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Kurzfassung

Kurzfassung

Software-Wedenerwendungbesclaftigt sich mit der Umsetzungder einfachenldee,
dasses kostensparendaund qualitatssteigendeist, bereitsexistierende,hochwertige
Software-Komponenterbei der Entwicklung oder WartungeinesSystemszu benutzen,
stattdieseneuzu entwiclkeln. Eine wichtige Voraussetzundiir erfolgreicheSoftware-
Wiedenerwendungst die richtige Auswahlvon passendeKomponentenDabeimiissen
ausder Vielzahl von existierendenKomponenterdiejenigenbestimmtwerden,die die

berbtigte Funktionalitit zur Verfugungstellen. Dies musseinfach und schnellmdglich

sein, dennwenn die Suchenach Komponentemmehr kostet, als deren Neuentwick-
lung, wird Software-Wedenerwendungad absurdumgefihrt. Die meistenAnsatze
fur Software-Retrigal, demWiederfindernvon Softwarein Komponenten-Bibliothek,

basierenauf einer textuellen Beschreiing von Komponenteneigensdten. Texte in

natirlicher Sprachesind dem erstenAnscheinnacheinfach zu verstehenjhre prazise
Interpretationhangt jedoch sehrstark vom Kontext desBeschreibersbzw desLesers
ah Weiterskanndie Beschreiling, die eine Abstraktionder Komponentest, nicht al-

le Aspektebeinhaltendie einenzukiinftigenLeserinteressierekonnten. Dadurchwird

dasAuffinden erschwert. Nebenbeiist die Erzeugungvon treffendenBeschreibngen
aufwandigundzeitintensi.

DieseDissertationbesclaftigt sich (1) mit der automatischererzeugungvon Soft-
ware-Beschreilngen,die nicht auf natirlich-sprachliben Texten aufbauerund (2) mit
Software-RetrigalsaufderBasisderin (1) entwicleltenBeschreibingen.Die generierten
Beschreibngensindwiederumkeinenatirlich-sprachlthen Texte, sonderreinfachefor-
maleKonstrukte:Entscheidungstume endlicheAutomaterund Grammatilen. Dadiese
eineexaktdefinierteSemantikhabengentillt die Interpretatiordurcheinenmenschlichen
Leser Von zentraleBedeutundir denin derArbeit vorgestelltenAnsatzsind Testdaten,
weil diesedastatsachlicheVerhaltereinerKomponentewennauchnur ausschnittsweise,
urverfalschtwiderspigeln.

Die Verwendungson Testdaterals Ausgangspunkiiir die Beschreibing desVerhal-
tensvon KomponentemachtderenEinteilungin die Gruppender zustandsloseand zu-
standstragenddfomponentemotwendig wasauchzwei unterschiedlich&ruppernvon
Analyseverfahrenbedingt.Fur dasersteVerfahrenwerdenSignaturervon zustandslosen
Komponentergeneralisierund Komponentemmit gleichartigenSignaturerzu Partitio-
neneinerSoftware-Bibliothekzusammengakst. Mittels Testdaterwird danacHir jede
Partition ein EntscheidungsbaugeneriertderalsBrowsing-StruktuzumAuffindenvon
Komponentemient. Im zweitenVerfahrenbeschreibeendlicheAutomatenbzw. Gram-
matiken,die ausTestdatermbgeleitetvurden,zustandstragendéomponentenWird eine
Komponenteén einerBibliothek aufgefundenkannmandurchendlicheAutomatenund
Grammatilenfeststellenpb dasgefordertéverhaltentatsachlichgezeigtwird.
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Beidein dieserArbeit vorgestelltenvVerfahrensgruppenntersiitzendie Verwaltung
einer Software-Bibliothekund erleichterndasAuffindenvon KomponentenDa sie von
TestdaterausgehersindsieidealeErweiterungervon Software-Retrigal-Verfahrenund
dasnicht nurdann,wenntextbasierend&erfahrenbereitsanihre Grenzerstof3en.



Abstract
Abstract

Softwarereuses basednthesimpleidea,thatit is moreeconomicandevenquality
improving to malke useof proven componentinsteadof reirventingthemwhenbuilding
or maintaininga system. An importantprerequisitfor successfusoftwarereuseis the
choiceof the mostsuitablecomponentsThosewhich provide the requiredfunctionality
have to befilteredout of a multitudeof existingcomponentsThis processnustbe simple
andquick, becauséf the searchfor componentsveremoreexpensve thanthe develop-
mentof new ones,softwarereusewould not make ary senseatall. Mostapproachegor
softwareretrieval are basedon a textual descriptionof the componentsproperties. At
first sight, texts written in naturallanguageare easyto understandput whenit comes
to preciseinterpretationsone becomesaware of the gapsbetweenthe writer’s andthe
reader’scontexts. Furthermorea description,which is an abstractiorof a component,
cannotexpressall the informationa future reademight be interestedn, which renders
the searcHdifficult. In addition,the productionof detaileddescriptiongs costlyandtime
consuming.

This thesisdeals(1) with the automaticgeneration/on software descriptionsvhich
arenot basedon texts written in naturallanguageand (2) with softwareretrieval which
depend®on the descriptiongevelopedin (1). In contrastto naturallanguagédexts, these
descriptionsarestraight,formal constructsvhich aredecisiontrees finite stateautomata
andgrammars.Dueto their well definedformal semanticaninterpretatiorby a human
readeris not neededary longer In our approachtestdatadealswith the problemin a
very efficientway. Althoughtestdatado generallynot reveal a completespectrumof a
component” ®ehaior, they specifya significantandgenuinepartof it.

As testdataareemplo/edfor generatinglescriptionf the behaior of components,
thetwo groupsof statelessindstate-bearingomponentsieedto beintroduced.This en-
tails the necessityto developtwo differentanalysisechniquesWithin thefirst technique
signaturef statelescomponentsare generalizedand componentswith similar signa-
turesaregatheredn the samepartition of a softwarerepository On the basisof testdata
decisiontreesarethengeneratedor eachpartition, which sene asbrowsing structures
to locatecomponentsThe secondechniquedealswith state-bearingomponentsHere,
finite stateautomataandgrammarswhich areinferredfrom testdata,arebeingusedas
descriptions.Whena componenis locatedin a repositorywith the help of finite state
automataandgrammarst canbeverifiedwhetheracomponenbehaesasspecified.

Both techniquesdevelopedin this thesissupportthe administrationof a software
repositoryand help to locatecomponents.Startingfrom testdata, they represensub-
stantialimprovementdo softwareretrieval approaches evenwhentext basedechniques
have alreadyarrived at their limits.
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Intr oduction

1.1 Motiv ation

Softwarereuseis basedon the simpleideathatit would be betterto make useof
existing large building blocksin the procesof building a nev systeminsteadof
reinventingall thesmallandtiny solutionswhich have beenreinventedathousand
timesbefore.Whatis undoubtedlybestpracticein all otherfields of engineering
now, astonishinglyenoughhasnotbecomestateof theartin softwareengineering
yet. Neverthelessthe level of softwarereusehasbeenincreasedremendously:
Programmersisecompilers,whoseknowledgeaboutformal languagedesignis
reused;they usemathematicalibrariesand widgetrepositoriesaswell asdata
basesvhereall thefunctionalityneededo ensurepersistencesecurity multi-user
accessibilityto datais beingreused Onahighlevel, productlinesareestablished
to reuseall the assetsvhich solve similar problemsfor a domain. Alreadythese
examplesdemonstratethatit is notthateasyto distinguishexactly betweerreuse
anduse. Whatwasexplicitly reusein formerdaysbecamepartof the every-day
life, aproceswhichindicatesa successfuassimilationof reuse.

But despitethis progressthesituationis notassatisfyingasit couldbe. Sothe
questionariseswhy it is sohardto accessll the valuableassetsvhich arebuilt
with so mucheffort, which aretestedfor high quality andwhich areannealedy
theiremploymentin arunningsystem?

Therearemary reasondgor thatwhichwill bediscussedh detailin chaptel3.
However, the mainreasorfor this slow evolution of softwarereuselies in thein-
herentnatureof software, which cannotbe capturedin termsof a materialized
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Introduction

entity. Although softwareoriginatesin the physicalworld, asits bits andbytes,
locatedon a harddisk, canbe identifiedlike characteristidingerprintsundera
microscopethe physicaldimensionis the mostunimportanonefor softwareen-
gineers Whatcannotbe materializedhowever, is the conceptandthe knowledge
embeddedh software,aswell astheeffectsit causesn therealworld. Only when
executedsomepartsof this conceptslemonstrateffects;beit asachangen the
balanceof a bankaccountafter depositinganamount,or asa determinatiorof a
point’slocationin athree-dimensionapace But suchbehaioral snapshotgro-

vide only with avery smallinsightinto thespectrunof asoftwares behaior. The
way in which this software actually reactsunderdifferentcircumstancesannot
be inferredcompletelyfrom examplesasit is impossibleto graspthe entirety of

thebehaior of softwareon the basisof somefew instances.

Dueto theimmaterialnatureof softwareit is noteasyto describdts essentials,
which hasmary consequencef®r reuse. A software engineemnwwho produceda
reusableeomponentsuallyis notaspecialisin describingt; anda programmer
who wantsto build a new systemjs not a specialisin interpretinga description.
To illustratethis by a metaphor:imaginea personwriting a newsletteraboutthe
dangerof drinking alcoholwho needsaclip artto stresghis point. Thewriter en-
visagesa pictureof athreatenindeasturking for its prey which shouldrepresent
ahiddenmenaceThereis a databasewith thousand®f clip artsavailable.Now,
how shouldthe writer specifyhis/herneedssincetheartistmostlikely described
the picturesin generaltermswith little regardto associatie meanings™ay be
a query containingkeywordslik e “animal, dangeroushidden” leadsto a result,
maybethewriter hasto scanthrougha large setof candidatepicturesretrievedby
thequery It couldalsobethatthe writer missesictureswhich would fit her/his
needanuchbetter e.g.a sword of damocles.

This thesisdealswith the challengeof producingdescriptionsfor reusable
component@and of supportinga reuserto locatecomponentsn a repositoryon
thebasisof thesedescriptionslf thesedescriptions

wereobtainedautomatically
couldbeinterpretechon-ambiguously
would guidea searchem thetaskof locatingacomponentn alibrary, and
would supportorganizinga componentibrary for effective retrieval,
aheavy burdenwould betakenoff thesoftwareengineergroducingcomponents,

the programmerseusingthem,andthelibrariansadministeringhem. Theresults
presentedh thiswork area stepinto this direction.



Motivation

The mainideaof this thesisis representedby the following sequencef ac-
tivities: (1) Observingcomponents(2) reoilganizingthemwith respecto the ob-
senedbehaior and(3) abstractindgrom theconcreteébehaior to amorecompact
and thus more understandabléorm. But how caninvisible actvities possibly
be obsened? The problemcanbe solved by applyingmethodssimilar to those
usedby physicistswho have to monitortherapid movementf particlessmaller
thanatoms.Thesemovementsn spacearenot obsenabledirectly. Hence cloud
chambersare beingusedin which not the particlesthemseles, but their move-
mentsbecomevisible throughtheir “contrails”. In thisway, physicistsareableto
reasoraboutpropertieof the particlesby analyzingtheir tracesn thefog. In the
realmof softwarethe equvalentof suchvisualizedtracesis testdata. Testdata
indirectly revealscomponent®y includinginformationaboutsequencesf input
andtheresultingoutputsof componentsin thatway, testdatacanbe regardsas
anobsenableaspecbf the executionof softwarecomponents.

Testdatapartially representshe behaioral spectrunof acomponentln this
work theknowledgehiddenin testdatais exploitedfor producingdescriptiondy
usingtechniquedgrom thefield of datamining. The classof this descriptionss
calledextensionaldescriptions Dueto the differentpropertiesof their testdata
we have to distinguishbetweertwo typesof reusablecomponents,

state-leseomponentsand
state-bearingnd/orcomplex components.

State-lesgomponentslemonstratdehaior which is deterministicfor a sin-
gle testcase,jn sofarasa componentlwayscomputeneandthe sameoutput
for aparticularinput. Thereforeameaningfulsetof testcasegwhichmusthave a
certainlevel of quality) is hasbeenanalyzedits input-outputiransformationgre
appliedasthebasisto producecharacteristicescriptionsin this way a browsing
structurefor componentss beingestablishedThe methoddevelopedfor analyz-
ing state-leseomponentss calledSBS, shortfor staticbehaviorsampling

The repositoryin which SBS is usedfor establishingaccessstructuress or-
ganizedaccordingo theinterfacesof componentslnterfaceswhich we general-
ize assignaturesindependenof implementationhold importantinformationas
well. This informationis usedfor (1) dividing the repositoryof reusablecom-
ponentsnto meaningfulpartitionsand(2) for establishingelationsof different
typesbetweerncomponentsFor this purposea methodcalledgeneralizedigna-
turematching(GsM) is introducedwhich extendssignaturenatchingtechniques
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known from theliterature.GsM is applicable€for bothstate-lessindstate-bearing
componentsln thiswork it is usedfor organizinga SBS basedepository

State-bearingnd/orcomplex componentslo not computethe sameoutputon
thesamenput, whichis dueto internalstatesmaintainedln orderto establishan
approactsimilarto SBS, the input-outputtransformationsreabstractedy ana-
lyzing theorder in whichdifferentkindsof transformationareperformed.These
differencesarecondensatetly developingindexing methods.Hence,sequences
of method-nameprovide with the informationneededo generatedescriptions.
Two differentmethoddfor producingsuccinctdescriptionsyhich are calledab-
stractedbehaviorsampling(ABS), are introduced. Due to the particularity of
ABS the abstractiormay not containenoughinformation,which would not pose
a problemsincethe searchemay stepbackto a moreconcreterepresentatioas
providedwith SBS.

— 5

Signature Matching @ \
r Q
@ ***** @ Extensional Description

Figurel.l: Theretrieval process

In figure 1.1 the cooperatiorof thetechniquesn thetaskof locatingcompo-
nentsin a repositoryis depictedon a very high level. The processs organized
into two layers: a signaturematchinglayer andan extensionaldescriptionlayer.
Eachactvity, shovn asellipsein figure 1.1, helpsto restrictthe numberof there-
trievedcandidatecomponentsintil the searchegetsthe mostpromisingreusable
components.

A similar approachis pursuitin the thesisof Bouchachig32]. Here, soft-
waremanualgman-pagesareanalyzedandrepresentationaregenerateavhich
aredrasticallyshortenedy applyingvariousneural-netechniques.The affinity
to our work is dueto the aim to (1) generatecomponentepresentationauto-
matically andto (2) establisha stratifiedapproach. The resultsof both works
complemenbneanotherandcanbe seenastools startingfrom differentground,
but aimingatthe sametamet.



Organization of this work

1.2 Organization of this work

Chapter2 provideswith a detailedreflectionaboutthe dimensionsof software
reuseaswell as somedefinitions. We discussa specificsoftware development
procesamodelwhich advanceshe possibilitiesof softwarereuse. Furthermore,
thenotionof “reusablecomponent’is examinedin this chapter

Theconsequenced ambiguousomponentescriptionsarerevealedn chap-
ter 3. We identify importantfacetsof this problemanddiscusschallengesvhich
will beaddresseth detailin thisthesis.

Chapterd presentsherelevantapproachesor softwareretrieval publishedn
theliteraturewhichlargely agreeshatsoftwarecanbeconsidere@ithera specific
form of documenta mathematicainodel,or aformal structure Accordingly, the
methodsusedfor solving the software descriptionandretrieval problem(which
aretwo sidesof thecoin) differ substantially Two methodsareidentifiedasbeing
promising,extensionalkdescriptionsandsignaturematching.

The ideaof signaturematchingis elaboratedn chapter5. After discussing
thebasicconceptof typesandsignaturesa specificrepresentatiorthe signature
graph,is presented Basedon this graph,varioussignaturerelationsareworked
out; someof which arenotknown in theliteraturesofar. We will discussagraph
transformatiorwhichis calledflattening A graphtransformedn this way allows
amorepragmaticandconcept-basesgearchor signatures.

The staticbehaviorsamplingmethodSBS, presentedn chapter6, is founded
on extensionaldescriptionsand usesthe techniquesdevelopedin chapter5 for
pre-orderingstate-lessomponent®f a repository We will discusghe structure
of a SBS-basedrepositoryandthe preconditiongor selectingtestdatato beused
ascomponentstescriptions.Thesedescriptionsareanalyzedoy a decisiontree
algorithmandthusa browsingstructures established.

Chapter7 illustrateshow the ideasdevelopedin the previous chaptercanbe
appliedto state-bearingomponentsswell. Therewe adaptedwo differenttech-
niquesaccordingto our needsto producedescriptiondor reusablecomponents.
We call thesemethodsabstractedbehaviorsamplingmethodsABS.

In chapter8 the work concludeswith a discussiorof the benefitsand draw-
backsof our approach. Furthermore future work is identified and somefinal
remarksaregiven.
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2

Reuse Conte xt

2.1 Reuse economics

In the mid 60ies, software beganto develop from an art (or craftsmanship}o
a profession. It was pushedaheadby the questfor bettercontrol of software
costs,quality andtime to developea system.The birthplaceof thetermsoftwae
engineering which subsumeghis thinking, is seenat the 1968 NATO Confer
ence[160, 112] in Garmisch,Germary. There,the main focuswason finding
waysto fight the softwae crisis. Along with this crisis,which evolveddueto the
risein capabilityandtheavailability of considerablyheapecomputergl7Q], the
following issuesbecameevident:

Therangeof computablgroblemswvasbroadenedvhich led to morecomple
andlargerprograms.

More andmoreenterprizesvereableto afford computersanddemandedhew
programdo solve their problems.

Theseeffectsled to projectswhich could not be finishedin time (if ever),
aswell asto softwareprogramswith functionaldeficienciesvhich werehardto
maintain. Up to thattime, the bestpracticeso develop softwarerenderednore
andmoreinfeasible.As a solutionto the softwarecrisis Mcllroy [138] proposed
theideaof highly standardizedoftwarebuilding blocksasa key to industriallike
softwaremassproduction.Givenalargerepositoryof suchcomponentstogether
with automatedechniquedor customizingthesecomponentso the developers
needsthe developerratheraslked the question“Which componenshall | use?”

7
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than “Which componenishall | build?™. This idea of reusingsoftware assets
waspersuasie enoughfor theresearcltommunityto adoptedt atonce.Surpris-
ingly, the softwarecrisisis still anongoingchallengd85] andreuseis still seen
asthetechniquewith the highestpotentialto improve softwaredevelopmentcon-
siderably At his keynotetalk at the STARS conferenceneld at TysonsCorner
Virginia, USA in 1991, Barry Boehmstatedthreemajor approacheso increase
the effectivenesof softwaredevelopmen{93]:

You maywork fasterby usingbettertools,

you may work smarterby developingbetterprocesse$or software develop-
ment,or

you mayavoid work by increasingeuse.

Accordingto Boehmthelargestcontributionto costsarzing amongthesethree
topicsis expectedthroughreuse.In figure 2.1 onecansee thatin the nearfuture
the potentialimprovementin costsavings obtainedby bettertools or improved
processearenot significant. Only in reusingexisting artifactsit is expectedthat
costscanbe saved dramatically This view is sharedoy mary otherauthorsas
well [91, 72].

1992 1994 1996 1998 2000 2002 2004 2006 2008

Figure 2.1: Expectedcost savzings by applying different software engineering
techniqueg[93,p 17])

!Someauthorsseethedawn of reusealreadyin 1958whenthe FORTRAN Il compilerallowed
to compile subroutinesseparatelyand to generatedomainspecificpackagese.g. for scientific
computing[12, 60.
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What is reuseafter all? Theideais a very simpleoneandin the literature
of softwareengineeringonecanfind a variety of definitions.In his reusesuney,
Kruegerstatesthat

. softwae reuseis using existing softwae artifacts during the
constructionof a new softwae syster [122,p 133]

whereadReiferdefinessoftwarereuseas

“ ... theprocesof implementingr updatingsoftwae systemsising
existingsoftwae assets. [195]

The definition of Reifer, which is very similar to the one publishedby the
US Departmenbf DefenseSoftware Reusdnitiative [62], stresseshe point that
reusedoesnot happersolelywhennew systemsarebuilt, but alsowhenexisting
systemsareupdatedandmaintained.In this work, this is our view onto software
reusetoo.

Both definitionsdo notlimit thesoftwareartifactsto sourcecodeonly. Indeed,
thehigherthelevel of abstractiorof artifactsis (designstestcasesspecifications,
requiremendocuments, .. ), the larger are the expectedbenefitsfrom reusing
it [162, 88]. Consideringthe whole effort to develop a system,Boehm[31] es-
timatedthat the effort to designcomesto 29 %, andthe effort to conducttests
amountdo 23 %. As aconsequenceeusingartifactsfrom theearlyphase®f the
softwarelife cycle leadsto significanteconomicdmprovementssinceall depen-
dentwork productsof reusedartifactsdo alreadyexist.

In the remainderof this work, we referto the notion of softwareartifactsas
assetswhenan entity of thewhole spectrunof reusablesoftware productsfrom
ary of the phasef the softwarelife cycle is dealtwith. Only whenreferring
to thelevel of implementatior(sourcecode,executablebinaries)we usetheterm
components

2.2 Reuse Expectations

What arethe expectationsassociatedavith reuse?Therearethreemainreasons,
why the effort to build andmaintainareuseprocesshouldpayoff [153,17, 131]
andhelpto deliver softwarewhichis lesscostly:
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Quality.

Sincethe assetdor reuseare built for mary differentapplicationstheir quality
mustbe outstandingandthereforethey mustbe mostcarefully examined. Addi-
tionally, reusableassetmay incorporatedomainknowledgewhich is not known
by theuserof theassetn its entirety Theuserdoesnotneedo beinformedabout
detailsof thedomain.In thisway, majorpitfalls canbeavoidedwhichcouldcome
to existenceby re-inventingsolutions.As anexample,thereademay think of a
reusabldinancialanalysiscomponentwherethe knowledgeaboutsummarizing
detailsis built in. The programmereusingthis analysigool only needdo plugit
into anew systemwithout having to know aboutthealgorithmsbuilt into it.

Reusethereforeleadsto a significantreduceddefectdensityfor the whole
product. The increasan quality is dueto anincreasdn reliability, consisteny,
manageabilityandstandardization.

Productivity

Dueto thefactthatanassetoesnot neednot be built from scratchbut hasto be
incorporatednto the productonly, the productvity is higherby reusingthanby
reinventing. Productvity is often considered function of softwaresize,suchas
thenumberof linesof codedeliveredor the numberof function-pointsdelivered.
Theincreasan productvity is dueto the highercapacityof programmerssince
lesseffort goesinto documentatiorand testing,andthe maintainabilityis being
simplified.

Timeto market.

By saving time throughincorporatingexisting assetsnto a softwaresystemtime
to market canbereducedrastically too.

2.3 Reuse process

Reuseamayoccurin two differentstyles,systemati@and/oropportunistiaeuse:

Systematicreuse: Thisis alsocalledinstitutionalizedreuseandit is the style of
software development,in which the inclusionof reusableyroductsdur-
ing all stagesof software development(requirementsanalysis,design,
implementationtest)is anintegral partof thedevelopmenirocess.
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Opportunistic reuse: This style happensin an ad hoc-manner During the
software development,ndividualsrecognizepatternswithin their work
which occurredalreadyin formerprojects.Suchpatternscanrangefrom
productslike analysisdocumentsalgorithms,to subroutinesor whole
subsystemsAccordingto theirindividualknowledge thesepersonghen
incorporateassetsnto the currentproduct.

Both stylesof reuseadoptionareimportant. Opportunisticreusegivesthe devel-

opersa certaindegreeof freedomandhasthe advantageof beingeasyto imple-

mentinto a repositoryof reusableassets Studieshave shavn, thatthe existence
of arepositoryis a key factorfor promotingreuse130]. However, thesefindings
arenotsharedy otherstudies FrakesandFox have foundthatthemereexistence
of asoftwarerepositorydoesnotinfluencethelevel of reusan anenterprisd75].

Providing technicalinfrastructurealoneis insufficientfor alongtermsuccesshe-
causdhenthedevelopershaveto carrythemainresponsibilityfor initiating reuse.
If a developerdoesnot know aboutpreviouswork, only in slowly gatheringex-

periencewill his level of reuseadoptionrise. This is not effective. On the other
hand,the developersshouldnot be responsibldor providing reusableassetsand
for pushingon a developmentprojectat the sametime. From cognitive psychol-
ogywe know thatthepressureo provide agenerakolutionfor a specificproblem
is too high for developers[125, 12§ andthatthey cannotsolve the problemby

themseles. In addition,the tensionbetweenscarcedevelopmentresourcesand
long termbenefitsoftenleadsto aneglectof the actuallong termgoal [228].

Effective systematicdeuseneedsa well definedway to generateassetsandto
usethem. Thereforedefinedprocessefor

developmentor reuseand
developmentwith reusg100]

mustbe establishedSuchprocessesyhich aredifferentfrom thatof a “conven-
tional” softwaredevelopmenprocessshouldbe adaptedo the speciaineedsof a
reusecentricparadigm.Thefollowing assumptionarespecificfor reusecentered
developmen{18]:

Software development,especiallywhen having reusein mind, needsto be
viewed as an “experimental”discipline. In orderto enableorganizationsto
learnfrom eachdevelopmentprojectandincrementallyimprove their ability to
engineequality products anevolutionarymodelis needed.

11
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To anticipatethe specificitiesof differentdevelopmentprojects,a single soft-
waredevelopmentapproackcannotbe assumedor all of them.

Software developmentapproacheseedto be customizablgo reusecentered
projectrequirementandcharacteristics.

Thesereasongpreventthe applicationof a standardorocessaandin the litera-
ture, differentreuseprocesanodelsare proposed.The modelpresentedhereis
orientedtowardsthe suggestionsf Reifer[195]. It is similar to the modelspro-
posedoy Hochnilller andMittermeir [102] or Mambella[135] in the way thatit
reflectstheintentionto make reuseanintegral partof softwaredevelopmentith-
out radically changingthe organizationvery well. This evolutionaryidearaises
thechancdor thesucces®f areuseinitiative [101].

Themodelof Reiferconsistf threeprocesseddomainEngineeringaimsat
generatingeusablassetsapplicationengineeringenesfor developingsoftware
onthebasisof reusablessetsywhereagmssemanagemensupportdothprocesses
by administeringhereusdibrary.

Developmentor Reuse- DomainEngineering

Theproces®f developmenfor reusehastheaimto organizethe way of building
high quality assetsvhich areeasyto incorporatento a new softwaresystem.In
the literaturethis processs calleddomainengineeringaswell [91, 205]. A do-
mainis adistinctapplicationareathatcanbesupportedy a classof systemawith
similar requirementsind capabilities[114]. Examplesfor domainsare avionic
controlcentersor humanresourcenanagemergystems Componentsieveloped
by domainengineerindhasto beusefulfor awide spectrunof systemwithin ado-
main. In generaldomainengineeringhasa broademeaningthan“development
for reuse” sincethefocusis notrestricteddo component®nly (ontheimplemen-
tation level) but is alsoon designandanalysisdocuments.An importanttaskis
the developmenbf a valid ontologyfor thatdomain.Furthermorewithin a firm,
more than one suchprocessesould be establisheddependingon the different
domainghis firm developssoftwarefor.

Domainengineeringubsumeall actvitieswhicharenecessaryo understand
the major conceptsof an area. Reifer suggestdhree main actiities, Domain
prepatation, Domain Analysis and AssetGeneation. Similar processmodels
for domainengineeringanbefoundin [137, 102].

Domainpreparatiommefersto theproces®f determininghe scopeandbound-
ariesof a domainin orderto definethe major functionsand capabilitieswithin,
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to determinewhat functionsand capabilitiesare excludedfrom it, andto iden-
tify existing interactionswith externaldomains.Synorymsfor the termdomain
preparatioraredomainboundaryanalysisanddomaindefinition

The notion of domainanalysiswasfirst usedby Neighborswho definesit as
“theactivity of identifyingthe objectsand opetationsof a classof similar systems
in a particular problemdomairi [161]. Accordingto the US NationalInstitute
for Standardsind Technology(NIST), domainanalysisis definedas[114] “the
analysisof softwae systemsvithin a domainto discorer commonalitiegand dif-
ferencesamongthem” Neighbors”glefinitiondiffersfrom NIST’sin theway that
NIST emphasizetheanalysisof softwae systemsvithin adomain.We think that
adomainexistsindependentlyrom softwaresystemsandthereforewe preferthe
formerone.

Dueto its inherentabstracinhature,the areaof domainanalysisis very com-
plex anddifferentapproachefor conductingdomainanalysisaresuggesteth the
literature. They rangefrom top-dovn commonalityanalysisto bottom-upsyn-
thesiswhereprojectinformationis gatheredindabstracteavhichrevealsfailures
andsuccessef®4, 137. If thereaderis interestedn further details,we suggest
thework of ArangoandDiaz [6, 5] asstartingpoints.

The resultof domainanalysisis a domainmode] which comprisesequire-
mentsgatheredn this way. A domainmodelrepresenta domainand depicts
objectsandrelationshipsfunctionsandbehaiors. The modelidentifiesgeneric
requirement®r commonalitiesas well asdifferencesn the problemsin a do-
main[133, pagel70].

Assetgenerations the proces®f building reusablénigh quality artifactswith
respecto givenstandardsThis doesnot mean,thatthey mustbe built in house.
Any acquisitionof assetss possible,rangingfrom buying commercial-of-the-
shelfcomponent$COTS) [30] to scavengingpartsof legag/ systemswvhich have
beenprovento beof high quality by long standingoperationalise[182,216,41].

Developmentvith Reuse- ApplicationEngineering

Developmentwith reuseis the processof building softwarewith anexplicit em-
phasison incorporatingvaluableassets.The moregeneralnotion of application
engineeringndicatesthatthis developmentprocesguidesthe productionof ap-
plication softwarein a disciplinedway. This is the standardorocesswvhich soft-
waredevelopersusein orderto developor maintainsoftwaresystemsHerethree
main actities canbeidentified, RequiementsAnalysis Softwae Development
andOperationsand Maintenance
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AssetManagement.

Applicationanddomainengineeringcannotoperatendependentlyf eachothet
The demandor analyzinga domainis normally driven by the needfor anappli-
cationwithin a domain. On the otherhand,software developersusethe results
of thedomainengineeringeffort by accessinghe domainmodelandthereusdi-
brary Theassetmanagemeris responsibldor varioustasksin thaternvironment.
Importantaspectare

library management: effort planing, requesthandling,demandanalyzing,ac-
cesscontrol,financialcontrol,

library population: negotiationwith suppliersclassificationgualification,cat-
alogingassetsandupdatinglibrary holdings(whichis a consequencef
purchasinganasset),

library operations: configurationmanagemenidentifying troublesomeassets,
measurementsisersupportinformation,planingof training,

library maintenance: maintenancelaning,assetnaintenanceandlibrary rein-
dexing (which canbe performedperiodicallybasedon queryprofilesor
afterapopulationstep) library interfaceadaption.

The cooperatiorbetweenthesethreesoftware developmentprocessess de-
pictedin figure2.2. The high level actwities arerepresentedsellipses.Rectan-
glesrepresenknowledgebaseswhich areconstructedindutilized by actwities.
Thediverserelationshipsamongactvities andbetweeractvities andknowledge
basesareshovn asarrovs’. Dueto thetwo orthogonakbut notindependentjle-
velopmeniprocessesyhich aresupportedy assetmanagemengReifercallsthis

2Jacobsoret.al[108] defineda processnodelwith threeprocesses:

Application Family Engineering. All actwitiesfor designingandimplementinga functionalar-
chitectureaccordingto a family of applicationsor a productline. This architecturas the
basisfor furthersoftwareproductdevelopment.

ComponentSystemEngineering. The setof actiities for developingreusableassets.A pre-
requisitefor doing sois ananalysisof the requirement@ndtheir variability throughthe
differentapplicationsof afamily or productline.

Application SystemEngineering. The setof actities which build applicationsbasedon the
commonarchitecturéby usingexisting assets

Thisview is very closeto the proposabf Reifer, in sofarasthefirst two activities of Jacobsomnd
his co-authorgoincidewith Reifer”sdefinitionof domainengineeringctiities. ApplicationSys-
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Figure2.2: ReuseorientedsoftwaredevelopmeniSource:Reifer[195]).

processnodeltwo-life-cyclesoftwae process Domainengineeringandapplica-
tion engineeringareconductedn parallel.

2.4 Reuse Challeng es

2.4.1 Organizational Issues

Althoughthesoftwareindustryknows aboutthe potentialbenefitfrom practicing
reusethecommunityis not quite sureaboutthe promisedyainsyet[29, 74]. This
Is dueto thefactthatsoftwarereuses notonly atechnicalproblem,but hasto be

temsEngineeringn Jacobsorsensecanbe seenassimilar to the applicationengineeringlefined
by Reifer

15
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consideredn the organizationalevel, too. Only whenconsideringooth aspects,
alongtermsuccessanbeachieved[159]. If areuseprogramdoesnotclarify the
following issuesijt will mostlikely fail:

Adequatanvestment.

Reusedoesnot comefor free. The managemenustinvestin acquiring,build-
ing, maintainingand upgradingreusetechnology Additionally, the continuous
trainingeffort for all developersnvolvedmustbe partof thecalculation.

Reusegroup.

In orderto gatherexpertiseaspecializedeusegroupor domainengineeringyroup
mustbeestablishedln thehierarchyof theorganizationthisgroupis onthesame
level with any otherdevelopmenteam.lt is responsibldor all reuseactvitiesand
formsa platformacrossall otherprojectgroups.It shouldcreatea foundationof

sharedsoftwarebeforeary otherdevelopmenshouldbegin [179].

Reuseancentiveprogram.

Developersmustbe rewardedfor successfullyapplying reusetechnologiesand
adequateeportingandmeasuremergchemesnustbe enacted.If the main pro-
ductivity measurdor the developerss a countof sourcelines, this measurewill
certainlydeterdeveloperfrom reuse sinceanincreasen thenumberof reusedas-
setsdecreasethe sourcdine perdeveloperproductvity. Thereforejt is essential
to establishareward systemwhichis comprehensiblandfair [23, 22].

Standadsincentiveprogram.

Not only theincorporationof existing assetsnustbe rewarded but alsothe extra
effort, which is taken to understandand apply standardssuchas architectures.
All thiswasnormallyaccountedo the projects budgetandhasthereforeusually
beendroppedunderpressure.

Longtermreusestrategy.

Within a narrawly viewed project, systematiaeuseis unlikely to withstandthe

everydaypressurdor long. Consideratiorof reusemustbe (1) acrossrelated
systemgvertical domains)and (2) additionally shouldallow for generalization
acrossunrelatedsystemghorizontaldomains). Here the productline approach
triesto achievze the maximumbenefitby takingbothaspectsnto accoun{20].
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Retadedreturnof investment

Reusenitiativesneedalot of resourcesvhich payoff only laterin futureprojects.
The costof it mustbe sharedoy all ongoingprojects.The benefitof areusepro-
grammay not contritute to the economicakucces®f the early-adopteprojects.
This mayleadto resistancegainstadditionalexpenditure.

2.4.2 Technical Issues

Theseorganizationalssuesarevery important,althoughtherearestill technical
challengedeingunsolhed. The rapid changesn software developmentcauses
the belief thatthe maintechnicalproblemshave beensolved[179]; someof the

“solved” problemshowever, have beenrevitalized.

As a software developmentplatform, the internettakes a centerstagein all
thesechanges[80, 136. More and more projectsare globally distributedand
coordinatedvia the internet. This leadsto the effect that peoplewith different
backgroundsinddifferentmothertonguesvork on the sameproject,demanding
thesameunderstandingf whatis goingon.

On the other hand, componentghemseles may be distributed all over the
world. This leadsto the needfor a new way of representingand deploying
them[24], becauseertainassumptionsiecessaryor understandinghe compo-
nents(languageoprganizationahndculturalcontet) cannotbeguaranteedb face
up to every situation.

Due to the bidirectionalnatureof reuse,technicalchallengesarisein both
aspectsgdomainengineeringandapplicationengineering.

Domain Engineering and Asset Management

The main objectve of domainengineerings to build a domainmodelandto

generateeusableassets. Whereashe domainmodel senes as a repositoryof

corerequirementsyhichholdsfor mary applicationsn agivendomain thereuse
library holdsreusablgpartsfor adomain,specifiedhroughinformationsfrom the
domainmodel. A partof thetaskof domainengineerings thereforeto identify

andprovide reusablatems. AssetManagemenis responsibldor consideringhe
following technicalquestiondasedn theresultsof domainengineering.
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\erification

is partof the quality assuranc@rocess.lt is the taskof determiningwhetheror
not an assefulfills establishedequirement$183]. The requirementsire given
by thedomainmodel. Furthermorethey musthave a certainpotentialfor being
reusedn theapplicationdomain.

Description

Is thetaskof assigninga cognitive characterizatiomo an assetwhich allows for
representinghe meaningof it withoutdisplayingall its details. The problemhere
is to keepthebalancebetweernncludingall importantaspect®f theassetvithout
overloadingthedescriptionwith unimportantfacts.

Assetrganization

is the task of generatingand maintaininga meta-structuravhich describeghe
relationsbetweenthe assets. The purposeof this meta-structuras to support
effective searchingn a softwarelibrary.

Application Engineering and Asset Management

Whereasdomainengineeringis concernedwith gatheringinformation abouta

certainfield of operationapplicationengineerings the disciplineof developing
softwareproductswith respecto thedomain. This view of developmenttriesto

emphasizehe systemati@pproacho reuse becausehe startingpoint of devel-

opmentis basedon the foundationof the domainmodel. The interfaceto asset
managemerthenpertainghefollowing aspects:

Seaching

The processof assetmanagemernis in duty for providing the informationabout
reusablartifactsduringthewholelife cycle of softwaredevelopmentDuringre-
quirementsanalysisthe analystusesinformationfrom the domainmodelaswell
as from the software library. This indicatesthat a pure top-dovn approachto
softwaredevelopmentby emphasizingystematiageuses not possible sinceex-
isting knowledgeaboutthe domainmay restrictthe searchspacefor the analyst.
The searchfor anassefproviding the functionality wantedmay be performedby
browsingthecontentof thelibrary aswell. Here,a clearguidancdor thesearcher
isimportant.
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Furthermorea situationmight arisewherethe analystrecognizesa missing
or wrongly definedelementin thedomainmodel. Then,he/shds responsibldor
triggeringa new domainengineeringprocesdor reflectingthe new situation(a
bottomup situation).

The main purposeof assetmanagemens to provide reusableassetsn tight
interactionwith applicationengineering.Searchingor an assetwhich provides
a solutionto her/hisrequirementsthe softwaredeveloper expressesis/herneed

in suchaway thattheretrieval systemof thereuselibrary is ableto understand.

Thisquerycaneitherbeexpressedn the sameframewvork of descriptionin which
theassetsareindexed, or it canbe conceptuallycloserto the developers way of
thinking. In addition,the candidate®btainedby a retrieval processhave to be
presentedo the softwaredeveloperin anunderstandabl®rm.

\erification

After selectingassetstheseartifactsmustbe verified to make surethat the re-

trieved assetomply with the query’s specification. If this cannotbe achieved

atfull certainty atleastthe degreeof trustworthinesan this compliancemustbe

high. A significantpartof the verificationprocesss alreadybeingperformedby

thesearclprocesstself. Anyhow, the obtainedassethave to befurtheranalyzed
very carefullywith regardto thefunctionalitybeingsearchedor.

Incorporation

After identifying andverifying an assetthe questionarises:how canthis asset
beincorporatednto the product?If the provided functionality of the asseimeets
therequirementsompletelynofunctionalmodificationis necessargndtheasset
canbe usedasa black box (verbatim,“asis”)3. If the requirementgremetonly
partially, modificationshave to be performed.Suchassetfhiave to undego arigid
quality assurancectvity. This way of reuseis known as leveraged,adaptve,
portingor whiteboxreusen theliterature[72].

2.5 What is a component?

In the contet of the two-cycled softwaredevelopmentprocessdescribedn sec-
tion 2.3, thisthesisis locatedwithin thetechnicalpartof assemanagementThe

3If a componentshould be integratedinto a systemas black box, the retrieval mechanism
shouldnot dependon interiorsof them. This demandglug-in compatibility betweenqueryand
componenf69, 11]. Seetheglossaryfor details.
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focusis ontheprocesof reusinga certaintype of assetnamelythe components.

The generapurposeof acomponents its integrationinto a softwaresystem.
It is aspecializedorm of anasse(thegeneraterm)whichis producedluringthe
implementatiorphaseof eitherthedomainengineeringprocesgassegeneration)
or the applicationengineeringprocess(software developmentj. Although the
term components often directly associatedvith the objectorientatedparadigm
(which supportsthe building of modularsystemwell), componentsieednot be
objects[220, p 30ff].

Thereis nototally acceptedlefinitionof thetermcomponen{36]. TheNIST
reuseglossary[114] definesa componenin a very generalway asone of the
parts,eitherhardware or software,thatmake up a system.This definitionis too
broadto virtually includeall of theartifactsof adevelopmenprocesssuchastest
casessourcecodeor parametefiles. Thisleadsto the conclusiorthattheNIST’s
notion of a components equialentto thetermassetasbeingusedin this work.
Additionally, the term componenthasnot only beendevelopedwith regard to
reuse put alsofor supportingthe evolution of asystem.A highly componentized
systemis easielto maintain,sincethelocalizationof its partshasbeensimplified
andthe impactof changesreeasierto analyze whichis dueto the well defined
interfaces.

2.5.1 Components as functional entities

In [104], Hopkinsdiscussesereraldefinitionsof componentsHis usefulconclu-
sionis that

“a softwarecomponenis aphysicalpackagingf executablesoftware
with awell definedandpublishednterface”

Hopkinsfocuseson the physicalmanifestatiorof anexecutableobject(notin
the strict senseof the objectorientedparadigm) A componenmustcomplywith
acomponentnodel. Componenmodelsprovide theinfrastructureor the correct
implementatiorof components;ommunicatiorbetweerthemanddistribution of
them. Examplesor componentmodelsarethe CommonObjectRequesBroker
(CORBA), definedby the ObjectManagemenGroup,the DistributedComponent

4A componengeneratedhis way mustcomplywith acomponentalidationprocesswhichis
typically conductedn domainengineeringTherefore a application-engineering-gengedcom-
ponentis mostoftenfed into thedomainpreparatiorprocessstepof domainengineering.
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ObjectModel (DCOM) from Microsoft,andthe EnterpriselavaBeangEJB)from
SunMicrosystemg121,209]. A very similar definitioncanbefoundin thebook
of Szyperski220], who saysthat“softwae componentsre binary unitsof inde-
pendenfroduction,acquisition,and deploymenthat interact to form a (part of
a) functioningsysteni. In addition,this definition stresseshe executability the
closenesgat leastvia the useasbinary packagesandthe accessibilityvia inter-
facesof components Additionally, it hasbeenstressedhat componentsio not
have a perseexistencebut form a building block of largersystems.

A setof definitionsfor componentss provided by Brown et. al. in [37] as
well. The authorscollecteddefinitionscommonin researchand practice. Al-
thoughfocusingon differentaspectsthey stressthe importanceof an interface
specification The knowledgeaboutthe structureandfunctionality of a compo-
nentmay be accessibl@r not, but theinterfacemustbe definedexplicitly, which
includesa completdist of the servicegprovidedandhow to accesshem,generic
dependenciegsr possibleerrorconditions.Therefore animportantfinding of the
authorss thatcomponentsireinseparablérom architectureln accordancevith
theinitial statemenbf the currentsection,Brown and his co-authorsclaim that
objectorientationis neithera necessaryor asufficient preconditiorfor realizing
components.However, objecttechnologymakesthe taskto implementcompo-
nentseasierdueto packagesinterfacedefinitionsandgenericity It is therefore
oftendirectly associateavith componentechnology Dueto theirrigid interface
specificationcomponentdhave clearly definedaccesgoints, which is an prop-
erty enablingits reusability However, componentassuchdo not automatically
make a reusablebuilding block (a factwhich s true for objectorientatedclasses
aswell).

2.5.2 Components as abstraction vehicles

The term componenis importantin the field of softwae architectures too. In
generalsoftwarearchitecturesrea meando capturetheoverall structuralayout
of asystenonahighlevel,accompaniedith principlesandguidelinesggoverning
the systems$ designandevolution [49]. Certainstylesfor laying out a systemare
identified, suchas pipe-and-filterstructuresjayers,event-basedcommunication
structuresclient-serer, or object-orientatedhteraction[82]. The basicbuilding
elementdor establishingarchitecturesirecomponentandconnectos.

A componen{dependingnthearchitecturaktyle,synorymsfor components
arefilter, object,process)s understoodasa functional(domain)entity linkedto

21



22

Reuse Context

othercomponent®y connectorsConnectorsareinterpretedas‘uses’or “passes-
data-to0”[19] relations.Architecturalcomponentsjependingnthearchitectures
style, mainly sene asa meando separateoncernsandto abstracfrom the sub-
systemawhich wererepresentetdy them. Oneof the main purpose®f architec-
turesisto providethedesignewwith guidelinego reducehecompleity of thetask
of assemblinggomponentsComponentsn thatsensearelarge grainsubsystems
andthearchitecturedescribegheir interactionin thatspecificcontext. Hence,no
completedescriptionof the componens behaior is provided and presentedn
the interfacedescription. But completebehaioral descriptionsare essentiafor
making componentseusable! An architecturacomponenis thusnot reusable
perse.

This conclusiorwasdravn in [81] aswell, wherethe authorsdescribeobsta-
clesto be overcomeby nawely putting architecturacomponentsogether The
main obsenation turnedout to be that their componentfCOTS e.g. an object
orienteddatabasaystema framework for building graphicaleditors,etc.),which
weregenerallyreusableassumeaoo muchcontext in the form of infrastructure,
integration,andinvocation sothattheconsequentlyntroducednutualdependen-
ciescouldnotberesoled.

Up to now, noneof the views of componentprimarily stresseshe aspectof
reusability Thisview is discussedh thefollowing section.

2.5.3 Components as reusab le building blocks

BertrandMeyer [143] focusesn the (re)useof softwarecomponentsinddefines
themasprogrammingelementswith thefollowing properties:

Elementanay beusedby otherprogramelementgclients),and
Clientsandtheir authorsdo not needto be known to the elements authors.

The first property excludes software, which builds a completeand self-
containedsystem.As anexample,aword processqwhenusedby a persondoes
not have componenproperty but if it is built into ahumanresourcenanagement
systemfor enteringreports,the term componenis usedcorrectly The sameis
true for embeddedoftware, which cannotbe considerech component.A piece
of softwaredirectly controlling hardwareis too specificasto be usedin another
contet without having beensubstantiallynodified.

The secondoropertyexcludesa simplesubroutinecall, which canbe seenas

reusingfunctionality; but dueto its ad-hocproperty sucharoutineis not consid-
ereda component.A componenshouldhave the potentialto be usedby other
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programmeraswell which canonly bethe casef its interfaceandervironment-
dependenciearevery well designecanddocumented.

In Meyer’s opinion,componentsnay be functions,modulespbjects,or clus-
ters of objects;they may either appearin the form of a sourcecodeor in an
executablestate Assetsdrom therequirementphaseor analysigphasetestdocu-
mentsandtestcasesarenotreferedto ascomponentssincetheseproductscannot
be usedby clientsdirectly. Componentsirebuilding blocksproviding important
functionalitiesfor asystem A “true” components usableby softwaredevelopers
who build new systemsawhich arenot foreseerby the componens author This
purposeshiftsthetermcomponento thefield of reuseagain.

A four dimensionatlassificationframevork

Meyer classifiescomponentsaccordingo thefour facetsof softwae processab-
straction, integration, and accessibility Although he speaksof objectoriented
componentdhis classificatioris notbasedn the objectorientedpropertiesandit

Is alsosuitablefor theimperatve paradigm Here,thecharacteristicsf thefacets
areprovided:

The softwake processfacetdeterminesn which phaseof a software process
thecomponentanbe used.This rangedrom the analysisphaseto the design
andtheimplementatiorphase.Pleasenote,that Meyer doesnot considertest
casesascomponentswhich excludessubsequenthase®f the softwaredevel-
opmentprocesgrom his framework. Furthermorethis facetexplicitly stresses
componentsvhich arenot programmingelements!

The level of abstraction describeghe componentaccordingto its degree of
generality Differentviews are consideredyhich arefunctionalabstractions
groupsof relatedelementsdata abstactions framevorks or systemabstrac-
tions A functionalabstractionss the representationf a self-containedunc-
tionality representethy subroutinesor functionswhich areknown from tradi-
tional softwarelibraries. A groupingis a setof gatheredandarbitrarily related
elements.Dataabstractionsnay be datacapsulesn imperatve language®or
classesn objectorientedlanguagescovering a dataentity. A higherlevel of
abstractions achiezedthroughframevorks,which have to beusedaccordingo
asetof rules. Thehighestlevel of abstractions achiezed by the useof coarse-
grainedbinarycomponentsDueto thematurityof objectorientatedechnology
they areavailableon the basisof COM, CORBA, or JavaBeansarchitectures.
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The level of integration refersto the point in time whena components inte-
gratedinto a softwaresystem. Meyer identifiesthreedifferentpointsin time:
staticexecutionrefersto theintegrationduringcompiletime or link time (they
arenot changeablavithout a recompile) replaceablecomponentarealsoin-
tegratedduring compile or link time, but with a certaindynamicvariability,
anddynamiccomponentswhich areintegratedduring the executiontime of a
system.

The level of accessibilityderivesfrom the form in which the componentsare
availableto the developers.Here,threedifferentmodescanbeidentified: Ac-
cessthroughinterfacedescriptionsyvhereno sources available. Sourcecode
accesnly, wherethe developerhasto understandhe codein detail in or-
derto determindts functionality Informationhiding is given,whenaccesss
providedthroughtheinterfaceandadditionallythe sourcecodeis availablefor
inspectiondiscussiorandcorrection.A compressediew of the classification
schemas showvnin table2.1.

Facets
Process Abstraction | Integration | Accessibility
analysis functional static interfaceonly
design grouping replaceable| sourceonly
implementation data dynamic informationhiding
framework
system

Table2.1: A four-dimensionatomponentlassificatiorframenork [143]

A threedimensionatlassificationframewvork

A muchsimplerframewvork is presentedy Thomasor{221]. He placescompo-
nentsinto a threedimensionatlassificatiorspacewith thedimensionglefinedas
distribution, modularity, andindependencef platformor language. A software
componentanbelocateddueto theabsencef acertainfeature(0) orits presence
(1). In thatsensea monolithicsystemis rated[0,0,0], sinceit is non-distriluted,

SMeyer refersto this strataaslevel of execution which in our opinionis a misleadingterm,
since not the executionitself but the point in time when a componentis addedto a systems
functionalityis of interest.
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non-modulamanddependentn a certainplatform. A CORBA components dis-
tributed. However, the implementations often platform dependentleadingto a
rating of [1,1,0]. The binary scalecanbe extendedto a discreteor continuous
one.However, thenthe semanticdor a ratinghave to be definedcarefully, which
malesthis extensionratherdifficult.

To summarizethe discussioraboutthe natureof componentst canbe said,
thattherearea variety of opinionsanddefinitionsin literature,dependingn the
starting point and goal of the authors. Hence,not all assetdeclaredas com-
ponentsare reusable.In this work, a componenis consideredh productof the
iImplementatiorphaseof the software lifecycle which canbe directly usedasa
building block to beintegratedin morethanonesoftwaresystems.

2.6 Summary

In this chapterthe main motivation behindinvestigatingsoftwarereusehasbeen
discussed.We identified organizationaland manayerial challengesaswell as
tedhnical ones. Although the demandfor reusablebuilding blocks was already
realizeda long time ago,mary issuesemainopen. An importantfinding is, that
reusedoesnot happenper se: It mustbe embeddednto the whole softwarede-
velopmentorganization. We stressedhe importanceof differentiatingbetween
developmentvith reuse(applicationengineeringanddevelopmenfor reuse(do-
main engineering and highlightedaspectdo make it clear thattheseprocesses
arenotindependendf eachother The chaptercloseswith adiscussioraboutthe
natureof areusablecomponent

The next sectionfocuseson problemsand challengesvhich arisefrom the
two-cycled software procesanodel presentedn this chapter Thesechallenges
leadto the mainquestionghis work dealswith.
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Problem Description

3.1 Cognitive diff erences in asset descriptions

In ourwork we focusonthesupportof componenteuse.In generaltheexistence
of areusdibrary is akey factorto succes$or componenteuse.Thislibrary must
be populatedby assetswhich are usefulfor the applicationengineer Without a
library of valuableassetscomponenteusecannottake place.

Fromthe domainengineers point of view, a reuselibrary is the place,where
therepositorymanageputsin agenerateédssetFromtheapplicationengineers
perspectie, thereusdibrary is the place,from which he/shegetsbuilding blocks
for the currentdevelopmentin progress.Both groupsof engineersanwork in-
dependentlyvithout affectingeachother Thereareno formal rules,which guide
developersn producingassetescriptionsandthe abstractiorhierarchyanappli-
cationengineets building (in his mind) doesnot necessarilyeflectthe domain
engineers perspectie. Furthermoreasit is clearlyobsenablein mary libraries,
anidenticalconcepis oftenrepresenteth substantiallydifferentways[8]. As an
example,considerthe hierarchicalclassificationof collectioncomponentsn the
repositorieof the objectorienteddevelopmensystem®f SMALLTALK andEIF-
FEL: They arecompletelydifferent. Figure3.1 on thefollowing pageshows the
VisualWbrks Smalltalk’s collection hierarchyin contrastto the ISE EiffelBase$
collection([8, page9]). Althoughbothhierarchieslassifythe sameabstractlata
type conceptwithin the samedomain,their structurels designedrery differently.
Not eventhe abstractdatatype’s namesareidentically andonly basicstructures
canbemappedo eachothereasily(althoughit is ratherunlikely, thatthey really
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behaeidentically).

Smalltalk's Collection Hierarchy  EiffelBase's Collection Hierarchy

... Collection *------ Container
=--------- Sequenceable_Collection :

rrrrrrrrr Linked_List
i------- Array_Collection
: rrrrrrrrr Array

Broceeoes Intervall

rrrrrrrrr Ordered_Collection
e Sorted_Collection

,,,,,,,,, Bag
i ---Mapped_Collection :
L Subset
,,,,, ----- Set 3
| N ----+---- Traversable
-1~ Dictionary 3 i i
o ot Dictonaty frovseeees Hlerarchlcal
————— Linear
“eeero--- Bilinear
Leeeepenes Sequence
,,,,,,,,,, Chain
,,,,,,,,,, List
t......... Dynamic_List
LSS Linked_list

Figure3.1: Abstractionvariantsin componentibraries

This leadsto the situation,that the componentsn the library are described
differently This differencemight pertainto the structure the interface,the con-
straintson input and output, performanceneeds or the behaior of the compo-
nents.Therefore the domainengineemay not anticipatethe expectationf the
applicationengineer leadingto a conceptuaimismatchin judging the compo-
nents placein the conceptuakpaceof the applicationengineer The following
quotationof Reifer perfectlydescribeghis problemof anuser(applicationengi-
neer)searchingor anassetHe claimsthat

“ ... uses musthavesomewayto judge theworth of theassetsYou
mustmale sure that the assetsavailableprovidethe capabilitiesthat
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your uses both needand want. Finally, you mustmale it easyfor
potentialusessto find andaccesghingsof value’ [195, page9]

Dueto thevirtual natureof software,understanding is in any caseacomple
task[66]. This work is concernedvith closingthe gapbetweernthe behaior of
acomponenandthe descriptiona searchefuser applicationengineerproduces
to epitomizethis behaior for a successfukearch. The next sectiondiscusses
in detailthe aspectsausingthesedifferencesetweenan asset description,jts
behaior anda queryfor it.

3.2 Challeng es due to conceptual mismatc hes

This sectionis concernedvith the identificationof specificaspectof the diver
gencen theview of domainandapplicationengineersThediscussiorleadsinto
anumberof challenges designeiof ansoftwareretrieval systemmustovercome
to establishsuccessfubssemanagementThe orderin which the challengesre
presentedioesnotimply any weighting,sincethepriority depend®nthespecific
context of thesoftwaredevelopment.

3.2.1 Seamless suppor t for systematic reuse

In the reusecentricprocessmodelfor systematiaeuse presentedn section2.3
on pagelO0, both processesanbe architecturedndependentlyFor example,the
domainengineeringorocessmay be iteratve which emphasizesapid prototyp-
ing [165], whereasthe applicationengineeringprocessmay adhereto a spiral
model[28] to reducerisks. As a consequenceheview onthe purposeof acom-
ponentis differentaswell. To generataeusableassetsa domainengineemust
anticipatefuture needs: Hence,she/heis interestedn generatingor acquiring
reusableassetsvhichare[109, pagel18]

generalto beusablen avarietyof applications),
canonicalto enhanceinderstandabilitypy standardizedformats),
variableandcustomizabld€to easantegrationandadaption).

Application engineeron the otherhandare interestedn specificsolutions
within theapplicationdomain.Theassetshey needmust

provide the solutionfor therequiredneed,
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behae correctly and
run efficiently onthe currentplatform.

Describinga componenmeansto producean epitomeof its characteristics.
What a “characteristicfeaturereally is, dependson the focus of the describer
Hence,it is very likely the descriptionof the characteristicef a certaincompo-
nentdifferssubstantiallyif producedy thedomainengineeor by theapplication
engineerAs aconsequencealthoughacomponenis availableandthoroughlyde-
scribed theapplicationengineemperforminga searchmight missa suitablepiece
of software.

Domain
Engineering

Generation

N %
Service Library
Preparation Management

Operations & ‘
Maintenance

Figure3.2: Theproblemcontext of thiswork

In figure 3.2 the problemspaceof this work is placedwithin the two-cycled
software developmentprocessof Reifer (presentedn section2.3). It is located
within its technicalpart,theassetmanagemengndconcentratesen aspect®f or-
ganizingthereusdibrary, servicepreparatiorandlibrary managementlthough
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domainengineeringandapplicationengineeringarelogically separatedyothrest
uponthe samepremises:the meaningof the componens descriptionanustbe
interpretedn exactly the sameway. This doesnotimply thatboth groupsmust
understandhe entiretyof a descriptionsincetheir focal pointsaredivergent.

Furthermorethisunderstandingasto beindependentrom technicalandcul-
tural circumstancesThedescriptionof the assetsuchobtainedhave to fulfill the
following requirements:

Thedomainengineeshouldbeableto obtainor generatéhedescriptioreasily

Theapplicationrengineemustbeableto understandhedescriptiorwithoutthe
needfor extensve training.

Theintegrationof thesearchmethodbasedn thedescriptioninto theworking
environmentof theapplicationengineemustbe seamless.

Thelibrarianshouldbe ableto producedescriptionsn isolationwhosequality
Is equivalentto descriptiongroducedy domainengineers.

Theadministratiorof the descriptiormustbe effective andmaintenancef the
reusdibrary shouldnotbe hamperedy thedescriptiortechnique.

Theserequirementsriginatefrom a commongroundwhich canbe subsumedby
thefollowing challenge:

Challengel: How canpeopleworking in the context of decoupledsoftwarede-
velopmentprocessegeneratecomponentdescriptionswhich are inter-
pretedin completelyidenticalways?

3.2.2 Suppor t for oppor tunistic reuse

Opportunisticreuse(or ad hoc reuse)is the style of integratingassetsnto new

productswithoutanexplicit emphasi®n areuseprocessHere,theresponsibility
to reuseis solelyin the handsof the applicationengineer In opportunistiaeuse,
the main tasksof the reuserafter determiningthe needfor a components to

locateit within the library andto verify, whetherthe componenteally satisfies
the requirements. At a panelon the stateof the practicein software reuseat

the1991InternationalConferencen SoftwareEngineeringMatsumotareported
thatalthoughmostoftenthenumberof assetsn adomainspecificlibrary doesnot

exceedafew hundredccomponentsapplicationrengineer®nly useasmallfraction

of themwithout trying to exploretherestof thelibrary [74] for furtherbenefits.

In [229], the authorsrecognizethat basedon the experiencewith a certain
softwarelibrary, applicationengineersccessts contentin threemodes:
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Reuse-by-memaryherethe developerknows by previous experiencefrom
theexistenceof acomponentThiscomponents reusedrery often,evenwith-
outthe supportof a softwarelibrary.

Reuse-byecall, where applicationengineersvaguelyknow aboutthe exis-
tenceof a componentithout rememberingletails. Here, successs deter
minedby aneffective retrieval mechanism.

Reuse-by-anticipatigrwhereapplicationengineeronly anticipatethe exis-
tenceof a component.In this case the availability of a softwarelibrary mo-
tivatesthe search.Consequentlyif a componenproviding the functionality
searchedor cannotbefoundwithin shorttime, theapplicationengineegives
up.

Whereaghe first two accessnodesareinherentto opportunisticreuse the third

modeis the key to bridge the gap betweenopportunisticand systematiaeuse.
Here,the key to successs to corvincethe applicationengineersthatindeedthe
searchfor acomponentn thelibrary is effective, andthatthe reuseprocesdoes
notinterruptthe development. A seamlessntegrationof reuseprocessesspe-
cially thesearchandbrowseactuities, into thedevelopmentprocesss important.
JamedNeighborsstatesthatoneof the mainhindrancesn usingreusetechnolo-
gies(libraries)is to understandheasses abstractiorj162, page8]. He saysthat

“ ... if we could provide a schemewhele someof this burden (of
usingthe library) were shiftedbad to the author/abstactor thenit
wouldhavea significantimpact.

To do so, the developermustbe supportedoy reuse-centeredoftware develop-
menttools[229, 230 231,39, 106, 38,100.

An otherimportantfindingis, thatvery oftenthedeveloperis notableto spec-
ify therequirementsor acomponengxactly. This uncertaintycanbe dealtwith
by applyingtwo approaches:

Thematchingmechanisnallows fuzzy querymatching[111, 57, 198, where
the distancebetweenquery representatiorand assetrepresentations com-
puted.

The software library systemitself is usedas a interrogationtool. This can
be accomplishedy browsing the library andin doing so, offering decision
support68, 180, 87].
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Theissuegaisedheredealwith the questionof makingreuse‘natural” to the
applicationengineein suchaway thatshe/heneednotthink aboutreusepecause
it is partof theevery daylife. Thisleadsusto the next challenge:

Challenge2: How canasearchechniquesupportanapplicationrengineein such
away thatshe/hedoesnt needextensvetrainingto accessherepository
effectively?

3.2.3 Maintainance and Search Suppor t

Whena domainengineerprovidesthe library with an assether/hismain taskis
alreadyaccomplishe@tthis pointin time. Thedomainengineers notaspecialist
in producingpreciseandnon-ambiguouslescriptionof theasset behaior. This
is thetaskof a specializecagent,the librarian, which might be a trainedhuman,
or a softwareagent. Basedon the understandingf the librarian andthe admin-
istrationneedgindexing andmaintainingthelibrary) anabstractions generated,
which shouldrepresenthe mostimportantandmostsignificantdetailsaboutthe
assetn understandabl®rm. Supportingadministratve needsandproviding cor-
rectabstractiongsregoals,which arepotentialtrade-ofs!

On the otherhand,the applicationengineer(the developer)is a specialistin
understandingpplicationdomainproblemsandto solvethemin providing atech-
nical solutionto it. Whentheapplicationengineeisearche$or anassetalthough
not beingspecializedn it, she/hehasto generatea representate abstractiorof
the solutionto formulatea queryaswell.

The difficulty of providing the correctabstractionstemsfrom the different
views onto componentandtheir purpose. Theseviews are different, sincethe
processor domainengineeringand applicationengineeringsare orthogonalto
eachother whichis expressvely depictedn the processverview of section2.3.
In figure 3.3 on the next pagethe problemof differentabstractionsappliedfrom
differentviewpointsis shawvn, a view which wasalreadydiscussedn [155]%.

A queryleadsto the taskof matchingtwo kinds of representationsT hefirst
oneis the abstractiorof the assetesidingin the softwarelibrary, the secondone
is the abstractiorof a solutionof a specificapplicationengineers development
problem. The question,if the solutionitself is conceptuakorrectis important

LA verysimilarview ontothe problemof queryformalizationandclassifyingreusablecompo-
nentscanbefoundin thework of Albrechtser[3] aswell.

33



Problem Description
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Figure3.3: Differentconcepiabstractiongn componentetrieval [155]

(thearrown from the problemto the solutionin the developers problemspacen
figure 3.3), but it is not discussedt this work. However, it is worth to mention,
that the designof a solutionandto develop a representatiomf it brings more
uncertaintyto the overall abstractiorprocess.

A matchingwithin the query spaceis performedon the basisof the respec-
tive abstractiorrepresentationsWhat is really intendedis not a representation
match but aconceptuamatch,introducingtheneedfor aflexible queryingmech-
anism[70]. Thereforethe next challengesvhich mustbesolved,is thefollowing

Challenge3: How canadescribebesupportedn producingastabledescription
which allows

to index andmaintaina library withoutlosingthe descriptions expres-
sivenesgconceptyand
to performeffective searches thequeryspace?

3.2.4 Obtaining descriptions automaticall y

Domainengineer&now very exactly whatfunctionalitytheimplementedcompo-
nentperforms hencepthermember®f thesamedevelopmenteammaydescribe
the samefunctionality differently This is dueto differentlanguagecapabilities,
differentconcernsdifferentvantagepoints,or the effort spentto producethede-

scription.
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E.g., considerthe following statementslescribinga procedureperforminga
bubblesort.

“This is a bubble sort algorithm that repeatedlyscans adjacent pairs of
itemsin an array seggmentfrom one location (front) to another (end). It
interchanges those items that are found to be out of order The array
capacity[1 ... num_of rooms] is sortedin ascendingorder by re-
peatedlyplacingthe maximuntowardsthe endof the scannedsegment’ [15]

Thefollowing quotationis takenfrom atextbookfor standardalgorithms[208,
p 100]: “An elementangortingmethod . . isbubblesort keeppassinghrough
the file, exchangingadjacentelementsjf necessarywhenno exchangesare
requiredon somepassthefile is sorted’

Sincethe specificpropertyof bubblesortis its badtime complity, this could
be partof adescriptionaswell: “Time compleity O(n?) is achievedby repeat-
edlyexchangingadjacentitemsuntil thearray is sorted

It is noteasyto recognizehatthesestatementaredescribinghe samealgorithm
andit is impossibleto verify whetherthe suchpresentedunctionalityis identical.
A sort of standardizatiorior componentdescriptionsshouldhelp to smoothen
individual differences.

On the otherhand,documentations a labourintensve task. A developerof
a pieceof softwareis no documentatiorspecialist. Then,writing the description
Is considere@nnging not creatve andthequality of theresultmightsuffer from
that. Therefore ananalysisautomaticallyautomaticallyto producesomesort of
descriptionsvould unburdendevelopersanddocumentatiorspecialists.

Both reasonsnentionechereleadto thefollowing

Challenge4: How cancomponentlescriptionsvhichpreciselyreflecttheirfunc-
tionality begeneratecutomatically?

3.2.5 Considering globall y distrib uted software develop-
ment

When software is developedin one location, the diversificationof specialized
teamsregardingdomainengineeringandapplicationengineeringcanbe compen-
satedbecausef the vicinity of thesegroups. For a large enterprisedeveloping
softwarecaninvolve severalorganizationsandmary teamsat differentlocations,
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who almostnever meetphysically Neverthelessthey must shareinformation
and exchangecomponentsacrossdifferent environmentsand networks. Soft-
ware engineeringover the internetbecomesa commonway of developingsoft-
ware[98, 80,136, 176. As aconsequenceeamsarenotonly locally dispersed,
but they work in differenttechnicaland cultural contets. This leadsto differ-
entstylesof acomponens descriptiondependingn education|ocal habitsand
languageabilities.

Theinternetassoftwaredevelopingplatformplaysafurtherrolein thecontext
of thiswork. Vendorsoffer componentsvorldwidein alargenumberassolutions
for specificproblems[225]. With an vastamountof (even specializedompo-
nentseasilyavailable over the internet[207], therole of a precisedescriptionof
the componens behaior playsanimportantrole. Thisis evenmoreimportant,
if the componentanbe judgedon the basisof its documentatioronly without
giving the potentialreuserthe opportunityto take alook atits sourcecode.

Thequestionsaisedhereleadusto

Challenge5: How canit be ensuredthat a componens descriptiononly de-
pendsonits functionality, regardlesghe describers personalsocial,and
culturalcontet?

3.2.6 Preventing effects of natural langua ge ambiguities

Mosttechniquedor describingthe behaior of anassetrebasedn naturallan-

guage.Naturallanguagas inherentlyambiguoud15] dueto the lack of arigid

formal foundationof the semantics.If a components not abstractedn a well-

definedbasis the descriptioncanoftenbe asdifficult to understanésthe source
codeof the componenitself. Therebythe cognitive distanceis increased122,

pagel48]. Thisis thenext challenge:

Challenge6: How can a componentbe describednon-ambiguouslyin a way
whichis naturalfor softwaredevelopers?

3.2.7 Dominance of precision

In informationretrieval two importantmeasuresor the performanceof a search
basedn the judgmentof usersarecommon[204, 13]:
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Precision is theratio of retrieveddocumentsvhich arerelevantto thedocuments
which hasbeenretrieved. It is definedas
Numberof relevantitemsretrievedby the search

Precision= . - :
Total numberof itemsretrieved by the search

Recall istheratio of relevantdocumentsetrieveddocumentso therelevantdoc-
umentsexisting in thedocumenbasis.lt is definedas

Numberof relevantitemsretrievedby the search

Recall= . - .
Total numberof relevantitemsin the searclspace

Theaccurag of thesemeasureslepend®n the knowledgeaboutthe number
of relevantitemsin the retrieved candidatesetandaboutthe numberof relevant
itemsexisting in the softwarelibrary. The majority of the softwareretrieval ap-
proacheddiscussedn the literatureup to now are stressingthe importanceof
recall [147]. This s justifiedif only a small numberof candidatecomponents
is availablein the library. With the situationdescribedabore, wherean alun-
danceof componentss given, high recallis not important. Nowadayssoftware
is available via the internetand a very large numberof componentshich are
developedsomavherein the world [80, 207,225 offer similar functionality In
suchsituationsprecisionbecomesnuch more importantthanrecall [155]. If a
applicationengineeretrievesa smallnumberof high quality componentsvhich
fit hisneedsshe/hadoesnotbothermuchaboutcomponentsissedn thesearch.
Theimportantquestionthenis to verify, whetherthe candidatesets components
areworthwhileto be examinedfurther, which leadsusto thefollowing challenge:

Challenge7: How canareusewerify quickly, whethercomponentbehaein an
unexpectedwvay?

3.3 Summary

The currentchapterdealtwith thetechnicalaspecbf componentescriptionand

componentetrieval. We identifiedvariousconceptuathallengego be solved by

a retrieval technique.All of themcanbe attributedto the problemof correctly
describingeusableomponentandinterpretingthesedescriptionsFurthermore,
requirementareidentified,which hasto be met,if aretrieval solutionshouldbe

successful.



38

Problem Description

In the next chapterwe discussalreadyexisting softwareretrieval approaches
andinvestigateo whichextendthey provide solutionsfor theidentifiedchallenges
andwheredo they not help.

We tacklethe challengegnumeratedherein the sectionss and7, wherenewn
methoddor automaticallygeneratingcomponentescriptionare proposed How
eachchallengds solvedin detailby this methodss discussedh section8.
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Related Work

In this chaptera shortovervievw of componentetrieval techniquess presented
andtheir conceptsaandadwantagesesp.dravbacksarediscussedThis not at all
a completesurwey, becauseave do look only on methodswhich allow for classi-
fication andretrieval andwhich arerelatedto the problemcontext of this work
(presentedh section3).

If oneis interestedn a more completesurvey on componentetrieval tech-
niquesthe papersof FrakesandGandel[76], Krueger[122] andMili et.al.[147]
arerecommendedsgoodstartingpoints.

4.1 Information Retrieval

Informationretrieval (IR) is concerneavith matchingtheneedsf asearche(for-
mulatedasquery)againstbaseof document$13, 214. This matchis performed
by an informationretrieval system. Due to the postworld war Il evolution of
computerandtheaccompaniettemendougrowing of the numberof electronic
documentsinformationretrieval systemsare of raisingimportanceandthey use
sophisticatednechanismnto gain high recall and precision. The growing of the
internetis a further main driver of this trend. Neverthelessthe origin of these
systemsrein thetechniquedibrariansof cornventionalbooksareusing. Librar-
lanshave beenobligedto carry out bibliographicsearchesnanually They were
supportedoy meandik e card catalogue®r standardizediniversalclassification
schemedik e the Dewey DecimalClassificatior[67]. Thus,informationretrieval
focusesninformationembodiedastexts.
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IR is basedntwo mainactuities. Thefirst oneis theindexing activity, which
dealswith thetaskof computingarepresentationf the documentaswell asthe
requestsThe secondoneis theretrieval activity which is concernedvith exam-
ining the documentsand computingthe relationto itemsexpressedasa search
query But how thesetwo actwities aredistributedbetweenthe time of entering
documentsnto therepositoryandthetime enteringqueriesresp.how thesearch
actuity is performeddiffers substantiallyffrom approactio approach.

If one seesreusablecomponentstoredin a software repositoryin analogy
to documentsstoredin a library, the glanceto the field of informationretrieval
IS quite self-evzident. The next sectiondescribesnformationretrieval techniques
which areappliedto retrieve reusableeomponentsUnfortunately softwarecom-
ponentsare not texts andas a resultthis analogydoesnot hold exactly!. Infor-
mationretrieval techniqueslo not suit the needsof a componentetrieval system
completely{147].

4.1.1 Concepts

In this sectionbasictechnicalconceptdor componentetrieval basedninforma-
tion retrieval arepresente@nddiscussedlt is importantto state thattheretrieval
techniquesmplementedn mary softwarelibrary systemsare a combinationof
differentaspectgdiscussedere. Furthermorethe cateyoriespresentedare not
orthogonal . The performancef aretrieval systemmightbeenhanceda combin-
ing them,if suitable. For example,booleanqueryingcanbe appliedto an open
descriptionspaceor a setof limited keywordsaswell.

Boolean Querying

Booleanqueriesare characterizedy clear and simple semantics. Due to that
they arevery commonin retrieval systems.For componentetrieval, the starting
pointis anabstractiorof componentsn the form of naturallanguageexts. This
canbe an abstractthe documentationthe puresourcecodeor ary thereof. The
mainideais to operateon a setof abstraction®f componentghereaftercalled
index document®r for short,documentsandanalyzethe occurrencef wordsin
them. Theresultof suchoperationss anunorderedsetof candidatecomponents.

LIn additionto their applicationin the standardield, IR methodscanbe successfullyapplied
to domainswhich arenot basedon text. E.g.,dueto the well understoodstructuresof chemical
formulasor geneticcodes,very efficient retrieval systemsfor them canbe built. Nevertheless,
softwaredoesnotrevealthis exactrigidity renderinghedesignof IRs difficult for this purpose.
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In generalthe componentescriptionsarebrokeninto stringsof words,without
consideringstopwords Stopwordsaretermsof insignificantmeaning because
they occurtoo oftenin documentdarticles,prepositionsgtc.). A word is con-
tainedin adocumentif its stringis containedn it. In thebasicapproachdifferent
formsor spellingsof the sameword areconsideredsdifferentitems. In amore
adwvancedapproachsynoryms or flection forms (so calledtermsof a worcf) are
considereciswell. Thesetof termsoccurringin adocumentepresenthis docu-
mentin theretrieval space.Every elementf this setis usedasindex termin the
retrieval system Normally, index termsareorganizedasinvertedlists [89], where
for every termthe setof documentss stored,in whichthistermoccurs.

A simplequeryfor setof documentgontainingatermis performedby locat-
ing it in theinvertedlist andpresentinghesetof associatedocumentsComplec
queriesare constructedoy combiningsimple queries(A, B) in sucha way that
they areconnectedvith theboolearoperators\, v or —. Thisis realizedby com-
putngAA BasANB, AV BasAU B and—-A asD \ A, whereD is the
setcontainingall documentsFurtherrefinementsanbeachiezedby introducing
relationaloperatorgor numericalterms(e.g.< or >) or positionaloperators.g.
for stringsthe operatorsNEARor WITHIN.

Natural langua ge based analysis
Stemming

Although booleanquery mechanismsre very efficient, mary mismatchesnay
occur Thisis dueto thefact, thatthe techniquerestson naturallanguageerms.
Obviously, the possiblydifferentforms of words causeproblems. A major im-
provements to reduceindex termsto their radicalwords(a processiamedstem-
ming), for exampleby eliminatingplural forms.

For ahighly regularlanguagepatternbasedstemmingendersrery effective.
To do so, a setof rulesanda setof exceptionsto them, automaticallyreduces
termsto their stems. Sucha rule for Englishstemmingmay be “IES” — “Y”,
which eliminatesmary plural forms.

If alanguages subjectto ahigh degreeof irregularities(e.g.German) pattern
basedstemmingon the basisof charactersubstitutionis not effective. In such

2Thisapproacttanbeseenastheinversionof stemmingvhichis presentedh thenext section.
Thenotiontermis normallynotusedin thatsensen linguistics,however, asbooleanqueryinghas
its backgroundn logics,theterminologycomesfrom there.
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casesalexiconbasedapproachs moreadequatewheretermsarelookedupin a
dictionary Althoughlexiconbasedsystemsncountedifficultieswith homoryms
and synoryms and are more costly than patternbasedstemmingsystems they
performbetter

Keyword restriction.

In the simplenaturallanguagebasedapproactvirtually any termof it is element
of the descriptionspacg minusstopwords)canbe assignedo documentsif the
domainof the applicationis stableandno future extensionsare anticipatedthis

large and openspacecan be reducedto a narrav setof keywords. This setof

keywordsis fixed andthe descriptionandthe querytermsmustbe selectedrom

it only.

Keywords enablea simple descriptionof an asset. However, the reduction
to a muchsimplerdescriptorbaseis a domainabstractionprocesswheresome
ability to expressnformationis lost. Thepersorassigningkeywordsto anassets
limited in describingheparticularitiesof thecomponentTheconsequencef this
may be a inadequater incompleteassignmenbr (to overcomethe restrictions)
assignedeywordswhichdo nothit thetargetdirectly. Both resultin amisleading
abstractiorof thecomponenthamperinga successfusearcHor it.

Classification.

Classificationis the processof structuringitemsaccordingto a formal schema.
The resultingschemaalso called classificationyeflectsone possibleview onto
the setof items. As this reflectsthe orderingof physicalitemsvery well, clas-
sificationis the primary indexing methodfor booksin a library. The mainidea
IS to structurea setof itemshierarchicallyinto subsetsywhereeachlevel of the
hierarchyrepresents certaingranularityof generalizationDue to the natureof
items,this is no easytask.Lung andUrbanstate thatthe majorproblemwith the
hierarchicalclassificatiorschemegon high level or low level) is their inflexibil-
ity [133, 171]. Hence,if all subsetsaredisjunct,the classificationcanbe easily
performedandleadsto a mono-hierarchicastructure.But if it is possiblefor an
item to be memberof more than one class,the classificationresultsin a poly-
hierarchicaktructure Henninge96] remarled,thatevenin well understooénd
ostensiblenaturallylooking domainslik e biological taxonomiesmorethanone
classificationstructureis necessaryo satisfyall needsfor researchers natural
sciences.
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On the basisof a classificationthe processof searchings performedmostly
in browsing the hierarchyfor matchingcomponents.This is effective whenthe
viewpoint of the classifications conceptuallynearto the searcherFor example,
if the classificatiorof softwarecomponentss basedon the viewpoint of locality
of production(continent,country enterprisedepartmenty searchfor a certain
functionality cannotbe supported On the otherhand,if this searchis performed
to judgelegal implications,the proposedtlassificatiorschemanight bethe most
effective one.

Thesaurus.

A thesauruss astructurectcollectionof naturallanguagetemsandtheirrelations.
Relationsareof differenttypes:

broaderto statethatanitemis moregenerathananotherone;
narrower, if anitemis thespecializatiorof anotherone;
synonymif two itemsaresemanticallyequal,

related if two itemsaresemanticallynear;

antonymif anitemis hasthe oppositemeaningof anothertem.

Comple collectionsof itemsbasedn similar relationsaresometimegalledon-
tologies

In thethesauru®asedapproacha well definedsubsebf wordsof athesaurus
Is chosermascontmolled vocalulary. Itemsof this vocalulary sene asdescriptors
for componentsindonly they areallowedto characterizeomponentsDueto the
underlyingthesaurusurtherwordsarelinkedto the descriptorsautomatically If
a searcheenterssearchterms,thesetermsare matchedagainstdescriptors.The
searchemayrelaxthe queriesby allowing broadernarraver terms,or synoryms
searchedor, atechniquenhichis calledqueryexpansion

Vector space model

Besidebooleansearchthe vectorspacemodelis the mostimportantinformation
retrieval technique.For this approachdocumentsarerepresentetby descriptve
vectors. On the basisof thesevectorsthe similarity or the differencebetween
documentscan be computedeasily [202]. Starting from a set of documents
D = {d,...,d,} andasetof index termsT = {t,...,t,} every document
d; is describedby its documentvectorv; = (w;,,...,w;, ). Eachentryin the
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vectorlist is calledaweight w;; € R describingheimportanceof anentryin the
vectorfor adocument.Thereexist mary variantsfor the computatiorof weights,
dependingnlocalor globaltermfrequencie$213,201]. As anexampleconsider
anindex termvectorof theform¢ = (ACID, abstractAda,. . ., class, .., cyclic).

A descriptionfor an Ada component: with objectorientedfeaturesmay bethen
expressedisc = (0.0,0.9,1.0,...,0.7,...,0.0).

To querythe documentbase,the searchehasto definea queryvectorg =
(¢1,-..,q,) fromR"™. To performa matchbetweerthe queryq anda document
vectorv, thesimilarity is calculateds : R* x R® — R. Thereis roomfor much
iImprovementin the vectorspacemodel. First, is is very likely thatmostof the
weightsof documentvectorsare0, sincenormally the setof index termsis very
numerousvhich leadsto vectorswith a large numberof dimensions.To avoid a
large list with mostof its entriesto be zero,the invertedlist technique[89] can
be appliedhere,too. Eachdescriptorentryis storedasanindex key. In addition
to the componentgheir weightsare storedasindex entries,too. In thatway a
searchresultcanberankedaccordingo therelevanceof theretrievedcomponent.
Furtherrefinementdor improving the efficiency of indexing structurescan be
foundin [13, 89].

4.1.2 Information retrie val reuse systems

Most commercialcomponentetrieval systemsare basedon one or a combina-
tion of mary differentinformationretrieval techniques.RubenPrieto-Daz de-
velopedthe facetedclassificationrschemédor reusableassetsywhich canbe seen
asa combinationof the vectorspacemodel, classificationrandkeyword descrip-
tion [184,185 187]. A facetectlassificatiorschemanay consistof severalfacets
andeachfacetmay have severalterms. Facetsthemselescanbe groupedio ob-

tain a betteroverview. In table4.1 a simple schemawith threefacetsfor Unix

componentss given.

To classifya componentfrom eachfaceta termis selectedvhich describes
the componens propertybest.E.qg.,the vector(locate,characterdirectoryy may
beagoodchoicefor describinghe conceptof thecommandind . It is not pos-
sible to describea componentvith morethanonevectors(single-entrylibrary).
To supportthe userandpermita certainflexibility the facetedretrieval might be
enhancedhroughathesaurusystem.

In thesystendescribedy Prieto-Daz,whenaquerydoesnotresultin asatis-
fying answeraqueryexpansioris performedn demandf thesearcherTheaim
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action  object datastructure
get file-names  buffer
put identifiers  tree

update line-number table
append character file
check number archve
detect  expression directory
locate  entry

search  declaration
evaluate line-number
compare pattern

make

build

start

Table4.1: A simplefacetedscheméor Unix componentgtakenfrom [187])

hereis notto enlagetherestrictedsearchspacehut to searcHor similar compo-
nentsif the querydoesnot resultin a directhit. Similar componentsare candi-
datesfor white box reuse For example,if aquery(substitutebadkspace returns
no hit, a queryexpansionmay ensueto alternatves,suchas (substitute quotes,
(substituteblank), (substitutedigit), (substitutetaby), or (substitutecharacter).
Eachretrieved componenimust be analyzedfurther for a potentialadaptionto
fulfill the requiredneed.Prieto-Diazimproveshis approachy introducingcon-
ceptualdistancegraphgroviding meandgor measuringimilaritiesamongfaceted
terms. A conceptuatlistancegraphis a hierarchicalgraphwith verticesdefining
conceptandweightededgegelatingsuchconceptsConceptuadistancegraphs
supportqueryexpansionghroughdistancemeasuresor termsaswell.

A similar approachs implementedn the systemdevelopedin the ESPRIT
projectREBOOT (ReuseBasedon Object-Orientedlechniques]113,210. The
projectwasaimedatthe developmenbf anintegratedsetof methodsandtoolsto
supportre-engineeringndreuseon the whole spectrunfrom organizationabnd
manageriabspectsip to technicalaspects.The technicalnucleusis a repository
systemwith afacetedclassificatiorschemawith the four facetsabstraction op-
erations operateson, anddependencies’ hecomponentin the REBOOT system
are classifiedwithin the facetswhich are extendedwith a simplethesaurusvith
specializatiorandsynorym relations. Therelationsareweighted(so calledterm
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spac@ andthe weightsare usedfor computingthe proximity of termsto allow
fuzzy retrieval. The retrieval processs basedon the size of functionality The
main taskis up to the librarian who hasto build functionaldescriptionfrom the
componentsleliveredby theapplicationprogrammersAdditionally, thesearcher
neednot usethe classificationbasedretrieval system but may useanintegrated
softwaretool, the navigator, to browsethelibrary insteadof searching.

4.1.3 Evaluation

Fromtheviewpointof searchspaceijnformationretrieval methodgor component
retrieval systemsanbedifferentiatednto two classes:

The searchspacecan be completely unrestricted,which is the casewith
booleansearch. Here, the documentsare matchedagainstarbitrary strings
enteredy thesearcherThisapproachs successfulif thesearcheis awareof
this opensearchspaceandthereexists a commonunderstandingn the con-
sisteng of the searchspace.Sucha commongroundis givenif the domain
vocalulary doesnot offer mary variantsfor terms,e.g.in the caseof mathe-
maticalfunctions. If this assumptiordoesnot hold, the risk of anunprecise
descriptiondueto theambiguousrocalulary is high. The effectivenesof in-
dexing andsearchinghendepend®n the judgmentof the personperforming
thesetasksandnot onthe underlyingtechnique.

Theseconcalassbuildsaverynarrav searchspaceby offeringonly arestricted
vocalulary, resp.mappingtermsof the searchqueryautomaticallyto sucha
vocalulary. Thus,it is meantto avoid the inherentambiguity of naturallan-
guage.However, sincethe intentionof a searchecannotbe anticipatedyari-
oustuning optionfor the querymechanismmustbe provided, suchasbroad-
eningor narraving the query Dependingon thattuning which basedon the
understandingf theterms,theresultof suchqueriesmaydiffer substantially
The combinationof both approachess attemptedn the facetedclassifi-
cation. Dependingon new requirementsiew term canbe addedto a facetif
they donotconflictwith existingdescriptionsThis comeswith disadwantages.
Dueto the singleentry concepif the facetedschemeit is sometimeshardto
find the correctplacein it to describea componenaindthenoftenanew term
is added. If this new termis not chosenvery carefully, the facetedscheme
becomesambiguous.The user(indexer andsearcherpeedsa very clearun-
derstandingf the significanceof thefacetdimensionsandtheirvalues.In the
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literature,onecanfind variousopinionsaboutthe superiorityof oneapproach
overtheotherone[148].

In the context of globalandorganizationabistributeddevelopmentprocessede-
scribedin section3 neitherthe first nor the secondoption offers an entirely sat-
isfying solution. Both approacheseston naturallanguageand suffer therefore
from the missingrigidity of descriptions.Obviously, software canbe described
by naturallanguagebut thisis only one(oftenpartial) meando graspthe purpose
of software(which is, afterall, the utilization of knowledge[7] by executingit).
In usingnaturallanguageasbasis,mary importantfeaturesof software,suchas
exceptionscannotbedescribedn aclearandunderstandabl®rm, althoughsuch
featuresdemonstrateharacteristidoehaior. If a searchfor componentdased
on naturallanguagds performed the quality of the resultin termsof recalland
precisioncannotbe assessed:

Recallcannotbe assessedjueto the variousmeaningsof descriptorswhich
hampersheexactinterpretatiorof relevance.Ontheotherhand,mary descrip-
torsfor componentganbe missed sincewithout the evaluationof all existing
itemsin theretrieval base no calculationcanbe performed.
Precisioncannotbe assessedjueto the vaguenes®sf the abstracts.Neither
an exclusion of a componentrom the candidateset can be claimed, nor an
inclusioncanbedemanded.

Obviously, theseagumentsarevalid for mostof the techniquegresentedn
thecurrentchapter But asinformationretrieval basedeusesystemsexplicitly try
to formalize the relevancecriterion, we want to stressthe relevanceproblemat
this point.

4.2 Knowledg e Based Methods

4.2.1 Concepts

Knowledgerepresentatiomethodsseemto be adequatdor describingreusable
software components.This can be attributed to two useful propertiesof these
methodsrepresentationahdequacyandheuristicpower[76, 77):

Representationaladequacy refersto the expressvenessof the representation.

Key word lists, for example, have little representationahdequay, since
thereareno syntacticof semantiaelationshipbetweerthe keywords.
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Heuristic power refersto thelevel of logicalinferencethedescriptiorrepresen-
tationcanoffer.

The benefitclaimedfor knowvledgebasedmethodss their ability to express
differentrelationshipbetweercomponent$§s8]. This helpsto gainamoreholis-
tic understandingf thecomponentn contrasto informationretrieval methods.

Semantic nets.

A specialform of a semanticnetis appliedin AIRS[169]. The coreof the Al-
basedReuseSystemis built ontop of a numericalcase-basereasonerlt usesa
setof heuristicestimatorasdistancaneasurdetweercomponentsThedescrip-
tion aboutcomponentss storedasa setof featuregsimilar to the vectorspace
modeldescribedn section4.1.1on page43) andit is administeredn a knowl-
edgebase.Basedon suchdistancesestimatesaboutsimilaritiesof components
canbecomputed.Theauthorssuggestwo comparatofunctionsfor thatpurpose,
subsumptiomndcloseness

A component subsumesomeothercomponent€’; ..., if it is directly real-
izablefrom themwithouthaving to modify ary C;. Thiscanberealizedby either
aggre@ation(C is theaggreationof C...;) or inheritancgC is the specialization
of ary C;)%. Subsumptiorrelationsbetweencomponentsare representeas di-
rectedacgyclic graph.Eachcomponentendersasverticein thegraph,andanedge
indicateshatthe sourceverticesubsumeshe destinationvertice. The weightsof
theedgesareestimate®f the effort neededo obtainthe subsumerSubsumption
graphsestimatehow easyit is to applyblackbox reusewith givencomponents.

A component is closeto anothercomponenD, if it canberealizedoy mod-
ifying D slightly. In generalt is not possibleto judgethe effort for suchmodifi-
cationsautomaticallyandasa consequencehevalueof theclosenessomparator
depend®nthequality of theestimation.To supporthistask,theauthorspropose
a socalledfeaturegraphwhich is a representatioof featurepropertieswithin a
certaindomain. As an example,for a featureprogramminglanguage, theterms
{AssemblePascal,Lisp} aregiven. Thenanexpert,basedn her/hisknowledge
andintuition, estimates.g.the distancefrom Assembleto Pascalwith 10, and

3In general subsumptiors moreoftenassociategvith thenotionof inheritancehancomposi-
tion. Although,in the definition presentedn [169], theauthorsdo not prohibitaggreations.The
terminheritanceshouldnot confusethe reader Here,no semantic®f objectorientedprogram-
ming languagess meantbut therestrictedform of specializationelations,commonin logics.
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from Pascalto Lisp with 5. The closenesselationbetweerlLisp and Assembler
wasnot estimatedy the expert. Here,therelationclosenesgstimateshe effort
of transforminga program,written in Assembleto Pascal This informationis
thenrepresenteth afeaturegraph.

Basedon comparatorsepresentedsgraphs,distancedetweencomponents
are computedand matchingswith differentthresholdsas matchingcriteria are
possible.

A well known methodfor knowledgerepresentatiors the semantiqor asso-
ciative) net. Semantimetsareattractve, becausehey mimic the humanway of
associatinglifferentconcepts.As a structurea semantimnetis a directedcyclic
graphwith verticesrepresentingoncept@ndedgesepresentingelationshipde-
tweenconceptslt is simpleto expressknowledgewith suchgraphspecause¢he
semanticss basednthenamegandthereforeheinterpretationpf relationships.
The Codeknder tool of Henninger[95, 94] is basedn weightedassociatie nets
to handlecomponentetrieval in erwvironmentsvhereinconsistenandincomplete
indexing mustbe expected. The weightsare calculatedoy the inverse document
frequencywherelessfrequenttermsareconsidereanorediscriminatingthanof-
tenoccurringones.Additionally, semanticetsareattractvefor domainengineers
for depictingcomplex ontologieq6].

Frames.

CodeHknder is only one of two tools developedby Henningerto supportreuse.
The secondone,calledPeel (ParseandExtractEmacsLisp) is anknowledgeac-

quisitionprogramfor automaticallyanalyzingsourcetext to extractLisp function

for theEmacseditor[96]. Theinformationgathereds representeth KANDOR, a

knowledgerepresentatiolanguagebasednframed58]. A frameis adatastruc-

ture with slotsandfillers, on which inferencecan easily be performed. Frames
may be linked to otherframesby the ako (a kind of) relation,which expresses
conceptuaheighborhood. Slots may be filled with scalarvaluesor with other

framesaswell. A basicpropertyof framesis inheritancé. In sucha way, after

specifyingthate.g.SelectionSort ISA sort theframe

SelectionSort
reference . sedgewick, robert (1993), page 96
complexity : O(N log N)

4Becausef theinheritancepropertyframesareoften considerecisan objectorientedknowl-
edgerepresentatiomethod[64]
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might containfollowing informationin its expandedorm (dependingon the
shapeof framesort ):

SelectionSort

reference . sedgewick, robert (1993), page 96
complexity : O(N log N)

ako . algorithm

operation . ordering

operands . data objects

The knowledgerepresentatiolanguageK ANDOR is the form of representa-
tion usedby Devanhu etal. for theirdomainanalysigool LaSSIELarge Software
Systeml nformationEnvironment)[59] aswell. They systemwasin usefor help-
ing applicationengineersn understandingarge softwaresystemgovera million
linesof C code).LaSSIEis built uponalargeknowledgebaseasemantiaetrieval
algorithm,a naturallanguageparseranda browsinginterface.

Neural nets.

Neuralnetsare a flexible tool for different classificationtasksandthey canbe
adoptedor reolganizingsoftwarelibrariesaswell. Merkl et. al. [139, 140,141]]
useKohonens self organizingfeaturemap (SOM) [119] to detectclustersof re-
lating componentsn a softwarelibrary. A SOM is a two dimensionalgrid of
neuronsvhereall adjacenheuronsareconnectedThecomponentgaredescribed
by input vectors(seethe sectionon the vectorspacemodelon page43 for more
details). During the training phaseof the SOM a vastamountof vectorsis pre-
sentedo iteratively adapteighborhoodelations.Eachvectoris mappedo every
neuron.Theneuronwith the outputnearesto theinputvectoris thewinning one,
becausat representshe software component(expresseds the currentvector)
best. The input connectionof the winning neuronaswell asall adjacenineu-
roninput connectionareadaptedo reflectthe currentvector In sucha way, the
library is represente@sa two dimensionalgrid andrelatedcomponentappear
nearbyonthatgrid. A queryto thesoftwarelibrary is expressedsvectorandthe
neuralnet determineghe winning neuronfor thatquery This unit neednot be
mappedo a componentn thelibrary directly. But at leastthe adjacenineurons
may hold componentsyhich partly fulfill thesearcherseeds.

A similarapproachs followedin thework of [33, 34]. Here,theinherentam-
biguity of naturallanguages positively exploitedto smootherthe differencesof



Knowledge Based Methods

concepts.In contrastto othersoftwareretrieval techniqueghe systempresented
triesto getat leasta rudimentaryunderstandingf the conceptgdescribed.This
processs called“shallov conceptcomprehension” Basedon featuresselected
from the descriptiongy applyingsystemicfunctionalgrammartheory a combi-
nationof hierarchicafuzzy setss built. Theseform theknowledgebaseonwhich
a cascadeof two neuralnetworks (basedon fuzzy adaptve reasoningechnique
andfuzzy associatie memoriespperatesThe systemgepresentthe knowledge
baseasfuzzy clustersandsupportduzzy retrieval.

4.2.2 Evaluation

Knowledge basedsoftware repositorysystemsas presentecabove can be very
powerful in their domain. However, one main disadwantageis that creatingthe
knowledgebasefor arealworld problemis verylaborintensive makingtheknowl-
edgeacquisitionprocesscostly [76]. In the casesof a semi-automatidearning
processsuchasthe unsupervisedearningof neuralnets,the situationseemso
be better However, the training intensity hampersan efficient applicationfor
real world problems becauserny maintenanc®perationin the knowledgebase
needsa full (re)trainingof the netto reflectthe new situationcorrectly As acon-
sequenceknowledgebasedapproachesirerestrictedto stableandvery narrav
applicationdomaing6].

Furthermoresemanticnetsbaseon formal groundandareneverthelessery
flexible for representindkknowledge. This flexibility is dueto the useof natural
languag€for expressingoasicconcepts.This demands clearguidanceto build
and interpretthem. For example, AIRS demandghe correctestimationsof a
domainexpertfor closenessand subsumptiorrelations. Ironically, no clear se-
manticsfor suchaninterpretatioris given,leadingto the samechallengesvhich
informationretrieval methodsn generaklrefacing(Whichwasalreadydiscussed
in section4.1.3). This makes an standardinferenceprocessfor semanticnets
impossible.

The SOM approachrevealsthe disadwantage that dependingon the initial
randomdistribution on weights,the classificatiorof the samesetof components
might differ substantiallywhenit is repeated.This is a severedrawvback, if the
library hasto be maintained.Furthermorethe criterion on which the classifica-
tion is basedis randomlychosen. Additionally, the training itself is time con-
suming,sincemary thousandraining iterationsmustbe performedto generate
clusters[139]. Similar to the knowledgebasedretrieval mechanisndiscussed
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previously maintenanceés difficult. The sameargumentshold for the fuzzy set
basedapproach.

4.3 Hypertext based Methods

4.3.1 Concept

A hypertet represent& non-linearform of documents.Basic building blocks
for hypertets are links and nodes. Nodesare associatedvith a unit of infor-

mationandcanbe of differenttypes,dependingon variouscriteriae.g.the class
of datastored(plain text, graphicsaudio,video, executableprogram)or domain
objectrepresentedcustomeraccount,balancesheetresenationf. Links repre-
sentanon-symmetrigelationbetweemodedeadingto a directedgraph. Within

nodesonecandefineanchorswhich serne assourceor targetof links. Usersare
ableto move througha hypertext documenty following links embeddedn the
documentanactvity whichis calledbrowsing[157, 164].

Hypertects arewell suitedto representhe comple relationshipsetweerand
within software components Browsing supportsapplicationdevelopersto learn
aboutthe contentsof a software library. An exampleis the javadoc tool, a
programcomingwith theJava developmenenvironment. It allowsto generate
automaticallya hypertext documentfrom the object structuresand documenta-
tionsfoundin java sourcecode. The descriptionis rathersimple,becausét does
notallow to definedifferentviews to the softwarecomponent®r anhierarchical
structureotherthanthe class’inheritancestructureor objectassociations Soft-
ware developmentervironmentswith emphasin reusebasedon the hypertext
concepfarepresentedh [78, 10§. Here,thestructuringmechanisnof hypertets
is usedto presento the usera guidedtour leadingto the asset®f therepository
Biggerstaf exploredthe useof hypertet to aid large scalereuse[76]. Basedon
the experiencegatheredn building a multitaskingwindow managete claimed
that hypertet representationaid primarily in understanding systemwithout
providing the ability to supportcomponentetrieval directly.

5Thisis thereasorwhy nowadaysthetermhypermedias moreadequatéo describethis form
of informationorganization

8Java andjavadoc aretrademarksof SunMicrosystems)nc. More informationabout
javadoc canbefoundat http://java.sun.com/j2se/javadoc/ index .html , cur
rentAugust,2001
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4.3.2 Evaluation

Two aspecthamperthe acceptancef hypertet guidedsoftwarerepositorysys-
tems. First, usersare not willing to spendthe extra effort for learninga new

system.A userworking with hypertet tendsto getlostin theinformationspace
without strictly definedpaths. The guidedtour approachis not easilyintegrable
into the day-by-daywork ervironmentof developers[56] becauset demandsa

knowledgeaboutthe intention of the repositorydeveloper Secondthe perfor

mancefor sucha systemin termsof thetime spentfrom startingthe searcho the
pointin time whena resultis available,is ratherpoor[106]. Both factsleadto

a strongresistanceof developersto usehypertext basedretrieval systemsexten-
sively, whenthisis theonly way to accessherepository

4.4 Formal Specification based Methods

To overcomeahevaguenessf descriptiormethod$asednnaturalanguageon-
ceptstheresearcltommunityalsolookson moreformalmethoddo supportexact
content-orientedcces$o softwarerepositoriesTheideais thesameasit isin in-
formationretrieval basedapproache® componentetrieval: to describesoftware
componentsndretrieve them. As a meandor descriptiona formal specification
is chosen. A formal specificationis a languageusing mathematicahotationto
describehebehaior of asoftwarecomponentOftentheway howsuchfunction-
ality canbe achievedis not mentionedn detail, the specificatioronly formulates
what hasto be performed. It is mathematicalhenceno speculatioraboutthe
meaningof phrasesn wordedproseis needed217].

4.4.1 Concept

Either a formal specificationsof a components generatedy the provider of
the componentor the componentis analyzedautomaticallyto derive a formal
structurefrom it’s codestructure. This specificationof its relevant partssenes
thereafterasanindex for the component.Specificationsnay be relatedto each
otherby matchingor refinementelationsexpressedy alogic formula. In such
a way a hierarchicalindex canbe establishede.g.in the form of a refinement
lattice[149]. A hierarchicalorderingof componentsnakesa greatdifferenceto
the flat indexing structureof informationretrieval basedsystem.In sucha way
a conceptualiew to the library allows to stepwiserestrictthe searchspaceby
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refiningtheindex specificatioraccordingo theindex hierarchyandthesearches
demands.

Specificationbasedretrieval allows formal specificationsas searchkeys and
retrievesall componentgrom a library whoseindicessatisfy a given matchre-
lation with respectto the key [68]. Specificatiormatchingcanbe usedto aid a
searchein browsing a softwarelibrary systematicallybecausdormal specifica-
tionsallow to establistrelationshipsamongthem.

In the literaturea variety of componentetrieval techniquesasedon formal
methodsis proposed. Jenand Cheng[110] presenta methodbasedon order
sortedpredicatelogic (OSPL).In their systemcomponent<an be searchedn
exact, relaxed or logical modes. In [48], Chenand Chengspecify components
with Larch,a model-theoreticaspecificationanguage.They definea generality
relationwhich explicitly captureshe semanticobligationsfor an existing com-
ponentto satisfya requirement.This relationcanbe usedto evaluateandselect
automaticallyreusableomponentsThistechniques prototypicallyimplemented
andusesalLarchtheoremprover (LP) to performthe searchask.

A similar approachs presentedn thework of Atkinsonetal. [9, 10], where
the authorsdefinea meta-modefor componentetrieval usingthe Z specifica-
tion language.The behaior of a componenis describedasan invariantof the
sequencef outputvalues. Following the ideasof [149], a lattice of behaiors
togethemwith operation®nthatlattice,is defined.Thesearchethenspecifieshe
desiredbehaior asa predicateon thesequencef outputs.In suchway exactand
relaxed matchesareperformed.

Not directlyaimedattheimprovemenbf reusability but atautomaticallygen-
eratingdocumentatiofior codecomponentss theapproacipresentedh [15]. The
authorsfocuson loop analysis,wherea formal specificationis generatecgsemi-
automaticallyby utilizing usersuppliedformal loop annotationsTheir tool veri-
fiesthesetrial specificationsthusbuilding a completespecificationin a stepwise
abstractiomprocessThesuchgainedknowledgeis formalizedas“plan” whichal-
lowsthedetectiorof stereotypedodepatterns Theseformal specificationgould
betheinputto formal specificatiorbasedetrieval techniques.

Representate for formal specificatiormethodsjn the next sectiontherela-
tional specificatiorbasedapproachs presented.
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Relational specification

In [149] Mili et. al. specifythe functional requirement®f a programby defin-
ing relationsbetweendataelements.Dataelementsare definedin the program
spaceS andareexpressedsvariables.Therelationof aspecificatiorcontainsall
input-outputpairswhich representshe programs behaior. This allows specify-
ing deterministiandindeterministidoehaior aswell. Indeterminisms described
by assigningnorethanoneoutputsto aninput. Sincein mostcaseghe program
spaces too large to enumeratall input-outputpairsexplicitly, therelationscan
be statedmplicitly by predicateslefinedon S.

To illustrate the principle, let the programspacehold a variable of type
real, S = R. Then,for the input value s andthe outputvalue s’ the relation
Ry = {(s,¢")|s > 0 A s = s} definesa squareroot function. To enablea hier-
archicalindexing structureon theserelations,anorderingbetweerthemhasto be
defined.lt basen a metarelationrefinementwhichis arelationonrelations.A
relation R is arefinemenof arelation R', if it containsmorespecificatiorinfor-
mation. If arelationR; = {(s,s')[s > 0 A s> = s A s’ > 0} for non-ngative
squarerootsof theargumentis defined,R; is arefinemenof Ry, sinceit is more
specificthan Ry. Basedon therefinementcomponents alibrary areorganized
accordingo therefinementattice. Retrieval is performedn specifyingaqueryin
theform of arelation. A theoremprover thenlocateshe componentdy proving
thatthe specificatiorof alibrary componentulfills the requirementspecifiedn
thequery

Kotschnig[120] developeda prototypelibrary of relationalspecificationsin
his systemimplementedn PRoOLOG hedifferentiatedetweerinterfaceandfunc-
tionality which helpsto organizethe softwarelibrary andsupportgetrieval. On
thebasisof relationalspecificationsMili [146] developedaspecificatiormodelof
generalizedpecificationsThis modelandthe softwarenormalizatiortheoryde-
velopedoy Mittermeir[151, 157, wasusedby Stoppef[218]to describeamethod
to normalizeobjectsfor gettingreusableouilding blocks. Here,applicationdo-
mainobjectsarenormalizedo raisethelevel of generalityandto transformthem
to aapplicationndependenteusabldorm. Softwarenormalization(functionnor-
malizationandprocessiormalization)aim to provide thedomainengineewith a
setof rulesto judgethereusabilityquality of componentsSoftwarenormalforms
follow thenormalformsof normalizationtheoryknown from databaselesign.

Suchsystemscan be improved with respecto recall by allowing variations
in the matchinggranularitywith exact or approximatematcheqd111]. In [211],
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Sneltinget.al.describedhe softwareengineeringgystemNORA/HAMMR, which

restsontheformal specification®f thecomponent its repository They identi-

fied onemainhindrancefor successfuteusebasedn deductve inferencewhich

is statecasFourthReusélruismby Kruger[122]: “Y oumustfind it fastetthanyou

canrehuild it!” Sneltings approaclusedilters appliedduringthe deductionpro-

cesdo represenintermediateesultsif they aresuficiently precisg211]. In their

subsequentork they spedup theretrieval processy parallelizingthe deduction
taskin refining their filters and using differentautomatictheoremprovers[11].

FurthermoreFischer{68] suggestedo shift thetime consumingaskof theorem
proving completelyfrom theretrieval phaseo theindexing phaseln suchaway,

abrowsingstructures built, which canbe navigatedby a searchewithout being
in dangerto loseher/hispatience.

4.4.2 Evaluation

Formal specificationsare basedon rigid mathematicatheoriesexpressedn a
mathematicalanguage Suchlanguagesarenotfamiliarto themajority of practic-
ing softwareengineerslf thestandardlescriptiorfor componenté the software
procesgdomainandapplicationprocess)s not a formal one,engineersnustbe
trainedto let themhandleformal specificationslf thisis only to enableindexing

andunderstandingf reusablecomponentshis effort is wasted Not evena semi-
automatiapproach[15]) helps,sinceherethebaseannotationsnustbeprovided
asformal specification.Clearly, they aretiny, but for every loop taskexceeding
trivial work, suchspecificationdbecomequickly cumbersome.

Ontheotherhand,if thetaskof specifyingthecomponens behaior remains
with the software librarian, the burdenof producingformal specificationsfor
queryingthe repositoryremainsat the applicationdeveloper As we demanded
in section3 aschallenge2, a componentetrieval methodhasto be intuitive and
mustfit reasonablywell into the working processof software developers. De-
scriptionsexpressedsformal specificatiorcannotsolve this challenge.

Let us supposethe specificationanguageas familiar to software engineers.
Thena queryis expresseds partial specificationrandthe retrieval is performed
by proving for all thecomponentsspecificationswhetherthey partially fulfill the
requirements.This taskis very time consumingandindeeda bottleneckfor an
interactve searchprocess Althoughsomesuggestiongor optimizinginteractve
theoremproving or cachingthis step[206] areproposedasfar aswe know, there
areno promisingsolutionson their way.
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Oneimportantargumentagainstformal specificationas software description
comesfrom Leavensand Ruby [128]. Formal specificationscaptureonly one
facetof componenbehaior, its function. But therearemary otherfacetswhich
mightinterestanapplicationengineersuchastime or spacecompleity, security
issuesaliasing.etc. Thisrestrictionto onedimension(thatof functionalbehaior)
maybehinderingsuccessfuspecificatiorbasedccomponentlescriptionseverely
A retrieval mechanisnshouldallow to specifyandexploit informationwhich is
orthogonato the mainfocusof the specifier

4.5 Signature Matching

Up to this point, all descriptiontechniquegresentedeston additionalinforma-

tion addedto the componentsThis informationis provided eitherby the devel-

oper the librarian, or by someanalysisperformedon supplementarynaterials.
Thetechniquegpresentedn currentandthe following sectionsgdo not needaddi-

tional knowledge.They exploit inherentpropertiesof the componentslirectly.

4.5.1 Concept

Signaturematchingusesthe structureof the interfaceof a componentshbuilt-in
informationfor indexing softwarelibraries. This is donewithout taking the de-
tour to naturallanguage.Although mostof the work describedn this sectionis
concernedvith handlingsignatureof simple componentssuchassinglefunc-
tionswith in-, out-, andin-out parametersmorecomplex onescanbe addressed
aswell. Suchcomponentganbe objectsor moduleswith internaldatastructures
and public methods.Handlingcomplex componentss performedby extending
thebasicprinciples.How this canbe performeds discussedh section5 in more
detail.

Mostly the conceptf signaturematchingare demonstratedavith functional
language$232, 233. Functionallanguage®asethe task of signaturehandling
dueto their relaxed typing system. Albeit, asit is shovn in the work of [211,
206,50] functionalsignaturenatchings transferabléo stronglytypedimperatve
languagesiswell.

A signatueis animplementationndependentepresentatioritherof thetype
expressionof a datastructureof a function, or of a modules interface. Seesec-
tion 5.1.1for adetaileddefinitionof thenotionof type. A modulesinterfaceholds
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a setof functionsand/ordatatypes. Signaturesare usually staticallycheckable.
As anexample look atthefollowing C-function:

int randomNumber (int from, int to)

The signatureof this function is generatedn determiningthe datatypeson
the input side, on the outputside, andthe datatypesof variablesusedasinput
andoutputparameterslf a parameteof afunction hasthe passingnodein-out,
this datatype appear®on both sidesof the signaturespecification.The following
signatures arepresentatioof the previously presented-function:

rcmdomNumbeT SN (from/mt’ to/mt)(TandomNumber/mt)

Zaremski and Wing [232] define a signature match as a func-
tion with the signature QuerySignature x MatchPredicate X
ComponentLibrary — ResultSet . Givenaquery expresseds(partial)
target signaturefor the searchedomponentanda matchpredicatedefiningthe
type of matchanda componentibrary, the signaturematchingprocesseturns
a setof matchingcandidates.The authorsdiscussdifferentlevels of matching,
establishedby differentmatchingpredicates.

A furthermechanisnfor queryrefinements thento seta lower or an upper
boundfor datatypesin the type lattice. For doing so, a searchemay formulate
a queryby specifyinga subtypeor supertypamatchingpredicatg222, 156]. As
anexample,considerthe searchfor afunction f, demandinganintegerasinput.
If the searcherestrictsthe searchto f : int — 7 (wherer is an arbitrarytype
variable),a function f : real — 7 cannotbe found, althoughit may be a good
candidatgat leastfor white-boxreuse). Therefore asinput parametera super
type designatoiis assignedgdeterminingall supertypesf int in the signatures
of candidatecomponentssvalid inputs. The matchingalgorithmis basedon a
recursve executionof renaming,substituting permutingor uncurrying(disinte-
grationof structuralelementsytepso locatematchingsignaturesn thelibrary.

Sincesignaturesreanimplementationndependentiew ontotypes,they can
be sortedaccordingto their sub-andsupertypeaelations. This orderinglatticeis
usedasa primaryindexing structuregor asoftwarelibrary. In suchaway, amatch-
ing procesdor signatureswith differentrigidity rangingfrom exact to relaxed
matchcanbesupportecefficiently. Similarapproachearediscussedh [47,129].
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Novak [166, 167] describesa further applicationof signaturematchingfor
supportingreusein the areaof functionallanguagesin his applicationdevelop-
mentsystembasedon the GLIsP compiler differentisomorphicviews on data
typescanbe establishedThe integrity of views is establishedby addingrulesto
views. Thus,the reuseof genericdatatypesfor applicationsis easedbecause
the applicationengineemoesnot have to considerthe detailsof a mappingfrom
the genericto the concreteand specializeddatatype. As an exampleconsider
angenericdatastructurecircle  with aradius field. If anapplicationengi-
neerhasto dealwith “pizza” anddiameteys/hecanusethecircle  datatypeto
storethe dataaboutthe diameterwithout consideringhe internaldatastructures
andcorversionrules. This is possible becauseghe systemoffers an appropriate
view with readandwrite permissiongor the applicationprogrammerDueto an
integrity rule for the establishedriew, the corversionfrom diameterto radiusis
performedautomatically Suchviews canbe introducedby the applicationpro-
grammeytoo, to enableadditionalflexibility .

Another approachbasedon signaturematchingis presentecby Luqi and
Guo[134]. Here theauthordescribeeusableomponent®y computingaprofile
from thecomponentsignatureso identify themuniquely A profileis asequence
of integersgeneratedy countingthe numberof signaturetypes,the cardinality
of relatedtype groupsandunrelatedtype groups,anda flag (0 or 1), which in-
dicatesan“in” or “out” parameter This sequencef integersis the basisfor an
efficient indexing structure. Also here,performingpartial or exact (herecalled
full) matchess possible.

45.2 Evaluation

It is obvious,thatsignaturematchmay not leadto the componentvhichis really

searchedor: marny componenti thelibrary couldsharethe samesignature For

example,in the standardANSI C mathlibrary 31 out of 47 functionshave the

signaturedouble— double[233]. Thus,in searchinghefunctionalitybehindthe

signatureandwith a large setof componentsn the candidateset, this setneeds
furtherrefinement.Signatureslescribeonly a very narrov structuralaspecof a

reusableeomponent.

Although signaturematchingbaseson a formal andrigid description,mary
more questionsconcerninghe interpretationof the querysemanticsarise: How
canoptionalparameterbe handled2Vhataboutpolymorphicparametersyhere
thetypeis definedasto be genericandthereforeis not known exactly until run-
time?Whatif the searchedoesnotknow aboutthe orderingof parameterssince
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somesignaturematchingapproacheslependon positioninginformation? What,
if not all parametersire knovn? To subsumeformality doesnot help in such
casesyherethis tool works on unstableground. Most of suchquestionsanbe
handledn makingvariousdesigndecisionfor the matchingalgorithm. Anyhow,
aheavy burdenis left to thesearchem determininghow to optimizethequerying
mechanismThis bringsa lot of uncertainty counterbalancinghe benefits.Nev-
erthelesssignaturanatchings afirst steptowardsainterpretation-freeautomatic
softwareclassificatiormethod.We will discusurextensiontowardsgeneralized
signaturematchingin the section5.

4.6 Extensional Descriptor s

4.6.1 Concept

Podgurskiand Piercein [174, 175] presenta techniqueto retrieve components
from alibrary by usingdirectly the mainpropertyof softwarewhichdistinguishes
it from other knowledgesources,ts executability They namedthis technique
behaviorsampling A componentibrary usingbehaior samplingcontainssoft-
ware,which canbe executedwithin the library ervironmentautomatically The
retrieval processestsuponsignaturematchingandis performedn two steps:

The searchespecifiesa tamget interface signaturewith datatypesfor all in-
put andoutputparametersThis signaturds seenaspartial descriptionof the
searchedunctionality (seesection4.5 resp.section5 for amoredetaileddis-
cussionon signaturematchingaswell). Parametersieednot be namedand
the orderingof parameterseednot be known. Theretrieval mechanisnthen
searchegor componentonformingto the interface signatureand collects
matchingcomponents$or a candidateset. If genericroutinesareencountered,
a mappingfrom the concretetamget interfacesignatureto the candidaterou-
tine’s signaturds computedif possible.

The searchespecifiegherequiredbehaior of the componenby providing a
sampleof inputsandthecorrespondingorrectoutputs.In basicbehaior sam-
pling, anoperationalnputdistributionbasedntheinputvaluesfrequeng of
areal-world usesupportghe search.All component®f the candidatesetare
executedon the specifiedinputsandthe resultscomputedn sucha way are

"Thisfactis expressedery clearlyby Johnvon Neumann? Theee s no sensén beingprecise
whenyoudon't knowwhatyouare talking about’'(cited accordingo Jacksorj107, page290])
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matchedagainstherequiredoutputs.Exactmatchesndicate(partially)fitting
componentsywhereasa mismatchleadsto the eliminationof the component
from thecandidateset. PodgurskandPierceconductedxperimentsin which
they obsenedthatin mostcasesonly 4 samplessufiice to identify correctly
a componenin alibrary of 252 routines. In worst case the searchehasto
generatd 2 sampledescriptorgor successfullyocatinga componen{l75|.

Componentetrieval by behaior samplingleadsto a high precision(with re-
spectto the query sample),becauseonly componentsn conformancewith the
samplearekeptin the candidateset. Partial or relaxed matchesare not consid-
ered. The queryitself is formulateddirectly in the context of the problemto be
solved,thusit needshointerpretationlf recallis takeninto accountthesituation
differs. Dueto thefactthatsignaturematchingis anessentiapartof theretrieval
processthe queryresultdependsieaily onthe correctformulationof thetarget
signature.

4.6.2 Evaluation

Executionaldescriptionaccordingto behaior samplingis very helpful for com-
ponentretrieval, becausd restsonaninherentpropertyof software: executability
whichis renderedy transformatiorof data.Unfortunately someaspecthamper
theapplicationof thistechniquen practice:

Rigid signature matc hing

Thefirst stepof behaior samplingprocesss signaturematching.As Podgurski
andPiercealreadynoticed,componentsvith identicalfunctionality may operate
on very differentdatastructures.As an example,the readermight considerthe
datatypeset , which mightberepresentedsbit vector linkedlist, tree,or hash
table. If a searchedoesnot know aboutthe domainengineersmplementation
preferencesshe/hemustdefinethe whole variety of implementatiorvariantsas
partof the queryin thetargetinterfacesignature.Albeit, the searchecannotbe
sure,if thereexistsanimplementatiorusinganuncorventionalandthereforenot
targeteddatastructuredor representing set. The authorsthensuggesto spec-
ify boththe tamget signatureand the componensignatureas abstractdatatype.
An abstractdatatype hidesimplementatiordetailsand definessignaturedetails
asgenericoperationson data. In sucha way, the set propertiesare expressed
on the basisof its sorts(type names)ordered set element key andbooleanby
specificoperations.E.g., the operationnewset returnsan empty newv setand
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insert(S,X) takesanelementx andputsit into a setS. For acompletespec-
ification nine operationsare required. How this abstractdatatype is linked to

concretamplementationsnustbespecifiedor all implementationn orderto per

form componenexecutionsautomatically(similar to the ideasof view integrity

of [166,167]). To ensurea correctmappingfrom abstractypesto concreteypes
is atleasta cumbersomeask.

Abstractdatatypeshelp to handleimplementationvariants,but to correctly
specify signaturesandto mapthemto the implementationss laborious. Addi-
tionally, to determinef a datastructureis indeeda correctimplementatiorof a
conceptge.g.set)or embodiesadifferentconceptjs alsotroublesomeEitherthe
domainengineeior thelibrarian could performthis task. Both have to be experts
in formulatingabstractdatatypes. Furthermorejf not all parameterareknown
to thesearcherheuristicamustbe embodiedn theretrieval mechanisnmo handle
suchvaguenesses.

Low recall

Anothercritiqueis expressedy Hall [92]. First, he addressethe dravback of

low recall, becausethercomponentsith differentsignaturesmay be relevant
to solve a programmingproblem,too. He extendsbehaior samplingto a gen-

eralizedbehaviorbasedretrieval (GBR). His techniquedoesnot considercom-

ponentsonly, but whole programsbuilt from reusablecomponents.According
to Hall, this shouldimprove the degreeof recall, sincein additionto a focuson

smallroutines ahigherlevel of problemsolvingis reachedy retrieving programs
incorporatingelevantsubroutines.

On the otherhand,retrieving whole programscanleadto a small degreeof
precision,sincenot all partsof the offered functionality might be useful for a
searcher Furthermorejf the programitself doesnot offer the desiredbehaior
exactly, it cannotbe usedas-isandonly white-box-reusés a alternatve in these
casesHowever, whetherthe programreally canbe disassembletb getthecom-
ponentsaandif thesecomponent®ehae correctlyout of the programs context, is
anothermuestion.

Side effect treatment

Hall criticizesthatwith behaior samplingcomponentgeneratingideeffectsare
hardto handle.For example,if acomponentor file deletionis soughtthe execu-
tion ervironmentmustknow how to restorethe file after eachcandidatecompo-
nents execution. Thisis hardto automatedor a generakernvironment,becausall



Extensional Descriptors 63

occurringside effectsmustbe predictedcorrectly GBR solvesthisin executing
not the codeitself, but a side-efect-freefunctionalmodelof it. To provide such
amodelfor eachcomponenbf the repositoryis the taskof the domainengineer
or thelibrarian. Hall doesnot discusghe problemhow to verify if thefunctional
modelis indeedcapturingthe wholerangeof the behaior of thecode.

Operational profile focus

The operationainput distribution usedto selectinput valuessenesto generate
characteristiduples. The assumptiorhereis, that frequentvaluesfor searcher
representypical behaior within the applicationdomainandin thatway is easy
to handle. But Podgurski,Pierceand Hall alreadyrecognizedthata randomly
choseninput sequenceerformsequally well comparedo ary othersequence.
We think, thata searchefas an applicationdomainexpert) finds boundaryval-
uesmorehelpful andsignificantandthe outputon seldom,but remarkablenput
hasmore characteristigpower than frequentinput-outputtuples. For example,
considera function performinga translocatiorcomputationon two-dimensional
structuren adraving sheetHere,afrequentoperationis a translocatiorwithin
theboundarie®f thedrawving sheet.But morecharacteristiandimportantis the
resultof thecomputationif thestructurds movedovertheedgeof thesheet.Such
rareeventsaremorecharacteristi@and,therefore moreimportantto the searcher
thana numberof furtherinnersheeimovementof thestructure.

Output determination

How doesa searchespecify functionswith sampledescriptorsjf the outputis

not know, resp.cannotbe determinedwith reasonableffort? Then,the search
cannotbe performed. In addition, considera requirementthat the structureof

the concreteoutputis not important,only side effects of the computationsare
important. Thismaybethecasejf onesearchefor aparsercomponentHow the

resultingabstracsyntaxtreeis represented indeedof minorinterest;f only the

parsingitself is correct.In suchcasesretrieval shouldbe possibleanyhow.

User interactivity

Formalmethodswverealreadycriticized becaus®f theirinsufficient performance
and the resultingunsatisfyinginteractve searchprogress. The sameargument
holdsfor behaior samplingandgeneralizedehaior-basedretrieval. Not only
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the executionof all candidatecomponentandthe outputmatchingis time con-
suming. The precedenphaseof signaturematchingis time consumingtoo. All
of thesefactorstogetheinhibit aninteractve query-answecycle.

Repositor y maintenance

Eachqueryto therepositorymayactivateany componentEachcomponenthere-
fore mustbeimmediatelyexecutedon the presentednput to keepresponseime
low. In the original work of Podgurskiand Piercethis rendersnot ineffective,
sincethe granularity of the functionsadministeredvas ratheruniform and the
numberof functionswaslow. In a productve ervironmentthe situationsis dif-
ferent. For any componentherean executionervironmentmustbe provided. In
theworstcasethe executionervironments systemarchitecturenightbedifferent
from the onegivenfor the repositorysystem.This technicalcontet canchange
(operatingsystemor hardwaremigration),andary changdeadsto aincorvenient
verificationprocesgo ensureheexecutabilityfor eachcomponentinderthenew
circumstancesThis processasto berepeatedor all partitionsin therepository
Therefore the effort to maintaina directexecutionof all reusablecomponentss
high, sinceallibrary of reusablecomponentss along-terminvestment.

4.7 Summary

In this chaptemwve presentedmportanttechnique$or componentetrieval andwe
discussedhemespeciallywith respecto therequirementsliscussedh chapter3.

Among all of them,we seea combinationof signaturematchingwith behaior

samplingasa trustworthy groundto work on. However, bothtechniqueslemon-
stratesomedisadwantagesvhich mustbe considered.Hence,in the following

chapters we discussa generalizedapproacho signaturematchingandin chap-
ter 6 we usethis generalizesgignaturematchingtechniquefor improving beha-

ior sampling.Theapproachenablesisto describeandretrieve componentsbuilt

uponthe proceduraparadigm.Chapter7 dealswith the extensionof theideasof

interpretation-freelescriptiongandretrieval basedon them)to handlecomple

and state-bearingomponentaswell. Thus,the developedtechniqueis useful
for generatingdescriptiondor object-orienteccomponentsyhich are the main
representate of reusablecomponents.



5

Multile vel Generaliz ed Signature
Matching

In the previous section4.6 we discussedn extensionaldescriptionapproacHor
componentetrieval. Several aspecthamperinga successfubpplicationof this
methodwereidentified. Oneof themis therigidity of formal signaturematching.
Thereforejn the currentsectionwe discussa moregeneralpproactof signature
matchingas a first steptowardsimproved behaior basedfunction description.
Themainaim of generalizesgignaturematchingis to improve recall,asprecision
IS raisedin theretrieval stepdateron.

Thechapteiis organizedasfollows. In section5.1onthenext pagewe discuss
thenotionof typesandsignature®nageneralevel. Basedonthisweintroducea
syntaxfor therepresentatioof signaturesthe signatue grammat in section5.2
on page73. Thesignatureggrammarsenesasa commongroundfor representing
type informationobtainedfrom “real” programs.How to obtainthemis briefly
discussedhere,too. Signaturesepresenteth the grammararethentransformed
to anintermediatesignatue graph, which s introducedn section5.3. Signature
graphsare an intuitive representatioof type structuresand are usedfor calcu-
lating variousrelationsbetweentypes,e.g., nameequality or subtyperelations.
In this way, a searchecanbuild flexible queries.Our aim is to enableretrieval
with high recall on the basisof a formal andrigid descriptionof componentsif
thesearches focusis on thestructuralaspect®f thecomponentseflectedn the
signaturethengeneralizedignaturamatchingachiezeshigh precisionaswell. A
furtherpositive aspecbf describingcomponent®n the basisof signaturess the
potentialto computethemautomaticallywithouttheneedfor humanintervention.
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5.1 Signatures and types

Signatureslescribethe interfacestructureof componentsmplementedastypes,
functions,or modules. The aim of the descriptionis to characterizea compo-
nentimplementation-independentiyfComponentsiescribedn that way canbe
soughtin arepositorywhich s built on descriptionf the sametype. However,
to successfullynatchsignaturesthetechniquemustprovide enougtflexibility to
expressvaguerequirementsoo. Thesearerequirementsvhichmaynotbeknown
in detail, or might not be importantfor the searcherMatchingflexibility allows
to

distinguishbetweersignature®f datatypes,functionsandmodules,
ignoreorderingof parameterg signatures,

neglectthe namesof signature®r labelswithin their structure,
generalizeor specializeénformationaboutstructures,

matchstructuralsimilarities betweenquery signatureand candidatesignature
with varyinggranularity

If suchdegreesof freedomare provided, a searcheican build a querywith
the detail she/has ableor willing to specify In the caseof missinginformation
theretrieval mechanismmeverthelesshouldcollectcomponentsvith a signature
“close” to thequery In thisway, recallis improvedby meansof queryrelaxation
andof queryexpansion.

Modulesplay aspecialrole in this context. They areconsideredisa meango
groupa(semanticallyroherensetsof typesor setsof functionswhicharerefered
to by a name. Sincemodulesarebuilt upontypesandfunction,we discusgheir
signatureaspectdirst. Thetransformatiorof moduless only asmall,furtherstep.

5.1.1 Types

Typesevolvedin the theoryof programminganguagedo help reasoningabout
differentconceptof data(which all areimplementedasbit stringsof fixed size
iIn memory). In programminganguagehistory, the initial universeof datawas
unomganizedin the way that every conceptwasrepresente@s bit string, beit a
charactera number a referencea structure,or a program. But sucha uniform
representatioms incorvenientandunsafeto handle,sinceoperationgperformed
on numbersand charactersnight differ substantially The meaningof the data
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is infered by determiningthe correspondingexternal concept. If the conceptof

a bit string is identifiedwrongly, the resultof an operationcould be disastrous.

To avoid dangerousid-hocinference techniquesveredevelopedto structurethe
dataandto helprepresentingxternalconceptdetter Theresultof this structur
ing processs typeddata.Dependingonits purposeaesp.programmingparadigm,
the structuringprocesss performeddifferently However, seenfrom a historical
perspectie the directionof eachpurposeis alwaysthe same: Startingfrom an
untypeduniverse,more and more strongertypesare introducedto organizethe
domain[45]. The term strong indicatesrestrictionswhich areimposedby con-
straintson the domain. As a consequenceg typet is strongerthanatype s, if
the cardinalityof itst’s setof elementds smallerthanthe cardinalityof s’ setof
elements.

This top-davn view is one possibleapproachto datatypes. The otherone
setsa focus on the constructve approachwhere startingfrom axiomaticbase
constructamore and more complex typesare built. This bottom-upstratgy is
pursuitin this chapter However, the top-dovn andthe bottom-upview aretwo
sidesof acoin,andbothaspectareconsideredn this chapter

A possiblerealizationof datatypingis theutilization of settheoryto subdvide
adomain.In settheoryeverythingis seereitherasanelementa setof elements,
and/orothersets.Mathematiciansisesetsto organizeextremelyrich andcomple
structuresTheuseof settheoryfor structuringdomaingsreflectstheideaof types
assetsof values.In contrastjn the A-calculuseverything,beginningfrom num-
bers,datastructurespr evenbit strings,is consideredasa function. In this work
we follow the exampleof ZaremskiandWing [232] who organizedatatypesas
setsof functions,thusapplyingaspect®f setsandfunctionsin a bottom-upway.
Theirideasareadaptedo our needdor generalizegignaturenatching.

Typesarebuilt by applyingtype operatordo zeroor moreargumentsor by
referencingo alreadydefinedtypesvia type variables.Sincewe do notlet users
definetheir own type operatorsye encounterfirstordertypesystenj45]. As an
initial step,type operatorsaredefinedto be usedastoolsfor constructingtypes.
Dependingon the arity of their operatorsphasetypesandcomple typesmay be
distinguished.

Basetypesarebuilt from operatorsvhich do notdemandperandists. There
doesnot exist a predefinedoasetype operatorin orderto definebasetypeslike
e.g.int orchar . To definebasetypeswe take the nameof thetypeitself for a
O-aryoperator In our work the semantic®f basetypesis not consideredurther;
the only oneexceptionis the reasoningaboutsubtyperelations(seesection5.4.1
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for details).There to enablesubtypechecking for eachbasetypea-priorisubtype
relationmustbedefinedin advance.

Definition 5.1. — BaseTypeOpemtor 7,
A basetypeopemator 7, is auniquename.

With basetypesasbuilding blockscomplex typesaresynthesizedvith theaid
of comple typeoperators. Comple typeoperatorarebuilt by applyingann-ary
operatorr,, with n > 0, wherethetypeoperatowariabler, is instantiatedvith an
elementfrom theset{x,U, —}. A compl& type operatordemandneor two
operandists.

Definition 5.2. — Comple TypeOperator 7,
A comple typeoperator 7. is elemeniof { x,U, —}, where

thelength! of the operandist of the operatorsx is greaterzero,
1>1,
the length( of the operandist of the operatorsJ is greaterone,
> 2,

theoperator— demandswo operandists of length/ > 0.

The crossproductopermator x is definedwith an operandlist containingat
leastone parameter In this work, in contrastto the definitionsof Zaremskiand
Wing [232], we prohibitunlabeledelementsn the operandist. Thereforecross
productsarenotequvalentto aCartesiarproductin settheory sincetheelements’
labelsrestrictthe setto asubsebf the Cartesiarproduct(leadingto mathematical
relations).The x -operatorasdefinedhereis equivalentto therecod constructor
(or labeledCartesiarproduct)of CardelliandWegner[45, p 487]. Crossproduct
operatorsare an integral part of mostmodernprogramminglanguagese.g.the
RECORIBonstructoin Modula-2,Modula-3or Pascalor thestruct  definition
in C.

A typeunion operator U (or variant recod type operator{44]) is known in
C andModula-2aswell. It is ann-ary disjoint union of typeswhich represent
alternatve structuresat run-time. To prohibit empty alternatves, a union type
operatormusthave at leasttwo alternatves (two operands).The structureof a
variantrecorddependsn the evaluationof an associateaondition. Sincewe
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focuson structuralaspectonly, this semanticsn not discussedurther in this
work.

Thefunctionspaceopemtor — is meantto constructfunctionalcoherenen-
tities, similar to the PROCEDURBr FUNCTIONconstructorsn Modula. It de-
mandstwo operandists; onefor theinput specificationpnefor the outputspeci-
fication. Only this operatotis allowedto have emptylists. Theseoperandists are
considerednternally asunnamedcrossproducts Consequentlycrossproducts
derivatedfrom input lists arealwaysdefinedimplicitly. To keepthe information
aboutthe positionof individual elementdn the parametetists, eachelementof
theoperandist getsanindex. Obviously, thistransitionstratgy mayleadto cross
productswith only oneoperandwhentheinput (output)list containghatnumber
of parameterslIf an emptyparametetist is declaredwhich is not allowed for
crossproductsareferencdo thebasetypevoid is introduced.

If a functionreturnsan anonymouwalue asresult,we label this value with
the metasymbol™out andplaceit asparameteinto the out-list. An example
for an empty operandlist is the ANSI C functionint rand(void) , which
generates pseudo-randomumberwithout gettingan input. For further details
onthesemantic®f type operatorstheinterestedeaderis referredto thework of
CardelliandWegner[45].

With baseandcomple type operatorsve now have all elementsavailableto
defineformally the concepibf atype.

Definition 5.3. — TypeT

A typeT is eitheratypevariableor atypeoperation A typeoperation
istheapplicationof atypeoperatorr to zero,oneor two operandists.
A basetypeis built by applyinga basetype operatorr,. A comple
typeis built by applyinga complex type operatorr,.

In theremainderof this work, we do not distinguishbetweerthe operators;,
andr,, unlesgt is necessaryo do so. A typenameis astringto whichtyperefers
to atype;formally name := T. Suchatypewhich hasa nameis calledanamed
type

Now theoperandsf typeoperatorsnustbedefined.Operandsrepacledinto
sequenced-or a sequenceto eachelementa positive whole numberis assigned
which senesastheelementsindex. Accordingto Diller [61, pageQ7] asequence
X is afinite functionfrom the non-ngatve whole numbergo anelementset X
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whosedomainconsistsof the numbersbetweenl andthe numberof elements,
seqX = {f :N— X|domf = 1..#f}. In thisway, theorderingof theelements
in the sequencés maintainedandasa consequencelementdrom X mayoccur
repeatedly However, we do not allow morethanoneidenticaloperandabelon

thesamelevel in anoperandist.

A operandss a pair consistingof alabelandatype. It might be considered
asa locally definedvariablewithin the scopeof its operandlist. Labelssene
asselectordor accessinghe operandsnformation. A scopedefinesthe areaof
accessibilityto labelswhich areaccessibleat the level of a operandist or at the
level of sublistscontainedn its list. A label's scopeis overridden|f anidentical
labelis assignedo a declarationin a sublist. The following definitionformalizes
thepreviousparagraphs.

Definition 5.4. — Operandlist of typeoperator

An operandist « of atypeoperatorr, is alist (o, o, . .. ). Each
operandy; (1 < 4 < k) is anelementof the form /., wherel; is
calledthelabel of typeT;. Thelist « maybeempty

Therearetwo waysto declaretypesof operands.They might be declared
explicitly or implicitly. Every baseand namedcomple typeis a explicit type.
Implicit typesoccurwithin operandists only; they model conceptuakubstruc-
turesin theoperandist. We call themunnamedypesaswell.

A type is definedrecusively, if it is referencedby namefrom within its
operandists (directrecursion)or from a type which is usedin its operandists
(indirectrecursion).Only namedypesmight be definedrecursvely.

The following examplesof typesshouldclarify the pointsraisedso far. We
presenthetypesin pseudo-coddyutit is notdifficult to establistamappingfrom
existing imperatve programmindanguageso signaturedefinitions.

Example5.1. Various Types v

base: real

The type “real” is built from an operatorwithout operandist. Please
note,thatonly syntaxis definedbut no semantics.
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CompleX: X ( I/reala y/'real)
Thistypeis constructedby applyingthecrossproductoperatoyobtaining
arecordstructure.Theoperandist containsgwo operandsg andy, both
of typereal. Thistypeis well defined but it cannotbe accessedirectly,
dueto amissingnamefor referencingt.

named: Point :== X( %/ eat Y/ real)

Thetype named' Point” is arecordstructurewhich is explicitly named
andthereforeaccessiblevithin its definedscope.

unnamed: Person := x("™¢/ im0 ¥/ x(Street) city/st”_ng))

implierit type
The secondperandf the crossproductoperatorof “ Person” is anun-
namedstructuraepresentingheconcepbf anaddressThissubstructure
is implicitly defined.

anonymousreturn value: Considera Pascal-like function
FUNCTION HShift  (source:Point, dist:real) : Point;
(horizontalshift) for computinga new horizontalpositionof a point. The
type of this functionis:
HShth = (source Points distance/real)( NOUt/Point)
The comple type “ Point” togetherwith a distancevalue for relocat-
ing this point horizontally are provided for the input to the function
“HShift". Theresultof thecomputatiorreturnedo thecalleris labeled
with the the meta-designatdiout . We do not usethe function’s name
to label the outputvariable (asit is the casee.g. in Pascal),since,in
contrasto thefunctionalprogrammingparadigmwe considertthe output
of thefunctionasa differentconcepthanthefunctionitself.

A

Thetype structuregpresentedn this chapterareanabstractiorfrom concrete
typesimplementedn a programminganguage.To distinguishimplementation
dependentypesfrom their abstractionwe usethe notion “signatug’. In the
remainderof this work, we usethe term “type” to refer to the elementson the
implementatiordevel and“signature”to referto elementontheabstractiorevel.
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5.1.2 Modules

Basetypesarefirst classcitizensof programmindanguagesnd,thereforeacces-
siblein every compilationunit. If a programmeimplementsuserdefinedtypes
within a compilationunit, they are accessiblavithin their scopeandthereneed
not be anaccesgathto them. However, if typesshouldbe accessibldor clients
(which areotherprogramsor components)}he concepbf a signatureasaninter-
facedescriptionglaysanimportantrole. Suchseparateinitsarecalledmodules
Modulesgrouptypes(datatypesandfunctiontypes)andprovide a client with a
nameto accesshem. This view is in accordancevith the approachof Zarem-
ski andWing who considera moduleasa coherenttombinationof types[232].
Examplesof modulesareinterfacedescriptionf objectsin Java , interfacesof
MODULA-3modulespor packagesndabstractiatatypesin Ada.

Definition 5.5. — Typeof a module
ThetypeM of a moduleis a namedsetof the typesdeclaredn the
module.

A modules signatureis a namedset of the signaturesof typesdeclaredin
its interface. Throughthis interfacethe accesgo its elementds enabled. With
the help of modulesthe analysisof identically namedtypesdeclaredin differ-
entmodulesis possible. If a signaturedeclaredin a modulemustbe accessed,
it is necessaryo specifythe accesgathto it. We chosea commonrepresen-
tation for path navigation, namelythe separatiorof pathelementsby a dot. In
thatway, it is specifiedhow to accesslementf of a modules signature(e.g.
module.type ).

In continuingtheexample5.1from page70thedatatypePoint usedfor stor
ing two-dimensionapointstogetherwith therelocationfunctionHShift  might
beseparateétom themainprogramanddeclaredn aseparatenoduleTDPoint
whichis specifiedby thefollowing interface:

INTERFACE TDPoint =
Point = RECORD
X : real;
y : real
END Point;
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FUNCTION HShift  (source : Point,
distance : real) : real;

END TDPoint.

5.2 Signature definition

5.2.1 Signature grammar

To treatdifferentprogrammindanguagesve needanintermediateepresentation
of signatures.The signaturegrammarshawn in figure 5.1 on the next pageis
a type expressionsublanguagéor a first ordertype system,similar to the type
construcioperatorof imperatie programmindanguages Theissuedliscussed
in the previous sectionsarereflectedn its structure.

The transformationof type declarationsexpressedn termsof an impera-
tive programmindanguagento implementationndependengignaturedefinitions
conformingwith the signaturegrammairis straightforward. However, the trans-
formationrulesmustbe definedfor eachprogrammindanguagendividually. In
thefollowing sectionwe give somehintsfor this transformatiorprocesgor those
spots,wheredifficultiesmightoccur

1Thegrammaiis expressedn ExtendedBackusNaurForm (EBNF),whichis ametalanguage
for definingformal languages.EBNF’s building elementsarerules andthreedifferenttypesof
symbols. Rulesarebuilt like an equation. On the left handside the nameof the rule is given,
followed by the assignmensymbol“::= ”. This nameis a non-terminalsymbol The body of a
rule is ontheright handsideof theassignmentThe symbolsaregroupednto

metasymbolswhich areusedto build the structureof thetargetlanguage.

The parenthesisymbols”(” and“) " groupdefinitions. The metasymbol“| " expresses
alternatves.Definitionleft or right to it areequialentalternatves. The bracket symbols‘[ ”,
and"] " defineazero-oronealternatve declaration.Brace§ {”, “}") denotdterationswhich
may never appeaior which mayappeawith anarbitraryfrequeng.

Terminalsymbolsaregiven“asis” in theform of e.g.’a’

Non-terminalsymbolsare namesof rulesandappearat the left handside of an assignment.
They mayoccurin thebodyof arule aswell for referencingulesto build comple structures.

EBNFin thepresentedorm is redundantiueto unnecessargnetasymbols becausdt is possi-
ble to expressary definitionrecursvely by usingalternatves(“| ”) only. However, arichersetof
constructingelementsnake a muchshorterandamuchmorereadablaleclaratiorpossible.

73



74

Declaration
Module
Types
TypDec
TypeBody
FunOp

CrossOp
UnionOp
TypeOperandList
TypeOperand
TypeName
ModuleName
SigName

Label

digit

char

Multilevel Generalized Signature Matching

Module | Types.

'MOD’ SigName '=" Types.
TypeDec {7 TypeDec}.'.
TypeName [=  TypeBody].
FunOp | CrossOp | UnionOp.
->" (" TypeOperandList )
' TypeOperandList ).
‘X'’ TypeOperandList ).
'V ' TypeOperandList ).
TypeOperand {/ TypeOperand}.
Label '/ (TypeName | TypeBody).
[ModuleName’.'|Label.

Label.

Label.
char{char|digit}.
0I1)...]'9..

)a)l)b)lu.|1Z)|)AlllB)|”|1Zl

Figure5.1: A signatureexpressiorsub-language



Signature definition

5.2.2 Hints for transf orming types to signatures
References

Referenceto atypewithin thescopeof adeclaratiorareestablishedby providing

thenameof thereferencedlatatype. Sincewe only wantto maintainits structure,
a recursvely definedtype suchasa linked list, is transformedby replacingthe
pointerto the structureby the nameof the referedtype. We arewell awarethat
this may leadto aninfinite recursve definition. This problemwill betaken care
of in the matchingprocesdateron. Seeexample5.2 on the following pagefor a

transformatiorof thelinkedlist PList

Arrays

Many programminganguage$rovide with arrayswhich areintendedto group
elementsln thatway, arraysaresimilar to recordtypes,but, in contrasto them,
theelementhaveto behomogeneou@hey haveto beof thesametype). Thismay
not be true for records. A further particularity of arraysis the index associated
with eachelement.Thisindex permitsthe addressin@f eachelementdirectly.

The signatureexpressiorsublanguageresentedn 5.1 on the precedingpage
doesnot provide with a declaratiorfor arrays. This motivated,that arraysmay
be expressedy othersignaturestructureswvhich will be sufficient for matching
purposesWith thisin mind, arraysmay be consideredsimplicitly linkedlists.
Then,theinformationaboutthelengthof the original arrayand,furthermore the
positionof its elementgetslost. However, for matchingpurposegpositioninfor-
mationmight be importantand, therefore we transformarray typesto recods,
whereeachelementof anarrayis representedsa field of arecord.In thatway,
the focusis seton the data(and not the metastructureneededo administerit).
In orderto maintainthe index informationat leastpartially, afterthe transforma-
tion, the labelsof recordfields containindex information. For this purposethe
metasymbol™i is concatenatedith theindex. As previously mentionedjndex
informationis maintainedpartially only. This is dueto the fact, that the infor-
mationaboutmulti-dimensionalityis lostwhenarraysaretransformedo records.
Dimensionsareflattenedoy sequentiallyenumeratingrrayelementsThis effect
is shavn in example5.2 on thefollowing page wherethe two-dimensionalityof
thearrayof pointsPArr cannotbeinferredfrom its signaturgpendant.
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Functions

For functionalentitiesthe informationaboutdifferentpassingnodesof parame-
tersis important. In this work we differentiateonly coarselybetweenlN, OUT
and INOUT modes,without consideringparticularitieslike call-by-value, call-
by-name copy-restore,or call-by-referencgassingnodes[2]. They arenot of
primaryinterestwhenit comesto signaturematching.

IN-parametersndicatea value which is passedo a functional entity and it
occurson the left handside (in the first operandist) of a function’s type. The
indicatorfor valuespassedo the callerof a functionareOUT-parametersyhich
arespecifiedntheright handside(in secondperandist). If valuesarepassedn
INOUT mode,the namesof parametersre placedon the left andthe right hand
sideaswell. Functionsdeclaredwith empty parametetists resultin emptyin-
and/orout-lists(which areadministeredsrecordscontaininga void-type).

Example5.2. Transformatiorof declamationsto signatues \V4
Considethefollowing definitionsof typesfor storingtwo-dimensionapoints,de-
finedin a Pascal-like pseudacode. Therecordtype Point  holdsthe coordinates
of atwo dimensionalpoint. Thelinkedlist PList administersa setof points.
PArr isimplementedasatwo-dimensionaarraywhich elementsarepoints. Fur
thermorejwo functionalentitiesaredeclaredthe procedureHMoveintendedor
shiftingagivenpointhorizontallyl unitsalongthex-axisandthefunctionDist
computingthe distanceof the positionof the enteredooint from the origin of the
coordinatesystem.

INTERFACE TDPoint;

Point = RECORD

X : real;
y : real
END Point;

PList = RECORD

p : Point;

next : POINTER TO PList;
END PList;
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PAr = ARRAY[0.1] [1.2] OF Point;

PROCHMove (IN [lreal, INOUT p:Point);
FUN Dist (IN p:Point) . real;
END TDPoint.

Thesetype definitionsaretransformedaccordingo the definitionsof the sig-
naturegrammair(figure 5.1 on page74) with respecto the transformatiorhints
discussedh this section.

Module TDPoint =

real;

Point = X (x/real, ylreal);

PList = X (p/Point, next/PList);

PArr = X (Til/Point, "i2/Point,
"i3/Point, "i4/Point);

HMove = -> (l/real, p/Point) (p/Point);

Dist = -> (p/Point) (Cout/real).

A

Althoughthe basetypereal is notdeclaredn the implementationjt must
be presenbnthesignaturdevel. We give priority to anexplicit definitionof base
typesthanhaving themasfirst-classcitizenson the signaturdevel, becausehis

provideswith theflexibility to dealwith amultitudeof implementatiodanguages.

A basetypeonthesignaturdevel is definedby its nameonly; no type operatolis
involved. This styleis a shortcutdefinitionindeed sincethe nameof the operator
Is thenameof thetypeitself aswell.

Therecursvedeclaratiorof thelist of pointsPList establishetyy thepointer
next , hasto becorvertedinto arecursve signaturedeclaration.Theinformation
that a pointer referencewas originally the declaredis not maintained. This is
not considera lossof importantinformation,becausdor matchingpurposeghe
conceptbeyondthetechnicalimplementations muchmoreinteresting.

The INOUT parametep in the parametefist of function HMove occursin
bothoperatotists of its signatureequivalent.Finally, theparametefout placed
in the secondparametelist of the signatureof functionDist is theresultof the
transformatiorof ananorymousreturnvalue.
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5.3 Signature graphs

5.3.1 Basics

To compareefficiently signaturesandasbasisfor establishingsignaturerelations
we mapthe signatureinformationof typesinto a graph. A signaturegraphG =

(E, V) is adirectedgraphwith a setof directededgesF andasetof verticesV .

We referto thesesetsas F(G) andV (G) aswell. An elementv € V is either
a type operator(including basetypes)or an uniqueroot node. Root nodesare
“entry points” of typeswithin a certainscope,from whereeachnamedtype is

immediatelyaccessible.Either the signaturesare accessiblevia the scopeof a
moduleor via the scopeof a main program. In the first case the accessvertice
is labeledwith the nameof the module,in the secondone, the labelis named
“root ”

Eachnamedsignatureas connectedlirectly to theaccessode.All othersig-
naturesareunnameadandimplicitly declaredHowever, to simplify thegraphrep-
resentationbasetypes,althoughnamed arenot directly connectedo the access
node.They areshavnin thegraphasdoublecircles.

An edgee € E isapairof vertices(v;, v;) wheretheleft verticev; isthesource
andtheright verticev; thetamgetof e. Thesetof directededgesE representshe
declaratiorrelationsfor eachsignature.Edgesmay have propertieswhich hold
informationaboutlabelsandthepositioninformationof operand®f crossproduct
operators.

Function operator transf ormation

As shortlymentionedn section5.1.1,theinput andoutputlists of functiontypes
aretransformedo crossproductswhich arerepresenteddequatelyn the graph.
The crossproductservingasinput structureis designatedvith the meta-symbol
"l , the outputstructurewith “O, respectrely. In the caseof an empty input-

and/oroutputlist a graphrepresentationvould leadto an empty crossproduct
structurewhichis notallowedaccordingo definition5.2onpage68. In thegraph
sucha list leadsto a unarycrossproduct,containingthe only operandwhich has
thetypevoid .

Example5.3. Sighatue graphof example5.2on page 76 \V4
This exampleis a continuationof the transformationexample 5.2 on page76.
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In figure 5.2 the signaturegraphof the structuresof the module TDPoint is
given. Theroot nodeis depictedas a box and namedwith the modules name
“TDPoint .

Therootis linkedto the crossproductPoint  which containstwo elements,
x andy. Both elementsaredefinedasbasetypereal . Thenumbersn square
bracletsindicatethe position of the recordcomponentsn the original operand
list. The recursve definition via the pointernext referringbackto PList is
showvn asreflexive edgenext  [2] .

Theinput andoutputlists of the functionDist andof the procedureHMove
arecrossproductsjabeledwith themeta-symbolSl designatingheinput, resp.
"O specifyingthe output. Dist takesonly oneinput, which is a variablep of
type Point . Thereturnvalueof the functionis a crossproduct(with the label
"O asselectorhaving only oneoperandwhichis labeledwith themetadesignator
“out .

ThearrayPArr istransformedo arecordstructureandpotentiallystoreshe
sameamountof dataasthe original does. However, the informationaboutthe
two dimensiongnitially specifiedon the implementatiorievel is not presentin
the graph,althoughall homogeneouand sequentiallyindexed elementsof type
Point arecontainedn thesignaturegraph.

Figure5.2: Thecompletesignaturegraphof moduleTDPoint
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Union operator transf ormation

A specialcaseis atypep constructedy theunion(or variant)operator(U). Each
elementn the operandist is a possiblemplementatioralternatve for p, but for
aspecificvariableof typep only onealternatveis valid ata certainpointin time.
However, for thepurposeof determiningyperelationshipgwhichis a staticanal-
ysis) all possiblevariantsmustbe considered. This makes sensefor matching
purposesaswell, sincea searchetooks for one possibleinstantiationof her/his
demandA uniontypeis meantto changats shapedynamicallyandto fit thede-
mandexpressedn the query After the querys signatures matchedsuccessfully
with oneof thealternatves,ary otheralternatve is notinterestinganymore(only
theunionspecificityshouldbeindicated).Hence all variantsof a U-type have to
be analyzedandaretransformedo the graph. In the signaturegrapha unionis
denotedby an operatomode’U’ with all its possiblevarianttypesas successor
nodes.In contrasto the procesof thetransformatiorof crossproducttypes,the
initial orderingof the operandsieednot be maintained becausall alternatves
areequalchoices.Theinitial orderdoesnot provide ary additionalinformation.
The specificsemanticof a varianttype mustbe consideredn all analysisand
matchingsteps.Thetransformatiorof anunionsignatureo its counterpartepre-
sentedasgraphis demonstrateth example5.4:

Example 5.4. Repesentinga uniontypein the signatue graph v

Let p be a uniontype with the following signaturep = U(%;nt, % rear)- In the
graphthe signaturep is transformedo an operatomode’U’ with its two alter

nativesasimmediatesuccessonodes(figure 5.3 on the facingpage). If e.g.a
subtyperelationto anothelrsignatures is calculatedpothvariantsa’ and’b’ have
to be checled againsthe structureof s for validatingthis property If indeedone
outof thesealternatveshasthesubtypeproperty theunionitself thenis asubtype
of s. A detailedexamplefor subtypematchingis presente@n page93.

A

Similar graphscalledtgraphs, are discussedy Katzenelsoret al. [115]. In
their work, the authorsconstructan ordereddirectedgraphfrom type definitions
to supporttype matchingfor differentmodulesat link time. Verticesof atgraph
containnameinformation,typeoperandsandrecordlabels.Edgesarenotlabeled
andall informationaboutlabels,type namesandtype operatorsnustbe derived
fromtheverticesdesignatarAdditionally, theedgedeaving averticeareordered.
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root

Figure5.3: Transformatiorof anuniontype

The accesgoint r to atgraphis determinedoy the user who specifieshe type
to beanalyzedAll typesinducedby r thenareaddedo thegraph.Theintention
of theauthorss to computea polynomialrepresentatiofor efficiently matching
typeson a hashingschemathus obtained. This schemais basedon irrational
numbergwhicharecalledmagic numbes)representingachtypegraphuniquely

The matchingof tgraphsbasedon their magicnumberequialentis claimed
to bevery efficient, asit is basedon comparisoroperationn the hashingscheme
representinghe tgraph The differenceto the approachpresentedn this work
is dueto the fact that we establishdifferentsignaturerelationsand additionally
allow matchingrelaxationsoy graphtransformationgdiscussedn the following
sections).In contrasto Katzenelsors approachwe may matchpartsof typesas
well (andallow differentmatchingcriteria), sincewe do not packtheir signature
informationinto oneindivisible representation.

5.3.2 Signature graphs spanning diff erent modules

Modulesdefinethe scopefor thetypesimplementedn it. Onthesignaturdevel,
eachmoduleaswell asthemainprogramseneasanentrypointfor accessingheir
constructsa factwhich is reflectedin signaturegraphs.If anelements defined
which typeis importedfrom an othermodule,we have to keepthe information,
how to incorporatethis referencanto a signaturegraph.

We do so by referringto the signaturegraphof the modulevia the external
accespointby meiging thetwo graphsin suchaway thata graphhasmorethan
oneentrypoints. Theideais depictedn thefollowing example.
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Example5.5. Accessingxternallydefinedtypes \V4
The declarationof the recordLocation is placedin the main program. It is
intendedto containdataof a two dimensionalmap. One dataelementof the
recordis the positionof the locationposition , administeredy the structure
Point which is importedfrom the module TDPoint declaredn example5.2
onpage’6.

PROGRAM/ap
IMPORT TDPoint;

Location =

RECORD
position . TDPoint.Point;
name . string;

END Location;

END Map.

Theresultingsignatureggraph(figure5.4onthefacingpage)containghestruc-
turesdeclaredn the mainprogramMap, which areaccessibleia theroot node
of the graph. The signaturesnferedfrom the typesof the moduleTDPoint in
example5.2 are meged into the graph. We do not shav the intermediatestep
of translatingthe implementatiordependentieclaration®f the programMap to
signaturesTheaccessodeto TDPoint ’stypesis shavnin thegraph.It enables
thecorrectderivationof theirnamingschemegaccesgpath).

A

5.4 Signature relations

5.4.1 Strata of signature relations

In this sectionwe discusgelationswhich canbe establishedbetweersignatures.
Onthebasisof suchsignatureelationsvarious‘distances’canbeformulated.We
usesignaturegraphsasbasisfor comparingstructuralanddesignatie properties.
In generaliwo differentaspectsareimportantfor the comparison:
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root

Location

TDPoint

position [1] \ name [2]

Figure5.4: Merging signaturegraphsof differentmodules

The first aspectis concernedwith the designationof signaturesand their
substructuresMany programminglanguagesasetheir type systemon the
uniquenessf namesAlthoughthis easeshetaskof checkingfor compatibil-
ity, in mary caseghis approachs too restrictve.

The seconcaspectakestheinternalstructureof typesinto account.

Bothaspectareimportantanddependingpnasearchesrequirementsthey must

be respected Someof the signaturerelationsherepresentedrebasedon rather
pragmaticideas,a pragmaticwhich stemsfrom the aim to supportcomponent
reusebest.Applicationengineer®ftensearcHor domainrelatedaspectswithout

consideringthe technicaland theoreticalbackgroundn detail at that moment.
Therefore subtypematching(basedn a soundtheory)oftenleadsto unexpected
resultswhich are consideredo be counterintuitve to a “naive” searcherlIn this

work we supporta more holistic view to signaturematching,respectingsound
theoryandheuristicstructuralmatchingaswell.
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All algorithms presentedin the subsequensectionsare implementedin
SETL2 andare listed in appendixB. SETLZ2 is a high level generalpurpose
programminganguagebasedon the theoryof finite sets[212]. Dueto this set-
orientationit is very cornvenientto prototypethe ideasdevelopedin this thesis
without having to dealwith too muchimplementatiordetails. SETL 2 offersall
primitivesfor developingunderstandablandmodularprogramsjncluding exis-
tential and universalquantifiersmodulesandinterfaces.Its syntaxis similar to
theoneof Ada.

Let s andp betwo signatureswith s = 7,a,, Wherer, isthetypeoperatorand
a, istheoperandist (*/r, , **/r, ,..., */1, ) Of s. Thesignaturep = 7, is
built from atypeoperatorr, andaoperandist o, = (*/r, , **/1,,,--- » *"/1,,)-
We uses andp for demonstratingyperelations.

Name equality relation

Thefirstrelation,nameequality is concernedvith thenamesof typesandit is the
simplestoneto check. E.g. nameequalityis usedin the MODULA-2compilerto

checkfor typeequality Two typesarenameequal,if bothhavetheidenticalstring

asdesignatar In the signaturegraph,we candeterminenameequality between
two typess andp, if they aredirectly reachabldrom anaccessiodein thegraph
andtheedgedrom the nodeto thetypeoperatorarelabeledequally

Definition 5.6. — NameEquality (=,,)
A types is nameequalto atypep (symbolicallys =, p), if s andp
areidentifiedby the samestring.

We canseeimmediatelythatthe nameequalityrelationis reflexive andsym-
metric. It is transitve aswell, which resultsin anequvalencerelation.

Sincethe basisfor checkingnameequalityis the signaturegraph,the check
for it is to compardabelsof edgedeaving an accessiode. Hence,only named
signatureganbein anameequivalencerelation,asunnameanesarenotdirectly
reachablérom anaccessode.

Obviously, edgedrom the sameaccessiode(definingthe scopeof a module
or amainprogram)cannever have the sameidentifierasname:lt is not possible
to declaredifferenttypeshaving the samenamewithin onemoduleor program.
On the otherhand,signaturesiefinedin differentmodulesmay have indeedthe
samename.Nameequalityplaysanimportantrole duringmatchingof signatures,
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becausenodulenamegqasprimarydesignatorsarenot considerean the highest
level in amatchingprocess.

Example 5.6. NameEquality \V4
In a moduleA a signaturenode := X(*/int, %/ char) is given. This signatureis
nameequalto node :=— (% ea)(¥/int) declaredn a moduleB, which is sym-
bolically expressedsnode =,, node. A

Subtype relation

In generalatype s is a subtypeof atypep, if andonly if all elementqvalues)
which arein s arein p, too. The main motivationfor subtypingis to determine,
if atypes canbe substitutedoy p, without changinginvariantswhich hold for

atype s. This processs called substitutionor subsumptior[83]. Due to the
propertyof substitutability whendesigningan algorithmfor signaturematching
which shouldallow inexact matchesaswell, the soundtheory of subtypingis a
primary candidateo be consideredor matching.

In theliterature,subtypesaredefineddifferentlyand,consequentlytheinfer-
enceof subtyperelationships discussedlifferentlyaswell. As alreadystatedn
section5.1.1this is attributedto they way how to look at datatypes. Whendis-
cussingsubtypingwe mustbe well awareof thefactthattwo orthogonadimen-
sionsmustbe considered.The first dimensionis orientedtowardsthe top-davn
view, wherethe domainis consideredo be a setwhich mustbe partitionizedac-
cordingto constraintswvith the aim to sharepropertiebetweertypes. This view
Is discussedh theliteratureassubclassingseealsothe discussioron covariance
on page89). Thesecondlimensionpursuegheideaof a constructve, bottom-up
approachwheretypesarebuilt up from simplebuilding blocksto getmoreand
morecomplex constructs Heresubtypingdealsmainly with the questionof sub-
stitutability, i.e. to determinewhetheror not a supertypevariablemay be safely
substitutedy asubtypevariable.Thisinferenceproblemis discusseadh thiswork
ascontrazariancesubtypingstartingwith page89, too.

Thefollowing partsof this sectiongeflectthis discussion.We startwith the
simplestform of structuringtypesby usingsettheory wherethe subtyperelation
is definedon the subsetpropertyof its homogeneouslataelements. The next
sectionextendstheseideas,but considersnhomogeneoudataelementsyecord
structuresaswell. Themostcomplex form of subtypingis given,whendefining
datatypesasfunctions.Thisis thetopic of thelastpartof this section.
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Typesassetof values

Theideaof subtypingevolvedfrom settheoryasbasisfor organizingtheuniverse
of data. An elements saidto havea type if it is a memberof the set. Sincean
elementmay be memberof morethanoneset,it canhave morethanonetypes
either Theuniverseof datacanbe structuredaccordingthe subsetelationwhich
hold within this universe. Suchvariousrelationsare modeledasa lattice. The
top elementof the type lattice is thetype T which is the setcontainingall data
of the modeleduniverse.The bottom_L of thelattice containsthe elementof the
smallestype.In mostcasesL. complieswith theemptyset[45, p 490].

If oneseegypesasa meanto organizeotherwisehomomorphiaatavalues,
settheoryis anappropriataneanto structuresuchvalues.We thencanrefinethe
statementboutsubtypeggivenabove: A type s is a subtypeof typep iff s is a
subsebf p (s C p) in thetype lattice [44, 45]. This providesus with a simple
way to determinesubtypedor subrangaypeswheretheinternalstructureof the
elementgloesnotplayarole.

Definition 5.7. — Subrange subtypg<:)
If s andp aretypes,s is a subrangesubtypeof p, symbolicallys <: p,
if s C p.

Subrangesubtypesare definedon the propertiesof basetypes. A statement
aboutsubrangesubtypingis valid only, if we cancomparehevaluesof types.In
our signatureggrammaythe extensionakemantic®f basetypescannotbe consid-
ered. Consequentlyin the signaturegraphwe cannotfind subrangesubtypesn
the graphs structuredirectly. Subrangesubtypeinformation,suchasint <: real
(every elementof int is memberof the setreal), is domainknowledgeandmust
beavailableapriori. Forthepurposeof theformalismdevelopedhere thisknowl-
edgeis maintainedy the setssb:

Definition 5.8. — Subsespecificatiorfor basetypes

A subsespecificatiorfor basetypesssb is asetof pairs(t;, t;), where
t; andt; arebasetypesandevery elementof ¢; is anelementof ¢; as
well.
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Example5.7. Subange subtype \V4
Givenarethetypess = {1,...,10} andp = {0,...,100}. Then,sinceevery
elementof s is anelementof the setp, the pair (s, p) is enterednto the setssb.
Now (s,p) € ssb = s C p holds,andtherefore the subrangesubtyperelation
s < p holds,too. A

The following algorithm isAprioriSubT checks,if two typess andb
(which have to be basetypes)are subrange-subtype-relatec: p, an informa-
tion whichis providedglobally via the setssb. It returns’'true’, if a pairis found
in ssb which specifieghisrelation.

Algorithm 5.1.

FUNCTION isAprioriSubT(  |s, lp) : BOOLEAN;
BEGIN

RETURNH(tl,tQ) € ssb | t1 =8Nty =p;
END isAprioriSubT,;

Typesasstructues

Recordsignaturesare formedby the x-operatorand combinelabeledfields. It
Is easyto establisha “natural” subtypingrelationbetweerrecords similar to the
ideaof objectorientedspecialization:Givena recordp, a subtypes of p canbe
constructedy addingfieldsto s or wealening (subtyping)the existing compo-
nenttypesof s [52, 44], e.g.asupertypesfield is areal andthesubtypesfield is
int. Sincelabelsareselectorsrecordfieldsareuniquelyidentifiedby theirlabels.
Thus,subtypesontainat leastthe samefields andlabelsastheir supertypeshut
mayhave more.Refinementsf subtypesareallowed,in theway thatoperand®f
thesubtyperecordhave a (sub)typeof its associategdupertypeperandalthough
both musthave equallabels). We do not assumeary fixed orderin the operand
list (neverthelessthis informationis maintainedn the signaturegraph). The as-
sociationbetweensuper and subtypeoperandss established/ia the operands’
labels.

In thatway, arecordstructuremightbesubtypeof mary supertypeshamelyof
all thosetypeswhich have structuralfewer fields. However, this compliesideally
with our view ontothe subset-supersebnceptasbasisfor typetheory

87



88

Multilevel Generalized Signature Matching

Definition 5.9. — Structurl subtyping

Let s be a record s = Xas With oy =
(nl/'ﬂ*sl,n2/']r82,... 7nk/71'3k;--- , Tsn) and P = Xap. The
operandlist o, haslengthk. Thens is a structuralsubtypeof p,
s < p, it V(™i/r,)3("/1,)|Ts; < Ty, Ay = m.

On thefirst sight,it seems'unnatural”that a subtyperecordmay have more
fieldsthanits supertype(s)However, to think of a type asrestrictionson the set
of all elementdelps.Eachrecordwith » fieldsis a (canbe usedas)recordwith
n — k fields, leadingto £ unusedfields. This is not possiblevice versa! That
meanghatthe cardinalityof the setof n — k recordss larger (or equal)thanthe
setwith n records sinceevery recordwith n fieldsis a recordwith n — & fields,
but an — k-field recordis not a n-field record(for £ > 1). In thatsensegvery
setwith n-field recordsis a subsebf a correspondingetof n — k-field records.
Wherever a supertypevariableexists, a subtypevariablemay exist too [44] and
the datastoredin the supertypecan be storedin the subtypestructureas well,
whereaghedatastoredin a subtypecannotbe storedin asupertypevariablein all
cases.

The algorithm5.2 determineswhetherthe type s is a structuralsubtypeof p
or not. If s is a subtype,isCrossSubT returnstrue andfalseotherwise. For
eachelemenbp, in theoperandist of the (assumedupertype, thereis exactly
one appropriateequally namedelementop, in the operandlist of s, whichis a
subtypeof op,. Theauxiliary functionlabel returnsthelabelof anoperand.

Algorithm 5.2.

FUNCTION isCrossSubT( | xopl,, | xopl,) : BOOLEAN;
BEGIN
RETURN
Y op, € opl, 31 ops € opls | label(ops) = label(op,) A ops <: opy;
END isCrossSubT,
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Typesasfunctions

In the caseof the function spaceoperator—, determiningsubtyperelationsis
moredifficult. A subtypecanexist anywherein a program,whereits supertype
is. This propertymusthold for functionsaswell. Thuswe pursuethe goalof type
safetyin the senseof signaturesubstitutability In the objectorientatedoaradigm,
subtypingmay sene anothempurposetoo. Subtypingcanbe usedasa modeling
tool to expressspecializedoehaior of atype. This is doneby addingelements
to atypewhich narrawvs the subtypes domain,anactvity called“specialization”.
If subtypingis usedin thatway, it may violate substitutability This problemis
well known in the type theory of objectorientation,hence therethe distinction
betweersubtypingthroughinheritanceor specializatioris pursuediercely[52].
However, this discussions not restrictedto objectorientation,althoughdue to
its paradigmof programmingby specializationjt is importantto make it cleag
which kind of subtypingis used. Two differentviews on function subtypingcan
beidentifiedin literature[46, 43]:

If specializations theaim of subtypingwe have covariantfunctionsubtyping
Covariantfunction subtypingis an intuitive way of modeling,sincefor the
functionwhichis aspecializegsubtype pnly specializednputandspecialized
outputtypesareallowed. Covariantsubtypings implementec.g.in the Eiffel
programmindanguagég142]orin theO, objectorienteddatabassysteni14].
Formally, the covariancefor two signatures andp is definedasfollows:

If s; < p; ands, < p, then (— (s;)(s,)) < (— (pi)(po)) , for shorts <: p.

Thefunctions is a covariantsubtypeof p, if theinputtypeof s is asubtype
of p’sinput. Theoutputtype of s mustbe a subtypeof p’s outputaswell.

Contravariantfunctionsubtypingon the otherhandfocuseson substitutability
throughtypesafety To allow substitutiontheinputof asubtypeunctionmust
be broader(a supertype}hanthe input of the supertypgunction. The output
side(secondoperatotlist of thefunctionspaceoperator)mustbe covariantly,
the subtypes outputis narraver thanthe supertypes oné.

Thediscussiorabouthow to definefunctionsubtypings veryvivid in thefield
of objectorienteddevelopmentsystems.In objectorientation,function refine-
mentfor subclasses thecommonway to changegunctionalitywhendeveloping

2Castagng46] suggestghe term “co-contravariance”for this form of functional subtyping,
becausehe input is a contravariant,whereaghe outputis a covariantsubtype.In practice,this
termwasnever established.
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or maintaininga system.In our contet of procedurafunctions,we do not focus
on specializatiorand function refinementfor polymorphly substitutedvariables
is not our primary goaf. We wantto establishsubtyperelationssimilar to sub-
rangesubtypingbetweerfunctions.As aconsequenceaye have to definefunction
subtypingcontravariantly:

Definition 5.10. — Functionsubtyping(Contravariancerule) (<:)
Givenis afunctions =— «o}ag andafunctionp =— ao}a?. Then
s < p,if a, < af andag < aj.

Theoperandists o, o9, o, anda? of thefunctionswhich mustbe compared
are x-signaturesThereforethe parametelists arechecledfor structuralsubtyp-
ing relations(definedn 5.90on page88). In theremaindeof thiswork contravari-
antsubtypingis meantwhentalking aboutfunctionalsubtypingrefinement.

Example 5.8. Functionsubtyping v
Let abs =— (Yine)(~*“Y:ne) be afunctionfor computingthe absolutevalue of
aninteger and sin =— (“/,ea)(~"Y1ear) be the standardirigonometricsine
function. The basetypeintegeris defineda priori assubtypeof real,int < real.
Consequentlyubs mustnotbeasubtypeof sin, asits bothlists,inputandoutput,
arerefinedcovariantly Hence thereexists no subtyperelationbetweernzbs and
sin or vice versa.This, atafirst glance seemsndeedto beratherunintuitiv.

In contrastconsiderthefunction floor determininghe largestintegerwhich
is smallerasa givenreal number floor =— (%/reat)(~*Yins). Now theinput
signaturemreanalyzedaubs getsanintegerasinput, floor areal. Sincesin gets
arealnumberandwe know thatreal < real, theinputtype of thefunction floor
Is in both casesa supertype.On the outputsidethe situationis reverted: floor
computesanint (thesames truefor abs), sin areal, whichestablishea subtype
relationfor the outputtypeof floor with the outputtypesof bothotherfunctions.
As result,we seethat floor <: sin and floor <: abs.

In figure 5.5 on the next pagethe signaturegraphof the abs, sine and floor
functionsis shovn. The information aboutthe existing subtyperelationsfor
namedtypesis denotedwith bold arcs. If s is a subtypeof p a directedbold
arcfrom p to s is dravn, named‘Subtype”. A

SHowever, typesubstitutabilitywhichis easedy polymorphisrris importantin thesucceeding
stepsof thereuseprocessywherethe searchewantsto exploit thecomponentsvith aminimumof
effort.
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root

Figure5.5: Functionalsubtyperelationsbetweerubs, sin, floor

The algorithm 5.3 implementsthe definition of function subtypingin a
straightforvard manner Input to the algorithmaretwo functionsignatures; and
p. It returns’true’, if the subtyperelationbetweenits parameters andp holds,
symbolicallys <: p and’false’otherwise.

Algorithm 5.3.

FUNCTION isFuncSubT( |— (inputs)(ouput;),
— (input,)(output,)) @ BOOLEAN;
BEGIN
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RETURN:nput, <:inputs A outputs < output,
END isFuncSubT;

Typesasunions

A union signatures is a subtypeof a type p if both are constructedwith a U-

operatoandadditionally if thesubtypeoropertyholdsin thefollowing way: each
operandof the supertypep hasto be mappedto any operandof the subtypes
s operandlist suchthat for this mappingthe subtypepropertyis valid aswell.

Therefore the ideathat wherever a supertypevariableexists, a subtypevariable
may exist aswell, is valid for all runtime instancef p, becausaherealways
existsa variationof s, thatis a subtypeof the currentruntimeshapeof union p*.

Thealgorithm5.4 simply checksjf sucha pair of operand®f s andp exists:

Algorithm 5.4.

FUNCTION isUnionSubT( | Uopl;, LUopl,) : BOOLEAN;
BEGIN
RETURN
Y op, € opl, 3 op, € opl, | label(ops) = label(op,) A ops <: opy;
END isUnionSubT;

The small differenceto algorithm5.2 (checkingstructuralsubtypeproperty)
is thefact,thathereit is notdemandedo obtaina 1:1 mappingto the extentthat
for eachelementof the supertypeoneandonly onesubtypeelementmustexist.
However, this differenceis academichecausealueto the uniqguenessit the same
level of theoperandslabels(theselectomproperty),in any caseonly onemapping
pair canbe establishedA unionsubtypingis depictedn thefollowing example,
wheretwo typeshave subtypeproperty

4The reademight notethatthis doesnotimply thatat ary pointin time a substitutionof p is
possible sincethe shapeof s maybefixed afterthefirst valueassignmentsWe ratherstresghe
pointof potentialsubstitutabilityasthe structures meanto bematchedn its staticform andnot
duringrun-time.
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Example5.9. Unionsubtyping \V4
Given aretwo union types,s = U(Yint, Yreat, Jint) @NAD = U(Yint, ¥ reat)-
Sincebothof p’soperands andb aresupertypesf s’soperands. andb, thetype
s is asubtypeof p. In contrastalthoughp’s operands: andb aresubtypesof s’'s
operandsvith the samenameaswell, p cannot be a subtypeof s. Thisis dueto
thefact,thatthe operanchamed: is no supertypeof ary of p’s operandgthereis
no operandabelede in p’s operandist). A

Thecompletesubtypealgorithm

The algorithm5.5 on the following pagecomputeshe generalsubtyperelation
betweertwo signatures andp for ary type operator It is definedasinfix predi-
catedemandindgwo signaturessinputandreturnsabooleanvalue. Thefirst step
of the algorithmis performedto preventinfinite recursion,which may happen
whenrecursve definitionsare encountered Considerthe signaturesiepictedin
figure5.6,wheres is a subtypeof p andp is a subtypeof s. Any datarepresented
in type s mayberepresenteth p (andvice versa).ln thatcasethealgorithm5.2
would checkrecursvely the operandist of bothtypesendlessly Therefore the
informationabouttypeswhich arealreadyanalyzeds kept, which is performed
by thefollowing function:

isAlreadyChecked( s, p) is a predicatewhich determinesijf its input
signatureqs, p) were alreadyanalyzedso far. By eachcall to the subtype
algorithmtheseparametersre addedto the set (if the pair was not already
memberof theset)and’true’ is returned.If the parametersveremembeiof the
setbefore thepredicateaeturnstalse’.

In this way, the algorithmperformsrecursve subtypecheckingsimilar to the
techniqueof anone-stedix pointexpansionusedto unfold recursve subtypesn
staticpointeranalysiq171].

With thefollowing stepnameequalityis checled. In thecasehatnameequal-
ity holdsbetweertwo signaturesit is known thats mustbea subtypeof p, s <: p.
Thisis dueto thefactthatwithin the scopeof onesignaturegraphall namesare
uniqué. Otherwisethetypeoperator®f s andp aredeterminedataskperformed

SNameequialenceis possiblefor typesdefinedin differentmodulesonly. For subtypecheck-
ing, identicallynamedypesdeclaredn differentmodulesaremadeuniqueby takinginto consid-
erationtheaccesgathsto a signaturevia theroot nodeof the signaturegraph. This is performed
duringthetype-to-signaturéransformatiorprocess.
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root

b [2]

Figure5.6: Recursie mutualsubtypegfrom [115])

by theauxiliary function TypeOpOf. In the casethats andp areconstructedy
differenttype operatorsa subtyperelationdo not exist andthe algorithmreturns
FALSE The next stepdealswith the selectionand executionof the appropriate
specializedubtypecalculationdependingnthetypeoperator®of thesignatures.
The subtypealgorithmis appliedrecursvely to theinput structures.

Algorithm 5.5.

INFIX FUNCTION<:(Js, Jp) : BOOLEAN;
BEGIN
IF isAlreadyChecked( s, p) THEN
RETURNTRUE;
ELSE
IF s = p THEN
RETURNTRUE;
ELSEIF TypeOpOf( s) = TypeOpOf( p) THEN
IF TypeOpOf( s) = "BASETYPE" THEN
RETURNIisAprioriSubT( s, p)
ELSEIF TypeOpOF(s) = x THEN
RETURNIisCrossSubT( s, p);
ELSEIF TypeOpOF(s) = — THEN
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RETURNisFuncSubT( s, p);
ELSEIF TypeOpOF(s) = U THEN
RETURNisUnionSubT( s, p);
ELSE
RETURNFALSE;
END IF;
ELSE
RETURNFALSE;
END IF;
END IF;
END <;

The subtyperelationis reflexive, sinceary type is subtypeof itself, andit is
transitve. It is neithersymmetricnor antisymmetric(which was demonstrated
alreadyin example5.8on page90).

Constitutive equality

Subtypematchingis a powerful techniqueto establishrelationshipsbetween
types. However, it is often the casethat the searcheidoesnot look for substi-
tutablesubtypesput hassomedomainspecific“‘closeness'telationshipin mind,

an ideawhich might but mustnot hold for subtyping. E.g., let s andp be two

recordswhosestructurels shavn assignaturegraphin figure5.7. Neithers is a

subtypeof p, norvice versaalthoughbothareconceptuallysimilarto eachother

dueto thefactthatthe numberof elementss the sameandthey referto thesame
basetypes. But the labelsandthe order of the operandlist’s elementsare not

identical. If thereusemwantsto find componentswhich areconceptuallynearto

aquery thenamef signaturesandthelabelsof signatureoperandsnightnotbe
interestingIn suchcasesfor thesearchewanta componentvhosestructure(re-

gardlesof names)ulfill the requirementsTherefore we introducea similarity

relationcalledconstitutiveequality.

When checkingconstitutve equality namesandinternallabelsof signature
areignored.Thestructureof thesignatureso becomparedanustbecongruenand
the basesignaturediave to be equalaswell. Additionally, the orderof signature
operandsn aoperandist is neglected.If comparedignaturesrefunctions,both
input- and outputlists mustbe checled for constitutve equality For any other
signatureoperatoy a bijective mappingfrom eachoperando an operandof the
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root

b [2]

Figure5.7: Two constitutve equalsignatures

comparedignatures operandist mustexistsandthe suchmappedsignaturesre
constitutve equal too:

Definition 5.11. — Constitutiveequality(=.)

A types = T, IS constitutvely equalto atypep = 7,a,, (Symboli-
cally s =, p), if theoperatorof s is equalto theoperatowof p, 7, = 7,,
and

T, IS abasetype operatoyor

if 7, =— then,sinceq is structuredasca’a? anda, aso’ag, the
propertya; =, o7, andag =, o9 holds,or

if 7, € {X,U} then p = pl/'[[‘pl,...,pj/'[[‘pj,...,p”/'ﬂ‘pn
and there exists a permutation P of «a, with
P15 ¥y, oo 5 ™/n,) suchthat T, =, T, for
7=1,...,n.

Constitutve equalityis an equivalencerelation,sinceall necessarprecondi-
tions(reflexivity, symmetrytransitiity) hold.

Theimplementatior{seeappendixB.3for its source)s ratherstraightforvard.
ThealgorithmareConstitutiveEqual demandgwo signaturess andp as
inputandreturns“true” if they areconstitutvely equal. If thesesignaturesvere
alreadychecled sofar (determineddy the predicatasAlreadyChecked(s,
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p) ), it is known, thata cyclic definition occurredandup to thatpoint no consti-
tutive inequalitywasdetected.In sucha casethe algorithmreturnsthe boolean
value“true”. For efficiengy reasonsiameequalityis checled aswell, if the sig-

naturegraphdoesnot spanmodules.In thatcasejdenticalnamesaresetequalto

identicalsignaturessincenameglabelsfrom accessodesto type operatorsare
uniquewithin the scopeof a signaturegraph.

If theoperatorof theinputsignaturesrenotthesameno constitutve equal-
ity canbe establishedOtherwisethealgorithmreactsdependingon the operator
type:

If basetypesareencounteredsincethens andp mustbedifferent,they cannot
be constitutve equal;thealgorithmreturns‘false”.

Whenfunctionsare encounteredthe input lists andthe outputlist of s andp
have to bevalidatedin detail.

For arny othertype operatoytheir operandists areanalyzed:for eachelement
of s’s operandist exactly one constitutvely equalcounterparin p’s operand
list mustexist.

We usethe following auxiliary functionsto simplify the designof the algo-
rithm:

getOperator(  s) computesheoperatortypeof s.

getOperandList( s) returns the list of operands of the sig-
nature s. One further remark on the semantics of the con-
struct getOperandList(  s)(" ~I") : The result of the function
getOperandList(  s) is a set of pairs, whose first element, the label,
is unique.Thus,this setspecifiesa function. Whencalling this functionwith a
labelasinput, thetypereferencedy thislabelin theoperandist is returned.

isBaseType( s) returns‘true”, if its input s is abasetype.

Algorithm 5.6.
FUNCTION areConstitutiveEqual( s, 1p)
BEGIN
IF isAlreadyChecked( s, p) THEN
RETURNTRUE;

ELSE
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IF s = p THEN
RETURNTRUE;
ELSEIF getOperator( s)=getOperator( p) THEN
IF isBaseType( s) THEN
RETURNFALSE; --diff. base types are never c.e.
ELSEIF getOperator( s) = — THEN
RETURN
areConstitutiveEqual(
getOperandList(  s)(" ~I"),
getOperandList(  p)(" ~I)
A
areConstitutiveEqual(
getOperandList( s)(" ~0O"),
getOperandList(  p)(" ~QO")
ELSE -- check X or U
IF #getOperandList( s)= #getOperandList( p) THEN
RETURN
Vts € getOperandList( s)
3 t, € getOperandList(  p) |

areConstitutiveEqual( ts, tp);
ELSE -- #get OperandLi st (s) # #get Oper andLi st (p)
RETURNFALSE;
END IF;

END IF; -- isBaseType(s)
ELSE

RETURNFALSE; -- different type operators
ENDIF;, -- s=p

ENDIF; -- (s, p) € isAlreadyChecked
END areConstitutiveEqual;

Structural equality

A strongerconceptuatelationshipbetweensignaturesf typesholds,whenthe
order of operandss consideredas well. However, labelsof operandsare not
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regardedyet®. Thistyperelationis calledstructural equalitywhichis anequiva-
lencerelation,too.

Definition 5.12. — Structuil equality(=;)
A types = 7;a; is structuralequalto p = 7,a,, if theoperatorof s is
equalto the operatorof p, 7, = 7, and

T, IS abasetype operator
if 7, =— thenthepropertyc; =, a;, andag =, o, holds.

if 7, € {x,U} then#a, = #a, andV°i/r, € a,3P/r, € q |
T, =, T, withi=1...n.

We do not shav analgorithmfor computingstructuralequalityhere,asit is
nearlyidenticalto algorithm5.6 on page97. Thereis only one exception: the
elementin the operandist of ¢, which is mappedto its counterparin s is not
arbitrarily chosensinceit hasto be onthe samepositionin the operandist.

Exact equality

Exactequalityis the strongestelationshipbetweenwo signaturesandit holds,
whenevery detail,beginningfrom typenameto type operatorspperandists,and
operandabelsis identicalin bothsignaturesompared:

Definition 5.13. — Exactequality(=)
A type s = T,a, IS exactequalto p = 7,a4, if s =, p holdsand
Vs, € o Ip; € o | 55 = p;.

All signaturerelationspresentedn this sectionmay be usedas a basisfor
reasoningaboutstructuralor domainrelatedpropertiesof signaturesof compo-
nents.Neverthelessalthoughsignaturesandrelationsholding betweerthemcan
bedervedautomaticallythestructureshemselimaycontainspecificinformation
aboutdesigndecisions Suchdecisiongetermingheshapeof datastructurego a
greatextent. Withoutknowing thedesignrationale apersorsearchindor astruc-
tureis notin the positionto determinets shape althoughthe conceptsoughtis
known exactly. Hence we presentinapproachio wealenstructuraldetailswhich
arenot mandatoryfor storingall the datain the next section.The purposeof this
taskis to raisethelevel of recallby focusingon the concept.

An otherrelationmightchecktheequalityof labelswithout consideringheorderof operands.

This neednotbeintroducedsinceit is analyzedduringsubtyperelationchecking
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5.4.2 Flattening signatures to simplify matc hing
Signature structure vs. signature concept

In generalwhensearchindgor acomponenit is not possibleto considerall struc-
turalandsemanticavariationswhich might be valid manifestation®f a concept.
For example,if a componendealingwith customenecordsC' is sought,mary
structuralvariationscanbe possiblerealizations Thecustomeraddressnight be
implementedas

inseparabl@artof therecord:
(C =X ( name/String: StreEt/Stringa CZty/String: .- ))a
internalsubstructure{C' = X ("™ sring, X (*"“Y string, ™/ strings - - -))), OF

predefined address signature: C = X("sing, “/ Address), With
Address = x ( StreEt/Str'mga C1'ty/,5'tm'ng> .- )

Many otherrealizationsareimaginableaswell. Whensearchingtheconcepiand
its data)is theimportantaspectwhereathe meta-structuregeflectingtheimple-
mentationarenot of primaryinterest.Structuralcompleity, whichis notneeded
to capturethe conceptjs dueto themodularizatiorof underlyingconceptsMod-
ularizationis bestpracticein software developmentto separateconcernshput it
introducesadditionallyimplementatiorvariations. Thesevariationsmay hamper
searchingubstantially As a consequencep easethetaskof searchingtheleast
commondivisorfor representinglatais its unstructured;flat” representation.

Therefore,the option to flatten structuresto reducevariationsis available.
Flatteningis a “vertical” reductionof the of the signaturegraphs compleity by
reducingsomepathsfrom the accessiodeto the basetypes. The baseideais to
analyzea signatures operandist andmeige compatibleoperatorsith thesigna-
ture'soperator Thus,flatteningis a simplifiedform of typeuncurrying[222, 223
known from the field of functionalprogramminganguageanalysis.Any signa-
turerelationoperatiompresenteth thiswork canbeappliedto flattenedsignatures
aswell. However, thesearchemustbe aware,that(structuralbasedYyelationses-
tablishedbetweentwo unflattenedsignature,might not hold for their flattened
counterparts.

Flatteningcanbe performedonly for crossproductandtype unionoperators.
Obviously, it is notapplicablefor functions,becaus¢hedifferentsemantic®f its
two operandists would getlost then. If theinputlist itself is a function, raising
it to the level of its “parent” operatorwould eliminatethe evidenceof thelist’'s
purposeasinput.
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Following requirementfiave to berespectediuringflattening:

Directrecursionsnustbe maintained,
indirectrecursiongnustbetransformedorrectly and

all datastoredby theinitial structuremustbe maintainedby the transformed
structureaswell.

Many edgesin a signaturegraphvanishafter flatteningthe graph. To verify
theresultandto easythe taskof explainingthe origin of a path,the information
of the sourceof anedgemustbe kept. We introducethe pathsymbol“>" which
is usedto reconstructhe origin of anedgeby iteratively concatenatinghe labels
andthe pathsymbol. E.g. if a pathexists containingconsecutre edgesabeled
“a”, “b” and“c”, theresultingedgeis labeledas“a>b>c”. In thatwaythegenesis
of melgededgess stored.The next exampledepictstheidea.

Example5.10. Flatteninga simplestructue v

Considetthefollowing signaturedefinitions.The graphrepresentatioof the sig-
naturess givenin figure5.8(a)onthenext page.Thetaskis to computeaflattened
versionof signatureP.

P =x(Yk, Y x(4x))

K = X(h/inta Z/mt)

P is built upontwo operandsg andb. The operandist of P containsrefer
encedo K andto anunnamedstructurex (/). Dueto the recordstructureof
bothoperatorsit is allowedto flattenP. In theresultingstructure K’ s successor
verticesandthe structurex (% x)’s successoverticesare now directsuccessors
of P. Thepathfrom P to thebasesignature'int” viatheedgesa[l]” and“h[1]”
mustnot containthe signatureoperatorof K anymore,which musthold for all
pathsfrom P to thebasetypeaswell “int”.

The resultof the flatteningprocesss givenin figure 5.8(b). It containsall
pathsof the sourcegraphfrom its rootto its basewhich allows to storethe same
amountof data.Theorigin of meigedpathsis encodedn thelabels.In thatway,
the label“a[1]>h[1]” is the melgedrepresentationf the original path“a[1]” to
“h[1]". AN
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()
ww b[2]>d[1]>h[1]

(a) Signature graph (b) FlattenedP
of PandK

Figure5.8: Flatteninga recordsignature
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The flattening algorithm in detail

The algorithm 5.7 computesthe flattenedversion of a signature. Input is a
signatureidentifier curType and the signaturegraphg. As usual,the graphis
representeds a set of verticesV (g) anda set E(g) holding pairs of vertices

(f,t) € E(g) whichrepresentsll edgesn g. Theprocessinganbedividedinto
two mainsteps:

Determiningthe memgeability of the operandist. Mergeabilityis given, if
thecurrentsignaturds anunionor arecord,

the operatorof the currentsignatureandthe operatorof the operandist’s
signaturesretheidentical,and

a direct recursionbetweenthe currentlevel andthe operandist doesnot
exists.

If theseconditionshold, the currenttype is linked to all successorsf the
mergeablesignaturesdn its operandlists. In thatway, anintermediatdevel
in the graphis eliminated. Thelinks from the currenttype to the elementsn
its operandists areeliminated.

Also here,auxiliary functionsare definedto simplify the presentatiorof the
algorithm.Thesearethefunctions

getTypeName( t) providing with the string representatiomf the signature
t'sname,

iIsReferenced(  v) checkingif averticewv is referedto from someavherein
thegraph,and

iIsChanged( g¢) checkingf thegraphg hasbeenrestructuredtfterthe previ-
ously performedanalysisstep.

Providedwith the parametevaluecurType thealgorithmanalyzesvery sub-
structureanddescenddeepeinto thegraphstepby step.Thistop-dovn approach
is choserbecausehe directedgraphstructurecan be traversedmuch more effi-
ciently by startingfrom therootthento collectbasetypesandsearchn abottom-
up direction.

The first loop iteratesover all elementsn the operandist of the signature.
If operandsare meigeablewith the currentvertice, all childs (operands)pf an
meigeableoperandarere-linkeddirectly to thecurrentvertice. Theedgefrom the
verticeto the operands deletedafterwards. Whenthe operands not referenced
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arymore, it canbe eliminated,too. In thatway, we getrid of all intermediate
memgeableverticesfrom apathe; — e; — e, by eliminatinge;, whichfinally leads
to aflattenedgraph.

In the next stepit is determinechow a changeof the graphs structure which
is reportedby thefunctionisChanged , mustbe handled.If it wasrestructured
duringthe previousbreadthfirst analysisof operandsthe flatteningprocessnust
startagainbeginning with theroot node,because verticewhichis closerto the
root might have becomemegeable.If the graphwasnot changedthe algorithm
recursvely descendsleepeinto the structureby retrieving the operandist of the
currentverticeandappliestheflatteningalgorithmto all elementsf the operand
list. Thealgorithmstops afterhaving encountered basetype.

To avoid infinite iterationsinducedby a recursve signaturesa list of already
visitedverticeshasto be maintained Verticeswhich arecontainedn thatlist are
notanalyzedurther

Algorithm 5.7.
FUNCTION flatten(  Jcur Type, | g);
BEGIN
visitedlist = visitedlist U {cur Type};

FOR (e1,e3) € getOperandList(  cur Type) LOOP
IF getOperator( e;) € {x,U} A
getOperator( e;) = getOperator( curType) A
getTypeName( e;) # getTypeName( cur Type)

THEN
FOR se € getOperandList( e;) LOOP
E(g) = E(g) U (curType, sey);
END LOOP;

E(g) = E(g9) - (curType, ey);

IF -isReferenced( e;) THEN
V(g) = V(g) - ey
END IF;
END IF;
END LOOP;

IF isChanged( g¢g) THEN
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g = flatten( ¢, g);

ELSE
FOR se € getOperandList( cur Type) LOOP
IF —(sey € visitedList) A
- (isBaseType(getOperator( se))) A
ses # curType
THEN
g = flatten(  seq, g);
END IF;
END LOOP;
END IF;
RETURNGg;
END flatten;

The algorithm doesnot shawv in detail how the renamingof meged paths
is done. Renamingis performedto track the genesisof an edge. Due to this
relabeling(thus, makingedgenamesuniquein a graph)the accidentaldeletion
of two edgeswhich were labeledidentically in the original signaturegraph,is
avoided.

The orderof operand®f theresultingsignaturas determinedy the breadth
first approactof thealgorithm. Dueto this particularitytheinitial orderis main-
tained. It may be reconstructedy scanningabelsfrom left to right. E.g.,the
labelj[2]>j[2] is sortedafteralabelj[2]>i[1] , which conformswith the
initial orderof theedges.

Example5.11. Signatue meging \V4
Givenis thefollowing comple signatures expressedn thetypegrammairprevi-
ouslypresented:

G
K

X(iG, jIX(G,  jJU@U(IG,jlint),b/K)))
X(h/X(afint, b/K),k/int)

TherecordG is a deeplystructuredsignaturebuilt upon crossproductand
type unionoperators.Two pointsareworth mentioning.First, Gis referencedli-
rectlyfromits operand andindirectly from the signatureof Hvia the structures
element. Thesignaturegraphof G is shavnin figure5.9(a).
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il21~i[1]

(a) Unflattenedgraph (b) Flattenedgraphof G

Figure5.9: Signaturegraphmerging of G
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Theresultof themeiging processs presentedh figure5.9(b). Every structure
successing crossproductwasflattened.f theirtypeoperatoraverecompatible,
the structuresn G' weremeigedwith its predecessan the graph. The signature
K is notvisible in the flattenedversionanymore. Pleasenote, thatthe recursve
referenceso G (eitherdirector indirect)areshown, too. A

Flattenings justifiedby theobsenationthatconceptuatlosesignaturegould
beimplementedlifferently If intermediatestructuresreflattenedhefocusshifts
to the datamaintained. Eachoriginal path exists in a transformedform in the
flattenedgraphaswell. Thisis clearly anadwantagejf the searchefocuseson
the concepts aspectonly. In thatway, a queryfor a conceptmay be easedby
specifyingthe matchingcriterion on flattenedsignatures. As a byproduct,the
understandin@f a signatures conceptis easedwvhich is dueto the reductionof
thegraphs compleity.

Someof the signaturerelationspresentedhn the previous sectionshaseon the
structureof signatures.Consequentlythe relationshipsestablishedetweentwo
signatures andp may not hold for their flattenedcounterparts’ andp’. Sucha
situationis discussedh thefollowing example5.12

Example5.12. Flatteningmaydestoy establishedelations v

Considertwo signaturess = X (%, /) @andp = X(Yints ¥ x(a/i0,5/))-
Signatures is a subtypeof p andvice versa. They are constitutvely equal,
too; s =, p. However, their flattenedversions,which ares’ = s andp’ =
X (Yints °>% s, °>% ) are not constitutive equal(which is dueto the different
lengthof their operandists) andno subtyperelationholdsbetweerthem. A

The flatteningoperationhelpsto matchsignaturessinceit hidesstructural
complity. Ontheotherhand theresultingsignaturesnaydemonstrateifferent
semanticsvith respecto signatureelations.Thissideeffectmustbekeptin mind
whenoperatingon flattenedsignatures.

5.4.3 Generaliz ed inde xing

In the previous sectionswe introducedvariousrelationsbetweensignaturesof
typesandameiging operatiornto hide structuraldifferenceof conceptuallyequal
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signatures With the aid of theserelationsthe “closeness’of a queryto a candi-
datecomponentanbe determined.This closenesss stratifiedaccordingto the
respectre signaturerelation.

If two componentareexactly equal,they areidenticalandthe queryis com-
pletely fulfilled. Two componentarenearto eachother if they arestructurally
equal,and not that close(in a structuralsense)f they are constitutvely equal.
Whentwo componentsre exactly equal, structuraland constitutve equality is
implied aswell. Additionally, thesecomponentsnusthave the samename afact
which neednot be true the otherway round: two componentsharingthe same
nameneednot be constitutvely equal. Trivially, if two componentsre exactly
equal,they aresubtyperelated.Two componentsvhich arestructurallyequalare
constitutvely equalaswell, but they neednot be exactly equal. Sincesubtyping
dependn the labelingof operandswhich is not checled for structurallyequal
componentsstructuralkequalitydoesnotimply subtyperelations.Thesameholds
for constitutve equality

Nameequalityrefersto theidentity of stringdesignatorsndependenfrom ary
structuralproperty Therefore nameequalityis anorthogonalkconceptcompared
to the othersignaturerelations.

Basedon theseobsenrationswe may establisha hierarchyof signaturerela-
tionswhichis showvn in figure5.10. Arrows areinterpretedasis-a propertiese-
tweensignatureselations.As “exactequality” is sourceof thearcto “structural
equality”, we know thatexactequalitybetweenwo signaturesmplies structural
equality(andtransitvely, constitutve equality)aswell.

Constitutive Equality

Subtype ? Name
Relation Equality

Structt%él Equalit

Exact Equality

Figure5.10: Therelationof typerelations
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Successfusignaturematchingmustbe supportedoy a genealizedsignatue
index. Whenerer a new signatures is encounteredtherelationsto all constructs
alreadyindexedarecomputedands is addedo theindex structuresaccordingo
its relationalproperties Transitve relationscanbe derived dynamicallyfrom the
existing information,hence they arenot consideredn the generalizedignature
index.

Definition 5.14. — Genealizedsignatue index

A generalizedignaturandex GS1 is asetof five elements(GSIT =
{NE,ST,CE,SE, EE}. Every elements agraph,whereV is the
verticesetcontainingall known signaturesLet ¢; andt; betwo ver
ticesfrom V' and

NE = (V,E,),Y(t,t;) € E, | t; =, t;, thenameequalitygraph;
ST = (V,Ey),V(ti, t;) € Eq | t; < t;, thesubtypegraph;

CS = (V,E.), V(ti,tj) € E. | t; =, t;, the constitutve equality
graph

SE = (V,Ey), V(ti,t;) € Es | t; =5 t;, the structuralequality
graph;

EFE = (V,E.),Y(t;,t;) € E. | t; =, t;, theexactequalitygraph.

Thissetcontaingall informationaboutknown signaturesilt is exploitedwhen-
ever a queryis enterednto theretrieval system.A queryis formulatedasa sig-
nature,taggedwith additionalinformation aboutmatchingrequirementsvhich
may concernthe whole signatureor only partsof it. Requiremenimay spec-
ify whethercandidateeomponentshouldbereturnedwhich matchexactly (exact
equality nameequality)or matchrelaxedly (subtypesconstitutve equality struc-
tural equality).In thatway, queriescanbeformedwhichlook lik e this one: “Re-
trieve all signaturesvhich correspondo X (“/ins, %/ x(/:,v/,.a))- Additionally,
the secondoperandh may matchconstitutvely”. Suchrequirementgor relaxed
matchingstemfrom two differentdirectionswhich are

thesearches knowledgeaboutimplementatiomeedspr

her/hisa-priori knowledgeaboutthe realizationof signaturegcomponentsin
therepository In thatway relaxed matchingsupportsopportunisticreuse-by-
recall(seesection3.2.2).
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The searchemay further relax the searchby specifyingto apply matching
to flattenedvariantsof signatures.The generalizedndex structureof flattened
andunflattenedyperelationscoulddiffer, asalreadyexplainedandvisualizedin
example5.12on pagel07.

root

Figure5.11: Navigationby signaturerelation

5.5 Final remarks to generalized signature
matc hing

Signaturebaseddescriptionsof componentsieal with a very specialaspectof

component®nly, theirinterfacestructure Neverthelesshey areuseful,sincethe

aim of reusablecomponentss to integratetheminto alarger system.Integration
is basedon a clearunderstandingf interfaces.Componentsnustoffer services
asinterfaces.Hence sighatureobtainedby interfaces areprovidedfor freeand
thegeneralizedndexing structurecanbe establishedutomatically
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The informationsuchobtainedis sufficient to identify component®n a pure
structurallevel. However, if structuredoesnot provide with sufficientinforma-
tion for locatinga componentgeneralizedignaturematchingis usedasa filter
for identifying structuralrelevant components.Therefore,generalizedsignature
matchingis not consideredo sene asanstand-aloneolution. It is animportant
concepttowardsa holistic approachor developmentvith reuse whereboth as-
pects,interfacestructuresandfunctionalrequirementsare equallyimportantfor
judgingthereusabilityof anasset.

5.6 Summary

In this chaptemwe presentedhe concepiof signaturesvhich areimplementation-
independentepresentationf types. We discussedulesandhintsfor transform-
ing typesfrom programminganguageso sighaturesSignaturesrerepresented
intermediatelyn a signatue expressiorsublanguge. For thepurposeof detailed
analysis signaturegraphsareintroducedandrulesfor transformingexpressions
into graphsaregiven. On the basisof signaturegraphswe establishedive rela-
tions. Theserelationsaretools

for determininghe closenessf two signaturesnd
for enablingflexible matchingmechanism$r componentetrieval.

Furthermorea pragmaticallymotivatedsignaturesimplification,calledflattening
is presentedwith which unimportantinternal structurescanbe neglected. This
addsto the flexibility of matching,too. At last, anindex structureis presented,
whichexploitsall conceptsntroducechere. Thisindex is abasisfor acomponent
repositorywheresignaturesreusedasthe componentstescriptions.

Thecontritution of this chapteiis givenin its novel approacho establisHdif-
ferentlevels of signaturerelationsadministeredn oneindexing structure.Some
of theserelationsare pragmaticallymotivatedandnot yet mentionedn the liter-
ature.Therelationsafilter initial componensetswith the aim to generatingsets
of reusablecandidates.In thatway the necessarylexibility is provided which
rendergracticallytheoverall componentetrieval process.

In the next sectionwe go one stepfurther building on the resultsobtainedin
thecurrentchapter After having narrovedthe candidateset,eitherwith structural
or conceptuamatching thesecandidatesnustbe evaluatedin detail concerning
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their functionality Whereassignaturematchingaims at increasingthe level of
recall,in thefollowing chapterghe focusis seton precision.This s realizedby
enhancingdeasfrom extensionaldescriptionmethods(presentedn section4.6
on page60) towardsanextendedoehaioral descriptiorandretrieval technique.
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Behavioral Description of state-less
Components

In the previous chaptersve introducedgeneralizedignaturematchingasa flex-
ible technicalfilter to narrav the setof reusablecandidatecomponents.If the
cardinality of the candidatesetis sufficiently small, the additional stepfor se-
lecting the bestfitting componenis to checkthe corventionaldescriptionsor
conformancewith the searches expectationsonly. However, if the numberof
candidategxceedsa certainthresholdthenanalyzingeachdetail of the descrip-
tionsis cumbersomeln this chapterwe build on the promisingapproachof ex-
tensionaldescriptionsntroducedasbehaior sampling[175,174] in section4.6.
Therewe identifiedthe following dravbacksof behaior sampling(or its succes-
sor, generalizedehaior sampling[92)):

Focuson the operational profile, which is the stressof frequentusecasesas
main sourceof behaior. Frequentusecasesdo not necessarilyeadto better
and more significantdescription. Exceptionalcases althoughnot appearing
frequently describeimportantcharacteristicstoo. This is especiallytrueif a

searcheis a domainexpert who knows aboutthe correcttreatmentof “non-
mainstream’situations.

Outputdeterminationwherethe searchehasto determinehe correctresultof
aninput. Suchadeterminatiormight betoo difficult or too costly,

if theexactfunctionalityis notspecifiedsuficiently, or

if the searchedoesnot botheraboutthe exact outcomeof a componens
computationpr

the searchers satisfiedwith ary transformatiorwithin a certainlimit of tol-
erance.

113
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Interactivity is the situationwherea searchemantsto be guidedduring the
retrieval procesr at leastwantsto get somefeedbackaboutthe directionof
thesearch.

In this chapterwe introducean approachto describecomponentswvhich lacks
thesedravbackswhich is called static behaviorsampling(SeS) (in contrastto
the (dynamic)behaior samplingtechniquedevelopedby PodgurskiandPierce).
Themainideaof SBS is to establishanindexing structurewhich canbe brovsed
interactvely by asearcher

Similarideasof browsingcontent-basetepresentationaredevelopedfor the
areaof retrieval for multimediadatabasesAs anexample,the PICHUNTER [54,
55] systempresentgicturesto the userand she/heselectsthe bestfitting one.
The next level consistsof betterfitting pictures(which is evaluatedby constant
feedbackioops)thus, leadingto a step-by-stefapproximationof the searches
intention. However, to our knowledge,suchideasare not yet transferedo the
field of componentetrieval. SBS is afirst steptowardsthis aim.

In the SQUEAK Smalltalksystemasimilartechniqueo retrieve objectoriented
classedrom a repositoryis implemented40, 105]. Here,the usermay enter
examplesandtheretrieval systemdinds promisingcandidateclasseswhich are
ableto reproducegheexamples.n contrasto SBS, heretheexactsignatureof the
yet unknowvn classegqor their methods)mustbe known in advance,which often
makesa queryinfeasible.

6.1 Static Behavior Sampling — SBS

6.1.1 General idea of SBS

Behavior samplingis basedon the on-the-flygeneratiorof outputby executing
thecomponentsindeed thisis the stepcausingthe majority of its impediments.
In our work we want to avoid the direct executionwithout loosingthe simplic-
ity andexpressvenessof input-outputdescriptors.To do so, we do not analyze
guery-timeexecutionsput formerexecutionswhich arestoredastestcasesCon-
sideringsomeimportantpreconditiongwhichwe will discusdn section6.2.3on
pagel26)sometestcasegendervaluableasknowledgebasefor producinghigh
quality descriptions A testcaseis a sequencef datatuples(alsocalledtesttu-

ples).
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Definition 6.1. — Datatuple

A datatupleis a pair (i, ) of two vectors. Theinput vectors holds
all elementavhich areinputto a function,whereaghe outputvector
o holdsall elementsvhich aretheresultof thefunctioncall.

For example consider the function HShift (source : Point,
dist : Real) : Point specifiedin the example5.1on page70). It is
calledwith the following values:([1.0;1.0], 1):[2.0;1.0] . Valuesof

recordstructuresaredepictedn squaredraclets. Thedatatupledt = (Z', d) con-
tainsthe input vectorof theform i = ([1.0;1.0], 1.0), resp.the outputvectorof
form o' = ([2.0;1.0]).

By analyzingalreadyavailabletestcaseghetime-consumingndcostly exe-
cution of softwareis avoidedor, whentestdatais not provided with the compo-
nent,it is shiftedbackat leastfrom theretrieval phaseo theindexing phase.The
indexing phaseés concernedvith theintegrationof oneor morecomponentinto
therepository

Testcasegeflectanimportantsectionof acomponens functionality Hence,
they canbe consideredspartial specificationsThe basicprinciple of SBS is to
extractthis valuableinformationfrom the large setof testcasedo geta “good”
partial specification. Sincetestingdoesnot aim at producingdescriptionstest
casesmust be augmentedvith additionalinput-outputtuplesin orderto raise
discriminatve power. We refer to sucha descriptionsetrepresenting partial
functionalspecificatiorof acomponentasdatapoints

Definition 6.2. — Data point
A datapointis a datatuple usedas SBS descriptorfor acomponent.
Any datatuplestoredin a SBS repositoryis a datapoint.

A SBS-basedepositoryis organizedn thefollowing way:

Therepositoryis partitionedaccordingo thegeneralizesgignatureof its com-
ponents.Eachpartition holdscomponentsonformingto a signature.Obvi-
ously, asearchecannotusetheinformationof apartition’sdatapointsdirectly
in orderto guideher/hissearch.Thisis dueto theunstructurednassof input-
outputtuples.
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Datapointsof a partition form the knowledgebasefrom which a classifica-
tion tree asindexing and browsing structureis extracted. For that purpose,
datamining techniquesreutilized, which extractunknown informationfrom

structuredor unstructureddata[79]. Thefield of datamining in generalad-

dresseghe questionof how to usedatabestto discover generalregularities
hiddenin it, thus,improving the procesof decisionamaking[150].

6.1.2 SBS’s search suppor t

Theinitial informationprovidedby the searchers the signaturefor selectingthe
appropriatepartition. As it is discussedn detailin chapters generalizedsigna-
turematchingprovideswith theflexibility to gatherall relevantcomponentsThe
searchprocesdtself is a dialogin the form of simplequery-answecycles. The
searchprocesss initiated by the repositorysystemby askingthe searcheques-
tionsin theform: “Herearesomeexamples f (i) — o1, f(i) = 0o, ..., f(i) —
o,,. Which of theresultso,, 0o, ..., o, istheoneyou expectfrom the compo-
nentyour aresearchingor?” Thereuporthe searcheselectghe outputwhichis
in her/hisopinionthecorrectresultonthe presentedhput. In thecaseof acontin-
uousoutputdomain thequestionis presenteds:“Is theresultof f(i) 8 o ?” The
operatord is somerelationaloperatordefinedon the domainof o. The searcher
thenmayto answemith “yes” or “no”. In thatway, eventhoughthesearchedoes
notknow theexactanswervagueneskadsto anexactresult.

Dueto theinitial selectiorof asignaturepartitionandtheunderlyingbalanced
classificatiortree,aftera few dialog cyclesthe searcheadsto anend. Thus,the
characteristicsf the searchturnsoutto bea browsingactvity.

Finally, thebrowsingactwity leadsto a situationwhereeither

acomponenhasbeenidentified,or
aquestionis notdecidable.

If the answerdo the queriesspecifieghe searchedunctionality, the compo-
nentsuchidentifiedis the bestcandidatevailablein the partition. Thereexistsno
othercomponenin the partition conformingto the partial specificationbuilt by
the datapointscollectedduring browsing. The browsing procesdeadsalwaysto
acomponenin thetree! Thefinal judgmentremainswith the searcherbut there
is only onecomponenteft to be verified.

In the caseof anundecidableuestionthe searchehasnot sufficient knowl-
edgeaboutthe domain. Thenat least,the uncertaintycan be handledby taking
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aquick look at deepeievelsin the browsingtree. The browsing activity canbe
backtrackdatary pointin time to allow are-adjustmenof intermediateanswers
andto choosdifferentdecisionpaths.

6.1.3 Partial specifications build upon data points

This sectionis concernedwith the necessarpropertiesof datapointsin order
to establisha high quality knowledgebase. Furthermorewe describehow are
selectedrom a setof testcases.

From a structuralview, datapointsdo not differ from datatuples. However,
dueto their specificpropertiessomedatatuplesperformbetterthenothersfor the
purposeof specifyingthe behaior of components.

In generah specificatiordescribeshebehaior of asystemexactly. It focuses
ontheaspecbf “what” hasto bedone(in contraryto “how” it mustbeperformed).
This part of the work is partially inspiredby the relationalspecificationrmethod
of Mili et.al.[146, 149, who specifiesthe behaior of a programby defining
relationson the input andoutputdomairt. With SBS, not the domainitself, but
valuesfrom thatdomainarebasisfor the specification Sincethearelationcannot
bedescribedy extensionalvaluescompletely datatuplesrepresenbnly a subset
of arelation.For thatreasonwe referto SBS asa partial relationalspecification
for a componens functionality Anotherstartingpoint canbe foundin thefield
of specification-basetesting[178, 197] wherea formal specificationsenes as
an unambiguoustandardagainstwhich the behaior of the programunit under
testcanbe automaticallycompared.Additionally, formal specificationsarethe
mechanisnio develop systematicallytestcases.In SBS this coursefrom formal
specificationgo testcaseds followedinto the reversedirection: Testcasegorm
thevantagepointfor building a specification.

Whereagshepurposeof aspecifications to definethetotality of acomponents
behaior (discriminatingit againstthe universeof all components)in SBS it is
sufficientto defingjustasmuchasit is necessarto discriminatebetweerdifferent
componentsn onepartition. Hence the partial descriptionprovided with a data
point specificatioradequatdor the SBS approach.

A necessaryequirementor agoodpartialspecificatiorbuilt from datapoints
is the high quality of theunderlyingdataregardingits discriminatve power.

1As discussedn section4.4.1on pages5s.

117



118

Behavioral Description of state-less Components

Test data

Testdatais generatedvith a cleargoalin mind: A testcasechecksor a possible
fault and no othertestcaseshouldaim at the sametarget. Consequentlywell
designedestsuitescover a broadrangeof the componens functionality Thus,
testcasesepresenthe majority of datapoints.

Characterizing tuples

Specificallyinterestingaretupleswhich enablea uniqueidentificationof a com-
ponentwith respecto all othercomponents a partition. We referto suchdataas
characterizingtuples The principleis showvn in figure 6.1, wheretwo functions
areshavn. Thefunction f(z) is a polynomialfunctionwhereagy(z) is linear. In
casey(x) is testedonly with thetestcasesndicatedascirclesin thefigure,these
tuplesmarkits linear charactewery well. On the otherhand,if the sameinput
describesf (x), thatmay be a sufiicient, too (assuminghat somefew additional
pointsareprovided). However, whenconsideringooth functions,on the basisof
thesetestcaseghe function cannotbe distinguished.The testcasesndicatedas
boxesin figure6.1arethenamuchbetterchoice:(1) bothfunctionsarecharacter
izedand(2) thetestcasesnablea discriminatingof them. Hence thetestcases
representedsboxesmaybe selectedor datapoints.

y f(x)

Figure6.1: Characterizinguples

Characterizinguplescannotbe identified when looking at the test casesof
onecomponentin isolation. Only the analysisof all datapointsof a partition’s
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componentseadto the selectionof thosewhich demonstratéhe mostdiscrimi-
native power. To which extentatupleis really characterizinganbe verifiedonly
whentakingthewhole partitioninto account.

Definition 6.3. — Characterizingtuple

A characterizinguplet with respecto acomponent is a datatuple
whoseinput vectorleadsto an outputvectoruniquefor the partition
in which ¢ is placedin.

At thefirst glance,it seemdo be overanxioudo strive for characterizingu-
ples. A significantoverlapin the behaior of componentshouldbe unusualfor
awell organizedrepositoryof functionally differentcomponentgseethe discus-
siononthedatapointpropertynecessityn pagel26,too). Thismaybetruefor a
simplemathematicatlomainasshowvn in example6.3on pagel37.But for other
applicationdomainsthesituationis likely to change Discriminative power helps
thento optimizetheautomaticanalysigprocess.

Striking samples

Whenorganizingdatapoints,anoptimizedindexing processs notalwaythemain
goal. Considetthehypotheticatasethatthetrigonometricsinefunctionis sought
whichis describedy the datapoint ((5287.89), (—0.56)). It's arguable whether
a searcheralthougha domainexpert,immediatelydetectshe sine functionality
of sucha partial specification. A more eye-catchingsamplethen would make
theidentificationof the sinemucheasier Datapointswhich supportthe searcher
in identifying componentst a first glanceare called striking samples Striking
samplesnaybeorthogonato characterisingquplesandthey maynotimprovethe
characteristipropertyof a partition’s datapoints. But for ahumandomainexpert
they areimmediatelyattributableto a functionality For instancejn the domain
of trigonometricfunctionsthe functionssin, tan, sinh, tanh, and arctan, when
providedwith theinput0, returnthe output0. A domainexpertimmediatelyrec-
ognizesthis behaior, thus, mary othertrigonometricfunctionscanbe excluded
from the candidateset.

Neverthelessfor browsingthey prove to be very useful,sincea searcheex-
pectssuchbehaior from the componentlf othercomponentstoredin therepos-
itory demonstratéhe samebehaioral patternthe browsing processs not ham-
pered:in combinatiorwith characterizindguplesthey arefilteredout easily
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Definition 6.4. — Strikingsamples
A strikingsampldas anelemenbf thedatapointsof apartition,which
Is immediatelyattributableto acomponenby andomainexpert.

Both typesof datapointsandnecessaryor describingcomponent®n a be-
havioral basis[181]. After having identified them, the questionarises,how to
obtainthesedatapoints. Obviously, themainsources the setof the componens
testdata. But testingis primarily concernedvith detectingdeficienciesandnot
with producingdescriptionsthis is the reasorwhy not all testcasesnake good
datapoints. Additionally, testcasesaregeneratedvith varioustechniquesgach
stressinga specialaspectAs a consequencaye have to distinguishcarefullyfor
which purposeestcasesaregeneratedvhenselectingdatapoints.

6.1.4 Where do data points come from?

In testingtheory a distinction betweenfunctionaland structural testing[53] is
popular Synorymsfor functionaltestingareblack-box[21], data-drven, input-
outputdriven [158], or requirements-base@sting. For functional testing, test
casesaredesignedwithout having the internal programstructuresn mind. For
generatingestcasest is referedto the specifiedunctionalityonly. Randomest-
Ing is a variantof functionaltestingwherethe input is generatecautomatically
Generatingestcasegor randontestingmayberefinedby call onarandomdistri-
butionwhichis choseraccordingo anoperationaprofile. In suchaway thetests
concentratdetteron (functionally)importantpartsof the programundertest.

The secondeststratey, structural testing is referedto aswhite-box,glass-
box or designbasedestingaswell. Here,testcasesarechosenaccordingto the
internalstructureof theprogramundertest. Theideais to analyzethe programs
controlstructureandselectinputvalueswith respecto this structuresin theway
thatthe executionof differentregionswithin the programis controlled.

Characterizing tuples

Sincecharacterizinguplesmark off componentsithin a partition, it is impor-
tantthatthe setof availabletestcasess sufficiently large to guaranteehis. Fur
thermore,asmary component&s possibleshouldbe testedwith all inputsof a
partition’s datapoints. The selectionprocessasto considetthis aspecttoo.
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To get characterizinguples, the testtechniqueusedto generatedatais not
important,unlessthe numberof testcasess too small. In sucha case,random
testingis the bestchoicefor producingcharacterizinguples quickly and cost
effectively.

Striking samples

Findingstrikingsamplesutomaticallyis difficult, sincetheuserhasto judgetheir
intuitiveness.in testingtheory somefunctionaltestingapproachesdealwith the
generatiorof dataplacedat domainboundarief componentsDomainbound-
ariesare“meansby whichadomainis defined”[21, p 147]. Domaintestingparti-
tionstheinputdomaininto distinctregionsidentifiedby a setof inequalitiesover
theinputvector The assumptiorhereis, thatdifferentdomainpartitionsrequire
differentways of processingaswell, whereaswithin a domainpartition always
the sameprocesss applied. Thus,input elementf a domainpartitionarecon-
sideredasequvalentto eachother Of particularinterestaredomainboundaries
which reveal characteristicef componentbest[158]. For instanceconsiderthe
following examplewhichis takenfrom thebookof Beizer[21, p 151]:

Example 6.1. Domainboundaries \V4
Givenarethe US incometax calculationrulesfor singlesfrom 1993:

Domain Process

0 < tax-inc< 22,000 tax= 0.15 * tax-inc

22,100 < tax-inc< 53,000 tax = 3,316 + 0.28 * (tax-inc— 22, 100)
53,500 < tax-inc< 115,000 tax = 12,107 + 0.31 * (tax-inc— 53, 500)
115,000 < tax-inc< 250,000  tax= 31,172 + 0.36 * (tax-inc— 115, 000)
250, 000 < tax-inc tax = 79, 722 + 0.396 * (tax-inc— 250, 000)

In thatexampledomainpartitionscanbe easilyidentifiedandthey arespeci-
fiable asdomaininequalities The domainboundariesare$0, $22,100,$53,500,
$115,000and$250,000.If anapplicationengineer(with the knowledgeof atax
expert) searchesor componentgperformingthe tax calculations she/hewould
certainly take a closerlook at the domainboundariedrom both sides. If only
theseboundariesarestoredasinputin thetestbase(whichis ratherunlikely) the
sequencef striking inputsis neverthelesaneaningfuldue to the domain-wide
known particularityof tax calculationthresholds. A

121



122

Behavioral Description of state-less Components

Domain boundariegshemseles and test dataobtainedfrom domainbound-
ary analyisare candidateso be selectedas striking samples sincethis testing
techniqueis basedon the specificationof functionalrequirements.Most often,
boundariesrenotidentifyableautomaticallyanddomainexpertshave to specify
striking samples. This is especiallytrue, if good striking samplesare not only
foundontheboundarieshut arestandardeferencevalues.

After having identifiedthreedifferenttypesof datapointsanddiscussedome
hints of how to obtainthem,we presenthe necessarynfrastructurefor a SBS-
basedepositoryin detail.

6.2 SBS Repositor y

Thebasisfor a classificiationn a SBS-repositoryR aregeneralizegignaturess
presentedn chapter5?. ThesetC containsall reusablecomponentes € C. A
repositorystorescomponentsogethemwith thedatapointsdescribinghem.

6.2.1 The coarse grain structure

The setof all signatureof arepositoryis denotedasy.. A specificsignatureof
thatsetis denotedaso; € X, wherej runsfrom 1 to the numberof all identified
signaturesWe assumehatwe caninfer for eachcomponent: its signature.The
setC of all componentshenis further partionedaccordingto the signaturesr;.
We call suchapartition F,, . Signaturegrovide a structurallymotivatedclassifier
for reusableomponentsThisdoesnothampeiary otherclassificatiordimension
concurrentlyestablishedBy definingaquery the searchemayindeedformulate
it in specifyinga signatureand additionallyrestrictingthe searchfurtherto e.g.
“financial” componentsAlbeit, thetreatmendf multi-hierarchiess notdiscussed
in thiswork.

Generalizegignaturematchingprovidesmuchflexibility . How therepository
is partioneddependshereforeon the granularityof the signaturecriterionwhich
could be the subtyperelation,constitutive equality or structureakquality As it
depend®n thetype of questiomrandthe domainin which the systemis placed,it
cannotbe decidedn adwancewhich criterionis the bestone. It is evenanoption
to reoganizethe partiondynamicallyor, alternatvely, establisimultiple partition

2We abbreviatetheterm“generalizedsignaturesin theremaindeof thiswork as“signatures”.



SBS Repository

views ontotherepositoryif thereis the necessityto switchfrom onecriterionto
anotherone.

Components with several implementations

Due to the fact that datapointsin SBS are partial functional specification the
descriptionof behaior may not suffice to characteriz&omponentcompletely
This may leedto a situationwheresereral algorithmsdemonstratédenticalbe-
havior on the functionallevel [154]. A typical exampleareimplementation®f
sortingalgorithms.To distinguishbetweerthemon the functionallevel solelyis
not possible,unlessnon-functionalbehaior, e.g.time compleity, is explicitly
provided.

As a consequencen SBS whenspeakingabouta component the function-
ality describedy datapointsis meant.Thisis thereasonwhy SBS-components
arenamedas SBS-componenspecificationaswell andthe distinctionbetween
thecomponenspecificationgndtheirimplementationgs necessaryHowever, in
this chapter whenspeakingaboutcomponentsin factthe componenspecifica-
tionsdefinedby its SBS datapointsis meant.

Sincewe cannotbtainmoreinformationfrom thegivendatapoints,thecom-
ponentc itself might referto multiple implementationg. Thena searchemust
take a closerlook to the implementation®f the componentandfilter out those
which do notfulfill thedemandedhon-functionarequirements.

Implementations for several components

Someimplementationdiave a polymorpicinterfacestructure. This is especially
truefor reusableomponentsPolymorphisms usefulfor offeringabroaderange
of solutionsdifferingin technicaldetailsonly (suchasdatatypesof parameters).
On the otherhand,this complicateghe staticanalysisof signatureinformation.
Considerthe given standardANSI-C function quicksortwhich takesan array

of n elementf sizesize . Its lastargumentis a pointerto a function usedto
compardheelementsAs thetypeof theelementss notknown yet, thealgorithm
specifyinghow to comparethemis instantiatedat runtime. This characteristics
makesthedeterminatiorof anexactsignatureor gqsort impossible.

void gsort (void “*array, size t n,
size t size, int(*compare)());
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As a consequencdhe gsort  functionis placedin several partitions;each
Is a valid placefor the component.Implementation€andemonstratenorethan
onebehaior andthereforecanbe attachedo a multitudeof component§154] as
well.

However, an implementationmay also be attachedto several components,
which are placedin the samepartition. This would point out to an implemen-
tation which can be parametrizedo demonstratenore than one functionalities
(like gsort ). Suchanimplementations associatedvith morethanone SBS-
componentpecification. However, this doesnot hamperthe browsing process
and dueto the componens differentsetsof datapoints, differentbehaiors of
oneimplementatiorlead alwaysto separatedomponenspecificationgregard-
lessthe partitionin which thecomponents placedin).

R
5 /\/ @Pcl g ) §
A o, | "o, @
N
N\ J

Figure6.2: The SBS-repositorystructure

A schematicstructureof a partitionedrepositoryR is presentedh figure6.2.
It is dividedinto four partitionsaccordingo the four identifiedsignaturesin this
examplethereareten differentimplementationdelongingto eight components
(componenspecifications)Componentgaredepictedascircles,theirimplemen-
tationsasboxesoutsidethe signaturepartitionsstructureof therepository Dueto
the precidingstepof generalizingsignaturesmplementationgannotbe assigned
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to a specificpartition. E.g.,component; is mappedo two differentimplemen-
tationsi; andiy, which couldberealisationf differentsortingalgorithms.The
samehappensvith c;, whereits implementationsrei; andi,. Albeit, theimple-
mentation, is referedto from components; aswell, whichis placedn adifferent
partition P,,. Theimplementatiori, could be a functionwith a polymorphsig-
nature,wherethe concretetype of its polymorphicparameterss setduring run
time. The implementationi;; demonstrateslifferentbehaiors which becomes
evidentin its multiple assignmento the components;s andcg. The reasonfor
thatassignmenis functionalpolymorphism.

In the next sectionwe will describenow datapointsareorganizedo sene as
knowledgebasein a partition ,, of therepositoryR.

6.2.2 The SBS-partition structure

In the previous sectionst wasdescribechow componentgandtheirimplemen-
tations)are classifiedaccordingto their signature. The resultingcoarsegrained
repositorystructures dividedinto partitions.Sincewe discussts structureonthe

level of onepartition,in theremaindeof thechaptemwe do notdenoteasignature
with anindex.
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Figure6.3: A partition P, in a SBS-repository

A patrtition P, holdsa setof componentC C C whoseelementsonformto
thesignatures. We referto C assignatue congruentcomponentsFurthermore,

125



126

Behavioral Description of state-less Components

adatapointdp (whichis a datatuple) formally consistf aninputandanoutput
vector dp = (7,5) with theinputvectori = (i, ... ,i,) andoutputvectorg =

(o1, ... ,0p). Theelementof avectorarevalueswhich canbestructuredurther
aswell. Eachdatapointis assignedo a componentn the partitionwhich makes
it unique. If the partition’s signatureis o = I x O, thenits componentsare
functionsof thetypec : o, with c@ = gandi € I, resp.d € O. Thedatapoints
areorganizedn atakularformin suchawaythattherearem rowsandn columns.
Eachrow is namedwith thecorrespondingnputi; andeachcolumnis namedwith

thecorrespondingomponent;. An entryo;; in thattableis the resultof thecall

to cj(i;-). The designof the datapoint organizationwithin a partitionis shavn in

figure6.3ontheprecedingage.

6.2.3 SBS partition properties

In the currentsectionwe describewvhich propertiesarenecessaryo hold for data
pointsin a SBS-partitionandhow datapointsareorganizedwithin a partition.

Initial completeness

A partitionconsistsof componentgwith thereferenceso theirimplementations)
andthe setof datapointsdescribingthem. A necessarypropertyto enabletheir
analysigsinitial completenesd 81] whichensureshatfor eachcomponent; is
providedwith all input vectorsi; andtheresultof thecall ¢;(3;) = o; ; is defined.

Due to the homogeneoustructureof the partition’s signaturesnitial com-
pletenessanbeestablishe@asily if theavailablesetof its testdatais sufficiently
large. If datapointsaremissingthenthecomponentsoncerneanustbeexecuted
with theinputs. In generalthe testingprocesss not totally decoupledrom the
asseimanagemenéndthe fulfillment of the requiremenof initial completeness
shouldbe demandedrom the testingteam,becauset canbe provided with all
inputvaluesof the SBS repository

Necessity

Thesecondoropertywhichis importantto provide discriminatve powerin apar
tition, is the necessityf datapoints. Necessityensureghattwo differentinputs
really stimulatedifferentoutputs. This musthold for all inputsin a partition.
Theredoesnot exist two differentinput vectorsi; andiy with their value sets
Vi = {0, 0:,,- .. ,0;,} (the setof outputvectorsgeneratedy the components
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1, C, ... ,Cy Providedwith aninputvectom:-) andVy in suchawaythatV; = V;.
If two inputvectorsi; andi; really generatédenticalvaluesets thenno discrim-
inative power is addedto the knowledgebaserepresentedy the datapointsand
oneof themmustbe omitted. Trivially, necessitys implied, if for a partitionall
its datapointsarecharacteristi¢uples(section6.1.4on pagel20).

Descriptor unigueness

The next propertyaddsto the discriminatve power for datapointsin a SBS par
tition aswell. It ensuresthatgiventhe whole setof input vectorsof a partition,
the setsof outputvectorsfor two differentcomponentsredistinct. Let the com-
ponentboutputsetO,,; containingall outputvectorsof acomponent;. If aninitial
completepartition descriptorunique,theremustnot exists ary othercomponent
outputsetOcj, andO,, = Ocj,. However, if two componenbutputsetsareiden-
tical andinitial completeneskolds,thenthecomponentsspecificationsreiden-
tical aswell. Consequentlywithin a descriptoruniquepartitionthe implication
O, = Ocj, = ¢; = ¢; holds. Thereforewe call acomponenbutputsetO,, the
descriptorof c;.

In the following sectionwe usethe descriptve capability of datapointsto
build a browsing hierarchy Thetechniqueusedherefor analyzingdatapointsis
the methodof decision(or classification}tree construction.It is well known in
thefield of datamining, althoughits applicationcomesnto onesmind only, when
preparingthe partitionasknowledgebase.

6.3 Data point analysis

Dueto the propertiedgnitial completenessiecessityf datapointsanddescriptor
uniqueness partition holdsa setof partial functionalspecificationof signature
congruentcomponents But the descriptionsare hiddenwhich is dueto the un-
structuredway in which they areassignedo components.The questionnow is,
how cananrepresentatiobhegenerateavhich helpsto identify componentgasily
Thistaskis typical for thefield of datamining or machindearning.

In machindearning,onecandifferentiatebetween

3Theterm“datamining” is ratheroverloadedn theliterature.Sometimest refersto thewhole
procesf knowledgediscorery andsometimedo the specificmachinelearningphase .Machine
learningis mostlyusedin connectiorwith the scientificstudyof inductionalgorithms[118§].
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unsupervisetearningwherenofeedbacks givento guidethelearningprocess
and

supervisedearningwherean agentgivesdirect feedbackaboutthe appropri-
atenes®f theprocessperformancg123, pages].

In supervisectlassificationlearningit is assumedhat eachinstanceof evi-
denceholdssomeinformationin form of an attribute specifyingthe classof that
instance. This attribute is called dependenattribute The goal of the learning
processs to inducea concepdescriptiorpredictingthis attributeaccuratelyOne
form of supervisiorduringthetraining phasds to specifyin advancethe classes
in which theinstancewwill fall.

Classifyingwith unsupervisedearningmeanghatthe classesarenot known
andthe algorithmmustdistinguishdesirableactionsfrom undesirableneson its
own.

In SBS, a supervisedmachinelearningtechniqueis appropriate sincethe
“classes”(speakingn termsof machinglearning)areindeedknown in adwance.
Thedatapointsdescribecomponentandthereforetheterm*“class”is equivalent
to theterm“component’in SBS.

Many classificationmodelsare proposed79, 123 in the literature: neural
networks, geneticalgorithms,Bayesianmethodsog-linearand other statistical
methodsdecisiontablesandlists, andtree-structurednodels,so calleddecision
treesor classificationtrees For the purposeof datamining decisiontreesare
appealindgor thefollowing reasong$79]:

Theresultingclassificatiormodelsaregivenasintuitive representationsndare
thereforeunderstandable.

Thealgorithmsfor constructingdecisiontreesdo not needarny domainknowl-
edgeotherthantheknowledgebase.

The accurag of the predictionis equalor higherthanary otherclassification
models.

Decisiontreealgorithmsarefast.

Additionally, they are scalableand, therefore,they can analyzevery large
knowledgebases.

Someauthorg144] sometimesarguein favour of rule-basedepresentations.
For large domainswith mary classesand/ormary attributesthey judgetheread-
ability of tree structuresas poor. Whenthe domainis comple, treestendto
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becomébushy”andarethereforadifficult to understandRulesontheotherhand
aremodularandcanbe readin isolation. However, decisiontreealgorithmsare
usuallyveryfastandasacompromisenary algorithmsbuild decisiontreeswhich
canbe transferedo rule basedepresentationgl92]. Here,this approachs fol-
lowed,too.

6.3.1 Decision tree preconditions

The simplestandmostwidely usedform of decisiontreesareunivariatedecision
trees[123], wherea setof instancegds divided into mutually exclusie subsets
at eachlevel. This splitting is basedon the valueof a single predictive attribute

(thusthe term univariate). A decisiontreeis a treegraphandeachinner node

is labeledwith the predictve attribute and eachleave nodeis labeledwith the

nameof a class(component)Eachedgeoriginatingfrom aninnernodeis labeled

with asplitting predicatenvolving only thenodes predictve attribute. Dueto the

mutual exclusive subsetof eachtreelevel the sequencef attribute-value pairs

from therootto aleave nodeis unique.

In figure 6.4 on the following pagean exampleof a decisiontreeis shown.
It explores,whetheror notit is recommendetb take awalk in a certainweather
situation(exampletakenfrom [97]). Innernodesarelabeledwith the attributesof
theobsereddomain(view, humidity andwindy) andleaf nodesepresenthetwo
classes:‘take awalk’, and“stay at homé€). Edgesarelabeledwith conditions
holdingonthatspecificpath,e.g.“The view is sunry”.

Thefollowing propertiesmusthold in adomainto rendeiit suitablefor apply-
ing adecisiontreealgorithms[192):

Attrib ute-value problemdescription: Theknowledgemustbedescribabldy a
setof attribute-valuepairs. The numberof attributesmustbefixed. The
valuesmay be of continuousor discretenature.

Predefinedclasses:Due to the supervisedearningtechniqueall classef the
domainmustbeknown in adwance.

Non-overlapping classes:No classifiedinstancemustbelongto morethanone
class.Thereforetheclassesnustbedisjunct.

Sufficientdata: Dueto theunderlyingstatisticalanalysisthealgorithmdepends
heaily onasignificantamountof data.
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sunny rainy overcast

[ [Humidity | | [ TWindy ] | @

normal high no yes

L Y Y Y

Figure6.4: A decisiontreeto determinevhetheiit is recommendetb take awalk

Booleandecisions: All decisionsnecessaryor assigninginstancesto classes
mustbaseon relationaloperationdeadingto "true” or "false” answers.
Checkingcomplex conditionswhich e.g.areexpressedn predicatdogic
cannotbetreated.

To renderdecisiontreealgorithmsfeasiblefor SBS, thesepreconditiongnust
hold for datapointdomainsaswell [181]. Eachpreconditionrmustbe checled:

Property-value problem description: Due to a partition’s property of initial
completenessachcomponentvas executedwith all datapoints’ input
vectors. For eachcomponentan input vectorgenerates setof output
vectors. Therefore,input vectorsare propertiescharacterizing certain
aspectof the componentgthe behaior issuedon that input). The set
of all valuesfor an attribute arethe elementsof its outputvector Fur
thermore,initial completenesgnsureghat during the analysisprocess
no moreattributesareintroduced.If for aninputanoutputcannotbe de-
termined,it is allowedto introducemetaoutputvectos. A metaoutput
vectoris usedto
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make behaior explicit which cannotbe visualizedotherwise,such
aserror reactionsfile accessesr temporalparticularities(indefinite
loops).

specify (yet) unknowvn values,if executinga componenton a given
inputis not possibleor is too costly.

Hence therequiredattribute-valuedescriptionpreconditionis fulfilled.

Predefinedclasses:Classesare abstraction®f elementswhich canbe charac-
terizedby commonproperties. Propertieqattributes)in SBS describe
componentsBecausef the discriminatve power of datapointsandthe
propertiemecessityanddescriptoruniquenessa classholdsonly onein-
stancewhichis its component.In thatsenseheterm*“class”in SBS is
equivalentto theterm“component”.

The implementationof a componentare not consideredas the class’
instances.The setof implementationgassignedo classedelongsto an
abstractiodayerwhichis not subjectto the SBS classificatiorprocess.

Non-overlapping classes:As we demanddescriptoruniquenessthe setof data
pointsof acomponentharacterizesxactly this componentimplemen-
tations with functionality describedidentically by data points are as-
signedto the samecomponent.

Sufficientdata: As describedn section6.1.40n pagel20 the main sourcefor
datapointsarewell chosentesttuples. If the amountof datais not suf-
ficient, additionaldatapoints canbe generatedy randomtesting. Due
to the partition’s propertiesnecessityand descriptoruniquenesshe dis-
criminative quality of datapoints doesnot deteriorateby addingmore
datapoints. Additionally, our experimentsshoved, thatfor high quality
datain mostcaseshe numberof datapointsis not significantly higher
thanthe numberof the partition’scomponents.

Booleandecisions: Booleandecisionson simplerelationaloperatorge.g.=, <,
<, >, >) demandndependencef properties.Thetrait of SBS compo-
nentsis their independencen internalstates.Propertiesdio not depend
on eachother in the senseahatthe orderof input vectorsmakesa differ-
enceonthecomponens outputset.Hence for eachattribute (input) one
candecide whethera conditionexpresseasbooleandecisionholds.
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All necessarpreconditiongor applyingdecisiontreealgorithmsfor SBS are
given. In the following sectionthe main featuresof thesealgorithmsare shortly
discussed.

Induction of decision trees

Thetaskof a decisiontreealgorithmis to learna setof rules(the decisiontree)
whicharehiddenin a givensetof classifiedexamples.Suchtraininginstancesre
vectorsof attribute-valuepairs. Theideais to pick a predictive attribute A, with
valuesay, as, . . . , a, andsplitthetraininginstancesnto subsetss,, , S,,, - - - , Sa,
consistingonly of instancesaving the correspondingttribute value. If a subset
hasonly instancesn a single class,that part of the tree endswith a leaf node
labeledwith the singleclass.In the othercase wheninstancedelongingto dif-
ferentclassesreencounteredhe subseis split again,recursvely, choosingand
usinga predicitive attribute oncemore. If the predicitive attributeis discrete the
numberof valuesis the upperboundfor the numberof outgoingedges.In the
caseof a continoustype, a valuefor a binary decisionis chosenwhich splitsthe
setinto subset®f abalancechumberof theinstancestlasses.

The following algorithm6.1 is the basicschemefor a divisive induction of
univariatedecisiontrees[123]. Theinitial step,which is not shavn in the algo-
rithm, isto generataglobalrootnodefor thedecisiontreeonwhichthealgorithm
operategurtheron.

Algorithm 6.1. DTI — DecisionTreelnduction

ALGORI THM DTl (INPUT Set O) (* Set of observations *)
|F O=0 THEN
Generate leaf labeled null
(*No Hypot hesi s about cl assification*)
ELSIF all elements of O belong to the same class ¢
Generate leaf labeled ¢
ELSE
Select predictive attribute A,
(* attribute with greatest information gain *)
Generate leaf labeled A,
|F A, is discrete  THEN
FORALL values a; € A, DO
Generate edge q; leaving A,
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Determine o, € O with value a; for Attribute A,
Call DTI( o;)
ENDFOR
ELSE (* A, continuous -- binary decision *)
select a; splitting O best

Generate edge with A, <a; (* left branch of DT *)
Determine o, € O where A, <aq;
Call DTI( o)
Generate edge with A, >a; (* right branch of DT *)
Determine o, € O where A, >q;
Call DTI( o;)
ENDI F
ENDI F
END DTI.

The questionremainshow to calculatethe informationgainassociateavith a
predictve attribute A. Therearemary measureproposed123] andwe present
the oneusedin the ID3-decisiontree (Iteratve Dichotomizer(version)3) algo-
rithm of Quinlan[190, 191]. Theinformationgainmeasureés basednthenotion
of informationentrogy. Entropy expresseshe averageamountof informationin
bits in someattribute of aninstance.Herep is the probability of the occurrence
of a valueof anattribute (event). The amountof information (expressedn bits)
associatedvith an eventof probabilityp is — log,(p). E.g.,if the probability of
the occurrenceof an valueis 0.25, then 2 bits are neededo hold this amount
of information. If thereare mary valuespossible,thento determinethe aver-
agenumberof bits, the amountof informationfor eachvaluemustbe multiplied

with its probability and summedup. This leadsus to the final entrogy formula
E = —%;p;log,(p;) [199.

Supposeéhattherearek classes’, Cs, ... ,Cy, andthatof the n instances
classifiedo thisnode,n., belongto classCi, n., belongto classCs, . .., andn,,
belongto classCy, suchthatn = Y% n,. Letp, = ng, /n,ps = ng,/n, ...,
andp, = n./n. Theinitial entropy E at this nodeis: E = —p; log,(p1) —
p2logy(p2) — - .. — pi10gy (pk).

Now theinstance®n eachvalueof the chosermattribute A aresplit. Suppose
that thereare r attribute valuesfor A, namelyay, ao, ... ,a,. For a particular
valuea;, supposehattherearen,, ., instancesn classCi, n, ., instancesn
classCs, ..., andn,, ., instancesn classCy, for atotal of n,; instancesiaving
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attributevaluea;. Let g1 = ng; ¢, /1, @j2 = Naj ey /T, - - - ANAGj k. = N 0, /51
wheren; is thetotal numberof instancesn thetrainingsethaving valuea; for at-
tribute A. Theentrogy E; associateavith this attributevaluea; atthis positionis:
—q;,11085(¢j,1) — ¢j21085(g)2) - - - — gjx 10go (g %). Now computetheinformation
gainfor the attribute A: E — ((n1/n)E; + (ne/n)Ey + - -- + (n,/n)E,). Note
thatn;/n is the estimatedorobability thatan instanceclassifiedto this nodewill

have valuea; for attribute A. Thusthe entrofy estimatesF; is weightedby the
estimatedrobabilitythataninstancenasthe associatedattribute value.

It is the bestto depictthesedeliberationdy anexample:

Example 6.2. Classificationof meteoological observations \V
Basednthegivenexamplesetof alreadyreachedlecision®nehasto determine,
if the currentweathersituationis suitedfor a walk. The examplesarestructured
with the following setof attributesview, tempeature, air humidity andif it is
windyoutside.Here,two classesireevident,whichis eithertherecommendations
to “take awalk’ or to “stay athomé.

Obsenation View Temperature Humidity Windy Recommendation

1 sunry hot high no home
2 sunry hot high yes home
3 overcast hot high no walk
4 rainy average high no walk
5 rainy cold normal  no walk
6 rainy cold normal  yes home
7 overcast cold normal  yes walk
8 sunry average high no home
9 sunry cold normal no walk
10 rainy average normal  no walk
11 sunry average normal  yes walk
12 overcast average high yes walk
13 overcast hot normal  no walk
14 rainy average high yes home

Table6.1: Meteorologicabbsenations

In termsof the example, k& = 2 sincethereare just two classes,'walk”
and “home”. The numberof instanceds n = 14. The numberof instances
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in the classeqn,,) arennegy = 5 andnpos = 9. Therefore,the overall en-
tropy of the examplesethereis E = —pneylog,(pney) — pposlog,(ppos =
—(5/14) log,(5/14)) — (9/14) log,(9/14)) = 0.9403. In the example,the first
attribute considereds view andits first valueis sunny soa; = sunny The
valuesfor ngy, ., are nsunnynegy = n11 = 3 and nsunnypos = 2. Thus
g1 = qi1 = ni1/n = 3/5 andfor the “walk” classq;» = 2/5. The at-
tributevalues entroyy thenis E; = —3/51og(3/5) — 2/51og(2/5) = 0.971. The
entrofy valuesfor the valuesrainy andovercastare E, = 0.971, resp.E3 = 0.
The overall entrogy for the information gain of the attribute View thereforeis
E — ((n1/n)E; + (na/n)Es + (n3/n)Es) = 0.9403 — ((5/14) * E; + (5/14) %
Ey+(4/14)xE5 = 0.2467. Thisis higher(tempeature, windy) or equal(humidity)
thanthe informationgain of all otherattributeson thatlevel (e.g.,tempeature’s
informationgainis 0.0292).

Basedon thesecalculationghe splitting attribute view is choserandthe first
level subset®f thedecisiontreeof figure6.4on pagel30is built. All otherlevels
arebuilt in thesameway. JAN

For a continuousattribute the bestvalue for splitting the setof instancess
chosenn anequalmanner

6.3.2 Using the tree for classification

In generalthe decisiontree developedin that way is usedfor classifyingnew

examples. A newly addedinstanceis handledby startingat the root nodeand
determiningjf the conditionexpressedan the nodes attribute evaluatedo either
true or falsewith the obsenation’s attribute-\value. The resultof the evaluation
directsto thenext node.After reachingaleave node theobsenrationis anelement
of theclassnamedby theleaflabel.

In SBS this phaseis called the browsingphase. How this is performedis
discussedh detailin thefollowing section.

6.4 Integrating decision trees into SBS

In consideringthe SBS domainas describedby attribute-\alue pairs, it is well
suitedfor machinelearning. We adoptedhe decisiontree algorithm C5.0 from
Quinlan[192] for performingthis task. The C5.0 is anadvancemenbf the ID3
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(andits successoC4.5). A free evaluationversionis availablé'. In SBS we
utilized the demoversionC5.0 releasel.14 (for the Solarisoperatingsystem).
After apartitionof the SBS-repositoryis setup correctly it holdsthecomponents
andthe datapointsin the structurealreadypresentedn figure 6.3 on pagel25.

OnthatbasisC5.0 generatea decisiontreeasbrowsingaid for the searcher

6.4.1 The C5.0 algorithm for SBS analysis

Specificitiesof the SBS applicationcanbe consideredy parameterizingC5.0,
too. The algorithmacceptsa variety of optionsfor adjustment. The following

aspect@areimportantin the SBS domain:

C5.0 constructdecisiontreesin two phases.A treeis first grown to fit the
datacloselyandis then‘pruned’ by removing partsthatarepredictedo havea
relatively higherrorrate(thus,acceptinguncertaintyin thefinal classification).
An error occurs,if an obsenation can be classifiedto more than oneclass.
Misclassificatiorcanbe dueto wronginitial judgmentof amembershipf an
instanceto a classor wrong attribute values. The option’s valuefor pruning
confidencec CF affectsthewaythaterrorratesareestimatecandhencethe
severity of pruning. Valuessmallerthanthe default (25%) causemoreof the
initial treeto be prunedwhile largervaluesresultin lesspruning[189].

For SBS it is assumedhatdatapointsareassignecaorrectlyto their com-
ponentsiuringthegeneratiorphaseof apartition. Thereforewe do notexpect
noisein theform of misclassificationandthe pruningconfidencdor C5.0 is
setto 100percent-c 100.

Normally, pruningis not performedto evadenoiseonly, but to simplify the
final treeaswell. Sincewe do not usetheresultingdecisiontreefor the task
of classifyingcomponentsbut to generatea conceptuablescriptionof them,
we needthefull blown decisiontree. Thisis anadditionalargumentfor setting
the pruningconfidencdo 100percent.

Dueto thedatapoint’'s propertiesiecessitanddescriptoruniquenessve have
exactly oneobsenation per class(the componenspecifications name,its set
of input vectorsandits setof outputvectors).C5.0’s option-m CASES en-
ablesthespecificatiorof aminimumnumberof obsenationswhich haveto be
evidentin thesetof datapointssupportingheclassificationThedefaultvalue

4Demo versionsare available for mostcommonoperationsystemsn the down load areaof

http://www.rulequest.com/
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is two cases.However, in SBS thereis only oneobsenationperclass. Thus,
the minimum numberof casessupportingthe tree building processs setto
one;-m 1. Therebythetreeis constructeditilizing eachobseredexample.

C5.0 offers somefurther useful properties.It is possibleto specify missing
values(thusmakingthedatanoisy)or to determinewhethera certainvaluefor an
attribute is not applicablefor computinga decision.Due to the demandedanitial
completenesef datapointsthesefeaturesarenot used.Only in the maintenance
phaseof therepositorythis rendergpractical.

How the constructiorof decisiontreeseadsto a browsingstructureis demon-
stratedin the next two examples. They differ mainly in their signature;the first
signatureis numericalbasedandcontinuousthe secondonedealswith discrete
stringmanipulation.

Example6.3. Anunber — nunber partition \V4
In this example 32 mathematicafunctionsimplementedn Modula-3 are ana-
lyzed. Modula-3hasarigid typing systemandthe partitiondesignbenefitghere-
fore from a generalizedignaturein sucha way thatthe numberof components
which canpopulatea partitionbecomesatherhigh. Thefunctionscanbedivided
into threegroups:

Themajority of the functionsaretakenfrom the packageMath . They require
avalueof type LONGREAI[or inputandcomputearesultof type LONGREAL
Thereare29 of themin the partition.

Two functionsfrom thepackagePts of typeREAL — REAL
Onefunctionfrom packageSwap of typeINTEGER — INTEGER

For thesecomponentghe generalizedsignaturenumber —number is chosen.
Pleasanote thatthisis notasubtypegeneralizationThetypevariablenumber is
awildcardstandingor arny subrangeypeholdingnumericalvalues.Thepartition
holdsall constitutve equalcomponentsonformingto thatsignaturespecification.
For the sale of demonstrationno distinction betweenimplementationsandthe
componentgcomponenspecifications)s made.

In table6.2alist of all Modula-3functionsof the partitionanda shortdescrip-

tion of theirsemanticss given. Supposéheinputparameteis alwaysnamed‘z”.

Table6.2: Componentsf the partition Pnymber —snumber
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1 Math.ep E*
2 Math.expml (E*) — 1, evenfor smallz
3 Math.log the naturallogarithmof = (baseF)
4 Math.log10 thebaselOlogarithmof z
5 Math.loglp log(1 + z), evenfor smallz
6 Math.sqrt N
7 Math.cos thetrigonometricakosineof
8 Math.sin thetrigonometricakineof x
9 Math.tan thetrigonometricatangenof x
10 Math.acos theinverseto cosine arccosinef x
11 Math.asin theinverseto sine,arcsineof X
12 Math.atan thearctangenof x
13 Math.sinh thesinehyperbolicof x
14 Math.cosh the cosinehyperbolicof =
15 Math.tanh thetangenthyperbolicof =
16 Math.asinh thearcsinehyperbolicof =
17 Math.acosh thearccosinéyperbolicof =
18 Math.atanh thearctangenhyperbolicof
19 Math.cell theleastintegernotlessthanz
20 Math.floor thegreatestntegernotgreatetthanz
21 Math.rint thenearestintegervalueto x
22 Math.fabs theabsolutevalueof x
23 Math.erf the”error” functionof z
24 Math.erfc 1.0 — er f(z), evenfor largez
25 Math.gamma log(|gammd|z|)|)
26 Math.j0 thezero-ordeBessefunctionof first kind
27 Math.j1 thefirst-orderBessefunctionof first kind
28 Math.y0 thezero-ordeBessefunctionof secondkind
29 Math.yl thefirst-orderBessefunctionof secondkind
30 Swap.Svapint Swapsall of the bytesof
31 Pts.FromMM Convertfrom millimetersto points
32 Pts. oMM Convertfrom pointsto millimeters

The functionswere testedcarefully and we choseinitially 164 input values
to generatadatapoints. In this example,the majority of the testcasesare ran-
domly generatedThe analysisof the testcaseshowved, thatfor the partitionthe
propertyof necessityholds (thereare no two input vectorsgeneratingdentical
output vector sets)and the test caseshave descriptoruniquenesgtheredo not
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exist two outputsetsof differentcomponentsvhich areidentical). Additionally,
somedatapointsaregeneratedor the sale of strikingsamplesSincethisdomain
dealsmainly with rounding,exponentialandtrigonometricfunctions,valueslike

I

7T7§7

0, 1 areconsideredsstrikingfor domainexperts.Theresultsof inputvalues

from 1,...,9 arein mostcasesmmediatelyrecognizabletoo. However, there
areno generalulesfor obtainingsuchvalues,asthereareno suchgeneralules
known in thefield of domainboundarytestingaswell.

Table6.3: Datapointsof the partition Pyymber —number

Input Math.ep Math.expm1 Math.log Math.log10 Math.log1lp Math.sqrt
0 1 0 1.80E+308 1.80E+308 0 0
2.72 1.72 0 0 0.69 1
2 7.39 6.39 0.69 0.3 1.1 1.41
3 20.09 19.09 1.1 0.48 1.39 1.73
4 54.6 53.6 1.39 0.6 1.61 2
5 148.41 147.41 1.61 0.7 1.79 2.24
6 403.43 402.43 1.79 0.78 1.95 2.45
7 1096.63 1095.63 1.95 0.85 2.08 2.65
8 2980.96 2979.96 2.08 0.9 2.2 2.83
9 8103.08 8102.08 2.2 0.95 2.3 3
0.5 1.65 0.65 —0.69 —-0.3 0.41 0.71
3.14 23.14 22.14 1.14 0.5 1.42 1.77
1.57 4.81 3.81 0.45 0.2 0.94 1.25
0.79 2.19 1.19 —0.24 —-0.1 0.58 0.89
—3.14 0.04 —0.96 1.80E+308 1.80E+308 1.80E+308 1.80E+308
—1.57 0.21 —0.79 1.80E4308 1.80E4308 1.80E4308 1.80E4308
—0.79 0.46 —0.54 1.80E+308 1.80E+308 —1.54 1.80E+308
Input Math.cos Math.sin Math.tan Math.acos Math.asin Math.atan
0 1 0 0 1.57 0 0
0.54 0.84 1.56 0 1.57 0.79
2 —0.42 0.91 —2.19 0 0 1.11
3 —0.99 0.14 —0.14 0 0 1.25
4 —0.65 —0.76 1.16 0 0 1.33
5 0.28 —0.96 —3.38 0 0 1.37
6 0.96 —0.28 —0.29 0 0 1.41
7 0.75 0.66 0.87 0 0 1.43
8 —0.15 0.99 —6.8 0 0 1.45
9 —0.91 0.41 —0.45 0 0 1.46
0.5 0.88 0.48 0.55 1.05 0.52 0.46
3.14 -1 0 0 0 0 1.26
1.57 0 1 —2.86£+4014 0 0 1
0.79 0.71 0.71 1 0.67 0.9 0.67
—3.14 -1 0 0 0 0 —1.26
—1.57 0 -1 2.86 4014 0 0 -1
—0.79 0.71 —0.71 -1 2.47 —0.9 —0.67
Input Math.sinh Math.cosh Math.tanh Math.asinh Math.acosh Math.atanh
0 0 1 0 0 1.80E4308 0
1 1.18 1.54 0.76 0.88 0 1.80E+308
2 3.63 3.76 0.96 1.44 1.32 1.80E+308
3 10.02 10.07 1 1.82 1.76 1.80E+308
4 27.29 27.31 1 2.09 2.06 1.80E+308
5 74.2 74.21 1 2.31 2.29 1.80E4308
6 201.71 201.72 1 2.49 2.48 1.80E+308
7 548.32 548.32 1 2.64 2.63 1.80E+308
8 1490.48 1490.48 1 2.78 2.77 1.80E+308
9 4051.54 4051.54 1 2.89 2.89 1.80E+308
0.5 0.52 1.13 0.46 0.48 1.80E+308 0.55
Continuedon next page
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Continuedrompreviouspage

3.14 11.55 11.59 1.86 1.81 1.80E+308

1.57 2.3 2.51 0.92 1.23 1.02 1.80E+308

0.79 0.87 1.32 0.66 0.72 1.80E+308 1.06
—3.14 —11.55 11.59 -1 —1.86 1.80E4-308 1.80E+308
—1.57 —2.3 2.51 —0.92 —1.23 1.80E+308 1.80E+308
—0.79 —0.87 1.32 —0.66 —0.72 1.80E4-308 —1.06

Input Math.ceil Math.floor Math.rint Math.fabs Math.erf Math.erfc

0 0 0 0 0 0 1

1 1 1 1 1 0.84 0.16

2 2 2 2 2 1 0

3 3 3 3 3 1 0

4 4 4 4 4 1 0

5 5 5 5 5 1 0

6 6 6 6 6 1 0

7 7 7 7 7 1 0

8 8 8 8 8 1 0

9 9 9 9 9 1 0

0.5 1 0 0 0.5 0.52 0.48

3.14 4 3 3 3.14 1 0

1.57 2 1 2 1.57 0.97 0.03

0.79 1 0 1 0.79 0.73 0.27
—3.14 -3 —4 -3 3.14 -1 2
—1.57 -1 -2 -2 1.57 —0.97 1.97
—0.79 0 -1 -1 0.79 —0.73 1.73

Input Math.jo Math.j1 Math.y0 Math.y1l Math.gamma Swap.Swaplnt

0 1 0 1.80E4308 1.80E+308 1.80E+308 0

1 0.77 0.44 0.09 —0.78 0 16777216

2 0.22 0.58 0.51 —0.11 0 33554432

3 —0.26 0.34 0.38 0.32 0.69 50331648

4 —0.4 —0.07 —0.02 0.4 1.79 67108864

5 —0.18 —0.33 —0.31 0.15 3.18 83886080

6 0.15 —0.28 —0.29 —0.18 4.79 100663296

7 0.3 0 —0.03 —-0.3 6.58 117440512

8 0.17 0.23 0.22 —0.16 8.53 134217728

9 —0.09 0.25 0.25 0.1 10.6 150994944

0.5 0.94 0.24 —0.44 —1.47 0.57 16777216

3.14 —-0.3 0.28 0.33 0.36 0.83 50331648

1.57 0.47 0.57 0.41 —0.37 —0.12 33554432

0.79 0.85 0.36 —0.1 —0.99 0.17 16777216
—3.14 —-0.3 —0.28 1.80E+308 1.80E+308 0.02 —33554433
—1.57 0.47 —0.57 1.80E+308 1.80E4-308 0.83 —16777217
—-0.79 0.85 —0.36 1.80E+308 1.80E+308 1.69 -1

Input Pts.FromMM Pts. DMM

0 0 0

1 2.83 0.35

2 1.42 0.18

3 8.91 1.11

4 4.45 0.55

5 2.23 0.28

6 —8.91 —1.11

7 —4.45 —0.55

8 —2.23 —0.28

9 2.83E+12 3.53E+11

0.5 2.83E+412 3.53E+11

3.14 —2.83E+12 —3.53E+11

1.57 0 0

0.79 0 0
—3.14 —1.78 —0.22
—1.57 63810204 7941317.5
—0.79 —20589722 —2562435.2

For the analysisstepthe datapointsare roundedto the sixth decimalplace.
This is sufficiently exact, sincegenerally humansare not capableto judgethe
effect of higherprecision. Out of thesel64 datapointswe chosel7 datapoints
percomponento appeaiasclassifieran theresultingdecisiontree. This number
of datapointswasthe resultof an experimentwherethe numberof datapoints
hasbeenreducedcontinuouslyuntil theircharacterizingpowerwasno longersuf-
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0 <= 0: 0> 0:
1...-1.5707963267949 <= -0.9171523: .0 <= 1.570796:
R <= 0.8813736: .0 > 1: Math.acos (1)
:...0.785398163397448 <= 0.6674572: : 0 <=1
: a1 <= 0.7651977: Math.tanh (1) : L <= 0.5403023:

1 > 0.7651977: Math.atan (1) : o <= 0.1572992: Math.erfc (1)
0.785398163397448 > 0.6674572: : : 1 > 0.1572992: Math.cos (1)
1...-1.5707963267949 <= -1.233403:  Math.asinh (1) : 1 > 0.5403023:

-1.5707963267949 > -1.233403: : 1.3 <= 3: Math,jo (1)

L <= 0.841471: Math.sin (1) : 3 >3

: 1 > 0.841471: Math.erf (1) : nal <= 1.718282: Math.cosh (1)
1 > 0.8813736: : 1 > 1.718282: Math.exp (1)
p > 1 0 > 1.570796:
o <= 2.834646: Math.sinh (1) 1...-3.14159265358979 <= 0.01557522: Math.gamma (1)

1 > 2.834646: Swap.Swapint (1) -3.14159265358979 > 0.01557522:

1 <=1 R} <= -0.7812128: Math.yl (1)
...0.5 > 0.5: Math.ceil @ 1 > -0.7812128:

05 <= 05: o > 0: Math.y0 (1)

1...1.5707963267949 <= 1.253314: Math.floor 1) 1 <=0:

: 1.5707963267949 > 1.253314: Math.rint (1) .9 <= 1.460139: Math.log10 (1)

-1.5707963267949 > -0.9171523: 9 > 1.460139:

:...-3.14159265358979 <= 0 .2 <= 0.9953223: Math.log (1)
o <= 1 2 > 0.9953223: Math.acosh (1)

w1 <= 0.3527778: Pts.ToMM (1)
1 > 0.3527778: Math,j1 (1)
1>1
:...3.14159265358979 <= -2.834646e+12: Pts.FromMM (1)
3.14159265358979 > -2.834646e+12:
L <= 1.570796: Math.asin (1)
: 1 > 1.570796: Math.expml (1)
-3.14159265358979 > 0:
1...-3.14159265358979 <= 3.141593:
o <= 1.175201: Math.fabs (1)
1 > 1.175201: Math.tan (1)
-3.14159265358979 > 3.141593:
:...0.785398163397448 <= 0.7212255: Math.loglp (1)
0.785398163397448 > 0.7212255:
R <= 1: Math.sqrt @
1 > 1: Math.atanh (1)

Figure6.5: TheresultingC5.0 decisiontree(raw output)

ficient to distinguishbetweencomponentsMost of thesedatapointsarestriking
samplesWith C5.0 onecanselectexplicitly attributes(inputvectorsin SBS) to
supportthe designof thetreeand,thus,raisingits understandabilityln table6.3
thewhole setof datapointsfor classifyingthe partition Phymber —snumber 1S
showvn (notall decimalplacesaregiven).

Figure6.5shavstheresultingtreeasunformatteutputasit is generatedby
thecallto C5.0: >c5 -f n2n -m 1 -c 100. Themain partof the trees
left branchis givenin a morereadablegorm in figure 6.6 on the following page.
Theknowledgeaboutthe datapointsis storedin thefiles n2n.names (defining
the attributes)andn2n.data  (holding the testcases).With 17 datapointsper
componenbnly, C5.0 wasableto classifyall componentgorrectly

Thebrowsingtreeof thenumber —number isorganizedn awaythatateach
decisionnodethe predictve attribute (the input to the componentsijs given. On
eachoutgoingedge theconditionsarestatedwhich mustholdfor all components
reachabldeneatlthis nodein thetree.
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<=0.881373

>0.667457

<=0.352777 \ >0.352777

(Math.tanh, Mathatanty  (Math.asinhy [II570796] | (Mathceil, (Mathsinhy — (Math.Swapiit — (Pis.ToMM “Math.jT

<=0.841471 | > 0.841471 <=1.253314 \ >1.253314

Figure6.6: A partof theresultingdecisiontree(transformedrom figure 6.5)

The input vectorwith the highestinformationgainis '0’. The searchenow
decides|f the searchedunctionality provided with input’0’, computesan out-
put equalor smallerthan’0’ (givenin theraw outputasO <= 0 in thetree).
Dependingntheanswerthesearchers directedto the next level.

E.g.if afunction f is searchedvhich computeghe next larger integer of its
input (if it isn't alreadyan integer), since f(0) = 0, this branchof the tree has
to be followed. The next questionis presentedas: “Should f(—1.570796) <
—0.917152?" Clearly, the next largerintegeris —1. Thus,the searchemustfol-
low thetrue-branctlof thetree. After threemorequestionsaandcorrectguesseas
answersthefunctionMath.ceil  istheonly candidateemaining.TheModula-
3functionceil calculatesndeedthenext largerintegerof its input.

C5.0 comeswith a setof toolsaswell. Most of themareusedfor optimizing
the classificationpasedon costinformationor crossvalidationof the classifica-
tion conceptwith validationevidence.In the contect of SBS thetool predict
is agoodsupplemento the browsing structure.On the basisof the classification
tree, it offersa query-answemterfaceto the knowledgebase. This comesvery
nearto an interactve searchmechanismwherethe searchefafter selectingthe



Integrating decision trees into SBS

partition) answerdo somequeriesandthe tool determineghe bestfitting com-
ponentandjudgesthe certaintyof its classification Hereis anexampledialogue,
whereinput valuesarepresentedindthe searcheentersher/hisestimatef the
desiredoutputafterthecolon (theanswersaregivenin bold typeface).

0: 0

-1.5707963267949: -1
1. 1

05 1

-> Math.ceil [0.06]

In the casean answerto a querycannotbe provided,the predict  tool accepts
missingvalues(?) or the hint thatan attribute’s valueis not applicablein a spe-
cific context (N/A). Althoughthis leadseventuallyto aninaccurateesult,sucha
flexibility is very helpful,if thesearchewantsto take a quick look atthe content
of a partition.

A

Thesignatureof the partitionof thenext shortexamplearebasednacomple
iInputvectorcontainingtwo elementsandareturnaboolean.

Example6.4. Astring — string partition v
The partition Pgyring  — strin contains8 predicatesmplementedas C-
functions. They aretaken from the ANSI-C standardibrary [188]. The input
vectorsaregroupedoy anglebracletsandtheir elementsareseparatetyy a semi-
colon. Due to the smallnumberof componentandthe preconditionsecessity
anddescriptoruniquenesthesetof testcasesvhichis sufficientto describehem
is very small. We needonly the samenumberof datapointsastherearecompo-
nents. The componentandtheir datapointsareshawn in figure 6.7 on the next

page.

Sincetheoutputtypesareof discretenature this informationcanbe givenvia
theflag-s to C5.0 to improve theresultof the building processFigure6.8on
pageld5 presentsheformattedresultof theexecutionof c5 -f string  -m
1 -c 100 -s. A
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Sk @ A @ o
Input S o Tes e
<a;b> FFFFTFF
<va> T TFFTFT
<'a'y’ba’> T F F F T F T
<'abc’;’xy’> F F F F T T F
<> T T T F F F F
<aya’> T T T FF F F

Figure6.7: A stringpredicatepartition

The benefitsof the approacharedemonstratethy both examples.Neverthe-
less,SBS is basedon partial specificationsandtherefore if a candidatecompo-
nentis presenteasfinal resultof the searchsomefurtherinvestigationmustbe
performed. This is indeedno strongdemand sincethe partitionis constructed
basedon the descriptve capabilityof its datapointsandtherefore the resulting
candidatesirealreadyclassifiedaccordingto their structure(signatureandtheir
behaior. Only onecomponents left andits documentatiomustbe studiedary-
way. If it emeges,thatthe functionality searchedor is not provided with the
resultingcomponentat leastwe know that the functionality as specifiedby the
attribute-\aluepairscollectedon the pathfrom the decisiontrees root to the leaf
node,doesnot occurarywhereelsein the currentpartition.

6.4.2 SBS-partition maintenance

Dueto theinitial completenessll input vectorsareinput to all componentsn
thelibrary andasa consequencthe C5.0 algorithmis ableto determineanerror
free classification. Necessityand descriptoruniqguenesnsurethat datapoints
describeall component®f a partition. But repositoriesvolve over time: further
componentareaddedandcomponentsvhichdonotrendewaluable areretracted
from therepository Suchchangesffectthe quality of datapointsandhave to be
considered.

Deletionof a componenttogetherwith its datapointsdoesnot demanda re-
analysisof the partition, sincethe propertiemecessityanddescriptoruniqueness
arenottouched181].

If acomponents added thensucha stablesituationis not given. The ques-
tion of how to obtainthe datapointsfor descriptionpurposecanbe answeredy
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[<abcxy’> |

Figure6.8: Thefinal browsingstructurefor the stringpredicates

looking at the componenin isolation. However, it is no easytask,to discrimi-
natebetweerthe new descriptorandthe existing one. Ideally, to maintaininitial
completenesfL81],

the componentalreadyclassifiedshouldbe executedon the input vectorsof
theaddedcomponentsand

the addedcomponentshouldbe executedwith all input vectorsof the parti-
tion.

Thesechallengesreshownn in figure 6.9 on the next page. Whennew com-
ponentsareaddedthe previously establishedlatapoint quality mustberetained.
But for an evolving repositoryretaining automaticallyan establishedyrade of
quality is ratherillusionary andalternatveshave to be investigated.We suggest
thefollowing stratgjiesfor doing SBS maintenance:

Thenew components addedo therepositoryregardlesof missinginputval-
ues(missingattributescanbehandledoy C5.0) andthedecisiontreeis rehuilt
ateachchange . Theadwantageas a quick integrationof new componentsilt is
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classified components added components

21 initial classification
? space
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Figure6.9: Thecompletenesproblemin SBS maintenance

likely, thatsomeof its input vectorsare choserasstriking samplesandthere-
fore anoverlapof input vectorsexist. Due to the previous quality of the par

tition's datapoints,the new componentanbe classifiedwithout errors. This

strat@y is successfulor addingsomefew new componentshut with eachad-
dition the quality of datapointsis reducedand, continually the classification
becomesnoreandmoreerrorprone.

The componentis integratedimmediatelyandtwo processingtepsare trig-
gered:

The new components executedon eachmissinginput vectorof the parti-
tion, andtogethemwith the outputvectorsgeneratedn thatway they form
datapoints.

All componentsf thepartitionareexecutecontheinputvectorsof thenew
componento fill up their missingdescriptors.

The secondpoint is not mandatoryin every contet. If the datapointswhich
aregeneratedn thefirst stepareaddedto the partition andnecessityaswell
asdescriptoruniguenessire alreadyobtained,no further datapointshave to
be generated.The goal of this stratey is to maintainthe propertyof initial
completeness

Theresultingquality of the decisiontreeis equalto thatof thetreegener
atedfor theinitial partition. Thedisadwantagds, thatexecutinga component,
eitherthe new oneor the old ones,is very costly, which we alreadycriticized
asa disadantageof the approactof PodgurskiandPierce[175]. Sometimes
it is notfeasibleatall, becaus@ither

(in the caseof the lack of a repositorys executionervironments)the nev
componentvasprovided externallyandadditionaltestcasesannot be ac-
quired,or
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thecomponentslemonstratdifferentconcretesignaturesandthe execution
ernvironmentcannotconformto all theparticularitiesfrom whichthesigna-
turesareabstracted.

A new components not addedto the repositoryimmediately but kept sepa-
rately If asearchedoesnot find a functionalityin the partition, this add-on
list is presented.The presentationn thelist is flat, sinceno relationsarees-
tablishedbetweernts components.

The ideaof this strategy is to minimize the re-executioneffort and only
if the list exceedsa certainthreshold,its componentsreintegratedinto the
partitionin theway suggestedsstrateg)y 2. Theadwantagds thatonly period-
ically re-inding takesplaceanda shortadd-onlist of componentsloesnot
lengtherthe searchime substantiallyAs afurtherdisadwantaget turnsoutto
be,thatif anot-yet-intgratedcomponents very frequentlysearchedor, then
thetreestructuredoesnot helpto speedup thesearch.

This stratgy is basedon the assumptiorthat nevly addedcomponentsare
easierto executethancomponentslassifiedongtimesago. Thisis motivated
by thefactthatnen componentsrecurrentlyundertest,or werein testa short
time agoandtheir executionervironmentis still available.As aconsequence,
for new componentsnissingdatapointscanbe generatedn demand(this is
thepartition’sareain figure6.9onthefacingpagemarkedwith (2)). Necessity
anddescriptouniquenesarenotmaintainecand“old” componentarenotre-
executedo generataecessargatapoints(area(l) of figure6.9).

If aftera componens additionthe partition qualitiesof necessityandde-
scriptor uniquenessre not as high asrequired,the partition is divided into
subpartition.For eachnewly generatedubpartitionnecessityand descriptor
uniquenes$ave to hold and, additionally decisiontreesmustbe generated
as browsing aids for them. With this stratgy, mary browse treesexist for
a partition in parallel. Thereis no guidancefor the searchemwhich treeis
to be selectecandnormally, this hamperseffective browsing. However, if the
sub-partitioningprocesss notbasednthedatapointsonly but takesinto con-
siderationdomainrelatedinformationaswell, multiple decisiontreesemege
to be an advantage.E.g. a subpartitionmay containtrigonometricfunctions
andanotheronetheroundingfunctions. Thena keyword baseddecisiontree
selectionalthoughkeywordshave to beinterpretedhelpsto locatethe sought
componenbest.

In thecasethatdatapointsaredeliveredexternallyandcannotegenerated
on demandthis stratey is superiorto all otherones.Onthe otherhand,con-
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currentbrowsingtreeswithout a clearsemanticsgdo not supportthe searcher
Neverthelessgdueto the mechanisnof C5.0, thedecisiontreesin generalare
not exorbitantlydeepandsearchindor a certainfunctionalityis easiethanto
scansequentiallythroughalist of textual description®f components.

Additionally, a periodicalreunificationof the browsingtrees (if execution
of componentss feasible)is recommended.

Which stratgy to choosedepend®n a variety of parameterslf for instance,
automaticexecutionis feasible thenthe bestoptionto choosas to maintaincom-
pletenesgstratgy 2), whereador a very populatedepositorythis stratgy is an
illusionarytask. On the otherhand,catchytextual descriptorssupportthe selec-
tion of the correctbrowsingstructurein theconcurrentreeapproact{stratgy 4).
However, this stratgy restson a clearsemanticof the descriptve texts. Never-
thelessthe entiretyof thesestratgiesgivessomeoptionsto thelibrarian,whois
responsibléo take careof thediscriminatinganddescriptve power of thereposi-
tory's datapointsto yield usefulbrowsingstructure§181].

6.5 Final remarks to SBS

Staticbehaior sampling(SBS) rendersa practicablemethodto describethe be-
havior of reusablecomponentsvithout the needfor humaninterpretation.There
aresomepreconditionsvhich musthold, whenapplyingSBS. Thefirst precon-
ditionsis that componentsnustbe stateless.The resultof a componens com-
putationdependsonly on its input data. A further preconditionsstatesthatthe
componentssignatureshave to be abstractedo generalizedsignatureswhich
helpsto grouptogethercomponentsvith differentinterfacerealizationsalthough
they have a commonconcept. And the third importantpreconditionis the nec-
essaryquality of datapointswhich sene aspartial specifications.This implies,
thatsomeflexibility in datapointgenerations necessaryf thedatapointsarenot
producibleondemandiuringthe SBS structuringohasgbeit initially or beit dur-
ing maintenance)his datamustbe deliveredby the domainengineerproviding
thecomponentHowever, asalreadydiscussedn the previous section,the num-
berof high quality datapointsnecessaryo generatexgoodbrowsingstructures
notvery large. Thereforewhenthe setof testcasesomingwith the components
is numerousenough(a requirementasyto fulfill), to obtaindatapointsis nota
hindranceor applyingSBS.
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6.6 Summary

In this chaptemwe presentedhe conceptof static behaviorsampling(SBS). The
approachoriginatesfrom data point descriptionswhich are consideredas par
tial specification®f reusablecomponentsDatapointsarechoserfrom testdata
tuplesandthey aredividedinto characterisinguplesand striking samplesde-
pendingon their purposeeitherto supporttheindexing mechanisnor to support
the humansearcher It is alsodiscussedhow to selectdatapointsfrom the set
of datatuplesfor eachcategory. Datapointsthenform the knowledgebasefor
the SBS repository It is describedhow therepositoryis structurednto partitions
accordingo thesignature®f componentsThe partitionshold componentgresp.
componenspecificationsrharacterizedby datapoints. To generatea browsing
structurewithin apartition,adecisiontreealgorithmis used.We demonstratethe
benefitsof thisapproactwith two exampledrom differentdomains Furthermore,
theproblemof repositorymaintenances discusse@ndfour differentstrategiesto
tackleit arepresented.

The contrikbution of this chapters the novel approacho considerdatapoints
asattribute-valuedescriptor&ndthewayhow decisiontreestructurecanbeused
asarepositorybrowsingstructure. Thesearchers supportedy presentindbeha-
ior which helpsto chosethe mostpromisingsearclpath. In thatway, the content
of thewhole partitioncanbe exploredandwithout having to performcostlycom-
ponentexecutionsanintuitive componentepresentatiors given.

In thenext chaptertheideaof SBS is extendediowardsthetreatmenof state
bearingandcomplex componentsObviously, in thatcontext thepureinput-output
informationis notsufficientto provide descriptve quality, sincebesidegheactual
input, the history of previousinputsto a componentleterminests next outcome,
too. We discusgwo techniquedor detectingregularitiesin componentistories
andpresenimprovementsof themto utilize themfor producingmeaningfulde-
scriptionsautomatically
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Behavioral Description of Comple x
and State-Bearing Components

The approachof staticbehaior sampling(SBS) characterizeseusablecompo-
nentsby descriptiongouilt from examples. It demonstratemary benefitswhen
dealingwith state-les€omponentsBut the questionarises whetherthis ideais
also applicablewhenfacing a repositoryfilled with componentg1) whosebe-
havior depend=on their executionhistory and/or(2) whosesignatureis an ab-
stractionof a multitude of functionaltypeswith differentbehaiors. In the first
case observingtheimmediatelyproducedoutputdoesnot leadto successsince
anidenticalinput valuefor oneparticularcomponenmight not always produce
the sameoutput. In the secondcase,an alternatve componentharacterization
mustbe available,sincetheinterfaceis too comple to be easilyunderstandable.

Neverthelessthe centralideato usetestdataasprimarysourceof knowledge
isappealingandremaingdo bethemaindriverof theapproachTherearetwo main
assumptionsvhich musthold when dealingwith state-bearingand/orcomplex
components:

A significanthnumberof testcaseswhich sene asa knowledgebase hasto be
available,and

The componentanust not contain faults which would blur the descriptve
power of the availabletestcases.

The following particularitiesmake the differenceto state-lessomponentsith
respecto SBS analysis:

State: Componentsrestate-bearingf someor all of their internaldatavalues
arekeptbetweercallsto themor if suchvaluesarepersistentPersistence
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is the propertyof datato be available beyond the executiontime of the
software systemmaintainingit. Due to this internalstate,theinputto a
components nottheonly determinantvhich constituteghe output. The
currentstateof a componenis not visible from outside. Nevertheless,
in our approacht is not feasibleto “open” a componenfor observing
internalvalues.Only by analyzingthe dataprocessedtby the component,
canconclusionsedravn aboutits exactbehaior.

An importantrepresentate of state-bearingystemss object-oriented
software. Neverthelessany componentetainingits internaldataspace
is statebearing,regardlesof its developmentparadigm. Statescan be

maintainedy storingvaluesonfiles or by usingglobalmemory

Complexinterface: Componentsmaintainingtheir internal statestend to be

more comple than state-lessomponents.They offer a broaderrange
of behaior thanthe “single spot” solutionsgeneratedby state-lesg€om-
ponents.The morerequirements componentoversin a coherentvay,

the moreit is usefulfor an applicationengineer One might think of a
module(like the one presentedn section5.1.2on page72), wherethe
applicationengineeiis not primarily interestedn onespecificfunction,
butin thewholetool setofferedby themodule.In suchsituationsprows-
ing throughthe SBS classificationn orderto verify the purposeof each
functionis very cumbersomeln fact,anapplicationengineemould ac-
ceptmary variantsof behaior, if only theoverallgoalis fulfilled. Here,
thewholemoduleis considereécomponenaéndnotaparticularfunction
providedby it. SBS doesnothelpsubstantiallyn this situation.Whether
thereis aninternalstate(for functionsor for the module)to be consid-
eredis notimportant,but a descriptiontechniquebasedon ideassimilar
to SBS is neededo describecomplex interfaces

Protocol: A componentwhichis accessibléhroughacomple interface,is often

not designedanddevelopedby the applicationengineetbut by a domain
engineeexternalto theapplicationdevelopmenprocessHence thefine
grainedsolutionsarenot designedin-house”, becausehey arealready
implied in the componentsMost of the detailedwork hasalreadybeen
doneby thedomainengineersvho built the componentsin sucha situ-
ationthe maintaskof the applicationengineeiis to integratethe artifact
into the system. Very often, the systems fine designis thenchangedo
easethe task of componenincorporation. Incorporationrequirements



stemfrom the componens specificarchitecturaprerequisite$81].

Complex componentsieedmorecontext in asystenthanstate-lessnes.
Suchcontets may be provided asstandardsgor file systemacces®r for
communicatingvith externalsystemg220].

Componentswvith a rich setof behaior perform comple tasks. Such
tasksarebuilt onactvitieswhichdependneachotherandthereforenave

to be executedin a certainorder Activities dependentausallyon each
otherandcannotbeinvokedwithout knowing the sequencaspecification
for them[117].

Many of theseprerequisiteandcontext dependencieBave to be estab-
lishedasspecificsequencesf activationsof the componentsfunction-
ality. This leadsto an (internal) protocol which mustbe followedwhen
communicatingvith acomponent.

All issuesraisedabove needa differentway of describingreusablesoftware
thantheone SBS offers. Whereasn SBS thefocusis on analyzingdatatransfor
mationsof a componentvith a singularfunctionality, this focusis not applicable
here.Thetestdata

cannotbe partitionedreasonablaccordingto signaturesDueto the multitude
of the functionalsignatureof a component testtuplesof onetestcasemay
conformto differentsignatures.

doesnot reflectthe input-outputtransformatiordeterministically This is due
to the outputs dependenconthecomponensinternalstate.

holds importantinformation aboutthe order of the activated functionalities.
This orderis not exploitedby SBS.

We therefordfocusontheimportantaspecbf sequencesf testdata.For comple
componentsmostinvocationsof functionalitieshave to follow a certainorder
This orderis importantandif it is describedvell, a searchecaninfer the overall
purposeof acomponenfrom that.

Anotherimportantaspects the changeof the purposeof the retrieval task.
For simplecomponentsdt is necessaryhatrelevantassetareseparatedrom the
vastamountof available components. This is not that importantfor comple

LObviously, the componen{module,packagepr class)hasa single signature.But its func-
tions, proceduregand methodscannotbe browsedcoherentlyby one single decisiontree, since
onetreeconformsto onefunctionalsignature.
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componentsHere thenumberof componentsoveringtheneededunctionalities
in generals notlarge. Thusthe questionis: Is thecomponenteally fulfilling the
needasits descriptions claiming? Maybethe descriptionis trustworthy, but not
all documentsn thenecessaryechnicaldetailareavailable.

To verify the behaior of a components a challenge especially whenthey
areboughtascommercials-of-the-she{COTS). Then,the buyerhasno accesso
the sourcecode[16] andareengineeringctvity aimedat gettingconfidenceny
validatinginternalstructuregs prohibitedin mostcases.The problemis already
addressedn the literatureandthereis an ongoingdiscussionof how to solve
it [193,30,84].

Thereforethetechniquepresentedh this chaptetave two aims:

Supportingcomponentetrieval by allowing thesearcheto judgetherelevance
of abehaior representatiorgnd

supportingverification, whetherthe candidatecomponentperformsin the
promisedwvay.

Thischaptedealswith theanalysisof comple state-bearingomponentskor
this purposewe discussalgorithmsusedfor inferring knowledgefrom testdata.
To adaptthemfor our needswe implementedsomeenhancementsln contrast
to SBS the input-outputis not directly obserable, but an abstractiorfrom it is.
Hence,we call the adaptedalgorithmsabstactedbehaviorsampling ABS for
short. This abstractiordoesnot containary concretevaluesary more.Valuesare
omittedandonly theorderof methodinvocation(without parametersis reflected
abstractlyIf thiskind of descriptions notsufficientfor determiningthe behaior
of acomponentit is alwayspossibleto take a focusedook at the specificvalue
transformations.

As arepresentatie for the classof state-bearingnd/orcomplex components
we discussobject-orientedomponentsThosefacetsof objectorientationwhich
arenecessaryor complex andstate-bearingomponentsrediscussedhortlyin
thefollowing section.

7.1 Object Oriented Components

Nowadaysthe object-oriented OO) paradigmis a state-of-the-artnethodology
to build software systems.Becauseof the paradigmsencourageo designmod-
ularized and encapsulatedinits, classesand OO-packagegan be more easily
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reused[183, p13],[17. Most of the componentswvailable on the market today
aredevelopedwith andfor object-orientegystems.

7.1.1 Structural aspects

In generalpbject-orientatiomeansthatsoftwaresystemsareorganizedasa col-
lectionof discreteobjectshatincorporatelata,datastructuresandbehaior [200].
Thedataenclosedn anobijectis calledits attributes thebehaior canbeactivated
by calling the object’s methods Ideally, the dataformsthe internalhiddenstate,
which cannotbeaccessedirectly from outsidethe object. Accesss possibleonly
in interrogatinghe object. The overall systembehaior is formedby theinterac-
tion of its objects.Interactionis thecommunicatiorbetweerobjectsperformedas
acall of anobjecto’s methodsy anobjectp (messge passing. In thisway, the
objects datastructureandthe methodoperatingonit arestronglyrelated.Thisis
in contrasto corventional(proceduralprogrammingn which datastructuresand
functionsoperatingon themareonly looselycoupled[200]. The differencebe-
tweenprocedurakystemdevelopmeni@andobjectorientedsystemdevelopmenis
evident,whenconsideringhow thefunctionalityis offered. In the former, values
conformingto the componens signatureare transformedwhich setsthe focus
onthesignatureaspectlin thelatter, thelegal sequencef methodsallsbecomes
much more important. It is sureenoughthat without the value transformation
the objectinvocationis meaninglesshowever, without consideringthe method
invocationsequence treatmenbf singlevaluesis worthless.

Theintentionof the OO-paradigmis to have a systenthatis built uponinde-
pendentgentsvhichareresponsibldor acertainaspecbf thesystemsbehaior.
In thatway, systemanalysisdesignandimplementatiorshouldbeeasedbecause
objectsarewell definedandseparatedldeally, they canbe designedanalyzed,
andmaintainedn isolation.

An importantconcepis the notionof a class Classesaretheresultof anab-
stractiongprocesscalledclassificationandgrouptogetherbjectswith the same
datastructureandbehaior [200]. They arediscussednainly from two different
vantagepointsin theliterature,anintensionalandan extensionalone. For short,
the extensionaliew focuseson the propertyof classificationwhereaghe inten-
tional dealswith the generationof objects. In OO-programminggclassessene
four differentpurpose$26;

They definetemplatesrom which objectsareinstantiatedintensional).
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They aresetsthe element®f which areobjects(extensional) A classusedfor
this purposes calledobject-warehousetoo.

They area meango grouptogethercoherenbehaior (intensional) whichis
similarto modulesn cornventionalprogramming.

They aremechanism$o generatabjects(objectfactories)intensional).

The generalstructureof a classis depictedin figure 7.1. It is givenin the
graphicalnotion as definedby the industry standardUML (universalmodeling
language)UML is agraphicalanguagdor visualizing,specifying,constructing,
anddocumentingheartifactsof anobject-orientedgoftwaresystem226.

aClass

attributel
attribute2

attributen

method1(p1,p2,..,pk)
method2(p1,p2,..,pl)

.rﬁ.ethodm(pl,pz, o))

Figure7.1: Thegeneraktructureof aclass

With respecto SBS the differencebetweena componentuilt asobjectand
a componentbuilt as function (procedure)is self-evident. Methodscannotbe
equatedvith functions,sincemethodcallsmake senseonly if usedin tight inter-
actionwith the objects othermethodsandits attributes. State-lessomponents
areindependenfrom eachother

7.1.2 Behavioral aspects

Behavior of a classcanbe specifiedn UML in variousways. Most common for
specifyinga classcapableof dynamicbehaior statetartsareused. Statecharts
arean extensionto finite stateautomatg103]. Their mainconstructiorelements
arestatesaandevents.A stateis aconditiononattributesduringthelife of anobject
of the specifiedclassor an interactionduring which it satisfiessomecondition,
performssomeaction,or waits for someevent. Conceptuallyan objectremains
in astatefor aninterval of time [226]. Therearetwo specialstatestheinitial one
andthefinal one,which depictthebegin andendof anobjectslife cycle.
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An eventis an occurrenceghat may trigger a statetransition. A transitionis
a relationshipbetweentwo statesindicatingthat an objectin the first statewill
enterthe secondstate. On sucha changeof state the transitionis saidto “fire”.
Theeventmayhave parameterf226]. Eacheventwhichis understandabley the
addressedbjectconformsto oneof its methods.Eventsmay be issuedby ary
objectwhich knowstheinterfaceof theaddressedne.

A statecharspecifies,how an object mustreacton the receiptof an event
instance,dependingon its currentinternal state. For a more completeand in-
depthdiscussionof modelingand designingobject-orientedsystemsthe inter-
estedreadelis referedto anintroductionto the objectmodelingtechniqueOMT,
e.g.[200], or to theintroductoryUML literature,e.g.[99, 71].

7.1.3 An example from the banking domain

Thefollowing exampleexplainsthediscussedssuedy meansof aclassfrom the
bankingdomain.lt is chosenpecausé¢heclassdemonstratesufficiently comple
behaior without providing too much details,and the behaior is generalizable
to rendera reusablecomponentwhich is dueto its “preparation”™“processing’-
“finalization” sequence.

Example 7.1. Revolvingcreditexample \V4
In this examplefrom the bankingdomainwe presenthe structureof arevolving
credit classandthe behaior its objectsmay perform. It is in no way complete
andmary necessarjeaturesarenot modeled We usethis simplifiedclassfor the
sale of demonstratiomonly.

A creditis revolving, if the borrower is granteda certaincreditlimit, which
mustnot be extended.Up to thatlimit the borrover canborrov money andpay
it back. The borronver hasto requesta creditfrom the bank,whoseanalystsare
in duty for assessinghe credit-worthinessof the borrover and also they must
performfeasibility checkqe.g.whethetthebusines$or whichthemoney is meant
is really promising). Suchvalidationprocessesnay be repeateddependingon
thelimit requestedor on gatheredevidence.Theresultof the validationprocess
may be to rejector to grantthe credit. Grantsare given by supervisors. That
followed, the borrawer is allowed to borrov money from the bank and he/she
may pay backa certainamount.In this example,the creditexpires,which canbe
triggeredautomaticallyafterthe endof the credit’s durationor on theinitiative of
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RevolvingCredit

Customer : CustomerC
Limit : CurrencyC
Balance : CurrencyC
GrantedBy : SupervisorC

CreditRequest(Customer,Limit,...)
Assessment(Customer)
Feasability(Project,...)
Reject(Reason,...)
Validated(Analyst,Restrictions,...)
Grant(Supervisior,...)
Borrow(Amount,...)
Payment(Amount,...)

eXpired()

Endorse(Supervisor,...)

(a) Classdefinition

Assessment(Customer)

CreditRequest(Customer, Limit,...) v

Initial - O > CreditRequested - )
.J= Feasability(Project,...)

A

| —

Final  Reject(Reason,...)

Validated(Analyst, Restrictions,...)

Reject(Reason) \ /

)

Validated

Assessment(Customer)

—
Endorse(Supervisor,...)
Grant(Supervisior,...)

) expired Y
Locked Granted
-t Borrow(Amount,...)
A Payment(Amount) S A g
Payment(Amount)
(b) Statechart

Figure7.2: Structureandbehaior of the RevolvingCeedit Class
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asupervisorAfter alastseriesof back-paymentgheterminationof the creditis
endorsedy asupervisor

In figure 7.2(a)on the facing pagethe structureof the revolving creditclass
andin figure 7.2(b) the statechartescribingthe allowed behaior of its objects
is depicted.Additionally to the public methodswhich areaccessiblédrom other
classessomeattributesaregiven. The statecharshows, thate.g.in the stateVal-
idatedonly the eventsReject Assessmenor Grant areacceptedslegal method
call to the object. Apparently a further feasibility studyis not allowed after the
analystshasvalidateda credit request. In this statecharthe dependencef the
objects behaior on the valuesof attributesis not specified.lf, e.g.aborraveris
sendinga requestfor Borrowing a certainamountto a creditobjectbeingin the
stateGranted thenonetime this mayleadto successndanothetime therequest
may berejected.Thereactiondepend®n thevalueof the parameteAmountand
on the (hidden)currentvalue of the Balancé. Both valuestogetherdetermine,
whethertherequested@mountexceedghe creditlimit or not.

Differentobjectsof the sameclassmight complyto differentcurricula,spec-
ified aspathof sequentiallyissuedeventsthroughthe statechart. A life cycle of
anobjectis definedby onepathleadingfrom theinitial to thefinal state.A credit
requesmaybeassessenhultipletimes,whereasnothemoneis notassessedtall
andgetsits validationsealby theanalystatonce whichmaybedueto thealready
known credit-worthinesf theborrower. In testinga classmary objectsmustbe
generate@ndtheir life cyclesshouldcover all pathsfrom theinitial stateto the
final one.

In figure 7.3 onthe next pagea setof testcasedor the classRevolvingCeedit
is shavn. For the sale of readability all eventsareabbreiatedandindicatedby
theuppercasdetterscontainedn theirdesignatorsior example theeventReject
is givenasR in thetestset,whereaeXpiredis denotedas X. Oneline in thetest
casesetis thesequencef eventssentto onespecificobjectof the class.Different
linesbelongto thetestsequencesf differentobjects.

Thereademaynote that,dueto theloopsspecifiedby thereflexivetransitions
in the statechartthe numberof pathsis infinite andthe entirety of an objects
possiblebehaior cannotbereflectedn testcasesNeverthelessthemainpartsof

thefunctionalityof theclassRevolvingCeedit canbefoundin the setof testcases.

A

2Suchdependenciesanbe specifiedwith statechartby establishingconditionswhich must
hold on the occurrenceof an event. However, sincethe graphstructureis not affectedby this
additionalinformationwe neglectit.
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CVGBPXE
CAR
CAFVGBBXPE
CAFR
CFVGBPPBPPBPXE
CAAFVGBXPE
CVAGBPXE
CR
CAVGBXPE
CAFVAR

CVR

Figure7.3: Testcasedor the classRevolvingCeedit

This exampleis usedfurther on for discussinghe benefitsand deficiencies
of the presentedestsequencanalysismethods.In the following sectionstwo
methoddor analyzingsequencesf eventsarediscusse@ndsomeimprovements
for adaptinghemto thedomainof describingeusableomponentarepresented.

7.2 Sequence analysis

The challengeof analyzinga set of testcasescan be paraphraseas follows:
“Givenis asetof sequencesf methodcallsto acomponentAre thereary regu-
laritiescontainedn thatsequences?”

Theassumptioris thatsuchregularitiesexist. Regularitiescanbedescribedy
formal languagesvhich canbe orderedaccordingto their positionin the Chom-
sky hierarchy This hierarchywasestablishedy NoamChomsly who character
izedtheseclasseaspossiblemodelsfor naturallanguage$103]. The hierarchy
containsfour classe®f languagegor computingmachines}thathave increasing
compleity: regular (finite-stateautomata) context-free (push-devn automata),
contet-sensitve (linearboundedautomata)andrecursve language$Turing ma-
chines). Sincewe do not know which level of compleity is givenin atestset,
we assumeonly the leastcomple class,which is the classof regularlanguages.
Regularlanguagesanbedescribedy meansof grammas?, or by finite-stateau-
tomata(FSA). Both representationareequialent. A sequencef tokenswhich

3In general,regular languagesare not describedoy grammarsbut by regular expressions.
However, becausgrammarglescribehigherclasse®f the Chomsly hierarchydueto theirpower
regularlanguagesreincludedaswell.
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conformto therulesexpressedn the grammayis calleda word of the grammar
Wordsarebuilt by tokens,which areelementsrom the alphabebf thelanguage.
In thatway tokensarethe basesymbolsof words. Finite-stateautomatacanbe
deterministicor indeterministic. Indeterminismmeansthat thereare morethan
one possiblesuccessostateswhenonetokenis recognized.This is no restric-
tion, sincedeterministicand indeterministicfinite stateautomataare equvalent
andeachindeterministicautomatorcanbetransformednto a deterministicone.

Sincestatechartsarean extensionto finite-stateautomatéahe initial problem
statemenhow canbereformulatednoreexactly: “Givenis a finite setof words
of anunknowvn languagevhichis assumedo beregular Whatis thegrammair(or
deterministidinite stateautomatonpacceptinghesewords?”

In our problemcontet words are sequencesyhich are elementsof the test
set.A grammaror automatorninferedin suchaway is a behaioral descriptionof
thecomponentTheinputto the sequencanalyzingprocesss alwaysafinite set
of finite words. This propertyrenderghedescriptiorof componentdy grammars
or FSAspossiblepbecausdinite wordscanalwaysberepresentetly anequivalent
FSA[103]. Softwaredevelopersareusedto this kind of representationandif it
indeedreflectsthe characteristicef the underlyingbehaior, thengrammarsand
FSAsareanadequate&escriptionform.

As onecanseefrom the givenexampleabove, not all the necessarinforma-
tion canbe obtainedfrom the testset, suchasloopsand control pathbranches
which werenot executed.Furthermoreit is in generahot possibleto distinguish
in atestcasebetweenthe serialoccurrenceof a patternin the sequencendan
(possiblyinfinite) iterationof this patternproducedoy aloop.

In theliterature the detectiorof regularitiesin a knowledgebaseis calledse-
guencdearning[219]. Learningsequentiabehaior is animportanttaskin mary
fields of application,suchas planning,reasoning haturallanguageprocessing,
adaptve control, time seriesprediction,financialengineeringpr DNA sequenc-
ing. The problemof inferring formal grammardrom wordsis a subfieldof se-
guencdearningandit is referedto asgrammarinferencewhich hasbeenstudied
for morethanthirty years.Mark Gold [86] proved, thatin generalthe inference
of a canonicalFSA is NP-hard.A canonicalFSA is anautomatoracceptinghe
givenwordswith a minimal numberof statesandnot acceptingotherwordsthan
givenin theexampleset.

Hence,in the mid 80iesresearchn grammarinferenceconcentratean al-
gorithmsusingheuristicsandadditionaldomaininformationto infer FSAsfrom
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an exampleset. DanaAngluin [4] developedthe RPNI algorithm (regular pos-
itive and negative inference)using (positive) examplesand (negative) counter

examplesas well as an oracle. This oracle (in most casesa domain expert)
answeredjuestionsaboutthe membershipf wordsto a grammar Many im-

provementsare suggestedo reducethe spacecompleity by slicing the search
spacg65] or to decreaséime compleity [172, 173].

A specificrestrictionof the testcasedomainis that hereonly positve ex-
amples,but no counterexamplesare given in the testbase. This changeghe
situation,becausé&sold shavedin additionthatif only positve examplesandno
negative examplesare given, sucha building processs impossiblefor the gen-
eral case[86]. Whenencounteringpositve examplesonly, an algorithmhasno
meango determinewhetherit is over-generalizinghe automatoror not*. These
resultsreveal, thatalgorithmsinferring grammardgrom examplescannotbe exact
andthe quality of their resultsmustbe judgedotherwise. We mayrankinference
algorithmsaccordingo thefollowing desideratdl]:

Completeness:The grammar(FSA) shouldacceptall wordsof the exampleset.
Thereshouldbeno behaior presentvhichis notdescribedy thegram-
mar(FSA).

Veracity: The grammarshouldcontainno spuriousrules(the FSA shouldhave
no spurioudransitions).

Minimality: The numberof rules (transitions)shouldbe minimal to clarify the
representation.

Only thefirstdemandtanbeverifiedautomatically Thisis dueto thefact,that
theoriginalgrammar(or FSA) producingthe testcasesnustbe known (whichis
not possiblefor all components)or in the casethe original grammaiis available,
acanonicalrepresentatioof it hasto beavailable.However, in comparingesults
directly, thesepropertieshelpto judgethe quality of inferencealgorithms.Since
the designof the algorithmsmight be focussedn diverting aspectsthe quality
of the resultsmay tradeoff. If, for instancethe maingoalis to cover all exam-
plescompletely the minimality of the resultinggrammarcould suffer from that
demand.

4An exactresultis achivableonly, whena singleword is analyzed.
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In the next sectionsiwo differentapproachearepresentedThey arechosen,
becausén comparisorwith othermethodge.g.basednneuralnets[51], Markov
modelq145,169, or graphclusteranalysiq1]) thequality of theresultsareequal
or superiorwhencomparedegardingtheabove mentionectriteria.

7.3 Prefix analysis

Theapproachpresentedh this sectionanalyzesxamplewordswhich areseenas
sequencesf tokensandgeneratea FSA which reflectsthe patternghey exhibit.
Theorigin of theapproachs attributedto thework of BiermanrandFeldmar{25].
The proposedalgorithmkTAlL wasdevelopedby Cook[51] who usesit astool
for theautomatiaecovery of softwaredevelopmentprocessefrom log data.We
improvedit in two ways:

We enclosedxplicit startstatesandfinal events. This enablesa betterunder
standingof theresultingFSAs.

We addeda heuristicsto built clustersof statesto detectsuch stateswhich
belongtogether

The mainideais to determineon the basisof behaior recognizedup to now
(prefixes)the future of a sequencePrefixescontainthe sequencef tokensfrom
thefirst symbolread,up to thecurrentlyreadtoken,hencea sequencef lengthn
Is built by n prefixes. E.g.a sequencebc is decomposedhto the setof prefixes
{a, ab,abc}. A futureis givenby thethenext k£ tokenswhich occurin theinput
stream.Thevalueof £ is givenasparameteto thealgorithm.A givenprefixmay
leadto differentfutures,aswell asafutureof lengthk maybereachabldy differ-
entprefixes. Two differentprefixesare put to the sameequivalenceclass,if they
have the samefuture. Finally, a statein the FSA is equivalentto an equivalence
class.

7.3.1 The prefix algorithm KkTAIL in detalil

The alphabetA, from which the words of the languageare built, is the set of
eventsey, eq, . .. , e,. A word of thelanguages asequencef events. ThekTAIL

algorithmoperatesn the sampleset .S, which containswordsof the language.

The setof all prefixesin S, is denotedby P. Any word w canbe divided into

a prefix p andatail ¢ in suchaway thatw = p ot. The operator'o’ is the
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concatenatioroperator Furthermorethe setT), containsall wordsof length/,
with [ < k composedrom A.

An equivalenceclassE containsall prefixeswith identicaltails. Thisimplies
thatevery prefix is atleastmemberof oneequialenceclass,but prefixescanbe
memberf morethanoneclass:

V(p,p') € E,Vt €Ty | (pot) e PA(p'ot) € P.

Eachequialenceclass FE; correspondgo a statein the resulting FSA and
for the reasorof simplificationwe denotea statewith the label of therespectre
equialenceclassE; aswell. After having generatedtateshe transitionsareto
be defined. Formally, a transitionis a triple (Es, Ey, ), where E; is the source
state,F, is thedestinatiorstate ande is the eventtriggeringthetransition.

From the sourcestate F, a transitionlabeledwith an evente takenfrom A
leadsto a destinatiorstateE;, whenthereis a prefix p € E, in sucha way that
theprefixpoeisin Ey:

V(E,, Eq,e) dp € E; |poe € Ey

If only onetransitionis outgoingfrom E; on the occurrenceof the evente,
this transitionis deterministic If therearemorethanone,it is indeterministic.

The algorithmproducesorrectandcompleteFSAs,but it tendsto introduce
to mary stateswhichis dueto thealgorithmsrestrictionto look only £ eventsinto
thefuture. If the futurewhich follows & is equalfor someprefixesaswell, then
the statesareredundantCookimprovedtheinitial algorithmfrom Biermannand
Feldmanby analyzingthe stateswhich follow a transitionandmeige thosewho
demonstratédenticalbehaior.

Let £, bethesetof all stateswhich arethedestinatiorof thetransitionsfrom
E; labeledwith the sameevente, formally (E, &4, e). If all transitionsoutgoing
from the statesin £ arelabeledidentically aswell, thesestatescanbe meiged.
All transitionsfrom FE; to the statesin £, aremegedaswell. Suchan actwvity
Is depictedin figure 7.4 on the facing pagewith avalueof k largerthanl. The
states’E1.1” and“E1.2" areredundantpbecausdrom “E” they arereachedoy
the sametoken“a” andtheir successostatesarereachedy identicaltokensas
well (figure 7.4(a)). The tokensrecognizablegfrom their successostatesmay
be different. Theseredundanstatesare finally meigedin the simplergraphof
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figure7.4(b).Obviously, a parametewvalueof £ = 1 meanghatno simplification
cantake place:for eachacceptedokena stateof its own is generate@dndnomore
thanonetransitionoutgoingfrom a statecanbelabeledwith the sametoken.

(er)22) 0 (522
(2D ()G
b b

(a) FSAwith redundanstates (b) FSA after memging redundant
states

a
(FTa

Figure7.4: SimplifyingaFSA(k > 1)

Example 7.2. Sequencanalysiswith KTAIL \V4

Here,a simplesequencef eventsgeneratedrom the alphabet{a, b, c}
is given (takenfrom [51]). Therearesomerepetitionpatternspresent:a a-b-c
iterationandb-a-c iteration:

abcabcbacbacabcbacbac..
abcbacabcabcbachba

Fromthatexample theimportanceof a correctadjustmenbf the parametek
become®bvious. Sincethelengthof theiterationpatternds 3 (with theassump-
tion, thereis really aloop in the automatorgeneratinghatsequence)a value of
k > 3 raisesthe level of determinism(sincemoreaccuray is addedby looking
deepeinto thefuture)but thecharacteristicsf thebehaior arenotreflectedary-
morein theresultingautomatonlf thealgorithmtriesto find patternsof alength
whichis largerthenthelengthof existing patternsthenthe resultingFSA speci-

fiesa behaior which doesnotreflectthe patterns.Thisis dueto thefactthatthe
patternsearchs startedn aniteration: andendsin a subsequeriterationi + k.
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Figure7.5: TheFSAgenerateavith KTAIL (k=2)

For theresultingfinite stateautomatongivenin figure 7.5, a valueof k = 2
is chosen. For ary valuek larger than2 the statesof the FSA are labeledwith
numbers. In the example,the statewith the label “3/4/8” is the result of the
optimizing processvherethe intermediatestatesaremeiged. Note, thatthereis
an indeterminismin the FSA, becausedhereare two transitionslabeledwith c
which canfire in state“3/4/8”. Thisis dueto the memging stepandthe algorithm
seestwo differentpossiblefuturesafter recognizingthe tokenc. The algorithm
performswell in detectingheiterationscontainedn thesequence. A

7.3.2 Improvements of KTAIL
Explicit initial state and final states

From the FSA generatedby kTAIL the initial stateand the final statescannot
be recognizedunlessthe underlyingwordsare known. This canbe confusing,
particularlywhentheresultingstructureis complec andcontaindoopsinvolving

initial and end states. Our first improvementthereforeis to mark thesestates
explicitly. A FSAis definedto have oneinitial stateanda setof endstateq4103].

In theresultingFSAtheinitial stateis markedwith themetasymbolstart . The

initial stateis apseudaconstructsinceit is introducedor the purposeof defining
the begin of the FSA only andthereis no transitionto it. Any equialenceclass
canbecomeafinal state whichis depictedoy the metaeventend in thegraph.

To fulfill theserequirementsve add thesetwo metasymbolsto the words
whenparsingtheinput. Dueto the designof the kKTAIL algorithmthis additional
informationleadsto thedesiredresults.

Strongly connected subgraphs

Sometimesrepetitve patternform a larger pattern. This is especiallytrue for
reusablecomponents.Considerthe RevolvingCeedit example,wheretwo large

SFor k = 1, sincethefuture of prefixesis determinedy singletokensfrom thealphabetgach
generatedtateis labeledwith thetokenleadingto therespectre state.
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groupsof actwities canbe identified: the activities necessaryor validatingthe
requestandthe actwities dealingwith the “consummation’of the credit. These
large patternscanbeidentifiedin theeventsequenceaswell.

Onefurtherimprovementto the understandabilitpf the FSA thereforeis the
option to restructureit, if the evidencefor sucha larger patternis given. If it
is demandedthe KTAIL algorithmsearchedor strongly connecteccomponents
(scc)in the graphof the FSA. Strongly connecteccomponentsre supposedo
groupstatesvhich conceptuallybelongtogethelin the way, thatthe statesn that
componenaccepthe sameeventpatternsThis changestepis notanalgorithmi-
cal enhancemertb getbetterresults,but it comesfrom the analysisdomain. If
thereis norationalin thedomainto groupstronglyconnectederticesto perform
this graphregroupingstepis not recommendedThe original ideaof determin-
ing strongly connecteccomponentsn graphsto determineclustersof behaior
wasalreadysuggestedby [1]. In their paper the authorsexamineworkflow logs
andre-engineeprocessnodelsfrom them. Clustersareconsidereasthosesteps
of the procesawhich conceptuallybelongtogetherandtherefore canbe seenas
subprocesses.

A stronglyconnecteadcomponents recognizedasfollow: In adirectedgraph,
two verticesarestronglyconnectedif thereexistsa pathfrom theoneto theothet
A singleverticeis alwaysstronglyconnected A directedgraphis stronglycon-
nected,f all its verticesare stronglyconnected. A maximalstronglyconnected
subgraphof a directedgraphis calledits strongly connecteccomponeni224,
p 100]. An efficient algorithmfor computingstrongly connecteccomponenis
proposedn [27].

Stronglyconnectedcomponentganbe collapsedo onevertice,which forms
acondensedraph.In our adaptatiorwe do not collapsethem,but markthemas
subgraphs.This allows to identify at a quick glanceregionsof behaior, which
canbe consideredn isolation. In the following continuationof the previous ex-
ample7.1,we applytheimprovedkTAIL algorithmto thegiveneventsequence.

Weimplemente&TAIL from scratchandtheimprovementserepresente@re
addedaswell. Theprogramis realizedin the programmindanguageSeTL 2.

Example 7.3. ThekTAlIL algorithmappliedto example7.1on page 157 \V4

Theresultof the analysisof the eventsequencewith KTAIL (k=1) is shovn
in figure 7.6 on the following page. The parameteralueis chosenpecausehe
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iterationsevidentin thesequenceareconsideredo have amaximumlengthof 1.
TheFSAis completewith respecto theavailabletestdata,sinceeachtestcases
acceptedy the FSA. Pleasenote,thatno repetitionof Feasibilityeventsis in the
eventsequencewhich leadsto the missingreflexive edgefor the stateF. Albeit,
thisis nodeficieny of thealgorithm,but anincompletenessf thetestset.

Dueto the clusterformedby the stronglyconnectecomponentswo beha-
iorally differentregionscanbeidentified. Thestronglyconnectedomponentsre
depictedasgrayboxesin thegraphof theFSA. They conformwell with theunder
standingof thedomainin theway thatthe componentcontainingthe statesA, F,
andV, is concerneavith theinitialization processywhereasheseconccomponent
dealswith the behaior of the credittransactiontself.

Figure7.6: RevolvingCedit behaior asinferredby KTAIL

The algorithmwas not able to detectthe differencebetweenthe CreditRe-
guestedstateand the Validated state,becausean the latter an event can be ac-
ceptedwhich is legal in the former stateaswell. Becauseof the obsenation of
afuture of length1, the stateacceptingan Assessmens alwaysthe same.This
leadsto thegivenstateV, which allows aneventsequenceyhereaftertherequest
is Validated aneventFeasibilityis acceptedSucha sequence

doesnotappeamarnywherein thetestcasesand
is notdefinedin the statecharspecificatioraswell.

Thus, the veracity’ of the FSA is not givenin this example. With a higher

SVeracityis the propertyto which extend spurioustransitionsoccurin the FSA (definedon
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valuefor k, the describeceffect canbe avoided, but thenthe numberof statess
growing larger.

Regardingminimality, the resultingFSA is affectedby the choiceof the pa-
rameterk aswell. Here,eachacceptedokenleadsto a stateof its own. E.g.ona
conceptualevel, thestategandtheintermediatéransactions$tart andC, resp.
E, R andend canbe memged. Choosinga larger £ leadsto morestates (andto
simplificationsafterwards)andthis demandsnoretransitionsaswell. Also here,
the structureof the examplesdetermineshe necessityf transactions. A

7.3.3 Evaluation of kTAIL

Regularpositiveinferenceconductedvith KTAIL is promisingunderthefollowing
preconditions:

Thevalueof £ mustbe adjustedcorrectlyto reflectthe behaior embodiedn
the sequencesf words. If k is too small, repetitionpatternsaresplitted, if it
Is too large, thesepatternsarenot detectedcorrectly Thus,theresultingFSA,
althoughcorrect,doesnot rendera good description,sincethe representation
suchobtaineds not conformingwith the searchergxpectations.

Thelengthof repeatingatternshouldnotvary. If loopswith differentiteration
lengthsareevidentin thetestcasesthenin generait is not possibleto adjustk
correctly leadingto the effectsmentionedn the previouspoint.

Whenthe domainis understoodthe two parametergk, strongly connected
componentsare enoughto adjustthe kTAIL algorithm. Furthermorepnly one
passover the input datais sufficient for analysis. This givesa certaindegreeof
freedomto the analystto experimentwith valuesfor & to generatea adequate
description.

A furtheradvantages clearly the behaior’s representatioasa FSA. Appli-
cationengineersare normally usedto formal descriptionson the graphicallevel
andFSAsarea standardpecificatiorlanguagdor repetitive patterns.

As alreadydiscussedvith the example,completenessf the KTAIL with re-
spectto the availableeventsequences given. The simplificationstepdoesnot
affect completenesOnly statesaremeiged,but transitionsarenot deleted(with
the exceptionof redundantransitions).\eracity depend$eaily onthestructure

pagel6?2).



170

Behavioral Description of Complex and State-Bearing Components

of theeventsequenceandthe correctchoiceof k. It cannotbe guaranteetby the
algorithm. This is the casewith minimality either A canonicalkiutomatorwhich
hasa minimal numberof transitionsanddoesonly acceptwordsspecifiedoy the
behaior (definedby the event sequences)yvas not the aim of the algorithm’s
design.

Prefix-analysigslgorithmdik e kTAIL definestatesdy identifyingidenticalhis-
toriesof eventswhich have identicalfuturesof a givenlength. Heuristicsintro-
ducedby (1) determiningthe lengthof the future andwhether(2) the capability
of stateso acceptcommoneventsdefinesubgraphsleadto stateabstractiorre-
sultingin thefinal FSA. The correctadjustmenbf domainparameterginally is
thedecisve factorfor the quality of the componentbehaioral description.

Theideaof the algorithmpresentedn the following sectionis different. Not
the history from the startof the sequencebut only a small “window” of obser
vation s the basisfor the abstraction.ldentical patternsare then consideredo
representhe sameconcept.The mostsignificantdifferenceis the fact, thatsuch
abstractionareregroupedhierarchically. A furtherdifferenceis the representa-
tional concept:Not finite stateautomataput grammarrepresentationgield the
final description.

7.4 Pattern analysis

In this section we presentthe algorithm SEQUITUR developed by Nevill-
Manning[163] andanextensionto it for enhancingheresultingrepresentatioto
handlemultiple sequenceanddetectrepetitionpatterns.

7.4.1 Pattern encoding with SEQUITUR

SEQUITUR generatesontet-freegrammardgrom agivenword. In fact,although
thegrammaibelongsto this compleity classthelanguageshesegrammarsec-
ognize are only regular ones, since eachlanguagedescribedby the generated
grammaiis finite and producesonly oneword. Thus, SEQUITUR is a “context-
free” techniqudor describingepetitve patterns.

Basically the algorithmanalyzesa sequencend substituteseachoccurring
repetitionby a rule. The aim of the algorithmis twofold. First, it generatea
shorterrepresentationf theinput word, thusencodingt asgrammar Secondas
aby-producta structuralexplanationof this sequencés provided.
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A contet free grammarconsistsof a setof rulesof theform A — «, where
A is anon-terminalymboland« denotesa string of terminalsymbolsandnon-
terminalsymbols.For arulein thatform A is calledthe headerof therule or the
rule’s nameaswell. Considertheexamplesequenca b ¢ a b, wherearepe-
tition of thesubsequenca b is given. SEQUITUR replacest with anonterminal
andintroducesa new rule with thatsymbol(nonterminalsarerepresentedtarting
with a$ andthegrammars startsymbolis givenasS):

S — $A ¢ A
$A — a b

A patternss given by a digram A digram consistsof exactly two symbols
(thusthe namedigram)which maybe terminalsor non-terminalsThegrammars
producedsharethefollowing two properties:

Digram uniqueness: No pair of adjacentsymbolsexists morethanoncein the
grammar

Rule utility: Everyruleis usedmorethanonce.

Thealgorithmstartsa new analysigprocessvith generatingninitially empty
startrule. Whena new symbolis readfrom the input streamit is appendedo
the startrule. The lasttwo symbolsof the right handside (rhs) of the startrule
form a new digram. Digram uniguenesss checled every time a nev symbolis
appended.If the new digram appearsarywhereelsein the grammay thenthe
following situationsmayoccur:

Thedigramis a completerhsof arule. Thenthe lasttwo symbolsof the start
rule’srhs(thenew digram)aresubstitutedy therule’sname.

Thedigramis apartialsequencef arhs. Thenanew ruleis introducedwith the
digramattherhs. Eachoccurrencef thedigramin the grammaiis substituted
by the new rule’s name.

This processnaytriggeriteratively further checksandsubstitutionspecause
on eachcheckthegrammars structuremay change.

Longerrhsareformedby enforcingthe secondproperty rule utility. If arule
is usedonly oncein the grammarit is deletedandits nameis substitutedoy its
rhs. Thispropertyshouldprohibitanoverly complex structureof thegrammarAs
continuatiorof theexampleabove, letssuppos@nemoresymbol,c, is presentt
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theinput. The propertydigramuniquenessorcesthe introductionof a new rule,
leadingto thisgrammar:

S — $B $B
$A — a b
$B — A ¢

Now we see thatrule $A is usedonly once,asrhsof rule $B. Following the
commandof rule utility, $A is deletedandits body substitutests namein $B,
which givesthefinal grammar:

S — $B $B
$B — a b c

We usethesequencealreadypresentedor demonstratinghe effectsof kTAIL
hereaswell.

Example 7.4. Sequencanalysiswith SEQUITUR \V4
Givenis the sequenceresentedn example7.2 on pagel65. The SEQUITUR
algorithmproduceghefollowing grammar:

S — $B $F $F $E $B $E $C
$E — $B $D

$D — $C c

$B - a b c

$F — $E $D

$C —- b a

Thealgorithmgeneratea grammarrom theexamplewhichis completeThe
whole sequencas producibleby it. The graphconsistof six ruleswhich form
a hierarchicalgrammar Sincethereis no recursionthelengthof the producible
word s restricted. JAN

7.4.2 Discussion of SEQUITUR

Dueto the substitutionof multiply occurringsequencegeitherterminals,or ter-
minalsandnonterminalsjhe SEQUITUR encodesninputsequenceorrectlyand
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producesa completegrammar However, althoughthe algorithmdetectsrepeti-
tionsin theinput,thisdoesnotdescribehebehaior of thecomponensuficiently,
sinceonly onepossiblespectrunof actwvity is captured.

The term repetitionrefersto a sequencef at leasttwo symbolswhich ap-
peararywhereelsein the sequenc®f events. However, sometimeghe domain
demandsanotherview point ontorepetition. In the example,the lengthof loops
is atleast3. Becausef the propertyof rule utility, oneof the loop patternswvas
detected$B), the otheroneis hiddenin therules$C and$D. If adomainshovs
suchregularitiesclearly, the descriptionproducedshouldreflectthembetter Se-
QUITUR lacksthis possibilityto adaptitself to domainknowledg.

It is evidentfrom theexampleaswell, thatthereareiterationsin thesequence
(andnotrestrictedrepetitionsonly). Theaim of a behaioral descriptions notto
find onefor anexampleonly, but to abstractfromit to anevidentgenerakoncept.
Obviously, sincethe length of the sequencaes finite, this abstractioncannotbe
exact. E.g.in theexampleabove,thesubsequenca-b-c appearsnary timesin
suchaway thatwe canassumavith ahigh degreeof certaintyto faceaniteration.
Iterative behaior is in generakeproduciblemary timesmorethanit is presentn
theexample.

A setof testcasesontainsmary eventsequencesSEQUITUR is ableto en-
codeonly oneandthe knowledgesuchobtaineds notcomprisedn thefollowing
analyses Sincedifferenteventsequencedemonstratéhe behaior of onecom-
ponenttheseintermediatggrammarsnustbe subsumedadnto afinal one.

In the next sectionwe presentthe algorithm MSEQ (multiple SEQUITUR),
which is an extensionto SEQUITUR, whereall the mentionedrequirementsare
considered.The algorithmis implementedn the high level programminglan-
guageSetL2 andgivenin detailin appendixC.1.

7.4.3 MSEQ, animprovementof SEQUITUR
Pattern length variation

The algorithm MSEQ is basedon SEQUITUR, which we implementedfrom
scratch. The first enhancemen the option to vary the length of patterns. In
the standardapproacha repetitionis given, if a patternof length2 (a digram)is
found elsavherein the grammar In the implementatiorthe patternlength can
be varied by definingthe value of the parameten. Its default valueis 2 andin
that caseMSEQ behaeslik e the standardalgorithm. The domainengineer(or
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librarian) now canuseher/hisknowledgeabouta sequence’repeatedstructures
by adjustingthe correctlengthof angram.

Example 7.5. MSEQ with varyingngramlength \V4
Heretheeffectof adaptingheparameteto domainrequirementss demonstrated.
The sequencef example7.2is analyzedwith mseq -i  inputfile -n 3,

which leadsto the following grammar(the parameteri determineghe input
file):

S — $A $C $C $A $B $A $A $B b a
$C — $A $B $B

$A - abec

$B - b a c

In contrasto the grammarof example7.4 obtainedby the default value,both
patternsmanifestthemseles as rule bodies(of rules $A and $B). Becauseof
the minimal lengthof 3 for patternsto be substitutedthe numberof rulessuch
obtaineds only 4 (comparedo 6 ruleswith -n  2). JAN

The reademay note, thatthe patternlengthdoesnot influencethe length of
rules. Also with alengthn largerthan2, dueto the effectsof rule utility, rule
bodiesmay have a lengthsmallerthann. Furthermorethe grammarsobtained
by a patternlargerthan2 may not differ from that producedoy the standardSe-
QUITUR (exceptfor rule names).Sucheffectsdepencheaily on the structureof
theunderlyingsequencedf e.g.asequenca b ¢ a b c isanalyzedwith -n
2 or-n 3 doesnot make a difference.The patternleadsto the substitutionwith
$A ¢ $A c in bothcases.Thefirst time becausef the hierarchicaintermedi-
ateresultandthe succeedin@gpplicationof rule utility, the secondime because
of the predefinedsubstitutiorrestrictions.

Theparametefor varyingthepatternengthis usedfor adaptinghealgorithm
to recognizespecificrepetitionstructuresn theeventsequences.

Iteration heuristics

Up to that point grammarsproducedby MSEQ do a good job in describinga
sequenceTheencodingproducesa losslesgepresentationf theinitial orderof
events. On the otherhand,exactly this sequenceas describedwhereasa more
generaldescriptionof the behaior of a componentproducingthis (and other)
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event sequencess not provided, althoughsomehints are there. Considerthe
sequencé..a b c a b c... . If iteratve behaior is expected,suchan
examplecould be the evidencefor aloop. Thisis thereasonwhy we introduce
the optionto gatherthis informationfrom the example. The librarian specifiest
by settingthe -r parametemith the numberof repetitveness.If a pattern(of
arbitrarylength)is occurringsuccessiely at leastr timesin the grammay it is
consideredasthe effect of aloop. All successie patterngwith the exceptionof
thefirst pattern)aredeletedandtheremainingfirst patternis parenthesizelly the
metasymbols (* and’)+ . Thesymbol +’ indicateghattheiteratedpatternrmust
occuratleastonetime [103]. We have preferectheiterative representatioto the
(correct)recursve representationsincerecursve structuresare not that simple
to understandand our aim is to generatean easyto understandepresentation.
Thisis notin accordancevith formallanguageheory wheresuchameta-symbol
is not known. However, sincethe compleity classof the languagesnferredis
only regular, this “mixture” of regular expressionandcontext free grammarss
acceptable.

Pleasenote, that we do not demanda minimal iteration of lengthr in the
resultinggrammar Therepetitionindicatorr defineshelower boundwhich sup-
portsthe presumptiorof a loop existenceonly. The resultinggrammaraccepts
languagesvith iterationslessthanr aswell, but the simplificationswhich would
be possiblearenot performed.

The presentealgorithm7.1 RepetitionCheck is partof MSEQ andit is
called after the standardorocedure?NGramUniqueness andRuleUTtility
wereemployed. It getsthegrammarg andthe parameter asinputsandreturnsa
grammarin which all successie repetitionsof lengthr aresubstitutedby a loop
construct.Sincethis algorithmmay changetherules,afterwardsrule utility must
be checled again. The grammaris a setof rules, which are pairsin the form
(lhs,rhs). Theright handsiderhs is organizedaslist of symbols.

The ideais to generatefor every existing rhs the set of all of its sublists
which canbe repetitve patterns. Obviously, sucha patternmustnot be longer
than#rhs/r, sinceit shouldoccurat leastr timesin rhs. The generationof
sublistsof lengthl, with I < #rhs/r, is performedby the auxiliary function
PowerList . Sincewe try to detectaslarge patternsaspossible the sublistm
with maximallengthis selectedrom thatpowerlist. Indeedjf suchanm existsat
leastr timeswithin rhs, thenthe sequencen, ... ,m,m,... ,m is transformed

——

r-times
to (m)+ . The function checkingthe existenceof a sublistin a list is named
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IsSubList( sublist, |ist). Thetransformatiorof asequenceo aloop

Is performedby the function SequenceTolteration which getsthe pattern
m, theminimumsequentiabccurrence of thatpatterntherule namerhs of the

rulein whichtherepetitiontakesplace,andthegrammarg asinput. Theresultof

thefunctionis anew grammarWhenarepetitionpatternis foundandsubstituted
by its loop counterpartthe analysisdoesnot stop: within the patternm further

repetitionmay exist aswell.

Herethe completealgorithmis presentedwhereasnput- andoutputparame-
tersaredenotedvith |, resp.t, andin-outonesaregivenas/t.

Algorithm 7.1.

PROCEDURRepetitionCheck( Itg, 1r) ;
BEGIN
FOR (lhs,rhs) € g LOOP
pl := PowerList( rhs);
FOR m € pl |
vVm' € pl | #m > #m' LOOP
IF IsSubList( m=xr, rhs) THEN
g = SequenceTolteration( m, r, lhs, g);
END IF;
pl:=pl \ m;
END LOOP;
END LOOP;
END RepetitionCheck;

Whereagheparameter. introduceslomainheuristicsdy affectingtheencod-
ing length,r doesit by abstractingrom repetitions. However, both adaptations
changehesstructureof theresultinggrammar Thevalueof r is notdependentn
n, it may be smalleror largerthann. Here,theresponsibilitylies by the person
producingthe grammarto selectthe bestvaluesfor the parameterHowever, the
effects of the parametersre directly obsenable and their variationis immedi-
atelyreflectedin theresults.In thatway this enhancemerttelpsthe describeiin
adaptinghedescriptiorto the domainandcomponenpeculiarities As anexam-
ple,considethesequencéa b ¢ a b ¢ a b c¢”. ThestandardSEQUITUR
produceghis description:
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S — $A $A $A
$A - a b c

The repetitionis clearly reflectedin the grammay althoughwhen someone
searchesor aloop, this grammamight be confusing.If the analysisis run with
MSEQ (mseq -i inputfile -r 2), the resultinggrammarmay describe
the behaior of the underlyingcomponentbetter thus supportingthe searcher
moreeffectively.

S—(a b o)t

In the next examplethe sequencdérom example7.2 on pagel65is checled
for repetitionsof length2.

Example 7.6. Detectingiterations \V4
As alreadystatedthe componenproducingthat sequences consideredo have
loopsof length3. Dueto the loop assumptiona singlerepetitionis seenasevi-
dencefor theloop, thusthe valuefor r is setto 2. The algorithmwascalledwith
mseq -i inputfile -n 3 -r 2. Hereistheresultinggrammar:

S %A ( A ( $B )+ )+ SA B ( $A )+ $B b a
$A - a b c
$B - b ac

In contrasto theresultsobtainedoy the standardSEQUITUR (example7.40n
pagel72)the grammars moreintuitive with respecto the eventsequenceAd-
ditionally, thisrepresentatiowith only threerulesis morecompactandtherefore,
bettersuitedfor thedescriptiornpurpose. A

The enhancementsf MSEQ presentedip to now dealwith adaptationgor
respectinghe domainbetterandimproving the descriptvenessf the grammars
for reflectingthe behaior of the componentproducingthe analyzedsequences.
To reachour goalof obtaininga partialspecificatiorof thecomponentmorethan
one sequencemust be consideredand the knowledge suchrecoreredmust be
unifiedto onedescription.Thisis thetopic of the next section.



178

Behavioral Description of Complex and State-Bearing Components

Multiple sequence analysis with MSEQ

Multiple sequencanalysisasimsat meging thegrammaravhich areproducedy
MSEQ. It base®ntwo assumptions:

Theeventsequencewhichareanalyzedareproducedy thesamecomponent.

Structuralidenticalrulesareequal,althoughnon-terminalsontainedn them
arenot.

Theideais to establisranunifiedgrammar(U G) andto checkfor eachsingle
grammaiG, if its rulesarealreadycontainedn UG. If aruleis notyetmembeiof
UG, thenit is addedto it. Thealgorithmhasto ensurethatall wordsproducible
by G are producibleby UG aswell. In analyzingmultiple sequencesfor all
grammarsnfered,M SEQ generatesiniquerule headenamegwith theexception
of startrules). Hence,a circularreferencecannever be introducedduring gram-
mar meiging. As a consequencayniquerule namesallow a top down approach
for building theunifiedgrammar

In detail,duringanalysighesesituationsmustbe considered:

Thereis arhs-matchhetween € G andgr € UG.
If r is the startrule of GG, thenthefollowing alternatvesmustbe verified
further:

The correspondingule gr € UG is the startrule of UG. In suchcase,
nothingneedto be done,becausehe startingrule r is alreadymember
inUG.

Therule gr is notthestartrule of UG andits nameis not partof the start
rule either Sincetherule r canbetriggeredasstartrule too, the symbol
for alternatve|” is appendedo thestartrule of UG, aswell asthename
of gr(!). Thishasto bedone,becaus¢hebodiesof » andgr areidentical
andthusnorenamingn UG is necessary

In the casethatneitherr nor gr arestartsymbols,eachoccurrenceof gr's
namein the UG is replacedby the nameof r. In this way the new rule r
is connectedo the otherrulesin UG (which may be incorporatedater as
well).
If thereis no right handsidematch(therhsof » wasnot detectecarnywherein
theUG@), theruler it mustbeaddedo theunifiedgrammatUG. If r is thestart
rulein G, thenits bodyis appende@salternatveto thestartrule of UG. If r is
notthestartrule of grammaiG, r is addedwithout modifying ary existingrule
inUG.
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Obviously, the predicateusedfor determiningthe equality of two rules’ rhs
mustnotbaseontherule’s name(their left handside). Thechallengdor thecom-

parisonof two rules’right handsidess givenby thefollowing threerequirements:

(1) thenamef ruleshave to be ngglectedand(2) all non-terminalcontainedn
it mustbechecledfor equalityaswell and(3) alternatvesof rulesin theform $A
— $B | $C mustbe consideredIn thatway, rhs arevalidatedrecursvely, when
determiningtheir equality

Algorithm 7.2 melges a grammar G with an unified grammar

UnifGrammar. The following representationatonventions are respected:

If theleft handsideof aruler is addressedhenthisis givenasr.lhs, resp.r.rhs
for theright handside. A rule s is selectedrom a grammarF' by restrictingthe
grammawith F'(s).

To simplify therepresentatioof the algorithm,thefollowing auxiliary proce-
duresor functionsareintroduced:

Eq(J lhsl, | [hs2): BOOLEAN: Thispredicatas usedfor comparingherhs
of two rules. It performsa deepanalysisof the two lists, whereagule
namesare recursvely checled for equality with Eq. The predicateis
specifiedasfollows [103]: If a word w is inferablefrom a rule » with

respecto a grammarG, (symbolicallyr G w) andthe sameword w is

inferablefrom arule p with respecto agrammaiG’ (p Eiy w), thenr and
g areequal,r <= p.

Add(] r, |1 G): This procedurds usedfor addinga constructr to a grammay
wherer maybearule or aright handsideof arule. It canbe emplo/ed
in two ways: (1) If calledwith arule G andaright handsider, it adds
therhsasalternatve to therule, or (2) if calledwith agrammarG anda
ruler, it putstherule to thegrammarsrule set.

Repl ace(l olhs, | nlhs, |1 G): In grammarG all occurrencef the
old non-terminablhs arereplacedoy thenon-terminahlhs.

GenNewRul e( ] rhs) : Rul e: Thisfunctiongenerateanew rule$NT — rhs
from theincomingright handsiderhs andtheinternally generatechon-
terminalsymbol NT.
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Algorithm 7.2.

PROCEDURBultipleGrammarMerge (41 UnifGrammar, | G);
BEGIN
IF UnifGrammar = {} THEN UnifGrammar = G,
ELSE
FOR aRule € G | aRule & UnifGrammar LOOP
IF JuGRule € UnifGrammar | EQ(uGRule.rhs, aRule.rhs)
THEN
IF aRule.lhs = StartSym THEN
IF uGRule.lhs # StartSym A
uGRule.lhs & UnifGrammar(StartSym).rhs
THEN
Add( Uni fGrammar(StartSym), uGRule.lhs);
END IF;
ELSEIF uGRule.lhs = StartSym THEN
Add( UnifGrammar, aRule),
ELSE Replace( uGRule.lhs, aRule.lhs, UnifGrammar);

END IF;
ELSE
IF aRule.lhs = StartSym THEN
newRule := GenNewRule( aRule.rhs);
Add( UnifGrammar(StartSym), aRule.lhs)
ELSE
newrule = aRule;
END IF;
Add( UnifGrammar, newrule);
END IF;
END LOOP;
END IF;

END MultipleGrammarMerge;

This procedurds activatedin MSEQ whenthe -m optionis set. A meged
grammaiis checledfor ngramuniquenesandrule utility like ary othergrammar
too. In the following examplethe effects of rule meging are demonstratedh
detail stepwise.
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Example 7.7. Grammarmeiging with MSEQ \V4
Givenarethefollowing two eventsequencestoredn theinputfile sequencel :

abcdbaabcacdabcabcbad
abcabcdbaacd

Obviously, therearetriple of patternsvidentin theexampleswhichisa b cin
thefirst andsecondsequencePatternswhich canbe recognizedvhenanalyzing
bothexampledogethemared b a anda c¢ d. Thesequenceareanalyzedvith
mseq -i sequencel -n 3, whichgenerateshesegrammars:

1. Grammar(2 rules):
S - $Adba$Aacd3sASAbad
$A - a b c

2. Grammarn(2 rules):
S -$B$Bdbaacd
$B - a b c

The meging processtakes the first grammaras starting point for unifying
them.Whenthefirst rule of thesecondgrammarG is analyzedit is detectedthe
rhsis notexistingin theuniversalgrammar/G. Sincethisruleis thestartrulein
G, it isrenamedindaddedasalternatve to thestartrule of UG:

S - %A dba$Aacd3SASADbad)|

$C
$A - a b c

$C - $B $Bd b aacd

The readermight note, that the referencechon-terminal$B is not yet con-
tainedin UG. Thisis fixedafterreadingthenext rule from grammar2. Searching
the body of thisrule in UG, the algorithmdetectsthat their rhs matchesandno
startrule is involved. Following the algorithm’s directive for that case,eachoc-
currenceof thelhsof UG’sruleis substitutedy thenameof therule of G, which
generateshisintermediatggrammar:

S -$Bdbas$Bacd9$BIBbad)|

$C
$B - a b c

$C > $B $Bd baacd
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Next, the n-gramuniquenessor the unified grammairis checled. The proce-
durefor performingthis taskin MSEQ is very similar to the procedurespecified
for theoriginal SEQUITUR, expectfor thefactsthat(1) it is executedaftertheuni-
fied grammaiis generatedompletelyand(2) for all rulesin UG all n-gramsare
generatedThe procedurdakesarhsandscanst for n-gramsfrom theleft to the
right. In theexample thefirst 3-gram,which occursmultiple times,is the pattern
“$B d b”. Hence,anew rule$D — $B d b is generatedand eachoccur
renceof its rhsin UG is substitutecby $D. Scanninghe rulesfurther, only one
morepatternof length3, whichis“a ¢ d”, isrepeatedThencetheintroduction
of therule$E — a c d is triggered.This leadsto the following intermediate
result:

S — $D a $B $E $B $B b a d |

$C
$D - $B d b

$E —ac d
$B - a b c
$C — $B $D a $E

The last stepof multiple grammamerging is the standardule utility check.
Only therule $C is usedonce. It is deletedandits occurrencen the startrule is
replacedy its body, which givesthefinal grammar:

S —$Da$B S$E $B S$B b ad |

$B $D a $E
$D - $B d b

$E - acd
$B - a b c

Fromthe exampleswve cansee thatM SEQ is ableto detectregularitiesspread
over differentsequences.The algorithm producesa comprehensiblgrammay
whichis complete.Many of the patternsare abstractedo rules,thushelpingto
understandhe behaior producingthe patterns.

However, dueto theintermediataesultssomeeffectsmaybe sometimesur
prising. Whenwe look at the two separatelyproducedgrammarsthe 3-gramd
b a isrepeatedioo. However, it is notdirectly visible in thefinal unified gram-
mar. This is dueto the left-to-right scanningof a rule’s rhs leadingto patterns
containingnon-terminalsaswell. In this example,the structureof the sequences



Pattern analysis 183

determinesthatd b a is not understoodas patternof its own, becausehe se-
quencea b wasalreadya partof the previously capturedpatterna b ¢ d b.
Both views arecorrect. JAN

The quality of the resultdependsheavily on the structureof the underlying
eventsequencestwo factorsaredecisve,whichare(1) thenumberof repetitions
and(2) the length of the loops. This secondaspectdetermineghe structureof
theunifiedgrammarnbtainedoy applyingM SEQ to thetestcasef therevolving
creditcomponen{example7.1on pagel57). Here,thelengthof loopsis 1, and
thenumberof testcasess too smallto includelarger patternsof behaior.

Example 7.8. MSEQ appliedto the RevolvingCreditsequences v
The test sequencesare analyzedwith mseq -i inputfile -n 2 -m,
which is explainedwith the repetitionlengthof 1. Due to the shortinput se-
guencesandtheir low degreeof repetitionmostof the grammarsnferedarethe
trivial one:theinputword.

1. Grammar(1 rule(s)): 6. Grammar(1 rule(s)):

S - CVGBPXE S-CAAFVGBXPE
2. Grammar(1 rule(s)): 7. Grammair(1 rule(s)):

S - CAR S—-CVAGBPXE
3. Grammar(1 rule(s)): 8. Grammar(1 rule(s)):

S = CAFVGBBXPE S—CR

4. Grammar(1 rule(s)): 9. Grammar(1 rule(s)):

S - CAFR S—-CAVGBXPE
5. Grammar(3 rule(s)): 10. Grammar(1 rule(s)):

S »CFVGS$E $E D X E S—-CAF VAR
$D - B P

$E — $D P 11. Grammar(1 rule(s)):

S—-CVR
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MergedGrammar:

S = $M $Z | $D - B P
$S R | $X - BXPE
$S $R B $X | $E — $D P
$U R | $M — C V
C $R $E $E $D X E | $U — $S F
$S A $R $X | SN —- V G
$M A $Z | $R — F $N
CR| $Z - GBP XE
$S SN $X | $S - CA
$U VAR |
$M R

For helpingto understandhe underlyingregularities,this grammaris appar
ently dissatisfyingmM SEQ triesto find repeategatternsof length2 which arenot
the main characteristicef the sequencesSomeof theseregularitiesareevident
aryhow. Most of the startrule alternatvesbegin with therule $S, indicatingthe
sequenc€reditRequesfssessmerasa commonorderof events.Thisis clearly
amainpartof thecomponens behaior.

Becauseof the poor numberof repetitionsmary baserules, containingonly
terminalson their right handsidesare produced.However, this is a positive side
of theresult. If a searchesearchegor thatcomponentshe/hemay not startat
looking for large grain patternsput to starta bottom-upsearch.While browsing
throughbaserules, the understandingf the behaior is supportednuch better
thanbrowsingtop-dowvn. A

The implementatiorof MSEQ offerstwo more parametersThefirst, -a , is
usedfor explainingthe genesif rulesby skippingthe stepof rule utility check.
In thatway, intermediaterulesare not deletedandall patternswhich arefound
duringthen-gramuniquenessheckarevisible furtheron. Thesecondparameter
-v (verbosexauseshealgorithmto reportaboutintermediatesteps.

Evaluation of MSEQ

Reayular positive inferenceconductedvith MSEQ is a promisingapproachif the
structureof the event sequenceshows regularitiesclearly Then, dueto vari-
ous parametersthe algorithm can be adaptedo variousneeds. The length of
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the searchegattern,aswell asthe frequeng of repetitionscanbe tuned. Fur
thermore,which is the mostsignificantenhancemenb the basic SEQUITUR a
treatmenbf multiple sequencess offered.

The algorithmMSEQ generatesulesfor all occurringsequencesAs a con-
sequenceanformationis not omitted. Thus,with respecto the quality properties
presentedn section7.2 on pagel62,it is correct with respecto the given se-
guencesFurthermoreM SEQ doesnot producespuriousrules,which is alsothe
casewhenmemgingis performed.Thealgorithmdoesnotaccepimorewordsthan
aregivenasexamples Merging findssimilaritiesin differentsequencedyut does
not “interbreed”them, in the way that a new rule comprisespartsof different
otherrules(which could introducespuriousrules). However, if the algorithmis
asledto produceterationabstractionsthe numberof sequencesuchproducible
is infinite. BaseSEQUITUR is notableto produceaninfinite word.

In contrastto KTAIL we rate the veracity of MSEQ to be higher sincefrom
a structuralpoint of view, only identical subsequenceare producediteratively,
whereaswith KTAIL nearlyarbitrarypatternanay be generatedRegardingmini-
mality, MSEQ is restrictedby the parameter determiningthe minimal lengthof
the patterndo berecovered. Anyhow, we rateM SEQ in front of KTAIL, sincethe
formercanbe adaptedetterto adomainand,therefore generatetessemrulesin
theaverage.

As opposedo kTAIL, with respectto correctnessyeracity and minimality
the quality of the resultsproducedwith MSEQ is ratedhigher However, the rep-
resentatiorconceptproduceds problematicand dependn the structureof the
underlyingexamples.Formallanguagegxpressedscontet free grammarsare
readable put whenthe languagesuchexpresseds large, the conceptexpressed
may not be detectablesasily For applicationengineerghe “first glance” com-
prehensibilityof finite stateautomatas ratedbetter Thereademightverify this
statemenby comparingthe outcomeof the revolving credit analysisperformed
with KTAIL (example7.3onpagel67)with thatof MSEQ (example7.8).

7.5 Final remarks to ABS methods

In contrasto state-lessomponentainalyzingstate-bearingnd/orcomple« com-
ponentss basedon differentassumptionandaimsat differentgoals.Dueto the
compl interface the stepto determinesignaturegor themis notcrucial,sincea
partitionof arepositorydescribedy signaturesvould hold arathersmallnumber
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of componentsThus,browsingthroughthedetectedehaior is notthemaingoal

of thedescriptionglevelopedin this chapter Themaingoalis to verify if aiden-

tified components performingin the way asit is promisedby the corventional

description.Thereforethe ABS methodgMSEQ andkTAIL) describeparticular

componentsn isolationand do not distancethemselesfrom other candidates.
Theway, how arepositoryfor complex componentss organizedin detail,is not

influencedby thedescriptionobtainedwith ABS methods.

Neverthelessrudimentarybrowsing canbe supportedor MSEQ. Grammar
rulesarea partially descriptionof a specialaspecif the componentDueto the
hierarchicaldescriptionandthe left to right analysisof input words,a top down
approachs notmeaningful. Thestartrules,althoughcontainingmaincharacteris-
tics, arein generalkbstracrepresentationdithout refiningthereferencedules
in its body, a searchecannotinfer detailedbehaior from it. On the otherhand,
whenthe baserules(ruleswith only terminalsymbolsin the body)areexamined,
the situationchangesHere,building blocksof the behaior canbe detectedm-
mediatelysuchas*“the creditrequeseventalwaysproceedshe assessmement
C A, or“X E” (eXpire, Endorse)is a commonsequence.Iln sucha way, the
next level of rules(non-terminalandterminalsmixed)is investigatedNaturally,
suchminimal bottom-upbehaior browsing s restrictedto onecomponenbnly,
sincethe namesof the componens methodsarenot standardizethroughouthe
repository This rendersimpossiblea browsing techniqueas counterparof the
onesuggestedor SBS.

The situationfor KTAIL is similar. As the underlyingalphabet(the event
names)s not standardizedthe structureof finite stateautomatas the only clue
to generalizats behaior. Herewe suggesto grouptogether-SAsaccordingto
thenumberof their stronglyconnectecdcomponentssincesuchsubgraphsint to
subprocessesf distinguishabldunctionality In thatway, a very roughgrained
structurefor componentdasedn their FSA-descriptionganbe producedoy di-
viding the repositoryinto compleity partitions. Compleity is describedoy the
numberof subprocessegerformedby its components.This approachdemands
a very high level of approximationof behaior from a searcher At least, this
top-downsearctstratgy helpsto separatenonolithic-behaioral componentgno
subprocesse$om transaction-orienteldehaioral components.

To conclude bothtechniquesreequallycapableof handlingthe problemof
generatingdescriptionsautomatically Which is to chosein anindividual case
depend®n

therepetitive structuresn thetestsequences,
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thenecessityfor a hierarchicarepresentatiorand
thefamiliarity of searchersvith theresultingrepresentation.

Hence,MSEQ andkTAIL do notreplaceeachother but areusedasequallyvalid
analysisanddescriptiortechniques.

Apparently MSEQ andkTAIL areapplicablefor otherpurposeghanproduc-
ing descriptiondor reusablecomponentaswell. In [196] both techniquegin
their baseform) areusedin thefield of programunderstandingHere,tracedata
producedby deluggingarunningprogramis suchdepictedcomprehensiblyWe
seepotentialin otherfieldstoo, especiallyin reengineerindegag/ codeandfor
maintenanc@urposes.

7.6 Summary

In this chaptemwe discussedwo differenttechniquedor realizingAeS methods
(abstractedehaior sampling)to encodepatternsone canidentify in testcases.
They generatalescriptionsautomaticallyfor reusablecomplex andstate-bearing
components.All ABS algorithmsdevelopedin this chapterwereimplemented
from scratch. Presentedvith the example of object-orientedcomponentsthe
problemof positive regular inferenceis stated,which dealswith the regenera-
tion of behaior hiddenin sequencesf examples. Positve regularinferenceis
characterizedby the knowledge,that a generalsolutionis not possible. Hence,
heuristicanustbeintroducedo renderanefficienttechniquepossible.

Thefirst algorithmanalyzeds KTAIL, whoseideais to infer statesfrom the
componens producedwords (event sequences)Words are usedto build finite
stateautomata(FSAs). For applicationengineersFSAsare a usualdescription
of a softwares behaior, thus,this techniquds promising.A stateis definedasa
prefixof words,fromwhichacommonpartialsequencéfuture)of lengthk canbe
derved. We improvedthe basicalgorithm(1) by addingexplicit initial statesand
endstatesand(2) by clusteringstrongly connectedgubgraphsBoth adaptations
helpto raisethe descriptve capabilityof the resultingFSAs. Underthe assump-
tion of a correctselectedobsenation window of length k& the kTAIL algorithm
generatesinderstandabldescriptionsif theunderlyingsetof sequencedoesnot
shav to muchvariations.The smalldegreeof freedomofferedby thealgorithm’s
only parameteis consideredo be problematiclf e.g.thedomainshavsdifferent
lengthsof repetitions suchaninflexible look into the k& future of a word'’s prefix
may not be sufficient.
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The secondalgorithm presenteds MSEQ, which is basedon SEQUITUR, a
techniquedevelopedto encodepatternscontainedin a single input sequence.
M SEQ generatesontext freegrammarsgescribingheregularlanguageroduced
by a setof sequenceOuradaptationganbedividedinto two groups:

Implementingflexibility to allow the adaptatiorito domainrequirementsThe
first adaptationis to parameterizahe length of the patternsto be detected.
Somedomainsshowv patternsof an explicit length. If this is known, the al-
gorithmprovidedwith this specificinformationis ableto generate grammar
reflectingthe underlyingsequencebetter The secondadaptatiorenhances
the algorithmto abstractfrom the given word to a more generalform. It is
basedon the assumptionthat a consecutie occurrenceof a patternof arbi-
trary lengthpointsto aniteration in the componenproducingthe sequence.
Sucha repetitionis compressedb aniterative representatiom the resulting
grammar

Abstractingfrom multiple sequenceso a commondescription. Base SE-
QUITUR is ableto exploit the informationof a singlesequencenly. We en-
hancedt to analyzepatternavhich arespreacacrosslifferentsequencesesp.
the grammarsanferredfrom them. In thatway, a descriptionfor all analyzed
sequencess produced.

The contrikution of this chapteris its approachto abstractfrom simplein-
put value transformatiorto the order dependenciemtroducedby comple and
state-bearingomponents.To reachthat aim we designedandimplementecden-
hancementsf known sequencanalysisalgorithmsto renderthemmoreflexible
for our needs Althoughbrowsingis not (andneednot be) supportedthedescrip-
tionssuchproducecautomaticallyfrom testdataareusefulfor understandingnd
verifying the behaior of reusableeomponents.
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Conclusion

In this work techniquesvere developedfor describingreusablecomponentsu-
tomatically With respecto the analysigechniquescomponentsredividedinto
two differentclasses:

State-lesscomponents: Componentsof this classdependon input data only,
when computingits output. In chapter6, the static behaviorsampling
techniqugSBS) wasdevelopedfor analyzingthe behaior demonstrated
by components.

State-bearingand/or complexcomponents: Behavior demonstratedy these
componentsloesnot only dependon input but on internalstates{oo. In
chapter7 the abstractedbehaviorsamplingmethodgABS) weredevel-
opedfor thetreatmenbf this classof componentsABS is well suitedfor
componentsvhoseinterfacesaretoo complex to be describedy simple
input-outputspecifications.

Although bothtechniquesstartfrom similar ground,they aredifferentin na-
tureasfar astheiraimsareconcernedSBS supportghe reuseof state-lesgom-
ponentsuy providing anindexing structure.Theinformationcontainedn acom-
ponents interfaceis transformednto anform independenfrom implementation
— the componens signature. How signaturesene asa meando describestruc-
tural aspectof a componentsnterfaceis discussedn chapters. Signaturesare
thenusedto partitionizea repositoryof reusableeomponents.
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Conclusion

Onthebasisof asearches anticipatoryknowvledge she/hdormulatesaquery
whichfinally resultsin theselectiorof themostpromisingSBS-partition. A query
consistof asignaturedescriptiorof thewantedcomponenandit mayberelaxed
by allowing varioussignatureforms asvalid result. Suchvalid forms could be
subtypesor nameequal signaturesconstitutve equalones,or structuralequal
ones.Having selected partition, the SBS-methodguidesthe searchethrougha
browsing procesdy iteratively offering examplesaspartial specificationof the
searchedunctionality In mostcasesijt is not necessaryo know exactly what
functionalitya componenperformsaslong asit canbe distinguishedrom other
componentsvithin the partition.

Theintentionof ABS methodss different. Like in SBS, the descriptionsare
automaticallyproducedrom testdata.But dueto thegenerallyhighly specialized
natureof componentsheemphasi®f the proceedindaskis ontheverificationof
aninitial hypothesis Sucha hypothesiss givenby standarddescriptionsReuse
is supportedy easinghetaskof providing non-ambiguoudescriptionsautomat-
ically which aremoreeasilyunderstandabley applicationengineers.

8.1 Evaluation of this work

8.1.1 Challeng es addressed

Variousproblemshave beenaddresseith thisthesis.They stemfrom thechanges
evoked by globally distributed and separatedsoftware developmentprocesses
which consequentlynducesseparatedommunicatiorforms. Thesechallenges
have beendiscussedh detailin section3.2. They arereiteratechereandfor each
challengewe provide theresultswhich have beenachiezed by this work:

Challengel: (page31) How can peopleworking in the contect of decoupled
softwaredevelopmentprocessegenerateomponentlescriptionsvhich
areinterpretedn completelyidenticalways?

Datapointsandtestsequencearetightly relatedto the functionality of com-
ponents. They stemdirectly from the problemdomain. This doesnot needto
be the casewith namesandtextual descriptionsyhich canbe choserarbitrarily.
Furthermore SBS, kTAIL andMSEQ dependmuch more on the quality of data
pointsandinputsequencethanonthe capabilityof expertsto tunethealgorithms
correctlyto their particularneeds.Thereforethedescriptionis neitherinfluenced
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by the software processnor doesit dependon a profoundunderstandingf the
applicationdomain.

Challenge2: (page33)How canasearchechniquesupportanapplicationengi-
neerin sucha way thatshe/hedoesnt needextensve trainingto access
therepositoryeffectively?

Theseamlesmtegrationof reusaechniqueito every-dayworkingprocesses
is a main succesgriterion for reuse. Opportunisticreuse(especiallyreuse-by-
anticipation)canonly work if thereis no substantiakxtra effort neededo locate
acomponentWith thetechniqueslevelopedin this work, the burdenof generat-
ing abstraction®f componentss completelyshiftedfrom humango algorithms.
Neitherdomainengineersior applicationengineersieedto betrainedto produce
correctabstractions.

With SBS the descriptionis not an abstractiorof the componentsbehaior,
sinceit canbe characterizedh termsof a guidancefor locatingcomponentsin
spiteof theabstractesultsproducedy ABS, therearenorestrictionsasfar asits
comprehensibilitys concerned Quite on the contrary ABS representgoncepts
which arewell familiar to softwareengineers.

Challenge3: (page34) How canadescribetbe supportedn producinga stable
descriptionwhich allows

to index andmaintaina library withoutlosingthedescriptions expres-
sivenesgconceptiand

to performeffective searchei the queryspace?

Oneof themainproblems~vhenarepositoryis changingovertimeis the shift
of importantnotionsusedfor keywords. Librariansarethenfacedwith introduc-
ing new keywordswhich did not exist at the time the repositorywas designed.
SBS and ABS basedrepositoriesare not connectedvith keywords, and evolv-
ing conceptsdo not changethe classificationstructure. As a matterof fact, a
repositorychangesover time and adaptingthe partition of an SBS repositoryis
arecurrenttask. However, thelibrarianis not botheredwith the taskof generat-
ing new classificationstructures.Generalizedsignaturematchinghelpsto infer
partitionsautomaticallyfrom the new componens interface. Eventhe browsing



192

Conclusion

structureis adaptedsemi-automaticallyafter the maintenancetratgy hasbeen
decided.

With ABS the situationis different,sincethe description®btainedarespec-
ificationsof individual componentsvhich do not aim at distinctionamongthem.
How a repositoryof comple« componentstself is organizedin detailis not dis-
cussedn thiswork.

For generatingdescriptionsspecialistsare not neededanymore: Due to the
natureof theinferenceprocesshedescriptiongeflectthe behaior of thecompo-
nents.Supportfor searchings provided

by structurallymotivatedpartitionsof the repositoryanda browsing structure
(SBS), and

by presentinghebehaior of acomponenbnaconceptualevel (ABS).

Challenge4: (page35)How cancomponentescriptionsvhich preciselyreflect
their functionalitybe generateédutomatically?

Thisis doneby viewing datapointsandtestsequenceaspartialspecifications.
Departingfrom the assumptiorthatthe dataon which the behaioral knowledge
baseis built reflectsthe characteristic®f its componentsuficiently, the algo-
rithmsareableto extractthatknowledgeandto presenit to thesearcher

Challenge5: (page36) How canit be ensuredthata componens description
only depend®n its functionalityandnot on the describels personalso-
cial, andculturalcontext?

The fundamental$or a high quality SBS- and ABS-descriptionrestwith the
quality of datapointsandtraces.However, evenif thesedatais chosenwvrongly,
the resultingrepresentatiof the componentdehaior is not mistalen. If the
discriminatve and descriptve power may be small, the effective localizationof
a componenis severely hampered.In sucha casebrowsing supportsthe local-
ization of componentgo a certainextent. But if the underlyingknowledgebase
of testcaseqdatapointsandtraces)is sufficiently large, sucha caseshouldnot
happen.Then,dueto the automaticgeneratiorof descriptionsaandtherestricted
tuning possibilities this challengas fulfilled. Thetuningof the algorithmsdoes
notchangeheinterpretatiorof theresults,only theclarity andreadabilitydepend
onit.
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Challenge6: (page36)How canacomponenbedescribechon-ambiguousiyn
away whichis naturalfor softwaredevelopers?

Input-outputtransformationsfinite statemachinesandformal grammarsare
part of the every day life of software developers. The resulting structuresare
non-ambiguousvith respecto the quality of datapoints,resp.testsequences.

Challenge7: (page37) How cana reuserverify quickly, whethercomponents
behaein anunexpectedway?

In SBS thisverificationis partof thebrowsingprocessvhich performslike an
iteratve queryandansweigame.lt is notthateasywith state-bearingndcomplec
componentssincethealphabebf theformallanguagesnustbeinterpreted With
this type of componentsthe aim is not to restrictthe candidatesetstep-by-step,
becauset is small enough. Here, the verificationstepis muchmoreimportant.
If the questionis reformulatedo “How canthe reuserverify quickly, whethera
componenbehaesin anexpectedvay?”, thentheansweis: “kTAIL andM SEQ
supportthis task by providing abstractionof correctbehaior”. If the reuser
Is ableto recognizeinappropriatéoehaior, thenshe/hecananswerthe question
quickly thanksto theresultsdeliveredby ABS.

All techniquegpresentedh thiswork give aninsightinto thebehaior of com-
ponentsvithout overwhelminghesearchewith toomuchdetail. SBS andM SEQ
allow ahierarchicaltop-donvn refinemenbf the searchaswell.

8.1.2 Drawbacks

Undercertaincircumstance$BS and ABS methodsare not appropriatefor de-
scribingcomponentslf the datastructuresveretoo comple to be understood,
behaior basedsamplingwould notsupportreuse.

Componentsyhich transformmultimediastreamsor
software,whichimplementdatacompressiomlgorithms or
complec human-computeinterfaces

arerepresentatie examplesfor reusablecomponentsvhich copewith suchcom-
plex datastructures. In suchcasesthe details of input-outputtransformations
would confusethesearcher
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Herethefield of datavisualizationplaysanimportantrole. If thedataandthe
transformationgperformedcan be represented a compactand comprehense
form, SBS andABS methoddhave groundto standon. But thentheinterpretation
of the conceptof representatiors shiftedto humansagain.Thisoncemoregen-
eratesomeof theproblemdiscussedh thiswork; problemswvhichwereintended
to besolvedby SBS andABS. In suchcaseghe questionariseswhetheror not
SBS andABS methodsvereadequatdor describingandretrieving components.
All componentsnentionedabove are very specializedand a textual description
may besufiicientto characterizéhem.

A furtherareaof complex componentss excludedfrom a behaior basedde-
scription.If thereareno step-by-stepctivitiesvisiblein thetestcasesgenerating
anabstractiorof activity sequenceasgrammaior FSAwould nothelp. Themain
requiremenfor a successfulinalysisbasedon ABS methodss an existing and
meaningfulorder of eventsproducedor emittedby the software. If the length
of repeatingpatternss beyondthe capabilityof humanobsenrationsor if the se-
guenceds producedandomly thenthe methodgresentedn this work would not
betheright choice.

8.2 Future work

Data prepamtion

We concentratedn the generatiorof description®f reusableeomponent®n the
basisof behaior which is provided by datapoints (selectedrom testdata)and
by testsequenceslhe necessarguality of thetestdatais discussedh chapter6,

wheresomesuggestionsremadeabouthow to obtainthem. An importantstep,
which was not discussedn this thesis,would be to defineinput filters for test
datain orderto preparethemfor SBS and ABS. At first sight, this seemdo be
an easytask. However, mary componentslemanddataasinput and/orproduce
output,which canonly betreatedon a symboliclevel. File accessdevice control
or network transmissionare examplesof sucha data. Thus,in front of our tool

set,we needalayertransformingnon-representablestructurego inputwhich can
be handledandoutputwhich canberepresented.

Similarto aninput-outputpreparatiorstep,non-representabkructuresnust
beadequatelyisualized.In thiswork, theresultsof the knowledgemining activ-
ities arerepresenteth a quite modestguality. We needa further stepto visualize
andabstracttomple results. The aim of this stepwould be to preparethe data
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for humancognitionin sucha way thatits input-outputcharacteristicsvould be
easierto grasp.

Tool set

Thealgorithmsdevelopedareimplementegrototypicallyandhencehereis more
work left to be done. As the emphasif the implementationsvas not on effi-
cieng, the algorithmsshouldbe redesignedo meetthe needsof anintegration
into a productionervironment. A furthertaskwould be a fusionof thetoolsinto
onehomogeneouandseamlessool set.

Processntegration

SBS andABS have autonomoustatusandcanbe usedasstand-alonéechniques.
But bettereffects could be achieved if they were integratedinto one software
developmentprocessasa supportve technicalcanon. To work out the detailsof
this processits preconditionandtherequirementsn which SBS andABS were
anintegratedpartof alife cycle model,would beanimportanttaskwhich should
be pursuedn future.

8.3 Synopsis

Theideaof softwarereusewasintroducednearly35 yearsago.Researchersave
correctly identified the field as a complex mixture of technical,organizational
andmanageriathallengesin this thesis thetechnicalaspecbf generatinghon-
ambiguousdescriptionsvith datamining techniqueshasbeenworked out. The
utilized datahasbeenselectedrom testdata. At first sightit might appearas
detouringfrom testcaseso descriptionsput in orderto obtainnon-ambiguous
specificationsvhich areeasyto understandthis stratey is well justified.

In the literature,an approachsimilar to SBS and ABS on the basisof natu-
ral languagecanbefound (e.g.see[32, 33, 35]). In their work, textual software
documentationsire analyzedwith the aim to produceautomaticallyobtain sig-
nificantly shorterabstractions Here,somerestrictions suchasthe limitation to
useonly texts from a specificdomain,to be confinedto intersentencenalysis,
or to rely on specificallyannotatedexts have to be considered.SBS and ABS
arenot restrictedin thatway, but, asalreadydiscussedthey reveal otherdraw-
backs.Thereforethetestdataapproactandthe naturallanguagepproachrender
alternatve techniquesvhich maysupporteachotherwell.
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Thetechniqueslevelopedin this thesisarenot exclusively designedor soft-
warereuse E.g. mining for thesemantic®f softwareis thesubjectof reengineer
ing aswell, dueto thefactthatlegag/ codeis analyzedandits behaior mustbe
verified. Legag codeis partof anexisting andrunningsystemproducingmary
input-outputtransformatiorwhich areequivalentto testcases SBS andABS are
practicalfor determininghefunctionalityof a systemwithouttheneedto dig into
its sourcecode.Thisideahasalreadybeenconsideredn thework of [182], where
a library of reusablecomponentsleliversreferencedescriptions.Chunkswhich
areextractedfrom legag/ componentsrematchedagainsthe referencedescrip-
tions by usingits datapoints. If a chunkdemonstratethe samebehaior asa
componentthenthe componens descriptionis valid for the chunk,too. When
they do notmatch,asa positive sideeffect, the chunkcanbe consideredsacan-
didatefor reuse,sinceits functionality was not containedin the repositoryyet.
Apartfromitsimportancen softwarereusethis applicationis alsoanexamplefor
ausageof behaior-basedechniques.

Thus,SBS andABS areeasy-to-uséoolsfor verifying hypotheseaboutexe-
cutablesoftwarein all thosecasesn which a standardlocumentatiof software
is not sufficiently trustworthy.
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A

Glossary

Themainpartof this glossaryis from the US Nationallnstitutefor Standardsind
Technology(NIST) Glossaryof SoftwareReuselerms[114]. If othersourcesare
usedthey arestatedexplicitly.

ABS. AbstractedBehavior Sampling. Techniquesisedo abstracandvisualize
informationaboutthe hiddenorderof eventsexisting in testcasesABS
is thegenerictermfor thealgorithmskTAIL andm SEQ.

AIRS: Al-baseReuseSystemdevelopedby Ostertagetal. [169] on the basisof
aknowledgebaseanda casebasedeasoningystem.

Asset:  Any productof the software developmentife cycle thatcanbe poten-
tially reused.This includes: architecturestequirementsgesignscode,
lessondearned.

Black-box reuse: Theassetanbeusedwithoutany modifications.

Characterising tuple: A input-outputpair of datasuchthat the input induces
discriminatve outputwith respecto all componentsn a partition of a
SBS-Repository(seesection6.3onpagell9).

COTS: Commecial Off-The-Shelf- Reusableoftwarefor the purposeof incor-
poratingit into productghatis availablecommercially

Component: An assetwhichis aprimary productof theimplementatiorphase
of the software lifecycle, a programmingelement[143]. A component
might berepresentedsbinaryor assourcecode.
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226 Glossary

Sec6.2 <« ComponentsetC: Thesetof all reusableeomponentsn a SBS-repository

Sec6.2.3 « Componentoutput set: ThesetO,., containingall outputsof a specificcompo-
nentc;. Relatederm: descriptor

Sec6.1 « Data point: A datatupleusedasabasisfor furtherbehaior analysisandstored
in a SBS repository Datapointscanbe obtainedeitherfrom testcases,
characterisinguplesor striking samples.

Sec6.l <+ Datatuple: A pair (7, ) of two vectors. Theinput vectori holdsall elements
which areinput to a function,whereaghe outputvectoro holdsall ele-
mentswhich aretheresultof thefunctioncall.

Synonym: Testtuple

Sec6.2.3 « Descriptor:  Thewholesetof outputvectorsof a specificcomponenin a SBS-
partition.
Sec2.3 « Domain: A domainis adistinctapplicationareathatcanbesupportedy aclass

of systemswith similarrequirementsndcapabilities A domainmayex-
ist beforetherearesoftwaresystemso supportit. Exampledor domains
areavionic controlcentersor humanresourcananagemergystems.

Domain Model: A productof DomainAnalysiswhich providesa representation
of therequirementsf thedomain.The DomainModelidentifiesandde-
scribesthe structureof data,flow of information,functions,constraints,
and controlswithin the domainthat are includedin the domain. The
domainmodeldescribecommonalitiesandvariabilitiesamongrequire-
mentsfor softwaresystemsn thedomain.

Domain Preparation: seeDomainDefinition

Domain Definition: The processof determiningthe scopeand boundarief a
domainin orderto definethe majorfunctionsandcapabilitieswithin the
domain,what functionsand capabilitiesare excludedfrom the domain,
andwhatinteractionsexist with externaldomains.

[103] “— FSA: Finite SateAutomatonA finite stateautomatorfor finite statemachine,
FSM, or FA) is amathematicamodelto representegulargrammars.

[162] — Granularity of reuse: Granularityrefersto theseizeof theassetsLarge-grain
reusendicatesthattheassetarevery large (thousandsip to millions of



lines of code). Small-gain reuseindicatesthatthe assetsarevery small
(upto severalhundredsf linesof code).

Horizontal domain: A domainthat provides information or servicesto more
thanone domain. Examplesof Horizontal Domainsinclude communi-
cations graphicaluserinterfacesanddatabases.

Institutionalized Reuse: seeSystemati®Reuse

Meta output vector: A metaoutputvectoris usedto

renderbehaior explicitly which cannotbe visualizedotherwise such
aserrorreactionor temporalparticularitiegindefiniteloops).

allow for specifying(yet) unknovn values,if the executionof a com-
ponenton agiveninputis not possibleor to costly.

MSEQ: Themultiple SEQUITUR algorithm. It enhanceshe standardalgorithm
to handledomainknowledge,to abstractrom iterationsandto analyze
multiple grammars.

Ontology: Thehierarchicaktructuringof knowledgeaboutthingsby subcatgo-
rizing themaccordingo theiressentia(or at leastrelevantand/orcogni-
tive) qualities.

Opportunistic Reuse: The ad hoc Reuseof Assetsin the developmentof Soft-
ware Systemsusing a software developmentprocesshat hasnot been
alteredto accommodat&ystematidReuse.In OpportunisticReusethe
developerdeterminesvhereReusecanbe appliedto developa Software
Systemwithout the organizeduseof DomainEngineeringoroductsdur-
ing successie stagef a SoftwareEngineeringprocess.

Synonym Ad-hocreuse

Path symbol: The symbol“>" usedto indicatethe concatenatiorf labelsof
edgef signaturegraphswhich takesplaceduringgraphflattening.

Plug-in compatibility: =~ The mostcommonform of conditionswhich support
black box reuse-retrieed componentde reused‘as is”. If a compo-
nentC is specifiedin the form of pre, C posts; anda queryfor it as
pre, C post,, thenplug-in compatibility is givenif (pre, = pre;) A
(preq A post. = posty).
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Glossary

Productline: A (software) productline is a setof software-intensie systems
sharingacommonmanagedetof featureghatsatisfythe specificneeds
of aparticularmarket sggmentor mission.

REBOOT: REuseBasedon ObjectOrientedTechniquesA projectsponsored
by the Europearcommunityfrom 1991to 1994with theaimto study de-
velop,evaluateanddisseminatadvancedmethodologiefor reuse-driren
andobject-orientedoftwaredevelopmentwith theemphasion planned
reuse.

Repository: Thestoragevherereusableassetsogethemwith historicandancil-
lary organizationinformationarekept.

Reuse: Softwarereuses thepracticeof usingexisting softwareassetso develop
new applications.Reusablesoftwareassetcanbe executablegprograms,
codesggments,documentationfequirementsgesignand architectures,
testdataandtestplans,or softwaretools.

Reusas the procesf implementingor updatingsoftwaresystemsising
existing softwareassets.

SBS: Satic Behavior Sampling. The techniqueof exploiting historicaldata
of componengexecutiongo build anindexing andclassificatiorstructure
for browsinga partitionof arepository

SBS-Component: The partial functional specificationbuilt by datapoints of
a SBS repository SBS-Componentsare not directly reusableput their
implementationsire.

Searcher: A persortrying to locatea componentn arepository

Signature congruentcomponentsC: Thesetof componentstoredin a parti-
tion P,. All elementf C complyto thegeneralizesgignatures.

SBS-Repository: A repositorybasedn SBS.
Signature:  An implementationndependentabstractrepresentatiomf struc-

tural typeinformation. Signaturesomprisedescriptiondor datatypes,
functions,andinterfacespecification®f modules.



STARS: The Software Technologyfor Adaptable ReliableSystemsprogramis
a joint programby differentUSA governmentagenciesn cooperation

with Boeing, Loral FederalSystemsand Loral DefenseSystems-East.

The goalsis to increasesoftware productvity, reliability, andquality by
integratingsupportfor modernsoftwaredevelopmenprocesseandreuse
conceptswvithin softwareengineeringrnvironment(SEE)technology

SystematicReuse: Software developmentwhich is guidedby an organizeduse
of domainengineeringroductgincludingdomainmodel,domainarchi-
tecture andotherassetsyluringsuccessie stageof asoftwareengineer
ing processo facilitateplannedreuseof assets.

Synonym: Institutionalizedreuse

Striking sample: A input-outputpair which is immediatelyattributableto a
certaincomponenby adomainknowledgeablesearcher

Testtuple: SeeDatatuple

Valueset: ThesetV; = {0;,,0;,,-..,0;,} containingall valuesgeneratedy
the executionof the components;, ¢,, . .. , ¢, whenprovided with the
inputvectors;.

Vertical domain: A domainwhich addresseaspect®f a singlefunctionor ap-
plication area. Examplesinclude payroll systemsautomatedveapons
systemsyoboticcontrolsystems A Vertical Domaindrawvs on capabili-
tiesfrom all horizontaldomainghatsupportts purpose.

White-box reuse: Theassetsnustbe modifiedbeforethey canbereused.
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B

General Signhatur Matching
Implementation

The SETL 2 packagegivenin this sectionbuild the systemfor computinga gen-
eralizedsignaturestructureandprovideswith matchingrelationsto operateonthe
generalizedignature Theimportrelationsholdingbetweerthevariouspackages
aredepictedin figureB.1. In this sectionthe main programandUtil package
are not shavn, sincethey do not containary specificalgorithmsrelatedto the
signaturematchingproblem.

mai n

A

TypeRel ati on TypeG aph

\

TypePar se

=

util

FigureB.1: Theimportrelationsof the signaturenatchingsystem
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General Signatur Matching Implementation

B.1 The TypePar se Package

The packageprovidesthe mainfunctionalityfor scanningandparsingafile con-
tainingtype definitions. It exportsthreeitems: (1) the type operatoresvhich can
be expandedcalledby the packageTypeRelation ) (2) parseSig provides
the scannerand parserfor analyzingthe definitionsgiven in the file sigFile
(calledby themainprogram)and(3) readSubTypes whichgenerateanstruc-
ture holding the a-priori knowledgeaboutbasesubtyperelations(called by the
mainprogram)

PACKAGETypeParse;
-- Package for generating AST-like  signature set from
signature definition file.

Signature  Grammar

Declaration = Module | Types.

Module = 'MOD’ SigName '=" Types.

Types =  TypeDec {7} TypeDec}
--  TypDec = TypeName [= TypeBody].
--TypeBody := FunOp | CrossOp | UnionOp.
--FunOp = '=>" (" TypeOperandList )
- ' TypeOperandList ).
--CrossOp = X' (" TypeOperandList ).
--UnionOp = 'U (" TypeOperandList ).
--TypeOperandList = TypeOperand { TypeOperand}.
--TypeOperand = Label '/ (TypeName | TypeBody).
--TypeName ;= [ModuleName'."]Label.
--ModuleName = Label.
--SigName = Label.
--Label = char{char|digit}.
--digit = 01...]'9.
--char = 'albl...|'z[A'B..|'Z.

End of Signature  Grammar

VAR
ExpandableTypeOps := {"X", "U"};, -- n-ary typeoperators

PROCEDURIMparseSig(rd sigFile); -- returns set of signatures
-- parse a file for type grammars (s.a. for the grammar)
-- a typedec must be specified in one line

-- comments are filtered out (lines beginning  with %)

-- returns the set of all types of the form

- {ltypel] [type2],..}

-- a type may be "typename" or

- typename, [op, [operandl, operand2,...]]

-- operands are of the form [label, typedec]

PROCEDUREeadSubTypes(stdfile);

-- reads a priori subtype definitions from the stdfile and

-- generates an initial subtype graph

-- the format of the definition in the stdfile is (one per line):
- T < P

END TypeParse;



The TypeParse Package

e o o B A S A

PACKAGEBODY TypeParse;
USE Util; -- import string  tools
VAR
-- Standard TypeOperators and Base types
operatorSet = "X, "> "U",
-- set of recognizeable typ operators
basetypeSet = {};
- e.g. {int""bool","char", "real"}; --

O

standard base types

- HHHBHERHH AP RO CHHHBHHH T HHHE  #HH

PROCEDURIparseSig(rd sigFile);
VAR
Ic := 0, -- line counter

pc, -- counter for position within ~ a line

consume = true,
ast = {},

str = ™,
DelimChars := "/(),",

DelimSet := {"/""(",")",","}-- delimiter

set

types = {}, -- contains types als maps {[name, typebody],...}

fHandle := open(sigFile, "text-in");

-- BEGIN
geta(fHandle, str); -- get a line
UNTIL eof() LOOP
lc += 1; -- increment line counter
pc := #str; -- position counter

WHILE str /= om -- empty file encountered

ANDstr /= "™ -- empty string

AND str(1) IN " \t' LOOP-- strip leading white spaces

str = str(2.);

END LOOP;
IF str /= omANDstr /= "™ AND str(1)
-- skip commented lines
types with:=  TypeDec(str); -- Start
END IF;
geta(fHandle, str); -- get next line
END LOOP; -- UNITL eof

close(fHandle);

RETURNtypes;

/= "%" THEN
the parsing process

(next type declaration)

- HEHHEHEHHHHEHAHHH P RO CHEFHHHEHHEHHEHHE #H#

-- #H## parse typestring it ---
-- TypDec = string [TypeBody]

-- t should be of the form "transloc = X (a/point, r/point)"
PROCEDURHYypeDec(t); -- TypDec = TypeName [=  TypeBody]
VAR

token = "

233



234 General Signatur Matching Implementation

--BEGIN
token := getNextToken(t, consume); -- TypeName detection
IF  Util.isString(token) THEN -- is token str less special chars
IF getNextToken(t, consume) = "=" THEN

-- type body reached (complex type)
RETURN[token, TypeBody(t)];
ELSE -- basic type is O0O-ary type operator
AddBaseType(token);
RETURN[token,[token,[]]];
END IF;
ELSE
error(""+token+" is no string!);
END IF;
END TypeDec;

- B P RO CHHHEHEHHHHIHEHE  HiHHEHE
-- ### TypeBody = FunOp | CrossOp | UnionOp

- B P RO CHHHEHEHHHHIHEHE  HiHHEHE
PROCEDURHYypeBody(rw  str);

VAR

typeOperandList,

operator = "

--BEGIN

operator  := getNextToken(str, consume);

CASE operator

WHEN"->" => typeOperandList
WHEN"X" => typeOperandList
WHEN"U" => typeOperandList

[operator, FunOp(str)];
[operator, CrossOp(str)];
[operator, UnionOp(str)];

OTHERWISE=>

typeOperandList = om;

error(operator+ " is not a correct type operator!");
END CASE;
RETURNtypeOperandList;

END TypeBody;

- HHHHHR P RO CHHHHHHHH I HHHHH
-~ ### FunOp = '->'  TypeOperandList TypeOperandList
- HHHHHRHHHH P RO CHHHHHHH I HHHHH
PROCEDUREunOp(rw  str);

VAR inOplList, outOplList;

IF getNextToken(str,consume) = "(" THEN
IF getNextToken(str, NOT(consume)) /= ")" THEN
inOpList  := TypeOpList(str);

ELSE

-- empty input list is allowed for ->
inOpList = [];

END IF;

ELSE

error("No left  bracket found for " +

"left hand side TypeOperandList!");
END IF;

IF getNextToken(str,consume) /= " THEN
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error("No right bracket found for "+
"left hand side TypeOperandList");

END IF;

IF getNextToken(str,consume) = "(" THEN

IF getNextToken(str, NOT(consume)) /= ")" THEN
outOpList  := TypeOpList(str);

ELSE

-- empty output list is allowed for ->
outOpList = T[]

END IF;

ELSE

error("No left  bracket found for "+
"right hand side TypeOperandList!");
END IF;

IF getNextToken(str,consume) /= " THEN
error("No right  bracket found for "+
"right hand side TypeOperandList");
END IF;

RETURN[["T", ['X",  inOpList]], ["Oo", ["X",
END FunOp;

- HHHHHHHHH R P R O CHEHHHHHH I
- ### CrossOp = 'X' TypeOperandList

--  HHHHHHHHH P R O CHEHHHHHHH I
PROCEDURErossOp(rw  str);

VAR oplList;

IF getNextToken(str,consume) = "(" THEN
opList := TypeOpList(str);

ELSE

error("No left bracket found for "+
"left hand side TypeOperandList!");
END IF;

IF getNextToken(str,consume) /= ") THEN
error("No right bracket found for "+
"left hand side TypeOperandList");
END IF;

RETURNOopList;
END CrossOp;

- P RO CHEFHHHHEHEHHHHEHEH T
-~ ### UnionOp = 'U  TypeOperandList

- R P RO CHIFHHHHEHEHHHHEHEH T
PROCEDURBEnionOp(rw  str);

VAR oplList;

IF getNextToken(str,consume) = (" THEN
opList = TypeOplList(str);

ELSE

error("No left  bracket found for "+

outOplList]]];

HiH

HiH

HH#

HH#
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"left hand side TypeOperandList!");
END IF;

IF getNextToken(str,consume) /= ") THEN
error("No right  bracket found for "+
"left hand side TypeOperandList");
END IF;

RETURNopList;
END UnionOp;

- HEHHRHHBHHH R P RO CHEHHHHHHH R I

PROCEDURHYypeOpList(rw  str);

VAR

list = [}

-- BEGIN

list  with:=  TypeOperand(str);
WHILE  getNextToken(str,not(consume)) ="
getNextToken(str,consume);
list  with:= TypeOperand(str);
END LOOP;

RETURNIist;

END TypeOplList;

- HEHHRHHBHHH R P RO CHEHHBRHH R BT

PROCEDURHYypeOperand(rw  str);

HH

LOOP

HH

--TypeOperand = label '/ (TypeName | TypeBody)

VAR

typedec, label;

-- BEGIN

label := getNextToken(str,consume);

IF getNextToken(str,consume) = "/" THEN

IF getNextToken(str,not(consume)) IN OpSet()
-- look a head
typedec := TypeBody(str);
ELSE -- TypeName
typedec := getNextToken(str,consume);
END IF;
ELSE
error("\tWrong label-typedec delimiter for
END IF;
RETURN[label, typedec];
END TypeOperand,;

- HHHHHRHHH P R O CHH#HHHHHH
--## parse typestring #it#t ---
PROCEDURHBetNextToken(rw str,  consume);

-~ in str, out string without the token

VAR

THEN

"+label+".");

HH
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token = ™
hstr := str, -- copy the content of str to auxiliary string
stopChars = "t %"; -- tab space comment comma

--BEGIN

-- remove leading stop characters (tabs, spaces)

WHILE any(hstr,stopChars) /= "™ LOOP
NULL;

END LOOP;

IF hstr(1) IN DelimSet THEN-- is here a delimiter
--  substract first char from string

token := len(hstr, 1);

ELSE

token := break(hstr, stopChars+DelimChars);
-- breaks string on stop list

END IF;

IF consume THEN

- not in look ahead mode, no consuming of characters
str:=hstr; -~ now it is true

END IF;

RETURNtoken;
END getNextToken;

- HEHHEHEHHHEHHHH P RO CHEFHHEHEHHRHHEHHE #H#

PROCEDURError(msg);

print(lc, "M, pec-#str, "tERROR! ", msg);
stop;

END error;

--HHHHH AR P R O C E D U R E #####HIHIHIHHHHIRHHHIHHHHH I

PROCEDURRddBaseType(token);
basetypeSet  with:=  token;
END AddBaseType;

--HEHHH R P R O C E D U R E #HHHHHHHIHHHHHAHHHRHHEH]

PROCEDURBpSet();
RETURNOoperatorSet;
END OpSet;

END parseSig;

--HEHHH R P R O C E D U R E ##HHHHHHHIHIHHHHAHHHHHEH

PROCEDUREeadSubTypes(stdfile);

-- reads a priori subtype definitions from the stdfile and
-- generates an initial subtype graph
-- the format of the definition in the stdfile is (one per line):
- T< P
VAR
sbt, spt, -- sub- and supertype names
stg = {},
-- sub type graph, hold elements of the form [s, t "<"]
line, -- a read line from the file

fhandle; -- subtype definition file
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fHandle := open(stdfile, "text-in");
-- BEGIN

geta(fHandle, line); -- get a line
UNTIL eof() LOOP
WHILE line /= om -- empty file encountered
AND line /= "™ -- empty string
AND line(1) IN " \t* LOOP-- strip leading white spaces

line = line(2..);

END LOOP;
IF line /= om ANDIline /= "™ AND line(1) /= "%" THEN
-- skip commented lines

sbt := break(line, "o
IF "<" IN line THEN
span(line, <)
spt = break(line, " \n");
stg with:=  [sbt, spt, "<"];
ELSE
print("Wrong subtype definition syntax!"+
"< expected!);
EXIT;
END IF;
END IF;
geta(fHandle, line);
-- get next line (next type declaration)

END LOOP;
close(fHandle);
RETURNStg;
END readSubTypes;

END TypeParse;

B.2 The TypeG aph Package

As its name indicates the TypeGraph package provides functions used
to generategraphs from type relations. The package exports the con-
stants RootDesignator and BaseTypeDesignator (used in package
TypeRelation ) andthefunctionsbuildTypeGraph  (gettingin type struc-
turesandproducinga graphrepesentatioanda signaturerepresentation(called
from the main program). Furthermoresomeauxiliary procedureso setthe lay-
out, transformgraphstructurego externalformats(dot-files)andto getspecific
informationfrom thegraphgetNodeSet areprovidesaswell.

PACKAGETypeGraph;
VAR
RootDesignator = "ROOT", -- the root type anchor
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BaseTypeDesignator = "BASETYPE",

-- the dividign sign for separating
-- typenames and operators internally
opSign = "%"

PROCEDURBBUildTypeGraph (rd originSigs, wr g, wr sigs, rd ab);

-- computes graph of types

- in: originalSigs: Set of all Signatures,

- ab: alternative base type representation flag
-~ out: g ... Graph representation of originalSigs

- out sigs .. set of signatures with all  structures

-- expressed with a name

PROCEDUREetLayout(rd verticefont, rd verticeshape,

rd graphdir, rd vspace, rd linkfont, rd linkcolor);
-- sets diverse layout parameter, if needed.
-- If one layoutparamter should remain

-- untouched, insert the emtpy string,

PROCEDURH/ isualize(rd g, rd label, rd outfile);
-- for generating dot-file to express type hierarchy

PROCEDURIHgetNodeSet(rd 9);
- auxiliary task, generate a set of all type names

END TypeGraph;

B L o T e L  a o

PACKAGEBODY TypeGraph;

USE TypeParse; -- importing compatible  type operator set
VAR

-- global visualization style  parameters

nodefont := "Times-Roman", -- PS-Font

nodeshape := ‘ellipse",

-- box, circle, doublecircle, diamond, polygon, epsf,...
layoutdir = "LR", -- alternative TB (top 2 bottom)
nodesep = 0.3, -- space between nodes on the same rank
orderdir = "out", -- set to out, if initial ordering  should

-- be respected in graph layout
edgefont := "Courier",

edgecolor = "blue";

--HH R R R R R R -

PROCEDUREetLayout( verticefont, verticeshape,
graphdir, vspace, linkfont, linkcolor);
--BEGIN
IF verticefont /= "™ THEN nodefont := verticefont; END IF;
IF verticeshape
IN {"box", "circle", "doublecircle", "diamond", "polygon"} THEN
nodeshape := verticeshape;
END IF;
IF graphdir IN {"TB", "LR"} THEN
layoutdir := graphdir;

END IF;
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IF vspace /= "™ ANDvspace /= 0 THEN
-- space between nodes on same rank
nodesep := vspace;
END IF;
IF linkfont /= "™ THEN edgefont := linkfont; END IF;
IF linkcolor
IN {"red", "blue", "green", "yellow", "black", "brown"}  THEN
edgecolor := linkcolor;
END IF;

END setLayout;

--HHHH R P R O C E D U R E ####HHHHHIHHHIHHHHHH
PROCEDURH/ isualize(rd g, rd label, rd outfile);

VAR
nodeset := getNodeSet(g), -- the set of all edges in the graph
ofh; -- output file handle
-- for generating dot-file to express type hierarchy
-- BEGIN
IF oultfile /= OMTHEN -- file name given?
ofh := open(ouffile, "text-out");
-- print  header information and general style paramters
printa(ofh, "digraph  \"type hierarchy\" {");
-- styles for the whole graph
printa(ofh, "graph  [\n\tfontsize = \"14\"  \n\tfontname "+
"= \"Times-Roman\" \n\tfontcolor = \"black\""+
" \n\tlabel = \"" + outfile+" at ", date() +
- "+ time(), “\" \n\tcolor = \"black\" \n\trankdir"+
=\"", layoutdir, “\""\n\tnodesep=",nodesep,
“\nranksep=0.0", “\nmclimit=\"10.0\"",
“\n\tordering=\"", orderdir,"\"","]");
-- styles for the nodes
printa(ofh, "node [\n\tfontsize = \"14\"  \n\tfontname =\",
nodefont,  "\" \n\tfontcolor = \"black\" \n\tshape =\"
nodeshape, "\" \n\tcolor = \"black\" 1;
-- styles for the edges
printa(ofh, "edge [\n\tfontsize = \"18\"  \n\tfontname =\"
edgefont, "\"_ \n\tfontcolor = \"",  edgecolor,
"\" \n\tcolor = \"black\" 1"
-- print the vertice set
FOR vV in nodeset LOOP
CASE
WHENv(2) = BaseTypeDesignator =>
putVertice(v(1)+opSign+v(2), v(1l), "doublecircle",
"blue”, ofh);  --(node, label,  shape, filehandler)
WHENv(2) = RootDesignator =>
putVertice(v(1)+opSign+v(2), v(1l), "box", "blue",ofh);

OTHERWISE=>putVertice(v(1)+opSign+v(2), v(2), ‘“circle",
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"black",
END CASE;
END LOOP;

ofh);

FORe IN g LOOP

CASE
WHENe(1)

= "root"+opSign+RootDesignator =>

putEdge(e(1), e(2), e(3), "blue", ofh);
OTHERWISE=>
putEdge(e(1), e(2), e(3), ‘"black", ofh);

END CASE;
END LOOP;

-- print  footer

printa(ofh,

close(ofh);
ELSE -- print
print(g);
END IF;

T

output to stdout

- R R R R R T R BRI

- ## not Vvisible auxiliar procedures
- HHHHRHHHH R Bt HHHHE

PROCEDURMPutEdge(s, d, t, color, fh);

--(source, destination, label,  color, filehandle)
printa(fh, "\, s, "\* > \" d "\ [
printa(fh, "\tfontcolor = \"  color,"\"");
printa(fh, "\tcolor =\"",  color,"\"");
printa(fh, "\tlabel =\"  t, "\");printa(th, "T;
END putEdge;
PROCEDURButVertice(v, label, shape, fontcolor, fh);
--(node, label,  shape, filehandler)
-- put vertice of string form to file fh in dot format
-- BEGIN
printa(fh, "y v, "\ [
printa(fh, ‘\tlabel =\"",  label,"\"");
printa(fh, "\tshape = \"',  shape,"\"");
printa(fh, "\tfontcolor = \"",  fontcolor, "\"");
printa(fh, "T;
END putVertice;
END Visualize;
--HHH P R O C E D U R E #H#H#HHHHHHHHHHHHH

--# build an AST-like graph for internal representation

- R R R R R T

PROCEDURBBUildTypeGraph (rd originSigs, wr g, wr sigs, rd ab);

-- input is the set of signatures {[TypeOp, [Oplist]]}
-- returns  graph of type context

-- a graph is a set with vertices of the form

- [source, target, label]

-- and returns the set of explicit sigs, where all

TR (T TR
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- implicitly declared types are named uniquely
VAR
pos := 0, -- position counter for struct operators
hsigs = originSigs, -- sigs must be restored
-- without  explicit types
opNum := 1, -- for generating unique operator  enumeration
-- for implicit types

nodeset:=  {}, -- e.g. ({["Point","X"],...}, -- [name, node type]
operandlist, -- list of operands to a certain type
operatorType; -- holds the type operator -Y,X,U
--BEGIN

sigs = originSigs;
g = {} - graph with edges [source, target, label]

-- build a seperate set of all vertices
FOR typename IN domain sigs LOOP
-- for all declared (named) types

CASE
WHENtypename = sigs(typename)(1) =>
-- base type found; name = TypeOp
IF ab THEN -- alternative base type representation:
-- base types are linked to root,
-- necessary if only base types are analyzed
g with:= [ "root"+opSign+RootDesignator,
typename+opSign+BaseTypeDesignator, typename];
END IF;
nodeset with:=  [typename, BaseTypeDesignator];

OTHERWISE=>
operatorType = sigs(typename)(1);
nodeset with:= [typename,  operatorType];

-- insert vertice from root to types

g with:=  ['root"+opSign+RootDesignator,
typename+opSign+operatorType, typename];
-- next: analyze the oplist and substitute implicitly
-- defined types by their explicitly defined  counterparts
analyzeOperandList([typename, sigs(typename)],
nodeset, hsigs);
END CASE;
END LOOP;
-- now use the explicit types instead of implicit ones
sigs = hsigs;
--  vertice set is now completed
-- build edgeds
FOR node IN nodeset | node(2) /= BaseTypeDesignator LOOP
operandlist = sigs(node(1))(2);
pos = 1,

FOR operand IN operandlist LOOP
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operand(1)];
ENDIF; -- Struct (X) operator found
ELSE -- referenced type in operand list is not declared
print("Undefined type from ™ node(1l)+opSign+node(2),
", labeld with ™ operand(1),"! EXITING");
stop;
END IF;
pos +:= 1,
END LOOP;
END LOOP;
nodeset with:=  ['root",RootDesignator];
-- insert meta vertice "root"
- HHtH . P R O C E D U R E ###HHHBHHTHHIHHIBHHHH I
- initially called from BuilTypeGraph
PROCEDURIHEnalyzeOperandList(rd typedec, rw nodes, rw sigs);
VAR
newTypeName := "™, -- for storing new node names

- insert edge grom current type to component types

IF  nodeset(operand(2)) /= om THEN
-- referenced type is definded
IF node(2) = "X" THEN-- Struct operator found

-- here also the position of the operator is imporant
g with:=  [node(1)+opSign+node(2),
operand(2)+opSign+nodeset(operand(2)),
operand(1)+" [*+str(pos)+"T");
ELSE
g with:=  [node(1)+opSign+node(2),
operand(2)+opSign+nodeset(operand(2)),

newTypeDec := typedec;

-- BEGIN
FOR operand IN typedec(2)(2) LOOP

-- for every element in the operand list of the root type

-- generate explicit type and

--  substitute implicit with  explicit form

-- implicit type declaration e.g.

- st XY [[Man, "int"], ['b",  "bool],

- ['c",  "bool"]]

-~ explicit type declaration e.g.

- ["r, "R"]

-- operand is X", [['a", "int"], ['b",  "bool"],

-- ['c",  "bool"]]

IF is_Tuple(operand(2)) THEN

-- implicit type declaration found

-- generate an unique type name for new explicit type
newTypeName := operand(1)+str(opNum)+"-xT";opNum += 1;

-- delete operand from typedec
sigs less:i=  newTypeDec;
-- delete previous type version of current type

newtypedec = replace( [operand(1), newTypeName],
operand, newtypedec);

sigs with:=  newtypedec;-- e.g.[operand(1),newTypeName];
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sigs with:=  [newTypeName, operand(2)];
nodes with:=  [newTypeName, operand(2)(1)];
generate explicit node [typename, Operatortype]
makeExplicit(operand);
analyzeOperandList( [newTypeName, operand(2)],
nodes, sigs);
ENDIF; -- if implict type declaration found

END LOOP; -- all operands handled
END analyzeOperandList;
END buildTypeGraph;

--HH BB R P R O C E D U R E ###H#HHHBHHHHHHTHHHIHIHIH I

-- replace substitutes oldList by newList in list
PROCEDUREeplace(rd newList, rd oldList, rd list);
IF is_tuple(list) THEN
IF oldList = list THEN
list = newList;
ELSE
FORi IN [1.#list] LOOP
depth first
list(i) = replace(newList, oldList, list(i));
END LOOP;
END IF;
END IF;
RETURNIist;
END replace;

PROCEDURHMEetNodeSet(rd 9);

-- auxiliary task, generate a set of all type names
VAR
nodeset = {};
-- BEGIN
FORe IN g LOOP-- e is [FROM, TO, LABEL]
nodeset with:=  [break(e(1),TypeGraph.opsign), rbreak(e(1),
TypeGraph.opsign)];
nodeset with:=  [break(e(2), TypeGraph.opsign), rbreak(e(2),
TypeGraph.opsign)];
END LOOP;
RETURNnNodeset;

END getNodeSet;

END TypeGraph;

B.3 The TypeRel ati on Package

The definitionsof this packageare usedby the main program. The implemen-
tation containsfunctions for flatten  ing signaturegraph structures,check-
ing for subtypeproperties(isSubType ), and calculatingconstitutve equality
(areConstitutiveEqual )

PACKAGETypeRelation;



The TypeRelation  Package

PROCEDURHatten(rd tn, rd g); -- returns expanded signature
PROCEDUREsSSubType(rd s, rd p, rd g, rw ssh);
- input: typename s, typename p, type graph g,

- subtypegraph ~ with a priori defintions
-- output: TRUE, is s is a subtype of p, FALSE otherwise,
-- side effect: subtypegraph  sg

PROCEDURIHEreConstitutiveEqual(rd s, rd p, rd Q)
-- purpose: Check if s and p are -constitutive type equal
--  (strucutre checking without labels)
- input: types s, p, type graph g
-- output: TRUE, if s and p are constitutive type equal,

- FALSE otherwise
END TypeRelation;

e L e o S S o A S A

PACKAGEBODY TypeRelation;
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USE

Util, -- import string  tools

TypeParse, -- import Definitions from Parsing

TypeGraph;
VAR cnt := 0; -- global counter variable for creating unigue names
--HHHH R P R O C E D U R E ####HHHHHIHHHIHHHHHH I
PROCEDURHatten(rd tn, rd Q);

-- merge nodes, if they have compatible typeoperators

-- Input is explicit

typename tn and

-- type graph g (a set with elements [FROM, TO, LABEL])

VAR
visitedlist = {3}, holds all already analyzed vertices
-- get the "pure" type of typename tn
mg = getSubStruct(tn, 9),
-~ build the internal type represenation of tn by
-- concatenating the type name with the internal division
-- symbol for types and the type operator
theType := tn+TypeGraph.opsign+TypeGraph.getNodeSet(mg )(tn);

--BEGIN
-- all preparations
-- "pure"  structure

done, now merge type within the
of the type tn

RETURNtmerge(theType, mg); -- call t(ype)merge

--HEHHH R

P R O C E D U R E ##HHHHHHIHHHIHIHHAHIHIHIH]

-- PROCEDURHEmerge t(ype)merge -- defined within merge
PROCEDURHEmerge(curType, mg);

VAR
-- determine
-- ol is set

- eg. {[b

operand of the operator list
with elements [tn, typenode]
2", “int%BASETYPE", ['a [1]", "R%X}

ol := getOperandList(getTypeName(curType), mag),
sl, -- and operands of its successors
isChanged := FALSE, -- remembers if type is merged

e; -- edges

in the graph
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-- BEGIN

visitedlist with:= curType;
-- needed for determining recursions

FORe IN ol LOOP
-- check merge condition for all operands

IF getOperator(e(2)) = getOperator(curType)
-- the same type operators?
AND
getOperator(e(2)) IN TypeParse.ExpandableTypeOps
-- are the operators mergeable at all
AND

getTypeName(e(2)) /= getTypeName(curtype)
-- no direct recursion

THEN
-- merging must be performed, structure is changed
isChanged := TRUE;

-- get all successors operands of current operand
sl := getOperandList(getTypeName(e(2)),mg);

FORse IN sl LOOP
-- successor operands are now operands of tn
-- now eliminate direct  way
-- and redirect the current edge e such that
-~ curType->e2->se ==> tn->se
mg with:=  [curType, se(2),
Util.squeeze(e(1)+">"+se(1))];

END LOOP;
-- delete e from mg
mg less:=  [curType, e(2), e@);

-- only if the intermediate vertice e(2) is not
-- referenced anymore, we can delete it
IF NOT isReferenced(e(2), mg) THEN

- is e(2) the target of any e in mg?
-- if not, delete e(2) from the graph
delete(mg, {e(@)});

END IF;
END IF;
END LOOP;
-- the next part of the procedure determines,
-- how to go on further: either
-- 1) to start from the root-Type, or

-- 2) analyze the elements of the operand list
IF isChanged THEN-- is the graph restructured?
-- start analyzis from the beginning
mg := tmerge(theType, mg);
ELSE
-- work into depth with new operand list

sl := getOperandList(getTypeName(curType), mag);



The TypeRelation  Package

FORse IN sl |
NOT se(2) IN visitedList AND
getOperator(se(2)) /= "BASETYPE"
AND
se(2) /= curType
LOOP
mg = tmerge(se(2), mg);
END LOOP;
END IF; -- isChanged
RETURNMg;
END tmerge; -- procedure
END flatten;

- P R O C E D U R E ##HHItHHHHHHIHHHIHHIH
-~ auxiliar procedure for checking, if a certain
-- is referenced from somewhere within the graph g

PROCEDUREsReferenced(aType, 9);
VAR e := [];
RETURN
EXISTS e IN g | e(2) = aType;
END isReferenced;

--HHHHH R P R O C E D U R E #####HIHIHHHHHH AT

PROCEDURIHgetSubStruct(rd tn, rd g);
VAR

e, - an edge in the graph ¢
hg == {}; -- auxiliary structure,
-- BEGIN

hg := getSS(tn,g, hg);
-- add the path from root to hg

IF EXISTS e in g | getOperator(e(1)) = TypeGraph.RootDesignator
AND getTypeName(e(2))=tn THEN

RETURNhg with e;
ELSE
-- tn is not an explicit type!

print("", tn, "™ is not declared! Exiting...");

STOP; -- that should never happen
END IF;

END getSubStruct;

- HHHBHHHHE AP RO CHAHBHHH I HHHE  #HH

PROCEDURMEetSS(rd tn, rd g, rd hg);
VAR
e; -- an edge in the graph g
-- BEGIN
FORe IN g | NOT(e IN hg) LOOP
IF getTypeName(e(1))=tn THEN
hg +:= getSS(getTypeName(e(2)), g less
END IF;
END LOOP;
RETURNhg;
END getSS;

- HHHRHEHHE AP RO CHHBHHHBHHHTHIHTHHHE #HH
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PROCEDUREsSubType(rd s, rd p, rd g, rw ssh);

-~ input: typename s, typename p, type graph g,

-- a priori sub type definitions

-- output: TRUE, is s is a subtype of p, FALSE otherwise
VAR

alreadyChecked = {}, -- which nodes are already checked,
-- used to avoid infinitly recalculating
-- recursivle type definitions
types := TypeGraph.getNodeSet(g);
-- BEGIN
IF isSubT(s, p) THEN
ssb with := [s, p, "<';
RETURNTRUE;
ELSE
RETURNFALSE;
END IF;

- HEHEHEHHEHPH R P RO CHIHEHIHHEHIHI R #

PROCEDUREsSSubT(rd s, rd p); -- the main <: function
-- BEGIN
IF [s, p] IN alreadyChecked THEN
RETURNTRUE; -- recursivley definitions are equal
ELSE

alreadyChecked  with:=  [s,p];
-- add the current check to the set
IF s = p THEN-- types have identical names?
RETURNTRUE; -- then they are identical types!
ELSEIF TypeOpOf(s, types) = TypeOpOf(p, types) THEN
--  AXIOM: identical types are always subtypes
CASE TypeOpOf(s, types)
WHENTypeGraph.BaseTypeDesignator =>
-- check if s and p are defined in the
-- a priori set ssb (global to issubt)
RETURNisAprioriSubT(s, p);
WHEN"X" =>
RETURNisCrossSubT(s,p);
WHEN'U" =>
RETURNisUnionSubT(s,p);
WHEN"->" =>
RETURNisFuncSubT(s,p);
OTHERWISE=>
RETURNFALSE;
END CASE;
ELSE
RETURNFALSE; -- types have different
-- type operators
END IF;
END IF;
END isSubT;

- BT PROCHIHIHIHHHHIRHIT  HHERH I #
PROCEDUREsUnionSubT(rd s, rd p);

-- purpose: check subtype relations of U types
VAR
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E

PROCEDURBESFuncSubT(rd s, rd p);
-- purpose: check subtype relations of -> types
-- according to the contravariance rule for type substitution
- input s, p type names, e.g. ‘“person’, "adr",
VAR
input_s = getFuncType("I", getOperandList(s,g)),
-- the input typename e.g. "l1-xpT,
input_p := getFuncType("1", getOperandList(p,q)),
output_s = getFuncType(""O", getOperandList(s,g)),
output p := getFuncType("O", getOperandList(p,q));
-- BEGIN
RETURNIsSubT(input_p, input_s) AND
-- input must be contravariantly defined
isSubT(output_s, output_p);
-- output must be covariantly defined

E

op_s = [, - a element of the subtype operand list
- [typename%typeoperand, label]

op_p = [I;
RETURNFORALL op_p IN getOperandList(p,g)
| EXISTS op_s IN getOperandList(s,g)
| op_s(l) = op_p(l) AND-- labels must be identical
isSubT(break(op_s(2), TypeGraph.opsign),
break(op_p(2), TypeGraph.opsign))
ND isUnionSubT;

BHEFHHHBHH AR AP RO CHEHHIHHHHHH AT #HHHH

ND isFuncSubT;

T H P RO CHATHHHIHHIHHIHI  #HHHE

PROCEDUREsCrossSubT(rd s, rd p);

purpose: check subtype relations of X-Types

-- input: s, p type names, e.g. "person’, "adr",
VAR
op_p = [, - a element of the subtype operand list
op_s = [l; -- a element of the subtype operand list
- [typename%typeoperand, label]
-- BEGIN

RETURNFORALL op_p IN getOperandList(p,g)
| EXISTS op_s IN getOperandList(s,g)
| op_s(l) = op_p(l) AND-- labels must be identical
isSubT(break(op_s(2), TypeGraph.opsign),
break(op_p(2), TypeGraph.opsign))

END isCrossSubT;

BHAFHHHBHHHHH AP RO CHEHHHHHHHIHTHHHRHT  #1#

PROCEDUREsAprioriSubT(rd s, rd p);
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VAR td;

-- BEGIN

-- check if a defined subtype relation in ssb for s and p exist

-- ssb entered the scope via the procedure isSubType(...)
RETURNEXISTS td IN ssb | td(1) = s ANDtd(2) = p;

END isAprioriSubT;

END isSubType;

- HEHEHEHHHEHPH R P RO CHIHEHEHIHHEHIHI HHHE

PROCEDURIHgetOperandList(rd typename, rd g@);
-- returns the operand list of a type ({[labeltypename],,...}
VAR oplist = {3},

graph = g; -- the global type graph

FOR e in graph | break(e(1), TypeGraph.opsign) = typename LOOP
oplist  with:=  [e(3), e(2)];
-- operands with names e(3)/e(2) label/type
END LOOP;
RETURNOoplist;
END getOperandList;

- HHEHEHHHEHEH R P RO CHIHEHIHIHHEHIHIH  HHHE

PROCEDURIHgetFuncType(rd side, rd operandset);

-- input:  which side-flag 1, "~0"),

- operandset of a function type e.g.

- e, "11-xpT%X"], [~O""02-xpT%X"T
- which is a set of {[which-side-flag, typename%typeop]}
RETURNbreak(operandset(side), TypeGraph.opsign);

- output: the type name
END getFuncType;

.- HEHHHH A P RO CHEHHHHHH I i #
PROCEDURElelete(rw g, dellist);
-- deletes all edges e given in the set dellist from graph g
-- if source or target vertice (e(2), e(2)

-- exists in the deletion list  dellist
VAR e = [];
FORe in g | e(l) IN dellist ORe(2) IN dellist LOOP
g lessi= g
END LOOP;
END delete;

- BT PROCHIFHHIHHEHIHIR I it
PROCEDUREename(rw g, rd oldnode, rd newnode, addlabel);

-- rename in graph g the old node with the name of newnode

-- due to the set nature of g this is a merging

-- g is a set of edges of the form [FROM, TO, LABEL]

-- every substituted edge gets an uniqgue name str(cnt+1) to avoid
-- it from vanishing due to the set datastructure of graph g

-- addlabel is the head of the new label

VAR
h = {} - auxiliary set structure
-- BEGIN
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FORe IN g | (e(1) /= newnode ORe(2) /= oldnode) LOOP
- [e(d), e, e@®] = [FROM, TO, LABEL]
-~ first check if the current edge is not the entered one,
-- if yes, do not add this edge to the result

-- because it will be renamed later on
-- this avoids superfluous edges in the graph
-- otherwise, substitute any occurence of oldnode by newnode
IF e(l) = oldnode THEN
e(l) := newnode; -- redirect edge
e(3) := Util.squeeze(e(3))+">"+addlabel; -- new label
-- squeeze eliminates white spaces in strings
END IF;
IF e(2) = oldnode THEN
e(2) := newnode;
e(3) := addlabel+"<"+Util.squeeze(e(3)); -- new label
END IF;
h with= e; -- build intermediate result
END LOOP;
g = h; -- make intermediate result  permanent
END rename;

- HEHHEHEHHHHEH R P RO CHEHHEHEHHRHHEHHE

PROCEDURHYpeOpOf(rd tn, rd types); -- returns the typeoperator
-- input:  tn.. typename
- types... set of types, injective

-- output:  type operator of tn
IF types = {} THEN-- only base types are defined in types
RETURNTYypeGraph.BaseTypeDesignator;
ELSE
RETURNtypes(tn);
END IF;
END TypeOpOf;

- A P R O CHHHHHHHHHHH T #HHH
PROCEDURIgetOperator(rd typenode);

-- returns the current type operator of a vertice
RETURNrbreak(typenode, TypeGraph.opSign);

END getOperator;

- HEHBHHHHHRHHHR R P RO CHEH BT I #HH
PROCEDURIHgetTypeName(rd  typenode);

-- returns the type name of a vertice e.g. ‘"real%BASETYPE"
RETURNbreak(typenode, TypeGraph.opSign);

END getTypeName;

- HEHHEHEHHHH R P RO CHEFHHEHEHHRHHEHHE. #H#

PROCEDURIHEreConstitutiveEqual(rd s, rd p, rd Q)
-- purpose: Check if s and p are type equal (without name check)
-~ input: types s, p, type graph g

-~ output: TRUE, if s and p base type equal, FALSE otherwise
VAR

types := TypeGraph.getNodeSet(qg), -- set of type nodes
alreadyChecked = {};
-- BEGIN

RETURNareCE(s, p);
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PROCEDURmEreCE(rd s, rd p);
VAR
tp, ts, -- the type representation of s and p
--  (name%Op)
oplist_s = getOperandList(s,g),
- edg. oplist_s={["b [2]", "real%eBASETYPE"],
-['a 1] "al-xpT%X"]}
oplist_p = getOperandList(p,9);
-- BEGIN
IF [s, p] IN alreadyChecked THEN
-- avoid infinitely checking
-- in case of recursive structures
RETURNTRUE;
ELSE
alreadyChecked  with:=  [s,p];
-~ Definition "Constitutive equality (=_c)
IF s = p THEN -- identical types
RETURNTRUE;
ELSEIF
typeOpOf(s,types)=typeOpOf(p,types) THEN
-- 1. s and p operand lists have the same length
-- 2. Both types must have the identical operator
IF  typeOpOf(s,types) =
TypeGraph.BaseTypeDesignator THEN

-~ distinguish between func type and others
RETURNFALSE;
-- e.g. int is not constitutive equal to real
ELSEIF typeOpOf(s,types) = ">"  THEN
RETURN
areCE(

getTypeName(oplist_s(""1")),
getTypeName(oplist_p("1")))
AND
areCE(
getTypeName(oplist_s(""0O")),
getTypeName(oplist_p(""0")));
ELSE -- X or U check
IF  #oplist_s = #oplist_p THEN
FORt s IN oplist_s LOOP
IF EXISTS t p IN oplist_p |
areCE(
getTypeName(t_s(2)),
getTypeName(t_p(2))) THEN
-- already validated operands should
-- not be checked twice
oplist_p less:=  t_p;
ELSE
RETURNFALSE;
-~ no mapping between s and p
END IF;
END LOOP;
RETURNTRUE;
-- there exits a mapping from s to p
ELSE
RETURNFALSE; -- #oplist_s = #oplist_p
END IF;
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END IF; -- typeOpOf(s,types) = "BASETYPE"
ELSE
RETURNFALSE; -- different type operators
ENDIF; -- s=p
ENDIF;-- [s, p] IN alreadyChecked

END areCE;
END areConstitutiveEqual;

END TypeRelation;
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C

M SEQ implementation

The programmseq adaptghe standardSEQUITUR algorithm. It is calledwithin
the SETL2 ervironment with stix mseq -i <sequencefile>] [-0
<grammarfile>] [-n  <length>] [-<v] [a] [-m [-b]] [-r
<rep>] . Thesynopsiof parameterss givenbelow.

-1 <sequencefi | e> Theinputfile containingthe sequencesf events.

-0 <granmar f il e> specifieshe nameof theoutputfile, wherethegrammar
is put. Any existing file of the samenameis overwritten. If this parameter
is not specifiedthedefault valueis sequencefile.grm

-n <l engt h> Specifieghelengthn of thematchingpattern.Thedefaultvalue
Is 2 (digram).

- v Enablesverbosity During analysismary moremessagearedisplayed.

- a Shows all generatedules. Doesnot employ rule utility, hence,underused
rulesarenotdeletedrom theresultinggrammar Thisis usefulfor compre-
hendingthe overallprocess.

- m If multiple sequencesare providedin the input file, the resultinggrammars
aremergedinto onegrammar

- b If thisparameteis set,duringmemgin alreadyexisting baserules(termi-
nal symbolson theright handsideof a rule only) from theindividual
grammarsarereusedasbuilding blocks.
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-r <rep> Specifiesthe repetitionheuristics. If thereexists at least<rep>

patterngepeatedn the sequencethey areabstractedo oneiteration.

Theprogrammseq is notmodularizednto packagessincetherearenofunctional
partswithin which arereusablaen anothercontext.

C.1 The nseq program

implementation of a sequitur  variants

PROGRAMnseq;

-- definition part

CONST

it = "¢, it o= MY

altSym := "|", -- alternative rule  symbol

ruleSym := "$", -- symbol to denote rules

StartSym = rulesym+"$",

epsilon = " ?%

VAR

arguments = {}, -- the map of all command line arguments
m, -- the domain knowledge about the minimal occurence of patterns

-- to be considerds as iterations
ruleGen := 0, -- used for generating unique rule designators
grammar = {}, -- a map {["$S", ["$A","c","$A","d"]],

- ['$A",  ['b""cl,...}
mergedGrammar = {}, -- the grammar generated from all sequences
grammars = [], -- sequence of all grammars generated from words
nGram := [], -- holds the -current ngram
word = [], -- the current input
token := "™, -- a symbol from the input
fHandle, -- a system file handle
-- global variable
verbose := FALSE, -- global verbose flag, wused in "say"

r ;= 0, -- repetition check indicator
n := 2, -- the default length n for the n-gram
seqFile, -- the file with the input sequence
outFile;

-- BEGIN
IF NOT CommandLineParse(arguments) THEN

Usage();

ELSEIF (n := arguments("-n")?n) < 2 THEN

print("n-grams must be larger than ’'1', current value=",n,"!");
ELSE

-- should the program be verbose
verbose arguments("-v")?FALSE;
segFile arguments("-i");
IF segFile /= om -- input file provided?
AND fexists(seqFile) THEN -- input file  exists?
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outfile = arguments("-0");

IF oultfile = om THEN outfile = sedfile+".grm"; END IF;
-- open the sequence file

fHandle := open(sedfile, "text-in");

WHILE (word := readWord(fhandle)) /I= [] LOOP

while there are words in the file
say("Word: "+ str(word));
grammar := {[StartSym, ok

UNTIL word =[] LOOP

IF (token := getToken(word)) /= om THEN
nGramUniqueness(token, grammar, n);
ENDIF; -- invalid token

END LOOP; -- until eof

IF NOT(arguments("-a")?FALSE) THEN
-- should all rules be presented?
RuleUtilityCheck(grammar);

ELSE
say("No Rule Utility Check...");

END IF;

IF (r := arguments("-r")?0) > 0 THEN -- repetition check
RepetitionCheck(grammar, r;
-- additional RUC, because RC changes grammar!

IF NOT(arguments("-a")?FALSE) THEN

-- should all rules be presented?
RuleUtilityCheck(grammar);

END IF;

END IF;

IF arguments("-m")?FALSE THEN -- multiple grammar merge

-- merge current grammar with the general grammar
MultipleGrammarMerge(mergedGrammar, grammar);
END IF;

-- add the grammar to the set of yet built grammars
grammars with:=  grammar;

END LOOP; -- while words in file

close(fHandle);
PrintGrammars(grammars, n, outfile);

IF arguments("-m")?FALSE THEN -- merging grammars?

IF arguments("-b")?FALSE THEN -- base rule reuse required

say("Reusing  base rules");
ReUseAtoms(mergedGrammar);
END IF,
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say("------- GRAMMAR-MERGING----------- \n" +

"Naive merged grammar\n"+ printgrammar(mergedGrammar));
-- check for repeated patterns in the merged grammar
GrammarNGramUniqueness(mergedGrammar,n);

IF NOT(arguments("-a")?FALSE) THEN

-- should all rules be presented?
say("Merged  Grammar: Rule Utility Check");
RuleUtilityCheck(mergedGrammar);
END IF;
print(" \nMerged Grammar:\n"“,
PrintGrammar(mergedGrammar));
END IF; -- merging grammars?
ELSE -- is there an input file?
Usage();
print("Non-Existing sequence input file ™,  sedfile,
" \n... Aborting");
END IF;
END IF; -- Commandlineparse

--HiHHHHAE - THE PROCEDURE S E C T | O N #HuHHHHHHIH

- BRI P RO CHHEHHHHIHEHHHHI  HiHE
--###  RuleUtilityCheck HitH
- BRI P RO CHHHEHHHHIHEHHHI  HiEHE

-- checks if a nont-terminal symbol is used more than once
-- if it is used only once, it is substiuted by its body.

PROCEDURRuleUtilityCheck(rw grammar);
VAR
rbody =[], -- auxiliary variable for rhs of rule
useCount := {}; -- map stores the number of used rules
-- BEGIN

FORrhs IN range grammar LOOP

FORe IN rhs | e(l)=RuleSym LOOP
IF NOT (e IN DOMAINuseCount) THEN

useCount with:=  [e, O];
END IF;
useCount(e) := useCount(e)+1;
END LOOP;
END LOOP;
-- now substitute every underused rule by its rhs
FORlhs IN domain useCount] useCount(lhs) <= 1 LOOP
rbody := grammar(lhs);
Substitute([lhs], rbody, grammar);
-- delete underused rule from grammar
grammar less:= [lhs, rbody];
say("deleting underused rule:  "+str(lhs)+" ->  "+str(rbody));
END LOOP;

END RuleUtilityCheck;

--HHBHHBHH R P RO CHEHHHHHHIHHRHHRHI  #HEHH
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--### nGramUniqueness it
--HHHH R P RO CHEHHHHHHHHHE B #1
PROCEDURMB|GramUnigueness  --(token, grammar, n)

( rd tk, -- the just read token
rw grammar, -- the current grammar
rd n -- the length of the pattern n-gram
)
VA
newRule := [], - a new rule
i = 1, -- position counter for rhs
ngramFound := FALSE, -- counter for the occurence of ngrams
hrrhs = ™, - the highest rule right hand side
ngram = []; -- the current n-gram variable
BEGIN

-- determine the current n-gram, which is the curren token
-- on the last place an the n-1 tokens from the end of $$

-- get the rhs of the highest rule ($$)
hrrhs  := grammar(startSym);

IF (#hrrhs  >= n) THEN
-- get the tail of highest rhs
-- and build ngram with n-1 tail

ngram := hrrhs(#hrrhs-n+2..)+[tk];

-- ensure digram uniqueness for the whole grammar

- ris eg. ['$S" "a',  "b"]

-- 1. case ngram 2nd time in $S

IF SubTuple(ngram, hrrhs) > 0 THEN-- pattern already existing
-- generate new rule for multiple ngram patterns
newRule := [NextRule(), ngram];
Insert(tk, grammar); -- append token to start rule
--  substitute each occurence of ngram
-- in grammar by newRule-designator
Substitute(ngram, newRule(1), grammar);
-- now add new rule to grammar
grammar with:=  newRule;

ELSE -- check, if ngram is not already rhs of some rule

FORr IN grammar | r(l) /= StartSym LOOP
-- check every rule in grammar
IF SubTuple(ngram, r2) > 0 THEN
-- ngram found in some rhs-body
ngramFound := TRUE;
-- 2. case: rule body = ngram =>
- substitute ngram by r(1)
IF r(2) = ngram THEN

Insert(tk, grammar);
Substitute(ngram, r(1), grammar);
-- restore the original rule,

-- which was destroyed by Substitue
grammar(r(1)) = ngram;

-- check recursively, if there are

-- newly generated patterns there
hrrhs  := grammar(StartSym);
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grammar(startSym) = hrrhs(1..#hrrhs-1);
-- now grammar has changed, the ngram uniqueness
-- must be checked again

nGramUniqueness(hrrhs(#hrrhs), grammar, n);
END IF; -- body = ngram
ENDIF; -- ngram found

END LOOP; -- every rhs check
IF NOT(ngramFound) THEN-- simple action: add the new token

Insert(tk, grammar);
END IF;
END IF; -- SubTuple(ngram, hrrhs) > 0
ELSE -- input sequence smaller than n-gramm
Insert(tk, grammar);
END IF; -- (#hrths >= n)

END nGramUniqueness;

- PROCHIBHHEHHHHHEH it
--##  GrammarNGramUniqueness HitH
- BRI P RO CHHEHHHHIHEHHHI  HiHI

checks the grammar, if there are nPatterns

(including rule-symbols)

which occur multiple times in the whole grammar. If there are
repetitions, the nPattern is substituted by a new rule symbol
(or a rule already existing in the grammar)

PROCEDURErammarNGramUniqueness(rw  generalGr,n);

VAR
auxGr := generalGr,
newrule := ],
r = [], --iterator over ruleset
npr, -- npattern-rule, -> npattern
rhs = ],
npattern = [

-- BEGIN

-- now apply thr g-sequitur (grammar  sequitur)
-- get the n-pattern built  from rhs
WHILE auxGr /= {} LOOP

r := arb auxGr;, -- get arbitrary element from set
auxGr less:i= r;
WHILE (npattern := BuildNPattern(r(2), n) /= [] LOOP
-- now check for 2nd (or more) occurence of npattern

IF  (SubTuple(npattern, r2) > 0)

-- 2nd occurence of npattern in current rhs

OR

-- does npattern appear somewhere else on rhs?
(EXISTS rhs IN range generalGr less generalGr(r(1))

SubTuple(npattern, rhs) > 0)
THEN
-- checking for ev. superflous rules,
-- which could be introduced by substituting rules

-- of the form X -> ngram
IF (EXISTS npr IN generalGr | npr(2) = npattern) THEN
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-- a rule for that npattern exists already

- reuse it
generalGr less:= npr; -- backuo existing rule
- substitute pattern by existing rule  name
Substitute(npattern, npr(1), generalGr);
generalGr  with:= npr; -- restore rule
say("Multiple rhs, reusing rule "+str(npr));
ELSE
-- pattern  occurs multiply, making a rule for it
-- new rule introduction
newrule := [NextRule(), npattern];
--  substitute pattern by new rule name
Substitute(npattern, newrule(1), generalGr);
generalGr  with:=  newrule;
say("Multiple rhs occurence, introducing rule "+
str(newrule));

END IF;
-~ new situation, npattern  match starts  from beginning
auxGr := generalGr;

END IF; -- npattern subtuple in rhs?

END LOOP;

END LOOP;

END GrammarNGramUniqueness;

B P RO CHEHHIHHHIHIE  HHEHEHE #

--###  ReUseAtoms

HiH

--HEHHH AR P RO CHAFHHIRHHIHIE  BHHEH B

PROCEDURReUseAtoms(rw  g);
VAR
iy
atomRules = {};
-- get all rules with no rulesyms on rhs
FORr IN g LOOP

=1
WHILE i <= #r(2) AND r(2)(i)(1) /= ruleSym LOOP
i += 1
END LOOP;
IF i > #r(2) THEN
atomRules with:= ;
END IF;
END LOOP;
--  substitute all other occurences of atoms rhs
FORar IN atomRules | ar IN g LOOP
g less:i=  ar; -- current atom should not be substituted
Substitute (ar(2), ar(1), Q);
g with:=  ar; -- restore atom
END LOOP;

END ReUseAtoms;

--HEHHH R P RO CHAFHHHIRHHIHIE BT #1

--### RepetitionCheck

#HH

--HEHHH AR P RO CHAFHHHIRHHIHIE BT B

PROCEDURRepetitionCheck(rw g rdrn ;

-- detects iteration of at least r patterns in grammar g
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VAR

mxs, -- sequence with max length

pos = 0,

ps; -- set of all subsequences (powersequence)
-- BEGIN

FORrule IN g LOOP

ps := PowerSeq(rule(2));

-- get seq with maximal length from set of powerseq ps
-- this maxseq (mxs) is deleted from ps

WHILE (mxs := MaxSeq(ps)) /= om LOOP

-- check, if maxseq appears sequentially r-times  in rule
IF SubTuple(mxs*r, rule(2)) > 0 THEN

--  Repetition handling

say("Found repetition " +str(mxs)+

" in rule "+str(rule));

SeqTolteration(mxs, r, Q)

END IF;
END LOOP;

END LOOP; -- for all rules in grammar
END RepetitionCheck;

--HHHBHHHH P RO CHEHIHHHEHIHIFHHIHE. HHEH
--### MaxSeq #itH
--HHHBHHHH A P RO CHEHHHHHEHIHIFHHIHE. HiHEH
PROCEDURESeqTolteration (tkSeq, minRep, rw g@);

-- replace every occurence of minrep*tkSeq by tkSeq

-- in the grammar g and introduces repetition meta symbols (, )+
VAR

rep, -- current repetition count

s, -- subtuple

pos; --position of first sequence match
-- BEGIN

FORr IN g LOOP
-- search for tkSeq
WHILE (pos := SubTuple(tkSeg*minRep, r(2))) > 0 LOOP
rep = minRep;
-- check after first sequence occurence
s = r(2)(pos+(minRep*#tkSeq)..);

-- check if more repetitions exist
WHILE #s >= #tkseq AND s(1..#tkseq) = tkseq LOOP
-- immediate neighbour is also tkSeq
rep += 1,
s = s(#tkSeq+1..);
END LOOP;

-- replace pattern sequence by newpattern
r(2) = r(2)(1..pos-1)+[lIt]+tkSeq+[rlt]
+r(2)(pos+#tkSeqg*rep..);

END LOOP;
-- update the grammar
gr(1)) = 12y

END LOOP;
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END SeqTolteration;

--HHHH R P RO CHEHHHHHHHHHE BT #1
--###  MaxSeq HH
--HHHH R P RO CHEHHHHHHHHHE BT #1
PROCEDURMMaxSeq(rw seq);
-- returns the longest sequence min seg-set.
-- if nothing is found, omis returned.
-- side effect: m is deleted from seg-set
VAR

m,s;

IF (exists min seq |
(forall s IN seq | #m >= #s))
THEN
seq lessi= m;
END IF;
RETURNmM;
END MaxSeq;

--HHHHHHH P RO CHAHHHHHHHHHIH #HHHHE #H1
--### PowerSeq Hit#
--HHHHHHH P RO CHASHHHHHHHHIHI #HHHHE #H#
PROCEDURPowerSeq(rd  t);
-- generates all sequences from a tuple t
VAR

pss = {} -- the PowerSequence set

-- BEGIN
FORi IN [1.#] LOOP
FORj IN [i.#t] LOOP
pss with:=  f(i..j);
END LOOP;
END LOOP;
RETURNpsS;
END PowerSeg;

--HHHHHHH P RO CHARHHHHHIHHHIHI #HHHHE #H1
--### BuildNPattern it
--HHHHHHH P RO CHARHHHHHHIHHHIHI #HHHHE #H1
PROCEDURBUildNPattern(rw rhs, rd n);

-- builds pattern of length n from tuple rhs

VAR
t := rhs,
i =1,
p = [

-- BEGIN

WHILE t() /= om ANDi <= n LOOP
IF t(i) /= altSym AND -- no new word
NOT (t(i) IN A{lit, rit})
-- pattern must not span iterations
THEN
p with:=  t(i);
i += 1
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ELSE -- next rule iteration
t t(i+1..);

p [
1;

body or

i
END IF;
END LOOP;
IF i <= n THEN--
p= [
rhs =
ELSE
rhs =
END IF;
RETURNp
END BuildNPattern;

invalid nPattern

t;

rhs(2..);

--HHRHHBHH R R P RO CHAH R RHH R

--##  MultipleGrammarMerge
--HHHHH P R O CHHHHHHEHHH
PROCEDURBultipleGrammarMerge (w mg, rd Qg);
-- merged grammar mg represents all  yet built
-- if a rule's rhs of g matches with
-- this rule is substituted by g's one.
-- if g's rule does not match any rhs, it
-- and its concatenated to the start rule
VAR
newrule = [}, - |if
gr = [; -- a general

a startrule
rule  from mg

-- BEGIN
IF mg={} THEN--
mg = g;
ELSE -- Generate
FORT IN g | r
-- check every

first

a unified,
NOTIN mg LOOP
rule in grammar g, when it
IF EXISTS gr IN mg |
-- is there a rhs-match
-- replace every symbol of general
-- by new symbol from grammar
IF r(1) = StartSym THEN
-- rhs already in general
IF gr(l) /= StartSym AND
NOT RHSMatch(gr(1), mg(StartSym))
-- not yet in startrule
THEN
Insert(altSym,
Insert(gr(1),
END IF;
ELSEIF gr(1) =
mg with:= r;
ELSE
-- no start  symbol
-- old references
replace(gr(1),
END IF;

Ea(gr(2),

rule

mg); -- alternative

mg);

StartSym  THEN

involved,
in  mg with
mg);

rule
r1),

body

grammar encountered

merged Grammar from all

mg, r(2),

replace
from g

MSEQ implementation

BT

HH#
BT

grammars

a rhs of mg, in mg

is an alternative
of mg.

must be substituted

words
is not already in

g) THEN

merged grammar

encountered

all

mg
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ELSE
-- no rhs-match
IF r(1) = StartSym THEN

Insert(altSym, mg); -- alternative encountered
newrule := [NextRule(), r2); -- generate new rule
Insert(newrule(1), mg);

ELSE -- add not yet merged rule to merged grammar mg
newrule = r;

END IF;

mg with:=  newrule; -- add the new rule to merged grammar

END IF;
END LOOP;

END IF;
END MultipleGrammarMerge;

B P RO CHEHEHIHHHIHIE  HHEHEH #
--###  EqQ H#H
B P RO CHEHEHIHHEHIF  HHEHEHE #

-- Eq checks for structural equality of two tuples
-- Eq considers  following requirements:
--  Rulesymbols are always equal
-- A rhs with "rhsl | rhs2" is checked with s=rhsl and s=rhs2

PROCEDUREE(q(rd s1, rd g1, rd s2, rd g2);
VAR

altl, alt2,

found := FALSE,

=1

-- BEGIN
LOOP
-- empty rules are always equal
IF sl(i) = om ANDs2() = om THEN
found := TRUE;
-- alternative symbol marks end of rhs as well
ELSEIF sl1() = om ANDs2()) = AltSym THEN
found := TRUE;
ELSEIF s2(i) = om ANDs1() = AltSym THEN
found := TRUE;
-- only one rhs is empty, the other one not
ELSEIF s1() = om ORs2() = om THEN
EXIT;
-- symbols match
ELSEIF sl1(i) = s2() THEN -- matching
i += 1; - go in with next symbol
ELSEIF -- rule symbols must be treated separately
(s1(i)(1) = ruleSym AND s2(i)(1) = RuleSym)
THEN
IF  Eq(gl(s1(i)), gl, g2(s2(i)), g2) THEN
-- check depth equality (without considering symbol names)
i += 1; -- go on with next symbol
ELSE -- no deep equality
EXIT;
END IF;
ELSEIF sl1(i) /= s2() THEN -- no matching
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-- start with next alternative word

IF (altl := SubTuple([altSym], sl)) > 0 THEN

sl := sl(altl+1..);
=1
END IF;

IF (alt2 := SubTuple([altSym], s2)) > 0 THEN

s2 = s2(alt2+1..);
=1
END IF;
END IF;

-- Loop exit conditions, setl2 has no pass-through

IF altl=0 AND alt2=0 THEN

-- there were no alteratives in both rhs

EXIT; -- nothing to find
ELSEIF found THEN

EXIT;
END IF;

END LOOP;

RETURNfound;
END Eg;
--HHHHH P R O CHHHHHHEHH
--##  RHSMatch
--HHHH P R O CHHHHHHEHHH
PROCEDURMRHSMatch(s, t);

BT
HH#
BT

-- gets two tuples as input, returns  when s is a rhs
-- t, such that alternatives " are considered,

- eg. [A, Bl is in [A, C| C, D| A, B]
VAR pos = 1,

IF NOT is_tuple(s) THENs := [s]; ENDIF;
IF (pos := SubTuple(s,t)) > 0 THEN

MSEQ implementation

loop

IF pos = 1 OR t(pos-1) = altSym THEN-- match possible

IF pos+#s > #t OR t(pos+#s) = altSym THEN

RETURNTRUE;
END IF;
END IF;

END IF;
RETURNFALSE;
END RHSMatch;
--HHHHH R P R O CHHHHHHEHH
--###  Insert
--HHHHH P R O CHHHHHHEHH
PROCEDUREHnsert(rd tk, rw grmr);

VAR rhs := grmr(StartSym);
-- BEGIN

grmr(startSym) = rhs with tk;
END Insert;

--HHHHHH P R O CHHHHHHEHH
--###  NextRule

--HHHHHH P R O CHHHHHHEHH
PROCEDURBextRule();

-- Generates a new unique rule namr

CONST

ruleSyms = [65..90]+[97..122] ;

VAR

BT
HH#
BT

BT
HH#
BT
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rm = ruleSym,

r = 0,

z = ruleGen,

b := #ruleSyms;
-- BEGIN

-- RETURNrn +:= str(ruleGen += 1)

FORi IN [O..(ruleGen / b)] LOOP
r ;= z MODb;
z = 2z 1/ b;
rm +:= char(ruleSyms(r+1));

END LOOP;

ruleGen +:= 1;

RETURNTN;

END NextRule;

- HHHEHTHHHHE P RO CHIHEHHIHHIHIR  #HHHHE 1
--###  readWord Hitt
- BHHEHBHHH I P RO CHIHEHHIHIHIR Bt
PROCEDUREeadWord(rd fh  -- filehandle
)i
VAR
invalid = {"%", rulesym},
str = "™,
tk =",
wrd = [;
--BEGIN
geta(th, str);
WHILE NOT(eof()) ANDstr /= ™ LOOP
-- strip leading spaces
WHILE str /= ™ AND str(1) IN " \t\n" LOOP
str = str(2..);
END LOOP;
-- be aware of comments in input
WHILE str /= "™ AND NOT (str(1) IN invalid) LOOP

IF str(1) IN " \t\n" THEN
wrd with:=  tk;

LOOP

" ENDIF;

tk ="
-- only one white space divides tokens, the rest
WHILE str /= "™ AND str(1) IN "\t
str = str(2..);
END LOOP;
ELSE
tk  +:= str(l);
str = str(2..);
END IF;
END LOOP;
IF tk /= ™ THENwrd with:= tk; tk :=
geta(fh, str);
END LOOP;
RETURNwrd,;

END readWord;

--HHH R P R O CHEHHEHHHHHEHE
--### getToken
--HHHH R P R O CHEHHEHHHEHE

FIRITHHHE 71
H#HH
HIEITHHHE 71

not
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PROCEDURHgetToken(rw  word -- tuple of tokens
)i

VAR
token;

--BEGIN
token := word(1);
word := word(2..);
RETURNtoken;

END getToken;

--HHHHEHHHH I P RO CHHEHHHHIHEHHHHI  HiHE
--###  SubTuple HitH
- BRI P RO CHHEHHHHIHEHHHHI  HiHE

-- checks, if uis in v and returns the index of the first
-- in v witch starts match
-- if nothing was found, O is returned
PROCEDUREBubTuple(rd u, rd v);
VAR

i= 1
-- BEGIN

IF #u <= #v THEN-- matching possible

WHILE i+#u-1 <= #v LOOP

IF u = v(i..i+#u-1) THEN -- match
RETURN:i;
ELSE -- no match
i += 1
END IF;
END LOOP;
END IF;
RETURNO;

END SubTuple;

-~ M HEHHEHH P R O CHEHHHHHHE T Hittt
--###  Substitute #it#
-~ M HEHHEH P R O CHEHHHHHHEH T Hitttt

PROCEDUREubstitute(rd oldtuple, rd newtuple, rw map);
--  substitute occurence of oldtuple in map with newtuple
VAR pos = O0;
-- BEGIN
IF NOT(IS_TUPLE(newtuple))  THEN
newtuple = [newtuple];
END IF;
IF NOT(IS_TUPLE(oldtuple)) THEN
oldtuple = [oldtuple];
END IF;
FORr IN map LOOP-- e.g. r= ['$D", ['$C", "$A"]
WHILE (pos := SubTuple(oldtuple, r(2))) > 0 LOOP
-- there was a matching
r(2) = r(2)(1..pos-1)+newtuple+r(2)(pos+#oldtuple )
END LOOP;
map(r(1)) = r(2);
END LOOP;

END Substitute;

MSEQ implementation

element
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- BH R P RO CHIHEHHIHHIHIR  #HHHHE #H
--### REPLACE HitHt
- BHHEHHHEHHE I P RO CHIHEHHIHIHIR  #HHHHE #H
PROCEDURReplace(rd  oldsym, rd newsym, rw grammar);
-- replaces oldsymbol by new symbol in grammar

VAR h, pos;
-- BEGIN
FORr IN grammar LOOP
h = r1) ;
pos = 1;
IF r(1) = oldsym THENT(1) := newsym; END IF;

WHILE pos <= #r(2) LOOP
IF r(2)(pos) = oldsym THEN
r(2)(pos) ‘= newsym;
END IF;
pos +:= 1;
END LOOP;
grammar lessf:= h;
grammar with:= r;
END LOOP;
END Replace;

--HHHH R P RO CHEHHHHHHHHHHE BT #1
--###  PrintGrammars HitHt

--HHHH R P RO CHEHHHHH T BT #1
PROCEDURFPrintGrammars(rd grms, n, file);

VAR
i .
t

1,

"Grammar(s):  "+str(#grms)+"\tLength of ngram-pattern: "
+str(n)+"\n",

filehdl = open(file, "text-out");

BEGIN

FORg IN grms LOOP
t += "\n"+str(i)+". Grammar ("+str(#g)+" rule(s)):\n";
i += 1
t +:= PrintGrammar(g);

END LOOP;

print(t);

printa(filehdl, t);

close(filehdl);

END PrintGrammars;
- BHHRHHEHHE I P RO CHIHEHHIHHIHIR Bt
--###  PrintGrammar HitHt
- HH B P RO CHIHEHHIHIHIR  #HHHHE #H
PROCEDURFPrintGrammar(rd grmr);
CONST separator ="
VAR

text = ",

toprint = {startsymj}, -- the symbols to print

printed = {},

s := startsym;

BEGIN
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-- startsymbol
LOOP
s from toprint;
IF NOT(s IN printed) THEN
text +:= s +"\t->\t"

FORr IN grmr(s) LOOP

IF r(1) = rulesym THEN
toprint with:= ;
END IF;
IF r = altSym THEN
text +:=  r+"\n\t\t";
ELSE
text +:= str(r)+separator;
END IF;
END LOOP;
text  +:= "\n"
printed  with:= s;
END IF;
IF  toprint = {} THENEXIT; ENDIF;
END LOOP;
RETURNtext;
END PrintGrammar;

--HHH TR P RO CHEHHHEHEHHHEHH
--###  say
--HHH TR P RO CHEHHHEHEHHHHH
PROCEDUREay(rd m);
IF verbose THEN
print("> " m);
END IF;
END say;

-~ M HEHHEH P R O CHEHHHHHHEH T
--### CommandLineParse
-~ M HEHHEH P R O CHEHHHHHHEH T

PROCEDURE ommandLineParse(rw  argv);

-- input: a map of commandline-Options and current  values
VAR = 1,
WHILE command_line(i) /= om LOOP
CASE command_line(i)
WHEN"-i" =
argv  with:= [, command_line(i+1)]; -- inputfile
i += 2
WHEN"-0" =>
argv  with:=  ["-0", command_line(i+1)]; -- output
i +H= 2
WHEN"-n" => -- n-gram length
argv with:= [*-n", unstr(command_line(i+1))];
i += 2
WHEN"-v" => -- verbose
argv  with:= ["-v", TRUE];
i += 1
WHEN"-a" => -- no simplify, full  set of rules

argv  with:= ["-a", TRUE];
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i =1
WHEN"-m" => -- merging multiple grammars
argv  with:= [*-m", TRUE],
i += 1
WHEN"-b" => -- reuse base rules
argv with:=  [command_line(i), TRUE];
i += 1
WHEN"-r*  => -- repetition check

argv with:=  [command_line(i), unstr(command_line(i+1))];

i =2
OTHERWISE=>
print("unknown command line parameter ™,
command_line(i),"!");
RETURNFALSE;
END CASE;
END LOOP;
RETURNTRUE;
END CommandLineParse;

- B P RO CHHIHIHHIHI i
--### Usage Hi#
B P RO CHEHEHIHHEHIE  HHEHEH #

PROCEDURJsage();

print(
"\NnUSAGE: stix mseq -i <sequencefile> [-o <grammarfile>]",
" [-n  <length>] [-v] [a]l [m [-b]] [-r  <rep>]\n",
"Synopsis:",
"\n\t-n ... length of matching pattern (default = 2)",
"\n\t-v ... Verbose",
"\n\t-a .. Al rules, underused rules will not be deleted",
"\n\t-m ... Merging multiple grammars into general grammar",
"\n\t-b ... reuse Base rules of base grammars"+
" (during merging)",
"\n\t-r ... find Repetitions of at least <rep> times"
)

END Usage;

END mseq;
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