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Abstract

In theautomotive industry, thecompilationandmaintenanceof correctprod-
uct configurationdatais a complex task. Our work shows how formal methods
canbe appliedto the validationof suchbusinesscritical data. Our consistency
supporttool BIS worksonanexistingdatabaseof Booleanconstraintsexpressing
valid configurationsandtheir transformationinto manufacturableproducts.Using
a speciallymodifiedsatisfiabilitychecker with explanationcomponent,BIS can
detectinconsistenciesin theconstraintssetandthushelpincreasethequalityof the
productdata.BIS alsosupportsmanufacturingdecisionsby calculatingtheimpli-
cationsof productor productionenvironmentchangeson thesetof requiredparts.
In this paper, we give a comprehensive accountof BIS: the formalizationof the
businessprocessesunderlyingits construction,themodificationsof SAT-checking
technologywe foundnecessaryin this context, andthesoftwaretechnologyused
to packagetheproductasa client-server informationsystem.

1 Intr oduction

Productconfigurationplaysa key role in markets for highly complex productssuch
as,e.g.,in theautomotive or computerindustry[20, 10]. Theseindustriesmanageto
deliverpersonalizedproductswith thepriceadvantagesof massproductionby allowing
customizationwithin standardizedhigh-volumeproductlines.

Especiallyin Europecarbuyerspreferbuilt-to-orderproductsby customizingeach
vehiclefrom a very large setof configurationoptions. E.g., the MercedesC-classof
passengercarsallows more than a thousandoptions,andon the averagemore than
30,000carswill bemanufacturedbeforeanorderis repeatedidentically. Heavy com-
mercialtrucksareevenmoreindividualized,andeverytruckconfigurationis built only
very few timesonaverage.

Electronicproductdatamanagement(PDM) systemsare thereforeemployed to
maintainall knowledgeaboutconfigurationoptionswithin a productline. The need�

This work wassupportedby T-SystemsITS GmbH andDaimlerChryslerAG. Preliminaryresultsof
this article werepresentedat the IJCAI-2001configurationworkshop[29], at IJCAR 2001[15] andat In-
Tech’2001[16].
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for configuration(or useof configurationdata)mayoccurat severalstagesin thepro-
ductionchain,like sales,engineering,assembly, or maintenance.Therequirementson
thePDM systemmaydiffer greatlyfrom onestageto theother[37, 32]. However, the
majorityof commerciallyavailableconfigurationtoolsconcentrateon thesalesaspect,
asthesurvey of SabinandWeigelindicates[25].

In thispaper, we focusontheconfigurationrequirementsfrom theengineeringand
manufacturingdepartmentswhich aresimilar in the sensethat the producthasto be
considerednot merely in functional(sales-)categories,but down to the level of parts
assembly. Especiallyin theautomotive industry, where—asin ourcase—anindividual
vehiclecanconsistof up to 15,000parts,this rulesout theuseof conventionalsales-
configurators.Haag[11] introducesthenotionsof high-level andlow-level configura-
tion, wherethelow-level is characterizedby non-interactive,proceduralprocessing.In
thissenseweaddresslow-level configurationhere.

DaimlerChryslerAG employ themainframe-basedPDM systemDIALOG to man-
ageall possibleconfigurationsof theMercedeslinesof passengercarsandcommercial
vehicles. DIALOG maintainsa databaseof salesoptionsandpartstogetherwith a
setof logical constraintsexpressingvalid configurationsandtheir transformationinto
manufacturableproducts.Someof theconstraintsrepresentgeneralrulesaboutvalid
combinationsof salesoptions,otherformulaeexpresstheconditionunderwhichapart
is includedinto the order’s partslist. It wasfound that it is not humanlypossibleto
keepa data-baseof thousandsof logical constraintsabsolutelydefect-free,especially
sinceit is underconstantchangedueto thephasingin andout of modelsandof parts.
Thus,formal verificationmethodologiesarehighly desirableto weedout residualde-
fectswhicharehardto captureby traditionalqualityassurancemethods.

Thereforeour systemBIS [18] wasdevelopedasanextensionto DIALOG to help
theproductdocumentationstaff increasethequality of theproductdata.We first cre-
ateda formal model of the businessprocessesencodedin DIALOG and converted
globalconsistency assertionsabouttheproductdatabaseinto formulaeof anextended
propositionallogic. BIS itself employs SAT-checkingtechniquesto draw logical con-
clusionsfrom setsof Booleanconfigurationconstraints.By plugginginto theexisting
formal productdocumentation,BIS can validateconsistency assertionson the con-
straintsdatabase,andit cancalculatetheeffectsof configurationchangesonthesetof
requiredparts[18, 29].

BIS is especiallygearedtowardstheindustrialcontext. It is packagedasanobject-
orientedclient-server information systemwith applicationspecificGUI. BIS works
on an extendedpropositionallogic that allows a compactformulation of n-out-of-k
constraintswhich arecommonin our applicationarea.Its prover componentprovides
both efficiency on large inputs [15] and explanationof failed proof attemptswhich
areinvaluablefor locatingdefectsin the database[16]. BIS thereforepreservesthe
formulastructureof thedatabase,avoidingCNFconversion,andfor unsatisfiablesets
it calculatesaminimalsetof thoseconstraintsandtheirconstituentswhicharetheroot
causeof the failed proof [14, 16]. We have alsodevelopedparallelSAT-checkersto
testthespeedlimits of thesystem[3].

Configuration at the engineeringstage.At theengineeringstage,aPDM system
is employed to maintaina databasethatdescribes,independentof any actualorders,
the total setof productsthat themanufactureris ableandwilling to build. Dueto the
size of this set, its descriptionmust be implicit, by listing all constraintsgoverning
admissiblecombinationsof options[8]. Theorigin of the constraintsmay vary from
marketingto physicalto legal considerations.

Traditionally, a salespersonwill bespeakthe individual orderwith the customer.
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TheengineeringPDM systemis thenusedto completetheorderby impliedequipment
options(considera police car), and to checkthe validity of the order by running it
against the constraintsset. Every flaw in the constraintsmay lead to a valid order
rejected,resulting in lost revenue,or an invalid (non-constructible)order accepted,
possiblyresultingin theassemblyline to bestopped.

BIS canhelptodiscoversuchflawsby formally verifyingconsistency conditionson
theconstraints,without testingany realor imaginaryorders.As anexample,BIS can
checkfor eachof the thousandsof salesoptionswhetherit canpossiblybecontained
in at leastonevalid (manufacturable)order. BIS canalsodealwith partially specified
orders,checking,e.g.,whichengineoptionsarestill valid givenapreselectedbodyand
interior, or it cancheckwhichpartscannotpossiblybepartof any vehiclesthatgo to a
certaincountry. This useof BIS concernsthevalidationof a staticsetof constraints.

Configuration at the manufacturing stage.ThemanufacturingPDM systemde-
terminesthebill of materialsneededfor assemblyat a certainplanton a certaindate.
Flaws in themanufacturingconstraintsmayleadto superfluouspartsorderedor neces-
sarypartslacking. Productdocumentationat themanufacturingstageis characterized
by frequenttemporalchange:Partsmaybeavailableor unavailableatcertainpointsin
timeor maybeexchangedby successormodels,subassembliesmayshift from in-house
productionto externalprocurement,assemblylinesmaybereconfigured.Additionally,
changeson the engineeringlevel usuallyhave a direct impacton the manufacturing
documentation.To namejust a few, we canthink of thephasingin andout of supple-
mentaryequipmentor wholemodellines,or sharpenedor relaxedconstraintsbetween
partsor subassembliesdue to further productdevelopment. Here, configurationre-
quirementsaresimilar to theengineeringstage,in thattheproducthasto beconsidered
not merelyin functional(sales-)categories,but down to thelevel of partsassembly.

A specializedversionof BIS [29] containstwo methods,the
���

-methodandthe3-
pointapproach,to computethechangesinducedonthepartslevelbyhigh-levelproduct
changes.Thesemethodsgeneratepropositionalformulaewhich arethenchecked for
satisfiability. Thus,bothmodelyearchangeandproductionrelocationcanbehandled.

Prover technology. TheBIS systemis foundedon state-of-the-artSAT-checking
techniques.Our initial feasibility studydeterminedthat (at the time) no other tech-
niquewe tried couldcomeclosein speed;in particular, no variationof BDDs we tried
could handleformulasof our sizes. SATO [38] was the first systemwith which we
could prove an interestingsetof assertionson realistic inputs. Subsequently, we de-
velopedour own SAT-checkersin responseto thedemandsof our application:speed,
explanation,andanimproveddocumentationlogic.

First, our prover avoids the initial conversionof the input to conjunctive normal
form (CNF). Our formulasare so large that naive CNF conversionby applying the
distributivity law failed for lack of memoryand time. Advancedmethods[33, 31]
weresuccessfulbut they still took aboutaslong astheSAT checkingproper. Speedis
importantin ourapplication,becausethousandsof theoremsmustbeprovedwhile the
documentationspecialistwaits.

Second,an explanationcomponentwasaddedto BIS. In industrialapplications,
therealvalueof formal validationis asa sophisticateddebuggingaid ratherthanasa
tool for total verification. Even if all validationssucceedat theendof a development
cycle,thereis noguaranteethattheproductdocumentationis totally correct.However,
every timea validationattemptfails, it is desirableto understandthecauseandcorrect
thedocumentation(or theproductitself). In ourcase,theproductdocumentationis set
up by a groupof experiencedapplicationexpertsandis almostdefect-free.A failed
assertionusuallypoints to an exotic (but possiblycostly) casethat is ratherdifficult
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to tracefor a humanexpert. Thereforeit is absolutelynecessaryfor BIS to explain
quickly and succinctlythe causesof a failure to prove an assertion. In our case,a
failed proof correspondsto an unsatisfiableset,andBIS computesa minimal setof
constraintsandtheir constituentswhicharetheroot causeof unsatisfiability. Theneed
for explanationis a furtherreasonto avoid CNF conversion,becausethis destroys the
original formula structureandmay introduceextraneousvariables,which rendersan
explanationin termsof theCNF form ratheruseless.

Third, oneof the bestmeansto avoid defectsin the productdocumentationis an
adequatedocumentationlogic which allows naturalandperspicuousformulationsof
thebusinessconstraints.Booleanlogic is agoodchoicebecauseit is easyto understand
andadmitsdecisionproceduresandefficient provers. However, popularconstraints
suchas “a car must have exactly one motor out of a set of options” translateinto
rathercomplex setsof constraints.Thereforewe extendedBooleanlogic by a general
selectionoperatorandbuilt a prover for theextendedlogic. This approachalsotrades
documentationspacefor verificationtime.

The remainderof this paperis now organizedasfollows. In Section2, we begin
with an exposition of the documentationmethodusedat DaimlerChrysler. In Sec-
tion 3, we give a rigorousformalizationof the algorithmsusedfor orderprocessing
andconfigurationon the engineeringandmanufacturingstage,followed in Section4
by a summaryof validationpropertieswe identifiedasimportant,togetherwith their
translationsinto formal consistency assertions.In Section5, we describethemanage-
mentof changeat the manufacturinglevel, andhow it canbe handledusing formal
methods.In Section6, we thenturn to specialdemandson the proof procedurelike
explanationandtheir integrationinto BIS, followedby a shortexpośe of theBIS soft-
warearchitecturein Section7. In Section8,wesummarizeourexperienceswith formal
methodsin industry, in Section9 wecomparewith relatedwork, andin Section10 we
giveabrief conclusion.

2 Product Documentationfor DaimlerChrysler’ s Mer-
cedesLines

We now describethePDM systemDIALOG thatis usedin its two variantsDIALOG/E
and DIALOG/P in the engineeringresp.productiondepartmentsof DaimlerChrysler
AG for configurationof theirMercedeslines.Ourdescriptionis alreadyin termsof the
abstractlogicalmodelwhichwehadto derive for ourverificationpurposes[18].

2.1 Documentationat the EngineeringStage

In the terminologyof SabinandWeigel [25], DIALOG is a rule-basedreasoningsys-
tem for batchconfiguration.It consistsof a function-orientedandof a parts-oriented
level. Theformeris drivenby codesandrules. Ruleson this level serve two functions:
they (1) describeconstraintsbetweencodesand(2) areusedfor completingpartially
specifiedorders.Codesmayeitherbeequipmentcodes(salesoptions)or control codes
(internalsteeringcodes,e.g.for production).Thefunctionallevel constitutesadescrip-
tion of thesetof manufacturableproductsfrom anengineeringpointof view, whichwe
will alsocall the productoverview in the following. Theparts-orientedlevel is char-
acterizedby amodularizedhierarchicalpartslist, wherealternativesareselectedbased
on rules. Theserulescontainthe function-orientedsalesandcontrolcodesandthere-
foreprovide themappingfrom thehigh-level functionalto thelow-level aggregational
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view. Thestructureof theproductis reflectedin themodulehierarchy. More informa-
tion on the documentationmethodanda synopsisof the requirementsfrom different
departmentscanbefoundelsewhere[18, 16].
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Figure1: Processingacustomer’sorder.

A customer’s orderwithin DIALOG/E consistsof a model line selectiontogether
with a setof further equipmentcodeswhich describeadditionalfeatures.Eachcode
(equipmentcodeor control code)is representedas a Booleanvariablein the docu-
mentation.It is setto true (1) exactly whenthe pieceof equipmentis chosenby the
customer. Thus,an order is a fixed assignmentto the propositionalvariablesof the
productdocumentation.Alternatively, we identify anorderwith thesetof codesthat
areassignedto true. For homogeneity, partsmayalsobeviewedasBooleanvariables,
althoughthis correspondenceis utilized neitherin theDIALOG systemnor in our for-
malization.Ordersareprocessedin threemajorsteps,asdepictedin Figure1: (1) order
completion,(2) constructibilitycheck,and(3) partslist generation.All of thesesteps
arecontrolledby rules.Rulescanbeof threedifferenttypes,reflectingthethreeorder
processingsteps. All rules \ areof the form \^]`_badc�e�fhg , where aic is a proposi-
tional logic formulaand f is the dataentity the formula is assignedto, which canbe
eithera codeor a part. A rule’s formula is built from the usualBooleanconnectivesj eIk , and l , andfrom thecodesservingaspropositionalvariables.No restrictionsare
placeduponthestructureof therules’ formulae,sothereis, in particular, norestriction
to Horn formulae. The whole orderprocessingis controlledby evaluatingthe rule’s
formulaeunderthe (complete)variableassignmentinducedby the customer’s order,
andexecutingsuitableactionsbasedon whetherthe formula evaluatesto true (1) or
false(0).

Let us denoteby mdn f , resp. o�n f , the uniquesupplementing,resp.constructibility,
rule that is associatedwith eachcode f . For a supplementingrule min f , or a con-
structibility rule o�n f , weusethenotationmqpbfhr , resp.ospbfhr , to referto therule’spropo-
sitional formula. Similarly, for partsselection,we usethe notation tun v to indicate
the uniquepart selectionrule of part v 1, and tspwvxr to denotethe formula of rule tun v .
Table1 showsexamples.

Wenow describetheactionsof eachrule typein moredetail.

Supplementingrules. Theordercompletionor supplementingprocessaddsimplied
codesto anorder. Thesupplementingformula mqpbfhr of rule mdn f specifiesthecondition
underwhichcodef is addedtoorder y . When mzpbfhr evaluatesto trueunderthevariable
assignmentinducedby y , i.e., when y is a (logical) modelof mqpbfhr , thencode f is
addedto thatorder. Theordercompletionprocessis repeateduntil no furtherchanges

result.Wedenoteby y|{;} c~(~�� y�� theactionof addingcodef to order y resultingin y��
whenformula mqpbfhr evaluatesto trueunder y .

1Moreprecisely, we referto thepositionsof partsratherthanto thepartsthemselves[18].
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rule type formula
S.231 supplementing �!��� j p M �<��� k M �<�<� r j p � XXL k �!��� k �;�;� L k�;�<� L r j l �<�;�
C.231 constructibility p M113 k M628 k�p�p M112 k M613r j p R k ���;� r jp 2XXL k �;��� k 403L k 406Lr j l �<�;� r
P.81263A partselection p M613 k M628r j l �<���

Table1: RuleExamples

Constructibility check rules. Constructibilityof a customer’s order is checked ac-
cordingto thefollowing scheme:For eachcode f thereis a constructibilityrule o�n f .
Its formula ospbfhr interrelatesf with othercodesby encoding,e.g., requirementsor
exclusionconditionsfor usingcode f . A codeis calledconstructibleor valid within a
givenorder y if ospbfhr evaluatesto trueundery . All codesof apossiblysupplemented
ordermustbevalid in aconstructibleorder, andnon-constructibleordersarerejected.

Parts selectionrules. The partslist is hierarchicallystructuredusingmodules,po-
sitions, and variants. Parts are groupedinto modulesdependingon functional and
geometricalaspects,positionscontainmutuallyexclusivealternativeparts,calledvari-
ants,for eachinstallationpoint. A part v is selectedbasedonits partselectionrule tun v :
part v is includedinto thebill of materialsfor y if andonly if therule’s formula tspwvxr
evaluatesto true underthecheckedandpossiblysupplementedorder y . Consider, as
anexample,anorder y consistingof thecodesM628and494,i.e. y�]�� M628e 494� .
Assumethatthis orderis left unchangedby theordercompletionprocessandthatit is
constructible.Thenthepartselectionrulesareevaluatedundery ’sassociatedvariable
assignment,i.e., thefunction ysp M628ru]�ysp 494ru] � and yspbfhru] � for all other f .
Evaluating,for example,81263A’s partselectionrule shown in Figure1, we find that
it evaluatesto true,since y�p M628r�] � and ysp 260r�] � . Thereforepart81263Ais
includedinto thebill of materialsfor order y .

Theexpositionlaid down in thelastsectionpresentsa simplifiedview of thefunc-
tioning of the DIALOG system.The real systemknows, e.g.,differentkinds of con-
structibility andsupplementingrules.It is alsopossibleto have severalrulesof a kind
for eachcode,or no rulesat all. Moreover, partselectionrulesusea differentformula
encoding.A formalizationof thislessabstractview of DIALOG canbefoundelsewhere
[28].

We will now turn to documentationat the manufacturingstageand explain the
extensionsrelative to theengineeringdocumentationjustpresented.

2.2 Documentationat the Manufacturing Stage

Engineeringproductdocumentationreflectsan idealizedsnapshotof the engineering
capabilitiesat a fixedpoint in time. It representsthe mostup-to-datepictureof what
engineersareableto accomplish.Thisdiffersfrom productdocumentationat theman-
ufacturinglevel, whereotherissueshave to betakeninto account,e.g.: Is a partavail-
ableatacertainpoint in time?At whichproductionline cantheproductbeassembled?
Whichversionof theproductis to bemanufactured?

Mainly, the differencebetweenengineeringandmanufacturingdocumentationis
theinclusionof timedependenciesandproductioncircumstancesinto thelatter. Within
DIALOG/P this is accomplishedby addinga validity time interval andtiming control
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codesto eachrule of the DIALOG/E system. In DIALOG/P, a rule \ is therefore
equippedwith avalidity time interval2� p�\�r�]�� ����p�\�r�e��
�dp�\�r�r
with ����p�\�rq ¡�
�dp�\�r , indicatingtheearliestandlatesttime at andbetweenwhich rule\ is valid. \ canbe eithera supplementingrule mdn f , a constructibilityrule o�n f , or
a part selectionrule tun v . An invalid rule is interpretedasswitchingoff its actionof
supplementation,constructibilitycontrol, or part selection.To enablemorecomplex
temporalprocessessuchasthephasingin andoutof parts,eachruleadditionallyowns
a startinganda stoppingcontrol code ¢q¢ � , resp. ¢q¢ � , which allows to overridethe
time interval limits. Intuitively, themeaningis asfollows: ¢q¢ � anticipatesthestartof
thetime interval, i.e., rule \ is valid evenbeforethestartof thespecifiedtime interval,
provided that thestartingcontrol code ¢q¢ ��p�\�r is presentin the order. Analogously,¢q¢ � anticipatestheendof the interval in thesensethat rule \ is invalid evenbefore
theendof thetimeinterval, assoonasthestoppingcontrolcode¢q¢ �ip�\�r occursin the
order. Theexactformalizedmeaningwill begivenbelow.

3 Formalization of the DocumentationSystem

Although the rules of DIALOG are propositionallogic formulaeand thereforehave
a clear semantics,this doesnot necessarilyimply a likewise clear semanticsof the
documentationsystem.This is dueto thealgorithmsbuilt into DIALOG to interpretand
executerules.For example,theorderin which rulesarecheckedandcodesareadded
duringtheordercompletionprocesscanbedeeplyembeddedin DIALOG’s algorithms
anddependon factsnot visible to thedocumentationsystemuser. As a consequence,
weeitherhave to includeall thealgorithmicdetailsin ourconsideration,or wehave to
abstractfrom themin ourexaminations.Wehavedecidedfor thelatter.

Ignoringthealgorithmicdetailsof orderprocessing,weconcentrateontheresultof
theoverall orderprocessingschema,i.e. we try to find a manageablerepresentationof
thesetof all constructibleorders(which is theproductoverview) in onepropositional
formula. This semanticsof the productoverview in turn builds on the semanticsof
individual rules,which is now introduced.DaimlerChryslerdoesnot usethis seman-
tics at any point within DIALOG to checkindividual orders,but it is of greathelp in
analysingthe system,and to expressconsistency assertionsaboutthe rule baseasa
whole. A justificationof our propositionalverificationsemanticsandproofsconnect-
ing DIALOG/E’s ruleswith it canbe found elsewhere[18]. In a first step,we only
considerthesemanticsof theDIALOG/E system.

In our context, the verificationsemanticsof a rule is a propositionalformula,de-
notedby � �¤£ ¥ ¥ . So, e.g., � � o�n f¦¥ ¥ denotesthe semanticsof constructibilityrule o�n f . For
supplementingandconstructibilityrules,theverificationsemanticscanalsobeviewed
asapostconditionthatholdsaftersuccessfulexecutionof theruleby DIALOG. For part
selectionrules,thesemanticsdenotestheconditionunderwhich thepartis includedin
agivenorder.

In Figure2, formaldefinitionsof therulesemanticsareshown, togetherwith some
derived formulaedescribingfurther importantproperties:FormulaPO describesthe
productoverview, i.e., thesetof all constructible,fully supplementedorders.This set
is characterizedby the propertythat for eachcode f out of the set § of all available

2By ¨ ©�ª�«�¬ , resp. ®©�ª0«�¯ , wedenoteclosed,resp.open,intervals.
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Supplementingrules: � � mdn f¦¥ ¥±°w]²mqpbfhr�³^f
Constructibilityrules: � � o�n f¦¥ ¥±°w]´f�³µospbfhr
Productoverview: ¶u· °w] ¸c�¹�º » � � mdn f¦¥ ¥ j � � o�n f¦¥ ¥½¼
Part selectionrules: � � tun v¾¥ ¥±°w]¿tspwvxr
Ordervalidity for order y : yÁÀ ] ¶u·
Selectionof part v for order y :yÂÀ]Ã� � tqn v¾¥ ¥

Figure2: VerificationSemanticsof Rules.

codestwo propertieshold: First, as a result of the supplementingrules’ semantics,
for eachordersatisfyingthesupplementingformula mqpbfhr , thecode f itself hasto be
containedin that order. This reflectsthe fact that an orderwhich satisfiesmqpbfhr , but
doesnot contain f is not fully supplemented.Theotherway round,however, f may
be includedin the ordereven if mqpbfhr is not satisfied.And second,asa resultof the
constructibilityrules’ semantics,if code f is partof theorder, thenits constructibility
condition ospbfhr musthold. Thus,a constructibleandfully supplementedorder y is a
logicalmodelof PO,i.e., yÁÀ ] ¶u· , andpart v is includedin thebill of materialsfor an
order y if yÁÀ ]�� � tun v�¥ ¥ .

As anexample,considerthefollowing setof rulesfor theproductoverview:mdn fÄ]Å_�liÆzk±ldÇÈe�fhg o�n f�]Å_�lÉÇÈe�fhgmdn ÇÅ]Å_�ÆÊe�Ç¦g o�n ÇÅ]Å_�ÆÊe�Ç¦g (1)mdn¤Æ�]Å_�ËÌe�Æ;g o�nÆ�]Å_CfÍkÄldÇÈe�Æ!g
Then,e.g.,code f is addedto an order y if Ç or Æ is missing,and f is constructible
only if Ç is notpartof theorder, while Æ is constructibleif either f is alsocontainediny or Ç is missing.Theverificationsemanticsof min f is � � mdn f¦¥ ¥h]ÎliÆÏkÍldÇÍ³Ðf , andthat
of o�n f is � � o�n f¦¥ ¥x]¡fÄ³`ldÇ . Therefore,wegetasformulafor theproductoverview¶u· ]Ñp0l�ÆÒkÄldÇÅ³^fhr j pbfÄ³`ldÇ¾r jp�ÆÌ³^Ç¾r j pbÇÅ³µÆ;r jp0ËÎ³`Æ;r j p�Æ�³^fÍk±ldÇ¾r�e
which simplifiesto

¶u· ]Óf j ldÇ j liÆ . Thus,theonly constructibleorderthatcan
possiblyappearat thepartselectionstageis yÔ]���f � .
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This semanticsis suitablefor DIALOG/E, but asit doesnot considervalidity time
intervals, it hasto beextendedby a precisesemanticsfor temporalaspectsin orderto
beappropriatefor DIALOG/P. Theextendedsemanticsis shown in Figure3.

Timedformulasemantics:

� � aue��0¥ ¥CÕ^°w] Ö×Ø ×Ù a j ¢q¢ ��p�\�r j l ¢q¢ �ip�\�r if �ÛÚÜ����p�\�r ,a j l ¢q¢ �ip�\�r if ����p�\�rÝ Ü�ÛÚÜ�
�ip�\�r ,Ë if �ÛÞÜ�
�dp�\�r .
Supplementingrules:� � mdn f�e��0¥ ¥±°w]ß� � mzpbfhr�e���¥ ¥ {;} cà³^f
Constructibilityrules:� � o�n f�e���¥ ¥±°w]´fÄ³²� � ospbfhr�e��0¥ ¥âá } c
Productoverview:¶u· pb��rã°w] ¸c�¹�º » � � mdn f�e��0¥ ¥ j � � o�n f�e��0¥ ¥ ¼
Part selectionrules: � � tun väe���¥ ¥±°w]ß� � tspwvxr�e���¥ ¥Cå } æ
Ordervalidity for order y at time � :yÂÀ] ¶u· pb��r
Selectionof part v for order y at time � :yÁÀ ]Ã� � tun väe���¥ ¥

Figure3: VerificationSemanticsof TimedRules.

The generaltime-dependentsemantics� � aue��0¥ ¥âÕ of formula a belongingto rule \
generatesa formula a � representingthe interpretationof formula a at time � , consid-
ering thecontrolcodesandtiming intervalsof rule \ . Beforestartingtime ��� of rule\ , thetimedformula a�� is only valid if startingcontrolcode ¢q¢ � is setandstopping
controlcode¢q¢ � is notset.Between��� and �
� therule is valid aslongasthestopping
controlcodeis not set,andafter �
� therule is never valid. Note that,althoughan in-
valid rule’s formulais alwaysequivalentto Ë , theinterpretationof thewholerule can
differ. So an invalid formula in supplementingrule mdn f generatesthe rule semanticsËç³Ñf which is equivalentto è , andthusswitchesoff the supplementationof codef . On the otherhand,an invalid formula in a constructibilityrule o�n f generatesthe
rule semanticsfé³êË or, equivalently, ldf , which excludescode f from any order,
thusswitchingoff constructibilityof codef . Productoverview, ordervalidity, andpart
selection,arestraightforwardextensionsof their untimedcounterparts.

Thereare two final remarks: First, the rangeof the startingand stoppingtimes
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��� and �0ë canbeextendedby thepseudo-values ì�í and ~ í in orderto modelun-
boundedtime intervals. Second,if thecontrolcodesarenot set,they areinitialized to
theirdefaultvalue Ë . Soin caseof unspecifiedcontrolcodes,wegetasimplifiedtimed
rule semantics: � � aue���¥ ¥âÕî]|ï a if ����p�\�rÝ ð�ÝÚÜ�
�ip�\�r ,Ë otherwise.

4 Maintenanceand Validation Issues

Due to the complexity of automotive productdocumentation,someflawed rules in
thedatabasearealmostunavoidableandsometimesvery hardto find. Moreover, the
rule basechangesconstantly, evenbetweenmodelyearchanges,andrulessometimes
introducedependenciesbetweencodeswhich at a first sightseemnot to berelatedat
all. As therule basenot only reflectstheknowledgeof engineers,but alsoworld wide
legal andmarketing restrictions,the complexity seemsto be inherentin automotive
productconfiguration,andis thereforehardto circumvent.

We subdivide thevalidationissuesinto two categories:staticconsistencycriteria
anddynamicconsistencycriteria. Whereastheformerconsideronly a fixedsnapshot
of the product,andanalyzepropertiesof its documentationat this point in time, the
latter alsotake the evolution of the productandthe productionprocessover a whole
periodof timeinto account,andinvestigatedifferencesbetweentwo or moresituations.

Of course,documentationhasits own developmentandhistory by itself. We de-
notethis evolution consistingof updatesto the rulesin the documentationsystemby
documentationevolutionanddistinguishtwo reasonsfor documentationevolution,dis-
regardingpurely administrative updatesnot causedby externalevents: Either caused
by modificationsof theproductitself or by changesto theproductionenvironment.We
call the associateddevelopmentsproductevolutionandproductionevolution, respec-
tively.

Typically, thesetwo aspectsof evolution arealsoseparatedin thedocumentation.
Productevolution is mainly consideredin documentationat the engineeringstage,
whereasproductionevolutionis partof documentationatthemanufacturingstage.This
differentiationalsocarriesover to the separationinto staticanddynamicconsistency
criteria.

4.1 Static ConsistencyCriteria

Independentof therealproduct’s propertiesthereareconditionsthata consistentdoc-
umentationis supposedto possess.E.g., all partsshouldoccur in at leastonecon-
structibleproductinstance,andany equipmentcodeshouldbecompatiblewith at least
oneorder. Wecall thesea priori conditions,becausenoexplicit knowledgeof theprod-
uct andtheconstraintsgoverningits constructibilityis neededin orderto setup these
criteria.We identifiedthefollowing databaseconsistency criteriato beof relevance:

Inadmissible codes: Are thereany codeswhich cannotpossiblyappearin any con-
structibleorder?

Consistencyof order completion: Are thereany constructibleorderswhichareinval-
idatedby the supplementingprocess?Doesthe outcomeof the supplementing
processdependon the(probablyaccidental)orderingin whichcodesareadded?
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Superfluousparts: Are thereany partswhichcannotoccurin any constructibleorder?

Ambiguities in the parts list: Are thereany ordersfor whichmutuallyexclusiveparts
aresimultaneouslyselected?

Consistency of ordercompletionis baseduponthe assumptionthat a customer’s
order that initially fulfills all constructibility rules is not invalidated, i.e. changed
to an order that is not constructibleany more. Moreover, as the evaluationorderof
supplementingrulesis not explicitly settled,the orderof actualrule applicationmay
influencethe final result. Considerasan examplethe supplementingrules min f withmqpbfhrÄ]ñl�ÆÅkòldÇ and min Ç with mzpbÇ¾r±]µÆ , and an initial customer’s order y con-
sistingonly of the code Æ , i.e. yó]ô��Æ � . First applying min f andthen mdn Ç resultsin
theextendedorder y � ]Â��f�e�ÇÈeIÆ � , whereasfirst applying mdn Ç andthen mdn f resultsiny � � ]Ô��ÇÈe�Æ � .

Besidestheseconditionsindicatingpossibledocumentationfaults,thereareother
teststhatareof a moreinformative andsynopticnature:

Necessarycodes: Codesthatmustinvariablyappearin eachconstructibleorder.

Groupsof mutually exclusivecodes: Setsof codesfrom which at mostonecanbe
presentin eachconstructibleorder.

Valid additional equipmentoptions: Codesby whichasetof orderscanpossiblybe
extendedwithout loosingconstructibility.

Our systemBIS doesnot checkthesecriteria on the basisof existing (or virtual)
orders,but by calculatinglogical conclusionsfrom theproductdocumentationitself.

By incorporatingadditionalknowledgeon which carmodelscanbemanufactured
and which cannot,further checksmay be performed. Besidesrequiring additional
knowledge,thesetestsoftendonotpossessthestructuralregularityof theabovecriteria
andthuscannotbehandledassystematicallyastheothertests.

4.2 Dynamic Validation Criteria

Typical questionsregardingtheevolutionof theproductinclude:

Induced changeon the parts level: What are the effects on the parts level when a
changein theproductoverview takesplace?

Summary of product changes: Which ordersbecomeconstructibleover a periodof
time,andwhichbecomeinvalid?

Time intervals with no constructible orders: Is thereany point of time where—ac-
cordingto thedocumentation—noproducts,or no productswith a certainprop-
erty, canbebuilt?

Especiallythe first of thesequestionsis of utmostimportancefor the production
departmentaswe will explain in detail lateron.
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4.3 Formalization of ConsistencyCriteria

Usingtheformalizationof Section3, checkingconsistency of thedocumentationsys-
tem canbegroundedon a firm basis. In the following, we will give encodingsof all
our staticanddynamicconsistency criteriaaspropositionalsatisfiability(SAT) prob-
lems.Most of thecriteriaareformulatedaspropositionalvalidity problems,but asthe
unsatisfiabilityof a formula a is equivalentto thevalidity of lia , beingableto check
thesatisfiabilityof a formulais completelysufficient.

4.3.1 Encodingof Static ConsistencyCriteria

Consideringtheinformalstaticconsistency criteriaof Section4.1,wecannow givethe
following precisevalidationconditions:

Inadmissible codes: Codef is inadmissibleiff
¶u· ³`lÉf is valid.

Superfluousparts: Part v canberemovedfrom a positionin thesystemdocumenta-
tion providedthat

¶u· ³`litspwvxr .
Ambiguities in the parts list: Parts väõ and vxö , which are assumedto be mutually

exclusive, arenever selectedsimultaneouslyprovided that
¶u· ³÷lup�tspwväõIr jtspwvøöùr�r holds.

Necessarycodes: Codef is necessarilycontainedin any constructibleorderif
¶u· ³f holds.

Groupsof mutually exclusivecodes: Thegroupof codesú ]Á��f�õùeûnûnùnûe�fÈü � is mu-
tually exclusiveprovidedthat¶u· ³ ¸õ�ýÈþ�ÿ �ûýÈüþ��� � lupbfÈþ j f���r n

Valid additional equipmentoptions: A valid order fulfilling the additionalrestric-
tion a canbeextendedby equipmentoption f if f

¶u· j a j f is satisfiable.

Whereasall thesecriteriacanbeformulatedwithout referringto multiple compu-
tationstates(regardingtheorderprocessingalgorithm),this is not the caseany more
whenwe considerthequestionof consistency of theordercompletionprocess.Here,
thesituationis morecomplicated,asreferencesto at leasttwo computationstatesmust
be made: In caseof ordersinvalidatedby the ordercompletionprocess,we needto
comparestatesdescribingthe orderbeforeandafter addingthe supplementedcode;
in caseof orderingof rule applicationswe have to comparetwo statesarising from
applyingdifferentsupplementingsteps.

Referenceto two differentstates,i.e. two differentvariableassignments,is not (di-
rectly) possiblein propositionallogic. Fortunately, however, thevariableassignments
correspondingto two different statessimultaneouslyunderconsiderationarealmost
identical,anddiffer only on very few variables. This enablesus to useformula re-
strictions a À c ��� , which aredefinedfor a formula a , a propositionalvariable f , anda
Booleanvalue �	� � � e ��� asthe(unique)homomorphicextensionof thefunction

f�À 
 ��� ] Ö×Ø ×Ù è if fÄ]¡ÇÈe � ] � eË if fÄ]¡ÇÈe � ] � ef if f��]¡Çøn
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to thesetof all propositionalformulae. Informally, the formularestriction a À c ��� can
beunderstoodaspartiallyevaluatinga for theassignmentfÄ] � .

Formally defining the supplementingaction relation {;} c~(~�� of Section2.1 we get:{;} c~(~�� is thesmallestrelationwith y {<} c~(~�� y � providedthatthesethreeconditionshold:y � ]�y�� ��f � , f��� y , and y À ]Ômqpbfhr . Thus,thesupplementingactionrelationcanbe
understoodasa shorthandfor simultaneoussatisfactionof all threeconditions.Here,
we identify theorderasa setof codesy with theorderasa characteristicfunctionon
thesetof all known codes§ .

Wecannow statealemmaallowing assertionsinvolving severalcomputationstates.

Lemma 4.1 [See[18]] Let y|{;} c~(~�� y�� . Then y��dÀ ] a iff yÁÀ ] a À c � õ .
Proof. First,notethat y � ]éy � ��f � . Weprovethelemmaby inductiononthestructure
of a . The lemmais obvious for a ] è and a ]çË . Assumethat a is atomic,i.e.aç]�Ç for somepropositionalvariable Ç . We destinguishtwo cases.First, if f��]ÃÇ ,
then ÇäÀ c � õÍ]ÂÇ and,as y � pbÇ¾r�] yspbÇ¦r , the claim holds. Second,if fÜ]ÁÇ , then,bya À c � õq] f�À c � õz] è , y À ]éa À c � õ holds,and y � À ]Îa , becausef � y � . Now, assumea ] l ú . Since p0l ú rùÀ c � õ�] lup ú À c � õIr , the inductionhypothesisalreadyprovesthe
lemma.ThecasesaÔ] ú k�� and aÔ] ú j � arehandledaccordinglyusingthefact
thattherestrictionis ahomomorphism.

Note,that theconsequenceof this lemmaalsoholdsfor statesy with y��À ]�mqpbfhr ,
but then the supplementingrule would not be applicable. We are now placedin a
positionto formally expresstheremainingstaticconsistency propertiesaboutthesup-
plementingprocess.

Consistencyof the order completionprocess:Let ¢ · °w]�� c�¹�º � � o�n f¦¥ ¥ betheverifi-
cationsemanticsof all constructibilityrules,i.e. ¢ · describestheconstructible,
but not necessarilyfully supplemented,orders. Thenno ordersareinvalidated
by thesupplementingprocessexactlywhen¢ · j mqpbfhr�³ ¢ · À c � õ
holdsfor all f � § . Theorderof supplementingrule applicationfor rules mqpbfhr
and mqpbÇ¾r is irrelevantprovidedthefollowing holds:¢ · j mqpbfhr j mqpbÇ¾r�³µmqpbfhrùÀ 
 � õ j mqpbÇ¾rùÀ c � õ n

Thelastpropertyis a sufficient,but not necessary, conditionfor orderinvariance,asit
even requirespermutabilityof the two supplementingrulesfor f and Ç . The general
casedemandsfor apropositionallogic specificationof the(local)Church-Rosserprop-

erty for relation {;} c~(~�� , andthereforerequiresencodingarbitrarily long supplementing
chainsthatmayleadto areunificationof theinitially differentorders.A morein-depth
discussionof thelimitationsof ourapproachcanbefoundin [18].

4.3.2 Dynamic ConsistencyCriteria

Formalizingtherequirementsof Section4.2wearriveat thefollowing criteria.

Induced changeon the parts level: Theimplicationsof changesontheproductover-
view consistof additionalandsuperfluousparts.Wewill handlethisandvarious
specializationsin detailbelow.
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Summary of product changes: Assumingfixedtimes ��� and ��õ with ��� before��õ , the
modelsof formulae

¶Û· pb��õIr j l ¶u· pb����r and
¶u· pb����r j l ¶u· pb��õIr describethe

newly constructible,respectively no longerconstructible,orders.

Time intervals with no constructible orders: Assumingan additionalrestriction a
on orders,the times ��� during which no ordersfulfilling property a arecon-
structible,is determinedby

��� ] ���zÀÊp ¶u· pb��r j aÌr is not satisfiable� n
Computationof this setof timesis accomplishedby first extractingall relevant
startingandstoppingtimes

� Õ ]��ø����p�\�r�e��
�dp�\�r���� \ � �c�¹�º ��mdn f�eIo�n f �"!
from thedocumentation,orderingthis setsuchthat � Õ ]�������eûnùnûnûe���# � for some$

and �
þÏÚÜ�
þ&%dõ , andthenperformingthecheckwhether
¶u· pb��r j a is satisfiable

for eachsamplepoint �Ò] õö pb�
þ ì �
þ&%iõ(r and �  �' Ú $ . Theresultfor sucha �
thenholdsfor thewholeinterval � �
þ�e��
þ&%dõIr .

5 Managementof Change

Many yearscanpassbetweenthefirst prototypeof a new productandthelast time an
instanceof it is manufactured.It is not surprisingthat during this periodof time the
productitself aswell astheproductionenvironmentmayundergoconsiderablechange.
All this hasto bereflectedin theproductdocumentation.Amongstthemany possible
changesa productand its productionprocesscanundergo, we exemplarily pick out
threesituationsthat make up a hugepart of the changesin the automotive industry.
Thesearepartsexchange,equipmentcodestart-upandexpiry, andassemblyline re-
configuration.Thesescenarioscover changesof both the productandtheproduction
environment,andincludemodificationsof boththeproductoverview andthepartslist.

5.1 Typical Scenariosof Change

5.1.1 Parts Exchange

Thereasonsthatmake theexchangeof partsnecessarycanbemanifold,e.g. technical
progress,changebetweenin-houseproductionandexternalprocurement,or changeof
thesupplier. Theway in which theexchangeis performedmayalsovary. Theremight
bea cut-off dateat which part väõ is replacedimmediatelyby part vøö asis depictedin
Figure4a). Or theexchangehasto take placeover a periodof time duringwhich both
variantswith eitherpart väõ or part vxö have to be manufactured,andfor eachproduct
instanceit is exactlydeterminedby controlcodeswhichof thetwo partshasto beused,
asis shown in Figure4b). A third possibility is that thenew part vxö hasto beusedas
soonaspart v�õ runsout of stock. This is similar to thefirst case,but now thecut-off
dateis not fixed, but variable. As noneof our dynamicconsistency criteria directly
dealswith partexchange,wedonot considerthis specialcaseany further.

Fixed-timeaswell asoverlappingpartsexchangecanbe modeledeasilywith the
controlcodeandtime interval additionsof DIALOG/P.
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Figure4: Part Exchange:a) FixedTime b) Overlapping.

In thefixed-timecasewe getthefollowing conditionsfor theselectionrules t õq]tun väõ and tiöz]étun vxö of partsv�õ andvxö to modela partsexchangeat time ��õ :�
�ip�t õIrÏ]¡��õ ����p�tiöùr�] ��õ n
Theothertime values���äp�t õ(r and �
�dp�tiöùr maybesetto sensiblevaluesarbitrarily, the
controlcodesareleft unspecified.

To modelanoverlappingpartsexchangewe needsupportfrom thecontrolcodes.
Leaving thestarttimeof theoverlapinterval open,andassumingtheendof theoverlap
at time ��ö , weget: �
�dp�t õIrÏ]¡��ö ���äp�tiö�r�]¡��ö¢q¢ �dp�t õIrÏ]¡fVm ¢q¢ �äp�tiö�r�]¡fVmûe
where fVm is the control codeof the overlap,i.e. all orderscontainingfVm usepart vxö ,
ordersnot containingfVm usepart väõ . Again, the remainingtime valuesmaybesetto
any suitablevalue,thecontrolcodesnot mentionedareleft unspecified.If theinterval
starttimeis to befixed,thishasto becontrolledusingtheconstructibilityruleof control
codefVm . Adding ����p�o�n fVm�rÏ]¡��õ wegetthebehavior depictedin Figure4b).

5.1.2 Equipment CodeStart-up and Expiry

New equipmentcodesmayshow upaspartof thecontinuousdevelopmentof products.
Otherequipmentcodesmayrun out becausethey arenot requestedby customersany
moreor they have beenintegratedinto standardpackages.Most of thesechangesare
triggeredby the engineeringor even the salesdepartment.This is in contrastto the
caseof timing control codes,which aresetby the productiondepartment,mainly to
handlemodelyearchange.Model yearchangeis animportantissueandrequiresa lot
of re-documentation,asusuallyquitesubstantialpartsof theproductchangefrom one
yearto another. Most of theoverlappingpartsexchangesmentionedabove stemfrom
thismodification.

What makescodestart-upandexpiry a non-trivial documentationtaskis that the
high-level changesof theproductoverview influencethe low-level partsstructurevia
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thepartsselectionrules tun v . In caseof startingandstoppingcontrolcodesthedirect
influenceis clearlyvisible, but this maynot bethecasefor othercodes,or if a timing
controlcodeis usedinsidea rule.

Suchinduced,dependentchangesareoftenveryhardto detect,ascanbeseenfrom
the following example: Assumea part v with an unrestrictedvalidity time interval� p�tun vhr ] p ~ í e ì�í r and no timing control codes,and a selectionrule’s formulatspwvxr�]¡f j Ç . Furthermore,let theconstructibilityformulaof codef be ospbfhri]ÎÆ and
assumean intendedcodeexpiry for code Æ at time ��õ , i.e. �
�ip�o�n¤Æ;r�]Á��õ . Thenafter��õ , v cannotbepartof a valid order, sincetheexpirationof Æ inducestheinvalidity of
codef , which forcestheselectionruleof v to false.

What makestheseinducedexpiry partshardto detectfor the documentationper-
sonnelis thatthecodesplannedfor expiry neednotoccurin thepartselectionruleasin
theexampleabove. Besides,for complex products,differentpersonsmaybeinvolved
in thedocumentationof change.Automaticsupportby anPDM systemto find suchin-
ducedexpiry partsis thereforehighly desirable.Wewill presentourapproachto solve
thisproblembelow.

5.1.3 AssemblyLine Reconfiguration

Our last scenarioof changeis largely causedby modificationsof the productionen-
vironment. For instance,assemblylines arereconfiguredfrom time to time to adapt
themto theactualproductionload.Lessfrequently, but entailingconsiderablechanges
of thedocumentation,entireor partialmodellinesareshiftedfrom oneassemblyline
to another, or evenbetweenplants.

The challengesfor the documentationpersonnelaresimilar to the caseof equip-
mentcodechange,but they oftengo evenbeyondthat. Themainproblemis to deter-
mine the influenceof the changeon the partslevel, with the sameproblemsasmen-
tionedabove.

Moreover, at least in our case,somechangesare not—or not early enough—
documentedor evencannotbedocumentedat all within thePDM system.This poses
the problemof handlingundocumentedchange.For the purposeof verification,we
thusneedanexternalformalismto specifycertaindocumentationchangesthatcannot
behandledby thePDM systemitself.

5.2 Two Methods to DetectInduced Change

For the computationof the inducedchangewe developedtwo approaches.The first
one,calledthe

� �
-method,is suitablefor handlingshorttime intervalsat afixedpoint

in the future,duringwhich considerablealreadydocumentedchangesareintendedto
take place,whereasthesecondone,calledthe3-pointmethod,canalsohandleundoc-
umentedmodificationsof theproductoverview andcopewith largertime intervals.

5.2.1 The
� �

-Method

With the
���

-methodwe candeterminewhich partsbecomesuperfluous,resp.aread-
ditionally needed,aftera critical changethat is alreadyknown to occurat a fixedtime��m in thefuture,andwherethechangeis alreadydocumented.Theprocedureworksin
threesteps:
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Step1: Determinetheset tÝõ of neededpartsjustbefore��m :tÝõÛ]���v �on ÀÊp ¶u· pb��m ~ � r j � � tqn v�e���m ~ � ¥ ¥Cr is satisfiable�
Step2: Determinetheset t�ö of neededpartsjustafter ��m :t�öz]���v �on ÀÊp ¶u· pb��m ì � r j � � tqn v�e���m ì � ¥ ¥Cr is satisfiable�
Step3: Computethesetdifferencesmã] t õqpÛtiö and r ]étiöspÛt õ .

The resultingsets m , resp. r , give the setsof partsthataresuperfluous,resp.are
additionallyneeded,afterthechange.Theparameter

�
hasto bechosensuchthatonly

thecritical changefalls into thetime interval pb��m ~ � e���m ì � r . Notethatthis is—atleast
theoretically—alimiting factorof the

� �
-method,asit maybeimpossibleto separate

the critical changefrom otherchanges.In practice,this effect occursrarely, as the
primaryinterestis in thesituationafteraccumulatingall changesat thecritical time ��m .
5.2.2 The 3-Point Method

Substantialchanges,as required,e.g., for model year changeor productionreloca-
tion, cannotbeperformedin theshorttime interval presupposedby the

� �
-verification

method.Moreover, somechangescannoteasilybemodelledwithin thedocumentation
systemDIALOG, but fit quitenaturallyin thelogicalformulationusedin BIS.Wethere-
fore developedanothermethodologyto determineinducedchangeon the partslevel.
This methodalsoallowssimulationandcomparisonof differentfuturescenarios.

In contrastto the
���

-method,the 3-point methodis capableof handlingdocu-
mentedas well as (yet) undocumentedchange. This is accomplishedby providing
an external(with respectto the PDM system)formalismfor specifyingchange.The
modificationsthatcanbeexpressedwithin this formalisminclude:t Equipmentor controlcodesbecomingvalid or invalid.t Arbitrary codecombinationsbecominginvalid.

In our formalism,changesarespecifiedasmodificationsof theproductoverview’s
semantics.We denotethe changedsemanticsby

¶u·vuº0wäÿ x pb��r , where §zy is the setof
codesfor which theconstructibilityandsupplementingrulesareignored,and r is an
additionalsideconditionformula.Thechangedsemanticsis definedby¶u·{uº4wäÿ x pb��rò°¤] r j ¸c�¹�º+|�º w » � � mdn f�e��0¥ ¥ j � � o�n f�e��0¥ ¥ ¼ n

Validationof aninvalid codef , i.e.,acodewith constructibilityformula ospbfhr�]ÎË ,
canbeachievedby includingcodef into thesetof newly valid codes§}y , therebyinac-
tivatingtheunsatisfiableconstructibilityformulafor code f . If it shouldbenecessary,
a new constructibilityor supplementingrule canbespecifiedasa conjunctive partof
formula r . Invalidationof codes,aswell asadditionalsideconditions,arespecifiedby
conjunctively addingformulaeto r ; e.g., ldf indicatesthatcodef becomesinvalid.

For the 3-point method,two points in time, ��� and ��õ , have to be fixed between
which theundocumentedchangesshouldoccur. Moreover, themodifiedproductover-
view semantics

¶u· uº w ÿ x pb��r with a fixedset §}y anda side-conditionformula r is em-
ployed to reflect undocumentedchanges.The 3-point methodis composedof four
steps:
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Step1: Determinetheset t�~�� of neededpartsat time ��� , i.e. beforethechange:tB~��z]���v ��n ÀÊp ¶u· pb����r j � � tun väe����(¥ ¥Cr is satisfiable�
Step2: Determinethesett�~�� of neededpartsattime ��õ withoutundocumentedchanges:tB~��Û]���v ��n ÀÊp ¶u· pb��õIr j � � tun väe���õ�¥ ¥Cr is satisfiable�
Step3: Determinethe set t u~�� of neededpartsat time ��õ including undocumented

changes: t u~�� ]���v ��n ÀÊp ¶u· uº4wäÿ x pb��õIr j � � tun väe���õ�¥ ¥Cr is satisfiable�
Step4: Computethesetdifferences

r õ��Ò]étB~���pÛtB~�� mdõ`� ] tB~��spÛtB~��r u �Ò]ét u~�� pÛtB~�� m u � ] tB~��spÛt u~��r u õÛ]ét u~�� pÛtB~�� m u õu] tB~��qpÛt u~��
Here,e.g., r õ�� indicatesthe additionalpartsneededat time ��õ , ignoringundocu-

mentedchanges,relative to thepartsneededat time ��� . Therelationshipbetweenthe
threesetsof partsandthedifferencesetsaregraphicallyillustratedin Figure5.
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Figure5: The3-PointApproach.

To determinethe impactof an intendedproductoverview changeon the part us-
age,we have to take a look at the differencesets. The sets r u ����m u � indicate the
overall changebetween��� and ��õ if theintended(undocumented)changereally is per-
formed,includingall changesinducedby alreadydocumentedevents.Thedifference
sets r u õ2��m u õ reflect the changesinducedat time ��õ by the undocumentedmodifica-
tionsalone.Moreover, andsimilar to the

� �
-method,thesetsr õ�����mdõ�� only show the

impactof alreadydocumentedchangesduringthetime interval pb����e���õ(r .
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5.2.3 Discussionof Both Methods

Comparingthe two methods,the
���

-approachoffers theadvantageof simplicity. To
find out theimpactof achangeontheparts’world only thepoint in timeof thischange
hasto be specified. On the otherhand,the intendedmodificationalreadyhasto be
documented,andthe time of the changehasto be fixed. Whereasthis is usuallythe
casefor planned,regularlyoccurringeventslikecodestart-upandexpiry dueto model
yearchange,this maynot bethecasefor otherproductmodifications,e.g. by further
productdevelopment.Herethe 3-point methodcanplay out its strengthof handling
evenundocumentedmodificationevents,however, at thecostof increasedcomplexity
in usage.Thisshowsupin theneedto specifythemodifiedproductoverview semantics¶u·vuº4wäÿ x pb��r . In mostcases,though,theundocumentedchangesfollow certainpatterns,
so that specialcasesof the modified semanticsmay be pre-encodedand offered as
specializedtests.

Notethat the3-pointmethodproperlyincludesthe
� �

-method.By setting � �6ò(õ ]��m �¡� in the 3-point method,we get a specializationequivalentto the
���

-approach,
as
¶u·{uó ÿ ô pb��r�] ¶u· pb��r . In this casewe have t u~�� ]ÁtB~ � , andonly thedifferencesetsr õ�� and mdõ`� areof interest.Anotherweaknessof the

� �
-methodalreadymentioned

in Section5.2.1is that the separationof two eventsmay be impossible.The 3-point
methodallowsusto handlesucha caseby re-modelingtherelevanteventsexternally.

5.2.4 Mapping of Typical Cases

We will now show how to maptwo importantscenariosof changeto our verification
formalisms.

Our first casehandlesequipmentcodestart-upandexpiry causedby modelyear
change,for which we usethe

���
-method.Model yearchangeusuallyis accompanied

by lotsof changes,mainlyon thepartslevel, but alsoto asmallerfractionon theprod-
uct overview level. During anoverlappinginterval, bothmodelsfrom theold andthe
new modelyearhave to bemanufactured.Assumecodesõ÷ö and õ ü areresponsible
for controllingmodelyearchange,i.e.,ordersfor carsof theold modelyeararetagged
with code õøö , for thenew modelyearwith code õ ü . Assumefurther that themodel
yearchangeis fixedto takeplaceduringthetimeinterval pb����e���õ(r . Theinterestingques-
tion is which partsarenot neededany moreafter ��õ . In thedocumentation,theexpiry
of the old modelyearis reflectedby code õøö becominginvalid, aswell ascode õ ü
becomingmandatoryat ��õ . Moreover, somepartsmayhappento have ��õ asa starting
or stoppingtime. In summary, theruleschangingat time ��õ are:�
�ip�o�n õøö r�]¡��õùe����p�min õ üÈr�]¡��õ with mqp õ üÈr�] è e
aswell asselectionrulesof parts v with either ����p�tqn vhrà] ��õ or �
�ip�tun vxrÍ] ��õ . We
thussetup the

� �
-methodwith ��m�]���õ andget resultingdifferencesetsof r and m ,

indicatingadditionallyneededandsuperfluouspartsaftertheend ��õ of themodelyear
changeoverlapinterval. Obviousstartingor expiring parts(i.e., partswith ���äp�tun vxrÛ]��õ or �
�dp�tun vxr�]¡��õ ) mayadditionallybefilteredout to getamoreconciseresult.

Let’s now turn to productionrelocation,wherewe considermoving partsof the
productionfrom oneassemblyline (or plant) to another. Of this two-sidedproblem
of moving in andoff, we concentrateon the move-off part. Sucha kind of change
cannot(easily)behandledwithin theDIALOG/E system,asnotonly individual codes,
but arbitrary codecombinations,representingthe fraction of the productionthat is
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to be relocated,becomeinvalid after the change. One importantproblemrelatedto
productionmove-off is to determinetheinducedpartsshift.

To handlethis case,we usethe 3-point methodto find out preciselythe induced
partsshift. Wesetup ��õ astheapproximatedtimeof therelocationevent,and ��� asthe
currenttime. Themodifiedproductoverview semanticsis setto

¶u· uó ÿ ù � pb��r where a
is a formuladescribingthefractionof theproductionto bemovedoff.

As anexample,let usconsiderthesituationwheretheproductionof carscontaining
themotorvariantsM1, M2, andM5, in cunjunctionwith automaticgears(A) is planned
to bemovedoff, but not for thedestinationcountriesC1,C3,andC4. Theformulaa ]Ñp M1 k M2 k M5 r j r j lÛp C1 k C3 k C4r
describesthis productionshift.

The resultsdeliveredby the 3-point methodaremanifold. Perhapsthe most im-
portantpartsshift setsare r u õú��m u õ . They indicatetheadditionalandsuperfluousparts
after the relocationat ��õ relative to the situationat the sametime without the reloca-
tion. If theoverallchangeonthepartslevel betweenthecurrentsituation(at ��� ) andthe
projectedsituationafter therelocationat ��õ , alsoincludingalreadydocumentedprod-
uct changes,is of interest,then the differencesets r u �4��m u � provide the appropriate
information.

6 A SAT Checker for Product Configuration

From our experimentswith different methodsfor solving decisionproblemsarising
from the encodingof consistency criteria [18], we observed someshortcomingsof
currentprovers in handlingproblemsstemmingfrom the validationof configuration
data. We thereforedevelopedour own prover [14] which is specializedfor handling
productconfigurationdata.

6.1 LanguageExtension

Groupsof mutuallyexclusivecodesareacharacteristicpropertyof automotiveproduct
data.Suchgroupsenforcethatconstructibleorderscontainatmostone,or exactlyone,
codeof eachgroup.In caseof theDIALOG system,groupsof mutuallyexclusivecodes
occur, for example,for differentenginetypes,interior materials,or radios;besides,
eachvalid ordercontainsexactly onecodethat determinesthe countryfor which the
caris to bemade.

Althoughsuchgroupsappearfrequently, they arenot givenspecialattentionin the
DIALOG documentationlanguage.Thismaybedueto thefactthatsuchgroupscannot
efficiently beencodedin standardpropositionallogic. To expressthemutualexclusion
of û codes,a formula of size at least ysp û ö r is needed. In order to overcomethis
restriction,weextendpropositionallogic by aspecialselectionoperator m üü .

Definition 6.1 For each û Þ � and ýÿþ � � eûnûnùnûe ûd� , m üü is an û -ary operator, andm üü p�aÝõûeûnùnûnûe�adüÈr is true iff exactly
$

of the formulae a õùeûnùnûnûe�aÉü are true for some$ �øý .

So,for example, m ü� �ûÿ õ�� p�a õûeùnûnùn(e�aÉüÈr denotesthefact thatat mostoneof theformulaea õùeûnûnùnûe�aÉü is true.
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Amongstthe advantagesof addingthe selectionoperatorto the languagearethe
compactformula size for symmetricallyrelatedsubformulae(suchas mutually ex-
clusive groups)and the conservation of structuralpropertiesthat are lost by other
encodings—includingthe opportunityto make useof the preserved structuralinfor-
mationin automaticSAT checking.

6.2 The Problem of CNF Conversion

Evenif no restrictionsareplaceduponpropositionalformulaefor thespecificationof
constraints,this is oftennot thecasefor theprover language.In the domainof auto-
matic theoremproving, formulaearefrequentlyrequiredin conjunctive normalform
(CNF) in order to simplify and speedup the prover. However, this requiresan ad-
ditional conversionstepof generatingclauses(disjunctionsof literals) from the input
constraints. This can either be donenaively, by distributing conjunctionsover dis-
junctionsandremoving subsumedclauses,or by thesatisfiability-conservingtransfor-
mationdueto Tseitin [33] that introducesnew variablesasabbreviationsfor complex
subformulae.

However, thenaiveconversionmethodmayresultin anexponentialblow-upof the
formula, andTseitin’s methodsuffers from the fact that the SAT checker hasto deal
with a largersetof variables.Moreover, CNFconversiondestroys theoriginal formula
structurewhich is detrimentalto any explanationcomponent.

In contrastto small academicinputs, whereCNF conversionposesno problem,
our industrialinputsareso large thatnaive conversionis impossible,andwe needan
explanationof failed proofsin termsof theoriginal constraints.Moreover, we found
thatCNF transformationtook aslong asSAT checkingby itself so thatwe wantedto
eliminatethisadditionalintermediatestepfor theinteractiveusewithin theBIS system,
whereturn-aroundtimesareto bekeptsmall.

6.3 A SAT-Algorithm for Formulae in SNF

We developeda prover for arbitrary propositionalformulae including our selection
operatorsm üü . Theprover implementsanextensionof thewell-known Davis-Putnam
algorithm[6] for formulaein CNF.

Input formulaeto our prover have to be in selectionnormal form (SNF) which
is definedasfollows. SNF denotesthe setof all propositionalformulae a including
selectionoperatorsm üü fulfilling threeadditionalproperties:

1. a is in negationnormalform (NNF), i.e. negationsappearonly directly in front
of propositionalvariables,

2. falseandtrue( Ë and è ) dono appearaspropersubformulaeof a , and

3. disjunctionsandconjunctionsareof variablearity (denotedby � p�a õùeûnùnûnûe�aÉüÈr
resp. ��p�a õûeùnûnùn(e�aÉüÈr ), flattened(i.e. no directsubformulaof a disjunctionresp.
conjunctionis again a disjunctionresp.conjunction),andtrivial cases( û   � )
aresimplifiedto their obviousequivalent,i.e. � p�a õ(r ] � p�aÝõIr ]Îa õ , � p0rÝ]�Ë
and ��p0r�] è .

Conversionto negationnormalform is possibledueto anextensionof DeMorgan’slaw.
As shown in [14], the equivalence lim üü p�a õùeûnùnûnäe�aÉüÈr�� m ü� �(ÿ } }} ÿ ü��6| ü p�aÝõûeûnùnûnäe�aÉüÈr
holdsfor selectionoperators.
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ALGORITHM SATSNF

INPUT: a � SNF
OUTPUT: 1 if a satisfiable,0 otherwise
BEGIN

IF aÔ] è OR a�]¡f OR aÔ]Îldf THEN
return1

ELSE IF a�]ÎË THEN
return0

ELSE IF a�] � p�a õûeùnûnùnhe�aÉüÈr THEN
FOR 'i] � TO n DO

IF SATSNF p�aÉþ
r THEN
return1

FI
OD
return0

ELSE IF a�]ém üü p�aÝõûeûnùnûnäe�aÉüÈr THEN
FOR EACH ýÎ� þ � � eùnûnùnhe ûd� , À ýÎ� À<] $ , $ �øý DO

IF SATSNF p � þ�¹ ü�� aÉþ j � þ�¹ � õ�ÿ }} } ÿ ü��6| ü�� ldaÉþ
r THEN
return1

FI
OD
return0

ELSE IF a�]���p�a õûeùnûnùnhe�aÉüÈr THEN
FOR 'i] � TO n DO

IF aÉþd]¡f THEN
returnSATSNF p�a À c � õ(r

ELSE IF aÉþd]ÎlÉf THEN
returnSATSNF p�a À c � ��r

FI
OD
choosesomevariablef occurringin a
returnSATSNF p�a À c � õIr OR SATSNF p�a À c � ��r

FI
END

Figure6: A Davis-Putnam-styleAlgorithm for SNFformulae.
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Pseudo-codefor our SAT algorithmis shown in Figure6. Technicaldetailsabout
the implementationaswell asexperimentalresultsanda comparisonwith the SATO
SAT-checker [38] can be found in [14], where our algorithm performedcompara-
bly or better than SATO on automotive productconfigurationdata. An executable
file running under Windows NT/2000 is available from http://www-sr.uni-
tuebingen.de/pdm/icnf.exe.

6.4 Iterated SAT-Tests

Most of the consistency testsfrom Section4.3 decomposeinto large seriesof re-
lated SAT tests,which are typically of the form PO ³ aÉþ for all aÉþ from a large
set aî]î��aq��eûnùnûnùe�aq# � . Usually, all aÉþ aresmall formulaecomparedto the product
overview PO.Thischaracteristicallowsfor heuristicsto considerablyspeedupconsis-
tency testing,which is illustratedin this sectionfor thedetectionof inadmissible,nec-
essary, andoptionalcodes(calledthe INO problemin thefollowing). For a satisfiable
formula a , apropositionalvariablef is calledinadmissibleif a À c � õ is unsatisfiable;it
is callednecessaryif a À c � � is unsatisfiable;if neitherof thesetwo conditionshold, f
is calledoptional. Thisdefinitioncapturesthecorrespondingstaticconsistency criteria
of Section4.1.

Wenow briefly presentthreealgorithmsfor INO computation.Weassumethatthe
underlyingsatisfiabilitycheckingalgorithm 	�
�� alsogeneratesa set r of modelsin
casethe input formula is satisfiable,andreturnsthe emptysetotherwise.We further
assumethat 	�
�� returnsonly a small non-emptysubsetof all modelsin caseof a
satisfiableinput formula.

Detailsonthealgorithms,proofs,andanempiricalevaluationcanbefoundin [15].

Algorithm Basic. This algorithm(seeFigure7) determinesthesetsof inadmissible,
necessary, andoptionalvariablesby testingfor eachvariablef occurringin a whether
the formulae a À c � õ and a À c � � are satisfiable. The numberof satisfiability testsis' ì�� p� ì û r for aformulathathas' inadmissible,û necessary, and  optionalvariables.
Investigatingat first whethera variableis necessarywould resultin û ìÜ� p-' ì �r calls
to SAT.

Algorithm Filter. Algorithm Basiccanbe improved in two ways. If somevariable
is not inadmissibleandnot necessary, 	�
�� returnsa setof modelsr . For eachvari-
able f occurringpositively in somemodelthis allows theimmediateconclusionthat f
cannotbe inadmissible.Conversely, eachvariableoccurringnegatively in any model
cannotbenecessary. In thefollowing we will denoteby

� � thesetof variablesthatare
not inadmissible,andby � � the setof variablesthat arenot necessary. We thusgety ] � ����� � . If thenumberof optionalvariablesis dominant—asin our application
area—thisfiltering criterioncanreducethenumberof requiredSAT testsdramatically.
Moreover, by settinginadmissibleandnecessaryvariablesassoonaspossibleto the
only valuethey cantake,wecangraduallyreduceformulasizeandhenceacceleratethe
underlying 	�
�� algorithm.Algorithm Filter in Figure7 is anextensionof Algorithm
Basicandimplementstheseideas.

Algorithm Dir ected-Filter. The effect of filtering dependson the set r of models
returnedby the SAT algorithm. The filtering works bestif the modelscontainvari-
ablespositively that have not yet beendetectedasadmissible,andcontainvariables
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ALGORITHM Basic
INPUT: Satisfiableformula �
OUTPUT: � , � , �
BEGIN��� � ó , ��� � ó , ��� � ó

FOR ALL cu¹���� �"!$#�%&� ')( �+* DOx � ��,.-�/ ( ��0 1"2L��*
IF x � ó THEN��� � �43 � c5�
ELSEx � ��,.-�/ ( ��0 1"2�� *

IF x � ó THEN��� � ��3 � c5�
ELSE��� � �63 � c5�
FI

FI
OD
RETURN � , � , �

END

ALGORITHM SAT-Heuristics-Directed
INPUT: Formula � , � �

, � �
OUTPUT: cq¹ PropVars( �+* ÿ87±¹ � �(ÿ�õ��
BEGINy � � PropVars( �9*7 � � õ

IF y |+( � � 3:� � * �� ó THEN
choosec in y |4( � � 3:� � *

ELSE IF y�; � � �� ó THEN
choosec in y�; � �

ELSE
choosec in � �7 � � �

FI
RETURN c , 7

END

ALGORITHM Filter
INPUT: Satisfiableformula �
OUTPUT: � ÿ � ÿ �
BEGIN��� � ó , ��� � ó , � � � � ó , � � � � ó

FOR ALL cu¹���� �"!$#�%&� ')( �+* DO
IF c �¹ � � THENx � ��,.-�/ ( ��0 1"2L�)*

IF x � ó THEN��� � �43 � c5�� � � ��0 1&2��
ELSE� � � � � � 3 � c5� 3 � 
 0.< ü ¹Vx � ü 0 � 
=�� � � � � � 3 � 
 0>< ü ¹Vx � ü 0 � ùl
?�
FI

FI
IF c �¹ � �=@ c��¹ � THENx � ��,.-�/ ( ��0 1"2�� *

IF x � ó THEN��� � ��3 � c5�� � � ��0 1&2L�
ELSE� � � � � � 3 � c5� 3 � 
 0.< ü ¹�x � ü 0 � ù�
=�� � � � � � 3 � 
 0.< ü ¹Vx � ü 0 � 
=�
FI

FI
OD
RETURN � , � , � � ; � �

END

Figure7: The INO algorithmsBasic, Filter andthevariableselectionalgorithmSAT-
Heuristics-Directed
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negatively that have not yet beenclassifiedas not necessary. In order to maximize
in algorithm Filter the numberof variablesfor which this condition holds, we use
a correspondingvariableselectionstrategy in theunderlyingDavis-Putnam-styleSAT
checker, asimplementedby algorithmSAT-Heuristics-Directedshown in Figure7. The
secondvalue A returnedby thealgorithmindicateswhetherthevariableshouldbeset
first to true (1) or false(0) duringmodelsearch.Thuswe obtainalgorithmDirected-
Filter.

In orderto checkthe effectivenessof our INO algorithms,we conductedexperi-
mentswith a setof Mercedesmodelclasses[15]. The resultsdemonstratethe effec-
tivenessof Filter andDirected-Filter comparedto Basic. ComparingBasic to Filter,
improvementsbetween47 and91 percent,in termsof time, and34 and91 percent,in
termsof SAT calls, could be measured.Additionally usingthe modifiedvariablese-
lectionheuristicsSAT-Heuristics-DirectedfurtheracceleratedINO searchby up to 90
percentandreducedthenumberof SAT callsby upto 89percent.Only for oneformula
thatcontainedrelatively few optionalvariablesDirected-Filter performedworse.

6.5 Explanation

In many casesfailuresof consistency assertionsindicateerrorsin the productdocu-
mentation,andusuallysuchdefectsarecorrectedby adaptingthedocumentation.Here
the problemarisesthat the meresizeof the rule basemakesfinding the causeof an
inconsistency a dauntingtask.Thereforetool-supportcanbeof greathelp,andwe in-
tegratedan automaticexplanationfacility into the BIS system.Explanationof failed
assertionsis donein threestepsin BIS [16]:

1. Localization: Thesystemgeneratesaminimalsetof rulesthatbecomescontra-
dictory in combinationwith the controversialassertion,therebylocalizing one
causeof theinconsistency. Notethatthis setneednotbeunique.

2. Presentation: The conflicting minimal rule set is preparedfor presentationto
theuser, trying to maximizecomprehension.

3. Reasoning: A detailedstep-by-stepderivation is generatedthat explains this
causeof theinconsistency.

6.5.1 Localization

Usingtheformalization
¶u·

of theproductoverview aspresentedin Section3, wecan
reducethelocalizationproblemfor mostcontroversialassertionsB to thecomputation
of a minimal unsatisfiablesubformula(MUS) of

¶u· j B . Traditionally, a MUS is
definedfor asetof clauses.Slightly generalized,for aconjunctionoÔ] a õ j £û£ù£ j aÉü
of a setof formulae m�] ��a õùeûnùnûnûe�aÉü � with o beingunsatisfiable,a MUS of o is a
subsetm � of m suchthat o � ] � � ¹ { � a is still unsatisfiable,but o � � ] � � ¹ { � � a is
satisfiablefor all m�� �9C¡mi� . See[7, 17,19] for furtherelaborationsandspecialpurpose
algorithmsfor MUS computation.

So, for a contradictoryformula,a MUS is a smallestsubsetthat is still contradic-
tory. In our configurationsetting,thecauseof aninconsistency canthusbereducedto
a (small) fraction of the rule base.Localizationby MUS computationis possiblefor
all assertionsof the form

¶u· j B whenformulatedasa SAT problem,which indeed
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holdsfor all staticanddynamicconsistency propertieswith the exceptionof consis-
tency of thesupplementingprocess.However, usingCOinsteadof POallowsasimilar
reductionin thesecases,too.

It turnedout to bepracticalto extendthenotionof a MUS to arbitraryformulaein
negationresp.selectionnormalform. Thus,MUS computationcanbeperformedon a
formularepresentationthatis muchcloserto theoriginal DIALOG rules.

Definition 6.2 For an unsatisfiablepropositionalformula D in negationnormal form
wecall E a minimal unsatisfiablesubformula(MUS) of D , iff thefollowing conditions
hold:

1. E is obtainedfrom D by deletingarbitrary direct subformulaeof conjunctions,
i.e. by replacingsubformulaeof the form F õ j £û£ù£ j F ü by F þ � j £û£ù£ j F þ G for��'�õùeûnùnûnûe¨'�# � þ � � eûnùnûnûe ûd� .

2. Theformula E is unsatisfiable.

3. Removing an arbitrary directsubformulafroma conjunctionof E makesthere-
sultingformulasatisfiable.

For an extensionof this definition to formulaein SNF, we considerselectionop-
eratorsasatomic formulae,therebyforbidding subformuladeletionsunderselection
operators.

Consider, asanexample,theformulaaÔ] B j l � j p�p � jIH räk±l B kIJùr�r jIH�j p � k±lKJûr n (2)

Deleting
H

from themainconjunctionandreplacing� j�H
by � in thenestedconjunction

resultsin ú ] B j l � j p � k±l B k�Jûr j p � kÄl�Jûr e
which is still unsatisfiable.Removing any furtherdirectsubformulaeof any conjunc-
tion in ú makesit satisfiable,however. In this example,theonly MUS of a is ú . In
many casesa formula’s MUS is considerablysmallerthantheformulaitself.

For an unsatisfiableD in selectionnormal form, the strategy to find a MUS is
straightforward. Initially, we take D asan approximationof our MUS a ü , and for
eachconjunctiono in formula a we remove directsubformulaefrom a ü , aslong as
the resultingformula is still unsatisfiable.This leadsto an algorithmwith a number
of SAT-calls linear in thenumberof directsubformulaeof conjunctions.More details
on the algorithmcanbe found in [16]. An exampleof a MUS calculatedby BIS is
shown in Figure8. In the upperpart of the figure, eachitem shows a completerule
with highlightedliteralscorrespondingto theMUS. In our formalizationPOall rules
areconjunctively connected,sothateachitemis adirectsubformulaof PO’smaincon-
junction. Thelower partshows a compressedview wherenestedsubformulaethatare
not partof theMUS arenot displayed.We will discussthepresentationof a MUS in
BIS in moredetailbelow.

Weconductedexperimentswith thisalgorithmandcoulddemonstratethepractical
effectivenessandapplicabilityof ourMUS computationapproach.For thelocalization
of inconsistencies,theproblemof finding a MUS, which in theorybelongsto thesec-
ond level of theBooleanhierarchy [23], turnedout to be tractablein our application.
With only simpleheuristics,it never took thesystemmorethanoneminuteon a Sun
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Figure 8: A MUS in BIS

a À m � À À m ��L À À \ � À À \ �ML À
ALERT-05 11429 3 1139 2
ALERT-22 4311 31 1017 12
ALERT-25 4226 18 1011 3
ALERT-36 10480 27 1142 8
ALERT-37 10480 7 1142 4
ALERT-45 10408 10 1142 4

Table 2: The typical sizeof a MUS in BIS
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Ultra E450to find a MUS for formulaewith several thousandsof conjunctive subfor-
mulae( À m � À ), approximatelyonethousandrules( À \ � À ), andmorethanonethousand
variables(cf. Table2). In many cases,therun time wasevenbelow onesecond.

To investigate the effectivenessof MUS computationfor explaining inconsisten-
cieswe collecteda setof 50 formulaeoriginatingfrom alertsdueto inadmissibleand
necessarycodes[15] andmeasuredsomecharacteristicsof MUS computation.Table2
displaysa short excerpt of the test results. In all cases,the numberof conjunctive
subformulae( À m ��L À ) aswell asthe numberof rules( À \ ��L À ) couldbe reducedby 99
percent.Thus,with only a coupleof constraintsandsmallersubformulaewithin these
constraintsleft, MUS computationenablesoursystemto narrow thecauseof anincon-
sistency to amanageablesubsetof theproductdatabase.

6.5.2 Presentationof results

In additionto thesizeof aconflictingruleset,theform in which theresultis presented
to theuseris importantfor theusefulnessof theexplanationfeature.Clearly, theMUS
becomestediousto readeven for small formulae,andthe relationto theoriginal for-
mulais not obvious. On theotherhand,printing thewholeformulaof theconsistency
condition(possiblyhighlighting thecontainedMUS) yieldsa largecomplex formula,
evenif only relevantconstraintsaredisplayed.

Ouransweris to list all relevantrulesof theoriginal formula,andto replacewithin
theserulesany maximalirrelevantsubformulaby a wild cardlike ’ nûnùn ’, asshown in
Figure8. In the71 KB formalizationof a C-Classlimousine(consistingof 694con-
structibility and127supplementingrules)thesystemfindsa total of threeconstraints
to becomecontradictoryin combinationwith the(inadmissible)code030. While the
completeconstraintsdisplayedin theupperpartof Figure8 arestill hardto analyze,it
is feasibleto understandtheinadmissibilityof code030 from themaximallyreduced
yet structurepreservingrepresentationin the lower part of theexample. Herethe re-
lation to theoriginal constraintsis obvious. However, it maystill not be immediately
obviouswhy theMUS is unsatisfiable.Henceweneedmoreof anexplanation.

6.5.3 Reasoning

Approachestoexplaintheunsatisfiabilityof apropositionalformulaareasnumerousas
SAT algorithms.For example,any executiontraceof a completeSAT algorithm,such
asa resolutionrefutationtree [24] or the searchtreeof the Davis-Putnamalgorithm
[6], yields an exhaustive explanation. The specificform of the resultingexplanation
dependsconsiderablyon heuristics,like variableselectionfor SAT [13], which fill
someindeterminismwithin thegeneralalgorithm.Theseheuristicscritically influence
theefficiency of thesearch,andconsequentlythesizeof anexplanation,which is the
maindeterminantof its quality. Besidessize,intuition andintelligibility areimportant
factorsfor the quality of an explanation. Even thoughthereis no objective measure
of thesetwo factors,we cannotleave themout becausethey aredirectly relatedto the
explanationsize.For example,thelisting of asetof constraintstogetherwith thenotice
thatthey areunsatisfiablemaybesufficient for someonewho knows theformalization
andis trainedin logical reasoning,whereasfor thedocumentationpersonnelat leasta
stepby steprefutationin termsof codesis desirable.

In BIS, we usea linear executiontraceof the back-trackingSAT algorithmpro-
posedby Davis, Logemann,andLoveland[5]. Explanationsthereforeindeedarerefu-
tation proofs: We startwith the converseof the assumptionandshow that this leads
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to a contradiction. The appliedreasoningprocesscontainsimmediateconsequences
andcasedistinctions.Immediateconsequencesaredueto constraintscontainingonly
a singlepropositionalvariable,andthereforerule out all orderseitherincludingor ex-
cludingthis code.Suchconstraintsareconsideredfirst (unit propagation). If thereare
no suchconstraints,we choosea codefor casedistinction,andexplain in two steps
why weneitherfind avalid orderwith norwithout this code.

Figure 9: Exampleof an explanation in BIS

Figure 9 illustrateshow the systemjustifies its conclusionthat code680 is in-
admissiblein a C-classlimousine. It lists five vehiclevariants(955+R, 955+-R,
-955+M112, -955+-M112+R, -955+-M112+-R) which all lead to inconsis-
tenciesin conjunctionwith code680. For example,anorderwith codes680, M112,
andwithout 955 (case1.2.1in Figure9), makescodesM55, 954, M113, andR in-
admissible,andcodes498 andL necessary. This leadsto a contradictionbecauseL
becomesinadmissible(dueto thefirst partof theconjunctionof theseventhrule) and
necessaryat thesametime. Listing with eachreductionstepthe formulacausingthe
implicationwould make the justificationmoreintelligible but considerablylonger. It
shouldalsobenotedthatwedonotuseany kind of SAT learningtechniques[2, 27] to
shortenexplanations,asthereis noobviousway to integratethiskind of argumentinto
acausalexplanationwithout confusingtheuser.

To measurethe practicabilityof this explanationtechniquein our applicationdo-
main, we testedthis functionality on the minimal unsatisfiableformulae( a ü ) com-
putedduring theexperimentsof Section6.5.1. We collectedthetotal numberof vari-
ables( À N ��L À ) occurringin a ü , aswell asthetotal numberof leavesin thesearchtree
of an unsuccessfulcompletemodelsearch( ÀSAT p�a ü rùÀ ). Table3 lists the resultsfor
someof thoseformulae.

No MUS containedmorethan13differentvariableswhich limits thesizeof a justi-
ficationto a worst-casevalueof � õ8O ] ������� distinguishablecases.Theactualnumber
of casesdisplayedin thethird columnof Table3 clearlyshows that theautomatically
generatedjustificationsareeventractablefor humans.Dueto unit propagation,never
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a ü À N �ML À ÀSAT p�a ü rùÀ
ALERT-05 2 1
ALERT-22 13 1
ALERT-25 7 1
ALERT-36 6 2
ALERT-37 4 1
ALERT-43 10 5

Table3: The typical sizeof an explanation in BIS

morethanfive casesneededto beanalyzed,andindeed,for mostformulaethecontra-
diction is immediatewithoutany casedistinction.

7 BIS SoftwareAr chitecture

TheBIS systemhasbeenconstructedemploying object-orientedclient-server technol-
ogy. It consistsof a generalprover moduleprogrammedin C++ with our dedicated
SAT-checkerasits corecomponent;aC++ serverwhichmaintainsproductdatain raw
andpre-processedform andhandlesrequestsby building theappropriateformulaefor
the prover; anda graphicaluserinterfaceprogrammedin Java, throughwhich tests
canbe startedandresultscanbe displayed.The threecomponentscommunicatevia
CORBA interfaces[22], therebyachieving greatflexibility, allowing e.g.to placeeach
componenton a different,suitablecomputeror to usemultiple instancesof a compo-
nent(e.g.prover) if theworkloaddemandsthis. Figure10 shows a schematicview of
theBIS systemarchitecture.
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Figure10: BIS systemarchitecture.

Within theserver, theUserLayer is responsiblefor authenticationandhandlesuser
requestsby startingtheappropriateconsistency tests.Thereforeit employs theTest-
Layer which in turn is responsiblefor managing(i.e. scheduling,starting)all consis-
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tency checks. The datalayer is usedasa mediatorbetweenthe TestLayer and the
EPDM system,andsupportsthecachingof pre-computeddata.

8 Industrial Experience

BIS wascreateduponanindustrialorder. Sincethefirst feasibilitystudy[28], wehave
receivedpertinentfeedbackfrom documentationexpertsusingDIALOG andBIS which
hasinfluencedall aspectsof thesystem.Herewesummarizesomekey featuresof BIS
which werenecessaryfor its acceptancein our industrialcontext. Someof theseare
specialcasesof generalremarksaboutFormalMethodsin industry.

Graphicaluserinterface. BIS offers an applicationorientedgraphicaluserinter-
faceso thatall interactionis donein termsfamiliar to theoperatingpersonnel.Users
do not like to typelogic on commandlines. Thereforeall key testsareavailableupon
mouse-clicks,andall resultsarepresentedgraphically.

Customizedspecialtests.BIS implementsasetof customizedspecialtests,formu-
latedin termsof theapplication.Wealsooffer ageneral-purposeinterfaceto theprover
which allows queriesabouttheexistenceof valid orderswith any propertythatcanbe
describedby apropositionalformula.Thispermitstheoreticallypowerful andacadem-
ically attractive non-standardconsistency checkson the productdocumentation,but
theacceptanceof this tool wasratherpoor.

Push-button technology. The logical prover componentrunsa decisionprocedure
and needsno assistancein finding a proof. Entire test setsreflectingthousandsof
proofsrunat theclick of amouse.

Efficiency. Efficiency is important. Significantdelaysin thework-flow cannotbe
toleratedbecausethey slow down productivity. We developedour own SAT-checker
for addedefficiency. We alsodevelopedseveralparallelSAT-checkersbut did not yet
applythemin industry.

Software technology. Endusersdo not like to maintainbusinesscritical codewrit-
tenin non-standardlanguages.BIS is constructedusingstandardobject-orientedsoft-
waretechnologyfor industrialclient-serversystems:Javaclients,C++server, CORBA
basedcomponentmodel. We usedCORBA to speedour development,but now a
CORBA licenseis requiredwhich makesit difficult for departmentsto evaluateBIS
withoutanup-frontfinancialcommitment.

Integration. BIS obtainsdatafrom DIALOG by readingintermediatefiles. This is
animpedimentto daily usebecauseuserswouldpreferto stayentirelywithin DIALOG

andhave theBIS testsavailableasoptionson their DIALOG screens.

It is alsointerestingto relateour industrialexperiencewith BIS to thedebateabout
theindustrialuseof FormalMethodsin ComputerSciencein general(cf. [4]). Formal
Methodshave beenassociatedfirst with thespecification,verification,andvalidation,
of software[9], but todaythey arealsoappliedto SystemDesignandHardwareDe-
sign togetherwith SoftwareEngineering[26, 36]. Accordingto Wing [35], “Formal
methodsareusedto revealambiguity, incompleteness,andinconsistency in asystem,”
which is exactlyhow we usedthem.

On the faceof it, BIS dealswith (input) datavalidation ratherthan programor
specificationvalidation. Thereis no formal specificationof DIALOG, andwe did not
applyclassicalprogramverificationtechniquesto DIALOG’s codebase.However, we
havealreadyseenthatourlogicalrulescanbeviewedaspostconditionsassociatedwith
actionrulesthat DIALOG executeswhenit interpretstheassociatedformulae. Hence
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DIALOG can be regardedas a specialkind of rule engine,and our action rules can
be regardedasan expert systemwith situation-actionrulesbasedon Booleanlogic.
This insightallowsusto relateourexperiencewith BIS to reportedexperiencewith the
validationof expertsystems[34], which areaspecialkind of software.

Thus thereis a view of BIS asa programverificationsystem. Under this view,
BIS provesassertionsaboutthe expert systemexecutedby DIALOG: e.g.,a codeis
necessaryiff DIALOG’sorderprocessingalgorithmwill terminatewith trueonly if the
codeis presentin theinput; likewise,acodeis inadmissibleiff DIALOG will terminate
with falsewheneverthecodeis presentin theinput. Becauseof thecloseassociationof
actionrulesandpostconditions,thereis alsoaview of BIS asasystemfor specification
validation.Underthisview, thepostconditionsarepartof theinput/outputspecification
for theassociatedexpertsystem.BIS provesassertionsaboutthepostconditionswhich
necessarilyholdafterDIALOG hasexecutedtheassociatedactionrules.If anassertion
failsor anotherwisesurprisingconsequenceof thespecificationis inferredby BIS, the
usermaywant to changethespecification.Fortunately, a changeof thepostcondition
implicitly changestheassociatedactionrule, so that theuserimmediatelygetsa new
expertsystemsatisfyingthenew postcondition.

Note that all our proofsconcernthe logical modelof DIALOG; the real COBOL
systemmaydiffer from themodelin details. The logical modelof a systemis called
a systemtheoryby WaldingerandStickel [34]. Thus,asobservedby Hall [12], it is a
myth that formal methodscanguaranteethat softwareis perfect. Formal verification
of a systemm is only possiblewherea completesetof specifications§ { canbeshown
to bevalid in thesystemtheory, whichmustbeacomprehensive formalmodel à { of
thesystem.This alsoimpliesthatwe musthave formal semanticsof theprogramming
languagein which m is built, andthatthelogic of oursystemtheoryis compatiblewith
ourspecificationlanguageandtheverificationmethod.

However, completeformal specificationsandformal semanticsjust do not exist in
practice.Without formal semantics,we canonly verify thesystemtheoryandnot the
systemitself. In rule-basedsystems,at leastthesemanticspart is manageable,dueto
their proximity to logic formalisms. Without a completesetof specifications,all we
candois captureafew of therequirementsformally, asaset á { of validationtheorems,
which, if they hold,will greatlyincreaseourconfidencein m .

It hasbeenobservedby our industrialpartnersthatDIALOG itself containsamodel
of theworld of designdrawings(which is again a modelof partsandassemblies),and
thatthereforeDIALOG’smodelof therealworld maybeasdefectiveastheBIS model
of DIALOG. So ultimately we needan automatedverifiably correcttranslationfrom
thedesigndrawingsto our formalmodels,whichdoesnotexist today. (Thecorrespon-
dencebetweendesigndrawings andactualpartsis verified elsewherein manufactur-
ing.)

The hardestpart in the feasibility study of BIS was indeedto build the system
theoryof DIALOG which modelsits innerworkingsasa setof actionrulesassociated
with thesetsof supplementation,constructibility, andpartsselectionformulae.Do not
bemisledby oursanitized,simplifiedandabstractdescriptionin Section2: wedid not
find ascholarlydocumentdescribingDIALOG or eventhesemanticsof its languageof
formulae.TheactionsthatDIALOG takesareencodedin COBOL andwereexplained
to usin longhoursby wordof mouth,in thetermsof theapplicationspecialists(noneof
themcomputerscientists).Wewereextremelylucky becausemuchof thesemanticsof
DIALOG lies in thepropositionalformulae,muchof therestcanbemodelledby simple
actionrulesassociatedwith theseformulae,postconditionscanbe readily associated
with therules,andhighly efficientSAT-checkingmethodsarenow availablewhichcan
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efficiently handletheproofobligations.
So we areleft with a situationwherethe systemtheoryis not rigorouslyderived

from the system. Hencea formal verification of a productdocumentationexecuted
by DIALOG is impossible. In practice,however, even the completeverification of
a complex systemis less important than the discovery of programbugs, or errors.
This is becausethesuccessfulverificationwill only happenonce,at theendof system
development,whereaserrorsmustbefoundduringtheentiredevelopmentprocess.In
our case,the developmentof a productdocumentationis really finishedonly when
a model line is discontinued.Moreover, for debuggingpurposeseven a ratherloose
relationof thesystemtheoryto thesystemis no problem,aslong asbug alertscanbe
substantiatedby runningthe real systemon the critical input. So in practicethe real
issueis debuggingratherthanverificationin thepuresense,andBIS is still veryuseful
asahighly sophisticatedformaldebuggingaid.

Indeed,BIS found real bugs,both in DIALOG’s modelof the real world, and in
the real world itself (e.g., in onecaseof an inadmissiblecode,it wasfound that the
configurationwasindeedphysically impossible,owing to anoversightin thedesign).
It canbearguedthat thebugsweresomewhatesoteric,but this is to beexpectedfrom
residualbugsthathavesurvivedexistingqualityassurancemethods,andsomeof them
would still havebeencostlyin practice.

Sincedebuggingis thereal issueratherthanverification,failedvalidationscanbe
extremelyuseful,providedthat they revealcostlyerrorsin thesystemthatestablished
processesfail to expose.Two conditionsarecritical here: first, failed proofsneedto
beexplained,andsecond,theexplanation(which necessarilyis in termsof thesystem
theory)mustbetied to a realflaw in thedocumentationsystem.

First, a failed proof is usefulonly if its root causecanbe explainedin a succinct
and intelligible way. It hasbeenobserved in this context that explanationis a sadly
neglectedareaof automateddeduction[4].

Due to incompletesystemtheories,theremay be failed proofsthat do not corre-
spondto real (application)errors(falsepositives). Nobodyhastime andpatienceto
sift throughreamsof falsepositives. Several timeswe hadto go backandaddextra
axiomsto our systemtheory to excludefalsepositives. Falsenegatives(a failure to
captureproblems)canseriouslyunderminethecredibility of formal methods,soonly
well debuggedverificationsystemsshouldbedeployed;thereis notimefor experimen-
tationandonly afinite amountof goodwill by theapplicationspecialists.No logically
unsoundresultswereeverreportedfor BIS. However, falsepositivesarestill aproblem
becausethetestsit performsarenotevenall necessaryfor thecorrectnessof DIALOG:
somefailed testsreflectsituationswhich arehandledelsewherein DIALOG (outside
thedomainof our systemtheory)or evendownstreamin theprocesschain. After all,
whatreally mattersto theuseris thecorrectnessof theoverall businessprocess.

While BIS hasreceivedpositiveevaluationsby severaldocumentationdepartments,
it hasnot beenimmediatelyintegratedin thebusinessprocess.Establishedsuccessful
businessprocessesareextremelyvaluableandextremelyexpensive to changebecause
of many interdependentissues.New methods,suchasformal methods,mustbeseam-
lessly integratedinto the processandfunction with the establishedwork force; here,
BIS still hassomedeficiencies.However, wehaverecentlyseensignsof new commit-
mentsto BIS in thecontext of largerreorganizations.
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9 RelatedWork

A lot of differentschemesfor productconfigurationhave beensuggestedin the liter-
ature[25, 10], startingwith McDermott’s work on R1 [20] andDigital’s XCON [1],
bothsystemsfor computersystemconfiguration.Theschemethat is mostcloselyre-
latedto DIALOG’s documentationmethodis theconstraintrule formalismof Soininen
etal. [30], whichattachesstablemodelsemanticsto a rule-basedconfigurationframe-
work. Our examplefrom Section3 written in Soininen’s formulationwith so-called
(weighted)constraintrulesreadsasfollows:fIâ û ���Æ DdB�ãfä=å â^f�e�ÇfIâ û ��dÇ DdB�ãfä=å âµÆ�e û ��dÇÆ]â^Ç DdB�ãfä=å â^ÇÈeIÆÊe û ��df
It is easilyverifiedthat ��f � is theonly stablemodelof theserules,which is in accor-
dancewith theresultsobtainedwith ourverificationsemantics.Wedonothaveaproof
for thegeneralequivalenceof bothformalisms,but hopethat theconcordancehasbe-
comeapparent.Comparedto Soininen’swork, ourpropositionalverificationsemantics
aims in a differentdirection: in their work, configurationof individual ordersis the
objective,ratherthanverificationof therule-baseasahole.Oursemanticsallows,e.g.,
anin-depthexaminationof thecompletionrelation.Moreover, consistency checkscan
becomputedusingstandardSAT-checkers.

Over the last years,SAT checkinghasgainedrenewed attentionby the advent of
bothnew theoreticalresultsandimprovedimplementations[38,27, 21]. A comparison
of theseimplementationswith the prover that is part of BIS can be found in [14].
Whereasall other SAT-checkers requirethe input to be in CNF, our prover accepts
propositionallogic formulaewithoutrestrictionsandoffersaspecialselectionoperator.

10 Conclusions

Webelieve thatthemainfindingsof theBIS projectarethefollowing.
Configuration. FormalMethodscantreatrealworld issuesin theconfigurationof

complex productsat the engineeringandmanufacturingstages.It is easyto seehow
our methodscouldbeappliedto salesandaftersales(sparepartssupply),but we have
not treatedthesebusinesscaseshere.

Prover technology. Ourmaincontributionshavebeentoextendpropositionallogic
by a specialselectionoperator, to develop an efficient SAT-checker without CNF-
conversion,to provide a sophisticatedexplanationcomponent,and to producededi-
catedandparallelversionsfor increasedspeed.

Formal Methods. Specificationandvalidationmethodsbasedon lowly proposi-
tional logic have importantindustrialapplicationsandcanbe supportedby efficient
tools. The validationof large industrialsoftwaresystemsis feasiblewith reasonable
effort if thesoftwareis anexpertsystembasedonrulesin propositionallogic or canbe
faithfully modelledassuch. The key issueis that theremustbe a tight but easilyes-
tablishedlink betweenthesoftwareanda formal systemtheorywith a logic admitting
efficient decisionprocedures.

Businessissues.Key factorsfor thesuccessof BIS werethattheunderlyingindus-
trial processwasalreadyfoundedon a clearandsimplelogic sothatwe couldbuild a
systemtheory, andthatSAT checkingis now matureenoughsothatproverscanhandle
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largereal-world problemsefficiently andthat it is possibleto make thenumerousthe-
oreticalandpracticalmodificationswhicharealwaysnecessaryin importantindustrial
applications.
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