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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, GIS terrain 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
Recentyearshaveseenincreasinguseof large3D mod-

els in various application domainssuch as engineering
designand manufacture,architecture,medical imaging,
GIS, art restorationstudiesand heritagesite documenta-
tion. Virtual walk-throughsof architecturaland power
plantmodelsdeploy datahaving tensof million polygons
defining the geometry. In addition thesedataoften have
rich textures, associatednon-visual information and be-
haviours such as dynamically changinggeometries,re-
ponseto interactions,etc. Laserrangescannersare be-
ing usedto obtaindetailed3D modelsconsistingof many
million triangles. Visual inspectionof such large mod-
els involvesachieving a real-timeperformancefor inter-
active rendering. GIS applicationshave terrain dataand
associatedinformation which is often hugeand requires
specialisedtechniquesfor achieving interactive rendering
speeds.

The sheersize and complexity of thesemodelspose
many challengesin effectively utilising themin interactive
graphicsapplications.Figure1 identifiesthesechallegesin
the form of a pipelinethathasevolvedthroughthe appli-
cationswe have developedandstudied. In this paper, we
identify the problemsfacedin eachstageof this pipeline
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Figure1: Graphicspipelinefor largemodels

anddiscussvariousapproachesto solve them.
Eachstagein thepipelineis significantlyaffectedby the

characteristicsof themodelat handandof coursetheend-
goal of the application. However, irrespective of the pro-
cessusedfor acquiringthe geometryandattributesdata,
thecommoncharacteristicsfound in the raw dataare: (a)
thegeometryis usuallyrepresentedasa soupof polygons,
(b) thereis no hierarchicalstructurein the model,(c) the
datamay have degenerategeometric/topologicalfeatures
suchasgaps,overlaps,duplicatedgeometry, hiddengeom-
etry, etc.Theseproblemsin theraw datamustbehealedto
make the datasuitablefor usein the ultimateapplication.
Usually the 3D model is transformedinto a format that
is suitablefor the application. The dataformat may then
be further transformedfor compressedstorage,encrypted
or watermarked for the protectionof intellectualproperty
rights,or maybestoredfor aprogressivetransmissionand
eventual rendering. At run-time, the processingcarried
out by the renderingengineis typically basedon frame-
time budgetdeterminedby the desiredframe-rate. The
per-framecomputationtypically involvesdecisionsabout
selectionof level-of-detail of the model, computationof
dynamicgeometries,detectionof collisions, interactions
likeselection,feedback,andsoon. To facilitateinteractive
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Figure2: Creationof largemodels

frame-ratesandefficient handlingof responseto userin-
teractionsspecialrun-timedatabaseorganizationschemes
areneeded.Theseschemessupportspecificalgorithmsfor
visibility culling, collision detectionandresponse,andso
on.

Basedon our studies,we have encounteredtwo kinds
of large models: (a) Thosehaving a few connectedcom-
ponents(very often a singlemesh)formedby densecol-
lectionof largenumberof polygons.Notableexamplesare
StanfordBunny having over50,000triangles,thestatueof
David from theDigital Michelangeloprojectdefinedwith
millions of triangles.A specialcaseof suchmodelsis seen
in theform of terraindatawhich is alsovery dense,but is
a height-fielddata.(b) Thoseconsistingof a largenumber
of meshes,eachdefinedby upto a few hundredtriangles.
Examplesof suchmodelsare large architecturalmodels,
complex power plant models,etc. We have seenthat the
setof techniquesneededat variousstagesof the pipeline
aredifferentfor thesetwo differenttypesof models.

In thefollowing sections,we describethestagesof the
pipelinedgraphicsarchitecturefor handlinglargemodels.

2 Creation of Lar geModels
Preparationof 3D geometrycontentandassociateddata

for interactive applicationshas beenknown to be a la-
borious task. Besidesthe difficulties facedin obtaining
sourcesof informationrequiredfor modelingthecontent,
the technologicalissuesof creatingthe modelposechal-
lenges.Thesechallengesare(a) selectionof suitabletools
for manuallycreatingmodelsor semi-automaticallyscan-
ning models,(b) representationof thelargedatagenerated
in acquiringthe model to make it suitablefor the appli-
cation,(c) detectionof errorsin the modelandcorrection
(alsocalledhealing),and(d) integrationof themodeldata
to establishassociationamongthevariousmediaelements
suchasgeometry, textureimages,video,soundandanima-
tion.

In this sectionwe outline varioustechniquesusedfor

Figure3: A partof Diwan-i-Khaaspalaceof FatehpurSikri
– theentiremodelis definedusing2.5million trianglesand
25megabytesof textures.

acquiringandconditioningdatafor interactive visualiza-
tion applicationsneedinglarge models. Figure2 outlines
theproblemsaddressedduringthecreationof models.

2.1 Acquisition Techniques
Dependingon the kind of model to be acquired,dif-

ferent tools are used. Architecturalandmachinemodels
aremodeledusingmodelingtoolslike AutoCAD, 3D Stu-
dio, etc. The output of such tools is typically a collec-
tion of polygonmeshesalongwith texturemaps.The in-
teractionsusedto createpartsof the model include: ex-
trusion,sweep,booleanoperationsbetweensolids, inclu-
sionof pre-definedcomponentsfrom library of well known
standardmodels.A partof a complex modelcreatedusing
AutoCAD and3D Studiois shown in Figure3. Thismodel
is a partof FatehpurSikri walkthroughproject[1] carried
outat NCST.

Texturesfor suchmodelsareobtainedby scanningpic-
turesof therealmodelsor by creatingthetexturesin image
editing tools. A 3D modelingtool is thenusedto define
texture mappingschemefor generationof texture coordi-
natesfor the model. This processis extremelylabourin-
tesive, however, it is also the most commonlyemployed
techniquefor thecreationof largemodels.Typically many
designerscollectively createa large model over a period
of time. This often leadsto inconsistenciesin the model
anderrorsin data. Theseerrorsmustbe painstakingcor-
rectedif therearenoautomatedmodelvalidationandheal-
ing tools.



To obtain3D modelsof sculpturesandcomplex curved
artifactssomeresearchershave usedlaserrangeimaging
scanner. Therangeimagesaretypically formedby sweep-
ing a1D or 2D sensorlinearlyacrossanobjector circularly
aroundit (seefigure4).
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Figure4: 3D scanningprocess:(a) at a givenpositionof
thescanner, a sequenceof depthvaluesaremeasured,(b)
usinga sequenceof suchpoints,a triangulationis created
with a regularstructure.

The regular structureof scannedpoints is utilised to
generatearegularconnectivity triangulationof thescanned
surface. To completelycapturethe detailsof an object,
multiplerangeimagesmustbeobtainedfrom variouscam-
eraposes.Eachsuchrangeimagegivesa trianglemesh.
Suchmeshescapturedfrom many cameraposesare then
mergedor stitchedtogetherto createa single3D triangle
meshmodel(see[51] for a stitchingalgorithm). With the
improvementin the resolutionandaccuracy of the scan-
nersmany hugemodelshave beencreated.While thede-
tailed modelsserve asan authenticrecordof the 3D ob-
jects,they tendto beextremelylargefor storageandtrans-
mission. Mark Levoy et al workedon acquisitionof very
detailedmodelsin theirDigital Michelangeloproject[35].
Theenormousmodelsdigitized for theprojectinclude10
statuesfrom two buildingsaddingup to 2 billion polygons
and7000images.Thestatueof David aloneconsumes32
gigabytesof datain capturedgeometry. Similar work has
beenreportedasapartof IBM’ sPietaProjectfor scanning
detailed3D models. RecentlyBernardiniandRushmeier
presentedtheir 3D modelacquisitionpipeline [9] to cap-
turelargeamountof data.

2.2 Healing of Lar geModels
The modelsacquiredusingvarioustechniquesarenot

alwaysdirectly usablein the applicationswithout signifi-
canttransformations.Thereis alwaysamismatchbetween

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

Themismatchcouldbefoundin thefollowing different
ways:
1. Data formats: Themodelingpackagesoftenhave their
own proprietarydataformats for storing the 3D models
created.Theformatprimarily usedby aparticularpackage
usuallycapturesall featuresof the constructiontools and
procedureswith high fidelity. Theend-applications,how-
ever, oftenrequirethesemodelsin adifferentfile formatas
well asin termsof differentdataentities. For example,a
versatileNURBS modelingpackagemaybeusedto design
surfacegeometryof a3D object.Forusingthe3D objectin
avisualizationpackage,onewouldhave to tessellatethese
modelsinto triangulatedsurfaces. This leadsto approx-
imations inherentto the discretizationprocess. Various
“neutral” file formatsexist for CAD dataexchange– IGES,
STEP, etc. Modelersfor architecturalgeometrylike Au-
toCAD, 3D animationpackageslike 3DStudioMax, Alias
Wavefront,SoftImagehave their own proprietaryfile for-
mats.Translationof modelsacrossdataformatsis asignif-
icantmismatchproblem.
2. Lack of structur e in the data: In many casesthe ge-
ometrydatais organizedasa“soupof polygons”[5]. Han-
dling such data for geometrymanipulationis extremely
difficult becauseof lack of structureand grouping defi-
nition. A healingpackagemust give a structureto such
a geometryby looking for a coherentstructurein the un-
structured3D data.
3. Gaps, holes and T-junctions: 3D modelsdescribed
usingpolygonmeshescanhave topologicalinsanitieslike
gapsbetweentwo meshesattemptingto representan ob-
ject with closedsurfaces.Suchgaps/holesin thedatacan
causeerrorsin simulationprogramssuchglobal illumina-
tioncomputationby radiositymethods[6]. T-junctionscre-
atetopologicalholesin modelsdefinedusingmultiplesur-
facecomponents.Topologicalsurgery is requiredto cor-
rectsuchproblemsin thegeometry.
4. “In visible” geometry: Therearemany differentsitua-
tionswhenpartsof themodeledgeometryis notvisibledue
to thefollowing reasons:(a)Unusedvertices,(b) Dangling
edgesand(c) Hiddenpolygons. This invisible geometry
doesnot contribute in usefulmannerto the end applica-
tion, but posescombinatorialoverheadto thecomputation.
5. Excessdetail: Eitherdueto thedataacquisitionprocess
or contentcreator’s preference,excessive detailsarecap-
turedfor modelswhich canbedescribedusingmuchless
data.Excesslevel of detailaffectstheperformanceof data
visualizers,walk-throughprogramsetc. Many approaches
exist for reducingthedetailsof themeshesby waygeome-
try simplification[42, 29] andtopologysimplification[19].
6. Overlapping geometry: Probablythemostdifficult ge-



ometry insanity to handleis that of overlappinggeome-
try. Completelyduplicatedgeometrycanbetrivially elim-
inated.But partialgeometricoverlapbetweentwo surfaces
requirestrimming of surfacesaresomearbitrarypoint of
contactbetweenthe surfaces.handlingthis automatically
is difficult, but interactive manipulationby expert useris
feasible.
7. Volume of data: With increasingusageof 3D content
overtheInternetandincreasein thecomplexity of thedigi-
talmodels,specialtechniquesfor compressionof geometry
datahavebecomeimportant.Varioustopologicalandgeo-
metricencodingmethods[17, 29, 40] have beenexplored
by researchersfor achieving highcompressionratios.

2.3 Modeling of Dynamic Behaviour
Capturingdynamicbehaviour of 3D modelshasbeen

a challengingproblem. By dynamicbehaviours we mean
the following kinds of characteristicsin the model: (a)
non-interactive: fixedanimationsperformedby transform-
ing geometry, and(b) interactive: changein geometry, at-
tributesor animationsbasedon interactiveuserinput.

Thefixedanimationsareusuallystraight-forwardto im-
plementin a model,sincethey needto bestaticallystored
with the modelandplayedbackon demandwhile visual-
izing themdoel.For exampletheanimationof ripplesand
waves in animatedwater implementedin FatehpurSikri
project[1] hasapre-determinedanimationassociatedwith
thegeometry(atrianglemesh).Theanimationis computed
on fixedintervalsto updatethegeometryof themodeland
renderedon demand.

An interactively influencedchangein the geometryof
themodelhasbeenimplementedusingvery sophisticated
techniquesfor handlingdeformationsof geometricmodels
[8, 24]. We discussdetectionof collision andresponsein
Section6.

2.4 Integration of Model
Usually the variousactivities like modelingof geome-

try, modelingof dynamicbehaviour, creationof otherme-
diaelementslike images,textures,audio,videoarecarried
out using independenttools and different environments.
Integration of all thesemediaelementsinto a single in-
teractive visualizationapplicationis a necessarytask in
thepipeline.Thisstageof developmentinvolvessub-tasks
like: (a) associationof animationswith geometricmodels,
(b) spatialandheirarchicalplacementsof mediaelements
for thedesiredvisualexperience,and(c) definingtemporal
associationbetweenthebehaviour andgeometricmodels.

Mostly the requirementsof integration are vastly dif-
ferentwith respectto differentapplications.Theplanning
of the integrationschemehaslargely beenad hoc in the
applicationswe studied[1, 2]. However it is hardto antic-
ipate the requirementsof all future visualizationsystems
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for largemodelsanddevelopasystemfor facilitatinginte-
grationof multiple kindsof mediaelementsfor interactive
visualization.

3 Application SpecificPreprocessing
Allowing userto interactively navigatethroughthe 3D

modelis oneof thebasicobjective of mostgraphicsvisu-
alizationapplications.Thereis aneedto maintainasteady
and interactive frame rate while rendering3D modelsto
avoid flicker and eye fatigue. Very large modelsposea
challengein thisrespect,evento high-endgraphicsrender-
ing systemssuchasSGIInfinite RealityEngine.Moreover
themodelsizesareincreasingfasterthanhardwarerender-
ing capabilities. Thus thereis a continuousneedfor in-
novativealgorithmictechniquesto acceleraterenderingof
largeandcomplex 3D models.

Many techniqueswhich acceleratethe rendering of
complex scenesandenhancethe quality of visualization,
especiallyfor very largemodels,rely on thepreprocessing
of the modeldata. Thesetechniquesuseinvolvedandin-
geniousdatastructuresappropriatefor the specificmodel
dataat hand. The largemodeldatais preprocessedto ex-
tractthis kind of data.Suchdatastructurescanbebraodly
classifiedinto threecatagoriesbasedon their effectiveuse
in therenderingphase.Thesecatagoriesareshown in Fig-
ure5 asassocitedwith preprocessingstage.First arethose
whicharedirectlyusedto acceleratetherendering.Typical
examplesaregenerationof level-of-detailsandselectionof
large occludersfor occlusionculling at run time. Second
classof dataorganizationspartition the largemodelspace
for efficientqueryprocessing.For example,cell basedpar-
tition of the modelcancreatedto help trigger associated
mediaactivation events in an architecturalwalkthrough.
The last classof model preprocessingis to directly con-
tribute to the enhancedexperienceof the user. A typical
exampleis to performglobalillumination on themodel.



In following subsectionswe describemain kinds of
dataorganizationswhich are generatedas a part of pre-
processingphase.
3.1 AcceleratingRendering

Therearetwo basicprinciplesbehindvariousalgorith-
mic approachestrying to accelerateframe-rateandachieve
interactiverenderingspeeds:

1. Do not evenattemptto renderany geometrythat the
userwill not ultimatelysee.

2. Rendergeometryin just enoughdetail to becorrectly
from userview point.

As all thesetechniqueshave someruntimecomponent,
we will only briefly mentionvarioustechniqueshere.Re-
fer to Section5 for moredetaileddescriptionof thesetech-
niques.

Techniquesbasedon thefirst principle,calledvisibility
culling, includesetof techniqueslikeview frustumculling,
back-faceculling,andocclusionculling. Occlusionculling
attemptsto remove objectswhich areoccludedby objects
in the front basedon the currentviewpoint. To perform
this testefficiently at runtime,specializeddataorganiza-
tions (priority lists) or large occludersareused. Suchin-
formationsis derivedfrom themodeldataatpreprocessing
time.

Techniquesbasedon secondprinciple can be further
classified into either multi-resolution meshesor image
basedrenderingtechniques.In multi-resolutionmesh(also
known aslevel-of-details)approach,progressively simpli-
fied versionsof large and/orcomplex meshare precom-
puted.At renderingtime,basedoncertainview-dependent
parameters,appropriatelevel of detailmeshrepresentation
is choosen.In imagebasedrenderingtechniques,a large
partof modelis substitutedby animagewhich is textured
on a simple geometryprimitive. This techniqueis also
known as“imposters”. In specificapplicationslike archi-
tecturalenvironmentswalkthroughs,the model structure
canbeeffectively exploited to make useof suchimposter
imagesin placeof doorandwindow openings,called“por-
tals”. This techniquehasshown goodspeedups,but suffers
from parallaxproblems(see[44]).
3.2 Enabling Responses

Many graphicsapplicationsproviding visualizingcapa-
bilities for large modelsneedto provide variousinterac-
tionsoverandabovebasicview manipulationcapabilities.
A typical heritagearchitecturalwalkthroughapplication
may needto start an audio explaining significanceof an
intricatestructuretheuseris currentlyviewing, or anme-
chanicalCAD productinspectionapplicationmayneedto
providedetailsof a tiny partin ancomplex assembly. Such
interactionsposeanotherlevel of challengewhendealing

with very largemodels.Most suchinteractionsandmedia
triggersarebasedon few basicqueriesfor collision detec-
tion, distancecomputationandvisibility tests.

The inherentstructureof the model is typically used
to provide fast responsesto suchproximity andvisibility
queries. Media associationsare 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 acceleratethesequeries. Axis alignedbounding
boxesaresimplest,but recentlyproposedOrientedbound-
ingboxes,k-DOPsandsphericalshellsaremuchtighterfit-
ting to objectsandperformmuchbetter. Onedrawbackof
thesetechniquesis theconsiderablestoragerequirements,
which may becomeunacceptablefor very large models.
Wilson et. al. presenta new datastructurecalledoverlap
graphwhich exploits the locality of computationto per-
form proximity queriesat interactive speedson massive
modelswith smallmemoryfootprint.

3.3 EnhancingVisualization
Smoothnavigation capabilitieswith interactive frame-

rateis one(althoughanimportantone)of thefactorin pro-
viding goodwalkthroughexperience.Anotheroneis ac-
curateillumination of the model. To achieve high-quality
renderingof the model, global illumination techniques
areused. Thoughtheseare notoriouslyfamousfor their
slowness,techniqueslike radiosityandparticaltracingare
view-independentandcanbecarriedoutasapreprocessing
step.Generatedilluminationin theform of colorproperties
of the verticescanbe fed to the Z-buffer basedrendering
engineat runtime. Evenasa preprocessingstep,the large
modelspresentachallengeto thesetechniques.

4 Storageand Transmission
The large sizeof the datarepresenting3D modelsaf-

fects their accessin two major ways: (a) the modelsre-
quirea hugestoragespace,and(b) it takesa long time to
loadthemodelsin memoryfor furtherprocessingsuchas
rendering,illumination computation,etc. For theserea-
sonsmany researchershave rigorouslyexploredthe areas
of compressionandprogressive transmissionof 3D mod-
els.

4.1 CompactStorage
A largeamountof researchoncompressionof geometry

hasconcentratedon modelsthat consistof very few large
trianglemeshesrepresentingmanifold. Theclassof mod-
els madeup of a large numberof small mesheshasbeen
largely unexploredby the graphicscommunityso far for
compression.



Initial interestin compressionof geometryaroseout of
needfor minimising the datasentto renderingpipe. The
ideasimplementedin 3D drawing toolkits like OpenGL
[52] aretriangle strips andtriangle fans. Thecompaction
is achieved by avoiding the useof repeatedreferencesto
verticesfor connectedpolygons.Longerthetrianglestrips,
higher is the utilization of the bandwidthof the render-
ing hardware. Optimizing the triangle strips of a mesh
for fast renderinghasbeenstudiedextensively [21]. The
ideaswere restrictedto triangle strips and triangle fans
until Deering’s paper[17] introducedgeneralized triangle
meshes by definingoperatorsto encodethe traversalover
thetrianglesin themesh.

Strategiesfor compressionof meshesbroadlybelongto
thefollowingclasses:(a)graphtraversalbaseddecomposi-
tion of meshes,(b) quantizationof geometryandattributes
for lossycompression,(c) useof predictorsfor compacting
thedynamicrangeof valuesto beencoded,and(d) signal
processingapproachfor compressionof geometry. Mostof
the reportedworkscombinemultiple strategiesto achieve
compressedstorageof 3D models.

Largebodyof geometrycompressionresearchhascon-
centratedoncleverencodingof theconnectivity amongthe
verticesin the mesh. Theseencodingsseekto minimize
and localize the repeatedreferencesto vertices,thereby
achieving a compactdescriptionof the mesh. The num-
berof trianglesis roughlytwicethenumberof verticesand
eachvertex is referencedin 5 to 7 triangles,which shows
thatlargepartof therepresentationof themodelis thedefi-
nition of connectivity amongthevertices.Thisobservation
hasencourageda lot of work to developschemesto mini-
mizetherepeatedreferencesto vertices.

Many researchers[40, 48, 50, 26, 32] have published
detailedstrategiesbasedon graphtraversal. The connec-
tivity is typically encodedas traversalof the graphof as
spanningtreesof verticesandthe spanningtreesof poly-
gons(the dual). Eachschemeusessometraversalof the
graphwhile encodingthe stepsin the path to unambigu-
ously reconstructthe original connectivity. The geometry
andthe attributesarepredictively codedby taking advan-
tageof thethecoherencebetweenthesuccessive positions
in thetraversal.

In most of the architecturalmodelswe worked with
the mesheshave texture maps. In orderto capturediffer-
entmappingcoordinatesat vertex positionssharedby two
polygons,theverticesarerepeated.Due to this condition
of thedatathegraphtraversalsreferredabovedo not work
verywell andcausea largeoverhead.

Besidescompactlyencodingtheconnectivity, almostall
publishedwork reportsschemesfor compressionof geom-
etry andattributes. Deering[17] usedquantizationof the
coordinatevaluesfrom 32 bits to 16 bits, useof 9-bit in-

dex into a global list of valuesfor normalsand a 15 bit
representationof colourvalues.

Quantizationof coordinatesandcolour valuesleadsto
an indiscriminatetruncationof the accuracy regardlessof
the featuresin thegeometricmodels.Predictive encoders
performmuchbetterby takingadvantageof thecoherence
in the datato predict the valueof the next elementin the
sequence.Dependingon theconditionof thedataandthe
characteristicsof the predictorthe predictionerrorsvary.
Predictorscan be designedso that most error valuesare
small and only a few are large. Theseerror valuescan
thenbe quantizedeffectively and thenentropy codedfor
compactrepresentation.

Signal processingbasedtechniqueshave beenin use
for handling triangle meshdata for applicationssuchas
surfacefairing [45], multiresolutionanalysis[27]. These
techniquesarebasedonconstructionof asetof basisfunc-
tionsfor decompositionof thea trianglemeshinto signals.
Thesesignalshave componentsacrossa spectrumof fre-
quences.Thelow frequency componentsin thesignalscor-
respondto smoothfeaturesin meshesandhigh frequency
componentscorrespondto discontinuitiesin the meshes
suchascreases,foldsandcorners.

Karni andGottsman[33] proposeda spectralcompres-
sion techniquefor triangle meshdata. For spectralde-
compositionof the meshgeometry, they constructa set
of orthonormalbasisfunctionsfrom the connectivity re-
lationshipwithin the mesh. For smoothmeshes,the high
frequency componentsof thesespectrawill have very in-
significant values, which can either be truncatedor be
quantizedamonga small numberof discretevalues.This
provides a novel geometrycompressionidea which can
be employed with any connectivity compressionscheme.
This compressionschemeis analogousto the JPEG image
compressionalgorithmthatdecomposesthediscreteimage
signalin termsof coefficientsof cosinebasisfunctions.

4.2 Transmissionof Models
Deployment of large modelsin collaborative environ-

ments requirestransmissionof models over networked
workstationsin a LAN andover the Internet. The limited
bandwidthsof communicationamongthecooperatingele-
mentshavemotivatedresearchin progressivetransmission
of 3D models.Sharingof complex modelsover the inse-
curecommunicationmediahasraisedconcernsof copy-
rightsandintellectualpropertyrights in deploying models
createdby incurringa largecost.

4.2.1 Progressivetransmission

Progressive transmissionof geometric models aims to
trasmita coarserepresentationof themodelfirst andsub-
sequentlytransmit the details to refine it. Compression



strategieshavebeenusedin theprogressiverepresentation
of modelsto alsomake the entiretransmissiondatacom-
pact. Many groupshave developedcompressionschemes
incorporatingprogressive transmissioncapabilities. Pa-
jarola and Rossignac[38] have extendedHoppe’s Pro-
gressive Meshes[29] to obtain a compressedrepresenta-
tion. Cohen-Oret al [13] havecreateda vertex decimation
basedtrianglemeshhierarchyfor simplificationandrefine-
ment of models. Progressive transmissionof the model
is achieved by first sendingthe coarsesimplified model,
followed by information for reconstructingthe original
model.Thevertex insertiondetailsareencodedcompactly
to achieve compression. Taubin et al [47] discusstheir
schemefor compressionand progressive transmissionof
clusteredmulti-resolutionmeshes.

In progressiveforestsplit compressionby Taubinet.al.
[46] a manifold trianglemeshis alsorepresentedasa low
resolutionpolygonalmodelfollowedby a sequenceof re-
finementoperations.The forest split operation,which can
beseenasagroupingof severalconsecutiveedgesplit op-
erationsinto a setinsteadof a singlelargesequence,pro-
videstradeoff betweencompressionratioandgranularity.

Theschemesthatcombinecompressionandprogressive
transmissionalwayshave a tradeoff betweencompression
andadditionaldatato be usedfor progressive representa-
tion of themodels.

4.2.2 Intellectual property rights

The initial solutionto the problemof ensuringcopyrights
andrestrictedaccesswasthroughencryptionof modelsus-
ing encryptionalgorithms.Howevertheonusof protecting
theencryptionkeysandensuringthatthedecryptedmodel
is not stolenis on theconsumersof themodel.

Watermarkingprovidesamechanismfor copyright pro-
tection of digital mediaby embeddinginformation iden-
tifying the owner in the data. Robust watermarkingmust
be able to survive a variety of “attacks”, including resiz-
ing, croping and filtering. For ownershipclaims, water-
marksencodethe fact that the documentwascreatedby
the owner. To be effective, the watermarkschememust
minimisethe probability of false-positive results– incor-
rectly assertingthata documentin watermarkedwhenit is
not. To decreasethe probability of false-positive claims,
the watermarkis usually encodedin the documentusing
vector coefficients. This vector is comparedto that ob-
served in the suspectdocumentand the ownershipclaim
is basedon their statisticalcorrelation. Many researchers
have recentlypresentedschemesfor robustwatermarking
of dense3D meshes[39, 7].
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5 Rendering
These steps which form the apex of the graphics

pipelinearethe mostaffectedby the large sizeandcom-
plexity of the model data. Thesestepsform the run-
time portion of the graphicspipeline. As the rendering
speedis very importantto endusers,the performanceof
thesestepsis crucial in decidingthe successof the entire
project/program.

As discussedin previous Section3, many of the tech-
niqueswhichaimto improverenderingperformance,build
extensivedatastructuresby pre-processingthe3D model.

For verylargemodels,asingletechniquerarelysuffices.
The combinationof techniquesto be usedto achive bet-
terperformancedependsonthemodelcharacteristics,user
prioritiesof the performanceparametersandthe effective
utilizationof theavailableresources.

In this sectionweoutlinesuchtechniquesusedfor inte-
activevisualizationof largemodels.

5.1 Visibility Culling
Visibility culling techniquestry to send a graphics

primitive to renderingpipeline only if it hasany impact
on the display. If the object is outside view frustum
(view culling), facingaway from theview point (backface
culling) or occludedby objects(occlusionculling) these
techniquescull the object. A greatamountof work has
beendonein bothComputerGraphics[54] andComputa-
tionalGeometry[16].

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



pre-computeddatabaseis choosento beoccludersandare
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. Generally thesetechniquesapproxi-
matethe complex objectby its simplervariationstermed
levels-of-details(LoDs). TheLoDs canbegeneratedstat-
ically with or without humanassistance[18]. Therealso
have beensome attemptsto generatethe LoDs on the
fly [30] and generatingview-dependentsimplification of
the meshedmodels[53]. Slightly older, but still a good
overview of thepolygonalmodelsimplificationmethodsis
givenby CarlErikson[20].

5.3 ImageBasedRendering
Theideaof replacinga 3D modelby a renderedimage

canbe tracedbackto the ideaof environmentmaps[10].
Theirdirectapplicationto therenderingwasusedby Chen
andWilliams usingrangeimages[12]. This approachal-
lowed limited motion arounda viewpoint by using pre-
renderedimagesof the scene.More involvedapproaches
include the useof panaromicimagesusedin Quicktime-
VR [11] andplenopticmodelling[37]. Maciel andShirley
[36] introducedideaof image“imposters”. In their work,
ahierarchyof a3D complex modelis created;onthefaces
of boundingboxesimagesof the clustercontentsarecre-
ated.Theseimagesareusedin placeof boxcontentswhen
thisrepresentationis judgedsufficient. In otherapproaches
[43] imagesof distantsceneryarecachedandreplacecom-
plex geometrybasedon imagediscrepancy criteria.

The ideaof representing3D scenesasa light field or
lumigraphwas presentedby [34] and [23], respectively,
wherescenegeometrycomplexity is relatively unimpor-
tantandprojectionsof this representationareextractedto
generateimages.

5.4 Frame-rate Budget
As theadvancesin graphicshardwarehasnotbeenable

to keeppacewith the sizeandcomplexity of the models,
variousnew algorithmshave evolvedto renderthe geom-
etry in the approximateform. Suchalgorithmstradethe
qualityof therenderedimagewith thetimerequiredto ren-
derit. With sucha choiceof techniquesforming thespec-
trumontheoutputframerate,aconceptof renderingframe
ratebudgethasevolved. The target framerateis decided
first. Thento achieve andmaintainit, a setof techniques
are chosenautomaticallyby the system. If thereis less
amountof timeperframe,heavy useof impostersis made.
Evenwhile renderingnearbygeometrythechoiceof LoDs
andtherenderingorderof polygonsis drivenby thetarget
framerate.

Suchmethodsare good in sustainingthe frame rates.
As notedby [22] maintaininganearconstantframeratein
walkthroughsystems,which maynot bevery high, is im-
portant. The time per frame is allocatedto varioustasks
needto be performedin the system,including prefetch-
ing and rendering. The renderingtime is further allo-
catedto renderingdistantobjectsusingfastrenderingtech-
nique(typically imagebased)andrestis spentin rendering
nearbyvisible geometryusingLoD. For very large mod-
els,eventhisfilteredmodelcannotbedirectlyrenderedus-
ing hardware.Specificorderingof neighbouringpolygons
X proposedin [14] maximizesthe likelihoodof rendering
visiblepolygonsbeforeoccludedonesfor any givenscene.

6 Interactions
Apart from the basic view manipulation, i.e., walk-

though,usermay interactwith themodelin variousform.
In walkthroughapplications,userexpectsto collide with
rigid structuresin the path, while in model inspections,
userneedscapabilitiesto pick andqueryassociatedinfor-
mation. Grabbingandmanipulatingvirtual objectsis an
importantuser interactionfor immersive virtual environ-
ments.

Dynamicobjectbehaviors play a significantrole in en-
hancingtherealisticandimmersiveexperienceof theuser.
Suchbehaviors also provide valuablecluesaboutmodel
characteristicsto the user which are not apparantfrom
visual inspectionalone. In cultural heritagesite walk-
throughs, informative audio-visualswhich are not trig-
gereddirectlyby theuserareveryuseful.

Following subsectionsprovide moreinsight into some
majorproblemsfacedwhile providing suchend-userinter-
actionswhendealingwith largeto modeldata.

6.1 Collision Detection
The most important of the interaction problem that

needsto be addressedis the collision detection,which
arisesin variousform in many applications. In architec-
tural walkthroughs,the navigator is generallyconstrained
notto walk throughthewallsandsimilar rigid structuresto
enhancerealism. In virtual andimmersive environments,
which areusedfor modelcreationanddesignreviews, in-
teractive anddirect manipulationof virtual objectsneeds
to be supported.Sucha functionality effectively usesin-
terferencedetectionanddistancecomputation.

As describedearlier, variousformsof boundingvolume
hierarchiesareusedto acceleratethesequerieswhendeal-
ing with largemodels.Thesehierachiesarebuilt from the
model in the preprocessingstage. Though this precom-
putationreducesruntime overheadof collision detection
substantially, themethodworkswell only for staticmodel.
A methodpresentedby Wilson et. al., addressesthis is-
sueto someextent. In their systemImmpact,they handle



dynamicenvironmentsby modifying precomputedhierar-
chiesonthefly by takingadvantageof spatialandtemporal
coherence.
6.2 Picking and Manipulation in 3D

Therearevarietyof existing techniqueswhich attempt
to solve the problemof picking andmanipulatingremote
objectsin (immersive) visualisationsof large models. In
non-immersive visualisations,the pointer on the image
planeis usedto pick theprojectedobject.This is a natural
extensionof the desktoppick. In immersive virtual envi-
ronments,the problemis tougherto solve. Two common
methodsusedarearm-extensionandray-casting.In arm-
extensiontechnique,user’s virtual armis madeto grow to
thedesiredlength.Thoughthemanipulationsusingvirtual
handareeasy, grabbingobjectmay be difficult if the ob-
ject is small of far. In ray-castingtechnique,virtual light
ray is usedto grab the object. Then the caseis exactly
reversed.Therehave beensomeattemptsto createsome
hybridmethodshaving benefitsfrom bothtechniques.

In spiteof theinterfaceprovided,theactualprocessing
of the pick query remainsa challengefor large models.
This typically amountsto someform of ray object inter-
section.Commontechniquesto acceleratesuchoperations
like,simplifiedboundingobjectsandcachedlist of visible
objectsareused.Forverylargemodelssuchdatastructures
arehierarchicallymaintained.Suchhierarchiesaresimilar
to or even sameas, the hierarchiesusedfor accelerating
collision detection.

7 Managementof Run-time Data
The huge amountof data associatedwith very large

modelsto bevisualizedinteractively posesadifficult prob-
lem of databasemanagement.Thelargeamountof datais
presentin the form of geometry, textures,pre-computed
data for the accelerationof interactions,rendering,en-
hancementof visual quality, etc. All of the datacannot
be loadedin themainmemoryat a giventime. To handle
the large run-timedatabasefor theseapplications,elabo-
rateschemeshavebeendesigned[2].

Themainmemoryaswell asthetexturememorymust
be managedin order to optimally utilize the resourcesof
the given hardware. Budgetingof eachtype of memory
mustalsobedoneto ensurethattheoperatingsystemdoes
not incur too many pagefaultsin accessingthe hugerun-
timedataloadedin thevirtual memory.

An equivalentof demand paging donein operatingsys-
temsis requiredin caseof the large modelsandtheir as-
sociateddata. This requiresa partitioningschemefor de-
composingthemodelinto partsthatareloadedondemand.
The decompositionschemesare typically hierarchicalin
nature.Thesehierarchiescouldbespatialor object-based.

To achieve efficient managementof the run-time
database,a large amountof pre-processingof the large

model is doneto build an associateddatabaseof occlud-
ers,LoDs, imposters,visibility setsandevent-basedmedia
activationmaps.

8 Integrated Systems
Whereaseachalgorithmic techniqueso far discussed

by itself reducesthenumberof renderedprimitives,noone
techniquesufficesfor interactivewalkthroughsof themost
large models. Moreoverm eachtechniqueachievesgreat
speedupsonly for particularsubsetsof primitives. Any
generalsystemfor interactive walkthroughsneedsto in-
tegratemany suchtechniques.

One such framework for walkthrough of very large
model3D modelis [3]. They have proposedanintegrated
frameworkwhichdescribedatabaserepresentation,present
an effective pipeline to manageall systemresourcesand
demonstratethe systemon a massive modelof coal-fired
power plantconsistingof 15 million triangles.They have
reportedspeedupsrangingfrom 50 to 100 timesby inte-
gratingmultiple techniques[4].

Several industrial vendors,including Silicon Graphics
andHewlett-PackardhaveproposedarchitecturesandAPIs
for interactivedisplayof largeCAD models[28], [31].

The BRUSH system[41] developedat IBM, provides
an interactive environmentfor the real-timevisualization
andinspectionof very largemechanicalCAD (andarchi-
tectural)model.
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