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Abstract
This paperpresentsa novel algorithmcombiningview-dependent
renderingandconservativeocclusionculling for interactivedisplay
of complex environments. A vertex hierarchy of the entirescene
is decomposedinto a clusterhierarchy througha novel clustering
andpartitioningalgorithm. The clusterhierarchy 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 integratedalgorithm has been implemented
on a PentiumI V PC with a NVIDIA GeForce 4 graphicscard
and appliedin two complex environmentscomposedof millions
of triangles. The resultingsystemcanrendertheseenvironments
at interactive rateswith little loss in imagequality and minimal
poppingartifacts.

CR Categories: I.3.5 [ComputerGraphics]: ComputationalGe-
ometryandObjectModeling- surfaceandobjectrepresentations

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

1 Intr oduction
Complex modelscomposedof millions of primitiveshave become
increasinglycommonin computergraphicsand scienti�c visual-
ization. Oneof themajorchallengesis renderingthesedatasetsat
interactive rateson commodityhardware. Differentrenderingac-
celerationalgorithmsbasedon modelsimpli�cation andvisibility
culling have beendevelopedthat reducethe numberof primitives
sentthroughthegraphicspipeline.

Modelsimpli�cation algorithmsreducethenumberof primitives
by replacinghighly tessellatedobjectsin thesceneby coarserrep-
resentations.Thesealgorithmsgeneratedifferent levels-of-detail
(LODs). At a high level, they canbeclassi�ed into staticanddy-
namicalgorithms.ThestaticLOD generationalgorithmsprecom-
putediscreteapproximationsandswitch betweenthemat runtime
basedon the viewer's position. Thesealgorithmshave very little
runtimeoverheadandcanef�ciently usevertex arraysanddisplay
lists. However, switchingbetweendifferentLODs canleadto pop-
pingartifactsat runtime.

Dynamic simpli�cation (or view-dependentrendering(VDR))
algorithmsrepresentan environmentusinga hierarchy of simpli-
�cation operations(e.g.vertex hierarchy). Therenderingalgorithm
traversesthe hierarchy in an incrementalmannerandcomputesa
front that satis�es the error boundbasedon the viewing parame-
ters. VDR algorithmsoffer severalbene�tsover staticLOD-based
systems.First, the level of meshre�nementcanvary over thesur-
faceof anobjectto meettheerrorboundin thescreenspace.This

Figure 1: Coal-FiredPower Plant: This environmentconsistsof
over 12 million trianglesand 1200 objects. Our view-dependent
renderingwith occlusionculling algorithmcanrenderthisenviron-
mentat 10 � 20 framesper secondwith very little loss in image
quality on a PentiumIV PC with a NVIDIA GeForce4 graphics
card.

alleviatesthe poppingartifactsthat occurwhenan LOD changes.
Furthermore,view information not available during a preprocess
canbeusedto preserveeffectssuchassilhouetteedgesandspecular
highlights.Despitetheseadvantages,theapplicationof VDR algo-
rithms to complex environmentshasbeenlimited. Problemsarise
from traversingandre�ning anactivevertex front,or cut,acrossthe
vertex hierarchy. In practice,re�ning a front for amodelcomposed
of hundredsof objectsor millions of polygonscantakehundredsof
millisecondsor moreper frame.Moreover, renderingthetriangles
in the front at interactive ratesmay not be possible,especiallyon
modelswith highdepthcomplexity.

Conservative occlusionculling algorithmscull away portionsof
thescenethatarenot visible from thecurrentview locationusing
a potentiallyvisible set(PVS).Most of thesealgorithmsrepresent
the sceneusing a spatialpartition or boundingvolume hierarchy
andperformobject-spaceor image-spaceculling teststo compute
thePVSat runtime.

Given the complexity of large environments, integrated ap-
proachesthat combinemodelsimpli�cation andocclusionculling
are neededfor interactive display. However, current techniques
merely combinestatic LODs with conservative occlusionculling
or VDR with approximateocclusion.Eachof thesetechniquescan
generatepoppingartifactsat runtime. It is importantto developan
integratedrepresentationthat canbe usedboth for VDR andcon-
servativeocclusionculling.

Main Contrib utions: We presenta novel algorithmthatcombines
VDR with conservative occlusionculling. We precomputea vertex
hierarchy of simpli�cation operationsfor a largeenvironmentanda
clusterhierarchy on topof thevertex hierarchy. Wediscussanum-
ber of criteria to designan optimal clusterhierarchy and present
techniquesthat automaticallycomputethe hierarchy for large en-
vironments.We associatea boundingvolumewith eachclusterso



thattheclusterhierarchy implicitly functionsasaboundingvolume
hierarchy andis usedto performocclusionculling usinghardware
acceleratedocclusionqueries.

Theruntimealgorithmmaintainsalist of activeclusters.Thislist
is traversedasthemeshis re�ned within visibleclustersto meetthe
errorbound.Theprimitiveswithin there�ned clustersarerendered
usingvertex arrays.Thecluster-basedocclusionculling algorithm
limits thesizeof theactive vertex front. As a result,thealgorithm
canre�ne andrenderthefront at interactive rates.

The overall algorithmhasbeenimplementedon a PentiumIV
PC with a NVIDIA GeForce4 graphicscard. It hasbeenapplied
to two complex environments:apowerplantmodelwith morethan
1200 objectsand12:2 million triangles,andan isosurfacemodel
composedof 2:4 million polygonsanda singleobject. The algo-
rithm canrenderthesedatasetsat 10 � 20 framesa secondwith
very little lossin imagequalityandminimalpoppingartifacts.

NewResults: Someof thenovel aspectsof ourwork include:

� An integratedscenerepresentationfor simpli�cation andvis-
ibility computationsbasedonavertex hierarchy andacluster
hierarchy.

� An automaticclustergenerationalgorithmthat takesinto ac-
countseveralcriteriaimportantfor occlusionculling.

� The �rst integratedalgorithmfor VDR andconservative oc-
clusionculling thatrunsoncommodityhardware,usesvertex
arraysandis applicableto largeandcomplex environments.

Organization: The restof the paperis organizedasfollows: We
giveashortsurvey of previouswork onVDR andocclusionculling
in Section2. In Section3 we give a brief overview of our ap-
proachas well as the underlying representation.Section4 de-
scribestheclusterhierarchy generationandpartitioningalgorithm.
The runtimealgorithmfor view-dependentre�nement andocclu-
sionculling is detailedin Section5. We describeour implementa-
tion andhighlight its performanceontwo complex environmentsin
Section6. Finally, in Section7 wehighlightareasfor futurework.

2 Related Work
We give a brief overview of the previous work in view dependent
rendering,occlusionculling, andintegratedapproaches.

2.1 View-Dependent Rendering
View-dependentrenderingoriginatedas an extensionof the pro-
gressive mesh[Hoppe1996]. A progressive meshis built from an
input meshby a sequenceof edgecollapsesusedto form a coarse
mesh. Vertex splits, the inverseof an edgecollapse,are usedto
restorethe original meshfrom the coarsemesh. Xia and Varsh-
ney [1997] andHoppe[1997] eachreportedthat many edgecol-
lapsesareindependentandcanbeorganizedashierarchiesinstead
of linearsequencesto allow re�nementatruntime.Thisrepresenta-
tion allows anapplicationto take into accountview-dependentef-
fectssuchassilhouettepreservationandlighting. LuebkeandErik-
son[1997] developeda similar approachusingoctree-basedvertex
clusteringoperations.El-SanaandVarshney [1999]extendedthese
ideasby usinga uniform errormetricbasedon cubic interpolants,
reducingthecostof meshfold-overtests,anddevelopingaVoronoi-
basedmethodfor creating“virtual edges”.

Pajarola[2001] improvedtheupdaterateof runtimemeshselec-
tion by exploiting propertiesof thehalf-edgemeshrepresentation.
This approachis well suitedto individual manifoldobjects.How-
ever, CAD/CAM modelsoften containdisjoint objectsand non-
manifold topology. El-SanaandBachmat[2002] presentedan al-
ternateapproachto increasethe updaterate of VDR by using a
prioritization scheme.Several out-of-coreVDR approacheshave
beenproposedin the literaturefor handlinglargedatasets[Decoro
andPajarola2002;Lindstrom2003].

2.2 Occlusion Culling
Theproblemof computingthevisiblesetof primitivesfrom aview-
pointhasbeenextensively studiedin computergraphicsandrelated
areas.A recentsurvey of occlusionculling algorithmsis given in
[Cohen-Oret al. 2003]. Occlusionculling algorithmsmaybeclas-
si�ed asregion or point-based,imageor objectspace,andconser-
vativeor approximate.

Many occlusionculling algorithmshave beendesignedfor spe-
cialized environments, including architecturalmodels basedon
cells and portals [Airey et al. 1990; Teller 1992; Luebke and
Georges 1995] and urban datasetscomposedof large occluders
[Coorg andTeller 1997;Hudsonet al. 1997;Schau�eret al. 2000;
Wonkaetal. 2000;Wonkaetal. 2001].Theseapproachesgenerally
precomputea potentiallyvisible set(PVS) for a region. However,
thesealgorithmsmay not obtainsigni�cant culling on large envi-
ronmentscomposedof anumberof smalloccluders.

Object spacealgorithms make use of spatial partitioning or
boundingvolumehierarchies[Coorg andTeller1997;Hudsonetal.
1997];however, performing“occluderfusion” onscenescomposed
of small occluderswith object spacemethodsis dif�cult. Image
spacealgorithmsincludingthehierarchicalZ-buffer [Greeneet al.
1993;Greene2001]andhierarchicalocclusionmaps[Zhanget al.
1997]aregenerallymorecapableof capturingoccluderfusion.

ThePLPalgorithm[Klosowski andSilva 2000]usesanapprox-
imate occlusionculling approachthat subdividesspaceinto cells
andassignssolidity valuesbasedon thetrianglesin eachcell. This
algorithmcanprovideguaranteedframerateat theexpenseof non-
conservative occlusionculling. However, it can lead to popping
artifacts as objectscan appearor disappearbetweensuccessive
frames. Klosowski andSilva [2001] augmentPLP with an image
basedocclusiontestto designaconservativeculling algorithm.The
iWalk system[Correaet al. 2002] usesthe PLP algorithm along
with out-of-corepreprocessingto renderlargemodelsoncommod-
ity hardware.

A numberof image-spacevisibility querieshave beenaddedby
manufacturersto their graphicssystems. Theseinclude the HP
occlusionculling extensions,item buffer techniques,ATI' s Hy-
perZ hardware, and the NV GL occlusionquery OpenGLexten-
sion[Scottet al. 1998;Bartzet al. 1999;Greene2001;Klosowski
andSilva 2001;Hilleslandet al. 2002;Meissneret al. 2002]. Our
integratedalgorithmalsoutilizestheseocclusionqueriesto perform
occlusionculling.

2.2.1 Clustering
Oftentheoriginal objectsof a modelarenot representedin anop-
timal mannerfor occlusionculling algorithms. Thesealgorithms
needto representthe sceneusingan objecthierarchy. Therefore,
they createan objecthierarchy by partitioningandclusteringthe
model,andat runtimeclassifyingobjectsasoccludersandpoten-
tial occludees.Onerecentapproachto partitioningandclusteringis
presentedby Baxteretal. [2002]andusedin theGigaWalk system.
It decomposesa largeenvironmentinto almostequal-sizedobjects
thatareusedfor staticLOD computations.Sillion [1994] andGar-
landet al. [2001] presentedhierarchicalfaceclusteringalgorithms
for radiosityandglobal illumination. Theseapproachesarenot di-
rectly applicableto generatinga clusterhierarchy from a vertex hi-
erarchy for view-dependentrenderingandocclusionculling.

2.3 Integrated Appr oaches
Many algorithmshave beenproposedthat combinemodelsimpli-
�cation andocclusionculling. The Berkeley Walkthroughsystem
[Funkhouseret al. 1996]combinesvisibility computationbasedon
cells and portalswith static LODs for architecturalmodels. The
MMR system[Aliaga et al. 1999]precomputesstaticLODs of ob-
jectsandusedhierarchicalocclusionmapsatruntimefor interactive
display. Thesystemassumesthatthemodelis partitionedinto rect-
angularcells.

OtherapproachescombiningprecomputedstaticLODsandcon-
servativeocclusionculling havebeenproposed[Baxteretal. 2002;
Govindarajuet al. 2003b].Thesealgorithmsrepresenttheenviron-
mentasa scenegraph,precomputeHLODs(hierarchicallevels-of-
detail) for intermediatenodesandusethemfor occlusionculling.
However, switching betweenstatic LODs and HLODs can cause
popping. Moreover, thesealgorithmsuseadditionalgraphicspro-
cessorsto performocclusionqueries.

El-Sanaet al. [2001] combinedview-dependentrenderingwith
thePLPalgorithmto performapproximateocclusionculling. The
integratedalgorithm usesthe solidity valuesto guide simpli�ca-
tion, producingfewer trianglesin meshregions that are deemed
highly occluded.This approachhasbeenappliedto portionsof the
powerplantmodelconsistingof hundredsof thousandsof triangles.
However, the algorithm doesnot perform conservative occlusion
culling.



3 Overview
In this sectionwe introducesomeof theterminologyandconcepts
usedin ouralgorithmandgiveabrief overview of ourapproach.

3.1 Prepr ocess
Most view-dependentrenderingalgorithmsusea vertex hierarchy
built from an original triangulatedmesh. The interior nodesare
generatedby applyinga simpli�cation operationsuchasan edge
collapseorvertex clusteringtoasetof vertices.Theresultof theop-
erationis anew vertex thatis theparentof theverticesto which the
operatorwasapplied.Successive simpli�cation operationsbuild a
hierarchy that is eithera singletreeor a forestof trees.At runtime
themeshis re�ned to satisfyanerrorboundspeci�edby theuser.

We usetheedgecollapseoperatorasthebasisfor our vertex hi-
erarchiesandallow virtual edgessothatdisjointpartsof themodel
canbemerged. We storeanerrorvaluecorrespondingto the local
Hausdorff distancefrom the original meshwith eachvertex. This
valueis usedto re�ne themeshat runtimeby projectingit to screen
spacewherethedeviation canbemeasuredin pixels,which is re-
ferredto as“pixelsof error.”

A mesh“fold-over” occurswhenafacenormal�ips duringaver-
tex split or edgecollapse.Vertex splitscanbeappliedin adifferent
orderat runtimethanduringthehierarchy generation.This means
that even thoughno fold oversoccurduring hierarchy generation,
they mayoccurat runtime[Hoppe1997;Xia et al. 1997;El-Sana
andVarshney 1999]. To detectthis situationwe usea neighbor-
hoodtest. The faceneighborhoodis storedfor eachedgecollapse
andvertex split operationwhencreatingthehierarchy. At runtime,
anoperationis consideredfold-over safeonly if its currentneigh-
borhoodis identicalto thestoredneighborhood.

Thevertex hierarchy canbeinterpretedasa �ne-grainedbound-
ing volumehierarchy. Verticeshave boundingvolumesenclosing
all facesadjacentwhenthevertex is createdduringsimpli�cation.
However, sucha boundingvolumehierarchy is not well suitedfor
occlusionculling becauseeachboundingvolumeis small andcan
occludeonly a few primitives. Furthermore,theculling algorithm
will have to performaveryhighnumberof occlusiontests.

To addressthis problem,we partition the vertex hierarchy into
clustersandrepresentthemasaclusterhierarchy. Eachclustercon-
tainsaportionof thevertex hierarchy. All vertex relationshipsfrom
the vertex hierarchy arepreserved so that a vertex nodemay have
a child or parentin anothercluster. Therelationshipsof thecluster
hierarchy arebasedon thoseof thevertex hierarchy, sothatat least
onevertex in aparentclusterhasachild vertex in achild cluster.

We characterizeclustersbasedon their error ratio and error
range. The error ratio is de�ned asthe ratio of the maximumer-
ror valueassociatedwith a vertex in theclusterto thatof themini-
mum. Theerror rangeis simply therangeof errorvaluesbetween
the maximumand minimum error valuesin a cluster. The error
ratio andrangeareusedin hierarchy construction,asdescribedin
Section4.

We presenta novel clusteringalgorithmthattraversesthevertex
hierarchy to createclustersthatareusedfor occlusionculling.

3.2 Runtime Algorithm
In a standardVDR algorithm,theactivevertex front (alsoreferred
to asthe activevertex list) is composedof the verticesmakingup
the currentmeshrepresentation.The front mustbe updatedevery
frameby determiningwhetherverticeson the front shouldbe re-
placedwith their parentto decreasethe level of detail,or replaced
by their children to increasethe detail in a region [Hoppe 1997;
Luebke andErikson1997;Xia et al. 1997]. Additionally, a list of
active faces,theactivefacelist is maintained.In our algorithmthe
front is dividedamongtheclusters.Theactive front will only pass
throughasubsetof theclusterhierarchy which is calledthe“active
clusters.” Theseactive clustersaretraversed,andtheactive vertex
front is re�ned within eachactive cluster. We do not re�ne active
clustersthat are occluded,leadingto a dramaticimprovementin
the front updaterateanddecreasedrenderingworkloadwhile still
conservatively meetingtheerrorbound.

Occlusionculling is performedby exploiting temporalcoher-
ence.During eachframe,thesetof clustersvisible in theprevious
frameis usedasanoccluderset.Theseclustersare�rst re�ned by
traversingtheir active fronts andthenrenderedto generatean oc-
clusionrepresentation.Next, theboundingvolumesof clusterson
the active front are testedfor visibility. Only the visible clusters

arere�ned andrenderedusingvertex arrays.This visible setthen
becomestheoccludersetfor thesubsequentframe.

4 Clustering and Partitioning
In this sectionwe presentthe clusterhierarchy generationalgo-
rithm. We initially describesomedesirablepropertiesof clusters
for occlusionculling andpresentanalgorithmdesignedwith these
propertiesin mind. We alsopresenttechniquesto partitionthever-
ticesandfacesamongtheclusters.

4.1 Clustering
Wehighlightsomecriteriausedto generatetheclustersfrom aver-
tex hierarchy, beforedescribingour clusteringalgorithm.We have
chosenorientedboundingboxes(OBBs) asour boundingvolume
becausethey canprovide a tighter �t thanspheresor axis aligned
boundingboxes[Gottschalket al. 1996].OBBsrequiremorecom-
putationthansimplerboundingvolumes,but clusteringis aprepro-
cessthatis performedonceperenvironment.

Initially we considerissuesin generatingclustersthat are not
directly descendedfrom eachother; that is, they comefrom dif-
ferentbranchesof theclusterhierarchy. Suchclustersshouldhave
minimal overlapin their boundingvolumesfor two reasons.First,
highly interpenetratingclustersareunlikely to occludeeachother.
Second,whenrenderingtheir boundingvolumes,therequired�ll-
rateishigherwhenthey overlap.However, aparentcluster'sbound-
ing boxshouldfully containtheboundingboxof its childrensothat
whenit is deemedfully occluded,thesubtreerootedat thatcluster
may be skipped. We alsowant to control the numberof vertices
andfacesin aclustersothatwehaveuniformly sizedoccludersand
occludees.

For occlusionculling it is desirableto haveonly oneactiveclus-
ter in a region of the mesh. If clustershave low error ratios, it is
likely thatmultipleclusterswill have to beactive in ameshregion.
On theotherhand,a clusterthathasa high errorratio will contain
verticesspanningmany levels of the hierarchy in its meshregion.
In this case,few of theverticescontainedin aclusterwill beactive
from any given viewpoint. Therefore,we mustbalancethe error
ratio of clusters.Also, theerrorrangeof a clustershouldnot over-
lap with its parentor children.Otherwise,it is likely that they will
containactiveverticessimultaneously.

Thesepropertiesfor theclusterscanbesummarizedas:

1. Minimal overlap of boundingboxes of clustersnot directly
descendedfrom eachother.

2. The boundingbox of a cluster is fully containedwithin its
parentboundingbox.

3. Minimal or nooverlapof errorrangebetweenparentandchil-
drenclusters.

4. Theerrorratio is not toosmallor too largefor acluster.
5. The vertex and facecount within a clusterare neithervery

largenorverysmall.

4.2 Cluster Hierar chy Generation
Our clusteringalgorithmworks directly on an input vertex hierar-
chy without utilizing a spatialsubdivision suchasan octree. We
assumethat the vertex hierarchy from which the clusterhierarchy
is generatedexhibits high spatialcoherenceandis constructedin a
bottom-upmannerusingedgecollapsesor vertex merges.

A clusterhierarchy canbe generatedby eitherusinga bottom-
up or top-down approach.A bene�t of thebottom-upapproachis
spatiallocalization,but weassumethatthevertex hierarchy already
hasthis property. The top-down approachenablesus to minimize
the overlap of clusterboundingboxes. For this reason,we have
chosenthetop-down approach.

We descendthe vertex hierarchy from the rootswhile creating
clusters. An active vertex front is maintainedandverticeson the
front areaddedto clusters.Whena vertex is addedto a cluster, it
is removed from the front andreplacedwith its children. We do
not adda vertex to a clusterif it cannotbesplit in a fold-over safe
manner. Thus,theconstructionof sucha clusterwill have to wait
until dependentverticesareaddedto otherclusters.For thisreason,
we usea clusterqueueandplacea clusterat thebackof thequeue
whenwe attemptto adda vertex that is not fold-over safe. Then,
theclusterat thefront of queueis processed.



Figure 2: Constructionof the ClusterHierarchy : On the left is
the input vertex hierarchy. The verticesarecoloredbasedon the
clusterto which they areassigned.The nodesdrawn with dotted
linesrepresentthecandidateverticesfor theclusters,which reside
in thevertex priority queue.Thetwo clusterswithin dottedcircles
arestill in theclusterqueue,while theclusterinsidethesolidcircle
is �nished processing.

Eachclusterin this clusterqueuehasanassociatedvertex prior-
ity queuesortedbasedon error values. A cluster's vertex queue
containsits candidateverticeson the active front. Initially, the
clusterqueuecontainsa singlecluster. The vertex priority queue
associatedwith this initial clustercontainsthe rootsof the vertex
hierarchy. Sincecandidateverticeswithin a clusterareprocessed
in orderof decreasingerrorvalue,it is never thecasethata vertex
split is dependentuponasplit in its own vertex queue.

While theclusterqueueis notemptythefollowing stepsareper-
formed:

1. Dequeuethecluster, C, at thefront of theclusterqueue.
2. Dequeuethevertex, v, with highesterrorfrom thevertex 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 Step1.

4. If addingv to C makesthe error ratio of C too large or in-
creasesits vertex countbeyondthetarget:

(a) Createtwo childrenclustersCl andCr of C in theclus-
terqueue.

(b) Partition the vertex priority queueand assignthe two
resultingqueuesto Cl andCr .

(c) Go backto Step1 without placingC in thebackof the
clusterqueue;no more verticeswill be addedto this
cluster.

5. Add v to C, updatethenumberof verticesandtheerrorratio
associatedwith C.

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

This clusteringalgorithmensuresthe propertieshighlightedin
Section4.1. Section4.3 will explain how Property1 is enforced
whenaclusteris partitioned.Property3 is maintainedby ouralgo-
rithm asthe verticesareinsertedinto the clustersfrom the vertex
priority queuein orderof decreasingerror, sothatchildrenclusters
alwayscontainverticeswith lessassociatederror thantheir parent
cluster. Properties4 and5 causetheclustersto besplit asthepro-
ceduretraversesdown thevertex hierarchy in Step4.

Property2 is enforcedin a secondpassafter clusteringby a
bottom-uptraversalwhich computeseachparentcluster's bound-
ing boxby takingtheunionof its children.An exampleof asimple
clusterhierarchy thatis generatedfrom vertex hierarchy is shown in
Figure2. Figure3 shows theclustersonabunny modelat runtime.

4.3 Partitioning a Cluster
In Step4(b) of the clustergenerationalgorithm,it is necessaryto
divide a clusterby splitting its vertex priority queue.The two re-
sultingvertex priority queuesform theinitial vertex priority queues
for thetwo childrenclusters.

Topartitionaclusterwecomputeasplittingplanefor thevertices
in thequeueusingprincipal componentanalysis.Theeigenvector

Figure3: Theclustersof thebunny modelareshown in color. Clus-
tersat0 pixelsof errorareon theleft andat4 pixelsof errorareon
theright.

associatedwith the largesteigenvalue is initially usedto de�ne a
splitting planethroughthe centroidof the verticesto maximally
separatethe geometry[Jollif fe 1986]. The verticesand associ-
atedfacesaredividedbasedon this splittingplane,andanoriented
boundingbox is computedthat containsthe facesof eachcluster.
Boundingboxesareorientedwith thesplittingplane.

Somefaceshave a vertex in eachof the newly createdpriority
queues.As aresult,theirboundingboxescanoverlap.Thisoverlap
canbevery largewhentheclusterbeingsplit containslong,skinny
triangles.Let V be the volumeof the boundingbox of the parent
nodeandV0 andV1 bethevolumesof thechildrenboundingboxes.
Weuse(V1 + V2 � V ) asameasureof theoverlapof thechildren's
boundingboxes.If thisvalueexceedsathresholdfractionof V then
theoverlapis too large. In this case,theeigenvectorcorresponding
to the secondlargesteigenvalue is usedto de�ne a new splitting
plane.If this split again fails theoverlaptest,thethird eigenvector
is used.If all threefail, thenwe enforceProperty1 by abandoning
the split and keepingthe parentcluster in the clusterqueueand
increaseeitherthetargetvertex countor theerrorratio.

4.4 Memor y Localization
After assigningverticesto clusters,we storethe verticesin their
correspondingclustersalongwith their associatedfaces.Perform-
ing thismemorylocalizationis usefulfor renderingusingvertex ar-
raysandon demandloadingof clustersat runtime. Also, memory
accesseswhenprocessingaclusteraremorelikely to belocalized.

However, the verticesof a trianglecanresidein differentclus-
ters. This is unavoidablein practice,no matterhow the vertices
arepartitionedamongdifferentclusters. We dealwith this situa-
tion by assigningeachtriangleto asingleclustercontainingat least
oneof its vertices.Theclustermuststoreall threeverticesof any
triangleassignedto it, leadingto someduplicationof vertex data.
Note,however, thatonly thedatanecessaryto rendersuchvertices
is duplicated.Thevertex hierarchy relationshipsarestoredfor each
vertex only in theclusterto whichthey wereassignedduringcluster
generation.

5 Interactive Displa y
In thissectionwepresenttheruntimealgorithmthatusesthevertex
andclusterhierarchy to updatetheactive meshfor eachframeand
toperformocclusionculling. First,wepresentalgorithmsfor 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,aredividedamongtheclusterssothateach
clustermaintainsits own portion of the active lists. Only clusters
thatcontainverticesontheactivefrontneedto beconsideredduring
re�ning andrendering.Theseclustersarestoredin anactivecluster
list. Figure4 shows a clusterhierarchy, its active clusterlist, and
activevertex lists.

Prior to renderingacluster, its activefaceandvertex listsareup-
datedto re�ect viewpointchangessincethelastframe.Wetraverse
its active vertex list andusetheaforementionedvertex errorvalue
to computewhich verticesneedto besplit or collapsed.Theerror
valueis projectedonto the screenandusedasa boundon the de-
viation of thesurfacein screenpixels. Vertex splitsareperformed
recursively on front verticesthatdo not satisfythebound.For sib-
ling pairsthatmeettheerrorbound,we recursively checkwhether
theirparentvertex alsomeetstheerrorboundandif so,collapsethe
edge(or virtual edge)betweenthevertex pair.



Figure4: Theclusterhierarchy is usedat runtimeto performocclu-
sion culling. On the left, the active clusterlist is drawn asa front
acrosstheclusterhierarchy. Thislist is composedof visibleclusters
andoccludedclusters.Eachclustercontainsaportionof thevertex
hierarchy asseenontheright. A subsetof verticesin activeclusters
makeup thecurrentmesh.Theseareshadedon theright.

Facesin the active facelist adjacentto a vertex involved in ei-
theranedgecollapseor vertex split arereplacedwith facesadjacent
to thenew vertex. Whena vertex is to besplit, we usetheneigh-
borhoodtestto determinewhetherthevertex split is fold-oversafe.
However, vertex splits mustoccur to satisfy the error bound. To
allow a split, we forceany of its neighboringverticesto split when
they arenotpartof thestoredneighborhoodasin [Hoppe1997].

5.2 Maintaining the Active Cluster List
A vertex that is split may have childrenthat belongto a different
cluster. Thechildrenverticesareactivatedin their containingclus-
tersandtheseclustersareaddedto theactiveclusterlist if they were
notpreviouslyactive. Similarly, duringanedgecollapseoperation,
theparentvertex isactivatedin its containingclusterandthatcluster
is addedto theactive clusterlist. Whenthe lastvertex of a cluster
is deactivated,theclusteris removedfrom theactiveclusterlist.

5.3 Rendering Algorithm
Our renderingalgorithmexploits frame-to-framecoherencein oc-
clusionculling, by usingthevisible setof clustersfrom theprevi-
ousframeastheoccludersetfor thecurrentframe.Thealgorithm
proceedsby renderingtheoccludersetto generateanocclusionrep-
resentationin thedepth-buffer. Then,it testsall theclustersin the
active clusterlist for occlusion.Meanwhile,theoccludersetis up-
datedfor thenext frame.An architectureof theruntimealgorithmis
shown in Figure5. Differentphasesof thealgorithmarenumbered
in theupperleft of eachbox.

5.3.1 OcclusionRepresentationGeneration
Weuseclustersthatwerevisible in thepreviousframefor comput-
ing anocclusionrepresentation.Beforegeneratingtherepresenta-
tion, theactive vertex list andactive facelist in eachof theseclus-
tersareupdatedto meettheerrorbound.This re�nementoccursas
describedin Section5.1.This is Phase1 of ouralgorithm.In Phase
2, theactive facesarerenderedandtheresultingdepthmapis used
asanocclusionrepresentation.

5.3.2 OcclusionTests
Wetraversetheactiveclusterlist andcull clustersthatareoccluded
or outsidetheview-frustumin Phase3. Thevisibility of a cluster
within theview frustumis computedby renderingits boundingbox
and thenusinga hardwareocclusionquery to determinewhether
any fragmentspassedthedepthtest.Depthwritesaredisableddur-
ing this operationto ensurethat the boundingboxesarenot used
asoccluders.Also, depthclampingis enabledso that we do not
needto considerspecialcaseboundingboxesthatareintersecting
thenearclip plane.Theactivevertex front maypassthroughaclus-
ter andsomeof its descendantclusters.Sincetheboundingbox of
a clusterfully containsthe boundingboxesof its children,oncea
clusteris foundto beoccludedwedonothaveto checkits children.

During this phase,all the clustersin the active clusterlist are
tested,including thosein the occluderset. This test is necessary
becausetheclustersthatpassthevisibility testareusedasocclud-
ersfor thesubsequentframe. In this manner, clustersthatbecome
occludedareremovedfrom theoccluderset.

Figure5: RuntimeSystemArchitecture:In eachframetheclusters
visible in thepreviousframeareusedasanoccluderset.In Phases
1 and2, the occluderset is re�ned andthenrenderedto createa
depthmapin thez-buffer. Phase3 testsboundingboxesof all the
active clustersagainstthis depthmapusingocclusionqueries.The
clusterspassingthetestarere�ned andrenderedin Phases4 and5
andalsousedasoccludersfor thenext frame.

5.3.3 Re�ning VisibleClusters
The previous phaseallows us to determinewhich clustersarepo-
tentiallyvisible. Beforerenderingthepotentiallyvisibleclustersin
Phase5, their active faceandvertex lists mustbeupdatedin Phase
4. While re�ning, additionalclustersmay be addedto the active
clusterlist throughvertex splitsandedgecollapses.Theseclusters
areassumedto bevisible in thecurrentframe.

5.4 Conser vative Occlusion Culling
The boundingbox testconservatively determineswhetherthe ge-
ometry within a clusterwill be occluded,sincea boundingbox
containsall thefacesassociatedwith acluster. Wealsoensurecon-
servativenessup to screen-spaceprecisionby re�ning theoccluder
setin Phase1 beforegeneratingthedepthmapin Phase2.

To preventre�ning andrenderingthesameclustertwo timesdur-
ing a frame,the occludersetrenderedin Phase2 is alsorendered
into thecolorbuffer. Then,whenre�ning andrenderingthevisible
clustersin Phases4 and5, we omit the clustersthat werealready
re�ned andrenderedin Phases1 and2. This optimizationrequires
anextrastepto ensureconservativeness.

As explainedin Section5.1, the neighborhoodverticesmay be
forcedto split to satisfytheerrorbound.A problemariseswhena
vertex split in Phase4 forcesa vertex in a clusteralreadyrendered
in Phase2 to split. We detectsuchcasesandredraw the resulting
faces,sothatnovisualartifactsremainin the�nal image.Wereren-
der the affectedfacesprior to the split into the stencilbuffer after
settingthe depthfunction to GL EQUAL. After the split, the cor-
rect facesarerenderedandoverwrite pixels wherethe stencilhas
beenset. We have found that this occursvery rarely (on average
lessthanonefaceperframein ourdatasets).

5.5 Vertex Arra ys
On currentgraphicsprocessorsdisplay lists andvertex arraysare
signi�cantly faster than immediatemode rendering[Woo et al.
1997]. The changingnatureof the visible primitivesanddynam-
ically generatedLODs in a VDR systemare not well suitedfor
displaylists. Thus,we usevertex arraysstoredin thegraphicspro-
cessorunit (GPU)memoryto acceleratetherendering.

Weuseamemorymanagerwhenthesizeof theverticesin theac-
tiveclustersis lessthantheamountof thememoryallocatedon the
GPU(e.g. 100MB). Usinga leastrecentlyusedreplacementpol-
icy, we keeptheverticesin GPUmemoryover successive frames.
Whenthefront sizeexceedsthememoryrequirement,we still use
GPU memory, but do not attemptto keepclustersin this memory
for morethanoneframe.

In many renderingapplicationsall or mostof the verticesin a
vertex arrayareusedto renderfaces.But in ourcaseonly afraction
of theverticesfor a cluster, theactive vertices,areusedfor render-
ing. This increasesthe numberof bytesper renderedvertex that
aretransferredto theGPUwhenusingvertex arraysstoredin GPU
memory. To obtainmaximumthroughput,we usea minimumratio
of active verticesto total vertices,andany active clusterthatdoes
notmeetthis thresholdis renderedin immediatemode.



Model Poly� 106 Obj Cluster� 103

Isosurfacemodel 2:4 1 1:3
PowerPlant 12:2 1200 20:1

Table 1: Details of our test environments. Poly is the polygon
count. TheObj columnlists thenumberof objectsin theoriginal
datasetandtheCluster columnlistsnumberof clustersgenerated.

6 Implementation and Results
In thissectionwediscusssomeof thedetailsof our implementation
andhighlight its performanceon two complex environments.

6.1 Implementation
We have implementedour view-dependentrenderingalgorithm
with conservative occlusionculling on a 2:8 GHz Pentium-IVPC,
with 4 GB of RAM and a GeForce 4 Ti 4600 graphicscard. It
runs Linux 2:4 with the bigmemoption enabledgiving 3:0 GB
useraddressablememory. Using the NVIDIA OpenGLextension
GL NV occlusionquery, we areableto performanaverageof ap-
proximately100K occlusionqueriesper secondon the bounding
boxes.

For higherperformance,we allocate100MB of the 128MB of
RAM on theGPUto storetheclusterverticesandboundingboxes.
Thememoryallocatedonthegraphicscardcanholdabout3:5 mil-
lion vertices.

6.2 Envir onments
Our algorithm hasbeenappliedto two complex environments,a
coal�red power plantcomposedof morethan12 million polygons
and1200 objects(shown in Fig. 1) andan isosurfacemodelcon-
sistingof 2:4 million polygonsanda singleobject( shown in Fig.
6). Thedetailsof theseenvironmentsareshown in Table1.

WeuseGAPS[EriksonandManocha1999]to constructourver-
tex hierarchiesbecauseit handlesnon-manifoldgeometryandcan
alsoperformtopologicalsimpli�cation. Becausethe GAPSalgo-
rithm requireslarge amountsof memory, we built hierarchiesfor
portionsof eachenvironmentseparatelyandmergedthe resultsto
computea single vertex and clusterhierarchy. A target of 1000
verticesis usedwhile generatingtheclusters.Themaximumerror
valueof any vertex in theclusteris twice thatof theminimum;that
is, theerrorratio is 2.

Our approachis designedfor complex environmentsconsisting
of tensof millions of polygons.Partial loadingcanbevery useful
in suchanenvironment.Wedecouplethevertex andfacedatafrom
the edgecollapsehierarchy storedin eachclusterasdescribedin
Section4.4. We do not load the faceandvertex datafor a cluster
until it needsto be rendered. In this manner, clustersthat never
fall within the view-frustumor arealwaysoccludedwill never be
loadedwhenperformingawalkthrough.

6.2.1 PreprocessingTimeandMemoryRequirements
Our clusterhierarchy generationalgorithmcanprocessabout1M
verticesin 3:8 minutes. Almost 18% of that time is spentcalcu-
lating the eigenvectorscomputedfor principal componentanaly-
sis whensplitting clustersanddeterminingOBBs. We optionally
employ a step that attemptsto tighten the OBBs by minimizing
their volumewhile still enclosingthe clusters. Whenthis stepis
used,the time spentin clustergenerationincreasesby ten times;
theboundingbox computationaccountsfor 90%of thetime spent
in theclusteringstep.We performedtheminimizationstepduring
clustergenerationfor thepowerplantmodelandnot for theisosur-
facemodel.

Our currentimplementationis not optimizedin termsof mem-
ory requirements.Eachclusteruses300bytesto storethebounding
box informationandotherdata.Eachvertex andfacehasa 4 byte
pointer indicating its containingclusteralongwith the geometric
data.On average,we use272Mb for 1M vertices.This numberis
slightly higherin comparisonwith someearliersystemsfor view-
dependentrendering.For example,Hoppe's view-dependentsim-
pli�cation system[Hoppe1997] reported224Mb for 1M vertices.
The differencepartly exists becauseour implementationsupports
virtual edgesandnon-manifoldtopology, which meanssomerela-
tionshipscannotbestoredimplicitly.

Figure6: Isosurfacemodelacquiredfrom turbulencesimulation.
This environmentconsistsof 2.4 million trianglesandis rendered
by oursystemat interactive rates.

6.3 Optimizations
We usea numberof optimizationsto improve the performanceof
ouralgorithms.

6.3.1 ConservativeProjectedError
Whentraversingtheactive vertex list of a clusterwe usea conser-
vativeapproximationof thedistancefrom avertex to theviewpoint.
Theminimumdistancebetweena spheresurroundinga clusterand
theviewpoint is computed.Then,themaximumsurfacedeviation
meetingthescreenspaceerrorboundat this distanceis calculated
and all active verticesin the clusterare re�ned using this value.
Thisapproximationis conservative andrequiresonly onecompari-
sonpervertex to determinewhetherit needsto besplit or collapsed.

6.3.2 Multiple OcclusionQueries
TheGL NV occlusionqueryextensionsupportedon theGeForce
3 andall subsequentNVIDIA GPUsallowsmany queriesto beper-
formedsimultaneously. To gettheresultof aquery, all rasterization
prior to issuingthequerymustbecompleted.Thus,we wait until
we have renderedall the boundingboxes in the active clusterlist
beforegatheringqueryresultsfrom theGPU.

6.4 Results
We generatedpathsin eachof our environmentsandusedthemto
test the performanceof our algorithm. Thesepathsareshown in
theaccompanying video. We areableto renderboth thesemodels
at interactive rates(10 � 20 framespersecond)onasinglePC.

We have alsocomparedtheperformanceof our systemto VDR
without occlusionculling. We accomplishthis comparisonby dis-
ablingocclusionculling in oursystem,whichinvolvessimplyre�n-
ing andrenderingall theclustersin theactiveclusterlist. Moreover,
wedonotusetheconservativeapproximationof theerrordistance,
sincethis optimizationis possiblebecauseof clusteringusedfor
occlusionculling. We useview-frustumculling, vertex arrays,and
GPUmemoryto acceleratetherenderingof thescenein eachcase.
Figure 8 illustratesthe performanceof the systemon a complex
pathin the power plant andisosurfacemodel. Notice that we are
ableto obtaina 3 � 5 timesspeedupwith conservative occlusion
culling. Table2 shows theaverageframerate,front size,andnum-
ber of edgecollapseandvertex split operationsperformedduring
thepath. Themainbene�t of occlusionculling arisesfrom there-
ductionin thesizeof thefront (by a factorof onethird to onehalf)
aswell asthenumberof renderedpolygons.Tables3 and4 show a
breakdown of the time spenton themajor tasks(per frame)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
evenmoredramaticthanthe improvementin renderingdueto the



Figure7: Occlusionculling in thePower Plant.Theleft imageshows a �rst personview. Themiddleimageshows a third personview with
theboundingboxesof visibleclustersshown in pink andtheview frustumin white. Theright imageis from thesamethird personview with
theboundingboxesof occludedclustersin yellow.

Pixelsof 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 clustersin VDR+OC

Isosurfacemodel 0:5 6:4 19:7 195 113 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 andmergeoperationsobtainedby differentaccelerationtechniquesover thesample
path. This resultis acquiredat 512 � 512 imageresolution.FPS= FramesPerSecond,Poly = PolygonCount,PP = Power Plantmodel,
VDR = View-dependentRenderingwith view frustumculling, VF = View Frustum,OC = OcclusionCulling

conservative distancecomputation.Figure7 shows visible andin-
visibleclustersin agivenviewpointon thepowerplantmodel.

6.5 Comparison with Earlier Appr oaches
To the best of our knowledge, none of the earlier algorithms
canperformview-dependentrenderingwith conservativeocclusion
culling. The iWalk system[Correaet al. 2002] can also render
the power plant modelon a singlePC with muchsmallerprepro-
cessingandmemoryoverheadthanours. However, it doesnot use
LODs andperformsapproximateandnon-conservative occlusion
culling. The GigaWalk [Baxter et al. 2002] andocclusion-switch
algorithms[Govindarajuet al. 2003b]usestaticLODs with occlu-
sionculling. Althoughthey canrenderthepowerplantmodelat in-
teractive rates,they canproducepoppingdueto switchingbetween
differentLODs. Furthermore,they usemorethanonegraphicspro-
cessor.

An integratedalgorithm combiningview-dependentrendering
with PLP-basedapproximateocclusionculling is presentedin [El-
Sanaet al. 2001]. Finally, [El-SanaandBachmat2002]have pre-
senteda schemefor subdividing thevertex hierarchy at runtimeto
generateacoarserhierarchy. Thecellsof thishierarchy aresplit and
mergedto re�ect thechangesin theactive front of vertices.These
cells areprioritized by an estimateof the numberof vertex splits
andedgecollapsesrequiredin eachcell. Re�nementoccursover a
subsetof theactive cells in eachframe,consideringthepriority as
well asensuringthatall cellsareeventuallyre�ned. Our algorithm
follows the samethemeof reducingthe front size and therefore,
subdividesthevertex hierarchy into clustersasa preprocess.As a
result,our algorithmis applicableto very large environmentsand
theresultingclustersareusedfor occlusionculling.

6.6 Limitations
Our occlusionculling algorithmassumeshigh temporalcoherence
betweensuccessive frames.If thecamerapositionchangessignif-
icantly from oneframeto thenext, thevisible primitivesfrom the
previous framemay not be a goodapproximationof the occluder
setfor thecurrentframe.As a result,theculling performancemay
suffer. Furthermore,if a scenehasvery little or no occlusion,the
additionaloverheadof performingocclusionqueriescanlower the
framerate.

Our algorithmperformsculling at a clusterlevel anddoesnot
checkthe visibility of eachtriangle. As a result, its performance
canvarybasedonhow theclustersaregeneratedandrepresented.

7 Conc lusion and Future Work
We have presenteda novel algorithm for integrating view-
dependentrenderingwith conservative occlusionculling. Our al-
gorithmperformsclusteringandpartitioningto decomposeavertex
hierarchy of theentiresceneinto a clusterhierarchy, which is used

Step Re�ning Rendering Culling
VDR+OC 17ms(34%) 20ms(38%) 14ms(28%)

VDR 136ms(81%) 31ms(19%) �

Table3: A breakdown of theframetime in isosurfacemodel. Left
valuesin eachcell representtime spentin eachstep.Right values
representpercentageof total frametime. TheRe�ning columnrep-
resentsPhase1 and4, Rendering is Phase2 and5, andCulling is
Phase3.

Step Re�ning Rendering Culling
VDR+OC 23ms(28%) 27ms(33%) 31ms(39%)

VDR 213ms(56%) 169ms(44%) �

Table 4: A breakdown of the frame time in Power Plant. The
columnsRe�ning , Rendering, andCulling areexplainedin Table
3

for view-frustumandocclusionculling. At runtime,a potentially
visible setof clustersis maintainedusinghardwareacceleratedoc-
clusionqueries,andthis set is re�ned in eachframe. The cluster
hierarchy is alsousedto updatethe active vertex front that is tra-
versedfor view-dependentre�nement.Ouralgorithmeasilyallows
theuseof vertex arraysto achievehightrianglethroughputonmod-
erngraphicscards.We have observed3 � 5 timesimprovementin
framerateoverview-dependentrenderingwithoutocclusionculling
on two complex environments.

Many avenuesfor futurework lie ahead.To applyour approach
to even larger environments,we would like to develop an out-of-
coreclusteringandpartitioningalgorithmbasedonout-of-coresim-
pli�cation andgenerationof thevertex hierarchy. Our loadon de-
mandapproachcanbe extendedto createan out-of-coreruntime
system. Our clusteringalgorithm could be extendedto consider
view-dependenteffectssuchasspecularhighlightsandsilhouettes
that are importantin environmentswith signi�cant surfacedetail.
In particular, it can be usedfor interactive shadow generationin
complex environments[Govindarajuet al. 2003a]. We would like
to exploreotherapplicationsof theclusterhierarchy, includingcol-
lision detection.
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(a) Isosurfacemodelat0.5pixel of error (b) Powerplantmodelat3 pixelsof error
Figure8: FrameratecomparisonbetweenVDR with andwithoutocclusionculling. Imageresolutionis 512� 512. Weobtaina3 � 5 times
improvementin theframeratewhenusingocclusionculling.
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