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Abstract

In this paper we present a graphics pipeline for inter-
active rendering of very large models such as architectural
data, engineering models, GISterrain geometry and data
obtained by 3D range scanners. Our pipelined architecture
covers acquisition of the data, healing of models, storage
and transmission schemes and handling rendering of and
interaction with such models having many million trian-
gles.

We also classify the reported techniques based on the
characteristics of the models and present our own archi-
tecture for a virtual walk-through of large models.

1 Intr oduction

Recentyearshave seenincreasinguseof large3D mod-
els in various application domainssuch as engineering
designand manufcture, architecture,medical imaging,
GIS, art restorationstudiesand heritagesite documenta-
tion. Virtual walk-throughsof architecturaland power
plant modelsdeploy datahaving tensof million polygons
definingthe geometry In additionthesedataoften have
rich textures, associatechon-visualinformation and be-
haviours such as dynamically changinggeometries,re-
ponseto interactions,etc. Laserrangescannersre be-
ing usedto obtaindetailed3D modelsconsistingof mary
million triangles. Visual inspectionof such large mod-
els involves achiesing a real-time performanceor inter-
active rendering. GIS applicationshave terrain dataand
associatednformation which is often huge and requires
specialisedechniquedor achieving interactive rendering
speeds.

The sheersize and compleity of thesemodelspose
mary challengesn effectively utilising themin interactive
graphicsapplicationsFigurel identifiesthesechallggesin
the form of a pipelinethat hasevolvedthroughthe appli-
cationswe have developedandstudied. In this paper we
identify the problemsfacedin eachstageof this pipeline
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Figurel: Graphicspipelinefor large models

anddiscussvariousapproacheso solve them.
Eachstagen thepipelineis significantlyaffectedby the
characteristicef the modelat handandof coursetheend-
goal of the application. However, irrespectve of the pro-
cessusedfor acquiringthe geometryand attributesdata,
the commoncharacteristicfoundin the raw dataare: (a)
thegeometryis usuallyrepresentedsa soupof polygons,
(b) thereis no hierarchicalstructurein the model, (c) the
datamay have degenerategeometric/topologicafeatures
suchasgapsoverlapsduplicatedgeometryhiddengeom-
etry, etc. Theseproblemsin theraw datamustbehealedo
malke the datasuitablefor usein the ultimateapplication.
Usually the 3D modelis transformedinto a format that
is suitablefor the application. The dataformat may then
be further transformedor compressedtorage encrypted
or watermarled for the protectionof intellectualproperty
rights,or maybestoredfor aprogressie transmissiorand
eventualrendering. At run-time, the processingcarried
out by the renderingengineis typically basedon frame-
time budgetdeterminedby the desiredframe-rate. The
perframe computationtypically involvesdecisionsabout
selectionof level-of-detail of the model, computationof
dynamicgeometriesdetectionof collisions, interactions
like selectionfeedbackandsoon. To facilitateinteractive
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frame-ratesand efficient handlingof responsdo userin-
teractionsspecialrun-timedatabas@rganizationschemes
areneededTheseschemesupportspecificalgorithmsfor
visibility culling, collision detectionandresponseandso
on.

Basedon our studies,we have encounteredwo kinds
of large models: (a) Thosehaving a few connecteccom-
ponents(very often a single mesh)formed by densecol-
lectionof largenumberof polygons.Notableexamplesare
StanfordBunry having over50,000triangles the statueof
David from the Digital Michelangeloprojectdefinedwith
millions of triangles.A specialcaseof suchmodelsis seen
in the form of terraindatawhich is alsovery densehut is
a height-fielddata.(b) Thoseconsistingof alargenumber
of mesheseachdefinedby upto a few hundredtriangles.
Examplesof suchmodelsare large architecturalmodels,
comple power plant models,etc. We have seenthatthe
setof techniquesieededat variousstagesof the pipeline
aredifferentfor thesetwo differenttypesof models.

In thefollowing sectionswe describethe stagesf the
pipelinedgraphicsarchitecturdor handlinglarge models.

2 Creationof LargeModels

Preparatiorof 3D geometrycontentandassociatedata
for interactve applicationshas beenknown to be a la-
borioustask. Besidesthe difficulties facedin obtaining
sourcesof informationrequiredfor modelingthe content,
the technologicalissuesof creatingthe model posechal-
lenges.Thesechallengesre(a) selectionof suitabletools
for manuallycreatingmodelsor semi-automaticallyscan-
ning models,(b) representationf thelargedatagenerated
in acquiringthe modelto malke it suitablefor the appli-
cation, (c) detectionof errorsin the modelandcorrection
(alsocalledhealing),and(d) integrationof the modeldata
to establishassociatioramongthe variousmediaelements
suchasgeometrytextureimagesyideo,soundandanima-
tion.

In this sectionwe outline varioustechniquesusedfor
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Figure3: A partof Diwan-i-Khaagalaceof FatehpuiSikri
—theentiremodelis definedusing2.5million trianglesand
25 megabytesof textures.

acquiringand conditioningdatafor interactie visualiza-
tion applicationsneedinglarge models. Figure 2 outlines
theproblemsaddresseduringthe creationof models.
2.1 Acquisition Techniques

Dependingon the kind of modelto be acquired,dif-
ferenttools are used. Architecturaland machinemodels
aremodeledusingmodelingtoolslike AutoCAD, 3D Stu-
dio, etc. The outputof suchtools is typically a collec-
tion of polygonmesheslongwith texture maps. The in-
teractionsusedto createpartsof the modelinclude: ex-
trusion, sweep,booleanoperationshetweensolids, inclu-
sionof pre-definedcomponentéom library of well known
standardnodels.A partof acomplex modelcreatedusing
AutoCAD and3D Studiois shavn in Figure3. Thismodel
is a part of FatehpurSikri walkthroughproject[1] carried
outatNCST.

Texturesfor suchmodelsareobtainedby scanningpic-
turesof therealmodelsor by creatingthetexturesin image
editing tools. A 3D modelingtool is thenusedto define
texture mappingschemefor generatiorof texture coordi-
natesfor the model. This processs extremelylabourin-
tesive, however, it is also the mostcommonlyemployed
techniqudor thecreationof largemodels.Typically mary
designersollectively createa large model over a period
of time. This often leadsto inconsistenciesn the model
anderrorsin data. Theseerrorsmustbe painstakingcor
rectedf therearenoautomatednodelvalidationandheal-
ing tools.



To obtain3D modelsof sculpturesandcomplex curved
artifactssomeresearchertave usedlaserrangeimaging
scannerTherangeimagesaretypically formedby sweep-
ing alD or 2D sensotinearly acrossanobjector circularly
aroundit (seefigure4).
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Figure4: 3D scanningprocess:(a) at a given position of
the scannera sequencef depthvaluesare measured(b)
usinga sequenc®f suchpoints,atriangulationis created
with aregularstructure.

The regular structureof scannedpoints is utilised to
generat@regularconnectvity triangulationof thescanned
surface. To completelycapturethe details of an object,
multiple rangeimagesmustbe obtainedrom variouscam-
eraposes. Eachsuchrangeimagegivesa triangle mesh.
Suchmeshesapturedfrom mary cameraposesarethen
mergedor stitchedtogetherto createa single 3D triangle
meshmodel(see[51] for a stitchingalgorithm). With the
improvementin the resolutionand accuray of the scan-
nersmary hugemodelshave beencreated.While the de-
tailed modelssene as an authenticrecordof the 3D ob-
jects,they tendto be extremelylargefor storageandtrans-
mission. Mark Levoy et al worked on acquisitionof very
detailedmodelsin their Digital Michelangelgproject[35].
The enormougamodelsdigitized for the projectinclude 10
statuesrom two buildingsaddingupto 2 billion polygons
and7000images.The statueof David aloneconsumes2
gigabytesof datain capturedgyeometry Similar work has
beenreportedasa partof IBM’ s PietaProjectfor scanning
detailed3D models. RecentlyBernardiniand Rushmeier
presentedheir 3D model acquisitionpipeline[9] to cap-
turelargeamountof data.

2.2 Healing of LargeModels

The modelsacquiredusing varioustechniquesare not
alwaysdirectly usablein the applicationswithout signifi-
canttransformationsThereis alwaysa mismatchbetween

the raw acquireddataandthe form in which it is needed
for eventualuse.

Themismatchcouldbefoundin thefollowing different
ways:
1. Data formats: Themodelingpackage®ftenhave their
own proprietarydataformatsfor storing the 3D models
created Theformatprimarily usedby aparticularpackage
usually capturesall featuresof the constructiontools and
proceduresvith high fidelity. The end-applicationshow-
ever, oftenrequirethesemodelsin adifferentfile formatas
well asin termsof differentdataentities. For example,a
versatileNurRBS modelingpackagemay be usedto design
surfacegeometryof a3D object.For usingthe3D objectin
avisualizationpackagepnewould have to tessellateahese
modelsinto triangulatedsurfaces. This leadsto approx-
imationsinherentto the discretizationprocess. Various
“neutral” file formatsexist for CAD dataexchange- IGES,
STEP, etc. Modelersfor architecturalgeometrylike Au-
toCAD, 3D animationpackagesik e 3DStudioMax, Alias
Wavefront, Softimagehave their own proprietaryfile for-
mats.Translatiorof modelsacrosslataformatsis a signif-
icantmismatchproblem.
2. Lack of structurein the data: In mary caseghe ge-
ometrydatais organizedasa “soupof polygons”[5]. Han-
dling suchdatafor geometrymanipulationis extremely
difficult becauseof lack of structureand grouping defi-
nition. A healingpackagemustgive a structureto such
a geometryby looking for a coherentstructurein the un-
structured3D data.
3. Gaps, holesand T-junctions: 3D modelsdescribed
usingpolygonmeshesanhave topologicalinsanitieslike
gapsbhetweentwo meshesattemptingto representn ob-
jectwith closedsurfaces.Suchgaps/holesn the datacan
causeerrorsin simulationprogramssuchglobalillumina-
tion computatiorby radiositymethodg6]. T-junctionscre-
atetopologicalholesin modelsdefinedusingmultiple sur
facecomponents.Topologicalsumgery is requiredto cor
rectsuchproblemsn thegeometry
4. “In visible” geometry: Therearemary differentsitua-
tionswhenpartsof themodeledyeometryis notvisible due
to thefollowing reasons(a) Unusedvertices(b) Dangling
edgesand (c) Hidden polygons. This invisible geometry
doesnot contribute in usefulmannerto the end applica-
tion, but posecombinatoriabverheado the computation.
5. Excesdetail: Eitherdueto thedataacquisitionprocess
or contentcreators preferencegxcessve detailsare cap-
turedfor modelswhich canbe describedusingmuchless
data.Excesdevel of detail affectsthe performancef data
visualizerswalk-throughprogramsetc. Many approaches
exist for reducingthe detailsof the meshedy way geome-
try simplification[42, 29] andtopologysimplification[19].
6. Overlapping geometry: Probablythemostdifficult ge-



ometry insanity to handleis that of overlappinggeome-
try. Completelyduplicatedgeometrycanbetrivially elim-

inated.But partialgeometricoverlapbetweertwo surfaces
requirestrimming of surfacesare somearbitrary point of

contactbetweenthe surfaces.handlingthis automatically
is difficult, but interactve manipulationby expert useris

feasible.

7. Volume of data: With increasingusageof 3D content
overthelnternetandincreasen thecompleity of thedigi-

tal models speciatechnique$or compressiof geometry
datahave becomamportant.VVarioustopologicalandgeo-
metric encodingmethodq17, 29, 40] have beenexplored
by researcherfor achiering high compressiomatios.

2.3 Modeling of Dynamic Behaviour

Capturingdynamicbehaiour of 3D modelshasbeen
a challengingproblem. By dynamicbehaiours we mean
the following kinds of characteristicin the model: (a)
non-interactive: fixedanimationgperformedoy transform-
ing geometryand(b) interactive: changen geometryat-
tributesor animationshasedn interactive userinput.

Thefixedanimationsareusuallystraight-forvardto im-
plementin amodel,sincethey needto be staticallystored
with the modelandplayedbackon demandwhile visual-
izing the mdoel. For examplethe animationof ripplesand
waves in animatedwater implementedin FatehpurSikri
project[1] hasa pre-determinednimationassociateavith
thegeometryatrianglemesh).Theanimationis computed
onfixedintervalsto updatethe geometryof themodeland
renderedn demand.

An interactively influencedchangein the geometryof
the modelhasbeenimplementedusingvery sophisticated
techniquegor handlingdeformationsof geometrianodels
[8, 24]. We discusdetectionof collision andresponsen
Section6.

2.4 Integration of Model

Usually the variousactiities like modelingof geome-
try, modelingof dynamicbehaiour, creationof otherme-
diaelementdik e imagestextures,audio,videoarecarried
out using independentools and different ervironments.
Integration of all thesemediaelementsinto a single in-
teractive visualizationapplicationis a necessaryask in
thepipeline. This stageof developmentinvolvessub-tasks
like: (a) associatiorof animationswith geometricmodels,
(b) spatialandheirarchicalplacement®f mediaelements
for thedesiredvisualexperienceand(c) definingtemporal
associatiorbetweerthe behaiour andgeometriomodels.

Mostly the requirementf integration are vastly dif-
ferentwith respecto differentapplications.The planning
of the integration schemehaslargely beenad hocin the
applicationswve studied[1, 2]. Howeverit is hardto antic-
ipate the requirementsf all future visualizationsystems
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for large modelsanddevelopa systenfor facilitatinginte-
grationof multiple kinds of mediaelementdor interactve
visualization.

3 Application SpecificPreprocessing

Allowing userto interactvely navigatethroughthe 3D
modelis oneof the basicobjective of mostgraphicsvisu-
alizationapplications Thereis aneedto maintaina steady
and interactive frame rate while rendering3D modelsto
avoid flicker and eye fatigue. Very large modelsposea
challengen thisrespectgvento high-endgraphicsrender
ing systemsuchasSGl Infinite RealityEngine.Moreover
themodelsizesareincreasingasterthanhardwarerender
ing capabilities. Thusthereis a continuousneedfor in-
novative algorithmictechniquego accelerateenderingof
largeandcomplex 3D models.

Many techniqueswhich acceleratethe rendering of
complex scenesand enhancehe quality of visualization,
especiallyfor very largemodelsrely on the preprocessing
of the modeldata. Thesetechniquesiseinvolvedandin-
geniousdatastructuresappropriatefor the specificmodel
dataat hand. The large modeldatais preprocessetb ex-
tractthis kind of data. Suchdatastructurescanbe braodly
classifiedinto threecatagorieasedon their effective use
in therenderingphase Thesecatagoriesreshonn in Fig-
ure5 asassocitedvith preprocessingtage Firstarethose
whicharedirectly usedto acceleraté¢herendering.Typical
examplesaregeneratiorof level-of-detailsandselectiorof
large occludersfor occlusionculling at run time. Second
classof dataorganizationgartition the large modelspace
for efficientqueryprocessingFor example cell basedhar
tition of the model can createdto help trigger associated
mediaactivation eventsin an architecturalwalkthrough.
The last classof model preprocessings to directly con-
tribute to the enhancedxperienceof the user A typical
exampleis to performglobalillumination onthe model.



In following subsectionswe describemain kinds of
dataorganizationswhich are generatedas a part of pre-
processinghase.

3.1 Accelerating Rendering

Therearetwo basicprinciplesbehindvariousalgorith-
mic approachegying to acceleratérame-rateandachiese
interactive renderingspeeds:

1. Do not even attemptto renderary geometrythatthe
userwill notultimatelysee.

2. Rendergeometryin justenoughdetailto becorrectly
from userview point.

As all thesetechnigueshave someruntimecomponent,
we will only briefly mentionvarioustechniqueshere. Re-
fer to Sections for moredetaileddescriptionof thesetech-
nigues.

Techniquedasedon thefirst principle, calledvisibility
culling, includesetof techniquedik e view frustumculling,
back-faceculling, andocclusionculling. Occlusionculling
attemptso remove objectswhich areoccludedby objects
in the front basedon the currentviewpoint. To perform
this testefficiently at runtime, specializeddataorganiza-
tions (priority lists) or large occludersare used. Suchin-
formationsis derivedfrom themodeldataat preprocessing
time.

Techniqueshbasedon secondprinciple can be further
classifiedinto either multi-resolution meshesor image
basedenderingechniquesin multi-resolutionmesh(also
known aslevel-of-details)approachprogressiely simpli-
fied versionsof large and/orcomplex meshare precom-
puted.At renderingtime, basedn certainview-dependent
parametersappropriatdevel of detailmeshrepresentation
is choosen.In imagebasedrenderingtechniquesa large
partof modelis substitutedby animagewhich is textured
on a simple geometryprimitive. This techniqueis also
known as“imposters”. In specificapplicationdik e archi-
tectural ervironmentswalkthroughs,the model structure
canbe effectively exploitedto make useof suchimposter
imagesn placeof doorandwindow openingscalled“por-
tals”. Thistechniquenasshavn goodspeedupsyut suffers
from parallaxproblems(see[44]).

3.2 Enabling Responses

Many graphicsapplicationgproviding visualizingcapa-
bilities for large modelsneedto provide variousinterac-
tionsover andabove basicview manipulationcapabilities.
A typical heritagearchitecturalwalkthroughapplication
may needto startan audio explaining significanceof an
intricate structurethe useris currentlyviewing, or an me-
chanicalCAD productinspectionapplicationmay needto
provide detailsof atiny partin ancomple< assemblySuch
interactiongposeanotherevel of challengewhendealing

with very large models.Most suchinteractionsandmedia
triggersarebasedon few basicqueriesfor collision detec-
tion, distancecomputatiorendvisibility tests.

The inherentstructureof the modelis typically used
to provide fastresponseso suchproximity and visibility
gueries. Media associationsre storedin somekinds of
2D or 3D mapswhich mimic the form of model. These
methodsarefar from automaticandareapplicableonly to
specificmodeltypes.

A numberof generalalgorithmshave beenproposed
for performingproximity andvisibility queriesongeomet-
ric models. Typically, boundingvolume hierarchiesare
usedto acceleratahesequeries. Axis alignedbounding
boxesaresimplest,but recentlyproposedrientedbound-
ing boxes k-DOPsandsphericakhellsaremuchtighterfit-
ting to objectsandperformmuchbetter Onedravbackof
thesetechniquess the considerablestoragerequirements,
which may becomeunacceptabldor very large models.
Wilson et. al. presenta new datastructurecalled overlap
graphwhich exploits the locality of computationto per
form proximity queriesat interactve speedson massie
modelswith smallmemoryfootprint.

3.3 Enhancing Visualization

Smoothnavigation capabilitieswith interactve frame-
rateis one(althoughanimportantone)of thefactorin pro-
viding good walkthroughexperience. Anotheroneis ac-
curateillumination of the model. To achiese high-quality
renderingof the model, global illumination techniques
are used. Thoughtheseare notoriouslyfamousfor their
slownesstechniquedik e radiosityandpatrticaltracingare
view-independendindcanbecarriedoutasapreprocessing
step.Generatedluminationin theform of colorproperties
of the verticescanbe fed to the Z-buffer basedrendering
engineat runtime. Evenasa preprocessingtep,the large
modelspresenta challengeo thesetechniques.

4 Storageand Transmission

The large size of the datarepresenting8D modelsaf-
fectstheir accessn two major ways: (a) the modelsre-
quire a hugestoragespace and(b) it takesa long time to
load the modelsin memoryfor further processinguchas
rendering,illumination computation,etc. For theserea-
sonsmary researcherbave rigorously exploredthe areas
of compressiorand progressie transmissiorof 3D mod-
els.

4.1 Compact Storage

A largeamountof researclon compressionf geometry
hasconcentrate®n modelsthat consistof very few large
trianglemeshesepresentingnanifold. The classof mod-
els madeup of a large numberof small mesheshasbeen
largely unexplored by the graphicscommunity so far for
compression.



Initial interestin compressiomf geometryaroseout of
needfor minimising the datasentto renderingpipe. The
ideasimplementedin 3D drawing toolkits like OpenGL
[52] aretriangle strips andtriangle fans. The compaction
is achieved by avoiding the useof repeatedeferencego
verticesfor connectegbolygons.Longerthetrianglestrips,
higher is the utilization of the bandwidthof the render
ing hardware. Optimizing the triangle strips of a mesh
for fastrenderinghasbeenstudiedextensively [21]. The
ideaswere restrictedto triangle strips and triangle fans
until Deerings paper[17] introducedgeneralized triangle
meshes by definingoperatorso encodethe traversalover
thetrianglesin themesh.

Strategjiesfor compressiomf meshedroadlybelongto
thefollowing classes(a) graphtraversalbasedlecomposi-
tion of meshes(b) quantizatiorof geometryandattributes
for lossycompression(c) useof predictordor compacting
the dynamicrangeof valuesto be encodedand(d) signal
processingpproacHor compressionf geometry Most of
the reportedworks combinemultiple strategjiesto achieve
compressegtorageof 3D models.

Largebodyof geometrycompressiomesearcthascon-
centratedn cleverencodingof theconnectvity amongthe
verticesin the mesh. Theseencodingsseekto minimize
and localize the repeatedreferencedo vertices,thereby
achieving a compactdescriptionof the mesh. The num-
berof trianglesis roughlytwice thenumberof verticesand
eachvertex is referencedn 5 to 7 triangles,which shows
thatlargepartof therepresentationf themodelis thedefi-
nition of connectvity amongthevertices.Thisobsenation
hasencouragea lot of work to develop schemego mini-
mizetherepeatedeferenceso vertices.

Many researcher§40, 48, 50, 26, 32] have published
detailedstratgyiesbasedon graphtraversal. The connec-
tivity is typically encodedastraversalof the graphof as
spanningtreesof verticesandthe spanningtreesof poly-
gons(the dual). Eachschemeusessometraversalof the
graphwhile encodingthe stepsin the pathto unambigu-
ously reconstructhe original connectvity. The geometry
andthe attributesare predictively codedby taking advan-
tageof thethe coherencdetweerthe successie positions
in thetraversal.

In most of the architecturalmodelswe worked with
the meshedhave texture maps. In orderto capturediffer-
entmappingcoordinatest vertex positionssharedoy two
polygons,the verticesarerepeated.Due to this condition
of thedatathe graphtraversalsreferredabove do not work
verywell andcausealargeoverhead.

Besidesompactlyencodingheconnectvity, almostall
publishedwork reportsschemegor compressiomf geom-
etry andattributes. Deering[17] usedquantizationof the
coordinatevaluesfrom 32 bits to 16 bits, useof 9-bit in-

dex into a global list of valuesfor normalsanda 15 bit
representatioof colourvalues.

Quantizationof coordinatesand colour valuesleadsto
anindiscriminatetruncationof the accurag regardlessof
thefeaturesin the geometricmodels. Predictve encoders
performmuchbetterby takingadvantageof the coherence
in the datato predictthe value of the next elementin the
sequenceDependingon the conditionof the dataandthe
characteristic®f the predictorthe predictionerrorsvary.
Predictorscan be designedso that most error valuesare
small and only a few are large. Theseerror valuescan
then be quantizedeffectively and then entrofy codedfor
compactepresentation.

Signal processingbasedtechniqueshave beenin use
for handlingtriangle meshdatafor applicationssuchas
surfacefairing [45], multiresolutionanalysis[27]. These
techniquesarebasedn constructiorof a setof basisfunc-
tionsfor decompositiorof theatrianglemeshinto signals.
Thesesignalshave componentsaicrossa spectrumof fre-
guencesThelow frequeny componenti thesignalscor-
respondo smoothfeaturesn meshesandhigh frequengy
componentcorrespondio discontinuitiesin the meshes
suchascreasesfolds andcorners.

Karni andGottsman33] proposecdh spectralcompres-
sion techniquefor triangle meshdata. For spectralde-
compositionof the meshgeometry they constructa set
of orthonormalbasisfunctionsfrom the connectvity re-
lationshipwithin the mesh. For smoothmeshesthe high
frequeny component®f thesespectrawill have very in-
significant values, which can either be truncatedor be
guantizedamonga small numberof discretevalues. This
provides a novel geometrycompressioridea which can
be employed with any connectvity compressiorscheme.
This compressiorschemds analogougo the JPEG image
compressiolgorithmthatdecomposethediscretedmage
signalin termsof coeficientsof cosinebasisfunctions.

4.2 Transmissionof Models

Deployment of large modelsin collaboratie erviron-
ments requirestransmissionof models over networked
workstationsin a LAN andover the Internet. The limited
bandwidthsof communicatioramongthe cooperatingele-
mentshave motivatedresearchn progressietransmission
of 3D models. Sharingof complex modelsover the inse-
cure communicationmediahasraisedconcernsof copy-
rightsandintellectualpropertyrightsin deploying models
createcdby incurringalargecost.

4.2.1 Progressvetransmission

Progressie transmissionof geometric models aims to
trasmita coarserepresentationf the modelfirst andsub-
sequentlytransmitthe detailsto refineit. Compression



stratgieshave beenusedin the progressie representation
of modelsto alsomake the entiretransmissiordatacom-
pact. Many groupshave developedcompressiorschemes
incorporatingprogressie transmissioncapabilities. Pa-
jarola and Rossignac|38] have extended Hoppes Pro-
gressve Mesheg[29] to obtaina compressedepresenta-
tion. Cohen-Oretal [13] have createda vertex decimation
basedrianglemeshhierarchyfor simplificationandrefine-
ment of models. Progressie transmissionof the model
is achieved by first sendingthe coarsesimplified model,
followed by information for reconstructingthe original
model. Thevertex insertiondetailsareencodeccompactly
to achieve compression. Taubin et al [47] discusstheir
schemefor compressiorand progressie transmissiorof
clusteredmulti-resolutionmeshes.

In progressieforestsplit compressiory Taubinet. al.
[46] a manifoldtrianglemeshis alsorepresentedsa low
resolutionpolygonalmodelfollowed by a sequencef re-
finementoperations.The forest split operationwhich can
be seenasa groupingof seseralconsecutie edgesplit op-
erationsinto a setinsteadof a singlelarge sequencepro-
videstradeof betweercompressiomatio andgranularity

Theschemeshatcombinecompressiomndprogressie
transmissioralwayshave a tradeof betweencompression
andadditionaldatato be usedfor progressie representa-
tion of themodels.

4.2.2 Intellectual property rights

Theinitial solutionto the problemof ensuringcopyrights
andrestrictedaccessvasthroughencryptionof modelsus-
ing encryptionalgorithms.Howevertheonusof protecting
theencryptionkeys andensuringthatthe decryptednodel
is not stolenis onthe consumer®f themodel.

Watermarkingprovidesa mechanisnfor copyright pro-
tection of digital mediaby embeddinginformationiden-
tifying the ownerin the data. Rolust watermarkingmust
be ableto survive a variety of “attacks”, including resiz-
ing, croping andfiltering. For ownershipclaims, water
marksencodethe fact that the documentwas createdby
the owner. To be effective, the watermarkschememust
minimise the probability of false-positive results— incor-
rectly assertinghata documenin watermarledwhenit is
not. To decreasehe probability of false-positie claims,
the watermarkis usually encodedn the documentusing
vector coeficients. This vectoris comparedto that ob-
sened in the suspecidocumentandthe ownershipclaim
is basedon their statisticalcorrelation. Many researchers
have recentlypresentedschemesgor robust watermarking
of dense3D meshe$39, 7].
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Figure6: Run-timeprocessingdor interactive visualization

5 Rendering

These steps which form the apex of the graphics
pipeline arethe mostaffectedby the large size and com-
plexity of the model data. Thesestepsform the run-
time portion of the graphicspipeline. As the rendering
speedis very importantto end users,the performanceof
thesestepsis crucialin decidingthe succes®of the entire
project/program.

As discussedn previous Section3, mary of the tech-
nigueswhichaimto improve renderingperformancebuild
extensve datastructuresy pre-processinthe 3D model.

Forverylargemodels asingletechniquearelysufiices.
The combinationof techniquego be usedto achive bet-
terperformancalependonthemodelcharacteristicsser
priorities of the performanceparameterandthe effective
utilization of the availableresources.

In this sectionwe outline suchtechniquesisedfor inte-
active visualizationof large models.

5.1 Visibility Culling

Visibility culling techniquestry to send a graphics
primitive to renderingpipeline only if it hasarny impact
on the display If the objectis outsideview frustum
(view culling), facingaway from the view point (backface
culling) or occludedby objects(occlusionculling) these
techniquescull the object. A greatamountof work has
beendonein both ComputerGraphicg54] andComputa-
tional Geometry[16].

A typical attemptto solve visibility problem useshi-
erachicalocclusionmaps|[55], an object-spacédounding
volume hierarchyand anotherhierarchyof image-space
occlusionmaps. For eachframe, a setof objectsfrom a



pre-computediatabasés chooserto be occludersandare
usedto cull geometry Othersimilar work is hierarchical
Z-buffer [25], andobjectspacevisibility culling [49], [15].

5.2 LoD Selection

Complex objectswhich are far away or small can be
substitutedby their simplified versionsto speedup the
renderingprocess. Generallythesetechniquesapproxi-
matethe complex objectby its simplervariationstermed
levels-of-detailgLoDs). The LoDs canbe generatedtat-
ically with or without humanassistanc§l8]. Therealso
have beensome attemptsto generatethe LoDs on the
fly [30] and generatingview-dependensimplification of
the meshedmodels[53]. Slightly older, but still a good
overview of thepolygonalmodelsimplificationmethodss
givenby Carl Erikson[20].

5.3 Image BasedRendering

Theideaof replacinga 3D modelby arenderedmage
canbetracedbackto theideaof ernvironmentmaps[10].
Theirdirectapplicationto therenderingwasusedby Chen
andWilliams usingrangeimages[12]. This approachel-
lowed limited motion arounda viewpoint by using pre-
renderedmagesof the scene.More involved approaches
include the use of panaromicdmagesusedin Quicktime-
VR [11] andplenopticmodelling[37]. Maciel andShirley
[36] introducedideaof image“imposters”. In their work,
ahierarchyof a 3D complex modelis createdpnthefaces
of boundingboxesimagesof the clustercontentsarecre-
ated.Theseémagesareusedin placeof box contentsvhen
thisrepresentatiois judgedsufiicient. In otherapproaches
[43] imagesof distantscenerarecachedandreplacecom-
plex geometrybasednimagediscrepanyg criteria.

The ideaof representingdD scenesasa light field or
lumigraphwas presentedoy [34] and [23], respectiely,
where scenegeometrycompleity is relatively unimpor
tantand projectionsof this representatioare extractedto
generatémages.

5.4 Frame-rate Budget

As theadvancesn graphicshardwarehasnot beenable
to keeppacewith the sizeand complexity of the models,
variousnew algorithmshave evolvedto renderthe geom-
etry in the approximateform. Suchalgorithmstradethe
quality of therenderedmagewith thetimerequirecto ren-
derit. With sucha choiceof techniquegorming the spec-
trumontheoutputframerate,aconcepof renderingrame
rate budgethasevolved. Thetargetframerateis decided
first. Thento achieze andmaintainit, a setof techniques
are chosenautomaticallyby the system. If thereis less
amountof time perframe,heary useof imposterss made.
Evenwhile renderingnearbygeometrythe choiceof LoDs
andtherenderingorderof polygonsis drivenby thetarget
framerate.

Suchmethodsare good in sustainingthe frame rates.
As notedby [22] maintaininga nearconstanframeratein
walkthroughsystemswhich may not be very high, is im-
portant. The time per frameis allocatedto varioustasks
needto be performedin the system,including prefetch-
ing and rendering. The renderingtime is further allo-
catedto renderingdistantobjectsusingfastrenderingech-
nique(typically imagebasedyandrestis spentin rendering
nearbyvisible geometryusing LoD. For very large mod-
els,eventhisfilteredmodelcannotbedirectlyrenderedis-
ing hardware. Specificorderingof neighbouringpolygons
X proposedn [14] maximizesthe likelihoodof rendering
visible polygonsbeforeoccludedonesfor any givenscene.

6 Interactions

Apart from the basic view manipulation,i.e., walk-
though,usermay interactwith the modelin variousform.
In walkthroughapplications,userexpectsto collide with
rigid structuresin the path, while in model inspections,
userneedscapabilitiesto pick andqueryassociatednhfor-
mation. Grabbingand manipulatingvirtual objectsis an
importantuserinteractionfor immersie virtual ernviron-
ments.

Dynamicobjectbehaviors play a significantrole in en-
hancingtherealisticandimmersie experienceof theuser
Suchbehaiors also provide valuablecluesaboutmodel
characteristicto the user which are not apparantfrom
visual inspectionalone. In cultural heritagesite walk-
throughs, informative audio-visualswhich are not trig-
gereddirectly by theuserarevery useful.

Following subsectionprovide moreinsightinto some
majorproblemsfacedwhile providing suchend-useinter-
actionswhendealingwith largeto modeldata.

6.1 Collision Detection

The most important of the interaction problem that
needsto be addresseds the collision detection,which
arisesin variousform in mary applications. In architec-
tural walkthroughsthe navigatoris generallyconstrained
notto walk throughthewalls andsimilarrigid structureso
enhanceealism. In virtual andimmersive ervironments,
which areusedfor modelcreationanddesignreviews, in-
teractive and direct manipulationof virtual objectsneeds
to be supported.Sucha functionality effectively usesin-
terferencaletectionanddistancecomputation.

As describedearlier variousformsof boundingvolume
hierarchiesareusedto acceleratehesequerieswvhendeal-
ing with large models.Thesehierachiesarebuilt from the
modelin the preprocessingtage. Thoughthis precom-
putationreducesruntime overheadof collision detection
substantiallythe methodworkswell only for staticmodel.
A methodpresentedy Wilson et. al., addressethis is-
sueto someextent. In their systemimmpact,they handle



dynamicernvironmentsby modifying precomputednierar
chiesonthefly by takingadvantageof spatialandtemporal
coherence.

6.2 Picking and Manipulation in 3D

Therearevariety of existing techniquesvhich attempt
to solve the problemof picking and manipulatingremote
objectsin (immersie) visualisationsof large models. In
non-immersie visualisations,the pointer on the image
planeis usedto pick the projectedobject. Thisis a natural
extensionof the desktoppick. In immersie virtual ervi-
ronments the problemis tougherto solve. Two common
methodsusedare arm-etensionandray-casting.Iln arm-
extensiontechniqueusers virtual armis madeto grow to
thedesiredength. Thoughthe manipulationsisingvirtual
handare easy grabbingobjectmay be difficult if the ob-
jectis smallof far. In ray-castingtechnique yvirtual light
ray is usedto grabthe object. Thenthe caseis exactly
reversed. Therehave beensomeattemptsto createsome
hybrid methodshaving benefitsfrom bothtechniques.

In spiteof the interfaceprovided,the actualprocessing
of the pick query remainsa challengefor large models.
This typically amountsto someform of ray objectinter-
section.Commontechniquedo acceleratsuchoperations
like, simplified boundingobjectsandcachedist of visible
objectsareused.For verylargemodelssuchdatastructures
arehierarchicallymaintained Suchhierarchiesaresimilar
to or even sameas, the hierarchiesusedfor accelerating
collision detection.

7 Managementof Run-time Data

The huge amountof data associatedwvith very large
modelsto bevisualizedinteractively posesadifficult prob-
lem of databasenanagementThe large amountof datais
presentin the form of geometry textures, pre-computed
datafor the accelerationof interactions,rendering, en-
hancemenbf visual quality, etc. All of the datacannot
be loadedin the mainmemoryat a giventime. To handle
the large run-time databasdor theseapplications.elabo-
ratescheme$ave beendesigned?2].

The main memoryaswell asthe texture memorymust
be managedn orderto optimally utilize the resourceof
the given hardware. Budgetingof eachtype of memory
mustalsobe doneto ensurehatthe operatingsystemdoes
notincur too mary pagefaultsin accessinghe hugerun-
time dataloadedin the virtual memory

An equivalentof demand paging donein operatingsys-
temsis requiredin caseof the large modelsandtheir as-
sociateddata. This requiresa partitioningschemefor de-
composinghemodelinto partsthatareloadedondemand.
The decompositiorschemesare typically hierarchicalin
nature.Thesehierarchiexouldbe spatialor object-based.

To achieve efficient managementof the run-time
databasea large amountof pre-processingf the large

modelis doneto build an associatedlatabasef occlud-
ers,LoDs,impostersyisibility setsandevent-basednedia
activationmaps.

8 Integrated Systems

Whereas eachalgorithmic techniqueso far discussed
by itself reduceghenumberof renderedgrimitives,noone
techniquesufficesfor interactve walkthroughsof the most
large models. Moreoverm eachtechniqueachieres great
speeduponly for particular subsetsof primitives. Any
generalsystemfor interactive walkthroughsneedsto in-
tegratemary suchtechniques.

One such framework for walkthrough of very large
model3D modelis [3]. They have proposedanintegrated
framawvorkwhichdescribalatabaseepresentatiorpresent
an effective pipelineto manageall systemresourcesand
demonstratéhe systemon a massve model of coal-fired
power plantconsistingof 15 million triangles. They have
reportedspeedupsangingfrom 50 to 100 times by inte-
gratingmultiple technique$4].

Several industrial vendors,including Silicon Graphics
andHewlett-Packardhave proposedirchitectureandAPIs
for interactve displayof large CAD models[28], [31].

The BRUSH system[41] developedat IBM, provides
an interactve ervironmentfor the real-timevisualization
andinspectionof very large mechanicalCAD (andarchi-
tectural)model.
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