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Abstract
Data exchange betweerCAD systemss an extremelyimportantsolid modelingconceptfundamentafor boththetheoryof the
eld andits practical applications. Thetwo maindataexchange (DE) paradigmsare geometricandparametricDE. Geometric
DE is theordinary methodjn which the boundaryrepresentatiorof the objectis exchanged. Parametric(or featue-based DE
is a novel methodwhere, givena parametrichistory (featue) graphin a source systemthegoal is to constructa graphin the
target systenthat resultsin similar geometrywhile preservingas muc parametricinformationas possible Each methodhas
its usesandassociategroblems.
In this paper weintroduceGeometryPer Featuie (GPF), a methodfor integration of parametricand geometricdataexchange
atthesinglepart (object)level. Featuescanbeexchangdeitherparametricallyor geometricallyaccoding to userguidelines
and systenconstaints. At the target systemthe resultingmodelis representedusinga history tree regardlessof the amount
of original parametricfeaturesthat havebeenrewritten as geometricones.Using this methodwe maximizethe exchange of
overall parametricdataand overcomeoneof the main stumblingblocksfor featue-basediataexchange.

CatgyoriesandSubjectDescriptorgaccordingo ACM CCS) D.2.12[Interoperability]:datamapping;l.3.5[ComputationalGe-
ometryandObjectModeling]: Breps,CSG,solid, andobjectrepresentationgeometridanguagesandsystems).3.6 [Method-

ology andTechniques]graphicsdatastructuresanddatatypes,languagesstandards;

1. Intr oduction

Data exchange(DE) is a centralproblemin geometricand solid
modeling.It is importantin practicebecauset is the major way
for achieving interoperabilityfRappoport03]lt is importantfor the
theory of the eld becausat shedslight on how representations
canbe well de ned andbecauset is a representatiorornversion
problem.

The establishedpproachor dataexchangepothin theoryand
in practice,is geometricDE, wherethe boundaryrepresentation
(Brep) of the objectis transferredirom a sourceto a tamget sys-
tem.Thedominantway to dothistodayis throughthe STER IGES
andVDA standard$Bloor95]. GeometricDE is ratherreliable,al-
thoughin mary casesit resultsin non-solids(unstitchedbound-
aries)due to geometrictolerancingproblems.However, its main
dravbackis the fact that it doesnot supporttoday's most com-
mon designparadigm featurebaseddesign,and henceis lacking
in termsof its supportfor collaboratve engineering.

All modernCAD systemsare basedon the featurebased(FB)
designparadigm,also called parametricdesignand history based
design[Hoffmann93].FeaturebasediataexchanggFBDE)is thus
highly desirable.In FBDE, given a parametrichistory (feature)
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graphin a sourcesystem,the goal is to constructa graphin the
tamget systemthat resultsin similar geometrywhile preservingas
much parametricinformation as possible.In [Rappoport03]jwe
have givenanoverview of our UPRsolutionto the FBDE problem.
The STEPparametricgrouphassomeopenproposaldor FBDE
(parts108and55).

FBDE retainsdesignintelligence allows modi cationsatthere-
ceving side,andpotentiallyavoidsthe geometrictolerancegprob-
lem.Ontheotherhandiit is notalwaystechnicallypossibleto suc-
cessfullyexchangesvery feature(seethe next sectionfor anexpla-
nationof how our architecturenandlesthis issue).GeometricDE
usuallyworks; however, whenstitchedsolidsaredesiredthensuc-
cessratesdrop, modi cations are very dif cult to do, anddesign
intelligenceis lost. It is thusdesirableto integratebothmethodsin
thesamesystem.

What doessuchan integration mean?The whole discussionn
this paperis at the single partlevel, which is wherethe real chal-
lenge lies. Integration at the assemblylevel is an architectural,
work ow issue At the partlevel, integrationmeanghatevery fea-
ture (or every featuresub-treeor sub-list) could be transferredo
thetamgetsystemeitherasfeatureqparametrically)or asplain ge-
ometry (non-parametrically)In Section3 we will give a formal
problemstatement.

In this paperwe presenta generalconcept,GeometryPer Fea-
ture(GPF),thatachiezessuchanintegration,alongwith algorithms
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for implementingit. First we give a generabackgroundf feature
baseddesignandof our UPR FBDE architectureWe thengive a
preciseproblemstatementpresenthreesolutionalternatves:delta
solids(Section5), deltaboundary(Section6) anddeltafacesSec-
tion 7), andshawv thatundernormal CAD circumstancethe latter
is preferablelmplementatioris discussedh Section8.

2. Feature-baseddata exchange

In this sectionwe give a brief backgroundn thefeaturebasedle-
signparadigmandof our UPRfeaturebasedlataexchanggFBDE)
architecturgRappoport03].

2.1. Generalbackground

In the featurebaseddesignparadigm the modelis representeds

a graph(or tree or list) of operationscalled features.The treeis

sometime<alledthe “historytree'. Operationsreatenev geome-
try or modify existing geometry Featurebaseddesignis basically
anextensionof constructve solid geometry(CSG).Thedifferences
arethatin FB designtherearemoreoperationtypes;FB provides
associatiity to parameterchangeshrough persistentnaming of

boundaryentities[Kripac97; Rappoport97]FB designheaily re-

liesonimplicit constraintgusually2-D constraint@anddimensions
in sketches)andFB designincludessurfaceoperationsandobjects,
andis not limited to solid objects.The terms feature'and "opera-
tion' will beusedin this paperinterchangeably

Althoughthemainpointwith the FB paradigmis thatoperations
areparametricFB systemslsoprovide non-parametrioperations.
In our contet, a non-parametrioperationis an operationthatin-
troducesnto themodelapieceof x edgeometryde ned indepen-
dently of the currentstateof the model,and potentially usesit in
orderto modify themodel. Exampledor non-parametrioperations
includethe orphanand patchoperationgdetailedin the following
sections.

Thegoalin FBDE s to createatargetmodelthatis featurebased
aswell, usingfeaturesthat are as similar as possibleto the origi-
nal, while keepingthe geometryas similar as possible.Note that
in generalthe geometrycannotbe identicaldueto differenttoler-
ancingpolicies.As long asthe approximatioris controlled,this is
totally acceptablén practice.

As explainedin [Rappoport03]FBDE is dif cult dueto several
reasonsinherentfunctional incompatibilitiesbetweenCAD sys-
tems; featuresemanticscanin mary casesbe known at runtime
only; and implementationalincompatibilities betweenthe CAD
systemsAny solutionto the FBDE problemmust: (i) designfor
the caseof a systemnot supportinga dataitem (operation)}thatis
explicitly supportedoy anothersystem (ii) designfor the caseof
incompatibilitiesandfailuresthatcanbediscoseredonly by exam-
ining the run-time behaior of the systemsinvolved, and (iii) be
practicallyfeasible.

2.2. The UPR architecture

The only completeFBDE solution describedso far is the onein
[Rappoport03].0Our Universal Product Repesentation(UPR) ar-
chitectureis a stararchitecturewith datastoredin a centralrep-
resentatiorcalledthe UPR. Exportandimport modulescreateand

readdatato andfrom the UPR.Eachfeaturehasa uni ed datasec-
tion anda setof rewrites. A rewrite is a differentway of importing
the featurethat createsequivalentgeometry A rewrite may be a
functiononly or afunctionwith internaldata.

Both the uni ed dataand all the rewrites also store veri ca-
tion data,in orderto identify succes®r failure of import. Usually,
rewritesareinvoked whenimport successevel doesnot matchthe
desiredgeometricquality.

Theimportmodule o w proceedstepwiseaddingonefeatureat
atime. Thisis in generatheonly alternatve, becausaddingafea-
ture requiresattachingit to the existing solid, andthis attachment
informationmaybe dependenuponall preceedindeaturesWhen
selectinga methodfor importing a speci c feature the factorthat
in uencesthedecisionthemostis the setof operationsvailableto
theuserin thetarget CAD systemAfter all, in FBDE the goalis to
transferanoperatiorto anoperationor a setof operationsThatis,
a sourceoperationis emulatedby oneor moretargetoperationsit
is crucialto understandheoperatiorrepertoireof thetargetsystem
in orderto selectthe possibleemulationsandsortthemaccording
to perceved modelquality. The availability of tamgetoperationsor
lack thereofarecentralfor the discussiorin this paper

3. Integrated feature-basedand geometricDE: problem
statement

In this sectionwe provide aformal problemstatemenanddescribe
motivating usagescenariosandtheir implicationson the problem
statement.

3.1. Initial problem statementand notations

The problemwe aredealingwith canbe phrasedisingthe termi-

nology of the previous sectionasfollows: implementarewrite of a

featureF suchthattheresultingtargetmodelwill begeometrically
equialentto the original (asmuchaspossible) pbut will be purely
geometricandwill notcontainary parametricfeaturebasednfor-

mationon featureF. We referto ary solutionto this problemasa

GeometryPerFeaturg GPF)technique.

Theabove statementreatsGPFasanintegrationof featuresand
geometryat the singlefeaturelevel. It would be a plusif the solu-
tion would be applicablewith no substantiamodi cationsto inte-
grationat the multiple featurelevel, that of a full featuresub-tree
or sub-list.

Architecturally a GPFsolutionmayin principlebeimplemented
attheimportmoduleonly, butweallow it to requirechangeso both
the export andtheimport modules The solutionsdiscussedn this
paperall requirechangedo bothmodules.

Denoteby G a parametricmodelin a sourceCAD systemand
by H the samemodelafteraddinga singlenew featureF. Assume
thata FBDE applicationhasalreadyimportedG into atamgetCAD
systemto createa modelG°, whosegeometryis equivalentto that
of G. We now seeka setof non-parametrimperationd=; :;; F that,
whenappliedto G% will resultin a modelH® whosegeometryis
equialentto thatof H.

The conceptualdifferencebetweenone GPF solution and an-
otherwill lie in thenatureof thenon-parametrioperationsisedat
thetargetsystem.
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It shouldbe statedthat we are mostly interestedn providing a
GPFsolutionfor solidsG andH thatarisein realworld situations.
We would not mind thata GPFsolutionwould poselimitationson
the geometryand/ortopologyof G or H thatarenot signi cant in
practice.

3.2. Usagescenarios

Oncea GPFrewrite is availableit canbe usedin differentsitua-
tions. Therearetwo majorones:

1. Incidental:during FBDE, whena features import andnoneof
its parametricgewritesmatchthedesiredargetquality, GPFcan
be usedasthe next fallback(rewrite) to attempt.

2. Intentional:whenit is desiredo explicitly remove the paramet-
ric featureinformationfrom thetargetmodel,e.g.,for business
reasons.

Our problemstatementequiresthatary solutionwill haveto be
practicallyimplementablén the contet of thesetwo usagescenar
ios. The seconds supportedoy the de nition of what constitutes
a GPFE Supportingthe rst onehasthreemajorimplicationsasde-
scribedbelow. First, it mustbe practically possibleto provide a
GPFrewrite for every featurein the sourcemodel. This meanghat
preparatiorof thedataneededor a GPFrewrite, eitherduring ex-
port or duringimport, shouldnot demandan excessie amountof
storageand/ortime.

The secondimplication relatesto the capability of performing
parametricchange®on the target model,which is one of the main
reasonsvhy userswant a feaurebasedDE ratherthan a purely
geometricDE. In the incidentalscenariowe would like to enable
the userto modify asmary of the parametersf c° featureg(fea-
turespreceedinghe featureF rewritten using GPF) as possible.
Thereademay incorrectlythink thatthis is impossiblewith GPF
aryway becauseGPFis by de nition non-parametricFor exam-
ple, partsareusuallybegunwith anextrudefeaturebasedna2-D
sketch;it is dif cult to think how to implementa GPFof a further
featurein thehistorytreein awaythatwill enablemodi cations of
themajordimensionf thatsketch.However, it shouldberealized
that featuresrarely affect all of the geometryof the prior model.
Ratherthey areusuallylocalin nature A GPFof afeatureusually
leavesmuchroomfor parametemodi cation of previousfeatures.
For example,imaginea GPFfor aroundfeature(evenaroundfea-
turethataffectsmostof themodels edges)it shouldnotblock the
modi cation of the depthof a hole featurethatis de ned in the
middle of afaceandis not affectedby theroundfeatureatall.

The third implication relatesto the caseswhen usersneeda
100% parametricmodel at the target system.In thosecasesGPF
is not desired;it is presentat the target model only becauseahe
FBDE software could not do better However, it may still be pos-
sible for a humanuserto do whatthe FBDE software could not.
Hencefor suchusersGPFneedgo be implementedn a way that
enableshemto replacethe GPF operationsby equivalentopera-
tionsinteractiely.

In this paperwe focus on the GPFtechniqueby itself and not
onits possibleapplicationsHenceour problemstatementloesnot
coverary furtherapplicationsof GPFbeyondthetwo above, which
alreadyprovide enoughmotivation for dealingwith the problem.
Wewill brie y touchupononesuchapplicationin thelastsection.

¢ TheEurographicsAssociation2004.

4. Import of full geometry

ThesimplestGPFmethods importof full geometryAll CAD sys-
temssupportan operatiornthat createsnewv geometrygivena Brep
(of somesort) of thatgeometry For example,in I-DEAS this op-
erationis called orphan'.A simple GPFapproachs to importthe
full geometryof thetagetmodelH asa singleunit by usingsuch
anorphanoperationMost CAD systemgequirethattheimported
geometrybe stitchedto a solid if further solid featuresareto be
de nedontopof it.

Import of full geometryis an excellentGPFmethodfor opera-
tionsthatcreatenew geometrnyindependentlyf existing geometry
Thosearetypically featuresat the leavesof the featuretree.How-
ever, it is notanattractve methodfor ageneralGPFE

With import of full geometrythemodeIGOthatis presenin the
targetsystemprior to theinvocationof the orphanfeaturemustbe
discardedsomehwv. If the featureis not a leaf of its featuretree,
the pointsetof Gis usuallynot the empty set. To erasethe prior
model,If the CAD systemhasan explicit operationthat doesthis
thenit could be used(an exampleis placing the featurehistory
in a specialblank or no-shav layer) Otherwiseits effect mustbe
emulatedby a featurecombination For example,onecancreatea
box B completelycontainingGO, thenadd a Booleansubtraction
operationG0 B, thustransformingthe representegointsetto be
theemptyset.

This solutionis a valid rewrite, but it is not the mostattractive
one.Therearethreemajorproblemswith it:

1. Recallthatin theincidentalusagescenarioof GPFwe wantto
enabletheuserto manuallyreplacethe GPFoperationdy para-
metriconeshaving the sameeffect. The sequenceerasemodel;
importorphan'is verydif cult to editin suchamannerbecause
the systemdoesnot representn ary explicit way the effect of
the particularfeatureto be edited.This standsn contrasto the
otherGPFapproachesdescribedn thefollowing sections.

2. Thismethodrequireghefull geometryof H. A naiveimplemen-
tationwould beto exportit aftereachandevery featureopera-
tionin thesourcesystemThisapproachs obviouslywastefulin
storageandprobablyin computatiortime. A moresophisticated
approachwould beto computeandexport only the changeshat
occurredn theoriginalmodelgeometryandreconstructhefull
geometrybeforeimportingit. We will not explain herethe de-
tails of how to dothis, becaus¢hisis exactly thetypeof method
discussedh thenext section®f this paperwherereconstruction
is doneusingthe capabilitiesof thetarget CAD system.

3. Any associatiity with the prior model G is lost. By that we
meanthat parameter®of G featurescannotbe modi ed such
thatthe resultwill be manifestedat the target model HC This
contradictooneof our requirementgasdiscussedh the previous
section.

5. Delta solids

A secondGPFmethodis basedn solid differencespr deltasolids.
The ideautilizes the symmetricset differencebetweenH andG,
andthe formulaH = G+ (H G) (G H). We computethe
pointsetthatis addedo G asaresultof thefeatureF, DA= H G,
andthepointsethatis subtractedrom G asaresultof F, DS= G

H. Thesetwo pointsetsaretransferredo the target system(using
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Figure 1: Deltasolids:(a) themodelG; (b) themodelH resulting
fromanapplicationof a roundfeature; (c) thesubtiactedsolid DS,
(d)theaddedsolidDA; ()G DS, () G DS+ DA.

an orphanoperation)to createthe two solids DA andDS". Using
theselatter two pointsetswe then createH® using two Boolean
operationsunionandsubtractionH0: G%+ DA’ DS SeeFigure
1.

In mary caseglueto thesemantic®f thefeatureF we canknow
in advancethat one of thesesetswill be empty and optimizethe
computationaccordingly Note thatit is indeedpossiblefor a sin-
gle featureto resultin both setsbeing non-empty e.g, the round
featurein Fig. 1 de ned over cornvex and concae edgessimulta-
neously It is alsopossiblefor both setsto beempty Thisis arare,
but interestingcase For example,somefeaturesmodify thetopol-
ogy, but notthe geometryRecallthatour only requirementvasto
reconstructhe geometry hencethe resultwill be valid. Note that
in generaltwo CAD systemswill representhe samesolid using
differenttopologicalrepresentations.

Deltasolidsavoid thethreeproblemswith import of full geome-
try: the effect of thefeatureis representeih alocalizedmannerat
the taiget system;intermediatestorageis optimized;andassocia-
tivity in areasnot affectedby the featureis retainedto a maximal
degree.

However, the computationsnvolved with a directimplementa-

tion of the deltasolidsmethodarebothheasry andunstableln gen-
eral,Booleanoperationsareamongtheheaviestoperationsn solid
modelingin termsof computingtime. Moreover, in our speci ¢
casemostof theboundarie®f the participatingsolidsoverlapeach
other which makesthe operationvery dif cult to implementin a
robustmannerin suchacasesymbolicmethodssuchaspersistent
naming,mustbeintegratedwith thegenerapurposeBooleanoper
ation procedurenotifying it of known overlaps.lt is possiblethat
suchmethodsareusedby CAD systemdnternally (CAD systems
areawareof faceandedgeoverlapsbetweerfeatureoperationsiue
to their persistentnaming mechanisms)but it is not guaranteed.
This meanghatthe FBDE systemshouldprobablyimplementro-
bust Booleanoperationgby itself and not rely on the capabilities
of the CAD systemsThe deltafacesmethodwe will presentoe-
low implementssucha symbolicapproachn a more elegantand
ef cient manner

6. Delta boundaries

In this sectionwe describea boundarybasedalternatve to delta
solids,calleddeltaboundariesDeltaboundariesormsthe basisof
deltafaces,which is our optimizedsolution presentedn the next
section.

6.1. Generalidea

The boundarydifferencesr deltaboundariesnethodis similar to
thedeltasolidsmethod but handleshe boundaryof the modelin-
steadof its solid pointset.The partsof the boundaryof G thatare
removed by the new featureF are cut out; new partsaddedare
gluedin. Oneway to createH? is asfollows. First, we compute
BDA = Boundary(H) Boundary(G) andBDS= Boundary(G)
Boundary(H). BDA andBDS arein generalopensurfacesheets,
not solids. We transferBDA and BDSto the target systemto cre-
ateBDA?andBDS’. We now have to cut BDSoff andglueBDA in,
whichin principlecanbedonein two differentways: rst gluethen
cut,or rst cutthenglue.

The rst optionassumeshatthe CAD systemsupportshe rep-
resentatiorof non-manifoldsolids.In this case,

H= SubShe¢Remoe(ShedAdd(G%BDAY; BDS).
Thesemantic®f thetwo operationgollowstheselectve geometric
complex (SGC)frameavork [Rossignac88]SheaAdd(P, Q) addsa
surfacesheeiQ to the SGCentitiesof thea solid P. Crucially, even
if theinput solid P is manifold the resultingobjectwill be a non-
manifoldsolid, unlesghesheelQ lies completelyon P'sboundary
which usuallydoesnot happerin our case SubShedeRemaeg(P, Q)
is an operationthat removes a subsetQ of the SGCentitiesof a
solid P. In our case,dueto the specialnatureof the P and Q the
resultshouldactuallybe a manifoldsolid H 0

In the second option, HO = CI oseToSlid(X) where X =
UbSeaCut(G% BDS); BDAY). SubSedCut(P, Q) removesasub-
setQ of the boundaryof a solid P, potentiallytransformingit into
annon-solidsurfacesheetCloseToSolid (P, Q) addsasurfacesheet
Q to a surfacesheetP andveri es thatthe resultingsurfacesheet
de nesaclosedvolumethatcanberegardedasa solid.

Thedeltaboundariesnethodis morestablethanthe deltasolids
method,becausehe Booleanoperationsrequiredfor computing
the delta surface sheetsare more stablethan Booleanoperations
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betweersolids(for example faceghatdo notintersectcanbesim-
ply neglected).

Theproblemwith thetwo conceptuabptionsdescribedabore is
avery pragmatioone:therequiredoperationsarenot readily avail-
ablein mostCAD systemsMost CAD systemslonotsupporinon-
manifold solidsat all, requiringtheir modelsto be eithermanifold
solidsor surfacesheets.

6.2. Implementation using the patch operation

Most CAD systemsdo provide an operation,patch(or sew) that
explicitly replacesub-partof amodel’s boundaryby agivensur

facesheetwhereboththeinputandthe outputmodelaremanifold
solids. Formally, the operationPatch(P, Q) recevesa solid P and
anopendirectedsurfacesheefQ (thatis, Q is asheethaving ama-
terial side) having boundaryedgesthat are assumedo lie on the
boundaryof P. It gluesQ to the boundaryof P, anddiscardsthe
portionof P's boundarythatdoesnot belongto theresultingsolid.

Thematerialsideinformationis crucialin orderto determinavhich

facesarethoseto beremoved;thesurfacesheeboundarymustpar

tition the solid boundaryinto disjoint regionsthat canbe oriented
consistentlywith thematerialsideof the surfacesheetln addition,
theinterior of the surfacesheetmustnot intersecthe boundaryof

thesolid, exceptattheregionsthatareto bediscardedy the patch
operation.

Figure2 shavs anexample.In (a) we seein full linesthemodel
GP beforeinvocationof the patchoperation.The agumentto the
operation BDA, is shawvn in dashedines.We canstill seeBDSas
well. In (b) we seethe model HO after the patchoperation.BDS
hasbeenremaved, effectively replacecby BDA. BDSin this cases
exactly thepartof theboundary covered'by BDA in (a).

In someCAD systemsthe patchingsurfacesheetmustbe con-
nectedIn suchsystemsve canapplythe patchoperationfor each
connectity componenseparatelyThis techniquewill fail in the
rare caseswhere both surfacesmust be patchedsimultaneously
(e.g.,whena portion of atorusis cut off by two disks,a situation
thatwill notarisein practice).

In someCAD systemsa patchoperatioris notprovideddirectly,
but it canbeemulatedusinga combinationof otheroperationsFor
example,l-DEAS providesoperationghatcanbe usedto emulate
patchbut which requirethe stitchingedgesto be alreadypresent
in themodel.In this casethosenew edgesshouldbe createdusing
Eulerlike operationdeforethe applicationof the stitchoperation.
Thisis a simpleandstraightforvardtechnique.

BDSis not explicitly providedto the patchoperation.As a re-
sult, it mustbeimplicitly well de ned by BDA andadirection.The
patchoperationcannotbe usedto implementthe deltaboundaries
methodwhenthis conditiondoesnothold. Theconditiondoeshold
in almostall practicalsituations Onesituationin which it doesnot
holdis whenthesolid G hasmultiple connectvity componentsind
oneof themis completelydeletedby thefeatureF. In this caseall
of thefacesof thatcomponenbelongto BDS but this pieceof in-
formationis impossibleto reconstrucby ary BDA (e.g.,BDA can
beempty) A similar situationoccurswhenthe solid G hascavities
andoneof thecavitiesis completelyremovedby F.
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@ (b)

Figure 2: Delta boundariesand deltafaces:(a) before the patch
opemtion; BDA is showndashed;(b) after the patch operation.

7. Deltafaces

The deltafacesmethodis anoptimizedvariantof the deltabound-
ariesmethod.lt usesthe ideabehinddeltaboundariesandthe fact
thatthe patchoperationis usedwhenimporting the GPFinto the
tamgetsystem.The differencelies in the natureof the patchedsur
facesheet:in the deltafacesmethod,its computationcanbe done
by purely symbolicdatastructuremanipulationoperationsno ge-
ometriccomputationgrenecessary

7.1. Import: the patch operation

Import in the deltafacesmethodis doneexactly asin the delta
boundariesmethod,using the patchoperation.The surface sheet
provided asinput to the patchoperationis different,asexplained
immediatelybelow.

7.2. Export: afacecover of BDA

The deltafacesmethodis basedon the following obsenation. A

facecover of BDA is a subsetof the boundaryof H that contains
BDA. A facecover is a surfacesheet Any suchfacecover thatis

patchedwith G will produceH.

Theminimalfacecoverof BDA is theminimal setof facesonthe
boundaryof H thatcontainsBDA. Theimmediatethinkingis thatit
would be optimalto usea minimal facecover. Theideain thedelta
facesmethodis thata facecover thatis reasonablébut not neces-
sarily minimal) canbe computedvithout geometriccomputations.

Computinga face cover is sometimesa simple matter When
the CAD systemprovides persistennamingfor its boundaryen-
tities, thencomputingthe deltafacesis a matterof calculatingthe
symmetricdifferenceof two setsof facenamesHowever, typically
CAD systemgdo not provide accesdo persistennamesNonethe-
less,all CAD systemsprovide information asto what new faces
werecreatedby a feature. Whatwe neednow aretheidentitiesof
thefaceghatweremodi ed by thefeature.

Giventhenew facednformation,we utilize thefacesadjacento
the new facesasif they werethe modi ed faces.This is formally
incorrectin two cases.The rst caseis if the adjacentfacewas
not modi ed. This doesnot poseary problemto the GPFexport,
becaus¢henthefacecoveris only largerthantheminimal one,but
would still producecorrectresults. Theseconctases theveryrare
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caseof afacebeingmodi ed withoutbeingadjacento anew face.
For example,a hole thatis lled with materialmodi es the face
thatthe hole waspositionedon, but doesnot createary new faces
in casethe CAD systemmeigesthe formerfacewith the nev hole
coverto asingleface Evenin thiscasetheresultsof theoveralldata
exchangetaskwould be correct,becauseur architecturencludes
featureveri cation informationfor every feature(seeSection2). If
themodelresultingafterthe applicationof GPFfails averi cation
test,thisis treatedjust like arny otherfeaturefailure: the execution
is rolled backanda featurerewrite is invoked.

Thereis alimitation of the patchoperationwhich mayaffectthe
deltafacesnethodif thefacecoveris closedthenit cannotbeused
with thepatchoperationThisis anotherarecasewhich canoccur
with global operationse.g.,when all edgeshave beenrounded.
In thesecasesthe deltafaceis the full geometryasdiscussedn
Sectionb.

Onemustbe carefulasto whatconstitutesa new faceandwhat
constitutesa modi ed face.We assumehatany changeto a face
(topological)or to its carrier(geometric)impliesthatthe facehas
beenmodi ed, but facesmay ip direction(materialside)asare-
sult of applyingthe feature We call theseinvertedfaces.andtreat
invertedfacesas modi ed faces.Again, in all of thesecasesthe
worstthatcanhapperis additionof facesto the deltafacessetthat
arenotstrictly necessaryput which causeno errorto theresult.

Computingthe minimal facecover involvesgeometriccomputa-
tions,but canbecomputedasfollowsif desired Startwith thesetof
facesthatwerecreatedby the feature Obviously, thesefacesmust
beincludedin thecovering.Next, addadjacenfacesasneededAn
adjacentaceis neededf it boundghecreatedaceonanedgethat
doesnotlie ontheboundaryof G. Thisis anecessarbut not suf-
cient, conditionfor minimal facecoverfacespecausef thevery
rarecaseof afacebeingmodi ed without beingadjacento anew
face.

8. Implementation

GPF hasbeenimplementedin a commercialproduct,the Pro -
cieng/ CollaborationGatavay (CG).CG currentlysupportfeature
baseddataexchangebetweentoday's ve highendCAD systems:
Catia V4, Catia V5, ProEngineerUnigraphicsand I-DEAS. CG
supportsseveralversionsof eachsystemThe GPFimplementation
is stablyintegratedwithin CG sincemid 2002.It hasbeensuccess-
fully usedin hundredsof thousand®f DE operationsexchanging
real productdatarangingfrom simplepartsto hugeassemblies.

Therecommendedhodeof operationis to exporta GPFfor ev-
ery featurein orderthatthe GPFdatabe availablein the UPRin
caseit is neededduringimport. This enablesGPFimportto bein-
dependenbf the sourceCAD system.Anotheroptionis "GPFon
export failure', whereGPFis computedn casea features export
hasfailedfor someunpredictableeason.

Figures3-6 shawv arealworld exampleof ananglebraclettrans-
ferredfrom Unigraphicsto CatiaV5, ProEngineeind Catia V4.
The resultingmodelsare completelyfeature-basedpartfrom a
single ‘comple hole' Unigraphicsfeature,which hasbeeninten-
tionally transferrecasGPFE Whenthefeatureis notmarkedasto be
transferredusingGPF, the systemtransferst asafully parametric
featurelike all the otherfeaturedn themodel.

9. Discussion

We have raisedthe questionof how to integrategeometricandfea-

ture basedCAD dataexchange andpresentedeveral methodsto

solve it. Among them,the delta-icesGPF was showvn to be the

mostattractive for practicalusagedueto its relianceon purelysym-

bolic operationsduring export and on relatively stablegeometric
operationon import. An implementatiorwhich continuouslysat-
is es realworld customershasbeendone.In thisimplementation,
GPFis mostly usedas the ultimate single-featurerewrite in the

UPRarchitecture.

Anotheradwantageof GPFis thatits rewrite datacanbe used
by applicationstherthanDE. For example,we have implemented
afeaturebasedviewer applicationthat usesthe facesexportedby
the GPF mechanisnby highlighting them, thus providing a visu-
alizationof the geometricsemantic®of thefeature.Thisis the rst
feature-base@AD viewer thatis CAD systemindependent.

The discussionin this paperwas donein termsof GPF for a
singlefeature .Notethatit is a simplematterto usethe sametech-
niquesin orderto pravide a GPFrewrite for severalfeaturesatonce
(e.g.,a completesub-treeor sub-list of the featurehistory). We
simply take the union of the geometricentitiescreatedor affected
by thosefeatures.

SinceGPFis by de nition anintegrationof geometridDE within
a FBDE environment, it sufers from the usualproblemsof geo-
metricDE. In particular GPFcanresultin unstitchedsolids,which
may posea problemfor the continuatiorof the FBDE task.In such
casesmoreradicalrewritesmaybeneedede.g.,aglobalor semi-
global geometricrewrite). If desired,the unstitchedGPF canbe
storedin the target model as a detachedset of surfaces,in order
to help manualmanipulationof the model.In ourimplementation,
suchproblemsrarelyoccur

Acknowledgement.Michal Etzionactively contritutedto the Pro-
ciency GPFdesignandimplementationThe contentof this paper
is patentpending.

References

[Bloor95] BLOOR M. S., OWEN J., ProductDataExchangeJCL
PressUniversity College London,Gower Street,London,1995.

[Hoffmann93b]JHoFFMANN C.M., On the semanticof genera-
tive geometryrepresentationsl9th ASME DesignConference,
AlbuguerqueNew Mexico, Septembefl993.

[Kripac97] KrIPAC J., A mechanismfor persistentlynaming
topological entities in history-basedparametricsolid models.
ComputerAided Design29(2):113-1221997.

[Rappoport97]RAPPOPORT A., The GenericGeometricCom-
plex (GGC): a modeling schemefor families of decomposed
pointsetsSolid Modeling'97, ACM Presspp. 19-30.

[Rappoport03]RAPPOPORT A., An architecturefor universal
CAD dataexchangeSolid Modeling'03, ACM Presspp. 266—
269.

[Rossignac88]RossIGNAC J.R., O'CONNOR M.A., SGC: a
dimension-independembodelfor pointsetswith internalstruc-
tures and incompleteboundaries.In: Wozry, M., Turner J.,
Preiss K. (eds),GeometricModeling for ProductEngineering,
North-Holland,1988.

¢ TheEurographic#\ssociatior2004.



StevenSpitz& Ari Rappoport IntegratedFeatuie-Basedind GeometricCAD Data Exchange

Figure 3: Theoriginal anglebracketin Unigraphics.Notethe highlighted comples hole' feature.

Figure 4: Feature-basedmportof anglebradcketinto Catia V5 with a singleGPF. Notethe highlighted' SevSurfacefeature.
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Figure5: Featue-basedmportof anglebradketinto ProEngineemwith the sameGPF. Notethe highlighted patdh’ featue.

Figure 6: Featue-basedmportof anglebracketinto Catia V4 with the sameGPF. Notethe “skin' featue ontheleft.
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