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Abstract

Productdocumentatiorfor manugcturingis sub-
ject to temporal change: Exchangeof parts by
successomodels, shift from in-houseproduction
to external procurementor assemblyline recon-
figuration are just a few examples. In this pa-
per we shov how DaimlerChryslerAG manages
configurationfor manufcturingof their Mercedes
lines. Furthermorewe identify typical situations
of changetheir representatioon the productdoc-
umentationlevel, and how to keepthe documen-
tation consistentover time. We thendevelop two
verification methodsfor computing the induced
changeat the partslevel. Finally, we shav how
our methodscan be appliedto handlemodelyear
changeandproductionrelocation.

1 Intr oduction

Productconfigurationplaysa key role in marketsfor highly
comple productssuchas, e.g., in the automotve or com-
puterindustry[McDermott, 1982; Guinterand Kithn, 1999.
In thesesectorsa high degree of personalizatiorwith im-
menseconfigurationpossibilitiescomestogetherwith large
numbersof producedunits. Electronic productdata man-
agemen{EPDM) systemsarethereforeemplosed,which ac-
compalry acustomers orderfrom its receptionup to thefinal
manufcturingof the orderedproduct.

Theneedfor configurationusuallyoccursat severalstages
in the supply chain, like sales,engineeringor manufctur
ing. The requirementson the EPDM systemmay differ
greatly from one stageto the other [Wright et al., 1993;
Timmermans1999. However, the majority of commercially
available configurationtools concentrateon the salesaspect
as cgn be seen,e.g.,in arecentsurey [Sabinand Weigel,
1994.

Our paperdealswith the role of configurationfor manu-
facturing.Here,configurationrequirementsresimilar to the
engineeringstage,in that the producthasto be considered
not merelyin functional (sales-)catgories,but down to the
level of partsassemblyEspeciallyin theautomotve industry

*Supportedby DaimlerChryslerAG and debis Systemhausn-
dustryGmbH.

where—asdn our case—arindividual vehicle canconsistof
upto 15,000parts thisrulesouttheuseof corventionalsales-
configurators.In [Haag,1999 the notionsof high-level and
low-level configurationare introduced,wherethe low-level
is characterizetby non-interactie, proceduraprocessingin
this sensewne addressow-level configurationhere.

Productdocumentatiomn themanufcturingstages char
acterizedby frequenttemporalchange:Parts may be avail-
able or unavailable at certain points of time or may be ex-
changeddy successomodels,subassembliemay shift from
in-houseproductionto externalprocurementassemblylines
may bereconfigured Additionally, change®n the engineer
ing level usually have a directimpacton the manufcturing
documentation.To namejust a few, we canthink of start-
up or runout of supplementaryequipmentor whole model
lines, or sharpenedr relaxed constraintsbetweenparts or
subassembliedueto furtherproductdevelopment.

The continuouschangeof the productdocumentatiorag-
gravatesthe maintenancef a consistentand errorfree data
base,which should contain, for example, no unnecessary
partsor equipmentcodes,and no constructibility contradic-
tions. Thus,verificationmethodologiesrehighly desirable.

We presenttwo methods the +§-methodandthe 3-point
approach,to computethe changesinduced by high-level
productchangeson the partslevel. Thesemethodsgener
ate propositionalformulae, which are then checled with a
state-of-the-arSAT-checler. Furthermorewe shov how our
methodscan be appliedto handletwo typical situationsof
change'modelyearchangeandproductionrelocation.

We have prototypically implementedour methodswithin
a specializedversionof the BIS system[Sinz et al., 2001.
This implementatioris currentlybeingevaluatedby the pro-
duction departmenof the Sindelfingen(Germary) plant of
DaimlerChrysleiAG.

2 Product Documentationfor
DaimlerChrysler’ s MercedeslLines

In thefollowing we will describehe EPDM systemDIALOG
that is usedin its two variantsDIALOG/E and DIALOG/P
in the engineeringesp.productiondepartment®f Daimler
Chryslerfor configurationof their Mercededines.



2.1 Documentationat the Engineering Stage

Usingtheterminologyof [SabinandWeigel,1994, DIALOG
canbe classifiedasa rule-basedeasoningsystemfor batch
configuration It consistof afunction-orientecndof aparts-
orientedlevel. The former is characterizedy equipment
codes(salesoptions)andcontrol codes,aswell asrulesfor
on the onehanddescribingconstraintsbetweenthesecodes
and on the other hand completionof partially specifiedor-
ders. This level thus constitutesa descriptionof the set of
manufcturableproductsfrom an engineeringpoint of view,
which we will alsocall the productoverview in the follow-
ing. The parts-orientedevel is characterizedy a modu-
larized hierarchicalpartslist, wherealternatvesare selected
basedon rules. Theserules containthe function-oriented
salesand control codesand thereforeprovide the mapping
from the high-level functionalto the low-level aggreyational
view. More informationon the documentatioomethodanda
synopsisof the requirementgrom differentdepartmentgsan
befoundin [KaiserandKiichlin,200].
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Figurel: Processin@ customers ordet

A customers orderwithin DIALOG/E consistof a model
line selectiontogethemwith a setof further equipmentcodes
which describeadditionalfeatures.Eachequipmentcodeis
representedsaBooleanvariable whichis setto true exactly
whenthe pieceof equipmentis chosen.Thus,an orderis a
fixedassignmento the propositionavariablesof the product
documentationOrdersareprocesseth threemajorstepsas
depictedin Figurel: (1) ordercompletion,(2) constructibil-
ity checkand(3) partslist generation.All of thesestepsare
controlledby rules. Rulescanbe of threedifferenttypes,all
of which containa propositionalogic formulathatis built out
of the usualconnectves AND, OR and NOT, andthe above-
mentionedcodesservingas propositionalvariables. No re-
strictionsareplaceduponthe structureof therules’ formulae,
sothereis, in particular norestrictionto Hornformulae.The
whole order processings controlledexclusively by evaluat-
ing therule’sformulaeunderthevariableassignmeninduced
by the customers order andexecutingsuitableactionsbased
onwhethertheformulaevaluatego true or false

Thethreetypesof rulesthatoccurin the productdocumen-
tation reflectthe threestagef the orderprocessing.There
are supplementingules S(z) which control the ordercom-
pletion process constructibility rules C(z) to checkmanu-
facturabilityof anordet andpartselectiorrulesR(p) to gen-
eratethebill of materials.All rulesareassociatedvith either
a codeor a partthey referto. This code(in caseof supple-
mentingor constructibility rules) or part (for part selection
rules)alsosenesasa uniqueindex for look-up of therules’
formulaeS(z), C(x) or R(p). Rulesareinterpreteddiffer-

Note, thatin our notation,we make no distinctionbetweerthe

ently, dependingon their function. The differentinterpreta-
tion resultsin differentactionstakenwhentherule’s formula
evaluateso true or false We will now describen detailthe
individual orderprocessingtepsandthe actionstaken.

Order completion. The ordercompletionor supplementing
processaddsimplied codesto an ordetr The supplementing
formula S(z) specifiesthe conditionunderwhich codez is
addedto order O. When S(z) evaluatesto true underthe
variableassignmeninducedby O, i.e. whenO is a (logical)
modelof S(z), thencodez is addedto thatorder Theorder
completionprocesss repeatedintil nofurtherchangesesult.

Constructibility check. Constructibilityof a customers or-

deris checled accordingto the following scheme:For each
codez thereis a constructibility condition C(z). This for-

mula interrelatese with other codesby encoding,e.g., re-
guirementsor exclusionconditionsfor usingcodez. A code
is calledconstructibleor valid within agivenorderO if C(z)

evaluatesto true underO. All codesof a possiblysupple-
mentedorder must be valid in a constructibleordet non-
constructibleordersarerejected.

Parts list generation. The partslist is hierarchicallystruc-
tured using modules, positions and variants. Parts are
groupedinto modulesdependingon functionaland geomet-
rical aspectspositionscontainmutually exclusive alternatve
parts,calledvariants,for eachinstallationpoint. A partp is
selectedhasedon the partselectionformula R(p) associated
with it: if R(p) evaluatesto true underthe checled andpos-
sibly extendedorderQ, thenpartp is includedinto thebill of
materialsfor O.

Supplementingules:

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

Clz] := z= C(x)
Productoverview:

PO :=

A (S[[w]] A C[[x]])

zeC

Partselectiorrules:
R[p] = R(p)
Ordervalidity for orderQ:
O =PO
Selectionof partp for orderO:

O = R[p]

Figure2: VerificationSemanticof Rules.

We will now introducea notationfor rule semanticsvhich
aimsat describingthe whole setof constructibleorders,i.e.

formulaof therule andtherule itself.



the productoverview, in onepropositionalformula. This se-
marnticsis alogical formalizationof the DIALOG/E behaior.
It is notemployedwithin DIALOG/E, e.g.to checkindividual
orders,but is very helpful to expressconsisteng assertions
aboutthe rule baseasa whole aswell asfor the handlingof
temporalchange.In this contet the semanticof arule is a
propositionalformula, andis denotecby [-]. So,e.g.,C[z]
denoteghe semanticof constructibilityrule C(z). Figure2
shaws the formal definitionsof therule semanticsaswell as
somederived formulaedescribingmportantproperties:For-
mula PO describeghe productoverview, i.e. the setof all
constructiblefully supplementedrders. This setis charac-
terizedby the propertythat for eachcodex out of the setC
of all availablecodesa satisfiedsupplementingormula.S(z)
includesthesupplementedodez, andif acodez is partof an
order thenits constructibility condition C'(z) holds. There-
fore, anorderO is constructibleandfully supplementeax-
actly whenit is a logical modelof PO, i.e. whenO = PO.
Similarly, partp is includedin the bill of materialsfor order
O if O =R][p].

Note thatwith this encodingwe arealreadyableto detect
partswhich arenot usedby ary possibleconstructibleorder:
If theformulaPO A R[p] hasnologicalmodels,i.e. is unsat-
isfiable,thenpartp is neverused.

We will now turn to documentatiorat the manugcturing
stageand explain the extensionsrelative to the engineering
documentatiofust presented.

2.2 Documentationat the Manufacturing Stage

Themaindifferencebetweerengineeringandmanufcturing
documentations theinclusionof time dependenciesito the
latter Within DIALOG/P this is accomplishedy addinga
validity time interval andtiming controlcodesto eachrule of
the DIALOG/E system.

In DIALOG/P, a rule R(i) with index? i is therefore
equippedwith avalidity time interval

I(3) = (ta(i), tw(i))

with ¢,(z) < t,(%), indicating the soonestand latesttime
at and betweerwhich rule R() is valid. An invalid rule is
interpretedasswitchingoff supplementatiorgonstructibility
or partselectability To enablemorecomplex temporalpro-
cessesuchasthe phasingin andout of parts,eachrule ad-
ditionally owns a startinganda stoppingcontrol codeCC,,
resp.CC,,, which allows to overridethe time interval lim-
its. Intuitively, the meanings asfollows: Rule R(3) is valid
even beforethe startof the specifiedtime interval, provided
thatthe startingcontrol codeCC,, (i) is presenin the ordet
Analogously rule R(7) is invalid even beforethe endof the
time intenval, as soonasthe stoppingcontrol code CC,,(¢)
occursin theorder Theexactformaltime-dependergeman-
tics of the rules—asabove in the context of verification—is
shavnin Figure3.
Thegeneraltime-dependergemantic§ R, 4, t] of formula
R atindex i generatesaformula R’ representingheinterpre-
tationof rule R(z) attime¢. Beforethestartingtime ¢,, of the

2The index is eitherthe code, prefixed by C. or S. to indicate
referencdo constructibilityor supplementatiorgr the parthnumber

Timedrule semantics:

R A CC,(i)
— A=CC, (i) if t < ta(i),
(7.6 = 4 g o -CC, (1) if ta(i) <t <t,(i),
1 if £ > t,(4).

Supplementingules:

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

Clz,t] = z = [C(z),C.z,t]

Productoverview:

PO[f] == N\ (S[[a:,t]]/\C[[:v,t]])
zeC
Part selectiorrules:
R[p,t] := [R(p),p,]
Ordervalidity for orderO attime:
O EPO[{]
Selectionof partp for orderO attime ¢:

O = R[p. 1]

Figure3: VerificationSemanticof TimedRules.

rule,it is only valid if thestartingcontrolcodeCC,, is setand
thestoppingcontrolcodeCC,, is notset.Betweent, andt,,
theruleis valid aslong asthestoppingcontrolcodeis notset,
andaftert,, theruleis nevervalid. Note,thatalthoughanin-
valid rule’s formulais alwaysequialentto L, interpretation
of the whole rule candiffer. So aninvalid formulain sup-
plementingrule S(z) generateshe rule semantics. = z
which is equialentto T, andthus switchesoff the supple-
mentationof codex. On the otherhand,an invalid formula
in a constructibility rule C(z) generateshe rule semantics
z = L or, equivalently -z, which excludescodez from ary
order thusswitchingoff constructibility of codex. Product
overview, ordervalidity andpartselectiorarestraightforvard
extensionof their untimedcounterparts.
Therearethreefinal remarks:First, the rangeof the start-
ing andstoppingtimest,, andtg is extendedby the pseudo-
values+oo and —oo in orderto modelunboundedime in-
tervals. Secondjf the controlcodesarenot set,they areini-
tializedto theirdefaultvalue 1. Soin the caseof unspecified
controlcodeswe geta simplifiedtimedrule semantics:

[R,i,t] = {R if to(4) < t < tu (i),

1 otherwise.
And third, by usingthe extendedindicesS.z andC.z in the
semantic®f the supplementingindconstructibilityrules,we
allow differenttiming behaior for thetwo kindsof rule.
How thesdimedrulesareusedto specifytypical situations
of changewill now beshawn.



3 Typical Scenariosof Change

Many yearscan passbetweenthe first prototypeof a new
productandthe lasttime an instanceof it is manufctured.
It is not surprisingthat during this period of time the prod-
uct itself aswell asthe productionernvironmentmay change
considerably All this hasto bereflectedin the productdoc-
umentationfor manufcturing. Amongstthe mary possible
changes productandits productionprocessanundego, we
exemplarilypick outthreesituationghatmake up ahugepart
of the changesn our caseof the automotve industry These
are part exchange equipmentcodestart-upand runout,and
assemblyine reconfigurationThesescenariogoverchanges
of boththe productandthe productionervironment,aswell
asmodificationsof the productoverview andthe partslist.

3.1 Part Exchange

Thereasonshatmalke theexchangeof partsnecessarganbe
manifold, e.g. technicalprogresschangebetweenin-house
productionand external procurementpr changeof the sup-
plier. Theway in which the exchangds performedmayalso
vary. Theremight be a cut-off dateat which part p; is re-

placedimmediatelyby partp, asis depictedin Figure 4a).
Or the exchangehasto take placeover a periodof time dur-

ing which bothvariantswith eitherpartp; or partps haveto

be manufctured,andfor eachproductinstanceit is exactly
determinedy controlcodeswhich of thetwo partshasto be
used asis shavn in Figure4b). A third possibility, whichwe
will not considerhere,is thatthe new partp, hasto beused
assoonaspartp; runsoutof stock.

quantity
max ’\/
runout
part p,
0
max ~— —/—'
start-up
part p,
0
time
t t b
a) b)

Figure4: Part Exchangea) Fixed Time b) Overlapping.

Fixed-time as well as overlappingpart exchangecan be
modeledeasily with the control code andtime interval ad-
ditionsof DIALOG/P.

In the fixed-timecasewe getthe following conditionsfor
theselectiorrulesof partsp; andp, to modela partexchange
attimet;:

tw(p1) =t ta(p2) =t1 .

The othertime valuest,, (p;) andt,, (p2) maybesetto sensi-

ble valuesarbitrarily, the controlcodesareleft unspecified.
To model an overlappingpart exchangewe needsupport

from the control codes.Leaving the starttime of the overlap

intenval open,andassuminghe endof the overlapattime ¢,
we get:

tu(p1) =t2 ta(p2) = t2
CCw (pl) = T CCa (p2) = T,

wherez, is thecontrolcodeof theoverlap,i.e. all orderscon-
taining z. usepartps, ordersnot containingz, usepartp;.
Again, the remainingtime valuesmay be setto ary suitable
value, the control codesnot mentionedare left unspecified
andthusdefaultto L. If theintenal starttime is to befixed,
this hasto becontrolledusingtheconstructibilityrule of con-
trol codez.. Adding t,(C.z.) = t; we getthe behaior
depictedn Figure4b).

3.2 Equipment Code Start-up and Runout

We now turnto thenext scenaridn our presentatiorof com-
mon eventsof change:the start-upandrunoutof equipment
or controlcodes.New equipmentodesmayshav up aspart
of the continuousdevelopmenif products.Otherequipment
codesmay run out becausehey are not requesteddy cus-
tomersarny moreor they have beenintegratedinto standard
packages.Most of thesechangesaretriggeredby the engi-
neeringor even the salesdepartment.This is in contrastto
the caseof timing controlcodeswhich aresetby theproduc-
tion departmentmainly to handlemodelyearchange Model
year changeis an importantissueand requiresa lot of re-
documentationasusuallyquite substantiapartsof the prod-
uctchangdrom oneyearto another Most of the overlapping
partexchangesnentionedabove stemfrom this modification.

What makes code start-upandrunouta non-trvial docu-
mentationtaskis that the high-level changesof the product
overview influencethe low-level part structurevia the selec-
tion rules. In caseof startingandstoppingcontrol codesthe
directinfluenceis clearlyvisible, but this maynotbethe case
for othercodes,or if atiming control codeis usedinsidea
rule.

Suchinduced,dependenthangesare often very hard to
detect,ascanbe seenfrom the following example: Assume
a part p with an unrestrictedvalidity time interval I(p) =
(—o0, +00) andno timing controlcodes andaselectiorrule
R(p) = = A y. Furthermoreet the constructibility rule of
codez beC(x) = z andassumeanintendedcoderunoutfor
codez attimet,, i.e. t,(C.z) = t;. Thenaftert;, p cannot
be part of a valid order sincerunoutof z inducesinvalidity
of codez, whichforcesthe selectiorrule of p to false

What makestheseinducedrunoutpartshardto detectfor
the documentatiorpersonnelis that the codesplannedfor
runoutneednot occurin the partselectionrule. Besidesfor
comple products,differentpersonanay be involved in the
documentatiorof change. Automatic supportby an EPDM
systemto find suchinducedrunoutpartsis thereforehighly
desirable We will presenburapproactio solve this problem
below.

3.3 AssemblyLine Reconfiguration

Thelastscenarimf changeve have alook atis to its greatest
partcausedoy modificationsof the productionervironment.
For instance, assemblylines are reconfiguredfrom time to



time to adaptthemto the actualproductionload. Not sofre-
guent,but entailing considerablehangesf the documenta-
tion, is the movementof whole modellines or partsof them
from oneassemblyine to anotheyor evenbetweerplants.

The challengedor the documentatiorpersonnehre simi-
lar to the caseof equipmentcodechange but they oftengo
even beyond. The main problemis to determinethe influ-
enceof the changeto the partslevel, with the sameobstacles
emepging asmentionedabore.

Moreover, at leastin our case,somechangesare not—
or not early enough—documentedr even cannotbe docu-
mentedat all within the EPDM system.This poseghe prob-
lem of handlingundocumenteahange. For the purposeof
verification, we thus needan external formalism to specify
certaindocumentatiothangeghatcannotbe handledby the
EPDM systemitself.

4 Two Methodsto Detectinduced Changes

Wenow turnto thequestiorhow theaborementionednduced
changeon the partlevel canbe determined.Our approach
is asfollows: Usingthe timed semanticsdevelopedin Sec-
tion 2.2 we cancorvert the productoverview into atime de-
pendenipropositionaformularepresentingll constructible,
fully supplementedrdersattime ¢. Thisformulais the basis
for formulatingmary criteriaconcerningge.g.,consisteng of
theproductdocumentatiomr unnecessargarts.Detailscon-
cerningmaintenancef the productovervien’'s consisteng
canbe found elsavhere[Kichlin and Sinz, 2004. Criteria
generatedn this way are propositionalformulae,which we
thentestfor validity or satisfiabilitywith corventionalpropo-
sitional proversor SAT-checlers.

We will now presentwo methodsto identify changeon
the partslevel. Thefirst is suitablefor documentead¢hanges
atafixedpointof time,whereaghelattercanalsohandleun-
documenteanodificationsof the productoverviev andcope
with timeintervals.

4.1 The 4+§-Method

With the +é-method we can determinewhich parts be-
comesuperfluousesp.areadditionallyneededafteracritical
changethatis alreadyknown to occurat a fixed time ¢, in
thefuture,andwherethe changds alreadydocumentedThe
proceduravorksin threesteps:

Stepl: DeterminethesetP; of neededartsjust beforet,.:
P, = {p € P|PO[t. — 5] AR[p,t. — 6] € SAT3}

Step2: DeterminethesetP, of neededartsjust aftert,.:
P, ={pe P |PO[t. + ] AR[p,t. + d] € SAT}

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

TheresultingsetsS resp.A give the setsof partsthatare
superfluougresp. are additionally neededafter the change.
The parameter§ hasto be chosensuchthat only the criti-
cal changefalls into thetime intenal (¢. — §,t. + d). Note,

3SAT denoteghesetof all satisfiablepropositionaformulae.

that this is—at leasttheoretically—alimiting factor of the
+d-method,asit may be impossibleto separatehe critical

changefrom other changes. In practice, this effect occurs
rarelyasthe primaryinterestis in the situationafteraccumu-
lating all changestthecritical time ..

4.2 The 3-Point Method

In contrastto the +-6-method,the 3-point methodis capable
of handlingdocumentedswell asyetundocumentedhange.
This is accomplishedy providing an external (with respect
to the EPDM system)formalismfor specifyingchangesThe

changeghatareexpressiblewithin this formalisminclude:

e Equipmentor controlcodesbecomingvalid or invalid.
e Arbitrary codecombinationsbecomingnvalid.

In our formalism, changesare specifiedas modifications
of the productoverview. This obviously implies a modifi-
cation of the productovervien’s semantics.We denotethe
changedsemanticdy PO*[Cy, A, t], whereCy is the setof
codesfor which the constructibilityandsupplementingules
areignored, A is the additionalside conditionformula. The
changedsemanticss definedby

PO*[Cv, 48] == AN A (S[&,]ACLe, 1) -
z€C\Cvy

Validation of an invalid code z, i.e. a code with con-
structibility rule C(z) = L, canbe achieved by including
codez into thesetof validatedcode<Cy . If it shouldbenec-
essarya new constructibility or supplementingule canbe
specifiedas conjunctie part of formula A. Invalidation of
codesaswell asadditionalside conditions,are specifiedby
conjunctvely addingformulaeto A, e.g.—z to indicatecode
z gettinginvalid.

Having now briefly introducedour external specification
formalism,we now turnto describingthe 3-pointmethod.

For the 3-pointmethod two pointsin time, ¢y andt;, have
to befixedbetweenwhich theundocumentedhangeshould
occur Moreover a modified product overview semantics
PO*[Cy, A, t] with afixed setCy anda side-conditionfor-
mula A, asintroducedabove, is employedto reflect/indicate
undocumentedhangesThe 3-pointmethodis composedf
four steps:

Stepl: DeterminethesetP,, of neededpartsattime o, i.e.
beforethechange:

P,, = {p € P | PO[to] AR[p,to] € SAT}
Step2: DeterminghesetP;, of neededgartsattimet; with-
outundocumentedhanges:
P, ={p € P| PO[t1] AR[p, t1] € SAT}
Step3: DeterminethesetP;: of needecpartsattimet,, in-
cludingundocumentedhanges:
P} ={p € P |PO*[Cv, A,t:] AR[p,t:] € SAT}
Step4: Computethedifferences
AIO - Pt1 \ Ptg
Awo = P\ P,
Aug =P\ Py

SIOZPto\Ptl
S*OZPto\Pt*l
S*1:Pt1\Pt*1



Here, e.g., Ay indicatesthe additional parts neededat
time ¢1, ignoringundocumentedhangestelative to the parts
neededat time ¢t,. The relationshipbetweenthe threesets
of partsandthe differencesetsare graphicallyillustratedin
Figure5.

documented
changes (A4,S1o)

h

undocumented
differences
(A+1,S+)

documented and
undocumented
changes (A.(,S)

time
Figure5: The3-PointApproach.

So to find out what is the impact of an intendedprod-
uct overview changeon the part usage,we have to take a
look at the differencesets. The sets A.q/S«o indicatethe
overall changebetweenty andt; if the intended(undocu-
mented)hangeeallyis performedjncludingall changedn-
ducedby alreadydocumentedevents. Using the difference
setsA,1 /5.1 thechangesnducedattime ¢; by theundocu-
mentedmodificationsalonecanbedisplayed.Moreover, and
similarto the+4é-methodthesetsA;o/S1o only showv theim-
pactof alreadydocumenteathangesuringthetime intenal
(th tl)

4.3 Discussionof Both Methods

Comparingthe two methodsthe +4-approactoffersthe ad-
vantageof easyhandling.To find out theimpactof a change
on the parts’world only the point of time of this changehas
to be specified.On the otherhand,the intendedmodification
alreadyhasto be documentedand the time of the change
hasto be fixed. Whereaghisis usuallythe casefor planned,
regularly occurringeventslike codestart-upandrunoutdue
to model year change,this may not be the casefor other
productmodifications,e.g. by further productdevelopment.
Here the 3-point method can play out its strengthof han-
dling even undocumentednodification events, however, at
the costof increasedcomplity in usage. This shovs up
in the needto specifythe modifiedproductovervien seman-
ticsPO*[Cy, A4, t]. In mostcasesthough theundocumented
changedollow certainpatterns,so that specialcasesof the
modified semanticsmay be pre-encodedndofferedasspe-
cializedtests.

Note that the 3-point methodproperly includesthe +4-
method. As we have PO*[0, T,¢] = PO[t], by setting
to)1 = t. = 4 in the 3-point method,we get a specializa-
tion equivalentto the +§-approach. In this casewe have
Py = P, andonly the differencesets Ao and S,, areof
interest. Anotherweaknes®f the +4-methodalreadymen-
tionedin Section4.1is that separatiorof two eventsmay be

impossible. The 3-point methodallows handlingof sucha
caseby re-modelingherelevanteventsexternally

4.4 Mapping of Typical Cases

We will how shav how to map two importantscenariosof
changeto our verificationformalisms.

Our first casehandlesequipmentcodestart-upandrunout
causedby model year change,for which we use the +4-
method. Model yearchangeusuallyis accompaniedby lots
of changesmainly on the partslevel, but alsoto a smaller
fraction on the productoverview level. During an overlap-
ping interval both modelsfrom the old and the nev model
yearhave to bemanufctured Assumecodesn, andm,, are
responsibldor controllingmodelyearchangej.e. ordersfor
carsof the old modelyearare equippedwith codem,, for
the new modelyearwith codem,,. Assumefurtherthatthe
modelyearchangeis fixed to take placeduring the time in-
tenal (t, t1). Theinterestingquestionis which partsarenot
neededary moreaftert; . In thedocumentatiothe run-outof
theold modelyearis reflectedoy codem,, becomingnvalid,
aswell ascodem, becomingmandatoryat t;. Moreover,
somepartsmay happento have t; asa startingor stopping
time. Summarizedtheruleschangingattime ¢, are:

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

aswell aspartselectiorrulesof partsp with eitherz, (p) = t4
or t,(p) = t;. We thussetup the +4-methodwith ¢, =
t1 and get resulting differencesetsof A and S, indicating
additionallyneededandsuperfluougartsafter the end¢; of
the modelyearchangeoverlapinterval. Obvious startingor
stoppingparts(i.e. partswith ¢, (p) = t; ort,(p) = t1) may
additionallybefiltered out to geta moreconciseresult.

Let’'snow turnto productionrelocationwherewe consider
movementf partsof theproductionfrom oneassemblyine
(or plant) to another Of this two-sidedproblemof moving
in andoff, we concentraten the move-off part. Suchakind
of changecannot(easily) be handledwithin the DIALOG/E
systemasnotonly individual codes put arbitrarycodecom-
binations,representinghe fraction of the productionthatis
to berelocatedaregettinginvalid afterthe change.Onebig
problemrelatedto productionmove-off is to determinethe
inducedpartsshift.

To handlethis case we usethe 3-pointmethodto find out
preciselythe inducedparts shift. We setup ¢; asthe ap-
proximatedtime of the relocationevent, andty asthe cur
renttime. The modifiedproductovervien semanticss setto
PO*[0, —~F, t] whereF is a formuladescribingthe fraction
of the productionto be moved off.

As anexample let usconsiderthesituationwherethe pro-
duction of cars containingthe motor variantsM1,M2 and
M5 in cunjunctionwith automatiogears(A) is plannedto be
moved off, but not for the destinationcountriesC1, C3 and
C4. Theformula

F = (M1VM2VM5)AAA—(CLY C3V C4H

describeshis productionshift.
Theresultsdeliveredby the 3-point methodare manifold.
Perhapshemostimportantpartsshift setsare A.; /S.1. They



indicatethe additionalandsuperfluougpartsafterthereloca-
tion at ¢; relative to the situationat the sametime without
the relocationhaving taken place. If the overall changeon
the partslevel betweenthe currentsituation(at ¢y) andthe
projectedsituationafter the relocationat ¢;, alsoincluding
alreadydocumentegroductchangesis of interest,thenthe
differencesetsA.q/S«o provide theappropriatenformation.

4.5 Verificational Aspects

To give animpressionof the size of problemsthathasto be
dealtwith, Table1 summarizesomecharacteristicalalues
for threemodellineswe have investicated.

Linel Line2 Line3
#Codes 567 567 567
#C-Rules 554 347 594
#S-Rules 133 79 139
#R-Rules 9427 4461 10779
PO 30826 15981 35342

Tablel: Characteristicef ThreeModel Lines.

#Codegdenotegshe numberof codesoccurringin the doc-
umentationof the modelline. This numberis equivalentto
the numberof differentpropositionalvariablesin the formu-
laefor the SAT-checler. Thethreelines#C-Rules#S-Rules
and#R-Rulesndicatethe sizesof the setsof constructibility
rules,supplementingulesresp.partselectiorrulesat a fixed
pointof time*. PO shavsthesize(in logical symbols)of the
productoverview formula.

All of the above testsgeneratehugesetsof propositional
satisfiability(SAT) problems:itwo (in caseof the+4§-method)
resp.three(for the 3-pointapproach)SAT-testsfor eachpart
selectiorrule. Fortunately mostof theseproblemsaresolved
by todays SAT-checlers—aswell as by the prover imple-
mentationthat is part of BIS—in undera second[Kiichlin
and Sinz, 200d. For the rare long-runningexceptions,a
parallelizationapproachcan dramaticallyspeedup average
Wait;]ng timesfor individual proof results[Blochingeret al.,
2001..

5 Conclusion

We presentedwo methodsfor computingthe influence of
high-level productchangeson the partslevel, which is fre-
guentlyneededo keepproductdocumentatiorior manugc-
turing in a consistenstate.

Althoughwe describedurideasfrom theviewpointof the
automotveindustry we expectourmethodgo betransferable
to otherindustriesaswell, especiallywhenlots of configura-
tion possibilitiesfall togethemith large productionnumbers.

Our prototypicalimplementationwhichis partof the BIS®
project,is currentlyevaluatedat DaimlerChryslers Sindelfin-
genproductionplantfor the Mercededines. We expectvalu-
ablefeedbackrom this pilot project.

“Missing constructibility rules and supplementingules arein-
terpretedas.L.
5Seealsohttp://www-stinformatik.uni-tuebingen.de/pdm.
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