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Abstract
DataexchangebetweenCADsystemsis anextremelyimportantsolidmodelingconcept,fundamentalfor boththetheoryof the
�eld andits practicalapplications.Thetwomaindataexchange(DE) paradigmsaregeometricandparametricDE. Geometric
DE is theordinarymethod,in which theboundaryrepresentationof theobjectis exchanged.Parametric(or feature-based)DE
is a novel methodwhere, givena parametrichistory(feature) graphin a sourcesystem,thegoal is to constructa graphin the
target systemthat resultsin similar geometrywhile preservingasmuch parametricinformationaspossible. Each methodhas
its usesandassociatedproblems.
In this paper, weintroduceGeometryPer Feature (GPF),a methodfor integration of parametricandgeometricdataexchange
at thesinglepart (object)level.Featurescanbeexchangedeitherparametricallyor geometrically, accordingto userguidelines
andsystemconstraints.At the target system,the resultingmodelis representedusinga history tree, regardlessof theamount
of original parametricfeaturesthat havebeenrewritten as geometricones.Using this methodwe maximizethe exchange of
overall parametricdataandovercomeoneof themainstumblingblocksfor feature-baseddataexchange.

CategoriesandSubjectDescriptors(accordingto ACM CCS): D.2.12[Interoperability]:datamapping;I.3.5 [ComputationalGe-
ometryandObjectModeling]:Breps,CSG,solid,andobjectrepresentations,geometriclanguagesandsystems;I.3.6 [Method-
ologyandTechniques]:graphicsdatastructuresanddatatypes,languages,standards;

1. Intr oduction

Data exchange(DE) is a centralproblemin geometricand solid
modeling.It is importantin practicebecauseit is the major way
for achieving interoperability[Rappoport03].It is importantfor the
theory of the �eld becauseit shedslight on how representations
canbe well de�ned andbecauseit is a representationconversion
problem.

Theestablishedapproachfor dataexchange,both in theoryand
in practice,is geometricDE, wherethe boundaryrepresentation
(Brep) of the object is transferredfrom a sourceto a target sys-
tem.Thedominantwayto dothis todayis throughtheSTEP, IGES
andVDA standards[Bloor95]. GeometricDE is ratherreliable,al-
thoughin many casesit resultsin non-solids(unstitchedbound-
aries)due to geometrictolerancingproblems.However, its main
drawback is the fact that it doesnot supporttoday's most com-
mon designparadigm,featurebaseddesign,andhenceis lacking
in termsof its supportfor collaborativeengineering.

All modernCAD systemsarebasedon the featurebased(FB)
designparadigm,alsocalledparametricdesignandhistory based
design[Hoffmann93].Featurebaseddataexchange(FBDE) is thus
highly desirable.In FBDE, given a parametrichistory (feature)

y Pro®ciency Inc.
z TheHebrew Universityof JerusalemandPro®ciency Ltd.

graphin a sourcesystem,the goal is to constructa graphin the
target systemthat resultsin similar geometrywhile preservingas
much parametricinformation as possible.In [Rappoport03]we
havegivenanoverview of ourUPRsolutionto theFBDEproblem.
The STEPparametricsgrouphassomeopenproposalsfor FBDE
(parts108and55).

FBDEretainsdesignintelligence,allowsmodi�cationsat there-
ceiving side,andpotentiallyavoidsthegeometrictolerancesprob-
lem.Ontheotherhand,it is notalwaystechnicallypossibleto suc-
cessfullyexchangeevery feature(seethenext sectionfor anexpla-
nationof how our architecturehandlesthis issue).GeometricDE
usuallyworks;however, whenstitchedsolidsaredesiredthensuc-
cessratesdrop,modi�cations arevery dif�cult to do, anddesign
intelligenceis lost. It is thusdesirableto integratebothmethodsin
thesamesystem.

What doessuchan integrationmean?The whole discussionin
this paperis at the singlepart level, which is wherethe real chal-
lenge lies. Integration at the assemblylevel is an architectural,
work�o w issue.At thepart level, integrationmeansthatevery fea-
ture (or every featuresub-treeor sub-list)could be transferredto
thetargetsystemeitherasfeatures(parametrically)or asplain ge-
ometry (non-parametrically).In Section3 we will give a formal
problemstatement.

In this paperwe presenta generalconcept,GeometryPerFea-
ture(GPF),thatachievessuchanintegration,alongwith algorithms
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for implementingit. First we give a generalbackgroundof feature
baseddesignandof our UPR FBDE architecture.We thengive a
preciseproblemstatement,presentthreesolutionalternatives:delta
solids(Section5), deltaboundary(Section6) anddeltafaces(Sec-
tion 7), andshow thatundernormalCAD circumstancesthe latter
is preferable.Implementationis discussedin Section8.

2. Feature-baseddata exchange

In this sectionwe give a brief backgroundon thefeaturebasedde-
signparadigmandof ourUPRfeaturebaseddataexchange(FBDE)
architecture[Rappoport03].

2.1. Generalbackground

In the featurebaseddesignparadigm,the modelis representedas
a graph(or treeor list) of operationscalled features.The tree is
sometimescalledthe`historytree'. Operationscreatenew geome-
try or modify existing geometry. Featurebaseddesignis basically
anextensionof constructivesolidgeometry(CSG).Thedifferences
arethat in FB designtherearemoreoperationtypes;FB provides
associativity to parameterchangesthroughpersistentnamingof
boundaryentities[Kripac97;Rappoport97];FB designheavily re-
liesonimplicit constraints(usually2-D constraintsanddimensions
in sketches);andFBdesignincludessurfaceoperationsandobjects,
andis not limited to solid objects.Theterms`feature'and`opera-
tion' will beusedin thispaperinterchangeably.

Althoughthemainpointwith theFB paradigmis thatoperations
areparametric,FBsystemsalsoprovidenon-parametricoperations.
In our context, a non-parametricoperationis anoperationthat in-
troducesinto themodelapieceof �x edgeometryde�ned indepen-
dently of the currentstateof the model,andpotentiallyusesit in
ordertomodify themodel.Examplesfor non-parametricoperations
includethe orphanandpatchoperationsdetailedin the following
sections.

Thegoalin FBDEis to createatargetmodelthatis featurebased
aswell, usingfeaturesthat areassimilar aspossibleto the origi-
nal, while keepingthe geometryassimilar aspossible.Note that
in generalthe geometrycannotbe identicaldueto differenttoler-
ancingpolicies.As long astheapproximationis controlled,this is
totally acceptablein practice.

As explainedin [Rappoport03],FBDE is dif�cult dueto several
reasons:inherentfunctional incompatibilitiesbetweenCAD sys-
tems;featuresemanticscan in many casesbe known at runtime
only; and implementationalincompatibilitiesbetweenthe CAD
systems.Any solution to the FBDE problemmust: (i) designfor
thecaseof a systemnot supportinga dataitem (operation)that is
explicitly supportedby anothersystem,(ii) designfor the caseof
incompatibilitiesandfailuresthatcanbediscoveredonly by exam-
ining the run-time behavior of the systemsinvolved, and (iii) be
practicallyfeasible.

2.2. The UPR architecture

The only completeFBDE solutiondescribedso far is the one in
[Rappoport03].Our Universal ProductRepresentation(UPR) ar-
chitectureis a stararchitecture,with datastoredin a centralrep-
resentationcalledtheUPR.Exportandimport modulescreateand

readdatato andfrom theUPR.Eachfeaturehasauni�ed datasec-
tion anda setof rewrites.A rewrite is a differentway of importing
the featurethat createsequivalent geometry. A rewrite may be a
functiononly or a functionwith internaldata.

Both the uni�ed data and all the rewrites also store veri�ca-
tion data,in orderto identify successor failureof import.Usually,
rewritesareinvokedwhenimport successlevel doesnot matchthe
desiredgeometricquality.

Theimportmodule�o w proceedsstepwise,addingonefeatureat
a time.This is in generaltheonly alternative,becauseaddingafea-
ture requiresattachingit to theexisting solid, andthis attachment
informationmaybedependentuponall preceedingfeatures.When
selectinga methodfor importinga speci�c feature,the factorthat
in�uencesthedecisionthemostis thesetof operationsavailableto
theuserin thetargetCAD system.After all, in FBDEthegoalis to
transferanoperationto anoperationor asetof operations.Thatis,
a sourceoperationis emulatedby oneor moretargetoperations.It
is crucialto understandtheoperationrepertoireof thetargetsystem
in orderto selectthepossibleemulationsandsort themaccording
to perceivedmodelquality. Theavailability of targetoperationsor
lack thereofarecentralfor thediscussionin thispaper.

3. Integrated feature-basedand geometricDE: problem
statement

In thissectionweprovideaformalproblemstatementanddescribe
motivating usagescenariosandtheir implicationson the problem
statement.

3.1. Initial problemstatementand notations

The problemwe aredealingwith canbe phrasedusingthe termi-
nologyof theprevioussectionasfollows: implementa rewrite of a
featureF suchthattheresultingtargetmodelwill begeometrically
equivalentto theoriginal (asmuchaspossible),but will bepurely
geometricandwill notcontainany parametric,featurebasedinfor-
mationon featureF. We refer to any solutionto this problemasa
GeometryPerFeature(GPF)technique.

TheabovestatementtreatsGPFasanintegrationof featuresand
geometryat thesinglefeaturelevel. It would bea plus if thesolu-
tion would beapplicablewith no substantialmodi�cations to inte-
grationat the multiple featurelevel, that of a full featuresub-tree
or sub-list.

Architecturally, aGPFsolutionmayin principlebeimplemented
attheimportmoduleonly, butweallow it to requirechangestoboth
theexport andtheimport modules.Thesolutionsdiscussedin this
paperall requirechangesto bothmodules.

Denoteby G a parametricmodel in a sourceCAD systemand
by H thesamemodelafteraddinga singlenew featureF. Assume
thataFBDEapplicationhasalreadyimportedG into a targetCAD
systemto createa modelG0, whosegeometryis equivalentto that
of G. Wenow seekasetof non-parametricoperationsF1; :;Fk that,
whenappliedto G0, will result in a modelH0 whosegeometryis
equivalentto thatof H.

The conceptualdifferencebetweenone GPF solution and an-
otherwill lie in thenatureof thenon-parametricoperationsusedat
thetargetsystem.
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It shouldbe statedthat we aremostly interestedin providing a
GPFsolutionfor solidsG andH thatarisein realworld situations.
We would not mind thata GPFsolutionwould poselimitationson
thegeometryand/ortopologyof G or H thatarenot signi�cant in
practice.

3.2. Usagescenarios

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

1. Incidental:duringFBDE, whena feature's import andnoneof
its parametricrewritesmatchthedesiredtargetquality, GPFcan
beusedasthenext fallback(rewrite) to attempt.

2. Intentional:whenit is desiredto explicitly remove theparamet-
ric featureinformationfrom thetargetmodel,e.g.,for business
reasons.

Ourproblemstatementrequiresthatany solutionwill have to be
practicallyimplementablein thecontext of thesetwo usagescenar-
ios. The secondis supportedby the de�nition of what constitutes
a GPF. Supportingthe�rst onehasthreemajorimplicationsasde-
scribedbelow. First, it must be practically possibleto provide a
GPFrewrite for every featurein thesourcemodel.Thismeansthat
preparationof thedataneededfor a GPFrewrite, eitherduringex-
port or during import, shouldnot demandanexcessive amountof
storageand/ortime.

The secondimplication relatesto the capabilityof performing
parametricchangeson the targetmodel,which is oneof themain
reasonswhy userswant a feaurebasedDE rather than a purely
geometricDE. In the incidentalscenario,we would like to enable
the userto modify asmany of the parametersof G0 features(fea-
turespreceedingthe featureF rewritten using GPF) as possible.
Thereadermay incorrectlythink that this is impossiblewith GPF
anyway becauseGPF is by de�nition non-parametric.For exam-
ple,partsareusuallybegunwith anextrudefeaturebasedona2-D
sketch;it is dif�cult to think how to implementa GPFof a further
featurein thehistorytreein awaythatwill enablemodi�cationsof
themajordimensionsof thatsketch.However, it shouldberealized
that featuresrarely affect all of the geometryof the prior model.
Rather, they areusuallylocal in nature.A GPFof a featureusually
leavesmuchroomfor parametermodi�cation of previousfeatures.
For example,imagineaGPFfor a roundfeature(evenaroundfea-
turethataffectsmostof themodel'sedges);it shouldnotblock the
modi�cation of the depthof a hole featurethat is de�ned in the
middleof a faceandis notaffectedby theroundfeatureatall.

The third implication relatesto the caseswhen usersneeda
100%parametricmodelat the target system.In thosecasesGPF
is not desired;it is presentat the target model only becausethe
FBDE softwarecould not do better. However, it may still be pos-
sible for a humanuserto do what the FBDE softwarecould not.
Hencefor suchusersGPFneedsto be implementedin a way that
enablesthemto replacethe GPFoperationsby equivalentopera-
tionsinteractively.

In this paperwe focuson the GPFtechniqueby itself andnot
on its possibleapplications.Henceourproblemstatementdoesnot
coverany furtherapplicationsof GPFbeyondthetwo above,which
alreadyprovide enoughmotivation for dealingwith the problem.
Wewill brie�y touchupononesuchapplicationin thelastsection.

4. Import of full geometry

ThesimplestGPFmethodis importof full geometry. All CAD sys-
temssupportanoperationthatcreatesnew geometrygivena Brep
(of somesort) of that geometry. For example,in I-DEAS this op-
erationis called`orphan'.A simpleGPFapproachis to import the
full geometryof thetargetmodelH asa singleunit by usingsuch
anorphanoperation.Most CAD systemsrequirethattheimported
geometrybe stitchedto a solid if further solid featuresare to be
de�ned on topof it.

Import of full geometryis an excellentGPFmethodfor opera-
tionsthatcreatenew geometryindependentlyof existinggeometry.
Thosearetypically featuresat the leavesof thefeaturetree.How-
ever, it is notanattractivemethodfor ageneralGPF.

With import of full geometry, themodelG0 thatis presentin the
targetsystemprior to theinvocationof theorphanfeaturemustbe
discardedsomehow. If the featureis not a leaf of its featuretree,
the pointsetof G0 is usuallynot the emptyset.To erasethe prior
model,If theCAD systemhasanexplicit operationthatdoesthis
then it could be used(an example is placing the featurehistory
in a specialblank or no-show layer.) Otherwiseits effect mustbe
emulatedby a featurecombination.For example,onecancreatea
box B completelycontainingG0, thenadda Booleansubtraction
operationG0� B, thustransformingtherepresentedpointsetto be
theemptyset.

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

1. Recallthat in the incidentalusagescenarioof GPFwe want to
enabletheuserto manuallyreplacetheGPFoperationsby para-
metriconeshaving thesameeffect.Thesequencèerasemodel;
importorphan'is verydif�cult to edit in suchamanner, because
the systemdoesnot representin any explicit way the effect of
theparticularfeatureto beedited.This standsin contrastto the
otherGPFapproachesdescribedin thefollowing sections.

2. Thismethodrequiresthefull geometryof H. A naiveimplemen-
tationwould beto export it aftereachandevery featureopera-
tion in thesourcesystem.Thisapproachis obviouslywastefulin
storageandprobablyin computationtime.A moresophisticated
approachwouldbeto computeandexportonly thechangesthat
occurredin theoriginalmodelgeometry, andreconstructthefull
geometrybeforeimporting it. We will not explain herethede-
tailsof how to dothis,becausethis is exactlythetypeof method
discussedin thenext sectionsof thispaper, wherereconstruction
is doneusingthecapabilitiesof thetargetCAD system.

3. Any associativity with the prior model G0 is lost. By that we
meanthat parametersof G0 featurescannotbe modi�ed such
that the resultwill be manifestedat the target modelH0. This
contradictsoneof our requirementsasdiscussedin theprevious
section.

5. Delta solids

A secondGPFmethodis basedonsoliddifferences,or deltasolids.
The ideautilizes the symmetricsetdifferencebetweenH andG,
and the formula H = G + (H � G) � (G � H). We computethe
pointsetthatis addedto G asaresultof thefeatureF, DA = H � G,
andthepointsetthatis subtractedfrom G asaresultof F, DS= G�
H. Thesetwo pointsetsaretransferredto the target system(using
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(a) (b)

(c) (d)

(e) (f)

Figure1: Deltasolids:(a) themodelG; (b) themodelH resulting
fromanapplicationof a roundfeature; (c) thesubtractedsolidDS;
(d) theaddedsolidDA; (e)G� DS; (f) G� DS+ DA.

an orphanoperation)to createthe two solidsDA0 andDS0. Using
theselatter two pointsets,we then createH0 using two Boolean
operations,unionandsubtraction:H0= G0+ DA0� DS0. SeeFigure
1.

In many casesdueto thesemanticsof thefeatureF wecanknow
in advancethat oneof thesesetswill be empty, andoptimizethe
computationaccordingly. Note that it is indeedpossiblefor a sin-
gle featureto result in both setsbeingnon-empty, e.g, the round
featurein Fig. 1 de�ned over convex andconcave edgessimulta-
neously. It is alsopossiblefor bothsetsto beempty. This is a rare,
but interestingcase.For example,somefeaturesmodify thetopol-
ogy, but not thegeometry. Recallthatour only requirementwasto
reconstructthe geometry, hencethe resultwill be valid. Note that
in general,two CAD systemswill representthe samesolid using
differenttopologicalrepresentations.

Deltasolidsavoid thethreeproblemswith importof full geome-
try: theeffect of thefeatureis representedin a localizedmannerat
the target system;intermediatestorageis optimized;andassocia-
tivity in areasnot affectedby the featureis retainedto a maximal
degree.

However, the computationsinvolved with a direct implementa-

tion of thedeltasolidsmethodarebothheavy andunstable.In gen-
eral,Booleanoperationsareamongtheheaviestoperationsin solid
modelingin termsof computingtime. Moreover, in our speci�c
casemostof theboundariesof theparticipatingsolidsoverlapeach
other, which makesthe operationvery dif�cult to implementin a
robustmanner. In suchacasesymbolicmethods,suchaspersistent
naming,mustbeintegratedwith thegeneralpurposeBooleanoper-
ationprocedure,notifying it of known overlaps.It is possiblethat
suchmethodsareusedby CAD systemsinternally (CAD systems
areawareof faceandedgeoverlapsbetweenfeatureoperationsdue
to their persistentnamingmechanisms),but it is not guaranteed.
This meansthat theFBDE systemshouldprobablyimplementro-
bust Booleanoperationsby itself andnot rely on the capabilities
of the CAD systems.The deltafacesmethodwe will presentbe-
low implementssucha symbolicapproachin a moreelegant and
ef�cient manner.

6. Delta boundaries

In this sectionwe describea boundarybasedalternative to delta
solids,calleddeltaboundaries.Deltaboundariesformsthebasisof
deltafaces,which is our optimizedsolutionpresentedin the next
section.

6.1. General idea

Theboundarydifferencesor deltaboundariesmethodis similar to
thedeltasolidsmethod,but handlestheboundaryof themodelin-
steadof its solid pointset.Thepartsof theboundaryof G thatare
removed by the new featureF are cut out; new partsaddedare
glued in. One way to createH0 is as follows. First, we compute
BDA = Boundary(H) � Boundary(G) andBDS= Boundary(G) �
Boundary(H). BDA andBDSare in generalopensurfacesheets,
not solids.We transferBDA andBDSto the target systemto cre-
ateBDA0 andBDS0. Wenow have to cutBDSoff andglueBDA in,
whichin principlecanbedonein two differentways:�rst gluethen
cut,or �rst cut thenglue.

The�rst optionassumesthat theCAD systemsupportstherep-
resentationof non-manifoldsolids.In thiscase,

H0= SubSheetRemove(SheetAdd(G0;BDA0);BDS0).
Thesemanticsof thetwo operationsfollowstheselectivegeometric
complex (SGC)framework [Rossignac88].SheetAdd(P;Q) addsa
surfacesheetQ to theSGCentitiesof theasolidP. Crucially, even
if the input solid P is manifold the resultingobjectwill bea non-
manifoldsolid,unlessthesheetQ liescompletelyonP'sboundary,
whichusuallydoesnothappenin ourcase.SubSheetRemove(P;Q)
is an operationthat removesa subsetQ of the SGCentitiesof a
solid P. In our case,dueto the specialnatureof the P andQ the
resultshouldactuallybeamanifoldsolidH0.

In the second option, H0 = CloseToSolid(X) where X =
SubSheetCut(G0;BDS0);BDA0). SubSheetCut(P;Q) removesasub-
setQ of theboundaryof a solid P, potentiallytransformingit into
annon-solidsurfacesheet.CloseToSolid(P;Q) addsasurfacesheet
Q to a surfacesheetP andveri�es that the resultingsurfacesheet
de�nesaclosedvolumethatcanberegardedasasolid.

Thedeltaboundariesmethodis morestablethanthedeltasolids
method,becausethe Booleanoperationsrequiredfor computing
the delta surfacesheetsare more stablethan Booleanoperations
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betweensolids(for example,facesthatdonot intersectcanbesim-
ply neglected).

Theproblemwith thetwo conceptualoptionsdescribedabove is
averypragmaticone:therequiredoperationsarenot readilyavail-
ablein mostCAD systems.MostCAD systemsdonotsupportnon-
manifoldsolidsat all, requiringtheir modelsto beeithermanifold
solidsor surfacesheets.

6.2. Implementation using the patch operation

Most CAD systemsdo provide an operation,patch(or sew) that
explicitly replacessub-partsof a model's boundaryby a givensur-
facesheet,whereboththeinputandtheoutputmodelaremanifold
solids.Formally, the operationPatch(P;Q) receivesa solid P and
anopendirectedsurfacesheetQ (thatis, Q is a sheethaving a ma-
terial side)having boundaryedgesthat areassumedto lie on the
boundaryof P. It gluesQ to the boundaryof P, anddiscardsthe
portionof P's boundarythatdoesnot belongto theresultingsolid.
Thematerialsideinformationis crucialin orderto determinewhich
facesarethoseto beremoved;thesurfacesheetboundarymustpar-
tition thesolid boundaryinto disjoint regionsthatcanbeoriented
consistentlywith thematerialsideof thesurfacesheet.In addition,
the interior of thesurfacesheetmustnot intersecttheboundaryof
thesolid,exceptat theregionsthatareto bediscardedby thepatch
operation.

Figure2 shows anexample.In (a) we seein full linesthemodel
G0 beforeinvocationof the patchoperation.The argumentto the
operation,BDA, is shown in dashedlines.We canstill seeBDSas
well. In (b) we seethe modelH0 after the patchoperation.BDS
hasbeenremoved,effectively replacedby BDA. BDSin thiscaseis
exactly thepartof theboundarỳ covered'by BDA in (a).

In someCAD systems,thepatchingsurfacesheetmustbecon-
nected.In suchsystemswe canapplythepatchoperationfor each
connectivity componentseparately. This techniquewill fail in the
rare caseswhere both surfacesmust be patchedsimultaneously
(e.g.,whena portionof a torusis cut off by two disks,a situation
thatwill notarisein practice).

In someCAD systems,apatchoperationis notprovideddirectly,
but it canbeemulatedusingacombinationof otheroperations.For
example,I-DEAS providesoperationsthatcanbeusedto emulate
patchbut which requirethe stitchingedgesto be alreadypresent
in themodel.In this casethosenew edgesshouldbecreatedusing
Euler-like operationsbeforetheapplicationof thestitchoperation.
This is asimpleandstraightforwardtechnique.

BDSis not explicitly provided to the patchoperation.As a re-
sult, it mustbeimplicitly well de�ned by BDA andadirection.The
patchoperationcannotbeusedto implementthedeltaboundaries
methodwhenthisconditiondoesnothold.Theconditiondoeshold
in almostall practicalsituations.Onesituationin which it doesnot
hold is whenthesolidG hasmultipleconnectivity componentsand
oneof themis completelydeletedby thefeatureF. In thiscase,all
of thefacesof thatcomponentbelongto BDS, but this pieceof in-
formationis impossibleto reconstructby any BDA (e.g.,BDA can
beempty.) A similar situationoccurswhenthesolidG hascavities
andoneof thecavities is completelyremovedby F.

(a) (b)

Figure 2: Delta boundariesanddelta faces:(a) before thepatch
operation; BDA is showndashed;(b) after thepatch operation.

7. Delta faces

Thedeltafacesmethodis anoptimizedvariantof thedeltabound-
ariesmethod.It usesthe ideabehinddeltaboundariesandthefact
that the patchoperationis usedwhenimporting the GPFinto the
targetsystem.Thedifferencelies in thenatureof thepatchedsur-
facesheet:in thedeltafacesmethod,its computationcanbedone
by purelysymbolicdatastructuremanipulationoperations;no ge-
ometriccomputationsarenecessary.

7.1. Import: the patch operation

Import in the delta facesmethodis doneexactly as in the delta
boundariesmethod,using the patchoperation.The surfacesheet
provided asinput to the patchoperationis different,asexplained
immediatelybelow.

7.2. Export: a facecover of BDA

The delta facesmethodis basedon the following observation. A
facecover of BDA is a subsetof the boundaryof H that contains
BDA. A facecover is a surfacesheet.Any suchfacecover that is
patchedwith G will produceH.

Theminimalfacecoverof BDA is theminimalsetof facesonthe
boundaryof H thatcontainsBDA. Theimmediatethinking is thatit
wouldbeoptimalto useaminimal facecover. Theideain thedelta
facesmethodis thata facecover that is reasonable(but not neces-
sarilyminimal) canbecomputedwithoutgeometriccomputations.

Computinga facecover is sometimesa simple matter. When
the CAD systemprovidespersistentnamingfor its boundaryen-
tities, thencomputingthedeltafacesis a matterof calculatingthe
symmetricdifferenceof two setsof facenames.However, typically
CAD systemsdo not provide accessto persistentnames.Nonethe-
less,all CAD systemsprovide informationas to what new faces
werecreatedby a feature.Whatwe neednow arethe identitiesof
thefacesthatweremodi�ed by thefeature.

Giventhenew facesinformation,weutilize thefacesadjacentto
the new facesasif they werethe modi�ed faces.This is formally
incorrect in two cases.The �rst caseis if the adjacentfacewas
not modi�ed. This doesnot poseany problemto the GPFexport,
becausethenthefacecover is only largerthantheminimalone,but
wouldstill producecorrectresults.Thesecondcaseis theveryrare
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caseof a facebeingmodi�ed withoutbeingadjacentto anew face.
For example,a hole that is �lled with materialmodi�es the face
that theholewaspositionedon, but doesnot createany new faces
in casetheCAD systemmergestheformerfacewith thenew hole
covertoasingleface.Evenin thiscasetheresultsof theoveralldata
exchangetaskwould becorrect,becauseour architectureincludes
featureveri�cation informationfor every feature(seeSection2). If
themodelresultingaftertheapplicationof GPFfails a veri�cation
test,this is treatedjust like any otherfeaturefailure: theexecution
is rolledbackanda featurerewrite is invoked.

Thereis a limitation of thepatchoperationwhichmayaffect the
deltafacesmethod:if thefacecoveris closed,thenit cannotbeused
with thepatchoperation.This is anotherrarecase,whichcanoccur
with global operations,e.g., when all edgeshave beenrounded.
In thesecases,the delta faceis the full geometryasdiscussedin
Section5.

Onemustbecarefulasto whatconstitutesa new faceandwhat
constitutesa modi�ed face.We assumethat any changeto a face
(topological)or to its carrier(geometric)implies that the facehas
beenmodi�ed, but facesmay�ip direction(materialside)asa re-
sult of applyingthefeature.We call theseinvertedfaces,andtreat
invertedfacesas modi�ed faces.Again, in all of thesecasesthe
worstthatcanhappenis additionof facesto thedeltafacessetthat
arenotstrictly necessarybut whichcausenoerrorto theresult.

Computingtheminimal facecover involvesgeometriccomputa-
tions,but canbecomputedasfollowsif desired.Startwith thesetof
facesthatwerecreatedby thefeature.Obviously, thesefacesmust
beincludedin thecovering.Next, addadjacentfacesasneeded.An
adjacentfaceis neededif it boundsthecreatedfaceonanedgethat
doesnot lie on theboundaryof G. This is a necessary, but not suf-
�cient, conditionfor minimal facecover faces,becauseof thevery
rarecaseof a facebeingmodi�ed without beingadjacentto a new
face.

8. Implementation

GPF hasbeenimplementedin a commercialproduct,the Pro�-
ciency CollaborationGateway(CG).CGcurrentlysupportsfeature
baseddataexchangebetweentoday's � ve high endCAD systems:
Catia V4, Catia V5, ProEngineer, Unigraphicsand I-DEAS. CG
supportsseveralversionsof eachsystem.TheGPFimplementation
is stablyintegratedwithin CGsincemid 2002.It hasbeensuccess-
fully usedin hundredsof thousandsof DE operationsexchanging
realproductdatarangingfrom simplepartsto hugeassemblies.

Therecommendedmodeof operationis to export a GPFfor ev-
ery featurein orderthat the GPFdatabe available in the UPR in
caseit is neededduringimport.This enablesGPFimport to bein-
dependentof the sourceCAD system.Anotheroption is `GPFon
export failure', whereGPFis computedin casea feature's export
hasfailedfor someunpredictablereason.

Figures3–6 show arealworld exampleof ananglebrackettrans-
ferredfrom Unigraphicsto CatiaV5, ProEngineerandCatiaV4.
The resultingmodelsare completelyfeature-basedapart from a
single`complex hole' Unigraphicsfeature,which hasbeeninten-
tionally transferredasGPF. Whenthefeatureis notmarkedasto be
transferredusingGPF, thesystemtransfersit asa fully parametric
featurelikeall theotherfeaturesin themodel.

9. Discussion

Wehave raisedthequestionof how to integrategeometricandfea-
ture basedCAD dataexchange,andpresentedseveral methodsto
solve it. Among them, the delta-facesGPF was shown to be the
mostattractivefor practicalusagedueto its relianceonpurelysym-
bolic operationsduring export andon relatively stablegeometric
operationson import. An implementationwhich continuouslysat-
is�es realworld customershasbeendone.In this implementation,
GPF is mostly usedas the ultimate single-featurerewrite in the
UPRarchitecture.

Anotheradvantageof GPF is that its rewrite datacanbe used
by applicationsotherthanDE. For example,wehave implemented
a featurebasedviewer applicationthatusesthe facesexportedby
the GPFmechanismby highlighting them,thusproviding a visu-
alizationof thegeometricsemanticsof thefeature.This is the�rst
feature-basedCAD viewer thatis CAD systemindependent.

The discussionin this paperwas donein termsof GPF for a
singlefeature.Notethat it is a simplematterto usethesametech-
niquesin orderto provideaGPFrewrite for severalfeaturesatonce
(e.g.,a completesub-treeor sub- list of the featurehistory). We
simply take theunionof thegeometricentitiescreatedor affected
by thosefeatures.

SinceGPFis by de�nition anintegrationof geometricDE within
a FBDE environment,it suffers from the usualproblemsof geo-
metricDE. In particular, GPFcanresultin unstitchedsolids,which
mayposeaproblemfor thecontinuationof theFBDEtask.In such
cases,moreradicalrewritesmaybeneeded(e.g.,a globalor semi-
global geometricrewrite). If desired,the unstitchedGPF can be
storedin the target modelasa detachedsetof surfaces,in order
to helpmanualmanipulationof themodel.In our implementation,
suchproblemsrarelyoccur.

Acknowledgement.Michal Etzionactively contributedto thePro-
�ciency GPFdesignandimplementation.Thecontentof thispaper
is patentpending.
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Figure3: Theoriginal anglebracket in Unigraphics.Notethehighlighted`complex hole' feature.

Figure4: Feature-basedimportof anglebracket into CatiaV5with a singleGPF. Notethehighlighted`SewSurface'feature.
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Figure5: Feature-basedimportof anglebracket into ProEngineerwith thesameGPF. Notethehighlighted`patch' feature.

Figure6: Feature-basedimportof anglebracket into CatiaV4with thesameGPF. Notethe`skin' featureon theleft.
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