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Abstract

This reportdiscussestheproblemof mismatchbetweenthegeometrymodelers
andtheend-applicationsthatneedto usethegeometrydata.Themismatchis seenat
variouslevels: dataformats,geometricartifacts,quantizationerrors,combinatorial
complexity and lack of desiredstructure. To make the geometryusable,it hasto
undergo extensive preprocessingwhich is also referredto as “healing” and “ CAD

datarepair.” We alsodescribethe variousapproachestaken by researchersto get
aroundtheseandsimilarproblemsfor their specificapplications.

1 Intr oduction

In recentyearstherehasbeena large growth in the developmentof geometricmodel-
ing packages,geometryvisualizationandwalk-throughapplications.Enormousdigital
modelsof 3D geometryhave beenconstructedusing thesemodelers.Very often these
digital modelsare requiredfor multiple applications. For example,a digital modelof
an aircraft is requiredfor digital visual mock up, ergonomicstudiesin virtual environ-
mentsandcomputationalfluid dynamicanalysis.Thesedifferentapplicationshave their
own specificneedsandexpectationsfrom the digital models. Sometimesthe modeling
packagesdo not have thefacilitiesto build suchmulti-purposedigital models.But more
often many future applicationsarenot known andhencetheir requirementscannot be
cateredto while creatingthedigital models,therebymakingit difficult to directly utilize
themodels.Therearemany suchexamplesin variousfieldsrangingfrom CAD to virtual
walk-throughto 3D computergames.

In sucha scenario,rebuilding the entiremodel is a very expensive proposition. Also,
tinkeringwith the 3D geometryusingad-hocgeometrymanipulationtools is alsoquite
time consumingand labour intensive. Having recognizedthis, many researchershave
createdgeometryandtopology“healing” softwaretoolsto solve their specificproblems.

In this reportwe describethemajorclassesof mismatchbetweenthetwo sidesof geom-
etry datamanipulation– 3D geometrydataacquisition,modelingon onehandandthe
endapplicationsusingthe digital modelson theother. In section2, we briefly describe
thedifferentclassesof healingrequirements.In sections3 through6, we outlinespecific
techniquesusedfor healingproblemsin geometry.

2 Mismatch betweenModelers and End-Applications

Themismatchbetweenthedigital modelscreatedby modelingpackagesandtherequire-
mentsof theend-applicationscanbebroadlyclassifiedasfollows:
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1. Data formats: Themodelingpackagesoftenhave their own proprietarydatafor-
matsfor storingthe3D modelscreated.Theformatprimarily usedby a particular
packageusuallycapturesall featuresof theconstructiontoolsandprocedureswith
highfidelity. Theend-applications,however, oftenrequirethesemodelsin adiffer-
entfile formataswell asin termsof differentdataentities.For example,aversatile
NURBS modelingpackagemaybeusedto designsurfacegeometryof a 3D object.
For using the 3D object in a visualizationpackage,onewould have to tessellate
thesemodelsinto triangulatedsurfaces.This leadsto approximationsinherentto
the discretizationprocess. Various“neutral” file formatsexist for CAD dataex-
change– IGES,STEP, etc.Modelersfor architecturalgeometrylikeAutoCAD, 3D
animationpackageslike3DStudioMax,Alias Wavefront,Softimagehavetheirown
proprietaryfile formats.Translationof modelsacrossdataformatsis a significant
mismatchproblem.

2. Lack of structure in the data: In many casesthegeometrydatais organizedasa
“soupof polygons”[1]. Handlingsuchdatafor geometrymanipulationis extremely
difficult becauseof lack of structureandgroupingdefinition. A healingpackage
mustgive a structureto sucha geometryby looking for a coherentstructurein the
unstructured3D data.

3. Gaps, holes and T-junctions: 3D modelsdescribedusing polygon meshescan
have topologicalinsanitieslike gapsbetweentwo meshesattemptingto represent
anobjectwith closedsurfaces.Suchgaps/holesin thedatacancauseerrorsin sim-
ulation programssuchglobal illumination computationby radiositymethods[3].
T-junctionscreatetopologicalholesin modelsdefinedusingmultiplesurfacecom-
ponents.Topologicalsurgeryis requiredto correctsuchproblemsin thegeometry.

4. “In visible” geometry: Therearemany differentsituationswhenpartsof themod-
eledgeometryis not visible dueto thefollowing reasons:

� Unusedvertices
� Danglingedges
� Hiddenpolygons

This invisiblegeometrydoesnotcontributein usefulmannerto theendapplication,
but posescombinatorialoverheadto thecomputation.

5. Excessdetail: Eitherdueto thedataacquisitionprocessor contentcreator’sprefer-
ence,excessivedetailsarecapturedfor modelswhichcanbedescribedusingmuch
lessdata. Excesslevel of detail affectstheperformanceof datavisualizers,walk-
throughprogramsetc.Many approachesexist for reducingthedetailsof themeshes
by waygeometrysimplification[10, 6] andtopologysimplification[5].

6. Overlapping geometry: Probablythe mostdifficult geometryinsanityto handle
is thatof overlappinggeometry. Completelyduplicatedgeometrycanbe trivially
eliminated.But partialgeometricoverlapbetweentwo surfacesrequirestrimming
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of surfacesaresomearbitrarypoint of contactbetweenthesurfaces.handlingthis
automaticallyis difficult, but interactivemanipulationby expertuseris feasible.

7. Volumeof data: With increasingusageof 3DcontentovertheInternetandincrease
in thecomplexity of thedigital models,specialtechniquesfor compressionof ge-
ometrydatahave becomeimportant. Varioustopologicalandgeometricencoding
methods[4, 6, 9] havebeenexploredby researchersfor achieving highcompression
ratios.

3 Data Exchange

Giventhe variousdifferentfile formatsandthe useof differentdatastructuresanddata
formatsusedfor representalmostsimilar kind of 3D digital models,it shouldbepossi-
ble to obtaina neutralfile format that will be the union of all featuresprovided across
the differentarchival formats. Sucha neutralformatmusthave the following modeling
features:

1. Curves,Surfaces,Volumetricdatashouldberepresentablein termsof simplices.

2. Smoothcurveandsurfacerepresentationsshouldbepossiblefor modelingNURBS
entities.

3. Visualattributessuchascolour, textures,vertex normalsshouldbemodeledin the
package.Texturesareusuallyreferencesto imagefiles.

4. Facility to defineassociationsacrossgeometricentitiesandacrossgeometryand
visualattributesshouldbeprovided.

5. Userdefinedattributesmustbeavailablein agenericfashion.

6. Facility for groupingof entitiesis necessaryfor giving astructureto the3D content.

7. It shouldbepossibleto supplyinformationabouthierarchicalstructureamongen-
tities in thedatabase.

8. Thefile formatmustbeextensibleby addinguser-definedentities. This way new
featurescanbeaddedto thestructures.For example,animationpaths,transforma-
tionsandany othertemporalchangesmaybeaddedlateron.

Geometryhealingpackagemusthave a run time datastructurewhich supportsall these
featuresanda mechanismto absorbany new featurethat may needto be added. This
requiresa plug-in supportto be built at the core level of the data-structure.The code
entitiesfor handlinggeometrymusthave a genericassociative array that canhold any
additionalassociatedattributesin a “name-value” fashion.

Having obtaineda neutralfile format, it is possibleto developa translatorfrom any file
format X to anotherfile format Y. Conversionof dataacrossfile formatsoften requires
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quantizationof dataandapproximations.For example,if a NURBS modelhasto be ex-
portedto VRML world, the smoothsurfacesmustbe discretizedto obtainan “indexed
face” representation.The userof the translatormustbeablespecifythemaximumper-
missibleerror in theconversionandthendeterminethecombinatorialcomplexity of the
mesh.On theotherhand,theusershouldalsobeableto specifythecombinatorialcom-
plexity of the requiredoutputandobtainanoutputdatawith the leastpossibleerror. A
dataexchangeutility mustbeableto parameterizetheconversionprocesswith many such
quantitative factors.Eachpair of sourceandtarget formatscanhave differentsetof pa-
rameters.

4 Geometryand TopologyEditing

In this sectionwe list thegeometricandtopologicalediting featuresa typical geometry
databasehealingpackagemusthave. Many of thetopologicalmodificationfacilitiesalso
modify thegeometricdefinitionof theobjects.However, thesemodificationoftenneeded
to remove otherwiseinsanegeometricfeatures. The following discussionhasconcen-
tratedon the3D modelshaving surfacesrepresentedastrianglemeshes.A representative
packagethat hassomefeaturesdiscussedbelow is CADFix which is describedon its
web-site[7].

4.1 Removal of slivers,stray geometry

Sliversare triangleshaving a very high aspectratio (AR). Aspectratio is unity for an
equilateraltriangle. ���������	��

where,

�
= radiusof the circum-circleof the triangleand



= radiusof the in-circle of

thetriangle.Suchtrianglesarealmostlike line-segments.Suchtrianglealmostneverplay
any usefulrolein visualization,simulationof themeshes.Suchtrianglesmustbedetected
andremoved.

Anothercommonanomalyin geometrydatabaseis straygeometry. Thisgeometrypersists
in the databaseeitherdueto buggy algorithmsin the modelingpackageor oversightof
thecontentcreator. Suchgeometryalsodoesnot play any usefulrole in any usageof the
meshes.However, it is notalwayseasyto detectsuchstraygeometry. Thisstraygeometry
occursin theform of:

� unusedvertices(which aretrivial to detect)

� duplicatedtriangles(easyto detect)

� disconnectedpiecesof “small” meshes(it is hardto determinehow small a mesh
shouldbeeliminatedby labelingit asstray)

� straygeometrypiecesconnectedto theusefulpartof thegeometry(this is hardest
to detectin general)
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The challengeis alwaysto build a usableinterfaceto a healingpackageto let the user
specifywhatis a strayelement.

4.2 Surfaceorientation

A triangulatedsurfaceis orientableif it hasthe following properties:(1) adjacency of
trianglesmustbe definedin termsof two trianglessharingtwo verticeswhich forms a
sharededgebetweenthem,(2) eachedgeis sharedby at mosttwo trianglesin themesh,
(3) the edgessharedby two trianglesarecalledas interior edgesandan edgeusedby
only asingletriangleis calledaboundaryedge.Theboundaryedgescanbeconnectedto
obtainboundariesof amesh.A meshthathasno boundaryis aclosedmesh.

For a meshto be oriented,thesequenceof verticesin the definition of trianglesis such
thateachsharededgein oppositedirectionin the respective triangles.That is, a shared
edgedefinedby vertices �� and ��� should occur in the trianglesthat sharethem as:�  � � ���������������� and

� � � � ���������������� . A simple observation of the above definition
of orientabilityis thateachorientablemeshcanhave two orientations.

Oftenthegeometrydatabasehasmeshesthatarenot orientabledueto thefollowing rea-
sons:

1. Duplicatedvertices:for thesake of texturemapping,geometricallycongruentver-
tex in 3D is repeatedbecauseit hasadifferenttexturecoordinatewith respectto the
differentpolygonssharingit.

2. Non-manifoldgeometry:edgessharedby morethat two trianglesleadsto a non-
manifoldgeometry.

Incorrectorientationof geometryleadsto erroneousvisualizationanderrorsin simula-
tions. Orientingsuchmeshesinvolvesremoval of duplicategeometry, keepingintact the
topologicalstructure,andrecursivecorrectionof orientation.

4.3 Merging alongsurfaceboundaries

Somesurfacesaredesignedin termsof multiple patches.If thesepatchesaretessellated
independently, gapsareleft betweentheboundariesof thesurface.Thesegapsadversely
affect visualizationandothersimulationprocesses.Hencethereis a needto mergethese
surfacepatchesalongtheboundaries.Therearevariousdifficulties in merging surfaces
patches,whichageometryhealingpackagemustovercome:

1. The “adjacent”surfacesto be mergedmay be tessellatedat different resolutions,
therebymaking it difficult to find candidatepairsof points to stitch the surfaces
along. If point pairscannot be trivially found,eitherextra pointsmustbe gener-
atedartificially on thesurfaceboundariesalongwith modifiedlocal tessellation,or
positionsof pointsmustbemodified. Both theseoptionsarenon-trivial to imple-
ment.
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2. Thepair pointsis usuallydeterminedby proximity betweenpointswith sometol-
erancevalue.This make theprocessvery sensitive to theselectionof thetolerance
value.

3. This operationmusthave a gooduserinterfaceto be ableto guidethe processin
caseof ambiguoussituations.

Work reportedin [1] by Barequet,et al iillustratesmany specialcaseswherepointsneed
to beshiftedin orderto effectively “stitch” thesurfaces.

4.4 Closinggapsand Local triangulation

Sometimesgapsbetweensurfacepatchesis toolargeto eliminateusingboundarymerging
tool. In suchcases,a small surfacemustbe constructedfor patchingthe hole. This is
usuallydoneby generatingtriangulationof theboundaryof thegap/hole.Theprocedure
for the local triangulationis variesfrom systemto system.In a packagecalledVolGrid
[8] developedat NCST, thepatchingof holesis doneusingthefollowing procedure:

1. Identify theclosedloopof gapin termsof anorderedlist of vertices.

2. Determinethebestplanerepresentingtheloop.

3. Projectall thepointsof theloopon this plane.

4. Align theplaneandall thepointson theloopalongtheXY plane.

5. CarryoutextendedDelaunaytriangulationof the2D patch.

6. Apply theinversetransformationto placetheplanebackto theoriginal position.

7. Usingthesurfacemerging proceduredescribedabove, this new triangulatedpatch
is mergedwith theexistingsurfacesto closethegap/hole.

The approachdescribedin [2] is similar, but the differenceis that they carry out local
triangulationin placein 3D domain.However, theresultsarecomparable.

5 GeometryCompression

A major type of mismatchbetweencontentcreationprocessandcontentconsumption
processis thebandwidthof communicationof databetweenthetwo. Increasingly, 3Ddata
is beingsharedacrossnetworksanddisconcertinglatenciesin communicationmake the
3D applicationslessusablethatthey couldbe. Themostobviousway out is to compress
the geometrydatafor fastertransfer. The generalpurposecompressiontechniqueslike
LZW cannot take advantageof the informationandrelationshipamongentitiesin the
geometrydata.
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Hencesomeresearchershave attemptedto develop specialcompressiontechniquesfor
trianglemeshes[4, 9]. The approachtaken by both theserelieson orientability of the
trianglemeshes.The commonstrategy is to convert the trianglemeshesinto maximal
trianglestripsandthenencodethetrianglestripsoptimally. Besidestrianglestripcoding,
somelossyencodingof geometryis alsoattemptedto reducethespacerequiredto encode
coordinatesof pointsandvertex normals.

Thework in progressat theauthor’sorganizationis basedonadictionarybasedtechnique
to compresslarge 3D scenesconsistingof trianglemeshes.This techniquederives its
advantagesfrom thefact thatmany meshareoftenduplicatedin suchscenesat different
positionsand in differentorientations. Typically, thesetransformationsare rigid body
transformationsbetweeninstancesof basicallythe sameobjects. Hencegeometryand
topologymatchingalgorithmshavebeendevelopedto determineinstancesof areplicated
meshin thescenealongwith therigid bodytransformationused.

Sucha strategy givesa very efficient coding schemefor large 3D scenes.Eachmesh
thatappearsmultiple timesin the3D sceneis describedin detail only once.Eachof its
instancesis encodedalongwith theindex of thefirst instanceandtherigid bodytransfor-
mation.

6 AssociatedAttrib utes

While manipulatinggeometry/topologyin a geometryhealingpackage,one must pay
attentionto theassociatedattributessuchas:

1. Colourdefinitionat vertices

2. Vertex normals

3. Texturecoordinatesdefinedatverticeswith respectto eachof thepolygonsusingit

Theseattributesaredifficult to handleparticularly in placeswheresurfacesaremerged
alongboundariesandgapsareclosedby localtriangulation.In caseof mergingof surfaces
alongboundaries,thealgorithmmustavoid visualdiscontinuityin theattributes.

Whenlocal triangulationis carriedout to fill gapsthereis no informationaboutthe at-
tributesat the verticesof the newly createdpatch. Here, either usermust specify the
valuesinteractively or thealgorithmmustautomaticallydeterminethevalues.

As thereis very little definitive work reportedin this area,it forms a very challenging
subjectfor new researchanddevelopment. The applicationsof this are seenin many
areassuchasmodelingfor 3D architecturaldatabases,animationcharacterdevelopment,
pre-processorsfor surfaceandvolumegrid generationfor CFD analysis,andsoon.

7 Conclusion

This report is a resultof studycarriedout in theareaof healingof geometrydatabases.
We discussedthevariousclassesproblemsfacedin geometrydatasetsandrepresentative
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algorithmic techniquesusedto solve the problems. The scopeof the work to be done
to develop a usablegeneralpurposesoftwarepackageis very large. This is the reason
why variousresearchersaredevelopingtoolsthatcaterto theirown problemsin anarrow
domainof problemsthatthey face.
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