationsetR; [ R2, andit isunde nedif Ry or
R> is nota partial order or the resultof transitive closureis nota
partialorder WhenR is apartialorder functionnewer(R; ) com-
putesthesetof versiongidenti ers to beprecisethatarebackward
compatiblewith , including itself. When is the specialvalue
any, the function degeneratesnto enumeratingall versionidenti-
ers thatappeaiin R. Similarly, partialfunctionnewest( ;R; )
nds outaversionincludedin  thatis the“newest” subversionto

accordingo R.

(set-compatible simply recordsthe nenly declaredcompati-
bility information. It fails if the meiging resultsin a non-partial
order (the [ m part), or ° doesnot meetthe minimal structural
requiremento becompatiblewith  (thew R part).

Installing a Component Componentnstallationis modeledby
the (install) rule. It hastwo key tasks:1) addingthe component
itself to the buildbox (the addN auxiliary transition) 2) adding
wires (the assembleransitiion). The corepartof the (install) rule
is to selectacompatibleversionthatresohesdependenciedhisis
achieedby apartialfunctionbestChoicewith its self-explanatory
de nition foundin Fig. 8.

The installation rule re ects a “best-efort” stratgy: it tries
its bestto wire the installed componentup with the rest of the
buildbox, basedntheinformationit hasonwhatdependencieare
expected(C). However, dueto reasonsuchascyclic dependenc
(seeSec. 3.1),it is notalwayspossibleto nd atotal orderwhere
all dependencietave alreadybeenpresentwhen a component
is installed. What (install) can achieve, in an intuitive way, is
wheneerit setsupa wire, it is guaranteedto bea “good” one i.e.
without underminingthe well-formednesof the buildbox. In the
cyclic dependenccasewherecomponents andb dependneach
other theunresoled constraintsvheninstallinga will besatis ed
later when b is installed. This late satishction will not resultin
danglingdependencieat runtime, sinceevery executionwill start
with a checkto make surethe buildbox is closed;seeSec.3.4 for
details.

Explicitly declaringcompatibility relationsin the fashion of
(set-compatible canbealaborfor deplgsers,soourtransitionsys-
tem also allows packagedassemblageto carry the compatibility
relationaccumulatedn the developmentsite over to the deploy-
mentsite. At the deployment site, the compatibility relation car
ried over from the developmentsite is “merged” with the relation
recordedby the nodeon the deployment site, an operationreal-
ized by the (auxiliary - add version) rule of Fig. 9. Note thatwe
do not requireall versionidenti ers appearingn R to have their
correspondingissemblag@stalledin the node,andthis is in fact
crucial to supportcompatibleinstallation:an installationmay in-
dicateit dependn a componenbf version , but a deployyment
sitemaynothave thecomponenbf thesameversion.Now, aslong
asthe deplgymentsite canrecognizeversionidenti er  and nd
somecompatibleversionof it availablethere,installationcanstill
proceed.



Updatinga Component The(update) rule modelshecasenhere
acomponenbwould liketo updatstselffromversion to ° This
processs modeledby rst remaoving the existing wires and then
add new wires in. Note that sucha rule dependson (assemblg,
whichin turn containswell-formednesghecksto ensureupdating
doesnotsacri ce ervironmentwell-formednessTheupdateopera-
tion doesnot requirethe updatingversionto be a subversionof the
updatedversion.Indeed all thatmattersis switchingfrom onever
sionto anothemwould notviolateany dependenccontraintfor ary
involved party, which is guaranteedby (assemblg. This morere-
laxedtreatments in syncwith real-world scenariosnotall updates
areupgrades.

Remawing a Component Component&reautomaticallygarbage
collectedwhena versionis not wired to the restof the buildbox.
Thecriterionfor garbagecollectionis a very simplewire-counting
basecdbnthefollowing predicate:
collectablga; : N:Ki) % (a::m ~ b:n) 2K
forallm; b; ;n

3.3.2 Distrib uted Deployment

Software componentf a buildbox are not necessarilylocated
on one physicalnetwork node.Distributed deployment hasbeen
a focus of CORBA, andin the EJB case,all beansthat can be
accessedy its naming service JNDI may be distributed across
differentnetwork locations.

This framewvork doesnot attemptto solve all issuesrelatedto
distributed deployment, but we point out that the framework it-
self can sene as a basisfor distributed deployment. The build-
box representedsa graphhN ; Ki may have nodesin N located
in differentplaces,andthe K canrepresenthe distributedwiring
amongsiodes.Theideais thatwhenan applicationis developed
andshippedall its componentsnay endup beingdeplo/edin dif-
ferentlocations,and their versioncompatibility is still presered
in a distributedmanner For instance whenone components up-
datedvia (update), thewiresbeingupdatectouldvery well link to
somecomponentn a differentlocation,sothatwhencomponents
in otherlocationslater have accesgo the updatedcomponentthe
new (andcompatible)versionwill beused.

3.3.3 Deploymentin Batch Mode

Up to now our discussiorhasfocusedon how deplgymentcanbe
performedat the componentevel. This is becausesoftware com-
ponentsby de nition arethe deploymentunits,andatomicopera-
tions shouldbe de ned at this level. In addition,someoperations
suchas updateare fundamentallycomponent-leel operationsin
therealworld, someoperationsnight be morecommonlyusedon
theapplicationlevel, suchasshippingandinstallation.They do not
introduceextra dif culty however: whenshippingan application,
it is equivalentto shippingits componentone by oneby repeat-
edly applyingthe (ship) rule,andwheninstallinganapplication,it
is equivalentto installing its component®ne by oneby (install).
Notethatbecaus®urframevork doesnotrequireall dependencies
aresatis ed all at onceat installationtime, the orderingof which
assemblagshouldbeinstalled rst is notimportant.

3.3.4 Multiple BuildBoxes

The LTS rules addresshow an assemblag@peratesin a single
buildbox scenario A software ervironmentcomposedf multiple
buildboxes can easily be built up on top of this. Let us consider
componentinstallation,for example.In a multiple buildbox sce-
nario,whenanassemblagerivateto a buildbox is to beinstalled,
theLTSinstall operatiorspeci c to thatbuildboxwill betriggered
andonly this buildbox will evolve. Whenanassemblagéinction-
ing like alibrary is to beinstalled,it canbe conceptuallywiewedas

installingthesameassemblagm all buildboxes.Sincethemajority

of the transitionsfor the multiple buildbox scenariais to delegate
themto a single buildbox scenariowe do not presentheserules
in this presentationinterestedeadersanreferto thelong version
for details[29]. Theprinciple behindthis treatmenis a conceptual
level of buildbox isolation,which simpli es our formal framework

withoutlossof generality

3.4 Execution

Thusfar we have madeno assumptiongboutthe codeinside an
assemblagebut the aim of deploymentis to eventually run the
application.In this sectionwe constructa very simpleassemblage
realization,by taking code blocks to be functions,illustratedin
Fig. 10.

Sincewe areonly interestedn how namesarelinked andhow
hot deploymentis accomplishedthe expressionse in Fig. 10 are
very simple. Besidesthe plugin expressionexplained earlier it
supportsm :: k(e) to invoke a function k de ned in singleton
mixerm, k(e) to invoke acallbackfunctionk de nedin thecurrent
rebindablemixer, :: k(e) to invoke a local function,and e::m(e)
to invoke a function de ned in the plugger Valuesv are either
constantsor plugin handlesa: :m b::n is a rst-classvalue
denotingthe plugging from pluggerm of nodea's version , to
themixer n of nodeb'sversion . We leave out featuresunrelated
to deployment from the expressionsfor instance mutablestate.
Readersnterestedn a more completelanguagespeci cationcan
referto [27].

Executionstartsby applyingrule (executg. It simply looksfor
a mixer calledMain, andinvokes an export function called main.
PredicatelosedAppdisallovs danglingimportsandmalkessureall
dependencconstraintsaresatis ed. Fig. 10 de nesthe small-step
reductionrelation App; Stk;e ! App® Stk €% which executes
theexpressionsnsideanassemblageStk keepstrackof thefunc-
tion invocations,basedon wherethe currentfunction is de ned.
A top elementha; ; mi meansthe currentexpressionis de ned
in afunctioninsidemixer/pluggem of assemblageameda, ver
sion . m canalsobegivena specialvaluelocal , in which case
thefunctionis de ned asa local function: herewe areonly inter-
estedin the scopeup to the level of mixer/plugger(or whetherit
is a local function), but not which function is de ned. The def-
initions of expressionsyaluesand stacksare given in Fig. 10.
top(Stk) returnsthetop elemenif the stack.Multi-stepreduction
App; Stk;e ! App? Stk% €°is de ned asthetransitve closure
overthesmall-stegreduction.

3.4.1 Dynamic Plugins and Hot Deploying

The processof hot deplogying is illustratedby (plugin). Note that
a dynamicplugin in a deploymentframevork representsn inde-
pendentdeplo/mentunit, andhencet is representedsapackaged
assemblagéW ), with its dependengc information pacled up. In
our framework, built-in versioncontrolfor dynamicpluginsis pro-
vided,andit is uni ed with versioncontrolfor non-hotdeployment:
noticethestructuralform of adynamicpluginis nodifferencefrom
regularpackagedssemblagessedfor non-hotdeployment.

A plugging wire is establishechetweenthe initiating assem-
blageruntime's pluggerand the mixer of the plugee(seethe as-
semblepart of the rule). The assemblerule will also make sure
all importsfrom one party are satis ed by exportsfrom the other
party:nodanglingimportis possible Theexpressiorreturnsaplug
handlewhich exactly recordstheinformationof thepluggingwire.

As the rule suggestshot deplg/ing needsto install the dy-
namic plugin (seethe install part of the rule). This is obvious;
hot-deplying is installationat runtime. The not-so-olvious issue
is that dependingon the pluggerto export to the dynamicplugin
all functionalitiesis unrealisticin therealworld. Take EJB for in-



App = Abb applicationruntime
B i= xe codeblock
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(handleinvoke - 1)
interface(a; ; m; App) = hplugger ;1 ;Ei k2l E(k) = xe
App; Stk;(a::m  b: :n)zk(v) ! App;ha; ;mi  Stk;elv=x]

(handleinvoke - 2)
interface(a; ; m; App) = hplugger ;1 ;Ei
k21 interface(b; ;n; App) = hsmixer ;| % E% or hrmixer ;1% ES
E%K) = xe
App; Stk; (a::m  b: in)zk(v) ! App;h ;ni o Stk; efv=x]
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top(Stk) = ha; ;mi App = IN;Ki N (a) = hv;Ri V()= bhA;Ci A = hM;Li L(k) = xe
App; Stk; i k(v) ! App; ha; ;local i Stk;e[v=x]

(import invoke)
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(export invoke)
top(Stk) = ha; ;mY interface(a; ; m; App) = hsmixer; | ;Ei k2l E(k) = xe
App; Stk;m i k(v) ! App;ha; ;mi  Stk;e[v=x]

(rmixer import invoke)
interface(a; ; m; App) = hrmixer ;I ; Ei
k2l interface(b; ;n; App) = hsmixer | % E% or hplugger, 1 % E% E%k) = xe
App;he; ;mi hbp ni Stkik(v) ! Appiho; sni he; smi hop ni Stk efv=x]

(return)
App; ha; ;mi Stk;returnv! App; Stk;v

Figure 10. ApplicationExecution:De nitions andReductionRules




stance,dot-deplgyed beanmight not only needto interactwith its
container but also interactwith other beans,and also systemli-

brariesto make it work. Thisis supportedy theinstall partof the
rule, sinceall dependengcrequirement< thatW containswill be
solved by install. Someelementsn C cancertainly specify how
someof the mixersof the dynamicplugin canbe satis ed by other
assemblageis theapplicationApp.

3.4.2 NameBinding Rules

All the otherrules handlesomeform of namebinding; studying
linking in the context of componentdeplo/mentis a goal of this
paper Readersshouldpay attentionto the (import invoke) rule,
whereit needsto readfrom the applicationgraphto nd the cor
rectfunctionto invoke. Dueto the structuralchoiceof our formal-
ism, thislookupprocessnightlook inef cient, butin reality all the
functionsin the rule canbe precalculatedthe assemblagef con-
cerncanbe associateavith a symboltable andthe function entry
canbe obtainedwithoutindirectlookup.

4. Formal Properties

Oneimportantevaluationof ary formal framework is whatproper
tiesmaybeprovenrigorously In this sectionwe statethreeimpor
tantformal propertiesInformally, they arethatary buildbox cre-
ated,deployedandary applicationruntimeexecutedn our frame-
work will staywell-formed,andary well-formedapplicationrun-
time will accesseatureswithout violating versioncompatibility
The proofsof thesetheoremsaredetailedin thelong version[29].

THEOREM 1 (Well-FormedEvolutionoverLTS). If w Abb (Abb)
andAbb!'  Abb’, thenw Abb (Abb?).

THEOREM 2 (Well-FormedRun-timeEvolution). If w Abb (App)
andApp, Stk,e!  App? Stk €° thenw Abb (App?).

Thm. 1 stateghatall operationgle ned by the LTS —including
componenbuilding, assemblinginstallation,update- do not turn
awell-formedbuildboxinto anill-formed one.Notethatsinceeach
labeledtransition can be analogouslythoughtof asa command
issuedby componenteplg/ers, providersandassemblerssucha
theoremensureghat our framework is robust enoughtto fend off
misuse®f thecommandgsuchasproviding specialparametersio
underminebuildbox well-formedness.

Thm. 2 statesthat running an applicationalso doesnot affect
applicationwell-formednessfor instance hot-deplying will not
changeawell-formedapplicationinto anill-formed one.

Togethemith thetrivial factthatthebootstrappingrocesgsee
the (executg rule in Sec.3.4) doesnot affect well-formedness
andh;u ;;i s trivially well-formed, we know that the buildbox
createdanddeployed, andtheapplicationruntimelaunchedrom it
in our framevork arealwayswell-formedat ary given point of its
evolution.

We now studyversioncompatibility Beforewe statethe main
theorem,we rst de ne arelation! to capturewherea feature
implementatiorwill belookedfor atruntime.

DEFINITION 1 (Run-timeFeatureAccess).App;a; ; m;k |
App%b; :n holdsiff

w Abb (App).

App = WN;Ki;N(a) = hV;Ri; 2 dom(V) for someN,
K,V,R.

App; executeao; o I Appo;Stko; e for someao, o,
Appo, Stko, €o.

Appo; Stko;eo ! App®ha; ;pi Stk%E[m :: k(v)] for

someApp® Stk® p, v, E.

App® ha; ;pi
Stk % e for somee.

Stk E[m :: k(v)] ! App%Hp ;ni

THEOREM 3 (CompatibleCodeAccess).Given

ship a; ;

Al: Appo I'sW

A2: m 2

A3 hi i o @y App}
Ad: Appo;a; ; m;k ! Appi;b; ;n

A5: Appd;a; ; mik ! Appd; b %n°
A6: App? = IN%K%;NO 9 = n%RY
thenb= b’ n = n®and °2 newer(R% )

This is the main theoremaddressingthe correctnesof our
frameawork in termsof versioncompatibility It is nottrivial because
it spanghe lifecycle of the componentfrom componentevelop-
menttime (shipping)to its deployment(installation)to therun-time
accesdo its featues It stateghatif a componenis shippedfrom
thedevelopmentite (A1), andits mixerm is speci edby theship-
perto considerversioncompatibility (A2), then no matterwhere
the packagedccomponentis installed(A3) andthenexecuted,ary
accesdo thefeaturednsidem (eitherasanimportor anexport) at
runtime will alwayslocatea versionof the componen{A5) com-
patiblewith the versionlocatedat the developmentsiteif thesame
applicationis test-run(A4).

5. Discussion

An importantaspecf ary formal framework is how well it mod-
elsthe problemdomain.This sectionis aimedat elucidatinghow

our platform-independenframevork can be mappedonto differ-

entplatforms,how it relatesto existing real-world deploymentap-
proachesand/orwhatinsightsit canprovide for theirimprovement.
It senesbothasa validationof our framavork andasa summary
of relatedwork.

5.1 Deploymenton Micr osoft Platforms

Over the yearsseveral different software componenimodelshave
beende ned on Microsoft platforms,and eachof themaddresses
theissueof deployment.

5.1.1 DynamicLink Libraries (DLLS)

An applicationon earlierWindows platformsis deplo/ed asa set
of les in .exe and.dll formats.The.dll les arecommonly
sharedby multiple applications,and mary of themare provided
by the operatingsystemitself. The notoriousproblem[39] related
to DLL deploymentis updatingwithout version contol: whenthe
installationof oneapplicationinvolvesinstallinga new versionof
an existing .dll  le, the new copy will overwrite the old copy
and affect all otherapplicationsthat dependon the library. If the
new copy happengo be backward incompatible the affectedap-
plications might behae erratically This can happenweeksafter
thedamagewvasdoneand,andis thusvery hardto trackdown the
cause.The DLL modelis a very weakmodel of deploymentthat
we do notfeelaneedto contrastwith.

5.12 COM

COM [33] asacomponenmodelstronglypromoteshe useof in-
terfaces,a featurealsosharedby assemblage€OM components
aretypically deployed in an environment,calledcontet in which
they run. A COM componentlevelopercanspecifyhow a particu-
lar componenshouldbehae by modifying speci c attributesthat
de ne the componens behaior within a context, a featurecom-
monly known as “attribute-basedprogramming”. Such a feature
canbemodeledn ourframevork by usingbidirectionalinterfaces,



in the sameway asmodelingEJB ervironmententries,elaborated
in Sec.2.3.2.

COM addressegersioningby usingimmutableinterfacesafter
one publishesaninterfacein a COM componentith a universal
ID, it shouldnever be changedNewer versionsof the samecom-
ponentshouldcreateadditionalinterfacesto the componentSuch
a solutioncaneasily solve the problemof versionbackward com-
patibility, but in reality is proneto interfaceproliferation[21].

COM alsoinheritedsomeolderproblemsof the Windows plat-
form, suchasthe requirementhatall componenimetadatanfor-
mationbestoredin acentralizedepositorythe Windows Registry.
The principle of applicationisolationis not supported.

5.1.3 CLI Assemblies

CLI Assemblieg16] de ne avendorindependentomponenstan-
dard,whichalsohadasamajorgoalthe solutionof thedeployment
problemwith DLLs ontheWindows platform.Thebestknowvn im-
plementatiorof it is .NET CLR Assemblieg32] by Microsoft.
Eachassemblyasa deploymentunit containsversion-avarede-
pendeng informationin amanifestle, whichis preciselymatched
againstat deploymenttime. Sincesolvingthe DLL problemwasa
primary aim, only sharedibrariesare versioned andthey areal-
waysreferredto by strong names which containrich versionin-
formationto avoid accidentalnamematches Sincedifferentver-
sionsof the sameassemblydo nothave the samestrongname they
can co-exist (so-calledside-by-sidedeployment Updatinga de-
pendeng to a newer versionis allowed by addinga version policy
le to anassemblywhich claimsto redirectthe dependencto the
new version.We sharethesefeatureswith Assemblies.
Sinceapplication-speci cassembliesrrenot accessedy glob-
ally uniquestrongnames.the correctnes®of locating the correct
assemblyis still subjectto the lookup path setting,an issuevery
similar to the CLASSPATiEsueof Java. Assemblylookup paths
happerto betheleaststablepartof CLI speci cation,anddifferent
vendorshave chosendifferent stratgies (for instance.NET CLR
and Mono [34] have differentpriorities on which path shouldbe
lookedat rst). In ourframework, all assemblageareconsistently
accessedlia its versionidenti er, sono nameconfusioncanarise.
Assembliesareknown to have dif culty in handlingcyclic ver-
siondependenciesThis doesnot look thatbadin the speci ¢ do-
mainAssemblieaimto have animpacton: Assembliesistorically
have a strongfocuson solving DLL-related problems,so compo-
nentswithin an applicationare not versionedandtheir dependen-
cies— wherecyclic dependencieare mostlikely to happen- are
notconsideredin generatomponent-basesbftwaredevelopment,
however, eachindividual componentmight be subjectto version
control. In fact,even on the CLI platform,two corelibrary DLLs
arestill known to be cyclically dependentthereis a cyclic depen-
dencebetweenSystem.dll and System.Xml.dll thatrequires
specialhandling.Interestedeadersanreferto the sourcecodeof
anopensourceCLI implementationRotor[35].
The Assembliesframevork doesnot considerthe deployment
site asa runningevolvable system,and doesnot preciselyspecify
thedeploymentactionasaprocess.

5.1.4 Installers

On the Windows platform, mary programsexist to addressppli-
cationshippingandinstallation.Thesetools aretypically notmore
thana compressiorool with a friendly userinterface (the “wiz-
ard”), andthey heavily dependbn platform-dependergnvironment
variablesandscriptsto con gure packageiside.A betterinstaller
in this catgory s InstallShield Its recentreleasefave conformed
to the CLI Assembliestandard.

5.2 Deploymenton the Java Platform

Java's componenmodelis JazaBeansThe deploymentmodelon
the Java platform is mostly speci ed for a variant of the model,
EJB. In this section,we will alsoconsiderhow .class les are
deployed.

5.2.1 EJB

The J2EE solution for componentdeploymentis detailedin the
speci cation for Enterprise JavaBeans(EJB) [17]. It revolves
arounda data structurecalled the DeploymentDescriptor ® as-
sociatedwith eachto-be-deplged beanwhich describegheinter
actionsthebeanmayengagen atthedeploymentsite. Theprimary
taskof adeployeris to establishtheinteractionbetweerthe to-be-
deplogred beanandits container Theway in which this interaction
canbe modeledin our framavork wasexplainedin Sec.2.3.2.1n
addition,abeancanrarelyachieve ataskwithoutcollaboratingwith
otherbeansandit supportsnter-beandependencby introducing
extra syntax(< ejb-ref>). In our framework, this is analogoudo
declaringa bidirectionalmixer. EJBdoesnot explicitly modelver
sioning,and alsodoesnot de ne the build evolution procesghat
theapplicationbuildbox models.

5.2.2 DeployingJava Programs

In a Java contet, each.class le cansene asanindependent
deplgymentunit. It is commonthata Java programis testedon the
developmentsite with oneversionof the classasthe dependeng
andthenis installedon the deploymentsite with anotherversion
of the class.This is becaus€CLASSPATd¢ttingsmay be different
betweenthe developmentsite and the deployment site, and so
programbehaior is vulnerableto the settingsof the CLASSPATH
This problemdoesnot arisein our framevork, sincecomponents
arereferredto by their uniquelD, notjust by their name.

Thisissuealsoaffectsthewaytypesafetyis ensuredConsiderl
simpleJava programwhereclassArefersto classB. Suppose&lass
B at the deploymentsite is differentfrom the versionusedwhen
A was compiled. Type safetywould be jeopardizedf the B with
an incompatibletype was loadedat run time. Java addresseshe
issueby performingload-timere-typecheckingspartof bytecode
veri cation. In our framework, if we make surethe Breferredto by
Ais the sameversion(or a compatibleversion)of the oneusedby
A suchare-typecheckingrocesswill beunnecessary

5.3 Deploymentin CORBA

OMG hasreleaseda Deployment& Con guration (D & C) spec-
i cation [36] for the CORBA ComponentModel (CCM). In
Sec.2.3.2,we have demonstratedhow to modelits bidirectional
interfaces,and its deployment time attribute-rebindingis similar
to EJB environmententries.D & C allows componentgo be as-
sembledogetherto form anassemblyThis canbe modeledn our
frameawork by the (assemblé rule.

Onefocusof this paperversioningis left outof D & C. Sincea
CCM componentioesdependn otherCCM componentgattested
by its <dependsOr» tag), it is unclearwhat will happenwhen
differentversionsof the samecomponentsaredeplo/ed. This will
especiallyaffect componentipdatewhichis left outin the current
speci cation. The CORBA namingmechanisnis alsochallenged
in [44].

Sinceit is alignedwith the generalrationaleof CORBA, the D
& Cframevork focusen distributeddeployment,wheredifferent
CCM componentsn one assemblycan be deplo/ed on different

51n EJB 3.0 (the latestversion), metadataannotationsare usedto record
deplgymentinformation, but its differencefrom deploymentdescriptorss
only syntactic.



network nodes.Our framavork as an abstractstudy doesnot ex-
plicitly modeldistribution, but it canbe soundlyre-interpretedf
differentcomponent®f theapplicationlie on differentnodesThis
topic was discussedn Sec.3.3.2. CORBA relieson its underly-
ing busto look up distributed componentsWe do not have such
amechanismbut notethatthe globally uniqueversionlD ensures
nameconfusionwill notbeanissuein thedistributedcontext.

5.4 Deploymenton Unix/Linux Platforms
5.4.1 PackageManagers

Modern operatingsystemscomewith padkage manaers andin-
stallersto assisin installingandupgradingsoftware.On theLinux
platform, well-known examplesinclude RedHats RPM [18], De-
bian's Dpkg [12] andGentoo's Portage [40]. Despitedifferences
in usability the underlyinggoal of the threesystemss the same:
to install packagesvith thecorrectdependenciesatis ed.How de-
pendenciearecreatedchecledandresolhedis toospeci cin these
systemsFor instance RPM is known to be complicatedandweak
in its supportfor dependencresolution For cyclic dependencies,
tool like Dpkg will rely onaspecialspeci cationfrom the package
developerto breakthe cycle (declaringoneof the dependencie®
be a post-depends. In Portage, cyclic dependenciemducefail-
ure,andtheresultingpackagesvill notbeinstalled.Broadly, pack-
agemanagerslo not take into accountthe executionphaseof the
deplgyment lifecycle: the contentin packagesmight not be exe-
cutablecodeatall. Theresultingmodelis weakto treatthe deplay-
mentof codecomponentsthe declarecbackagedependenciesan
bearbitrary andnotnecessarilye ect inherentcodedependencies;
satisfyingall packagalependenciedoesnotguarante@ry correct
behaior whencodeis executed.The populararchive distribution
systemsCPAN [10] (for Perlprograms)and CTAN [11] (for TeX
documentsan also be includedin this cateyory; thesesystems
have a strengthon how to locate packagen the Internet. There
arealsopackagemanagergor speci ¢ languageervironments,n-
cludingRubyGemg43] andScalaBazaaf3].

5.4.2 Deploying C Programs

C compilerson modernplatformsalmostalwaysusedynamiclink-

ing for library accessA directconsequencis whenabinaryappli-
cationis createdtheonewith defaultnamea.out ), it rarelyforms
aclosurein termsof namebinding. Whenshippinga C application
usingfunctionstrlen, the implementatiorof strlen is only de ned
by thelibrary atthe deploymentsite.

If appliedto our framework, a deploymentunit for C programs
caneither be the non-closedapplicationcode (with default name
a.out ) or the sharedibrary code(the onede ning strlen , com-
monlyrepresenteds les with sufx .so onUnix-compatibleplat-
forms).Whatour framevork canhelpavoid is to createanapplica-
tion dependingon oneversionof thelibrary with strlen, andthen
beingdeplo/ed at a deployment site with a different(andincom-
patible)versionof the library. Our framevork canalsomale sure
multiple versionsof the samelibrary canbe installed,with some
applicationauseone,andotherapplicationsusethe other

5.5 Hot Deployment

A numberof researctprojectsaddresghe ability to dynamically
load/link/updatesoftware componentswhich in various degrees
overlapwith our discussioron dynamiccomponenteploment.
Dynamic linking/loading of code fragmentsprovides a foun-
dational layer of this problem. Existing approachesomparable
to our plugin expressionare thoseprogrammabledynamiclink-
ing/loading mechanisms Well-knovn examples include Java's
ClassLoader, Assemblies'Assembly.Load, and Unit's invoke
[19] expressionFromalanguageconstruciperspectie, our plugin

expressiordiffersfrom theseapproacheasit respectshe bidirec-
tional contractof the interactionsbetweenthe link/load initiating
componentand the linked/loadedcomponentwhere both of the
partiesprovide aninterface(a pluggeror mixer) to specifywhatit
needsandwhatit requires.Declaringthe pluggeron the link/load
imitating componengivesthecomponenamoredeclaratve speci-
cation onits ability to performdynamiclinking, andin thecontext
of componentleployment,it providesanexplicit declaratiorof the
factthata form of dynamicdeploymentis supportedMagicBeans
[7] providesalibrary to helpdevelopdynamicpluginswith theuse
of the Obserer pattern,andour plugin coversthatmodel.Typing
issuesof dynamiclinking have beenwell studied,suchaslinking
of assemblycode[20] andC# andJava's dynamiclinking [13]. In
our previous work [27] a deploymentunit mustbe type-safe and
sofor simplicity we have left outtypingissueshere.

EJB hot-deplymentis not de ned the EJB speci cation,and
it is supportedonly in a vendor speci ¢ manner For example,
Weblogic[4] supportshot deploymentvia several customtools.

A well-knovn exampleof plugin-basedoftwareis Eclipse[15].
Therecentreleasd3.0) hasalsoincludedthe ability to addplugins
atruntime,i.e. dynamicplugins,basednthe OpenServicesGate-
way Initiative (OSGi) [37] speci cation.OSGionly provideslim-
ited supportfor handlingdependencieJ.heirconsisteng checking
is optionalandnotrigorouslyde ned, especiallyfor theversionsof
dependencies.

Someprojectshave addressedssuegelatedto dynamicupdat-
ing andrecon gurationof software. The DynamicSoftwareUpdat-
ing system23] focusesn correctnesgysabilityandtype safety It
doesnot focuson softwaredeployment,anddoesnot considever
sion control. OpenRed24] is a softwarearchitectureeffort focus-
ing on how to designdynamicallyrecon gurablesystemsin [8],
a few more practicalissuesrelatedto dynamicrecon gurationof
distributed systemsare consideredsuchasthe handlingof stubs.
Our abstracframevork doesnot addresshisissue.

5.6 Deployment-RelatedFormalisms

Formal framevorks that addresscomponentdeployment in a
vendorindependenmannerarerare.CLI Assemblieshamebind-
ing mechanisnwasrecentlyformalizedby Buckley [5]. Thefocus
of thatwork wasto demonstrat¢éheuseof strongandsimplenames
in the framavork. No formal propertywas proved, andthe frame-
work doesnot addressapplication evolution in the deployment
lifecycle. The linking of DLLs wasformalizedin [14], wherethe
focuswasontypesafety

A conceptuaframewvork for component-basezbftwaredeploy-
mentwasproposedn [38]. As aresultof ahighly conceptuatreat-
ment,inte-componentdependenc— arguablythe centralissuein
modelingcomple procesof deployment— wasnot modeled.No
formal rulesweregivento describethe deploymentprocesor ap-
plicationexecution.

5.7 ComplementingModule/ComponentSystems

Assemblagesthe abstractcomponentconstructusedby our de-
ployment framavork, was rst describedin [27]. This previous
work hada differentgoal:equippingmixin-like moduleswith inter-
facesto directly supportinternet-eraconceptssuchasdistributed
communicatiorand dynamiclinking. Deploymentandversioning
were not consideredn that paper In this work, we have reused
the assemblageonstructitself, but almostevery structuralchoice
wasrejusti ed in adeploymentcontet, suchaswhy we needbidi-
rectionalinterfacesandwhy we needpluggersfor hot-deplgment.
Puttogetherthey painta completepictureto justify the needfor
an assemblage-likconstructin componentesign:1) it is t for
modelmodernprogrammingconceptsuchasdistributedcommu-



nicationanddynamiclinking (thethesisof [27]); and2) it is t for
componenteplg/ment(this work).

Most of the structuralassumptionsve have madeaboutour de-
ploymentunits are commonto mary modernmodule/component
systems.The generalitymakes our deployment framevork use-
ful for studyingdeplaymentin a variety of next-generatiormod-
ule/componensystemsModule systemswith bidirectionalinter
facesincludeUnits [19] andJiazzi[31]. In MJ [9], the Java class-
loaderis replacedwith a compile-timenotion of module,in which
module dependenciesre separatedinto two catejories: static
dependenciegimport and export ) and dynamic dependencies
(dynamic export ). Thesetwo notionscanbe modeledasmixing
andpluggingin our framework, respectrely. In Fortress[1], pro-
gramfragmentsare organizedinto componentsvith interfacesof
explicit import andexport declarationsand are organizedinto
apersistenstorecalleda fortress wherea few pre-de nedlibrary
operationgcalledtargety arede ned suchaslink , upgrade, and
execute. A fortresscan analogouslybe thoughtof asa deplgy-
mentsite in our framavork, wherethe targetscan mappedo our
LTS operations.The Fortressspeci cation only speci es signa-
turesfor the targetsand allows differentvendorsto provide their
own implementationsOur framevork can be thoughtof as pro-
viding aguidelinefor whata “well-formed” fortressshouldbe,and
how differentimplementationshouldabidesothatgoodproperties
of afortresswill not be underminedin Fortress becausedhereis
no supportfor multiple interfaces clashingof namesarecommon
atlink time, and Fortresshasto resortto specialrulesto handle
them.

6. Conclusion

In this paperwe shaved how the comple, ad hoc software de-
ploymentcycle could be reducedo a calculuswith a small setof
platform-independentyendorindependenbperationsthat de ne
how thedeploymentsiteshouldevolve. It elucidateshesubtlerela-
tionshipsbetweenpre-runtimeapplicationbuildbox evolution and
run-timeapplicationevolution, andprovesformal propertiesabout
applicationwell-formedednesandversioncompatibility through-
outtheevolution processlt alsosenesasastudyof componente-
signfrom theperspectie of thedeploymentunit, wherecomponent
dependengcin termsof timing andlocationis studied.Expressie
formsof dependencsuchasparametri@andcyclic dependencbe-
tweencomponentsirealsoaddressed.

With this foundationalframework de ned, we would like next
to investigatehow moreadwancedfeaturesmportantin component
deploymentcanbeexpressentop of it, for instancesecurity dis-
tribution, andtransactioncontrol. A formal treatmentof theseis-
sueswithin thedeploymentlifecycle shouldgive usdeepeinsights
into thesehardproblems.
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