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Abstract

In the automotve industry the compilationand maintenancef correctprod-
uct configurationdatais a complex task. Our work shavs how formal methods
canbe appliedto the validation of suchbusinesscritical data. Our consisteng
supporttool BIS workson anexisting databaseof Booleanconstraintexpressing
valid configurationsandtheir transformatiorinto manufcturableproducts.Using
a speciallymodified satisfiability checler with explanationcomponentBIS can
detectinconsistenciem theconstraintsetandthushelpincreasehequality of the
productdata.BIS alsosupportananuficturingdecisionsby calculatingtheimpli-
cationsof productor productionervironmentchange®on the setof requiredparts.
In this paper we give a comprehensie accountof BIS: the formalizationof the
businesprocessesnderlyingits constructionthe modificationsof SAT-checking
technologywe found necessanyn this context, andthe softwaretechnologyused
to packagehe productasa client-sener informationsystem.

1 Intr oduction

Productconfigurationplays a key role in marketsfor highly comple productssuch
as,e.g.,in theautomotve or computerindustry[20, 10]. Theseindustriesmanageo
deliverpersonalizegroductswith thepriceadvantage®f massroductionby allowing
customizatiorwithin standardizedhigh-volumeproductlines.

Especiallyin Europecarbuyerspreferbuilt-to-orderproductshy customizingeach
vehiclefrom a very large setof configurationoptions. E.g., the MercedesC-classof
passengecarsallows more than a thousandoptions,and on the averagemore than
30,000carswill be manuficturedbeforeanorderis repeateddentically Heavy com-
mercialtrucksareevenmoreindividualized,andevery truck configurationis built only
very few timeson average.

Electronic productdatamanagemen{PDM) systemsare thereforeemployed to
maintainall knowledgeaboutconfigurationoptionswithin a productline. The need

*This work was supportedby T-Systemd TS GmbH and DaimlerChryslerAG. Preliminaryresultsof
this article were presentedat the IJCAI-2001 configurationworkshop[29], at IJCAR 2001[15] andat In-
Tech’2001[16].



for configuration(or useof configurationdata)may occurat several stagesn the pro-

ductionchain,like salesgngineeringassemblyor maintenanceTherequirement®n

the PDM systemmay differ greatlyfrom onestageto the other[37, 32]. However, the

majority of commerciallyavailableconfigurationtools concentrat®n the salesaspect,
asthesurwy of SabinandWeigelindicateq25].

In this paperwe focuson the configuratiorrequirement$rom theengineeringand
manufcturingdepartmentsvhich are similar in the sensethat the producthasto be
considerechot merelyin functional (sales-)catgories,but down to the level of parts
assemblyEspeciallyin theautomotve industry where—asn our case—arindividual
vehiclecanconsistof up to 15,000parts,this rulesout the useof corventionalsales-
configuratorsHaag[11] introduceghe notionsof high-level andlow-level configura-
tion, wherethelow-level is characterizethy non-interactie, proceduraprocessingin
this sensaeve addressow-level configuratiorhere.

DaimlerChrysleiAG employ themainframe-baseBDM systemDIALOG to man-
ageall possibleconfigurationof the Mercededinesof passengectarsandcommercial
vehicles. DIALOG maintainsa databaseof salesoptionsand partstogetherwith a
setof logical constraintexpressingvalid configurationsandtheir transformatiorinto
manufcturableproducts. Someof the constraintgepresengeneralrulesaboutvalid
combination®f salesoptions,otherformulaeexpressheconditionunderwhich a part
is includedinto the orders partslist. It wasfoundthatit is not humanlypossibleto
keepa data-basef thousand®f logical constraintsabsolutelydefect-free especially
sinceit is underconstanthangedueto the phasingin andout of modelsandof parts.
Thus,formal verificationmethodologiesre highly desirableto weedout residualde-
fectswhich arehardto captureby traditionalquality assurancenethods.

Thereforeour systemBIS [18] wasdevelopedasanextensionto DIALOG to help
the productdocumentatiorstaf increasehe quality of the productdata. We first cre-
ateda formal model of the businessprocessegncodedin DIALOG and corverted
globalconsisteng assertiongboutthe productdatabaseinto formulaeof anextended
propositionalogic. BIS itself employs SAT-checkingtechniquego draw logical con-
clusionsfrom setsof Booleanconfigurationconstraints By plugginginto the existing
formal productdocumentationBIS can validate consisteng assertionsn the con-
straintsdatabase andit cancalculatethe effectsof configurationchange®n the setof
requiredparts[18, 29].

BIS is especiallygearedowardstheindustrialcontet. It is packagedisanobject-
orientedclient-serer information systemwith applicationspecificGUI. BIS works
on an extendedpropositionallogic that allows a compactformulation of n-out-of-k
constraintavhich arecommonin our applicationarea.lts prover componenprovides
both efficiency on large inputs [15] and explanationof failed proof attemptswhich
areinvaluablefor locatingdefectsin the database[16]. BIS thereforepreseresthe
formulastructureof the database avoiding CNF conversion,andfor unsatisfiablesets
it calculatesa minimal setof thoseconstraintsandtheir constituentsvhich aretheroot
causeof the failed proof [14, 16]. We have alsodevelopedparallel SAT-checlersto
testthe speedimits of the system[3].

Configuration at the engineeringstage.At the engineeringstage a PDM system
is employed to maintaina databasethat describesindependenbf ary actualorders,
the total setof productsthatthe manufctureris ableandwilling to build. Dueto the
size of this set, its descriptionmust be implicit, by listing all constraintsgoverning
admissiblecombinationsof options[8]. The origin of the constraintamay vary from
marketingto physicalto legal considerations.

Traditionally, a salespersonwill bespeakhe individual orderwith the customer



Theengineerind®DM systemis thenusedto completethe orderby implied equipment
options(considera police car), andto checkthe validity of the orderby runningit
againstthe constraintsset. Every flaw in the constraintsmay lead to a valid order
rejected,resultingin lost revenue,or an invalid (non-constructibleprder accepted,
possiblyresultingin theassemblyline to be stopped.

BIS canhelpto discover suchflaws by formally verifying consisteng conditionson
the constraintswithout testingary real or imaginaryorders.As anexample,BIS can
checkfor eachof the thousand®f salesoptionswhetherit canpossiblybe contained
in atleastonevalid (manufcturable)rder BIS canalsodealwith partially specified
orderscheckinge.g.,which engineoptionsarestill valid givenapreselectetbodyand
interior, or it cancheckwhich partscannotpossiblybe partof any vehiclesthatgoto a
certaincountry This useof BIS concernghevalidationof a staticsetof constraints.

Configuration at the manufacturing stage.The manufcturingPDM systemde-
terminesthe bill of materialsneededor assemblyat a certainplanton a certaindate.
Flawsin themanugcturingconstraintsnayleadto superfluoupartsorderedor neces-
sarypartslacking. Productdocumentatiorat the manufcturingstageis characterized
by frequenttemporalchangePartsmaybeavailableor unavailableat certainpointsin
time or maybeexchangedy successamodels subassembliemayshift fromin-house
productionto externalprocurementassemblyinesmaybereconfigured Additionally,
changesn the engineeringevel usually have a directimpacton the manufcturing
documentationTo namejust a few, we canthink of the phasingin andout of supple-
mentaryequipmenbr whole modellines, or sharpenedr relaxed constraintbetween
partsor subassembliedueto further productdevelopment. Here, configurationre-
guirementsaresimilarto theengineeringstagejn thattheproducthasto beconsidered
notmerelyin functional(sales-)catgories,but down to thelevel of partsassembly

A specializedrersionof BIS [29] containsgwo methodsthe +§-methodandthe 3-
pointapproachto computehechangesnducedonthepartslevel by high-level product
changes.Thesemethodsgeneratgropositionaformulaewhich arethenchecled for
satisfiability Thus,bothmodelyearchangeandproductionrelocationcanbe handled.

Prover technology The BIS systemis foundedon state-of-the-arSAT-checking
techniques.Our initial feasibility study determinedthat (at the time) no othertech-
niguewe tried could comeclosein speedin particular no variationof BDDs we tried
could handleformulasof our sizes. SATO [38] wasthe first systemwith which we
could prove aninterestingsetof assertion®n realisticinputs. Subsequentlywe de-
velopedour own SAT-checlersin responseo the demandsf our application:speed,
explanation,andanimproved documentatiotogic.

First, our prover avoids the initial conversionof the input to conjunctize normal
form (CNF). Our formulasare so large that naive CNF corversionby applying the
distributivity law failed for lack of memoryandtime. Advancedmethods[33, 31]
weresuccessfubut they still took aboutaslong asthe SAT checkingproper Speeds
importantin our application because¢housand®f theoremsanustbe provedwhile the
documentatiorspecialiswaits.

Second,an explanationcomponentwas addedto BIS. In industrial applications,
therealvalueof formal validationis asa sophisticatedlehuggingaid ratherthanasa
tool for total verification. Evenif all validationssucceedt the endof a development
cycle, thereis no guarante¢hattheproductdocumentatioris totally correct.However,
everytime avalidationattemptfails, it is desirableo understandhe causeandcorrect
thedocumentatiorfor the productitself). In our casethe productdocumentatioris set
up by a group of experiencedapplicationexpertsandis almostdefect-free.A failed
assertiorusually pointsto an exotic (but possiblycostly) casethat is ratherdifficult



to tracefor a humanexpert. Thereforeit is absolutelynecessaryor BIS to explain
quickly and succinctlythe causesof a failure to prove an assertion. In our case,a
failed proof correspondgo an unsatisfiableset, and BIS computesa minimal set of
constraintandtheir constituentsvhich arethe root causeof unsatisfiability The need
for explanationis a furtherreasorto avoid CNF corversion,becausghis destrgs the
original formula structureand may introduceextraneousvariables,which rendersan
explanationin termsof the CNF form ratheruseless.

Third, one of the bestmeansto avoid defectsin the productdocumentations an
adequatalocumentatioiogic which allows naturaland perspicuougormulationsof
thebusinessonstraintsBoolearlogic is agoodchoicebecausé is easyto understand
and admitsdecisionproceduresand efficient provers. However, popularconstraints
suchas “a car must have exactly one motor out of a setof options” translateinto
rathercomplex setsof constraints.Thereforewe extendedBooleanlogic by a general
selectionoperatorandbuilt a prover for the extendedogic. This approactalsotrades
documentatiorspacefor verificationtime.

The remainderof this paperis how organizedasfollows. In Section2, we begin
with an exposition of the documentatiormethodusedat DaimlerChrysler In Sec-
tion 3, we give a rigorousformalizationof the algorithmsusedfor order processing
and configurationon the engineeringand manufcturingstage followed in Section4
by a summaryof validation propertieswe identified asimportant,togetherwith their
translationgnto formal consisteng assertionsin Section5, we describethe manage-
mentof changeat the manugcturinglevel, andhow it canbe handledusingformal
methods.In Section6, we thenturn to specialdemandson the proof procedurdike
explanationandtheir integrationinto BIS, followed by a shortexpos of the BIS soft-
warearchitecturén Section?. In Section8, we summarizeourexperiencesvith formal
methodsn industry in Section9 we comparewith relatedwork, andin Section10we
give abrief conclusion.

2 Product Documentationfor DaimlerChrysler s Mer-
cedesLines

We now describethe PDM systemDIALOG thatis usedin its two variantsDIALOG/E
and DIALOG/P in the engineeringresp.productiondepartment®f DaimlerChrysler
AG for configuratiorof their Mercededines. Our descriptions alreadyin termsof the
abstractogical modelwhich we hadto derive for our verificationpurpose$18].

2.1 Documentationat the Engineering Stage

In theterminologyof SabinandWeigel [25], DIALOG is arule-basedeasoningys-
temfor batchconfiguration.It consistsof a function-orientedand of a parts-oriented
level. Theformeris drivenby codesandrules. Rulesonthislevel sene two functions:
they (1) describeconstraintdbetweencodesand (2) areusedfor completingpartially
specifiedorders.Codesmayeitherbe equipmentodegsalesoptions)or control codes
(internalsteeringcodesg.g.for production).Thefunctionallevel constitutes descrip-
tion of thesetof manufcturablegproductsrom anengineeringoint of view, whichwe
will alsocall the productoverview in the following. The parts-orientedevel is char
acterizedoy amodularizechierarchicabpartslist, wherealternatvesareselecteased
onrules. Theserulescontainthe function-orientedsalesand control codesandthere-
fore provide the mappingfrom the high-level functionalto the low-level aggreyational



view. The structureof the productis reflectedn the modulehierarcly. More informa-
tion on the documentatioomethodanda synopsisof the requirementgrom different
departmentsanbefoundelsevhere[18, 16].
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Supplemented Checked and Supplemented Order’s Parts List
Customer‘s Order Customer‘s Order

Customer‘s Order

Figurel: Processin@ customers ordet

A customers orderwithin DIALOG/E consistsof a modelline selectiontogether
with a setof further equipmentcodeswhich describeadditionalfeatures.Eachcode
(equipmentcodeor control code)is representeds a Booleanvariablein the docu-
mentation. It is setto true (1) exactly whenthe pieceof equipments choserby the
customer Thus, an orderis a fixed assignmento the propositionalvariablesof the
productdocumentation Alternatively, we identify an orderwith the setof codesthat
areassignedo true. For homogeneitypartsmayalsobeviewedasBooleanvariables,
althoughthis correspondencis utilized neitherin the DIALOG systemnor in our for-
malization.Ordersareprocesseth threemajorstepsasdepictedn Figurel: (1) order
completion,(2) constructibilitycheck,and(3) partslist generation All of thesesteps
arecontrolledby rules. Rulescanbe of threedifferenttypes,reflectingthe threeorder
processingsteps. All rules R areof theform R = (F,,z), whereF,, is a proposi-
tional logic formulaandz is the dataentity the formulais assignedo, which canbe
eithera codeor a part. A rule’s formulais built from the usualBooleanconnectves
A, V, and—, andfrom the codesservingaspropositionalariables.No restrictionsare
placeduponthestructureof therules’ formulae,sothereis, in particular norestriction
to Horn formulae. The whole order processings controlledby evaluatingthe rule’s
formulaeunderthe (complete)variableassignmeninducedby the customers order
and executingsuitableactionsbasedon whetherthe formula evaluatesto true (1) or
false(0).

Let usdenoteby S.z, resp.C.z, the uniquesupplementingtesp.constructibility
rule that is associatedvith eachcodez. For a supplementingule S.z, or a con-
structibility rule C.z, we usethenotationS(z), resp.C(z), to referto therule’s propo-
sitional formula. Similarly, for partsselection,we usethe notation P.p to indicate
the uniquepart selectionrule of partp!, and P(p) to denotethe formula of rule P.p.
Tablel shavs examples.

We now describethe actionsof eachrule typein moredetail.

Supplementingrules. The ordercompletionor supplementingrocessaddsimplied
codesto anorder The supplementindormulaS(z) of rule S.z specifieshe condition
underwhichcodez is addedo orderO. WhenS|(z) evaluatedo trueunderthevariable
assignmentnducedby O, i.e., when O is a (logical) modelof S(z), thencodez is
addedto thatorder The ordercompletionprocesss repeatedintil no furtherchanges

result.We denoteby O 52, 0" theactionof addingcodez to orderO resultingin O’
whenformulaS(z) evaluateso trueunderO.

IMore preciselywe referto the positionsof partsratherthanto the partsthemseles[18].



rule type formula

S.231 supplementing 494 A (M113 V M628) A (2XXL V 494 v 403L V
406L) A 337

C.231 constructibility (M113V M628V ((M112Vv M613) A (RV 249) A
(2XXL V 494 v 403LV 406L) A —337)

P81263A partselection (M613V M628) A =260

Tablel: Rule Examples

Constructibility checkrules. Constructibility of a customers orderis checled ac-
cordingto thefollowing scheme:For eachcodez thereis a constructibilityrule C.z.
Its formula C(z) interrelatesz with othercodesby encoding,e.g., requirementsor
exclusionconditionsfor usingcodez. A codeis calledconstructibleor valid within a
givenorderQ if C(z) evaluatego true underQO. All codesof apossiblysupplemented
ordermustbevalid in aconstructibleorder andnon-constructibl@rdersarerejected.

Parts selectionrules. The partslist is hierarchicallystructuredusing modules,po-
sitions, and variants. Parts are groupedinto modulesdependingon functional and
geometricahspectspositionscontainmutually exclusive alternatve parts,calledvari-
ants for eachinstallationpoint. A partp is selectedasednits partselectiorrule P.p:
partp is includedinto thebill of materialsfor O if andonly if therule’s formula P(p)
evaluatedo true underthe checled andpossiblysupplementedrderO. Consideras
anexample,anorderO consistingof thecodesM628 and494,i.e. O = {M628,494}.
Assumethatthis orderis left unchangedby the ordercompletionprocessandthatit is
constructible Thenthe partselectiorrulesareevaluatedunderO’s associatedariable
assignmenti,e., thefunctionO(M628) = 0(494) = 1 andO(z) = 0 for all otherz.
Evaluating,for example,81263As partselectionrule shovn in Figure 1, we find that
it evaluatesto true, sinceO(M628) = 1 andO(260) = 0. Thereforepart81263Ais
includedinto thebill of materialsfor orderO.

The expositionlaid down in the lastsectionpresents simplified view of the func-
tioning of the DIALOG system. The real systemknows, e.g., differentkinds of con-
structibility andsupplementingules. It is alsopossibleto have severalrulesof akind
for eachcode,or norulesatall. Moreover, partselectiornrulesusea differentformula
encoding A formalizationof thislessabstractiew of DIALOG canbefoundelsavhere
[28].

We will now turn to documentatiorat the manufcturing stageand explain the
extensiongelative to the engineeringlocumentatiofjust presented.

2.2 Documentationat the Manufacturing Stage

Engineeringoroductdocumentationeflectsan idealizedsnapshoof the engineering
capabilitiesat a fixed pointin time. It representshe mostup-to-datepicture of what
engineerareableto accomplish.This differsfrom productdocumentatiomt the man-
ufacturinglevel, whereotherissueshave to betakeninto accountge.g.: Is a partavail-
ableatacertainpointin time? At which productionline cantheproductbeassembled?
Which versionof the productis to be manugctured?

Mainly, the differencebetweenengineeringand manugcturingdocumentations
theinclusionof time dependencieandproductioncircumstancemto thelatter Within
DiALOG/P thisis accomplishedy addinga validity time interval andtiming control



codesto eachrule of the DIALOG/E system. In DIALOG/P, a rule R is therefore
equippedwith avalidity time interval®

with ¢, (R) < t,(R), indicatingthe earliestandlatesttime at andbetweenwhich rule
R isvalid. R canbe eithera supplementingule S.z, a constructibilityrule C.z, or
a partselectionrule P.p. An invalid rule is interpretedas switching off its action of
supplementationgonstructibility control, or part selection. To enablemore complex
temporalprocessesuchasthe phasingn andout of parts,eachrule additionallyowns
a startinganda stoppingcontrol codeCC,, resp.CC,,, which allows to overridethe
time interval limits. Intuitively, the meanings asfollows: CC,, anticipateghe startof
thetimeinterval,i.e.,rule R is valid evenbeforethe startof the specifiedime interval,
provided that the startingcontrol codeCC,(R) is presenin the order Analogously
CC,, anticipateghe endof theinterval in the sensehatrule R is invalid even before
theendof thetimeinterval, assoonasthestoppingcontrolcodeCC,, (R) occursin the
order Theexactformalizedmeaningwill be givenbelow.

3 Formalization of the Documentation System

Although the rules of DIALOG are propositionallogic formulae and thereforehave
a clear semanticsthis doesnot necessarilyymply a likewise clear semanticsof the
documentatiosystem.Thisis dueto thealgorithmsbuilt into DIALOG to interpretand
executerules. For example,the orderin which rulesarechecledandcodesareadded
duringtheordercompletionprocesanbe deeplyembeddedn DiALOG's algorithms
anddependon factsnot visible to the documentatiorsystemuser As a consequence,
we eitherhave to includeall thealgorithmicdetailsin our considerationor we have to
abstracfrom themin our examinations We have decidedfor thelatter.

Ignoringthealgorithmicdetailsof orderprocessingwe concentrat®n theresultof
theoverall orderprocessingchemai.e. we try to find a manageableepresentationf
the setof all constructibleorders(which is the productoverview) in onepropositional
formula. This semanticof the productoverview in turn builds on the semanticof
individual rules,which is now introduced.DaimlerChryslerdoesnot usethis seman-
tics at any point within DIALOG to checkindividual orders,but it is of greathelpin
analysingthe system,andto expressconsisteng assertionsaboutthe rule baseasa
whole. A justificationof our propositionalverificationsemanticsand proofsconnect-
ing DIALOG/E’s ruleswith it canbe found elsavhere[18]. In a first step,we only
considerthe semantic®f the DIALOG/E system.

In our context, the verificationsemanticof arule is a propositionalformula, de-
notedby [-]. So,e.qg.,[C.z] denoteshe semanticf constructibilityrule C.z. For
supplementingndconstructibilityrules,theverificationsemanticsanalsobeviewed
asapostconditiorthatholdsaftersuccessfuixecutionof therule by DIALOG. For part
selectiorrules,the semanticglenoteghe conditionunderwhich thepartis includedin
agivenorder

In Figure2, formal definitionsof therule semanticareshovn, togethemwith some
derived formulaedescribingfurther importantproperties: Formula PO describeghe
productoverviaw, i.e., the setof all constructiblefully supplementedrders.This set
is characterizedby the propertythatfor eachcodez out of the setC of all available

2By [a, b], resp.(a, b), we denoteclosed resp.open,intervals.



Supplementingules:

[Sz] = S(z) ==
Constructibilityrules:

[Cz] :== z=C(x)
Productoverview:

PO:zA(MﬂAWﬂ)

zeC
Partselectionrules:
[Pp] :== P(p)
Ordervalidity for orderO:
O =PO

Selectionof partp for orderO:

O F [Ps]

Figure2: VerificationSemanticof Rules.

codestwo propertieshold: First, asa result of the supplementingules’ semantics,
for eachordersatisfyingthe supplementingormula S(z), the codez itself hasto be

containedin thatorder This reflectsthe fact that an orderwhich satisfiesS(z), but

doesnot containz is not fully supplementedThe otherway round, however, z may

be includedin the orderevenif S(x) is not satisfied. And secondasa resultof the

constructibilityrules’ semanticsif codez is partof the order thenits constructibility
conditionC(z) musthold. Thus,a constructibleandfully supplementedrderO is a

logicalmodelof PO,i.e.,O = PO, andpartp is includedin thebill of materialsor an

orderO if O = [P.p].

As anexample,considerthe following setof rulesfor the productoverview:

Sz =(—zV -y, z) C.x =(—y,z)
Sy =(2y) C.y =(29) @
S.z =(L,2) C.z=(zV y,z)

Then,e.g.,codex is addedto anorderO if y or z is missing,andz is constructible
only if y is notpartof theorder while z is constructiblef eitherz is alsocontainedn
O ory is missing.Theverificationsemantic®f S.z is [S.z] = —zV —y = z, andthat
of C.z is [C.z] = z = —y. Thereforewe getasformulafor the productoverview
PO= (mzV-y=z)A(z=—y)A
(z=y)A(y=2)A
(L=2)A(z=>2Vy),

which simplifiesto PO = z A -y A —z. Thus,the only constructibleorderthat can
possiblyappeamtthe partselectionstageis O = {z}.



This semanticss suitablefor DIALOG/E, but asit doesnot considervalidity time
intervals, it hasto be extendedby a precisesemanticgor temporalaspectsn orderto
beappropriatdor DIALOG/P. Theextendedsemanticss shovn in Figure3.

Timedformulasemantics:

F ANCCo(R)AN=CCy(R) ift <to(R),
[F,t]lr := { FA-CC,(R) if to(R) <t <ty,(R),
1 if t >t,(R).

Supplementingules:

[S.z,t] := [S(z),t]s: = =
Constructibilityrules:

[Cz,t] := z= [C(z),t]c.s
Productoverview:

PO(t) == J\ ([[S.m,t]]/\[[C.x,t]])

zeC

Partselectiorrules:
[P.p,t] == [P(p).tlpy
Ordervalidity for orderO attime¢:
O =PO(¢)
Selectionof partp for orderO attime ¢:

O [Pp 1]

Figure3: VerificationSemanticof Timed Rules.

The generaltime-dependensemanticq F, t] r of formula F' belongingto rule R
generates formula F’ representinghe interpretatiorof formula F' attime ¢, consid-
ering the control codesandtiming intervals of rule R. Beforestartingtime ¢,, of rule
R, thetimedformula F” is only valid if startingcontrolcodeCC,, is setandstopping
controlcodeCC,, is notset.Betweer¢,, andt,, theruleis valid aslong asthestopping
control codeis not set,andafter¢,, therule is never valid. Note that, althoughanin-
valid rule’s formulais alwaysequialentto L, theinterpretatiorof thewholerule can
differ. Soaninvalid formulain supplementingule S.z generateshe rule semantics
1 = z whichis equivalentto T, andthusswitchesoff the supplementatioof code
z. On the otherhand,aninvalid formulain a constructibilityrule C.z generateshe
rule semanticsc = L or, equialently —z, which excludescodez from ary ordet
thusswitchingoff constructibilityof codez. Productoverview, ordervalidity, andpart
selectionarestraightforvard extensionsof their untimedcounterparts.

Therearetwo final remarks: First, the rangeof the startingand stoppingtimes



to andtg canbe extendedby the pseudo-alues+-oo and—oo in orderto modelun-
boundedime intervals. Secondjf the controlcodesarenot set,they areinitialized to
theirdefaultvalue_ L. Soin caseof unspecifieccontrolcodeswe getasimplifiedtimed
rule semantics:
Filn {F if ta(R? <t<ty(R),
1 otherwise.

4 Maintenanceand Validation Issues

Due to the compleity of automotve productdocumentationsomeflawed rulesin
the databasearealmostunavoidableandsometimesvery hardto find. Moreover, the
rule basechangesonstantly evenbetweermodelyearchangesandrulessometimes
introducedependenciebetweencodeswhich at a first sight seemnot to be relatedat
all. Astherule basenotonly reflectsthe knowledgeof engineersbut alsoworld wide
legal and marleting restrictions,the compleity seemsto be inherentin automotve
productconfigurationandis thereforehardto circumwent.

We subdvide the validationissuesinto two catayories: static consistencyriteria
anddynamicconsistencyriteria. Whereaghe former consideronly a fixed snapshot
of the product,and analyzepropertiesof its documentatiorat this point in time, the
latter alsotake the evolution of the productandthe productionprocessover a whole
periodof time into accountandinvestigatedifferencedetweertwo or moresituations.

Of course,documentatiorhasits own developmentand history by itself. We de-
notethis evolution consistingof updatego the rulesin the documentatiorsystemby
documentatiomvolutionanddistinguishtwo reason$or documentatiomvolution, dis-
regarding purely administratve updatesnot causedoy externalevents: Either caused
by modificationsof the productitself or by changego the productionenvironment.We
call the associatedievelopmentgroductevolution and productionevolution, respec-
tively.

Typically, thesetwo aspectof evolution arealsoseparatedh the documentation.
Productevolution is mainly consideredn documentatiorat the engineeringstage,
whereagproductionevolutionis partof documentatiomtthemanufcturingstage.This
differentiationalso carriesover to the separatiorinto staticanddynamicconsisteng
criteria.

4.1 Static ConsistencyCriteria

Independentf the real products propertieghereareconditionsthata consistentloc-
umentationis supposedo possess.E.qg., all partsshouldoccurin at leastone con-
structibleproductinstanceandary equipmentodeshouldbe compatiblewith atleast
oneorder We call thesea priori conditions pbecaus@o explicit knawledgeof theprod-
uct andthe constraintgyoverningits constructibilityis neededn orderto setup these
criteria. We identifiedthe following databaseconsisteng criteriato be of relevance:

Inadmissible codes: Are thereary codeswhich cannotpossiblyappearin ary con-
structibleorder?

Consistencyof order completion: Are thereary constructibleorderswhichareinval-
idatedby the supplementingprocess?Doesthe outcomeof the supplementing
procesglependnthe (probablyaccidentallprderingin which codesareadded?

10



Superfluousparts: Arethereary partswhichcannotccurin any constructibleorder?

Ambiguities in the parts list: Are thereary ordersfor whichmutuallyexclusive parts
aresimultaneouslyselected?

Consisteng of ordercompletionis baseduponthe assumptiorthat a customers
order that initially fulfills all constructibility rulesis not invalidated,i.e. changed
to an orderthatis not constructibleany more. Moreover, asthe evaluationorder of
supplementingulesis not explicitly settled,the orderof actualrule applicationmay
influencethe final result. Consideras an examplethe supplementingules S.xz with
S(z) = -z V —~y and S.y with S(y) = z, andan initial customers order O con-
sistingonly of thecodez, i.e. O = {z}. Firstapplying.S.z andthenS.y resultsin
the extendedorderO’ = {z, y, z}, whereadirst applying S.y andthen.S.z resultsin
0" = {y,z}.

Besidegheseconditionsindicating possibledocumentatioraults, thereare other
teststhatareof a moreinformative andsynopticnature:

Necessarycodes: Codeghatmustinvariablyappeatin eachconstructibleorder

Groupsof mutually exclusive codes: Setsof codesfrom which at mostone canbe
presenin eachconstructibleorder

Valid additional equipmentoptions: Codeshy which a setof orderscanpossiblybe
extendedwithoutloosingconstructibility

Our systemBIS doesnhot checkthesecriteria on the basisof existing (or virtual)
orders but by calculatinglogical conclusiongrom the productdocumentatioritself.

By incorporatingadditionalknowvledgeon which carmodelscanbe manugctured
and which cannot,further checksmay be performed. Besidesrequiring additional
knowledge theseestsoftendonotpossesthestructurakegularity of theabove criteria
andthuscannotbe handledassystematicallyasthe othertests.

4.2 Dynamic Validation Criteria

Typical questiongegardingthe evolution of the productinclude:

Induced changeon the parts level: What are the effects on the partslevel whena
changen the productoverview takesplace?

Summary of product changes: Which ordersbhecomeconstructibleover a period of
time, andwhich becomenvalid?

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

Especiallythe first of thesequestionss of utmostimportancefor the production
departmenaswe will explainin detaillateron.

11



4.3 Formalization of ConsistencyCriteria

Usingtheformalizationof Section3, checkingconsisteng of the documentatiorsys-
tem canbe groundedon a firm basis. In the following, we will give encodingsf all

our staticanddynamicconsisteng criteria as propositionalsatisfiability (SAT) prob-
lems. Most of the criteriaareformulatedaspropositionalalidity problemsbut asthe
unsatisfiabilityof aformula F' is equivalentto the validity of —F', beingableto check
the satisfiabilityof aformulais completelysuficient.

4.3.1 Encoding of Static ConsistencyCriteria

Consideringheinformal staticconsistenyg criteriaof Sectiond.1,we cannow give the
following precisevalidationconditions:

Inadmissible codes: Codez is inadmissiblaff PO = —z is valid.

Superfluousparts: Partp canberemovedfrom a positionin the systemdocumenta-
tion providedthatPO = —P(p).

Ambiguities in the parts list: Parts p; and p2, which are assumedo be mutually
exclusive, are never selectedsimultaneouslyprovided thatPO = —(P(p1) A
P(p2)) holds.

Necessarycodes: Codez is necessarilgontainedn ary constructibleorderif PO =
z holds.

Groupsof mutually exclusive codes: The groupof codesG = {z1,...,z,} IS mu-
tually exclusive providedthat

PO = /\ —|(.’IJ@' A l‘j) .
1<i,j<n
i#£]
Valid additional equipmentoptions: A valid order fulfilling the additionalrestric-
tion F' canbe extendedby equipmenbptionz iff PO A F' A z is satisfiable.

Whereasall thesecriteria canbe formulatedwithout referringto multiple compu-
tation stateq(regardingthe order processinglgorithm), this is not the caseary more
whenwe considerthe questionof consisteng of the ordercompletionprocess.Here,
thesituationis morecomplicatedasreferenceso atleasttwo computatiorstatesnust
be made: In caseof ordersinvalidatedby the ordercompletionprocesswe needto
comparestatesdescribingthe order beforeand after addingthe supplementeaode;
in caseof orderingof rule applicationswe have to comparetwo statesarising from
applyingdifferentsupplementingteps.

Referenceo two differentstatesij.e. two differentvariableassignmentds not (di-
rectly) possiblein propositionallogic. Fortunately however, the variableassignments
correspondingo two different statessimultaneouslyunderconsideratiorare almost
identical, and differ only on very few variables. This enablesus to useformulare-
strictions F|,—y, Which aredefinedfor aformula F', a propositionalvariablez, anda
Booleanvalueb € {0, 1} asthe (unique)homomorphiextensionof the function

T ifz=y,b=1,
Zly=p =1 L ifz=9y,b=0,
z ifzx#y.
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to the setof all propositionaformulae. Informally, the formularestrictionF'|,—, can
beunderstoodspartially evaluatingF’ for theassignment = b.

Formally defining the supplementingactionrelation 57, of Section2.1 we get:

52 is the smallestrelationwith O =% O providedthatthesethreeconditionshold:
O' = OU{z}, z ¢ O,andO = S(z). Thus,thesupplementingctionrelationcanbe
understoodasa shorthandor simultaneousatishctionof all threeconditions. Here,
we identify the orderasa setof codesO with the orderasa characteristidunctionon
the setof all known codesC.

We cannow statealemmaallowing assertiongvolving severalcomputatiorstates.

Lemma4.1 [See[18]] LetO =% O'. ThenO' |= F iff O k= Flo—;.

Proof. First,notethatO’ = OU{z}. We provethelemmaby inductiononthestructure
of F'. Thelemmais obviousfor F = T andF = 1. Assumethat F' is atomic,i.e.
F = y for somepropositionalvariabley. We destinguishtwo cases.First, if = # vy,
theny|,—; = y and,asO’'(y) = O(y), theclaim holds. Secondjf z = y, then,by
Fly—1 = 2|g=1 = T, 0 | F|z=1 holds,andO’ = F, because: € O'. Now, assume
F = —@G. Since(—G)|z=1 = ~(G|z=1), theinductionhypothesisalreadyprovesthe
lemma.Thecasesd’ = GV H andF = G A H arehandledaccordinglyusingthefact
thattherestrictionis ahomomorphism. [ |

Note, thatthe consequencef this lemmaalsoholdsfor statesO with O £ S(z),
but then the supplementingule would not be applicable. We are now placedin a
positionto formally expressthe remainingstaticconsisteng propertiesaboutthe sup-
plementingprocess.

Consistencyof the order completionprocess:Let CO := A . [C.z] bethe verifi-
cationsemantic®f all constructibilityrules,i.e. CO describesheconstructible,
but not necessarilyfully supplementedprders. Thenno ordersareinvalidated
by the supplementingrocessexactly when

CO A S(z) = CO|yet

holdsfor all z € C. Theorderof supplementingule applicationfor rulesS(z)
andS(y) isirrelevantprovidedthefollowing holds:

COAS(z)AS(y) = S(x)|y=1 A S(Y)|e=1 -

Thelastpropertyis a sufficient, but not necessaryconditionfor orderinvariance asit
evenrequirespermutabilityof the two supplementingulesfor z andy. The general
casedemanddor apropositionalogic specificatiorof the (local) Church-Rosseprop-

erty for relation % andthereforerequiresencodingarbitrarily long supplementing
chainsthatmayleadto areunificationof theinitially differentorders.A morein-depth
discussiorof thelimitationsof our approactcanbefoundin [18].

4.3.2 Dynamic ConsistencyCriteria

Formalizingtherequirement®f Section4.2we arrive atthefollowing criteria.

Induced changeon the parts level: Theimplicationsof change®ntheproductover-
view consistof additionalandsuperfluougparts.We will handlethis andvarious
specializationsn detailbelow.
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Summary of product changes: Assumingdfixedtimest, andt; with ¢, beforet,, the
modelsof formulaePO(¢;) A =PO(¢g) andPO(¢g) A —PO(¢1) describethe
newly constructiblerespectiely nolongerconstructibleprders.

Time intervals with no constructible orders: Assumingan additionalrestriction F'
on orders,thetimesTr during which no ordersfulfilling property F' are con-
structible,is determinedy

Tr = {t| (PO(t) A F) is notsatisfiablé.

Computationof this setof timesis accomplishedy first extractingall relevant
startingandstoppingtimes

Tr = {ta(R).tu(R) ‘ Re |J{Sa,Ca}}
z€eC

from thedocumentationgrderingthis setsuchthatTg = {to,. . .,tx} for some
k andt; < t;11, andthenperformingthecheckwhetherPO(t) A F is satisfiable
for eachsamplepointt = %(ti + t;y+1) and0 < i < k. Theresultfor suchat
thenholdsfor thewholeinterval [t;, ¢;11).

5 Managementof Change

Many yearscanpassbetweerthefirst prototypeof a new productandthelasttime an
instanceof it is manufctured. It is not surprisingthat during this period of time the
productitself aswell astheproductionervironmentmayundego considerablehange.
All this hasto bereflectedin the productdocumentationAmongstthe mary possible
changes productandits productionprocesscan undego, we exemplarily pick out
threesituationsthat make up a hugepart of the changesn the automotve industry
Theseare partsexchange equipmentcodestart-upand expiry, andassemblline re-
configuration. Thesescenarioxover changeof both the productandthe production
ervironment,andincludemodificationsof boththe productovervieny andthe partslist.

5.1 Typical Scenariosof Change
5.1.1 Parts Exchange

Thereasonghatmale the exchangeof partsnecessarganbe manifold,e.g.technical
progresschangebetweerin-houseproductionandexternalprocurementor changeof
thesupplier Theway in which theexchanges performedmayalsovary. Theremight
bea cut-off dateat which partp; is replacedmmediatelyby partp, asis depictedin
Figure4a). Or theexchangehasto take placeover a periodof time duringwhich both
variantswith eitherpartp; or partp, have to be manugctured,andfor eachproduct
instancat is exactly determinedy controlcodeswhich of thetwo partshasto beused,
asis shavn in Figure4b). A third possibility is thatthe new partp, hasto be usedas
soonaspartp; runsout of stock. Thisis similar to the first case but now the cut-off
dateis not fixed, but variable. As noneof our dynamicconsisteng criteria directly
dealswith partexchangewe do not considetthis specialcaseary further.

Fixed-timeaswell asoverlappingpartsexchangecanbe modeledeasilywith the
controlcodeandtime interval additionsof DIALOG/P.
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Figure4: Part Exchangea) Fixed Time b) Overlapping.

In thefixed-timecasewe getthefollowing conditionsfor the selectiornrules P, =
P.p; and P, = P.p, of partsp; andp, to modela partsexchangeattime ¢;:

to(P) =t ta(P) =t .

Theothertime valuest, (P;) andt, (P>) may besetto sensiblevaluesarbitrarily, the
controlcodesareleft unspecified.

To modelan overlappingpartsexchangewe needsupportfrom the control codes.
Leaving the starttime of the overlapintenal open,andassumingheendof theoverlap
attimet,, we get:

t,(P1) =ty to(Py) =t
CCu(P) =2.  CCulP) =z,

wherez, is the control codeof the overlap,i.e. all orderscontainingz,. usepart ps,
ordersnot containingz, usepartp;. Again, theremainingtime valuesmay be setto
ary suitablevalue,the controlcodesnot mentionedareleft unspecifiedlIf theintenal
starttimeis to befixed, thishasto becontrolledusingtheconstructibilityrule of control
codez.. Addingt,(C.z.) = t; we getthebehaior depictedn Figure4b).

5.1.2 Equipment Code Start-up and Expiry

New equipmentodesnayshawv up aspartof thecontinuousdevelopmenbf products.
Otherequipmentodesmay run out becauseéhey arenot requestedy customersary
moreor they have beenintegratedinto standardpbackagesMost of thesechangesre
triggeredby the engineeringor even the salesdepartment.This is in contrastto the
caseof timing control codes,which are setby the productiondepartmentmainly to
handlemodelyearchange Model yearchangeas animportantissueandrequiresa lot
of re-documentatiorasusuallyquite substantiapartsof the productchangerom one
yearto another Most of the overlappingpartsexchangesnentionedabore stemfrom
this modification.

What makes codestart-upand expiry a non-trivial documentatioriaskis thatthe
high-level change®f the productoverview influencethe low-level partsstructurevia
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the partsselectionrules P.p. In caseof startingandstoppingcontrol codesthe direct
influenceis clearlyvisible, but this may not be the casefor othercodesor if atiming
controlcodeis usedinsidearule.

Suchinduced dependenthangesreoftenvery hardto detectascanbeseerfrom
the following example: Assumea part p with an unrestrictedvalidity time interval
I(P.p) = (—o00,+00) and no timing control codes,and a selectionrule’s formula
P(p) = z Ay. Furthermorelet theconstructibilityformulaof codez be C'(z) = z and
assumean intendedcodeexpiry for codez attime ¢4, i.e. ¢,(C.z) = ¢;. Thenafter
t1, p cannotbe partof avalid order sincethe expirationof z inducesthe invalidity of
codez, which forcesthe selectiorrule of p to false

What makestheseinducedexpiry partshardto detectfor the documentatiorper
sonnelis thatthecodesplannedor expiry neednotoccurin the partselectiorrule asin
the exampleabove. Besidesfor comple products differentpersonsnay beinvolved
in thedocumentatiof change Automaticsupportoy anPDM systento find suchin-
ducedexpiry partsis thereforehighly desirable We will presenburapproacho solve
this problembelow.

5.1.3 AssemblyLine Reconfiguration

Our last scenarioof changeis largely causedoy modificationsof the productionen-
vironment. For instanceassemblylines arereconfiguredrom time to time to adapt
themto theactualproductionload. Lessfrequently but entailingconsiderablehanges
of the documentationentireor partialmodellines areshiftedfrom oneassemblyline
to anotheyor evenbetweerplants.

The challengedor the documentatiorpersonnebre similar to the caseof equip-
mentcodechange put they often go evenbeyondthat. The main problemis to deter
mine the influenceof the changeon the partslevel, with the sameproblemsas men-
tionedabove.

Moreover, at leastin our case,somechangesare not—or not early enough—
documentear even cannotbe documentedit all within the PDM system.This poses
the problemof handlingundocumented@hange. For the purposeof verification, we
thusneedan externalformalismto specifycertaindocumentatiorthangeghat cannot
be handledoy the PDM systemitself.

5.2 Two Methodsto Detectinduced Change

For the computationof the inducedchangewe developedtwo approaches.The first
one,calledthe +§-methodi,is suitablefor handlingshorttime intervals at a fixedpoint
in the future, during which considerablalreadydocumenteathangesareintendedto
take place,whereaghe secondne,calledthe 3-pointmethod,canalsohandleundoc-
umentedmodificationsof the productovervien andcopewith largertime intervals.

5.2.1 The £4§-Method

With the +-§-methodwe candeterminewhich partsbecomesuperfluousresp.aread-
ditionally neededaftera critical changethatis alreadyknown to occurat a fixedtime
t. in thefuture,andwherethe changds alreadydocumentedThe procedurevorksin
threesteps:
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Step1: DeterminethesetP; of neededartsjustbeforet,:
P ={peP|(PO(t. — d) A [Pp,t. — d]) is satisfiablé
Step2: DeterminethesetP, of neededartsjust aftert,:

Py ={peP|(PO(t.+ ) A[Pp,t.+ d]) is satisfiablé

Step3: ComputethesetdifferencesS = P, \ P, andA = P, \ P;.

The resultingsetssS, resp. A, give the setsof partsthat are superfluousresp.are
additionallyneededafterthe change The paramete$ hasto be chosersuchthatonly
thecritical changéalls into thetime interval (¢, — 6, t. + §). Notethatthis is—atleast
theoretically—dimiting factorof the +6-method,asit maybeimpossibleto separate
the critical changefrom other changes.In practice,this effect occursrarely, asthe
primaryinterests in the situationafteraccumulatingall changestthecritical time ..

5.2.2 The 3-Point Method

Substantialchangesas required,e.g., for model year changeor productionreloca-
tion, cannotbe performedn theshorttime interval presupposeby the +4-verification
method.Moreover, somechangesannoteasilybe modelledwithin thedocumentation
systemDIALOG, butfit quitenaturallyin thelogicalformulationusedn BIS. Wethere-
fore developedanothemethodologyto determineinducedchangeon the partslevel.
This methodalsoallows simulationandcomparisorof differentfuture scenarios.

In contrastto the +4-method,the 3-point methodis capableof handlingdocu-
mentedas well as (yet) undocumenteathange. This is accomplishedby providing
an external (with respectto the PDM system)formalismfor specifyingchange.The
modificationsthatcanbe expressedvithin this formalisminclude:

e Equipmenir controlcodesbecomingvalid or invalid.
¢ Arbitrary codecombinationdecomingnvalid.

In our formalism,changesarespecifiedasmodificationsof the productovervien’s
semantics.We denotethe changedsemanticsoy PO¢,, 4(t), whereCy is the setof
codesfor which the constructibilityandsupplementingulesareignored,and 4 is an
additionalsideconditionformula. The changedsemanticss definedby

PO;, 4(H) == AN N ([S.m,t]]/\ﬂC.m,t]]) :

z€C\Cy

Validationof aninvalid codez, i.e.,acodewith constructibilityformulaC(z) = L,
canbeachiezedby includingcodez into the setof newly valid code<Cy, therebyinac-
tivating the unsatisfiableconstructibilityformulafor codez. If it shouldbe necessary
a new constructibilityor supplementingule canbe specifiedasa conjunctive part of
formula A. Invalidationof codesaswell asadditionalsideconditions arespecifiedoy
conjunctively addingformulaeto A; e.g.,—z indicateshatcodex becomesnvalid.

For the 3-point method,two pointsin time, ¢, andt;, have to be fixed between
which theundocumentedhangeshouldoccur Moreover, the modifiedproductover-
view semanticPOg , ,(t) with afixedsetCy andaside-conditiorformula A is em-
ployed to reflectundocumenteahanges. The 3-point methodis composedof four
steps:
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Stepl: DeterminethesetP,, of neededpartsattime o, i.e. beforethechange:

P,y ={p € P | (PO(to) A [P.p,to]) is satisfiablg

Step2: DeterminghesetP;, of needegartsattimet; withoutundocumentedhanges:

P, ={p e P| (PO(t1) A [P.p,t1]) is satisfiablé
Step3: Determinethe set P of neededpartsat time ¢; including undocumented

changes:

P! ={peP| (PO, 4(t1) A[Pp,t1]) is satisfiablé

Step4: Computethesetdifferences

A]OZPtl\Pto SIOZPto\Ptl
A*OZPt*l\Pto S*OZPtQ\Pt*l
A*IZP;;\Ptl S*IZPtl\P:I

Here,e.g., A1g indicatesthe additionalpartsneededat time ¢, ignoring undocu-
mentedchangesrelative to the partsneededat time ¢y. Therelationshipbetweerthe
threesetsof partsandthedifferencesetsaregraphicallyillustratedin Figure5.

documented
changes (A44,S1o)

undocumented

differences
documented and (At Seq)
undocumented %
changes (A.,S.)

Bl

time

Figure5: The 3-PointApproach.

To determinethe impactof anintendedproductovervien changeon the part us-
age,we have to take a look at the differencesets. The sets A.o/S«o indicatethe
overall changebetweent, andt; if theintendedlundocumenteddhangereally is per
formed,includingall changesnducedby alreadydocumentedvents. The difference
setsA.1 /S, reflectthe changesnducedat time ¢; by the undocumentednodifica-
tionsalone.Moreover, andsimilar to the +4-method the setsA;/S10 only shov the
impactof alreadydocumentedhangesluringthetime interval (¢, t1).
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5.2.3 Discussionof Both Methods

Comparingthe two methodsthe +4§-approactoffers the advantageof simplicity. To
find outtheimpactof achangeontheparts’world only thepointin time of thischange
hasto be specified. On the other hand,the intendedmodificationalreadyhasto be
documentedandthe time of the changehasto be fixed. Whereaghis is usuallythe
casefor plannedyegularly occurringeventslik e codestart-upandexpiry dueto model
yearchangethis may not be the casefor otherproductmodifications.e.g. by further
productdevelopment. Herethe 3-point methodcan play out its strengthof handling
evenundocumentedhodificationevents,however, atthe costof increaseccompleity
in usage Thisshavsupin theneedto specifythemodifiedproductovervien semantics
POg, 4(t). In mostcasesthough,theundocumentedhangesollow certainpatterns,
so that specialcasesof the modified semanticamay be pre-encodedind offered as
specializedests.

Note thatthe 3-pointmethodproperlyincludesthe +4-method.By settingt,,; =
t. £+ 4 in the 3-pointmethod,we get a specializatiorequivalentto the +§-approach,
asPOy +(t) = PO(t). In this casewe have P, = P, andonly the differencesets
Aqg andSyo areof interest. Anotherweaknes®f the +§-methodalreadymentioned
in Section5.2.1is thatthe separatiorof two eventsmay be impossible. The 3-point
methodallows usto handlesucha caseby re-modelingthe relevanteventsexternally.

5.2.4 Mapping of Typical Cases

We will now shav how to maptwo importantscenario®f changeto our verification
formalisms.

Our first casehandlesequipmentcodestart-upand expiry causedoy modelyear
changefor which we usethe +-§-method.Model yearchangeusuallyis accompanied
by lots of changesmainly onthe partslevel, but alsoto a smallerfractionon the prod-
uct overview level. During anoverlappinginterval, both modelsfrom the old andthe
new modelyearhave to be manufctured.Assumecodesm, andm,, areresponsible
for controllingmodelyearchangeij.e., ordersfor carsof theold modelyeararetagged
with codem,, for the new modelyearwith codem,,. Assumefurtherthatthe model
yearchangés fixedto take placeduringthetimeintenal (¢o, t1). Theinterestingjues-
tion is which partsarenot needecdary moreaftert;. In the documentationthe expiry
of the old modelyearis reflectedby codem, becominginvalid, aswell ascodem,,
becomingmandatoryat t,. Moreover, somepartsmay happerto have t; asa starting
or stoppingtime. In summarytheruleschangingattime ¢, are:

tw (C.mo) = tl,
ta(S.mn) =t with S(mn) = T,

aswell asselectionrulesof partsp with eithert, (P.p) = t; or ¢, (P.p) = t;. We
thussetup the +£4-methodwith ¢, = t; andgetresultingdifferencesetsof A and S,
indicatingadditionallyneededandsuperfluougpartsaftertheendz; of themodelyear
changeoverlapinterval. Obvious startingor expiring parts(i.e., partswith ¢, (P.p) =
t; ort,(P.p) = t;) mayadditionallybefiltered outto geta moreconciseresult.

Let's now turn to productionrelocation,wherewe considermaving partsof the
productionfrom one assemblyline (or plant) to another Of this two-sidedproblem
of moving in and off, we concentrateon the move-off part. Sucha kind of change
cannot(easily)be handledwithin the DIALOG/E systemasnotonly individual codes,
but arbitrary code combinations representinghe fraction of the productionthat is
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to be relocated becomeinvalid after the change. One importantproblemrelatedto
productionmove-of is to determineheinducedpartsshift.

To handlethis case,we usethe 3-point methodto find out preciselythe induced
partsshift. We setup ¢; asthe approximatedime of therelocationevent,andt, asthe
currenttime. The modified productoverviev semanticss setto POy _ p(t) whereF
is aformuladescribingthefraction of the productionto be moved off.

As anexample let usconsidethesituationwherethe productionof carscontaining
themotorvariantsM1, M2, andM5, in cunjunctiorwith automatiayearqA) is planned
to bemovedoff, but notfor the destinatiorcountriesC1, C3,andC4. Theformula

F = (M1V M2V M5)AAA—(CLlV C3V C4)

describeghis productionshift.

The resultsdeliveredby the 3-point methodare manifold. Perhapghe mostim-
portantpartsshift setsare A.1 /S«1. They indicatetheadditionalandsuperfluougparts
aftertherelocationat ¢; relative to the situationat the sametime without the reloca-
tion. If theoverallchangeonthepartslevel betweerthecurrentsituation(att,) andthe
projectedsituationafterthe relocationat ¢;, alsoincluding alreadydocumentegbrod-
uct changesjs of interest,thenthe differencesets A.q/S«o provide the appropriate
information.

6 A SAT Checker for Product Configuration

From our experimentswith different methodsfor solving decisionproblemsarising
from the encodingof consisteng criteria [18], we obsened someshortcomingsof
currentproversin handlingproblemsstemmingfrom the validation of configuration
data. We thereforedevelopedour own prover [14] which is specializedor handling
productconfigurationdata.

6.1 LanguageExtension

Groupsof mutuallyexclusive codesarea characteristipropertyof automotve product
data.Suchgroupsenforcethatconstructibleorderscontainat mostone,or exactly one,
codeof eachgroup.In caseof the D1ALOG systemgroupsof mutuallyexclusive codes
occur for example,for differentenginetypes,interior materials,or radios; besides,
eachvalid ordercontainsexactly one codethat determineshe countryfor which the
caris to bemade.

Althoughsuchgroupsappearrequently they arenot givenspecialattentionin the
DiALOG documentatiotanguageThis maybedueto thefactthatsuchgroupscannot
efficiently beencodedn standargropositionalogic. To expresghe mutualexclusion
of n codes,a formula of size at leastO(n?) is needed. In orderto overcomethis
restriction,we extendpropositionalogic by a specialselectionopetator S7,.

Definition 6.1 For eatin > 0 and M C {0,...,n}, S}, is ann-ary opefator, and

St (Fu, ..., Fy) is true iff exactly k of the formulae Fy, ..., F,, are true for some
ke M.
So, for example,Sf0 1}(F1, ..., F,) denoteghefactthatat mostoneof theformulae

F,..., F,istrue.
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Amongstthe advantageof addingthe selectionoperatorto the languagearethe
compactformula size for symmetricallyrelatedsubformulae(such as mutually ex-
clusive groups)and the conseration of structuralpropertiesthat are lost by other
encodings—includindhe opportunityto make useof the presered structuralinfor-
mationin automaticSAT checking.

6.2 The Problem of CNF Conversion

Evenif no restrictionsareplaceduponpropositionaformulaefor the specificationof
constraintsthis is often not the casefor the prover language.In the domainof auto-
matic theoremproving, formulaeare frequentlyrequiredin conjunctive normalform
(CNF) in orderto simplify and speedup the prover. However, this requiresan ad-
ditional conversionstepof generatingclausegdisjunctionsof literals) from the input
constraints. This can either be donenaively, by distributing conjunctionsover dis-
junctionsandremaoving subsumeatlausesor by the satisfiability-conservingransfor
mationdueto Tseitin[33] thatintroducesew variablesasabbreiationsfor comple
subformulae.

However, the naive corversionmethodmayresultin anexponentialblow-up of the
formula, and Tseitin’s methodsuffers from the fact that the SAT checler hasto deal
with alargersetof variables.Moreover, CNF corversiondestrys theoriginal formula
structurewhichis detrimentako ary explanationcomponent.

In contrastto small academidnputs, where CNF corversionposesno problem,
our industrialinputsare so large that naive corversionis impossible andwe needan
explanationof failed proofsin termsof the original constraints.Moreover, we found
that CNF transformatiortook aslong as SAT checkingby itself sothatwe wantedto
eliminatethis additionalintermediatestepfor theinteractve usewithin the BIS system,
whereturn-aroundimesareto bekeptsmall.

6.3 A SAT-Algorithm for Formulae in SNF

We developeda prover for arbitrary propositionalformulae including our selection
operatorsSy;. The proverimplementsan extensionof the well-known Davis-Putnam
algorithm[6] for formulaein CNF

Input formulaeto our prover have to be in selectionnormal form (SNF) which
is definedasfollows. SNF denoteghe setof all propositionalformulae F' including
selectionoperatorsS%, fulfilling threeadditionalproperties:

1. Fisin negationnormalform (NNF), i.e. negationsappeaionly directly in front
of propositionalvariables,

2. falseandtrue (L and T) dono appeatmaspropersubformulaeof F', and

3. disjunctionsand conjunctionsare of variablearity (denotedby \/(F1,..., Fy)
resp.A(Fi,- .., Fp)), flattened(i.e. no directsubformulaof a disjunctionresp.
conjunctionis again a disjunctionresp.conjunction),andtrivial casegn < 1)
aresimplifiedto their obviousequialent,i.e. \/(F1) = A(F1) = F1,V() =L
andA\()=T.

Corversionto negationnormalform is possibledueto anextensionof DeMorgan’s law.
As shavn in [1_4], the equivalence~Sy (Fy, ..., Fn) < S opar(£1,--- 5 Fn)
holdsfor selectionoperators.
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ALGORITHM SATsnre
INPUT: F' € SNF
OUTPUT: 1if F satisfiableD otherwise

BEGIN
IFF=TORF=20RF =-zTHEN
returnl
ELSEIF F = 1 THEN
returnO

ELSEIF F = \/(Fy,...,F,) THEN
FOR:=1TOnDO
IF SATsne(F;) THEN
returnl
FI
oD
returnO
ELSE IF F = S}, (F4,... ,F,) THEN
FOREACH M’ C {1,...,n},|M'| =k, ke M DO
IF SATSNF(/\ieM’ Fi A /\ie{l,... ,n}\ M’ —F;) THEN
returnl
FI
oD
returnO
ELSE IF F = A\(F4,...,F,) THEN
FORi=1TOnDO
IF F; = z THEN
returnSATsne(F'|z=1)
ELSE IF F; = —x THEN
returnSAT sne(F'|z=0)
Fl
oD
choosesomevariablez occurringin F
returnSATSNF(F|z=1) OR SATSNF(Flzzo)
FI
END

Figure6: A Davis-Putnam-stylélgorithm for SNFformulae.
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Pseudo-codéor our SAT algorithmis shavn in Figure6. Technicaldetailsabout
the implementatioraswell asexperimentalresultsanda comparisorwith the SATO
SAT-checler [38] can be found in [14], where our algorithm performedcompara-
bly or betterthan SATO on automotve productconfigurationdata. An executable
file running under Windows NT/2000 is available from htt p: // wwa sr. uni -

t uebi ngen. de/ pdni i cnf . exe.

6.4 lterated SAT-Tests

Most of the consisteng testsfrom Section4.3 decomposeénto large seriesof re-

lated SAT tests,which are typically of the form PO = F; for all F; from a large
setF = {Fy,...,Fx}. Usually all F; aresmallformulaecomparedo the product
overview PO. This characteristi@llows for heuristicto considerablyspeedup consis-
teng testing,whichis illustratedin this sectionfor the detectionof inadmissiblenec-
essaryandoptionalcodes(calledthe INO problemin thefollowing). For a satisfiable
formulaF', apropositionalariablez is calledinadmissibldf F|,_; is unsatisfiableit

is callednecessaryf F|,—o is unsatisfiableif neitherof thesetwo conditionshold, =

is calledoptional Thisdefinitioncaptureshe correspondingtaticconsisteng criteria
of Sectior4.1.

We now briefly presenthreealgorithmsfor INO computation We assumeéhatthe
underlyingsatisfiability checkingalgorithm SAT alsogenerates set A of modelsin
casethe input formulais satisfiable andreturnsthe empty setotherwise. We further
assumehat SAT returnsonly a small non-emptysubsetof all modelsin caseof a
satisfiablanputformula.

Detailsonthealgorithms proofs,andanempiricalevaluationcanbefoundin [15].

Algorithm Basic. Thisalgorithm(seeFigure7) determineshe setsof inadmissible,
necessarandoptionalvariablesby testingfor eachvariablexz occurringin F whether
the formulae F|,—; and F|,—, are satisfiable. The numberof satisfiability testsis

i+2(o+n) for aformulathathas: inadmissiblen necessaryando optionalvariables.
Investicating at first whethera variableis necessaryould resultin n + 2(i + o) calls
to SAT.

Algorithm Filter. Algorithm Basiccanbeimprovedin two ways. If somevariable
is not inadmissibleandnot necessanSAT returnsa setof modelsA. For eachvari-
ablez occurringpositively in somemodelthis allows theimmediateconclusionthatx
cannotbe inadmissible.Corversely eachvariableoccurringnegatively in ary model
cannotbenecessaryin thefollowing we will denoteby I’ the setof variablesthatare
not inadmissibleandby N’ the setof variablesthat are not necessary We thus get
O = I' N N'. If thenumberof optionalvariablesis dominant—asn our application
area—thidiltering criterioncanreducethe numberof requiredSAT testsdramatically
Moreover, by settinginadmissibleand necessaryariablesas soonas possibleto the
only valuethey cantake, we cangraduallyreduceormulasizeandhenceaccelerat¢he
underlyingSAT algorithm. Algorithm Filter in Figure7 is an extensionof Algorithm
Basicandimplementghesedeas.

Algorithm Dir ected-Filter. The effect of filtering dependsn the set A of models
returnedby the SAT algorithm. The filtering works bestif the modelscontainvari-
ablespositively that have not yet beendetectedas admissible and containvariables
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ALGORITHM Basic
INPUT: Satisfiablformula F
OUTPUT: I, N, O
BEGIN
I:=0,N:=0,0:=10
FORALL z € PropVars(F') DO
A := SAT(F|z=1)
IF A =0THEN
I:=T1U{z}
ELSE
A := SAT(F|gz—0)
IF A= 0QTHEN
N := NU{z}
ELSE
O :=0U{z}
FI
Fl
oD
RETURN I, N, O
END

ALGORITHM SAT-Heuristics-Diected
INPUT: FormulaF, N’, I’
OUTPUT: z € Prop\ar F), B € {0,1}
BEGIN

V := Prop\ary F')

B:=1

IFV\ (N'UT') # @ THEN
chooserinV \ (N’ U I')

ELSEIF V N N’ # @ THEN
choosex in V. N N’

ELSE
choosez in I’
B:=0

Fl

RETURN z, B

END

ALGORITHM Filter
INPUT: Satisfiabldormula F'
OUTPUT: I, N, O
BEGIN
I:=0,N:=0,I':=0,N' :=0
FORALL z € PropVars(F') DO
IF 2z ¢ I' THEN
A := SAT(F|z=1)
IF A= 0THEN
I:=1U{=z}
F := F|z=0
ELSE
I' =I'u{z}u{y|IMeA : M |y}
N =N uU{y|IMeA: M E -y}
Fl
Fl
IFe g N'Az¢ITHEN
A 1= SAT(F|4—0)

IF A =0THEN
N:=NU {m}
F = Flmzl
ELSE

N':=N'U{z}U{y|3IMeA: M| -y}
I''=I'U{y |IM€A: M |y}
Fl
Fl
oD
RETURN I, N, I’ N N’
END

Figure7: TheINO algorithmsBasig Filter andthe variableselectionalgorithm SAT-

Heuristics-Directed
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negatively that have not yet beenclassifiedas not necessary In orderto maximize
in algorithm Filter the numberof variablesfor which this condition holds, we use
a correspondingariableselectionstratey in the underlyingDavis-Putnam-styleSAT

checler, asimplementedy algorithmSAT-Heuristics-Diectedshavn in Figure7. The
secondvalue B returnedby the algorithmindicateswhetherthe variableshouldbe set
first to true (1) or false(0) during modelsearch.Thuswe obtainalgorithm Directed-
Filter.

In orderto checkthe effectivenessof our INO algorithms,we conductedexperi-
mentswith a setof Mercedesmodelclasseg15]. The resultsdemonstratehe effec-
tivenesof Filter andDirected-Hter comparedo Basic ComparingBasicto Filter,
improvementdbetweem?7 and91 percent,in termsof time, and34 and91 percent,in
termsof SAT calls, could be measured Additionally usingthe modifiedvariablese-
lection heuristicsSAT-Heuristics-DirectedfurtheracceleratedNO searchby up to 90
percenandreducedhenumberof SAT callsby upto 89 percent.Only for oneformula
thatcontainedelatively few optionalvariablesDirected-Hter performedworse.

6.5 Explanation

In mary casedailuresof consisteng assertionsndicateerrorsin the productdocu-
mentationandusuallysuchdefectsarecorrectecy adaptinghedocumentationHere
the problemarisesthat the meresize of the rule basemakesfinding the causeof an
inconsisteng a dauntingtask. Thereforetool-supportcanbe of greathelp,andwe in-
tegratedan automaticexplanationfacility into the BIS system. Explanationof failed
assertionss donein threestepsin BIS [16]:

1. Localization: Thesystemgenerates minimal setof rulesthatbecomegontra-
dictory in combinationwith the controversialassertiontherebylocalizing one
causeof theinconsisteng. Notethatthis setneednotbeunique.

2. Presentation: The conflicting minimal rule setis preparedor presentatiorio
theuser trying to maximizecomprehension.

3. Reasoning: A detailedstep-by-steplerivation is generatedhat explains this
causeof theinconsisteng.

6.5.1 Localization

UsingtheformalizationPO of the productovervien aspresentedn Section3, we can
reducethelocalizationproblemfor mostcontroversialassertions to the computation
of a minimal unsatisfiablesubformula(MUS) of PO A a. Traditionally a MUS is
definedfor a setof clausesSlightly generalizedfor aconjunctionC = F; A --- A F,
of asetof formulaeS = {Fi,..., F,} with C beingunsatisfiablea MUS of C is a
subsetS’ of S suchthatC’ = A g F is still unsatisfiableput C" = Apcgn F is
satisfiablefor all " ¢ §’. See[7, 17, 19] for furtherelaboration@ndspecialpurpose
algorithmsfor MUS computation.

So, for a contradictoryformula,a MUS is a smallestsubsethatis still contradic-
tory. In our configurationsetting,the causeof aninconsisteng canthusbereducedo
a (small) fraction of the rule base.Localizationby MUS computationis possiblefor
all assertion®f the form PO A a whenformulatedasa SAT problem,which indeed
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holdsfor all staticand dynamicconsisteng propertieswith the exceptionof consis-
teng of thesupplementingrocessHowever, usingCO insteadof POallows asimilar
reductionin thesecasestoo.

It turnedout to be practicalto extendthe notion of aMUS to arbitraryformulaein
negationresp.selectionnormalform. Thus,MUS computatiorcanbe performedon a
formularepresentatiothatis muchcloserto theoriginal DIALOG rules.

Definition 6.2 For an unsatisfiablepropositionalformula f in negation normal form
we call g aminimal unsatisfiablesubformula(MUS) of f, iff thefollowing conditions
hold:

1. g is obtainedfrom f by deletingarbitrary direct subformulaeof conjunctions,
i.e. by replacingsubformulaeof theformhy A --- A hy, by by, A--- A h;, fOr

{i1,.--,ik} C{1,...,n}.
2. Theformulag is unsatisfiable

3. Remeing an arbitrary directsubformulafroma conjunctionof g malesthere-
sultingformulasatisfiable

For an extensionof this definitionto formulaein SNF, we considerselectionop-
eratorsas atomic formulae, therebyforbidding subformuladeletionsunderselection
operators.

Considerasanexample theformula

F=aA-bA((bAd)V-aVec)ANdA(bV-c) . 2

Deletingd from themainconjunctionandreplacingb Ad by b in thenestedconjunction
resultsin
G=aAN-bANDBV-aVec)A(bV-c),

which is still unsatisfiable Remaving ary further direct subformulaeof ary conjunc-
tion in G malkesit satisfiable however. In this example,theonly MUS of F' is G. In
mary casesaformula’s MUS is considerablysmallerthantheformulaitself.

For an unsatisfiablef in selectionnormal form, the stratgy to find a MUS is
straightforvard. Initially, we take f asan approximationof our MUS F},, andfor
eachconjunctionC in formula F' we remove directsubformulagrom Fz, aslong as
the resultingformulais still unsatisfiable.This leadsto an algorithmwith a number
of SAT-callslinearin the numberof directsubformulaeof conjunctions.More details
on the algorithmcanbe foundin [16]. An exampleof a MUS calculatedby BIS is
shavn in Figure 8. In the upperpartof the figure, eachitem shovs a completerule
with highlightedliterals correspondingo the MUS. In our formalizationPO all rules
areconjunctvely connectedsothateachitemis adirectsubformulaof PO’s maincon-
junction. Thelower partshovs a compressediew wherenestedsubformulaghatare
not partof the MUS arenot displayed.We will discusgthe presentatiorof a MUS in
BIS in moredetailbelow.

We conductedxperimentswith this algorithmandcoulddemonstratéhe practical
effectivenessindapplicabilityof our MUS computatiompproachFor thelocalization
of inconsistencieghe problemof findinga MUS, which in theorybelongsto the sec-
ond level of the Booleanhierarcly [23], turnedout to be tractablein our application.
With only simpleheuristics,it never took the systemmorethanoneminuteon a Sun
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Figure8: A MUS in BIS

F ISkl | ISPyl || [Rr| | [REy|
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 aMUS in BIS
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Ultra E450to find a MUS for formulaewith severalthousand®f conjunctive subfor
mulae(|Sr|), approximatelyonethousandules(|Rr|), andmorethanonethousand
variableg(cf. Table2). In mary casestheruntime wasevenbelowv onesecond.

To investicate the effectivenessof MUS computationfor explaining inconsisten-
cieswe collecteda setof 50 formulaeoriginatingfrom alertsdueto inadmissibleand
necessargodeq15] andmeasuredomecharacteristicef MUS computation.Table2
displaysa shortexcerptof the testresults. In all casesthe numberof conjunctive
subformulag(|SF,, |) aswell asthe numberof rules(|RF,,|) could be reducedby 99
percent.Thus,with only a coupleof constraintandsmallersubformulaewithin these
constraintdeft, MUS computatiorenableur systento narrov the causeof anincon-
sisteny to a manageablsubsebf the productdatabase.

6.5.2 Presentationof results

In additionto thesizeof a conflictingrule set,theform in whichtheresultis presented
to theuseris importantfor the usefulnes®f the explanationfeature.Clearly, the MUS
becomesgediousto readevenfor smallformulae,andthe relationto the original for-
mulais not obvious. On the otherhand,printing the whole formula of the consisteng
condition(possiblyhighlighting the containedVIUS) yields a large comple formula,
evenif only relevantconstraintaredisplayed.

Ouranswetis to list all relevantrulesof theoriginal formula,andto replacewithin
theserulesary maximalirrelevant subformulaby awild cardlike’...’, asshovnin
Figure8. In the 71 KB formalizationof a C-Classlimousine(consistingof 694 con-
structibility and 127 supplementingules)the systemfinds a total of threeconstraints
to becomecontradictoryin combinationwith the (inadmissible)code030. While the
completeconstraintslisplayedn the upperpartof Figure8 arestill hardto analyze jt
is feasibleto understandhe inadmissibilityof code030 from the maximallyreduced
yet structurepreservingrepresentatiom the lower part of the example. Herethere-
lation to the original constraintss obvious. However, it may still not beimmediately
obviouswhy the MUS is unsatisfiableHencewe needmoreof anexplanation.

6.5.3 Reasoning

Approacheso explaintheunsatisfiabilityof apropositionaformulaareasnumerouss
SAT algorithms.For example,ary executiontraceof a completeSAT algorithm,such
asa resolutionrefutationtree [24] or the searchtree of the Davis-Putnamalgorithm
[6], yields an exhaustve explanation. The specificform of the resultingexplanation
dependsconsiderablyon heuristics,like variable selectionfor SAT [13], which fill
someindeterminismwithin the generallgorithm. Theseheuristicscritically influence
the efficiency of the searchandconsequentlyhe sizeof an explanation,which is the
maindeterminanbf its quality. Besidessize,intuition andintelligibility areimportant
factorsfor the quality of an explanation. Even thoughthereis no objectve measure
of thesetwo factors,we cannotleave themout becausehey aredirectly relatedto the
explanationsize.For example thelisting of asetof constraintdogethemith thenotice
thatthey areunsatisfiablenay be sufficient for someoneavho knows the formalization
andis trainedin logical reasoningwhereador the documentatiopersonneht leasta
stepby steprefutationin termsof codess desirable.

In BIS, we usea linear executiontraceof the back-trackingSAT algorithm pro-
posedby Davis, LogemannandLoveland[5]. Explanationghereforeindeedarerefu-
tation proofs: We startwith the corverseof the assumptiorand shov that this leads
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to a contradiction. The appliedreasoningprocesscontainsimmediateconsequences
andcasedistinctions.Immediateconsequencearedueto constraintscontainingonly
asinglepropositionalvariable,andthereforerule out all orderseitherincludingor ex-
cludingthis code.Suchconstraintsareconsideredirst (unit propagation). If thereare
no suchconstraintswe choosea codefor casedistinction,and explain in two steps
why we neitherfind avalid orderwith norwithoutthis code.

Figure 9: Example of an explanationin BIS

Figure 9 illustrateshow the systemjustifiesits conclusionthat code 680 is in-
admissiblein a C-classlimousine. It lists five vehiclevariants(955+R, 955+- R,
-955+ML12, -955+-ML12+R, -955+- ML12+- R) which all leadto inconsis-
tenciesin conjunctionwith code680. For example,anorderwith codes680, ML12,
andwithout 955 (casel.2.1in Figure9), makescodesMb5, 954, ML13, andR in-
admissibleandcodes498 andL necessaryThis leadsto a contradictionbecause-
becomesnadmissible(dueto thefirst partof the conjunctionof the seventhrule) and
necessanat the sametime. Listing with eachreductionstepthe formula causingthe
implication would make the justificationmoreintelligible but considerabljonger It
shouldalsobe notedthatwe do notuseary kind of SAT learningtechnique$2, 27]to
shortenexplanationsasthereis no olbviousway to integratethis kind of algumentinto
a causalkxplanationwithout confusingthe user

To measurehe practicability of this explanationtechniquein our applicationdo-
main, we testedthis functionality on the minimal unsatisfiabldormulae (F;;) com-
putedduring the experimentsof Section6.5.1. We collectedthe total numberof vari-
ables(| r,,|) occurringin Fyr, aswell asthetotal numberof leavesin the searcttree
of anunsuccessfutompletemodel search(|SAT(Fy,)|). Table3 lists the resultsfor
someof thoseformulae.

No MUS containednorethanl13differentvariableswvhich limits thesizeof ajusti-
ficationto aworst-casevalueof 2! = 8192 distinguishableasesTheactualnumber
of casedlisplayedin the third columnof Table3 clearly shavs thatthe automatically
generatedustificationsareeventractablefor humans.Dueto unit propagtion, never
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Fy | Ful | ISAT(Far)
ALERT-05 2 1
ALERT-22 13 1
ALERT-25 7 1
ALERT-36 6 2
ALERT-37 4 1
ALERT-43 10 5

Table 3: The typical sizeof an explanationin BIS

morethanfive casesieededo be analyzedandindeed for mostformulaethe contra-
dictionis immediatewithout ary casedistinction.

7 BIS Software Ar chitecture

TheBIS systemhasbeenconstructecemploying object-orientedlient-sener technol-
ogy. It consistsof a generalprover moduleprogrammedn C++ with our dedicated
SAT-checler asits corecomponenta C++ senerwhich maintainsproductdatain raw
andpre-processetbrm andhandlesequestdy building the appropriatdormulaefor
the prover; and a graphicaluserinterface programmedn Java, throughwhich tests
canbe startedandresultscanbe displayed. The threecomponentcommunicatesia
CORRBA interfaceq22], therebyachiesing greatflexibility, allowing e.g.to placeeach
componenbn a different, suitablecomputeror to usemultiple instance®f a compo-
nent(e.g. prover)if theworkloaddemandshis. Figure10 shavs a schematiosiew of
the BIS systemarchitecture.

Figurel10: BIS systemarchitecture.
Within thesener, theUserLayer is responsibldéor authenticatiormndhandlesuser

requestdy startingthe appropriateconsisteng tests. Thereforeit employs the Test-
Layer whichin turnis responsibldor managing(i.e. schedulingstarting)all consis-
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teng/ checks. The datalayer is usedas a mediatorbetweenthe TestLayer andthe
EPDM systemandsupportshe cachingof pre-computediata.

8 Industrial Experience

BIS wascreateduponanindustrialorder Sincethefirst feasibility study[28], we have
recevedpertinenfeedbackrom documentatiomxpertsusingD1ALOG andBIS which
hasinfluencedall aspect®f the system .Herewe summarizesomekey featuresof BIS
which were necessaryor its acceptancén our industrialcontext. Someof theseare
specialcaseof generaremarksaboutFormalMethodsin industry

Graphical userinterface BIS offers an applicationorientedgraphicaluserinter-
facesothatall interactionis donein termsfamiliar to the operatingpersonnel.Users
do notlike to typelogic on commandines. Thereforeall key testsareavailableupon
mouse-clicksandall resultsarepresentedyraphically

Customizedpecialtests.BIS implementsa setof customizedspecialtests formu-
latedin termsof theapplication.We alsooffer ageneral-purpositerfaceto the prover
which allows queriesaboutthe existenceof valid orderswith any propertythatcanbe
describedy a propositionaformula. This permitstheoreticallypowerful andacadem-
ically attractive non-standaratonsisteng checkson the productdocumentationput
theacceptancef this tool wasratherpoor.

Push-luttontechnolagy. Thelogical prover componentunsa decisionprocedure
and needsno assistancén finding a proof. Entire test setsreflectingthousandsof
proofsrun attheclick of amouse.

Efficiency Efficiency is important. Significantdelaysin the work-flow cannotbe
toleratedbecausehey slow down productvity. We developedour own SAT-checler
for addedefficiency. We alsodevelopedseveral parallelSAT-checlersbut did not yet
applythemin industry

Softwae technolagy. Endusersdo not lik e to maintainbusines<ritical codewrit-
tenin non-standardanguagesBIS is constructedisingstandardbject-orientedoft-
waretechnologyfor industrialclient-sener systemsJavaclients,C++ sener, CORBA
basedcomponentmodel. We used CORBA to speedour development,but nov a
CORBA licenseis requiredwhich makesit difficult for departmentso evaluateBIS
withoutanup-frontfinancialcommitment.

Integration. BIS obtainsdatafrom DIALOG by readingintermediatdiles. Thisis
animpedimento daily usebecauseisersvould preferto stayentirelywithin DIALOG
andhave the BIS testsavailableasoptionson their DIALOG screens.

It is alsointerestingto relateour industrialexperiencewith BIS to thedebateabout
theindustrialuseof FormalMethodsin ComputerSciencean generalcf. [4]). Formal
Methodshave beenassociatedirst with the specificationyerification,andvalidation,
of software[9], but todaythey arealsoappliedto SystemDesignand Hardware De-
signtogetherwith Software Engineering/26, 36]. Accordingto Wing [35], “Formal
methodsareusedto revealambiguity incompletenessndinconsisteng in a systent,
whichis exactly how we usedthem.

On the faceof it, BIS dealswith (input) datavalidation ratherthan programor
specificationvalidation. Thereis no formal specificationof DIALOG, andwe did not
apply classicalprogramverificationtechniquego DIALOG's codebase.However, we
have alreadyseerthatourlogicalrulescanbeviewedaspostconditionsssociatesvith
actionrulesthat DIALOG executeswvhenit interpretsthe associatedormulae. Hence
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DiALOG canbe regardedas a specialkind of rule engine,and our actionrules can
be regardedas an expert systemwith situation-actionrules basedon Booleanlogic.
Thisinsightallows usto relateour experiencewith BIS to reportedexperiencewith the
validationof expertsystemg34], which area specialkind of software.

Thusthereis a view of BIS asa programverification system. Under this view,
BIS provesassertionsboutthe expert systemexecutedby DIALOG: e.g.,a codeis
necessariff DIALOG’s orderprocessinglgorithmwill terminatewith true only if the
codeis presenin theinput; likewise,a codeis inadmissibldaff DIALOG will terminate
with falsewheneerthe codeis presentn theinput. Becaus®f thecloseassociatiorof
actionrulesandpostconditionsthereis alsoaview of BIS asasystenfor specification
validation.Underthis view, thepostconditiongrepartof theinput/outputspecification
for theassociate@xpertsystem BIS provesassertionsboutthe postconditionsvhich
necessarihhold after DIALOG hasexecutedthe associatedctionrules.If anassertion
fails or anotherwisesurprisingconsequencef the specificatioris inferredby BIS, the
usermaywantto changethe specification.Fortunately a changeof the postcondition
implicitly changeghe associatedctionrule, sothatthe userimmediatelygetsa nen
expertsystemsatisfyingthe new postcondition.

Note that all our proofsconcernthe logical modelof DIALOG; the real COBOL
systemmay differ from the modelin details. The logical modelof a systemis called
a systentheoryby Waldingerand Stickel [34]. Thus,asobsenedby Hall [12], it is a
myth that formal methodscanguaranteghat softwareis perfect. Formal verification
of asystemsS is only possiblewherea completesetof specification€s canbeshavn
to bevalid in the systentheory which mustbea comprehensie formalmodel g of
the system.This alsoimpliesthatwe musthave formal semanticof the programming
languagen which S is built, andthatthelogic of our systentheoryis compatiblewith
our specificationanguageandthe verificationmethod.

However, completeformal specificationandformal semanticgust do not exist in
practice.Without formal semanticsye canonly verify the systemtheoryandnot the
systemitself. In rule-basedystemsat leastthe semanticgartis manageablejueto
their proximity to logic formalisms. Without a completesetof specificationsall we
candois captureafew of therequirement$ormally, asaset s of validationtheorems,
which, if they hold, will greatlyincreaseour confidencen S.

It hasbeenobsenredby ourindustrialpartnerghatD1ALOG itself containsamodel
of theworld of designdrawings (whichis again amodelof partsandassemblies)and
thatthereforeD1ALOG's modelof therealworld maybe asdefective asthe BIS model
of DIALOG. So ultimately we needan automatedverifiably correcttranslationfrom
thedesigndravingsto our formal models which doesnotexist today (Thecorrespon-
dencebetweendesigndravings andactualpartsis verified elsavherein manufctur
ing.)

The hardestpart in the feasibility study of BIS was indeedto build the system
theoryof DIALOG which modelsits innerworkingsasa setof actionrulesassociated
with the setsof supplementatiorgonstructibility andpartsselectionformulae.Do not
bemisledby our sanitized simplified andabstractdescriptionin Section2: we did not
find ascholarlydocumentescribingD1ALOG or eventhe semantic®f its languageof
formulae.Theactionsthat DIALOG takesareencodedn COBOL andwereexplained
to usin longhoursby word of mouth,in thetermsof theapplicationspecialistgnoneof
themcomputerscientists) We wereextremelylucky becausenuchof thesemanticof
DiALOG liesin thepropositionaformulae , muchof therestcanbemodelledby simple
actionrulesassociatedvith theseformulae,postconditionsanbe readily associated
with therules,andhighly efficient SAT-checkingmethodsarenow availablewhich can
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efficiently handlethe proof obligations.

Sowe areleft with a situationwherethe systemtheoryis not rigorously derived
from the system. Hencea formal verification of a productdocumentatiorexecuted
by DIALOG is impossible. In practice,however, even the completeverification of
a complex systemis lessimportantthan the discosery of programbugs, or errors.
Thisis becausehe successfuVerificationwill only happeronce,attheendof system
developmentwhereaserrorsmustbe found during the entiredevelopmentprocessin
our case,the developmentof a productdocumentatioris really finished only when
a modelline is discontinued.Moreover, for delugging purposesven a ratherloose
relationof the systemtheoryto the systemis no problem,aslong asbug alertscanbe
substantiatedy runningthe real systemon the critical input. Soin practicethe real
issueis deluggingratherthanverificationin the puresenseandBIS is still very useful
asa highly sophisticatedormal deluggingaid.

Indeed,BIS found real bugs, both in DIALOG’s model of the real world, andin
the realworld itself (e.g.,in onecaseof aninadmissiblecode,it wasfound thatthe
configurationwasindeedphysically impossible owing to an oversightin the design).
It canbe arguedthatthe bugsweresomavhatesoteric put this is to be expectedfrom
residualbugsthathave survived existing quality assurancenethodsandsomeof them
would still have beencostlyin practice.

Sincedehuggingis therealissueratherthanverification,failed validationscanbe
extremelyuseful,providedthatthey reveal costly errorsin the systemthatestablished
processesail to expose. Two conditionsarecritical here: first, failed proofs needto
be explained,andsecondthe explanation(which necessarilys in termsof the system
theory)mustbetied to arealflaw in thedocumentatiorsystem.

First, a failed proof is usefulonly if its root causecanbe explainedin a succinct
andintelligible way. It hasbeenobsered in this contet that explanationis a sadly
neglectedareaof automatedieduction4].

Dueto incompletesystemtheories,theremay be failed proofsthat do not corre-
spondto real (application)errors(false positives). Nobody hastime and patienceto
sift throughreamsof falsepositives. Severaltimeswe hadto go backandadd extra
axiomsto our systemtheoryto exclude falsepositives. Falsenegatives (a failure to
captureproblems)canseriouslyunderminethe credibility of formal methodsso only
well dehuggedverificationsystemshouldbedeployed;thereis notime for experimen-
tationandonly afinite amountof goodwill by theapplicationspecialistsNo logically
unsoundesultswereeverreportedor BIS. However, falsepositivesarestill aproblem
becausehetestsit performsarenotevenall necessarfor thecorrectnessf DIALOG:
somefailed testsreflect situationswhich are handledelsavherein DIALOG (outside
the domainof our systemtheory)or evendownstreamin the proceschain. After all,
whatreally mattersto the useris the correctnessf the overall businesgprocess.

While BIS hasrecevedpositive evaluationshy severaldocumentatiolepartments,
it hasnot beenimmediatelyintegratedin the businesgprocess Establisheduccessful
businesgprocesseareextremelyvaluableandextremelyexpensve to changebecause
of mary interdependerissues New methodssuchasformal methodsmustbe seam-
lesslyintegratedinto the processandfunction with the establishedvork force; here,
BIS still hassomedeficienciesHowever, we have recentlyseensignsof nev commit-
mentsto BIS in the context of largerreoganizations.
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9 RelatedWork

A lot of differentschemedor productconfigurationhave beensuggestedh the liter-

ature[25, 10], startingwith McDermotts work on R1 [20] and Digital’s XCON [1],

both systemdor computersystemconfiguration. The schemehatis mostcloselyre-
latedto DI1ALOG's documentatiomethodis the constraintrule formalismof Soininen
etal. [30], which attachestablemodelsemanticdo arule-basedaonfigurationframe-
work. Our examplefrom Section3 written in Soininens formulationwith so-called
(weighted)constraintrulesreadsasfollows:

Tz notz fa T,y
T noty fa z,not y
z oy fa Y, Z, not x

It is easilyverifiedthat{z} is the only stablemodelof theserules,whichis in accor
dancewith theresultsobtainedwith our verificationsemanticsWe do not have a proof
for the generalequivalenceof bothformalisms,but hopethatthe concordancéasbe-
comeapparentComparedo Soininenswork, our propositionalerificationsemantics
aimsin a differentdirection: in their work, configurationof individual ordersis the
objective, ratherthanverificationof therule-baseasa hole. Oursemanticsallows, e.g.,
anin-depthexaminationof the completionrelation.Moreover, consisteng checkscan
be computedusingstandardSAT-checlers.

Over the lastyears,SAT checkinghasgainedrenaved attentionby the adwent of
bothnew theoreticaresultsandimprovedimplementation$38, 27, 21]. A comparison
of theseimplementationswith the prover that is part of BIS canbe found in [14].
Whereasall other SAT-checlers requirethe input to be in CNF, our prover accepts
propositionalogic formulaewithoutrestrictionsandoffersaspeciakelectioroperator

10 Conclusions

We believe thatthe mainfindingsof the BIS projectarethefollowing.

Configuration. FormalMethodscantreatrealworld issuedn the configurationof
comple productsat the engineeringand manufcturingstages.lt is easyto seehow
our methodscould be appliedto salesandaftersales(sparepartssupply),but we have
nottreatedthesebusinesasedere.

Prover technology Ourmaincontritutionshave beerto extendpropositionalogic
by a specialselectionoperatoy to develop an efficient SAT-checler without CNF-
corversion,to provide a sophisticatedxplanationcomponentandto producededi-
catedandparallelversionsfor increasedpeed.

Formal Methods. Specificationandvalidation methodsbasedon lowly proposi-
tional logic have importantindustrial applicationsand can be supportedby efficient
tools. The validationof large industrial software systemds feasiblewith reasonable
effort if the softwareis anexpertsystembasecdn rulesin propositionalogic or canbe
faithfully modelledassuch. The key issueis thattheremustbe a tight but easilyes-
tablishedink betweerthe softwareanda formal systemtheorywith alogic admitting
efficientdecisionprocedures.

Businessssues Key factorsfor thesucces®f BIS werethattheunderlyingindus-
trial processvasalreadyfoundedon a clearandsimplelogic sothatwe could build a
systentheory andthatSAT checkingis now matureenoughsothatproverscanhandle

34



large real-world problemsefficiently andthatit is possibleto make the numeroughe-
oreticalandpracticalmodificationswhich arealwaysnecessaryn importantindustrial
applications.
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