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Abstract

This paperpresentsa novel algorithm combiningview-dependent
renderingandconserative occlusionculling for interactve display
of comple ervironments. A vertex hierarcly of the entire scene
is decomposedhto a clusterhierarcly througha novel clustering
and partitioning algorithm. The clusterhierarcly is thenusedfor
view-frustum and occlusionculling. Using hardware accelerated
occlusion queries and frame-to-framecoherence,a potentially
visible set of clustersis computed. An active vertex front and
facelist is computedfrom the visible clustersandrenderedusing
vertex arrays. The integrated algorithm has beenimplemented
on a Pentiuml V PC with a NVIDIA GeForce 4 graphicscard
and appliedin two comple ervironmentscomposedof millions
of triangles. The resultingsystemcanrendertheseenvironments
at interactive rateswith little lossin image quality and minimal
poppingartifacts.

CR Categories: 1.3.5 [ComputerGraphics]: ComputationalGe-
ometryandObjectModeling- surfaceandobjectrepresentations

Keywords: Interactve Display, View-DependentRendering,
OcclusionCulling, Level of Detail, MultiresolutionHierarchies

1 Introduction

Complex modelscomposedf millions of primitiveshave become
increasinglycommonin computergraphicsand scienti ¢ visual-
ization. Oneof the major challengess renderingthesedatasetst
interactve rateson commodityhardware. Differentrenderingac-
celerationalgorithmsbasedon modelsimpli cation andvisibility
culling have beendevelopedthat reducethe numberof primitives
sentthroughthe graphicsipeline.

Modelsimpli cation algorithmsreducethenumberof primitives
by replacinghighly tessellateabjectsin the sceneby coarserrep-
resentations.Thesealgorithmsgeneratedifferent levels-of-detail
(LODs). At ahigh level, they canbe classi ed into staticanddy-
namicalgorithms. The staticLOD generatioralgorithmsprecom-
putediscreteapproximationsaand switch betweenthemat runtime
basedon the viewer's position. Thesealgorithmshave very little
runtimeoverheadandcanef ciently usevertex arraysanddisplay
lists. However, switchingbetweerdifferentLODs canleadto pop-
ping artifactsat runtime.

Dynamic simpli cation (or view-dependentendering(VDR))
algorithmsrepresentn ervironmentusing a hierarcly of simpli-
cation operationge.g.vertex hierarcly). Therenderingalgorithm
traversesthe hierarcly in anincrementaimannerand computesa
front that satis es the error boundbasedon the viewing parame-
ters. VDR algorithmsoffer severalbene ts over staticLOD-based
systems First, the level of meshre nementcanvary over the sur
faceof anobjectto meetthe errorboundin the screenspace.This
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Figure 1: Coal-FiredPower Plant: This ervironmentconsistsof
over 12 million trianglesand 1200 objects. Our view-dependent
renderingwith occlusionculling algorithmcanrenderthis environ-
mentat 10 20 framesper secondwith very little lossin image
quahlity on a PentiumlV PCwith a NVIDIA GeForce4 graphics
card.

alleviatesthe poppingartifactsthat occurwhenan LOD changes.
Furthermore view information not available during a preprocess
canbeusedo presere effectssuchassilhouetteedgesandspecular
highlights. Despitetheseadwantagesthe applicationof VDR algo-
rithmsto complex ervironmentshasbeenlimited. Problemsarise
from traversingandre ning anactive vertex front, or cut, acrosghe
vertex hierarcly. In practice re ning afrontfor amodelcomposed
of hundredf objectsor millions of polygonscantake hundredof
millisecondsor moreperframe. Moreover, renderingthetriangles
in the front at interactize ratesmay not be possible especiallyon
modelswith high depthcompleity.

Conserative occlusionculling algorithmscull avay portionsof
the scenethatarenot visible from the currentview locationusing
apotentiallyvisible set(PVS). Most of thesealgorithmsrepresent
the sceneusing a spatial partition or boundingvolume hierarcly
andperformobject-spac®r image-spaceulling teststo compute
thePVSatruntime.

Given the compleity of large environments, integrated ap-
proacheghat combinemodelsimpli cation andocclusionculling
are neededfor interactve display However, currenttechniques
merely combinestatic LODs with conserative occlusionculling
or VDR with approximatencclusion.Eachof thesetechniquesan
generateoppingartifactsat runtime. It is importantto developan
integratedrepresentatiothat canbe usedboth for VDR andcon-
senative occlusionculling.

Main Contrib utions: We presenta novel algorithmthatcombines
VDR with conserative occlusionculling. We precompute vertex
hierarcly of simpli cation operationdor alargeervironmentanda
clusterhierarcly ontop of thevertex hierarcly. We discussanum-
ber of criteriato designan optimal clusterhierarcly and present
techniqueghat automaticallycomputethe hierarcly for large en-
vironments.We associate boundingvolumewith eachclusterso



thattheclusterhierarcly implicitly functionsasaboundingvolume
hierarcty andis usedto performocclusionculling usinghardware
acceleratedcclusionqueries.

Theruntimealgorithmmaintainslist of active clusters.Thislist
is traversedasthemeshis re ned within visible clusterso meetthe
errorbound.The primitiveswithin there ned clustersarerendered
usingvertex arrays. The clusterbasedocclusionculling algorithm
limits the sizeof the active vertex front. As aresult,the algorithm
canre ne andrenderthefront atinteractve rates.

The overall algorithm hasbeenimplementedon a PentiumIV
PCwith aNVIDIA GeForce4 graphicscard. It hasbeenapplied
to two complex ervironments:a power plantmodelwith morethan
1200 objectsand 12:2 million triangles,and an isosurcemodel
composedf 2:4 million polygonsanda single object. The algo-
rithm canrenderthesedatasetsat 10 20 framesa secondwith
very little lossin imagequality andminimal poppingartifacts.

New Results: Someof the novel aspect®f ourwork include:

An integratedscenerepresentatiofor simpli cation andvis-
ibility computationdasedn avertex hierarcly andacluster
hierarcly.

An automaticclustergeneratioralgorithmthattakesinto ac-
countseveralcriteriaimportantfor occlusionculling.

The rst integratedalgorithmfor VDR andconsersative oc-
clusionculling thatrunson commodityhardware,usesvertex
arraysandis applicableto largeandcomplex environments.

Organization: Therestof the paperis organizedasfollows: We
give ashortsuney of previouswork on VDR andocclusionculling
in Section2. In Section3 we give a brief overviev of our ap-
proachas well as the underlying representation. Section4 de-
scribesthe clusterhierarcly generatiorandpartitioningalgorithm.
The runtime algorithm for view-dependente nementand occlu-
sionculling is detailedin Section5. We describeourimplementa-
tion andhighlightits performancen two comple ernvironmentsn
Section6. Finally, in Section7 we highlightareador futurework.

2 Related Work

We give a brief overview of the previouswork in view dependent
renderingocclusionculling, andintegratedapproaches.

2.1 View-Dependent Rendering

View-dependentenderingoriginatedas an extensionof the pro-
gressve mesh[Hoppe 1996]. A progressie meshis built from an
input meshby a sequencef edgecollapsesusedto form a coarse
mesh. Vertex splits, the inverseof an edgecollapse,are usedto
restorethe original meshfrom the coarsemesh. Xia and Varsh-
ney [1997] and Hoppe[1997] eachreportedthat mary edgecol-
lapsesareindependenandcanbe organizedashierarchiesnstead
of linearsequencet allow re nementatruntime. Thisrepresenta-
tion allows an applicationto take into accountview-dependenef-
fectssuchassilhouettepreserationandlighting. Luebke andErik-
son[1997] developeda similar approachusingoctree-basedertex
clusteringoperationsEl-SanaandVarshng [1999] extendedthese
ideasby usinga uniform error metric basedon cubicinterpolants,
reducinghecostof meshfold-overtests anddevelopingaVoronoi-
basednethodfor creating‘virtual edges”.
Pajarola[2001]improvedtheupdaterateof runtimemeshselec-
tion by exploiting propertiesof the half-edgemeshrepresentation.
This approachs well suitedto individual manifold objects. How-
ever, CAD/CAM modelsoften containdisjoint objectsand non-
manifold topology El-Sanaand Bachmat[2002] presentedan al-
ternateapproachto increasethe updaterate of VDR by using a
prioritization scheme. Several out-of-coreVDR approache$iave
beenproposedn theliteraturefor handlinglarge dataset$Decoro
andPajarola2002;Lindstrom2003].

2.2 Occlusion Culling

Theproblemof computingthevisible setof primitivesfrom aview-
pointhasbeenextensiely studiedin computemgraphicsandrelated
areas.A recentsuney of occlusionculling algorithmsis givenin
[Cohen-Oretal. 2003]. Occlusionculling algorithmsmay be clas-
si ed asregion or point-basedimageor objectspace andconser
vative or approximate.

Many occlusionculling algorithmshave beendesignedor spe-
cialized ervironments, including architecturalmodels basedon
cells and portals [Airey et al. 1990; Teller 1992; Luebke and
Geoges 1995] and urban datasetscomposedof large occluders
[Coorg andTeller 1997;Hudsonetal. 1997;Schau eretal. 2000;
Wonkaetal. 2000;Wonkaetal. 2001]. Theseapproachegenerally
precomputea potentiallyvisible set(PVS)for aregion. However,
thesealgorithmsmay not obtain signi cant culling on large ervi-
ronmentcomposeaf a numberof smalloccluders.

Object spacealgorithms make use of spatial partitioning or
boundingvolumehierarchie§Coorg andTeller 1997;Hudsonetal.
1997]; however, performing“occluderfusion” on scenesomposed
of small occluderswith objectspacemethodsis dif cult. Image
spacealgorithmsincluding the hierarchicalz-buffer [Greeneet al.
1993; Greene2001] andhierarchicalocclusionmaps[Zhanget al.
1997]aregenerallymorecapableof capturingoccluderfusion.

ThePLP algorithm[Klosowski and Silva 2000]usesan approx-
imate occlusionculling approachthat subdvides spaceinto cells
andassignssolidity valuesbasedn thetrianglesin eachcell. This
algorithmcanprovide guaranteedramerateat the expenseof non-
conserative occlusionculling. However, it canleadto popping
artifacts as objects can appearor disappearbetweensuccessie
frames. Klosowski and Silva [2001] augmentPLP with animage
basedcclusiontestto designaconserative culling algorithm.The
iWalk system[Correaet al. 2002] usesthe PLP algorithm along
with out-of-corepreprocessingp rendedargemodelson commod-
ity hardware.

A numberof image-spac#isibility querieshave beenaddedby
manufgcturersto their graphicssystems. Theseinclude the HP
occlusionculling extensions,item buffer techniquesATI's Hy-
perZ hardware, and the NV _GL _occlusionquery OpenGL exten-
sion[Scottetal. 1998;Bartz et al. 1999; Greene2001; Klosowski
andSilva 2001; Hilleslandet al. 2002; Meissneret al. 2002]. Our
integratedalgorithmalsoutilizestheseocclusionqueriego perform
occlusionculling.

2.2.1 Clustering

Oftenthe original objectsof a modelarenot representeth anop-
timal mannerfor occlusionculling algorithms. Thesealgorithms
needto representhe sceneusingan objecthierarcly. Therefore,
they createan objecthierarcly by partitioning and clusteringthe
model,andat runtime classifyingobjectsas occludersand poten-
tial occludeesOnerecentapproacho partitioningandclusteringis

presentedby Baxteretal. [2002] andusedin the GigaWalk system.
It decomposea large ervironmentinto almostequal-sizebjects
thatareusedfor staticLOD computationsSillion [1994] andGar

landetal. [2001] presentedhierarchicafaceclusteringalgorithms
for radiosityandglobalillumination. Theseapproachearenot di-

rectly applicableto generatinga clusterhierarcly from averte hi-

erarcly for view-dependentenderingandocclusionculling.

2.3 Integrated Approaches

Many algorithmshave beenproposedhat combinemodelsimpli-
cation andocclusionculling. The Berkeley Walkthroughsystem
[Funkhouseetal. 1996]combinesvisibility computatiorbasedn
cells and portalswith static LODs for architecturalmodels. The
MMR system[Aliaga etal. 1999] precomputestaticLODs of ob-
jectsandusedhierarchicabcclusionrmapsatruntimefor interactve
display Thesystemassumeshatthemodelis partitionedinto rect-
angularcells.

OtherapproachesombiningprecomputedtaticLODs andcon-
senative occlusionculling have beenproposedBaxteretal. 2002;
Govindarajuetal. 2003b]. Thesealgorithmsrepresenthe erviron-
mentasascenegraph,precomputddLODs (hierarchicalevels-of-
detail) for intermediatenodesand usethemfor occlusionculling.
However, switching betweenstatic LODs and HLODs can cause
popping. Moreover, thesealgorithmsuseadditionalgraphicspro-
cessorgo performocclusionqueries.

El-Sanaet al. [2001] combinedview-dependentenderingwith
the PLP algorithmto performapproximateocclusionculling. The
integratedalgorithm usesthe solidity valuesto guide simpli ca-
tion, producingfewer trianglesin meshregions that are deemed
highly occluded.This approachhasbeenappliedto portionsof the
power plantmodelconsistingof hundred®f thousandsf triangles.
Holr\lfyever, the algorithm doesnot perform conserative occlusion
culling.



3 Overview

In this sectionwe introducesomeof the terminologyandconcepts
usedin our algorithmandgive a brief overvien of our approach.

3.1 Preprocess

Most view-dependentenderingalgorithmsusea vertex hierarcly
built from an original triangulatedmesh. The interior nodesare
generatedy applyinga simpli cation operationsuchasan edge
collapseor vertex clusteringo asetof vertices.Theresultof theop-
erationis anew vertex thatis the parentof the verticesto which the
operatorwasapplied. Successie simpli cation operationsuild a
hierarcly thatis eithera singletreeor a forestof trees.At runtime
themeshis re ned to satisfyanerrorboundspeci ed by theuser

We usethe edgecollapseoperatorasthe basisfor our vertex hi-
erarchiesandallow virtual edgessothatdisjoint partsof themodel
canbe memged. We storean error value correspondingo the local
Hausdorf distancefrom the original meshwith eachvertex. This
valueis usedto re ne themeshatruntimeby projectingit to screen
spacewherethe deviation canbe measuredn pixels, whichis re-
ferredto as“pixelsof error”

A mesh'fold-over” occurswhenafacenormal ips duringaver-
tex split or edgecollapse Vertex splitscanbeappliedin adifferent
orderat runtimethanduring the hierarclty generation.This means
thateventhoughno fold oversoccurduring hierarcly generation,
they may occurat runtime[Hoppe 1997; Xia et al. 1997; El-Sana
and Varshng 1999]. To detectthis situationwe usea neighbor
hoodtest. The faceneighborhoods storedfor eachedgecollapse
andvertex split operatiorwhencreatingthe hierarcly. At runtime,
anoperationis consideredold-over safeonly if its currentneigh-
borhoodis identicalto the storedneighborhood.

Thevertex hierarcly canbeinterpretedasa ne-grainedbound-
ing volume hierarcly. Verticeshave boundingvolumesenclosing
all facesadjacenwhenthe vertex is createdduring simpli cation.
However, sucha boundingvolumehierarcly is not well suitedfor
occlusionculling becausesachboundingvolumeis smallandcan
occludeonly a few primitives. Furthermorethe culling algorithm
will have to performa very high numberof occlusiontests.

To addresshis problem,we partition the vertex hierarcly into
clustersandrepresenthemasaclusterhierarcly. Eachclustercon-
tainsaportionof thevertex hierarcly. All vertex relationshipgrom
the vertex hierarcly arepresered sothata vertex nodemay have
achild or parentin anothercluster Therelationshipof the cluster
hierarcly arebasedn thoseof thevertex hierarcly, sothatat least
onevertex in aparentclusterhasa child vertex in a child cluster

We characterizeclustersbasedon their error ratio and error
range. The errorratio is de ned asthe ratio of the maximumer
ror valueassociatedvith a vertex in the clusterto thatof the mini-
mum. The errorrangeis simply the rangeof errorvaluesbetween
the maximumand minimum error valuesin a cluster The error
ratio andrangeareusedin hierarcly constructionasdescribedn
Sectiord.

We presenta novel clusteringalgorithmthattraverseghe vertex
hierarcly to createclustershatareusedfor occlusionculling.

3.2 Runtime Algorithm

In astandard/DR algorithm,the activevertex front (alsoreferred
to asthe activevertex list) is composedf the verticesmakingup
the currentmeshrepresentationThe front mustbe updatedevery
frame by determiningwhetherverticeson the front shouldbe re-
placedwith their parentto decreasehe level of detail, or replaced
by their childrento increasethe detail in a region [Hoppe 1997;
Luebke andErikson1997; Xia et al. 1997]. Additionally, a list of
active facestheactivefacelist is maintained.In our algorithmthe
front is dividedamongthe clusters.The active front will only pass
througha subsef the clusterhierarcly whichis calledthe“active
clusters. Theseactive clustersaretraversed,andthe active vertex
front is re ned within eachactive cluster We do not re ne active
clustersthat are occluded,leadingto a dramaticimprovementin
the front updaterate anddecreasedenderingworkloadwhile still
conseratively meetingthe errorbound.

Occlusionculling is performedby exploiting temporalcoher
ence.During eachframe,the setof clustersvisible in the previous
frameis usedasanoccluderset. Theseclustersare rst re ned by
traversingtheir active fronts andthenrenderedo generatean oc-
clusionrepresentationNext, the boundingvolumesof clusterson
the active front are testedfor visibility. Only the visible clusters

arere ned andrenderedusingvertex arrays. This visible setthen
becomeshe occludersetfor the subsequerframe.

4 Clustering and Partitioning

In this sectionwe presentthe clusterhierarcly generationalgo-
rithm. We initially describesomedesirablepropertiesof clusters
for occlusionculling andpresentanalgorithmdesignedwith these
propertiesn mind. We alsopresentechniquego partitionthever

ticesandfacesamongtheclusters.

4.1 Clustering

We highlight somecriteriausedto generatehe clustersfrom aver
tex hierarcly, beforedescribingour clusteringalgorithm. We have
chosenorientedboundingboxes (OBBs) asour boundingvolume
becausehey canprovide atighter t thanspheresr axis aligned
boundingboxes[Gottschalketal. 1996]. OBBsrequiremorecom-
putationthansimplerboundingvolumes but clusteringis a prepro-
cesghatis performedonceperervironment.

Initially we considerissuesin generatingclustersthat are not
directly descendedrom eachother; thatis, they comefrom dif-
ferentbranche®f the clusterhierarcly. Suchclustersshouldhave
minimal overlapin their boundingvolumesfor two reasonsFirst,
highly interpenetratinglustersareunlikely to occludeeachother
Secondwhenrenderingtheir boundingvolumes,the required Il-
rateis higherwhenthey overlap. However, aparentlustersbound-
ing boxshouldfully containtheboundingbox of its childrensothat
whenit is deemedully occludedthe subtreerootedat thatcluster
may be skipped. We alsowantto control the numberof vertices
andfacedn aclustersothatwe have uniformly sizedoccludersaand
occludees.

For occlusionculling it is desirableto have only oneactie clus-
terin aregion of the mesh. If clustershave low errorratios, it is
likely thatmultiple clusterswill have to beactive in ameshregion.
Ontheotherhand,a clusterthathasa high errorratio will contain
verticesspanningmary levels of the hierarcly in its meshregion.
In this case few of theverticescontainedn aclusterwill beactive
from ary given viewpoint. Therefore,we mustbalancethe error
ratio of clusters.Also, the errorrangeof a clustershouldnot over
lap with its parentor children. Otherwiseijt is likely thatthey will
containactive verticessimultaneously

Thesepropertiesfor the clusterscanbe summarizeds:

1. Minimal overlap of boundingboxes of clustersnot directly
descendefrom eachother

2. The boundingbox of a clusteris fully containedwithin its
parentboundingbox.

3. Minimal or nooverlapof errorrangebetweerparentandchil-
drenclusters.

4. Theerrorratiois nottoo smallor too largefor a cluster

5. The vertex and face countwithin a clusterare neithervery
large nor very small.

4.2 Cluster Hierarchy Generation

Our clusteringalgorithmworks directly on aninput vertex hierar
chy without utilizing a spatialsubdvision suchasan octree. We
assumehatthe vertex hierarcly from which the clusterhierarcly
is generateaxhibits high spatialcoherencendis constructedn a
bottom-upmannemusingedgecollapsesr vertex meiges.

A clusterhierarcly canbe generatedy eitherusinga bottom-
up or top-dawvn approach.A bene t of the bottom-upapproacthis
spatiallocalization but we assumehatthevertex hierarcly already
hasthis property The top-dovn approachenableausto minimize
the overlap of clusterboundingboxes. For this reason,we have
choserthetop-davn approach.

We descendhe vertex hierarcly from the rootswhile creating
clusters. An active vertex front is maintainedand verticeson the
front areaddedto clusters.Whena vertex is addedto a cluster it
is removed from the front and replacedwith its children. We do
notadda vertex to a clusterif it cannotbe splitin a fold-over safe
manner Thus,the constructionof sucha clusterwill have to wait
until dependenterticesareaddedo otherclusters.For thisreason,
we usea clusterqueueandplacea clusterat the backof the queue
whenwe attemptto adda vertex thatis not fold-over safe. Then,
theclusteratthefront of queuds processed.
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Figure 2: Constructionof the ClusterHierarcty : On the left is
the input vertex hierarcly. The verticesare coloredbasedon the
clusterto which they are assigned.The nodesdravn with dotted
linesrepresenthe candidateverticesfor the clusterswhich reside
in the vertex priority queue.Thetwo clusterswithin dottedcircles

arestill in the clusterqueuewhile the clusterinsidethesolid circle
is nished processing.

Eachclusterin this clusterqueuehasanassociatedertex prior-
ity queuesortedbasedon error values. A clusters vertex queue
containsits candidateverticeson the active front. Initially, the
clusterqueuecontainsa single cluster The vertex priority queue
associateavith this initial clustercontainsthe roots of the vertex
hierarcly. Sincecandidateverticeswithin a clusterare processed
in orderof decreasingrrorvalue,it is never the casethata vertex
splitis dependentiponasplitin its own vertex queue.

; Wh(ijlle the clusterqueueas notemptythefollowing stepsareper
ormed:

1. Dequeuehecluster C, atthefront of the clusterqueue.

2. Dequeudhevertex, v, with highesterrorfrom the vertex pri-
ority queue.

3. If splitting v is not fold-over safe,returnit to the vertex pri-
ority queue placeC at the backof the clusterqueueandgo
backto Stepl.

4. If addingv to C makesthe errorratio of C too large or in-
crease#ts vertex countbeyondthetarget:

(a) Createtwo childrenclustersC; andC; of C in theclus-
ter queue.

(b) Partition the vertex priority queueand assignthe two
resultingqueuego C; andC; .

(c) Gobackto Stepl without placingC in the backof the
c:usterqueue;no more verticeswill be addedto this
cluster

5. Addv to C, updatethe numberof verticesandthe errorratio
associateavith C.

6. Replacev on the active vertex front by its childrenanden-
gueuethechildrenin thevertex priority queueassociatevith
C. Gobackto Step2.

This clusteringalgorithm ensureghe propertieshighlightedin
Section4.1. Section4.3 will explain how Propertyl is enforced
whenaclusteris partitioned.Property3 is maintainedoy our algo-
rithm asthe verticesare insertedinto the clustersfrom the vertex
priority queuen orderof decreasingrror, sothatchildrenclusters
alwayscontainverticeswith lessassociatee@rrorthantheir parent
cluster Propertiest and5 causethe clustersto be split asthe pro-
ceduretraversesiown thevertex hierarcly in Step4.

Property2 is enforcedin a secondpassatfter clusteringby a
bottom-uptraversalwhich computeseachparentclusters bound-
ing box by takingthe unionof its children. An exampleof asimple
clusterhierarcly thatis generatedrom vertex hierarcly is shovnin
Figure2. Figure3 shaws the clusterson abunry modelatruntime.

4.3 Partitioning a Cluster

In Step4(b) of the clustergeneratioralgorithm, it is necessaryo
divide a clusterby splitting its vertex priority queue. The two re-
sultingvertex priority queuesorm theinitial vertex priority queues
for thetwo childrenclusters.

To partitionaclusterwe computeasplitting planefor thevertices
in the queueusingprincipal componentnalysis. The eigervector

Figure3: Theclustersof thebunry modelareshavnin color. Clus-
tersat0 pixelsof errorareontheleft andat4 pixelsof errorareon
theright.

associatedvith the largesteigervalueis initially usedto de ne a
splitting planethroughthe centroid of the verticesto maximally
separatethe geometry[Jolliffe 1986]. The verticesand associ-
atedfacesaredivided basedn this splitting plane,andanoriented
boundingbox is computedthat containsthe facesof eachcluster
Boundingboxesareorientedwith the splitting plane.
Somefaceshave a vertex in eachof the newly createdpriority
gueuesAs aresult,their boundingboxescanoverlap. This overlap
canbevery largewhentheclusterbeingsplit containdong, skinry
triangles.Let V be the volume of the boundingbox of the parent
nodeandVy andV; bethevolumesof thechildrenboundingboxes.
Weuse(Vi + V2 V) asameasuref theoverlapof thechildren's
boundingboxes.If thisvalueexceedsathresholdractionof V then
theoverlapis too large. In this case the eigervectorcorresponding
to the secondlargesteigervalue is usedto de ne a new splitting
plane.If this split again fails the overlaptest,the third eigervector
Is used.If all threefail, thenwe enforcePropertyl by abandoning
the split and keepingthe parentclusterin the clusterqueueand
increaseeitherthetargetvertex countor the errorratio.

4.4 Memory Localization

After assigningverticesto clusters,we storethe verticesin their
correspondinglustersalongwith their associatedaces.Perform-
ing this memorylocalizationis usefulfor renderingusingvertex ar-
raysandon demandoadingof clustersat runtime. Also, memory
accessewhenprocessing clusteraremorelik ely to belocalized.

However, the verticesof a triangle canresidein differentclus-
ters. This is unavoidablein practice,no matterhow the vertices
are partitionedamongdifferent clusters. We dealwith this situa-
tion by assigningeachtriangleto a singleclustercontainingatleast
oneof its vertices. The clustermuststoreall threeverticesof ary
triangleassignedo it, leadingto someduplicationof vertex data.
Note, however, thatonly the datanecessaryo rendersuchvertices
is duplicated.Thevertex hierarcly relationshipsarestoredfor each
vertex only in theclusterto whichthey wereassignediuringcluster
generation.

5 Interactive Display

In this sectionwe presentheruntimealgorithmthatuseshevertex
andclusterhierarcly to updatethe active meshfor eachframeand
to performocclusionculling. First,we presenalgorithmsfor model
re nementfollowedby occlusionculling.

5.1 View-Dependent Model Re nement

In our algorithmthe active vertex front or list andactive facelist,
de ned in Section3.2, aredivided amongthe clusterssothateach
clustermaintainsits own portion of the active lists. Only clusters
thatcontainverticesontheactive front needio beconsideredluring
re ning andrendering.Theseclustersarestoredn anactivecluster
list. Figure4 shows a clusterhierarcly, its actve clusterlist, and
active vertex lists.

Priorto renderingacluster its active faceandvertex lists areup-
datedto re ect viewpointchangesincethelastframe.We traverse
its active vertex list andusethe aforementionedertex errorvalue
to computewhich verticesneedto be split or collapsed.The error
valueis projectedonto the screenandusedasa boundon the de-
viation of the surfacein screemixels. Vertex splits areperformed
recursvely on front verticesthatdo not satisfythe bound. For sib-
ling pairsthatmeetthe errorbound,we recursvely checkwhether
theirparentvertex alsomeetsheerrorboundandif so,collapsethe
edge(or virtual edge)betweerthe vertex pair.
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Figure4: Theclusterhierarcly is usedatruntimeto performocclu-
sionculling. Ontheleft, the active clusterlist is dravn asa front

acrossheclusterhierarcly. Thislist is composeaf visible clusters
andoccludedclusters Eachclustercontainsa portion of the vertex

hierarcty asseerontheright. A subsebdf verticesin active clusters
male up the currentmesh.Theseareshadedn theright.

Facesin the active facelist adjacento a vertex involved in ei-
theranedgecollapseor vertex split arereplacedvith facesadjacent
to the new vertex. Whena vertex is to be split, we usethe neigh-
borhoodtestto determinewvhetherthevertex splitis fold-over safe.
However, vertex splits mustoccurto satisfy the error bound. To
allow a split, we force ary of its neighboringverticesto split when
they arenot partof the storedneighborhoodisin [Hoppe1997].

5.2 Maintaining the Active Cluster List

A vertex thatis split may have childrenthat belongto a different
cluster The childrenverticesareactivatedin their containingclus-
tersandtheseclustersaareaddedo theactive clusterlist if they were
notpreviously active. Similarly, duringanedgecollapseoperation,
theparentvertex is activatedin its containingclusterandthatcluster
is addedto the active clusterlist. Whenthelastvertex of a cluster
is deactvated,the clusteris removedfrom the active clusterlist.

5.3 Rendering Algorithm

Our renderingalgorithmexploits frame-to-framecoherencen oc-
clusionculling, by usingthe visible setof clustersfrom the previ-
ousframeasthe occludersetfor the currentframe. The algorithm
proceeddy renderingheoccludersetto generatanocclusionrep-
resentationin the depth-tuffer. Then,it testsall the clustersin the
active clusterlist for occlusion.Meanwhile the occludersetis up-
datedfor thenext frame.An architecturef theruntimealgorithmis
shavn in Figure5. Differentphase®f thealgorithmarenumbered
in theupperleft of eachbox.

5.3.1 OcclusionRepesentatiorGeneation

We useclusterghatwerevisible in the previousframefor comput-
ing anocclusionrepresentationBeforegeneratinghe representa-
tion, the active vertex list andactive facelist in eachof theseclus-
tersareupdatedo meettheerrorbound.Thisre nementoccursas
describedn Section5.1. Thisis Phasel of ouralgorithm.In Phase
2, theactive facesarerenderedandtheresultingdepthmapis used
asanocclusionrepresentation.

5.3.2 OcclusionTests

We traversetheactive clusterlist andcull clusterghatareoccluded
or outsidethe view-frustumin Phase3. Thevisibility of a cluster
within theview frustumis computedy renderingts boundingbox

andthenusing a hardware occlusionqueryto determinewhether
ary fragmentassedhe depthtest. Depthwritesaredisableddur

ing this operationto ensurethat the boundingboxes are not used
asoccluders. Also, depthclampingis enabledso that we do not
needto considerspecialcaseboundingboxesthatareintersecting
thenearclip plane.Theactie vertex front maypasshroughaclus-
terandsomeof its descendantlusters.Sincethe boundingbox of

a clusterfully containsthe boundingboxesof its children,oncea
clusteris foundto beoccludedwe do nothave to checkits children.

During this phase,all the clustersin the active clusterlist are
tested,including thosein the occluderset. This testis necessary
becausehe clustersthat passthe visibility testareusedasocclud-
ersfor the subsequerframe. In this manney clustersthatbecome
occludedareremovedfrom the occluderset.

From Active
Clusters

Figure5: RuntimeSystemArchitecture:In eachframethe clusters
visible in the previousframeareusedasanoccluderset.In Phases
1 and 2, the occludersetis re ned andthenrenderedo createa
depthmapin the z-buffer. Phase3 testsboundingboxesof all the
active clustersagainstthis depthmapusingocclusionqueries.The
clusterspassinghetestarere ned andrenderedn Phasegl and5
andalsousedasoccluderdor thenext frame.

5.3.3 Re ning Visible Clusters

The previous phaseallows usto determinewhich clustersare po-
tentially visible. Beforerenderingthe potentiallyvisible clustersin
Phaseb, their active faceandvertex lists mustbe updatedn Phase
4. While re ning, additionalclustersmay be addedto the active
clusterlist throughvertex splitsandedgecollapses Theseclusters
areassumedo bevisible in the currentframe.

5.4 Conser vative Occlusion Culling

The boundingbox testconseratively determinesvhetherthe ge-
ometry within a clusterwill be occluded,since a boundingbox
containsall thefacesassociateavith a cluster We alsoensurecon-
senativenesslp to screen-spacprecisionby re ning theoccluder
setin Phasel beforegeneratinghe depthmapin Phase?.

To preventre ning andrenderinghesameclustertwo timesdur-
ing a frame, the occludersetrenderedn Phase? is alsorendered
into the color buffer. Then,whenre ning andrenderinghevisible
clustersin Phasegl and5, we omit the clustersthat were already
re ned andrenderedn Phased and2. This optimizationrequires
anextra stepto ensureconserativeness.

As explainedin Section5.1, the neighborhoodrerticesmay be
forcedto split to satisfythe errorbound. A problemariseswhena
vertex splitin Phaset forcesa vertex in a clusteralreadyrendered
in Phase? to split. We detectsuchcasesandredrav the resulting
facessothatnovisualartifactsremainin the nal image.Wereren-
derthe affectedfacesprior to the split into the stencil buffer after
settingthe depthfunctionto GL_EQUAL. After the split, the cor
rectfacesare renderedand overwrite pixels wherethe stencilhas
beenset. We have found that this occursvery rarely (on average
lessthanonefaceperframein our datasets).

5.5 Vertex Arrays

On currentgraphicsprocessorglisplay lists and vertex arraysare
signi cantly fasterthan immediatemode rendering[Woo et al.
1997]. The changingnatureof the visible primitivesand dynam-
ically generated-ODs in a VDR systemare not well suitedfor
displaylists. Thus,we usevertex arraysstoredin the graphicspro-
cessowunit (GPU) memoryto accelerat¢herendering.

We useamemorymanagewhenthesizeof theverticesn theac-
tive clusterss lessthantheamountof the memoryallocatedon the
GPU (e.g. 100MB). Using a leastrecentlyusedreplacemenpol-
icy, we keepthe verticesin GPU memoryover successie frames.
Whenthefront sizeexceedshe memoryrequirementyve still use
GPU memory but do not attemptto keepclustersin this memory
for morethanoneframe.

In mary renderingapplicationsall or mostof the verticesin a
vertex arrayareusedto renderfaces.But in our caseonly afraction
of theverticesfor a cluster the active vertices,areusedfor render
ing. This increaseghe numberof bytesper renderedvertex that
aretransferredo the GPUwhenusingvertex arraysstoredin GPU
memory To obtainmaximumthroughputwe usea minimumratio
of active verticesto total vertices,andary active clusterthatdoes
notmeetthis thresholds renderedn immediatemode.



Model Poly 10° | Obj | Cluster 10°
[sosurbicemodel 2.4 1 1.3
Power Plant 122 1200 201

Table 1: Details of our testernvironments. Poly is the polygon
count. The Obj columnlists the numberof objectsin the original
datasetindthe Cluster columnlists numberof clustersgenerated.

6 Implementation and Results

In this sectionwe discusssomeof thedetailsof ourimplementation
andhighlightits performancen two complex ervironments.

6.1 Implementation

We have implementedour view-dependentrenderingalgorithm
with conserative occlusionculling on a 2:8 GHz Pentium-IVPC,
with 4 GB of RAM anda GeForce 4 Ti 4600 graphicscard. It
runs Linux 2:4 with the bigmem option enabledgiving 3:0 GB
useraddressablenemory Usingthe NVIDIA OpenGLextension
GL_NV _occlusionquery we areableto performan averageof ap-
groximatelle(K occlusionqueriesper secondon the bounding
0Xes.

For higherperformancewe allocate100MB of the 128VB of
RAM onthe GPUto storethe clusterverticesandboundingboxes.
Thememoryallocatedon thegraphicscardcanhold about3:5 mil-
lion vertices.

6.2 Environments

Our algorithm hasbeenappliedto two complex ervironments,a
coal red power plantcomposeaf morethan12 million polygons
and 1200 objects(shavn in Fig. 1) andanisosuricemodelcon-
sistingof 2:4 million polygonsanda singleobject( shavn in Fig.
6). The detailsof theseervironmentsareshavn in Tablel.

We useGAPS[EriksonandManochal 999]to construcourver-
tex hierarchiedecausét handlesnon-manifoldgeometryandcan
alsoperformtopologicalsimpli cation. Becausehe GAPSalgo-
rithm requireslarge amountsof memory we built hierarchiesfor
portionsof eachervironmentseparatelyand mergedthe resultsto
computea single vertex and clusterhierarcly. A tamet of 1000
verticesis usedwhile generatinghe clusters.The maximumerror
valueof ary vertex in the clusteris twice thatof theminimum;that
is, theerrorratiois 2.

Our approachs designedor complex environmentsconsisting
of tensof millions of polygons.Partial loadingcanbe very useful
in suchanervironment.We decouplehevertex andfacedatafrom
the edgecollapsehierarcly storedin eachclusterasdescribedn
Section4.4. We do not load the faceandvertex datafor a cluster
until it needsto be rendered. In this manney clustersthat never
fall within the view-frustumor are alwaysoccludedwill never be
loadedwhenperformingawalkthrough.

6.2.1 Prepmocessinglimeand MemoryRequiements

Our clusterhierarcly generatioralgorithm canprocessabout1M

verticesin 3:8 minutes. Almost 18% of thattime is spentcalcu-
lating the eigervectorscomputedfor principal componentanaly-
sis whensplitting clustersand determiningOBBs. We optionally
emplg/ a stepthat attemptsto tighten the OBBs by minimizing
their volume while still enclosingthe clusters. Whenthis stepis

used,the time spentin clustergenerationincreasedy ten times;
the boundingbox computationraccountsfor 90% of the time spent
in the clusteringstep. We performedthe minimizationstepduring
clustergeneratiorfor the power plantmodelandnot for theisosur

facemodel.

Our currentimplementationis not optimizedin termsof mem-
ory requirementsEachclusteruses300 bytesto storethebounding
box informationandotherdata. Eachvertex andfacehasa 4 byte
pointerindicatingits containingclusteralongwith the geometric
data. On average we use272Mb for 1M vertices. This numberis
slightly higherin comparisorwith someearliersystemdor view-
dependentendering. For example,Hoppes view-dependensim-
pli cation system[Hoppe1997]reported224Mb for 1M vertices.
The differencepartly exists becauseour implementatiorsupports
virtual edgesandnon-manifoldtopology which meanssomerela-
tionshipscannotbe storedimplicitly.

Figure 6: Isosurbcemodel acquiredfrom turbulencesimulation.
This environmentconsistsof 2.4 million trianglesandis rendered
by our systemat interactive rates.

6.3 Optimizations

We usea humberof optimizationsto improve the performanceof
ouralgorithms.

6.3.1 Conservativé’rojectedError

Whentraversingthe active vertex list of a clusterwe usea conser
vative approximatiorof thedistancdrom avertex to theviewpoint.
Theminimumdistanceébetweera spheresurroundinga clusterand
the viewpointis computed.Then,the maximumsurfacedeviation
meetingthe screenspaceerror boundat this distances calculated
and all active verticesin the clusterare re ned usingthis value.
This approximatioris conserative andrequiresonly onecompari-
sonpervertex to determinavhetherit needgo besplit or collapsed.

6.3.2 Multiple OcclusionQueries

The GL_NV _occlusionquery extensionsupportecn the GeForce
3andall subsequemtlVIDIA GPUsallows mary querieso beper
formedsimultaneouslyTo gettheresultof aquery all rasterization
prior to issuingthe querymustbe completed.Thus,we wait until
we have renderedall the boundingboxesin the active clusterlist
beforegatheringqueryresultsfrom the GPU.

6.4 Results

We generategbathsin eachof our environmentsandusedthemto
testthe performanceof our algorithm. Thesepathsare shawvn in
theaccompanying video. We areableto renderboththesemodels
atinteractverates(10 20 framespersecondpnasinglePC.
We have alsocomparedhe performancef our systemto VDR
without occlusionculling. We accompliskithis comparisorby dis-
ablingocclusionculling in our systemwhichinvolvessimplyre n-
ing andrenderingall theclusterdn theactie clusterlist. Moreover,
we do not usethe consenrative approximatiorof theerrordistance,
sincethis optimizationis possiblebecauseof clusteringusedfor
occlusionculling. We useview-frustumculling, vertex arrays,and
GPUmemoryto acceleratehe renderingof the scenein eachcase.
Figure 8 illustratesthe performanceof the systemon a comple
pathin the power plantandisosurficemodel. Notice thatwe are
ableto obtaina3 5 timesspeedupwnith conserative occlusion
culling. Table2 shows the averageframerate, front size,andnum-
ber of edgecollapseandvertex split operationgperformedduring
the path. The mainbene t of occlusionculling arisesfrom there-
ductionin the sizeof thefront (by afactorof onethird to onehalf)
aswell asthenumberof renderecpolygons.Tables3 and4 shav a
breakdavn of thetime spenton the major tasks(perframe)in our
system. Due to occlusionculling, the resultingfront sizeandthe
time spentin re ning the front is considerablysmallerandyields
improved performance.Note that our improvementin re ning is
even more dramaticthanthe improvementin renderingdueto the



Figure7: Occlusionculling in the Power Plant. Theleft imageshovs a rst persorview. The middleimageshaws a third personview with
theboundingboxesof visible clustersshavn in pink andtheview frustumin white. Therightimageis from the samethird personview with

the boundingboxesof occludedclustersin yellow.

Pixels of FPS FrontVerts(K) Merge/Split Poly (K) Visible | VF culled | OCculled
Model Error VDR VDR+OC | VDR | VDR+OC VDR VDR+OC | VDR | VDR+OC clustersn VDR+OC
[sosurbcemodel 0:5 6:4 197 195 113 2356 1222 311 224 349 106 299
PP 3 2:62 12:3 297 126 1973 559 433 162 1166 390 1852

Table2: Averageframeratesandaveragenumberof split andmeigeoperationobtainedby differentacceleratiotechnique®verthesample
path. This resultis acquiredat512 512 imageresolution. FPS = FramesPerSecond Poly = PolygonCount, PP = Paver Plantmodel,
VDR = View-dependenRenderingwith view frustumculling, VF = View Frustum,OC = OcclusionCulling

conserative distancecomputation.Figure 7 shavs visible andin-
visible clustersin a givenviewpointonthe power plantmodel.

6.5 Comparison with Earlier Approaches

To the best of our knowledge, none of the earlier algorithms
canperformview-dependentenderingwith conserative occlusion
culling. The iWalk system[Correaet al. 2002] can also render
the pawer plant modelon a single PC with muchsmallerprepro-
cessingandmemoryoverheadhanours. However, it doesnot use
LODs and performsapproximateand non-conserative occlusion
culling. The GigaWalk [Baxter et al. 2002] and occlusion-switch
algorithms[Govindarajuet al. 2003b]JusestaticLODs with occlu-
sionculling. Althoughthey canrenderthe power plantmodelatin-
teractize ratesthey canproducepoppingdueto switchingbetween
differentLODs. Furthermorethey usemorethanonegraphicspro-
cessor

An integratedalgorithm combining view-dependentendering
with PLP-base@pproximatencclusionculling is presentedn [El-
Sanaet al. 2001]. Finally, [El-Sanaand Bachmat2002] have pre-
senteda schemdor subdviding the vertex hierarcly at runtimeto
generatacoarsehierarcly. Thecellsof thishierarcly aresplitand
memgedto re ect the changesn the active front of vertices.These
cells are prioritized by an estimateof the numberof vertex splits
andedgecollapsegequiredin eachcell. Re hementoccursover a
subsebf the active cellsin eachframe,consideringhe priority as
well asensuringthatall cellsareeventuallyre ned. Our algorithm
follows the samethemeof reducingthe front size and therefore,
subdvidesthe vertex hierarcly into clustersasa preprocessAs a
result, our algorithmis applicableto very large ervironmentsand
theresultingclustersareusedfor occlusionculling.

6.6 Limitations

Our occlusionculling algorithmassumesigh temporalcoherence
betweensuccessie frames. If the camergpositionchangesignif-
icantly from oneframeto the next, the visible primitivesfrom the
previous frame may not be a good approximationof the occluder
setfor the currentframe. As aresult,the culling performancenay
suffer. Furthermorejf a scenehasvery little or no occlusion,the
additionaloverheadof performingocclusionqueriescanlower the
framerate.

Our algorithm performsculling at a clusterlevel and doesnot
checkthe visibility of eachtriangle. As a result,its performance
canvary basedn how theclustersaregeneratedndrepresented.

7 Conclusion and Future Work

We have presenteda novel algorithm for integrating view-
dependentenderingwith conserative occlusionculling. Our al-
gorithmperformsclusteringandpartitioningto decomposa vertex
hierarcly of the entirescenednto a clusterhierarcly, whichis used

Step Re ning Rendering Culling
VDR+OC | 17ms(34%) | 20ms(38%) | 14ms(28%)
VDR 136ms(81%) | 31Ims(19%)

Table3: A breakdavn of the frametime in isosurbcemodel. Left
valuesin eachcell representime spentin eachstep. Right values
represenpercentagef total frametime. TheRe ning columnrep-
rehsentsPhasel and4, Rendering is Phase? and5, andCulling is
Phases.

Step Re ning Rendering Culling
VDR+OC | 23ms(28%) 27ms(33%) | 31Ims(39%)
VDR 213ms(56%) | 169ms(44%)

Table 4: A breakdevn of the frame time in Paver Plant. The
columnsRe ning , Rendering, andCulling areexplainedin Table
3

for view-frustumandocclusionculling. At runtime,a potentially
visible setof clusterds maintainedusinghardwareacceleratedc-
clusionqueries,andthis setis re ned in eachframe. The cluster
hierarcly is alsousedto updatethe active vertex front thatis tra-
versedor view-dependente nement. Our algorithmeasilyallows
theuseof vertex arraysto achieve hightrianglethroughpubn mod-
erngraphicscards.We have obsered3 5 timesimprovementin

framerateoverview-dependentenderingvithoutocclusionculling

ontwo comple environments.

Many avenuedor futurework lie ahead.To apply our approach
to even larger ervironments,we would like to develop an out-of-
coreclusteringandpartitioningalgorithmbasedn out-of-coresim-
pli cation andgeneratiorof the vertex hierarcly. Ourloadon de-
mandapproachcan be extendedto createan out-of-coreruntime
system. Our clusteringalgorithm could be extendedto consider
view-dependeneffectssuchasspeculahighlightsandsilhouettes
that areimportantin ernvironmentswith signi cant surfacedetail.
In particular it canbe usedfor interactve shadev generationin
comple ervironments[Govindarajuet al. 2003a]. We would like
to exploreotherapplicationsof theclusterhierarcly, includingcol-
lision detection.
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(a) Isosuricemodelat 0.5 pixel of error

(b) Power plantmodelat 3 pixelsof error

Figure8: FrameratecomparisorbetweerlVDR with andwithout occlusionculling. Imageresolutionis 512 512 Weobtaina3 5times

improvementin theframeratewhenusingocclusionculling.
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