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Abstract

We presentour consisteng supporttool BIS, an extension
to theelectronicproductdatamanagemengystem(EPDMS)
usedat DaimlerChryslerAG to configurethe Mercededines
of passengecarsandcommercialvehicles. BIS allows ver-
ification of certainintegrity aspectof the productdataasa
whole. TheunderlyingEPDMSmaintainsadatabaseof sales
optionsand partstogetherwith a setof logical constraints
expressingvalid configurationsandtheir transformatiorinto
manufcturableproducts.Dueto the compleity of the prod-
uctsandthe inducedcompleity of the constraintsmainte-
nanceof thedatabases anontrivial taskanderrorprone.By
formalizing DaimlerChryslers orderprocessingnethodand
corverting global consisteng assertionsaboutthe product
databaseinto formulaeof an extendedpropositionallogic,
we areableto employ a satisfiabilitychecler integratedinto
BIS to detectinconsistenciessndthusincreasehe quality of
theproductdata.

Intr oduction

Today's automotve industry managego supply customers
with highly individualized productsby personalizingeach
vehicleusingavery large setof configurationoptions.E.g.,
theMercede<-classof passengerarsallows farmorethan
a thousandoptions, and on the averagemore than 30,000
carswill be manufcturedbeforean orderis repeatedden-
tically. The spaceof possiblevariationsis so greatthat
the validity of eachorder needsto be checled electroni-
cally againsta productdatabasewhich encodeghe con-
straintsgoverning legal combinationsof options (Freuder
1998). But the maintenancef a databasewith thousands
of logical rulesis errorpronein itself, especiallysinceit
is underconstantchangedueto the phasingin and out of
models. Every fault in the databasemay lead to a valid
order rejected,or an invalid (non-constructibleprder ac-
ceptedwhich may ultimately resultin the assemblyline to
be stopped. DaimlerChryslerAG, for their Mercededines
of carsand commercialtrucks,employ a mainframe-based
EPDMSwhich doesthevalidity checkingof eachindividual
order The databasecontainsa large numberof constraints
formulatedin Booleanlogic. Someof the constraintgepre-
sentgenerarulesaboutvalid combination®f salesoptions,
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otherformulaeexpressthe conditionunderwhich a partis
includedinto theorders partslist. It turnedoutthatit is very
hardto keepsucha large andconstantlychangingdatabase
of logical rulesdefect-freewithout help from an additional
automatedeasoningystenmfor the documentatiorogic.

Thereforeour systemBIS wascreatedasan extensionto
the currentEPDMSto helpthe productdocumentatiorstaf
in proving consisteng assertionsabout the product data.
BIS offers a setof pre-formulatedntegrity conditions,and
allows verification of theseconditionsfor the currentcon-
straint rule systemof a modelline. Theseintegrity con-
ditions encompass—amongthers—easil)comprehensible
propertiesof valid ordersrequiring no specialengineering
expertknowledgeaswell asconsisteng aspectsvhich are
hardly obsenable without an integratedlook on the data
baseasawhole. Themaingoalof BIS is to reducethe num-
ber of errorsin the documentatiorrules andthusincrease
thedocumentatiomuality.

BIS: A SAT-BasedConsistencyChecker for
Product Documentation

Beforeturningto the descriptionof the BIS systemwe will
needto give a roughpicture of the underlyingEPDM Sys-
temwhich it complements.Thenwe presentsomeconsis-
teng criteria that can be examinedusingthe BIS system,
andshav how they translatanto SAT instancesThereafter
wewill outlinethearchitectureof our system.

DaimlerChrysler sEPDM SystemDIALOG

In the following we will describethe EPDM systemDi-
ALOG, thatis usedfor DaimlerChryslers Mercededlines,
morethoroughly

A customers orderconsistf a basicmodelclassselec-
tion togethemwith a setof furtherequipmentodesdescrib-
ing additionalfeatures Eachequipmentodeis represented
by a Booleanvariable,and choosingsomepieceof equip-
mentis reflectedby settingthe correspondingvariable to
true. As model classescan be decodednto a setof spe-
cial equipmentodesall rulesin theproductdocumentation
areformulatedon the basisof codes.

Slightly simplified,eachorderis processeih threemajor
stepsasdepictedn Figurel:



1. Order completion: Supplementhe customers order by
adlditional(implied) codes.

2. Constructibility ched: Are all constraintson con-
structiblemodelsfulfilled by this order?

3. Parts list genemtion: Transformthe (possibly supple-
mented)orderinto alist of parts.

All of thesestepsare controlled by logical rules of the
EPDMS. The rules are formulatedin pure propositional
logic usingAND, ORandNOT asconnectves,with additional
restrictionsplacedon therulesdependingon the processing
step,aswill beshavn below.
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Figurel: Processing customers order

Order completion. Theordercompletion(or supplement-
ing) processaddsimplied codesto an ordet The process
is guided by specialformulae associatedvith eachcode,
which areof thefollowing form:

Cond® — ¢,

wherec is a code(i.e. a propositionalvariable)and Cond®

an arbitraryformula. The semanticof sucha rule is that
when condition Cond® evaluatesto true underan ordeg
thencodec is addedto that order Thus, eachrule appli-
cationextendsthe orderby exactly onecode,andthewhole
completionprocesss iterateduntil nofurtherchangesesult.
Ideally, therelationshipbetweeroriginalandaugmentear-
der shouldbe functional. However, the resultof the order
completionprocessnaydepenctritically ontheorderingof
rule application.We have shavn elsavherehow to identify
potentialinstance®f this problem(Kiichlin & Sinz2000).

Constructibility check. In general,constructibility of a
customers order is checled accordingto the following
scheme:For eachcode,theremay be several rulesindicat-
ing restrictionsunderwhich this codemay be used.A code
is called constructible(or valid) within a given orderif all
constrainingulesassociateavith this codearefulfilled, i.e.
all of theserulesevaluateto true. For anorderto be con-
structible (or valid), eachcodeof the order mustbe valid.
The constructibility check consistsof two different parts:
Thefirst oneis independenbf the car modelclassconsid-
ered while thesecondnetakesinto accountadditionalfea-
turesof eachcar modelclass. Although the latter incorpo-
ratesanadditionalhierarchicabrganizationof rules,we will
not elaborateon this. For our purposethe constructibility
rulesmaybe consideredn a unified,simplerform:

¢ — CondC,
wherec is a codeand Cond® an arbitrary formula. Such
a rule expressesghe fact that whenearer codec occursin a

customers order the order must fulfill condition Cond®,
i.e. Cond® mustevaluateto true for this order

Parts list generation. The partslist is subdvided into

modules positionsandvariants,with decreasingyenerality
from modulesto variants.Partsaregroupedn modulesde-
pendingon functionalandgeometricalaspects.Eachposi-
tion containsall thosepartswhich maybeusedalternatvely

in oneplace. The mutually exclusive partsof a positionare
specifiedusingvariants.Eachvariantis assigned formula
calleda coderule anda partnumber A partslist entryis

selectedor anorderif its coderule evaluatedo true. Thus,
to constructthe partslist for a completedandchecled cus-
tomers order onescanghroughall modules positions,and
variants,and selectsthosepartswhich possess matching
coderule.

Consistencyof Product Documentation

Due to the compl«ity of automotve productdocumenta-
tion, someerroneougulesin the databaseare almostun-
avoidableandusuallyquite hardto find. Moreover, therule
basechangedrequently andrulesoften introduceinterde-
pendenciebetweerncodeswhich at afirst sightseemnot to
berelatedatall.

As therule basenot only reflectsthe knowledgeof engi-
neers,but alsoworld wide legal, nationaland commercial
restrictionsthe compleity seemgo beinherentto automo-
tive productconfiguration,andis thereforehardto circum-
vent.

A priori, i.e. without explicit knowledgeof intendedcon-
straintson constructiblemodels, the following data base
consisteng criteriamaybe checled:

Necessarycodes: Are there codeswhich must invariably
appeaiin eachconstructibleorder?

Inadmissible codes: Are there ary codeswhich cannot
possiblyappeaiin ary constructibleorder?

Consistencyof the order completionprocess: Are there
ary constructibleorderswhich areinvalidatedby thesup-
plementingprocess? Does the outcomeof the supple-
mentingprocesdependon the (probablyaccidental)or-
deringin which codesareadded?

Superfluousparts: Are thereary partswhichcannotoccur
in ary constructibleorder?

Ambiguities in the parts list: Are there ary orders for
which mutually exclusive parts are simultaneouslyse-
lected?

Note thatthe aforementionedriteriaarenot checled on
thebasisof existing (or virtual) orders but constitutentrin-
sic propertief the productdocumentatioritself.

By incorporating additional knowledge on which car
models can be manufctured and which cannot, further
checksmay be performed. Besidesrequiring additional
knowledge, thesetestsoften do not possesshe structural
regularity of theabosementionedriteriaandthuscannotbe
handledassystematicallyasthe othertests.

SAT Encoding of ConsistencyAssertions

We will nov shav how to encodethe consisteng criteria
developedin the last sectionas propositionalsatisfiability
(SAT) problems.



Transformatiorof the consisteng criteriainto SAT prob-
lemsseemdo be a naturalchoicefor two reasonsfirst, the
rulesof theunderlyinggPDM systemarealreadypresented
in Booleanlogic; and second,SAT solvers are appliedin
otherareasof artificial intelligencewith increasingsuccess
(Biereetal. 1999;Kautz& Selmanl992).SAT canbeseen
asaspecializatiorof constraintsatishiction(Wallace1996),
andmary ideasareshareetweerthesewo researclareas.

The formulation of all theseconsisteng assertionse-
quiresan integratedview of the documentatiorasa whole
or, more precisely a characterizatiorof the setof orders
asthey appeamhaving passedhe ordercompletionprocess
andthe constructibilitycheck. Sowe first concentraten a
Booleanformula describingall valid, extendedordersthat
may appealjustbeforepartslist generation.

Let the setof ordercompletion(supplementingjulesbe
SR = {sri,...,sr,} with sr; = Cond? — c;. Then
the setof completelysupplementedrdersis describedoy
formulaZ, where

Z = /\ (Condfici) .

1<i<n

Now, let CR = {cry, ..., crn } bethesetof constructibility
ruleswith cr; = ¢; — CondS. Thenthe setof con-
structibleordersis describedy formulaC, where

/\ (¢j = Condf) .

1<j<m

C =

Moreover, the setof all ordersthat have passedhe supple-
mentingprocessandthe constructibilitycheckaredescribed
by B, where

B = ZAC .

We now have reachedur goalto generate propositional
formulareflectingthe statebeforepartslist generation.The
mappingof the consistenyg criteriato SAT instancess now
straightforvard. For example, codec is inadmissible,iff
B A c is unsatisfiable.The other criteria are corvertedac-
cordingly, but someof them require a more sophisticated
translation gspeciallythosetestsconcerninghe ordercom-
pletion process.The completesetof transformationgrom
our consisteng assertionso SAT instancexanbe foundin
(Kichlin & Sinz2000).

Finally, it shouldbe notedthatthe processiescribechere
is simplified in comparisonto the actualorder processing
thattakesplacein the DIALOG system. The generalideas
shouldneverthelesdeapparent.

Integration into Work-Flow

We will now briefly describehow our BIS systemis inte-
gratedinto the existing productdocumentatiomprocess.
After having madea changeto the documentatiorrule
base(or, alternatiely, in regulartemporalintervals)someor
all of the aborementionedconsisteng criteriaarechecled.
Eachinconsisteng indicatedby BIS mustthenbe analyzed
andinterpretedy the productdocumentatiomxperts:|If the
productdocumentatiordoesnot correctlyreflectreality (in
thesensdhatit doesnot properlyclassifywhatactuallycan
be manufctured),the error hasto be corrected- eitherby

adaptingthe documentatiomulesor by modifying the prod-
uctitself. Otherwisethe reportedinconsisteng mostlikely
is anintendedexceptionalcasethat doesnot needary fur-
therprocessing.

Evenif notall suchinconsistencieare—orevencanbe—
handledthe quality of the productdocumentations never-
thelesamproved. Thisis animportantfact,consideringhat
SAT is an NP-completeproblem. Thus, it cannotbe guar
anteedhatthe systemwill find all inconsistenciesvithin a
reasonabhgshortamountof time. We experiencedhowever,
that for our applicationworst-casebehaior and unaccept-
ably long run-timesarethe rareexception;the run-timefor
eachproofis usuallyclearlybelov onesecond.

Ar chitecture of the BIS System

The BIS systemhas been constructedemploying object-
orientedclient/serer technology It consistsof a general
prover moduleprogrammedn C++ with a SAT-checler as
its core component;a C++ sener which maintainsprod-
uct datain raw and pre-processedorm and handlesre-
guestsby building the appropriatformulaefor the prover;
anda graphicaluserinterfaceprogrammedn Java, through
which testscanbe startedandresultscanbedisplayed.The
threecomponentsommunicateria CORBA interfaceqObj
1995),therebyachieving a greatflexibility, allowing e.g. to
placeeachcomponenbn a different, suitablecomputeror
to usemultiple instance®f acomponente.g. prover),if the
workloaddemandshis. Figure2 shavs aschematiwiew of
the BIS systemarchitecture.

(] user| Test a Prover
User 1 Layer| Layer instance 1

CORBA Layer

Prover

User 2 A instance 2

E Prover

User 3 instance 3

Clients Server Components
(Java) (C++)

Figure2: BIS systemarchitecture.

Within the sener, the UserLayer is responsibleor au-
thenticatiorandhandlesuserrequestdy startingtheappro-
priateconsisteng tests.Thereforat emplo/sthe TestLayer
which in turn is responsibldor managing(i.e. scheduling,
starting)all consisteng checks. The datalayeris usedas
a mediatorbetweenthe TestLayer andthe EPDM system,
andsupportscachingof pre-computediata.

ExtensionsBasedon Experience

Sincethe first evaluationdeploymentof BIS 1.0 (andeven
before),we have receved a lot of feedbackfrom DIALOG



usersat DaimlerChrysler This helpedusgreatlyin improv-
ing the systemin variousaspectsWe will now describerel-
evantuserfeedbackaswell asexperience-inducedhanges
in greaterdetail. The following itemsappearedo be indis-
pensabldor abroadeverydayuse:

Push-tutton technology: The logical prover component
canbe completelyhiddenfrom the user andit needsno
assistancén finding a proof. Interactionwith the prover
is donein termsfamiliar to the operatingpersonnel.

Graphical userinterface: TheBIS systemoffersan elab-
oratedgraphicaluserinterface,ascanbe seenfrom Fig-
ure 3. No cryptic commandines have to betypedby the
user

Short responsdimes of the system: As BIS 1.0 wasused
more and more interactively, consisteng checkshadto
exhibit shortandpredictablerun-times.We will describe
belov in moredetailhow we couldachieve this.

Customizedspecialchecks: Although we offered a gen-
eral-purposénterfaceto the prover' which couldbe used
to performalot of non-standardonsisteng checksonthe
productdocumentationacceptancef thistool wasrather
poor. Thus,we implementeda setof further customized
specialchecksandextendedheclientaccordingly

ESIZ/D" BIS-Client {Version: 2.0 Alpha}. DIALOG

Test Bericht Hilfe

Datensatz

Abzugsdatum
04.08.9917.04 [04.0
104.08.9917:04 |
104.08.9917:04 |04.08.98 17:04

Einschrankung

Unzulssige Co... FERTIG (721177)
04.08.9917:04 |04.08.9917:04 Co... [FERTIG (31177)

04.08.9917:04 |04.08.9317:04 Po... [FERTIG (0/0)
04.089917:04 |04.08.3917:04 Abgleich PU/SL _|FERTIG (2/482)
104.08.9917:04 |04.08.9917:04 | Undefinierte Co... |FERTIG (8/366)
04.08.9917:04 |04.08.9917:04 == L Co...|FERTIG (216/692)
04.08.9917:04 |04.08.9317:04 | Notwendige Co... |[FERTIG (9/692)

Benutzer: <sinz> 14.12.99 09:43

Figure3: BIS systenxlient.

Additional Functionality

We will now reporton functionalextensionsthatwentinto

BIS 2.0. As we alreadymentionedabove, mostof thesead-
ditional testscould in principle have beenperformedwith

the general-purposegest facility of BIS 1.0, but required
somekind of—frequently almosttrivial—logical problem
encodingdy theuser;aninterpretatiorof theresultreported
by the client; andoftenanannging manualgeneratiorof a
seriesof tests.

1This interfaceallowed queriesaboutthe existenceof valid or-
derswith specialproperties,wherethe demandecpropertyis an
arbitrarypropositionaformula.

Restricting the set of valid orders. The formalization
mentionedabove allows the analysisof the setof all valid

orders.However, asit turnedout, it is oftennecessaryo re-
strictthe setof ordersto be consideredo somesubsebf all

valid orders.This maybe neededfor example,to checkas-
sertionsaboutall valid ordersof a certaincountry or about
all valid orderswith a specialmotorvariant. The formaliza-
tion of orderrestrictionscould easilybe realizedby adding
aformula R describingthe additionalrestrictionto the con-
structibility formula B, andrunningthetestson B A R.

Valid additional equipmentoptions. Not only for anin-

dividual order but alsofor awhole classof orders it maybe
interestingto know whatkind of additionalequipmenimay
be selected. This canbe usedon the one handto analyze
the productdata,but mayalsosene a custometo find pos-
sible extensionsof a partially specifiedorder This canbe
achieved asfollows: Usingtherestrictionpossibility of the
last paragraphthe partially specifiedorder senesasa re-

striction R onthesetof valid ordersto be consideredThen
it is checledfor all codesc whethertheformulaB A RAcis

satisfiablelf thisis thecasethencodec is avalid extension
of the partially specifiedorder

Combinations of codes. Upon creationand maintenance
of partslist entries thefollowing questiorfrequentlyarises:
Given a fixed set of codes,which combinationsof these
codesmay possiblyoccurin avalid order? The answerto
this questiondecidesover which partslist entrieshave to be
documentedndwhich have not. Settingup thesetestsman-
ually for eachcombinationis rathercumbersomewhereas
anautomaticenumerations trivial.

Groups of symmetrically related codes. Although not
reflectedby the documentatiorstructure we foundit char
acteristicfor automotve productdatathat certaincodesare
symmetricallyrelated. We call a setC' of codessymmet-
rically related(with respectto a rule-basedproductdocu-
mentation)if thereis a non-emptysubsetR of thoserules
containingat leastone codeof setC, suchthat R is invari-
antunderall permutation®f the codesof setC. A typical
casefor a setof symmetricallyrelatedcodesis a setof mu-
tually exclusive codes whereone of the codesmustappear
in eachvalid order i.e. eachordermustcontainexactly one
codeof the set. For example,in the DiIALOG documentation
systemeachorder must containexactly one codethat de-
terminesthe countryin which the customehasorderedthe
car. Sincethesekinds of symmetricrelationscannot be ex-
plicitly statedin the EPDM system but areimplicitly given
by severalrules,we addeda possibilityto checkfor a given
setof codeswvhetheror noteachvalid ordercontainsexactly
oneof thesecodes.Thisis realizedby checkingthe satisfia-
bility of formula B thatdescribesll valid orders,extended
by the additionalconstraintthat the ordercontainsnoneor
atleasttwo of the codesspecifiedn thegroup.

Extending the Propositional Language

While setsof mutually exclusive codesrepresenthe most
prominentexamplefor a symmetricalrelation,onecanalso
think of situationswvhereothersymmetricarelationsareap-



plicable.For example,a customeicanchoosesxactly oneof
a satof audiosystemspr he cancompletelydispensewith
audiosystems.This meanshe canchooseat mostoneof a
setof options. Anotherexampleis a valid orderthatneeds
exactly k£ of a setof n colors specified. Obviously laying
down suchrestrictionsin standardropositionalogic leads
to excessve growth in formulasizewhichis oftenunaccept-
able, and may even in simple casesexhaustthe available
resourcesThefactthatthe mutualexclusvenesof country
codesin DaimlerChryslers currentproductdocumentation
is notexplicitly statedunderlineghis.

To addresghis dravback we added—ass describedn
detailin (Kaiser2000)—theabovementionedxpression$o
standardpropositionalanguage This extendsthe language
by expressionof the form Rk : X3,...,X,, whereR €
{=,%,<,<,>,>}, kisapositve numberand X1, ..., X,
are arbitrary formulae of the extendedlanguage. The se-
manticsof suchan expressionis that exactly Rk of then
formulaearetrue. Thus,the factthatat mostone of three
possibleaudiosystemsA;, A, and Az shouldappearin an
ordercorrespondso the expression

< 1: A17A27A3 )
whichis equialentto writing
—(A; A Ax) AN —(Ag AN Ag) A (A2 A A3)

in purepropositionalogic.

A closeranalysiseven shawvs that ary formulain stan-
dardpropositionalogic canbetransformedo anequialent
formula basedsolely on the additionalconnectves, which
differsin sizefrom the original formula only by a constant
factor Thus,theseconnectvesprovide uswith a methodto
represenformulaefor automotve productdatamanagement
in acompactstructure-preservingnduniform way.

As a consequencef introducingadditionalconnectves,
we refrain from corversionto clausalnormal form (CNF)
for satisfiability checking — in contrastto most of the
commonlyusedDavis-Putnam-stylgoropositionaltheorem
provers (Davis & Putnam1960). Although this stepin-
volvesa morecomple prover implementatiorusinga tree
datastructure(as opposedto integer arraysfor CNF rep-
resentation)jts benefitis beyond the mere compactionof
formularepresentationOn formulaegeneratedrom auto-
motive productdataour prover shoved in mostcasessim-
ilar or better performance. Moreover, we avoided an ad-
ditional datastructureto representhe CNF of the formula
andthereforecouldreducehecompleity of theoverallsys-
temaswell asthespacerequirementandimprove response
time, becaus€NF corversionof verylargeformulaeis non-
trivial.

Even beyond consisteng checking,we considerthe in-
troductionof alogical connectve thatreflectssymmetrical
relationsto beessentiato efficiently documenproductdata
onthebasisof Booleanconstraints.

Conclusionand Futur e Work

We presentedlS, a systemto complemenDaimlerChrys-
ler's automotve EPDM systemDIALOG. BIS senesasa

tool to increasehe quality of the productdocumentatioroy
allowing to verify certainglobal consisteng conditionsof
the documentatiordatabaseas a whole. In BIS 2.0, the
consisteng assertionandthe productdocumentatiomules
aretranslatedo formulaeof anextendedanguagef propo-
sitional logic, which additionallyincludesa connectve for
symmetricrelations.

Feedbackrom the documentatiorpersonnelshoved us
which features—amongthers—shouldbe preferablyin-
cludedinto a supporttool for productdocumentationease
of usevia a graphicaluserinterface; goodintegrationinto
existing work-flow; push-lutton technology;and shortre-
sponsdimes.

Although current satisfiability checlers are quite ad-
vancedand SAT is still—and increasingly—arareaof ac-
tive research(Gent & Walsh 2000), we could learn from
thespecialpplicationaheedshow toimprove propositional
SAT tools andhow to optimize prover techniques.Special
constructsoccurring frequentlyin productdocumentation,
suchasselectionof oneout of asetof n entities,areusually
notappropriatelysupportedy genericBooleanSAT check-
ers. Therefore we seeherean areaof adaptationandim-
provementon provertechnologyandpossiblyfurtherspeed
gains,broughtforwardby applicationaheeds.

For the future, we expect a systemlike BIS to be in-
dispensabldor electronicsalesover the World Wide Weh
Comple productsneedto be configuredandchecled elec-
tronically in large numbersandthusthe presencef a high
quality electronicproductdocumentation—whicls made
possibleby our techniques—receesincreasedittention.
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