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Abstract

The 3D renderingcapabilitiesof the desktophave improved immenselyin the
recentyearsandon theotherhand,theavailability andtheuseof WWW have also
increased.This hascreateda large numberof opportunitiesfor developmentand
deploymentof 3D contentfor theInternet.This reportsurveys thefollowing aspects
thesubject:

1. Classesof online3D Applicationsthatcanbedeployed,

2. Contentcreationissues,

3. Contentdistribution of issues,

4. Renderingandinteractiontechniques,and

5. Securityandcopyright protectiontechnologies.

Wefocusonthedatamanagementandalgorithmicaspectsof theseissuesandcitethe
representative work thathasbeendonealreadyandalsothecurrentresearchissues.

1 Intr oduction

Many applicationsthatessentiallydealwith 3D dataneedeffective visualizationandin-
teractionsystemsfor accessandmanipulation.The datais sometimesgeneratedin one
siteandis accessedby many peoplewho aregeographicallyseparated.Henceit is most
convenientto sharethat dataacrossthe machinesin an intranetor acrossthe Internet.
Below, wepresentonly someof therepresentativescenarioswhere3D datais shared:

1. A car company may wish to give a preview of someof its new modelsto the
prospective buyersby placingthe3D digital modelsof their productson theweb.
Theinterestedpeoplecanthenview the3D modelfrom variousviewpointsinside
andoutsidethecarmodel.It is alsopossibleto interactively choosevariouscolours
for thecarandalsotry differentaccessoriesanduphosteryfor themodel.Extending
this ideafurther, theusercanevenorderthecarwith thevariousoptionshe/shehas
selected.

2. Architecturalmodelsor CAD modelsmaybeworkeduponby multiple architects
or engineerswhovisualisethesharedmodels,interactwith eachotherby accessing
the model. Here,variouspartsof the samemodelmay be storedin variousloca-
tions,but visualisedin anintegratedfashion.Thedegreeof integrationmayalsobe
controlledby individualsinspectingthemodels.
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3. Digital documentationof heritagesitescanbeenplacedon thewebalongwith the
3D modelsof themonumentsandstatuesfor interactiveviewing.

4. MedicaldatasuchMRI andCT-scanvolumetricimagescanbe madeavailableto
expertsresidingat remotelocationsfor their opinionsanddiagnosis.Such3D data
mustbe renderedat remotelocationfor interactive inspectionfrom variousview-
points.

5. Educationalmaterialthat requires3D visualizationfor improvedunderstandingof
thesubjectbeingstudiedcanbepresentedwith appropriate3D animationsof mod-
els.

In all theabovecases,thefundamentaltechnicalissuesareacquitionof data,formatsfor
storageandsharingof information,transmissionof data,visualization,accesscontroland
copyright protection. The pastfew yearshave seenan exponentialgrowth in the com-
plexity of 3D databeingusedon desktopclassmachinesandalsoin sophisticationof the
modelingtoolsfor thecreationandeditingof thecontent.This is anoutputof persistent
work of researcheranddevelopersin theareaof computergraphics.Thetechnicalissues
in efficiently andeffectively using3D onthewebposedmany new andchallengingprob-
lems. Consequently, a large pool of new computationaltechniques,data-structuresand
algorithmshasemerged. This work continuesto grow at a rapidpace.In this reportwe
presentthestateof theart in deploymentandtheuseof 3D modelson theweb.

1.1 How this report is organised.

Restof the report is organisedasfollows. Section2 definesthe basicelementsandthe
typesof 3Ddataandalsodescribesthevariousprevalentprocessesusedfor theacquisition
of themodels.Section3 discussesVRML97 file formatwhichis currentlythestandardfor
exchangeof virtual worldsacrosstheweb. Section4 surveysthesimplificationtechniques
useto reduceredundantdatain the3D models.Section5 describestheissuesinvovedin
compressionof geometricmodelsrepresentedas trianglemeshes.Section6 motivates
anddescribestheconceptof progressivetransmissionof largemodels.Section7 outlines
theissuesin handlingcopyright protectionof polygonmeshmodels.

2 Acquision of 3D data

Wefirst identify thevariouskindsof 3D datathatcanbeof interestfor visualizationover
thewebandthenbriefly touchuponthetoolsusedto acquirethedata.

2.1 Data Elements

Thedifferentformsof 3D datacurrentlyusedfor exchangeover thewebare:

1. Polygon mesh: This is mostgeneralform of modelingboundaryrepresentationof
objects.The popularchoiceof polygonsin suchrepresentationsis triangles.The

2



meshesarerepresentedin termsof asharedlist of vertices,a list of triangles– with
eachtriangledefinedwith a triple of indicesinto the sharedvertex list. The ver-
ticesaredefinedminimally by their

���������	��

coordinates.Additionally, thevertices

mayhave otherattributeslike normals,colourvalueandtexturecoordinates.The
meshesalsohavematerialpropertiesdefiningtheir light reflectancebehaviour when
illuminated. The texturesto bemappedarerepresentedasimagesin someformat
likeJPEG,GIF, etc.

2. Smoothsurfacedefinition: B-splinecurvesandsurfacesprovide a mechanismof
definingobjectswith smoothfeatures.Thesemodelingschemesprovideacompact
representationof complex modelsthatwould requirelargenumberof polygonsto
capturethesmoothness.This representationis themostpopularfor modelingCAD
dataof engineeringmodels.

3. Voxel models: Voxel-basedmodelingschemeis anothergenericschemefor mod-
eling 3D objects. This dataconsistsof threedimensionalarrayof somescalaror
vectorvalues.Thesevaluesareinterpretedby visualrenderingsoftwarein different
waysdependingon theapplication.

Of thesedifferentrepresentations,trianglemeshbasedrepresentationis themostpopular.
Thispopularityis partlydueto thehardwarefor rendering3D graphicsis mostlyatriangle
renderingengine.

2.2 Modesof Acquision

Variousapplicationareasgenerate3D datavia differentprocessesanddifferenttools. In
fact,any modelingtool thatgenerates3D modelscanbeused.Thisprovidesa largespec-
trumof dataacquisitiontoolsrangingfrom thetraditionalCAD packagesto 3D scanning
systemsto motiontrackingsystemsto MRI scannersandsoon.

CAD packages:Themosttraditionaltechniquethatcontinuesto beusedfor creating3D
contentis to usea CAD package.Thesepackageshave numerousspecialisedtools for
creatingvariousaspectsof models:geometry, visualattributesandtemporalbehaviours
suchasanimationandmorphing. Geometryis modelledby creatingfree-form shapes
by extrusion,sweep,fleshingabouta skeleton,editingof controlpointsandsoon. The
visualattributessuchascolourandmaterialpropertiesaredeterminedat a granularityof
a meshor a surface.Otherattributessuchasvertex normalsandtexturecoordinatesare
computedautomaticallyby thepackage.Thesearegeneratedby mappingthegivenobject
to theclosestcononicalshapelike sphere,cylinder, cube,tetrahedron,etc. Examplesof
somepopularpackagesare3D StudioMAX, Alias WavefrontandMaya.

3D scanning: Sometimesmodellerscreateclay modelsof the objects. At othertimes,
digital modelsof existingphysicalobjectsareneeded.Theseobjectsarethenscannedby
using3D scanners.Thesescannerssamplea large numberof pointson themodelfrom
all directionsandconstructadense3D model.Somescannersalsoscanthecolourvalues
along of the coordinatesof the points scanned. The software that drives the scanner
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connectsthe pointsscannedin a regular patterninto a trianglemeshor a quadrilateral
mesh.

3D digitizers: Beforetheautomaticscannersappearedin themarket, manualdigitizers
werein use.Themodelof usageof thesedigitizersis asfollows: (a) theusermustmark
pointson theclay modelin a regularpatternof a quadrilateralmesh,(b) thedigitizer is
thencalibratedto obtaina frameof referencefor digitising thepoints,(c) thestylusof the
digitizer is thenplacedon eachpoint marked on the model in a sequencesuchthat the
measuredpointscanthenbe usedto createa meshin a trivial manner. Thesescenners
areinexpensiveandusable,andhencecontinueto beusedin theanimationindustry. The
numberof points that canbe manuallydigitized is limited. To refinethe resolutionof
distributionof pointson themodel,mathematicaltechniquessuchasCoon’spatchfitting
areused.To modify theshapedefinition theuserscanedit thescannedpointsandother
parametersat thesepoints like tangentsandnormals. The surfacefitting is modifiedto
reflectthechangesin thelocal parameters.

MRI and CT scanning: Magneticresonanceimagingandcomputedtomographbased
scannersgeneratea large amountof voxel dataof 3D objects. Thesedataconsistof a
threedimensionalarrayof scalar. Mostcommonsourcesof suchdataaremedicalimaging
centresandindustrialnon-destructivevisualtestingmachines.

A few otherspecialisedtools exist for the creationof 3D data. Thesearevolumedis-
cretizationtools(alsocalledgrid generationpackages),CFD analysispackages,etc.

2.3 Format conversionand healingof models

Themodelsareacquiredusingvariousprocessesandstoredin formsthearedifferentfrom
thoserequiredfor the enduse. The dataneedsto be convertedto a suitablefile format
andthemodelalsoneedsto betransformedsothatit is in ausablestate.Herewe list the
issuesrelatedto thefile formatsandtransformationof modelsfor theendapplication.

Issuesin conversionof file formats:

1. Informationcapturedin thesourcefile formatmaynotbesufficient to constructthe
detailsnecessaryto build themodelin theotherfile format. In suchcases,it may
benecessaryto infer this information.

2. The conversionbetweenfile formatsmay be a lossyprocesswherethe target file
formatdoesnotneedtheexcessdatain thesourcefile format.

3. Thedatatypesusedin thesourcefile formatandthedestinationfile formatmaynot
bethesame.Hencesomeapproximationof modelmayhave to beaccomodated.

Otherissuesadaptingthecapturedsourcedatafor anendapplicationare:

1. Thesourcedatamayhavea veryhigh resolutionwhich maynot besuitablefor the
endapplicationandneedsto bereduced.While reducingthedata,theinformation
being communicated(from the viewpoint of the application)must be minimally
affected. This can be achieved by adaptive samplingratherthan trivial uniform
sampling.
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2. The sourcedatasometimeshaserrorsincurredduring recordingor modelingof
objects,eitherdueto theinstrumentationerrorsor humanerrors.Theseerrorscould
bemissingpolygons,gapsin the geometricdescription,incorecttexturesmapped
onto the geometry. Theseartifactsmustbe correctedbeforeusingthe modelsfor
the application. Someof the errorscanbe healedautomatically, whereassome
needto bemanuallyfixedby loadingthemodelin someeditor.

3. To achievefastertransmissionandprogressiveloadingof themodels,thedatamust
be transformedinto a suitableformat suchthat the informationis differently rep-
resented.Many model compressionand progressive transmissionschemeshave
beenproposedby researchers.In this reportwe survey somesuchrepresentative
techniques.

3 File Formats

In this section,we shall largely concentrateon the polygonmeshrepresentationof sur-
facesfor modeling3D worldsor scenes.Thebasicelementsof 3D datato bemodelled
are:

1. Scenedefinition: A moderatesizedsceneusuallyhasmany meshesanda few light
sourcesdefiningtheilluminationconditionsin thescene.

(a) List of meshes

(b) List of lights

2. Trianglemeshdefinition: Individual meshesin thesceneform thelargestpartof a
scenedefinition.Themeshdefinitionprovidesthegeometryandvisualattributes.

(a) Sharedvertex list: This list is sharedamongthetrianglesin themesh.Sharing
the list savestheduplicationof vertex detailswhena vertex is sharedacross
multiple triangles.

i. vertex coordinates,
ii. vertex normals,

iii. texturemapcoordinates,and
iv. vertex colours.

(b) Mesh topology: This definesthe connectivity amongthe verticesby listing
theindicesinto thesharedvertex list.

i. list of triangles,and/or
ii. list of triangle-strips.

(c) Texture images:Thetextureimagesareparameterisedwith a rectangulardo-
main andmappingof certainareason the imagesonto the trianglesis done
by specifyingthetexturecoordinateswithin theparametricrangeof themap.
The texture parametersexceedingthe parametricdomainarewrappedback
into theimage.
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(d) Material properties:Modeling of the reflective behaviour of materialin the
givenillumination conditionsis specifiedin the form of ambientreflectance,
diffusereflectance,specularreflectanceandemmissiveproperties.

3. Lights: Thelightsaredefinedwith variouscomponentssuchasdiffuseillumination,
specularillumination, andotherpropertiessuchaspoint source,spotlightsource,
etc.Thelightsarecommonlymodelledwith red,greenandbluecomponents,which
is a greatsimplificationof the moreelaboratespectrummodelof light. This ap-
proximation,however, hasbeenfound to beadequatefor mostof theapplications
requiringconsumptiononly by humanvisualsystem.

To encodetheseelementsof informationon storageandtransmissionmedia,numerous
formatshave beenused. The stadardformatsfor dataexchangeover the Internethas
beenVRML1.0 andVRML97. However, therearealsomany proprietoryfile formatsin
usefor themodelingpackageslike 3DStudioMAX, Alias Wavefront,andsoon. These
file formatshave provisionsfor storinginformationthat is specificto thealgorithmsand
featuresof thepackages.Hencethey areextremelyrich in the informationthey capture
andstore.In thissection,weonly briefly discussthefeaturesof theVRML97 file format,
sinceit is thecurrentstandardof World WideWebConsortiumandis widely accepted.

3.1 VRML97

TheVirtual RealityModelingLanguage(VRML) is afile formatfor describinginteractive
3D objectsandworlds.VRML is designedto beusedon theInternet,intranets,andlocal
clientsystems.VRML is alsointendedto beauniversalinterchangeformatfor integrated
3D graphicsandmultimedia.VRML maybeusedin a varietyof applicationareassuch
asengineeringandscientificvisualization,multimediapresentations,entertainmentand
educationaltitles,webpages,andsharedvirtual worlds.

VRML hasbeendesignedto fulfill thefollowing requirements:

1. Authorability: Enablethedevelopmentof computerprogramscapableof creating,
editing,andmaintainingVRML files,aswell asautomatictranslationprogramsfor
convertingothercommonlyused3D file formatsinto VRML files.

2. Composability: Provide theability to useandcombinedynamic3D objectswithin
aVRML world andthusallow re-usability.

3. Extensibility: Provide theability to addnew objecttypesnot explicitly definedin
VRML.

4. Be capable of implementation: Capableof implementationon a wide rangeof sys-
tems.

5. Performance: Emphasizescalable,interactive performanceon a wide variety of
computingplatforms.

6. Scalability: Enablearbitrarily largedynamic3D worlds.
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VRML is capableof representingstaticandanimateddynamic3D andmultimediaob-
jectswith hyperlinksto othermediasuchastext, sounds,movies, andimages.VRML
browsers,aswell asauthoringtoolsfor thecreationof VRML files,arewidely available
for many differentplatforms.

VRML supportsanextensibilitymodelthatallowsnew dynamic3D objectsto bedefined
allowing applicationcommunitiesto develop interoperableextensionsto the basestan-
dard. TherearemappingsbetweenVRML objectsandcommonlyused3D application
programmerinterface(API) features.

A VRML file consistsof the following major functional components:the header, the
scenegraph,theprototypes,andeventrouting.Thecontentsof this file areprocessedfor
presentationandinteractionby aprogramknown asabrowser.

Thescenegraphcontainsnodeswhich describeobjectsandtheir properties.It contains
hierarchicallygroupedgeometryto provide anaudio-visualrepresentationof objects,as
well asnodesthatparticipatein theeventgenerationandroutingmechanism.Prototypes
allow the set of VRML nodetypesto be extendedby the user. Prototypedefinitions
canbe includedin thefile in which they areusedor definedexternally. Prototypesmay
be definedin termsof otherVRML nodesor may be definedusinga browser-specific
extensionmechanism.While ISO/IEC14772hasa standardformat for identifying such
extensions,their implementationis browser-dependent.

SomeVRML nodesgenerateeventsin responseto environmentalchangesor userinterac-
tion. Eventroutinggivesauthorsa mechanism,separatefrom thescenegraphhierarchy,
throughwhich theseeventscanbe propagatedto effect changesin othernodes. Once
generated,eventsaresentto their routeddestinationsin time orderandprocessedby the
receiving node. This processingcan changethe stateof the node,generateadditional
events,or changethestructureof thescenegraph.

Script nodesallow arbitrary, author-definedevent processing.An event received by a
Scriptnodecausestheexecutionof afunctionwithin ascriptwhichhastheability to send
eventsthroughthenormaleventroutingmechanism,or bypassthis mechanismandsend
eventsdirectly to any nodeto which the Script nodehasa reference.Scriptscanalso
dynamicallyaddor deleteroutesandtherebychangingtheevent-routingtopology.

Theidealeventmodelprocessesall eventsinstantaneouslyin theorderthatthey aregen-
erated.A timestampservestwo purposes.First, it is aconceptualdeviceusedto describe
thechronologicalflow of theeventmechanism.It ensuresthatdeterministicresultscanbe
achievedby real-world implementationsthataddressprocessingdelaysandasynchronous
interactionwith externaldevices. Second,timestampsarealsomadeavailableto Script
nodesto allow eventsto be processedbasedon the orderof useractionsor the elapsed
timebetweenevents.

The interpretation,execution,andpresentationof VRML files will typically be under-
takenby a mechanismknown asa browser, which displaystheshapesandsoundsin the
scenegraph.Thispresentationis known asavirtual world andis navigatedin thebrowser
by a humanor mechanicalentity, known asa user. The world is displayedasif experi-
encedfrom a particularlocation; that positionandorientationin the world is known as
theviewer. Thebrowserprovidesnavigationparadigms(suchaswalking or flying) that
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enabletheuserto movetheviewer throughthevirtual world.

In additionto navigation,thebrowserprovidesamechanismallowing theuserto interact
with the world throughsensornodesin the scenegraphhierarchy. Sensorsrespondto
userinteractionwith geometricobjectsin the world, the movementof the userthrough
theworld, or thepassageof time.

Figure1: Copnceptualmodelof VRML browser

Figure1 illustratesa conceptualmodelof a VRML browser. The browseris portrayed
asapresentationapplicationthatacceptsuserinput in theformsof file selection(explicit
andimplicit) anduserinterfacegestures(e.g.,manipulationandnavigationusingan in-
put device). The threemain componentsof the browserare: Parser, SceneGraph,and
Audio/VisualPresentation.The Parsercomponentreadsthe VRML file andcreatesthe
SceneGraph.TheSceneGraphcomponentconsistsof theTransformationHierarchy(the
nodes)andtheRouteGraph. TheSceneGraphalsoincludestheExecutionEnginethat
processesevents,readsandeditstheRouteGraph,andmakeschangesto theTransform
Hierarchy(nodes).Userinput generallyaffectssensorsandnavigation,andthusis wired
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to the RouteGraphcomponent(sensors)andthe Audio/Visual Presentationcomponent
(navigation).TheAudio/VisualPresentationcomponentperformsthegraphicsandaudio
renderingof theTransformHierarchythatfeedsbackto theuser.

3.2 Curr ent research issuesin file formats

The new file formatsproposedhave the following main concernsof enhancements:(a)
staticreductionof theredundantdatato simplify thedata,(b) compressionof geometric
scenesfor compactrepresentation,(c) progressive transmissionof 3D scenes– suchthat
the userexperienceof the modelcanstarteven beforethe entiremodelhasarrived for
thebrowserto startinterpretingit, and(d) protectionof intellectualpropertyrights– the
painstakinglyconstructed3D modelsmustnot be stolenandusedtherebydenying the
creatorof thecommercialbenefitshe/sheshouldgetfor theefforts.

Variousresearchershave proposedschemesfor handlingtheseissuesof handlingthe3D
modelsover the web. In the following sections,we reportsurvey someof the work in
progressin thesearea.

4 Simplification of Geometry

The highestcomplexity of the modelsis not always neededsincevery often a model
mayoccupy very small footprint in thescreen,andrenderingsuchlesssignificantmodel
with all its detailsdoesnot have any bettervisualeffect thanrenderinga simplified,low
resolutionrepresentation.Figure2 showsanexample.As therenderingratesaredirectly
dependenton the combinatoriccomplexity of the modelsbeinghandled,it is useful to
have simplermodelsof the complex whenthe modelsarenot requiredin their highest
resolution.

Figure2: SimplifiedMesh

Recentyearshaveseenalot of researchbeingfocussedontheproblemof polygonalmesh
simplificationalgorithms.Many algorithmshavebeenreportedin theliteratureandafew
papershave surveyed[4] andcomparedthemethods.In this reportwe aim to studythe
methodsandclassifythemon thebasisof thefollowing:

� Basedontherequirementsof theapplicationsusingmeshesatmultiple resolutions.
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� Basedon thealgorithmicstrategiesemployedin thetechniques

We alsostudysomespecialrenderingtechniquesutilized for efficient renderingof the
meshesavailableat multiple resolutions.

4.1 Classification

Basedontherequirementsof theapplications,certaincharacteristicsof theoriginalmeshes
representingtheobjectsmayor maynot beretained.Themostimportantof suchcharac-
teristicsis thetopologicalfeaturessuchasgenus,protuberanceandconnectivity between
vertices,edgesandfacets. The applicationsthat demandreal time frame-ratesbut can
toleratesmallvisualartifactscanusemeshsimplificationalgorithmsthatmodify certain
topologicalfeatures.Theotherclassof methodssimplifiesthecombinatoriccomplexity
of the meshes(in termsof the numberof triangles)while retainingtopologicalfeatures
andcertaingeometricfeatureslikesharpedges.

The orderof simplification in termsof percentageof numberof trianglesdecimatedis
much higher in caseof the simplificationalgorithmsthat sacrifisetopologicalfeatures
while retainingthevisualsimilarity of theobjects.

Variousalgorithmicstrategiesareemployed to simplify meshes.Thesecanbe broadly
classifiedas:(a)vertex clustercollapsing,(b) edgecollapsing,and(c) trianglecollapsing
strategies. Thesestrategiesareemployed to get both topologypreservingalgorithmsas
well astopologysimplifying algorithms.

Visualizationof multi-resolutionmeshesandselective simplificationandrefinementof
themeshesis importantsincethe level of detailof themeshto beusedmustbedecided
by theapplicationthatwishesto rendertheobjects.Althoughdifferentmulti-resolution
mesheshavedifferentwaysof parameterisingthelevel of detail,thedeterminationof the
parametervalueat agiveninstantis still anon-trivial andinterestingissue.

In the following sections,we seemeshsimplificationtechniquesof thedifferentclasses
mentionedabove andexaminethesuitability of eachalgorithmfor specifictasks.Most
of themethodsdiscussedbelow assumethatthesourcemeshesaretrianglemeshes.This
assumptiondoesnot sacrifisegeneralityof polygonmeshes,sincethe polygonshaving
morethanthreesidescanbedecomposedinto triangles.

4.2 TopologyPreseving Mesh Simplification

To maintaintopologicalfeaturesof theoriginalmeshacrossahierarchyof simplifiedlow
resolutionmeshesrepresentingtheoriginal object,mostapproacheshave proposeda set
of local operators.Theseoperatorsincrementallyincreaseor decreasethe detail in the
mesh. Schroederet al [12] wereamongthe first to report a triangle meshdecimation
strategy where“visually insignificant”verticesareremoved.Removal of avertex andthe
trianglesconectedto it createsaholein themesh,which is triangulatedandpatched.

HuguesHoppe[5] presenteda techniquecalledasProgressive Meshesthatgive a facil-
ity of generatingsmoothspectrumof levelsof detailusingtwo operators:edge-collapse
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(e-col) andvertex-split (v-split). (seeFigure3.) The e-col operatorcollapsesthe given
edgeandalsocollapsesthetwo trianglessharingtheedge.Theedgegetscollapsedinto
a vertex. The connectedneighbourhoodis readjustedto acommodatethechange.Each
edgecollapseoperationcreatesa recordof the operation“pushed”onto a stack. This
recordconsistsof thedescriptionof theoriginal edgeandinformationaboutthetriangles
thatwereconnectedto theedgebeforecollapsing.Notethateache-coloperationremoved
onevertex andatmosttwo trianglesfrom themesh.Thisholdtrueprovidedthatthemesh
representsamanifoldandeachnon-boundaryedgehasonly two trianglesconnectedto it.
The v-split operation“pops” the recordoff the stackandreconstructsthe local connec-
tivity andgeometricdetail.Althoughthetermstackis usedfor storingandretrieving the
recordsfor reconstructingthedetailof thesimplifiedmesh,it is oftenpossibleto retrieve
refinementdetailfor themesh.

E-COL

V-SPLIT

s

t

l
r r

l
s’

Figure3: Progressivemeshes

While thesemethodsretainthetopologicalfeaturesof theoriginalmeshin thesimplified
low resolutionversions,theorderof simplificationis limited. A complex objecthaving
many topologicalfeaturescannotbesimplifiedbelow a certainlevel of detail. However,
in somecritical applications,thetopologicaldetailsarerequiredevenat the lowestlevel
of detail.

4.3 TopologySimplifying Techniques

Very often the footprint of a 3D meshis too small to capturethe detail modeledin the
mesh.Many of thetriangleshaveasubpixel projectedsize.At timesevenmajortopolog-
ical featuresdo not show up evenif theobjectis drawn in all its detail. For many visual
applicationssuchasvirtual walkthroughsof architecturalmodels,the visually insignif-
icant may be renderedasapproximaterepresentation.Topologysimplifying algorithms
for meshsimplificationachieve higherorderof reductionof themeshes.In this section,
webriefly describethreerepresentative techniques.

JovanPopovic etal [9] proposedprogressivesimplicial complexeswhich is ageneraliza-
tion of theprogressivemeshesreportedin [5]. This work extendstheprogressivemeshes
to work on meshesrepresentingnon-manifoldsufaces.This enablesthemto handle1-D
curves,2-D triangles,3-D tetrahedraandevenhigherdimentionalsimplices.Also, ren-
deringof thesemulti-resolutionmeshesis donebysomerepresentativeshapesfor spheres,
cylinders,etc.whenthecollapsedgeometryoccupiesaverysmallportionon thescreen.

David Luebke et al [7] presentvertex clustercollapsingstrategy to simplify polygonal
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scenes.This techniquecreatesa tight octree of the verticesin the surfacemeshesde-
scribingthescene.Thepartof thescenethat is visually significantis retainedin its full
detail and the trianglesin the lesssignificantregionsarecollapsed,reducingthe num-
ber of trianglesto be sentto the renderingenginefor display. Collapsingof geometry
within a region is doneby selectingverticesin a givencell of theoctree.Thegeomtryis
un-collapsedwhenit becomesvisally significantwhile collapsingthegeometrythatmay
becomeinsignicant. To be able to un-collapsethe geometry, the techniquekeepshier-
archiesof collapsedgeometries.Eachlevel in thehierarchyrepresentsa level of detail.
Dependingonthelevel of detailrequired,theappropriatelevel in thehierarchyis selected
anddisplayed.Note thatno specialcareis take to retainthe topologicalfeaturesof the
mesheswhile collapsingthe geometry. Geometryis collapsedbasedon the proximity
of vertices. Thesenearbyverticesmay belongto differentmeshes.The only issuethat
mattersto this techniqueis visal similarity of thesceneto theoriginalonewhendrawn at
differentresolutions.

JihadEl-Sanaet al [3] reporttheir work on topologysimplificationfor polygonalvirtual
environenments.This paperdescribesextensivegeometryanalysistechniquesfor identi-
ficationof topologicalfeatureslikeedges,corners,genus,protuberancesandsockets.The
topologicalfeaturesarebasedongeometricdiscontinuityof normalsacrossneighbouring
triangles.Significanceof topologicalfeaturesis ratedon thebasisof geometricdisconti-
nuity, surfaceareaof aprotuberanceor asocket,lengthof anedge,andsoon. To simplify
themeshes,their techniqueprovidesa setof operators.An operatoris availablefor sim-
plificationof eachof thetopologicalfeatures.Theoperatorshavetwo phases:removal of
thefeatureandretriangulationof theregion.

4.4 View-dependentsimplification of meshes

In this sectionwe shall look at somerepresentative techniquesdeterminingat run-time
which partof thegeometryin thesurfacemeshshouldbesimplified. Simplificationand
refinementcriteriacanbeclassifiedattoplevelas:view frustumbased,surfaceorientation
basedandscreen-spacegeometricerrorbased.

Thegeometrythatfalls insidetheview frustumof thevirtual cameracapturingthescene
forms a good candidatefor high level of detail, and the geometryfalling outsidethe
frustummay be simplified. To acceleratethe selectionof geometriesthat lie insidethe
view frustum,mostimplementationscarryoutboundingbox inclusiontestfor eachof the
meshesin thescene.Sometechniquesuseoctree-basedselectionof partsof thegeome-
triesfor simplification.

Back facingpolygonsof themeshesarenot visible to theviewer. This factcanbeused
determinethepartof thegeometryto reducethedetailof thesurfacesafterthey havebeen
passedby the view frustumtest. This selectionmethodrequiresthe original meshesto
haveaconsistentandcorrectorientation.Also, thesimplificationalgorithmmustmaintain
theconsistency of orientationof thesimplifiedmeshes.

The third refinementcriterion is screen-spacegeometricerror. Thegoalof this criterion
is to adaptthemeshrefinementsuchthatthedistancebetweentheapproximatemeshand
theoriginal mesh,whenprojectedon thescreen,is everywherelessthana screenspace

12



tolerance . Hoppedefinesameasurefor screenspacedistancein [6].

Note that thesecriteria arenot tricial to computeefficiently. To computethemfast,the
implementationsoftenuseapproximationsof thecriteria to quick determinethe level of
detailof themodelto beused.

View dependentprogressive meshes[6] describesall theabove criteria for selectingthe
level of detail for progressive meshes.For efficiency, hepre-computesthehierarchyby
usinge-col operators.At run time, thepartsof themeshesto be simplifiedareselected
andcorrespondingv-split operatorsareperformedto refinetherequiredregions.

Luebke’swork onview-dependentsimplificationof arbitrarypolygonalenvironments[7]
usesview-frusumbasedselectionof cells of a packed octreewhich is usedto classify
theverticesandmeshesin thescene.Thesceneis organizedasa hierarchyof levelsof
detail which looks like pyramid. The baseof the pyramid hasthe scenedefinedat the
original level of detail,andthe tip representsthecoarsestappoximation.Dependingon
theviewing frustum,differentpartsof thesceneis renderedat differentlevelsof detail.

5 GeometryCompression

To reducethe storageand transmissiontime requirements,compressionof datais the
standardsolution.Thegenericdatacompressiontechniquescanyield compressionratios
upto somelevelswhenappliedto geometrydatabasessuchas3D scenes.However, by
knowing the structureand form of the datarepresentingsuchmodels,it is possibleto
arrive at specialcompressionalgorithms. Suchalgorithmstake variouslossyandnon-
lossyapproachesto reducethedatarequiredto obtainacompactrepresentationfor visual
consumption.

Much of thework donein theareaof geometrycompressionis basedon cleverencoding
of thetopologicalrelationshipbetweennodesin themeshes.Theseencodingsminimize
therepeatedreferencesto nodes,therebyachiving acompactdescriptionof topology. An
interestingobservationmadein meshesrepresentingmanifoldsis that,onanaverage,the
numberof trianglesis twice thenumberof verticesandeachvertex is referencedin 5 to 7
triangles.Hence,a lot of researchhasconcentratedon aggressive attackon theproblem
of encodingof topologicalrelationshipbetweenvertices.

Early examplesof compactencodingof a meshwereseenin trianglerenderingengines
suchasOpenGL,in the form of triangle-stripsandtriangle-fans. A lot of researchhas
beencarriedout in generatingmaximal triangle-stripdecompositionof given meshes,
minimizing therepeatitionsin thereferencesto vertices.Deering[2] describesamoreef-
ficient “generalisedtrianglemesh”representationfor furtherreducingtheredundantref-
erencingof vertex data.A setof four operatorsis definedto interpreta streamof vertex
indicesreferingto thelist of points.Thisleadsto averyefficientencoding.Thistechnique
is now a partof Java3d’s [8] compressedgeometrynode.Chow [1] extendedthework of
Deeringby improvedstrategy of trianglestrip traversalandencoding.Rossignac’s work
on Edgebreaker [11] algorithmachievesevengreatercompressionby compactrepresen-
tationof topologicalrelationshipbetweenverticesof amesh.

HuguesHoppe,in hisworkonProgressiveMeshes[5], mentionsthecompressionachieved
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throughtheprogressive representationof themeshes.Theprogressive additionof detail
to the existing descriptionof themeshinvolvessplitting of a vertex at a time by v-split
operation,whichaddsanew point to themesh.Theadditionalencodingdescribestheleft
andright handsidetrianglesgeneratedin theprocessof addinganew edge.Thecompact-
nessof the representationcomesfrom the fact thateachvertex is storedandreferenced
only oncein theprogressivemeshdata-structure.

Besidescompactlyencodingthetopologicalrelationshipsbetweenverticesin themeshes,
mostof thework reportedalsouseslossytechniquesfor reducingthebits usedfor rep-
resetingvertex coordinates,normalsandcolour values. For example,Deeringuses3 x
16-bit representationfor XYZ-valuesfor points,9-bit index into agloballist of valuesfor
normalsand15-bit representationfor colourvalues.

6 ProgressiveTransmission

While compressionof the geometryrepresentingthe 3D modelsbeingsharedover the
net helpsin reducingthe transmissiontimes, the experienceof the 3D scenedoesnot
begin until theentiredatahasarrivedandis uncompressed.Theprogressive transmission
schemesfor distributing3Dgeometricscenesbuild in mechanismsthathavethefollowing
characteristics:

1. Transmitthe modelsuchthat the initial dataelementsrepresentthe coarsemodel
thatcanbeusedto renderthecurrentlyviewedareaor thecoarsemodelof theentire
scene.

2. Thesubsequentdataelementsaretransmittedto refinetheinitial modelonneed-to-
transmitbasis.

3. At the receiving end, the browserbegins renderingthe 3D geometryand the at-
tributesassoonas it receivesan approximationof the model that is sufficient to
starttheexperienceof the3d scene.

4. Thesubsequentdetailsreceivedareusedto refinethemodelprogressively.

Theearliestwork on progressive tranmissionof 3D geometrywasreportedby Hoppe[5]
throughhis paperon ProgressiveMeshes,which wehavedescribedearlier. However, his
approachis largely effective on singlemeshes.Themodelshaving many meshesdo not
yield to the methodeffectively. GabrielTaubin’s [13] work towardsProgressive Forest
Split Compressionalgorithm provides anothertechniqueto achieve progressive repre-
sentationof meshes.This algorithmviews the meshasa graphwith verticesandedges
correspondingto thegeometriccoordinatesandtheconnectivity amongthem.Thegraph
is split into subgraphsbasedon the geometricpropertiesof the local regions. To move
to a lower resolutionof themesh,thenearbysubgraphsaremergedandthe information
neededto reconstructthegeometryis stored.

Thecurrentefforts areconcentratedon treatinga sceneasa wholefor progressive trans-
missionratherthandealingwith onemeshin the sceneat a time. The Multi-resolution
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clusteredmeshes[14] presentsaschemefor handlingmeshclustersfor progressivetrans-
mission.At thecoarsestlevelof resolution,the3D sceneis representedby asetof vertices
representingclustersof meshesandsomeconnectivity. Subsequentdetailsdescribehow
theseclustersshouldbetransformedinto meshesto progressively reconstructtheoriginal
scene.

7 Watermarking of 3D Geometry

Watermarkingprovidesamechanismfor copyright protectionof digital mediaby embed-
ding informationidentifying the owner of the data. The bulk of the researchon digital
watermarkinghasfocusedonmediaasimages,video,audioandtext. Robustwatermarks
mustbe ableto survive a varietyof “attacks” including resizing,croppingandfiltering.
For resilianceto suchattacks,recentwatermarkingschemesemploy a“spread-specturm”
approach– they transformthedatainto thefrequency domain(e.g. usingDCT) andper-
turb thecoefficientsof theperceptuallymostsignificantbasisfunctions.

The field of steganography addressesthe problemof hiding informationwithin digital
documents.The information, called the embeddedobject, is insertedinto the original
document,called the cover object, to producea stego object. The term watermarking
looselyrefersto theuseof steganographyin theapplicationareasof ownershipassertion,
authentication,contentlabeling,contentprotectionanddistribution channeltracing. It
shouldbenotedthatnosinglewatermarkingschemeis suitablefor all theseapplications,
assomeof thegoalsareincompatible.

For ownershipclaims,watermarksencodethefact that thedocumentwascreatedby the
owner. To be effective, the watermarkschememustminimise the probability of false-
positive results– incorrectly assertingthat a documentin watermarked when it is not.
To decreasetheprobabilityof false-positiveclaims,thewatermarkis usuallyencodedin
thedocumentusingvectorcoefficients. This vectoris comparedto thatobserved in the
suspectdocumentandtheownershipclaim is basedon their statisticalcorrelation.

Theprobabilityof false-negative results,thatof failing to detectawatermarkeddocument,
is of lesserimportance,andis moredifficult to analyse,sinceit dependson thetypeand
magnitudeof attack.Suchattacksmay includeinadvertantalterationslike compression,
blurring, sharpening,scaling,cropping,darkeningandformat conversion;but may also
includemaliciousoperationlike intentionaladditionof noise,modificationof low-order
bits,or eveninsertionof otherwatermarks.

Accordingto their resilienceto attacks,watermarkscanbe fragile or robust. Fragilewa-
termarksareusedfor authenticationandfor localizationmodifications.Much likedigital
signatures,their goal is to detectthe slightestchangeto the document.In contrast,ro-
bustwatermarksaredesignedto survive(remaindetectable)throughmostattacks.While
anattackif sufficient magnitudecoulderasethewatermark,thehopeis thatanattacker
would have to significantlydegradethedocumentin orderto destroy thewatermark(i.e.
to achieve false-negativeresult).

Watermarkscould be perceptible or imperceptible, dependingon whetherthey are di-
rectly detectableby thehumansenses.Perceptiblewatermarksareoftenusedto display
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copyright noticesor to lower the commercialvalueof public or preview documents.In
contrast,imperceptiblewatermarkscanonly bedetectedusingacomputationalalgorithm,
whichmayor maynot requiretheoriginal unwatermarkeddocument.

Numerousresearchpapershave exploredvariantsof this approach.Praunet al [10] have
presentedtheir work basedon multiresolutionmeshesusedto embedwatermarksinto
trianglemeshsurfaces.

8 Interaction Requirements

The modelsthat areavailableon the Internetasof todayaremostly in VRML format.
To visualizeandinteractwith thesemodels,VRML browserpluginsarecommonlyused.
Theseprogramshavesomegenericandnon-applicationspecificin built interactiontech-
niques.They arepanning,examining,walking,zooming,etc.

However, thetheinteractionsuitefor specificapplicationmustbeprovidedby thedevel-
operof thecontent.In thecaseof VRML, this is achivedby scriptingmechanisms.The
action to be taken on userinteractionswith the visible and the invisible entitiesin the
modelsmustbecodedusingaJavaScriptor VBScript noderepresentingthebehaviour.

9 Conclusion

Themedium3D geometricmodels,theWWW asadistributionchannelandwebbrowser
asthe tool for experiencingthe mediahasposedmany technicalproblemsin achieving
effective results.A large numberof innovative solutionshave beenproposedin the last
few years. In this reportwe surveyed somerepresentative problemsandthe significant
resultsandimplementations.

While therehasbeena lot of work alreadydonein this field, theproblemshave not been
satisfactorily resolvedyet. Also, increasingthevolumeof thecontentto bepresentedto
theend-usersposesnewerproblems.

References

[1] MikeChow. Optimizedgeometrycompressionfor real-timerendering.In Proceed-
ing of IEEE Visualization’97, pages347–354,1997.

[2] MichaelDeering. Geometrycompression.In SIGGRAPH ’95 Proc., pages13–22,
1995.

[3] J. El-Sanaand Amitabh Varshney. Topologicalsimplification for polygonalvir-
tual environments. IEEE Transactions on Visualization and Computer Graphics,
4(2):133–144,1998.

[4] Paul S. HeckbertandMichaelGarland.Survey of polygonalsurfacesimplification
algorithms.Technicalreport,CSDept.,Carnegie Mellon U., to appear.

16



[5] HuguesHoppe.Progressivemeshes.In SIGGRAPH ’96 Proc., pages99–108,Aug.
1996.

[6] HuguesHoppe.View-dependentrefinementof progressivemeshes.In SIGGRAPH
’97 Proc., Aug. 1997.

[7] David Luebke andCarl Erikson. View-dependentsimplificationof arbitrarypolyg-
onalenvironments.In SIGGRAPH ’97 Proc., Aug. 1997.

[8] Sun Microsystems. Java3d API specification. http://java.sun.com/products/java-
media/3D,June1999.

[9] Jovan Popovic and HuguesHoppe. Progressive simplicial complexes. In SIG-
GRAPH ’97 Proc., Aug. 1997.

[10] Emil Praun,HuguesHoppe,andAdamFinkelstein.Robustmeshwatermarking.In
SIGGRAPH ’99 Proc., Aug. 1999.

[11] JarekRossignac.Edgebreaker: Connectivity compressionfor trianglemeshes.Tech-
nicalReportGIT-GVU-98-35,GVU Center, Georgia Tech.,Atlanta,USA, 1998.

[12] William J. Schroeder, JonathanA. Zarge, andWilliam E. Lorensen. Decimation
of trianglemeshes.Computer Graphics (SIGGRAPH ’92 Proc.), 26(2):65–70,July
1992.

[13] GabrielTaubin,Andre Gueziec,William Horn, andFrancisLazarus. Progressive
forestsplit compression.In SIGGRAPH ’98 Proc., Aug. 1998.

[14] GabrielTaubin,William Horn, andPaul Borrel. Compressionandtransmissionof
multi-resolutionclusteredmeshes. ResearchReportRC21398(96630)2FEB1999,
IBM ResearchDivision,1999.

17


