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Abstract

In this survey reportwe presenta studyof how featurescanbeusedto solve the
problemsin handling3D geometricmodels.We outlinethebasicaspectsof feature
basedprocessingof modelsanddiscusssomerepresentative applicationareas.The
reportalsolists thecurrentareasof researchin thissubject.

1 Intr oduction

Over thelastfew years,useof 3D geometricmodelshavebeenusedincreasinglyin vari-
ousfields. Thedominantfieldshave beenCAD/CAM, virtual reality, digital prototyping
andentertainment.The requirementof geometricdataprocessingin all the areasvary
dueto thedifferentendgoals.However, thepursuitto automateprocessingof geometric
dataandminimisingmanualefforts to handlecomplex andlargegeometricdatahasbeen
persistent.This requiresautomaticadaptationof thegeometricalgorithmsto thespecific
featuresin thegivenmodels.For example,theresearchon computeraidedprocessplan-
ning (CAPP)[11] hasbeenconcentratingon therecognitionof featuresin solid models
for thepurposeof planninga sequenceof machiningoperations.Themachiningopera-
tionsaretypically milling, drilling, turning,andsoon. Similar examplescanbefoundin
literaturein theareasof computer-aideddesign,meshgeneration,andotherareas.

In this report,wepresentthestudyof basictechniquesandtheoryin usefor featurebased
techniquesappliedto geometricmodels.

1.1 Somedefinitions

Featureshave beendefinedby variousscientistsin broadcontexts. Somedefinitionsfol-
low:

� “A featureis a regionof intereston thesurfaceof apart.” — Pratt,1985[9].

� “Featuresare definedas geometricand topologicalpatternsof interestin a part
modelandwhichrepresenthigh level entitiesusefulin partanalysis.” – Henderson,
1990[4].

Themaindifficulty hereis that, in trying to begeneralenoughto cover all possibilities,
thesedefinitionsfail to pin thingsdown sufficiently to giveaclearpicture.To make these
definitionsmoreconcrete,we giveaclassificationof features:
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� functionalfeature:for example,apivot,

� designfeature:a rotatingpin supportedby two raisedlugs,

� manufacturingfeature:a turnedcylinder, a milled slot with anin-line reamedhole
throughbothwalls,etc.

� applicationspecificfeature: thesecould be any combinationof topological,geo-
metric,metric,colourandtextureattributesor non-visualfeatures.

It is importantto note that for a given 3D model,differentsetsof featuresmay be ex-
tracted. The featuresidentifiedfor a model in the designfeature-spacecould be much
differentfrom thoserecognisedin themanufacturingfeaturespace.For differentapplica-
tions,themodelunderconsiderationmaybedescribedin differentfeaturespaces.

1.2 Various aspectsof useof features

In order to make useof featuresin processinggeometricmodels,somecore common
aspectsexist. Theseapplyirrespectiveof thedomainof problemsandtheparticularprob-
lemsat hand.Therelevanceof individualaspectsmayvary. Theseare:

1. Identificationof features: A particularfeatureof interestin a given3D modelmust
bespecifiedin a way suchthat it canbealgorithmicallyidentifiedin the3D data.
Thisdefinitioncanbeamix of topologicalproperties,geometricmetrics,colourand
textureattributesandsoon. Somehigher-level featuresmaybedefinedin termsof
simplerlow-level features.Suchhierarchiesof featuresarecommonin literature.

2. Recognitionof features:Recognitionof afeaturein thegiven3D modelis anessen-
tial computationalpartfeature-basedprocessingof geometricmodels.For detecting
anindividualmodel,typically specialisedfilters needto beimplemented.

3. Suppressingfeatures: By suppressinga featurewe meanremoving a local instance
of thefeaturewhile minimally disturbingthedataaroundthefeature.

4. Reconstructionof features: This is an inverseof “suppressingfeatures.” By re-
constructionwe meanrestorationof a previously suppressedfeaturein the data,
preferably, withoutany lossof informationof theoriginal data.

5. Encodingof features: A machinerepresentationof features,preferablya compact
one,mustbedeveloped.

6. Feature spaceconversion: Given a model describedin one featurespace,often
thereis a requirementto convert thedescriptionto anotherfeaturespace.
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1.3 Featuresfor what?

As notedabove, the specificdefinitionsof featuresare dependenton the task at hand
and also the representationof the 3D data. For example,3D modelsdesignedusing
CSGtechniqueswill have definitionsof featuresthat arecompletelydifferent from B-
repmodelsconstructedusingtheboundingsurfaces.

Here,we cite someexamplesof applicationsandthe featuresin usefor processingthe
geometricmodels.

1. Featuresfor CAPP: For manufacture,featureinformationcanbeconsideredto be
aboutvolumesof materialto beremovedor to beadded,dependinguponthemanu-
facturingprocessbeingconsidered.For materialremovalprocessessuchasmilling,
thefeaturescanbeassociatedwith manufacturingoperationsandcutters.For exam-
ple, simpleplanarslotscanbeconsideredasmachineoperationsandteeslotscan
beconsideredspecialcutteroperations.Thesefeaturescanbesemi-automatically
transferredto processplanningpackages,whereupontheircuttingpathscanbecal-
culatedandthepossibilityof collisionsaddressed.Thisallowsthemachinetoolsto
bedrivenon theshopfloor without theneedfor skilledprocess-planners.

Theuseof featuresis not limited to materialremoval processes.For example,ma-
terial additionprocessessuchascastingandweldingcanalsohave corresponding
features.

2. Featuresfor finite-elementanalysis: To carryout finite-elementanalysisof parts
of engineeringmodels,thereis a needto discretizethe3D modelsinto simplices.
For example,the given surfacedescriptionof a given modelmay be transformed
into atriangulatedsurfacedescription.Thecomplexity of thefinite-elementmethod
increaseswith the increasingelement(triangle) count. The triangle count sub-
stantially increaseswith the increasingsurfacefeatureson the model. Very often
from theviewpointof theFEM analysis,thesefeatureshaveaninsignificanteffect.
Hencetheengineerschooseto supressmany small featuresbeforediscretisingthe
modelsfor analysis.

Automaticsimplificationof featuresof geometricmodelsis extremelyuseful for
fasterturn-aroundtimesin analysisof models[1].

3. Featuresfor healing of CAD data: Thegeometricmodelscreatedusinginterac-
tivemodellingpackagesor acquiredusing3D scannersoftenhavesomeartifactsor
defects.Thesedefectscouldbegaps/holesin surfaces,foldover of geometricsur-
faces,inconsistentorientationof surfaces,coincidingor overlappingtriangles,and
soon. Looking for andhealingsuchdefectsmanuallycanbeanextremelylabori-
oustask.Automaticdetectionandcorrectionof suchdefectsis neededbeforeusing
the CAD datafor the endapplications.Most CAD-datarepairpackagesidentify
suchdefectsasfeaturesto berecognisedin givenmodelsandto behealed.CADfix
is awell known exampleof a tool developedfor suchoperations[7].

We notethat featuresareoftentied to “operators”thatcanintroduceor suppressthege-
ometric/topologicalcharacteristicsthey represent.However, it is alsoimportantthat the
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therebeanalgorithmto mechanicallyrecognizethefeatureandalsoa generalrepresen-
tationof thefeature.

2 Surveyof FeatureResearch

In this section,we survey the representative work of researchersin the areaof feature-
basedprocessingof geometricmodels. We begin with a taxonomyof features.These
taxonomiesdonotgiveusawayfindingnew features,but oncethey arefound,weclassify
themandthenusethe wealthof knowledgein handlingthe classof features.Later we
describethevariousapproachestakento solve realproblemsusingfeatures.

2.1 Taxonomyof Features

Many typesof classificationshave beenpresentedby different researchers[3]. In the
CAM community, therehasbeena roughconsensuson distinguishingbetweenform fea-
turesandmachining features. A form feature,alsoknown asa shapefeature,refersto
a shapemacroconstructedfor convenienceof construction,with little connectionwith
function or manufacturing. A form featuremay be eitherpositiveor negative, depend-
ing on whetherit is a protrusionor a depression,respectively. A machiningfeatureis a
negativeform featureassociatedwith adistinctivemachiningprocess.

A lot of featureresearchhasbeenconcernedwith interpretingtheCAD datain termsof
matchiningfeaturesandfocuseson threemachiningfeatures:holes,slotsandpockets.
A hole is generatedby a verticalsweepof a drilling cutter. Typically, slotsandpockets
aremadeby milling cutters. A slot is usuallymachinedby a single linear sweepof a
cyndricalend-millingcutter. A pocket is machinedby aseriesof cutswith anend-milling
cutter. We assume(simplistically) that thecutterhasa flat end.Then,thepocket feature
is representedby anarbitraryshapedplanarprofileandasweepingvector.

Dixon et al [2] haveclassifieddesignfeaturesasfollows:

� StaticFeatures

1. Primitive

2. Intersections

3. Add-on

4. Macros

5. Whole-forms

� Kinetic Features

Pratt[8] presentshis classificationof form featuresas:

� Implicit Features

1. Modifier
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(a) Face

(b) Edge

(c) Vertex

2. Generic

(a) Prismatic

(b) Rotational

(c) Sweep:linear, rotational,other

� Explicit Features

1. Throughhole

(a) Face:completeor partial

(b) Edge

(c) Vertex

2. Depression

(a) rotational:completeor partial

(b) prismatic

3. Protrusion

(a) rotational:completeor partial

(b) prismatic

4. Area

(a) with attributes

(b) withoutattributes

2.2 FeatureRecognition

Featurerecognitionfrom solid modelshasbeena subjectof researchsincethe 1980s.
Eitherboundaryrepresentation(b-rep)or constructivesolid geometry(CSG)is typically
usedfor the solid representationof the input part. B-rep basedfeaturerecognitionhas
beendominantsince,unlike a CSGrepresentation,b-repuniquelydefinesthe facesof a
solid,andsosearchingfor b-repfacepatternsis morepromisingthansearchingfor CSG
patterns.

Many approacheshave beentried for recognitionof features.They include:graph-based
matching,convex-hull decomposition,cell-baseddecompositionandhint-basedreason-
ing.

Graph-basedMatching: In thisapproach[5], theb-repof apartis translatedinto agraph
whosenodesrepresentfacesandwhosearcsrepresentedges.Additional informationmay
beincorporatedinto thegraph,for example,edge-convexity, faceorientation,etc. Primi-
tive features(featuretemplates)to besearchedarealsorepresentedby graphs.Subgraph
isomorphismis usedto searchfor thesubgraphsthatmatchthefeaturetemplates.
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Subgraphisomorphismis awell-known NP-completeproblem.Therefore,thegraphpat-
tern matchingapproachhasbeencriticisedfor its computationalcomplexity. The criti-
cismmaybeunwarrantedbecausethetemplatefeaturegraphwhichto bematchedagainst
the part maybe very small for matchingfeatureslike slots,pockets,etc. For thesefea-
tures,� is sosmallthattheasymptoticcomplexity analysisis not relevant.

Themainproblemeith thegraphpatternmatchingapproachis in its inability to recognize
intersectingfeatures, not its complexity. Theapproachhasbeensuccessfulin recognising
isolatedfeatures.Whenfeaturesintersect,many of thefacesof a featuremaybeentirely
absent,partiallymissing,or fragmoentedinto severalregions.

In addition,thegraphpatternmatchingapproachdoesnotensurethemachinabilityof the
recognisedfeaturesaslong asthefeatureis definedasthecollectionof faces.Thenon-
volumetricnotionof a featuremaycauseproblemsin usingthis approachfor machining
applications.

ConvexHull Decomposition:Thisapproachwasoriginally proposedby Woo [13], who
usedconvex hull andsetdifferenceoperators.The convex hull of CH(P) of a polyhe-
dronP is thesmallestconvex setcontainingP. Theconvex hull difference,or deficiency,
CHD(P) is the regularisedsetdifference

�������
betweenCH(P) andP. Conversely, P can

bedecomposedasCH(P)
���

CHD(P).If P is convex, CHD(P) is emptyandthedecom-
positionterminates.Otherwise,thedecompositionis appliedrecursively to thedeficiency
CHD(P). Woo observed the patternof alternatingvolumecontributionsandcalled this
anAlternatingSumof Volumes(ASV) decomposition.However, it is importantto note
thatASV decompositionmaynot necessarilyconverge. Kim [6] proposedtheASPwith
Partitioning(ASVP) decompositionfor usein generatingform featuremodel.

Thefeaturerecognitionalgorithmusingtheconvex hull decompositionis a two-stepap-
proach:ASVPdecompositionandform featureclassification.ASVPdecompositiongen-
eratesasetof volumes(ASVPcomponents)to whichfeatureclassificationis applied.The
ASVP decompositionis completelyseparatedfrom the featureclassification,andis not
guidedby thegoalof recognizingspecifictypesof features.

While this techniquecan be extendedandusedto generatemachinableinstructionfor
automaticfabrication,it still is not capableof handlingintersectingfeatures.

Cell-basedDecomposition: This approachwasproposedby Sakuraiet al [10] and is
gainingfavour. Thedeltavolumeis decomposedinto minimal cell by extendingandin-
tersectingall thesurfacesor halfspacesof hedeltavolumeandthenthecellsarecombined
(composed)to generatemachiningfeatures.

Thisapproachrevealsseriousproblemsin boththedecompositionandcompositionsteps.
The main problemin the cell decompositionis the global effect of local geometry. A
featureusually leaves traces(faces)in a localizedareaof the part. However, the cell
decompositionstepextendsthesurfacesor halfspacesassociatedwith thefacesglobally
within the delta volume and quite often generatesa large numberof cells. When we
have � cells, all possiblecombinationsconstituteits power set. Although someclever
heuristicscanbeappliedto prunetheset,thealgorithmstill hasexponentialcomplexity.
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2.3 Feature-basedDesign

Here,we briefly overview feature-baseddesignsystems.In a Feature-basedDesignSys-
tem(FBDS),genericdescriptionsof featuresarestoredin a featurelibrary. Thedesigner
initiates featureinstancesby specifyingdimension/locationparametersand variousat-
tributes.Thefeaturestypically areinsertedinto aworkpiecethroughBooleanoperations.
FBDSsmay be roughly classifiedinto threecategories: (a) designwith manufactring
features,(b) designwith form features,and (c) featuremodelingcombinedwith solid
modeling.

Designwith manufacturing features: Thisapproachforcesthedesignerto defineapart
usinga setof featuresassociatedwith specificmanufacturingprocesses.For machining,
the featuresavailable to the designerare limited to negative features,all of which are
subtractedfrom thestock.

Theadvantageof thisapproachis thatthemachiningfeaturesaredirtectlyavailablein the
partmodelandtherefeaturerecognitionis not neededfor planningmachiningsteps.In
orderto makedecisionsonprocessselection,cutter-pathgeneration,etc.,processplanners
canlook primarily at local featuresratherthanat theentirepath.

However, this approachhassomeseriousdrawbacks.Typically, a designeris interested
initially only in theshapeandfunctionalityof thepart.Thebestwayto manufactureapart
shouldbe determinedby downstreamapplicationssuchasprocessplanning,not by the
designer. The“designby manufacturingfeatures”approachassumesthatthedesignerhas
amplemanufacturingknowledgeandforceshim/herto transformthedesigninto manu-
facturingfeatures. This often leadsto a drasticshift in thinking processfrom positive
featuresto negativefeatures.

Designwith form features: Ideally, (from a designer’s viewpoint) a designshouldbe
specifiedusingfeaturesthathave a true functionalmeaning,but often is specifiedusing
positive andnegative form features.Many FBDSsusing form featureshave beenpro-
posed.However, usingthemodelsdesignedin suchsystemdoesrequirea largework of
featurerecognitionto bebuilt sothat thedesigncanbestreameddown to themachining
processes.

Feature modeling with solid modeling: Themostflexible designapproachis to allow
thedesignerto usewhatever is convenientfor describinga product.An FBDSmaypro-
vide a rich library of featureprimitives,a powerful ability to modify andcombinethese
primitives,andsomecapabilityfor user-definedfeatures[2]. However, designersmaynot
wantto designapartin termsof featuresonly. A few systemshavebeenproposedwhere
both featureoperationsandsolid modelingoperationscanbeusedin parallelduring the
designof apart[12].

2.4 FeatureModel Conversion

Featuremodelconversionis requiredacrossany twodifferentapplicationsthatusemodels
describedin differentfeaturespaces.Theconvertermusttake a modelin anapplication
and generatea new featuremodel for a different application. The applicationcan be
design,machining,molding,assembly, etc.
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This is anopenresearchareacurrentlyin feature-basedtechniques.

3 Conclusion

Fromthestudycarriedout in this survey, weconcludethat:

1. designandmanufacturingfeaturesareoftendifferent,

2. designshouldbedonein termsof thedesignfeaturesor solidmodelingoperations,
and

3. the part model(which may be a designfeaturemodel,or a combinationof both)
shouldbeconvertedinto amanufacturingfeaturemodel.

In featuremodelconversion,it is now generallyacceptedthat featurerecognitionis re-
quiredwhendirectmappingfrom designfeaturesto manufacturingfeaturesis not possi-
ble. Hencedifferentaspectsof featurerecognitioncontinuesto bea usefulresearcharea
to pursue.
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