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Abstract

We presenta simplebut powerfulalgorithmfor optimizingthe usage of hardware occlusionqueriesin arbitrary
comple scenesOur methodminimizeghe numberof issuedqueriesandreduceghe delaysdueto thelatencyof
queryresults.We reusethe resultsof occlusionqueriesfromthe last framein order to initiate and schedulethe
queriesin the next frame This is doneby processinghodesof a spatial hierarchy in a front-to-ba& order and
interleavingocclusionquerieswith renderingof certain previouslyvisible nodes Theproposedschedulingof the
queriesmales useof spatial and tempoal coheenceof visibility. Despiteits simplicity, the algorithm achieves
goodculling efciency for scene®of varioustypes.Theimplementatiorof the algorithmis straightforwaid andit

canbeeasilyintegratedin existingreal-timerenderingpackagesbasedon commorhierarchical datastructues.

Catgories and SubjectDescriptors(accordingto ACM CCS) 1.3.7 [Computer Graphics]: Three-Dimensional

GraphicsandRealism

1. Intr oduction

Visibility culling is oneof themajoracceleratiortechniques
for thereal-timerenderingof complex scenesThe ultimate
goal of visibility culling techniqueds to preventinvisible
objectsfrom beingsentto therenderingpipeline.A standard
visibility-culling techniqueis view-frustumculling, which
eliminatesbjectsoutsideof thecurrentview frustum.View-
frustum culling is a fastand simple technique but it does
not eliminateobjectsin the view frustumthatareoccluded
by otherobjects.This canleadto signi cant overdraw, i.e.,
thesamemageareagetscoveredmorethanonce.Theover
draw causeswasteof computationaéffort bothin the pixel
and the vertex processingstagesof moderngraphichard-
ware. The elimination of occludedobjectsis addressedby
occlusionculling. In anoptimizedrenderingpipeline,occlu-
sionculling complementstherrenderingaccelerationiech-
niguessuchaslevelsof detailorimpostors.

Occlusionculling caneitherbe appliedof ine or online.
Whenappliedof ine asa preprocessye computea poten-
tially visible set (PVS) for cells of a x ed subdvision of
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the scene At runtime, we can quickly identify a PVS for

the given viewpoint. However, this approachsuffers from

four majorproblemsi(1) the PVSis valid only for the origi-

nal staticscenecon guration, (2) for a givenviewpoint, the
correspondingell-basedPVS can be overly conserative,

(3) computingall PVSsis computationallyexpensve, and
(4) an accuratePVS computationis dif cult to implement
for generalscenesOnline occlusionculling cansolve these
problemsat the costof applyingextra computationsat each
frame.To make theseadditionalcomputationf cient, most
online occlusionculling methodsrely on a numberof as-
sumptionsaboutthe scenestructureandits occlusionchar

acteristics(e.g. presenceof large occluders,occludercon-
nectvity, occlusionby few closestdepthlayers).

Recentgraphicshardware natively supportsan occlusion
queryto detectthe visibility of an objectagainstthe cur
rent contentsof the z-huffer. Although the query itself is
processedjuickly usingtheraw power of the graphicspro-
cessingunit (GPU), its resultis not available immediately
due to the delay betweenissuingthe query and its actual
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processingn the graphicspipeline.As a result,a have ap-
plication of occlusionqueriescanevendecreasehe overall
applicationperformanceduethe associatedCPU stallsand
GPU stanation. In this paper we presentan algorithmthat
aimsto overcometheseproblemsby reducingthe numberof

issuedqueriesandeliminatingthe CPU stallsandGPU star

vation. To schedulehe queriesthe algorithmmakesuseof

both the spatialandthe temporalcoherencef visibility. A

majorstrengthof ourtechniquas its simplicity andversatil-
ity: themethodcanbe easilyintegratedin existing real-time
renderingpackage®n architecturesupportingthe underly-
ing occlusionquery

2. RelatedWork

With the demandfor renderingscenesof ever increasing
size, there have beena numberof visibility culling meth-
odsdevelopedin the lastdecade A comprehensie suney
of visibility culling methodswas presentecdoy Cohen-Or
et al. [COCSDO03. Another recentsuney of Bittner and
Wonka[BWO03] discussesisibility cullingin abroadercon-
text of othervisibility problems.

According to the domain of visibility computation,
we distinguish between from-point and from-region
visibility —algorithms. From-region algorithms com-
pute a PVS and are applied ofine in a preprocessing
phase [ARB90, TS91 LSCO03. From-point algo-
rithms are applied online for each particular view-
pointfGKM93, HMC 97, ZMHH97, BHS98 WS99 KS01].
In our further discussionwe focus on online occlusion
culling methodghatexploit graphicshardware.

A conceptuallymportantonlineocclusionculling method
is the hierarchical z-buffer introduced by Greene et
al. [GKMQ93]. It organizesthe z-buffer asa pyramid, where
the standardz-huffer is the nest level. At all otherlevels,
eachz-valueis the farthestin the window correspondingo
the adjacentner level. The hierarchicalz-buffer allows to
quickly determineif the geometryin questionis occluded.
To acertainextentthisideais usedin the currentgeneration
of graphicshardwareby applyingearly z-testsof fragments
in thegraphicspipeline(e.g.,HyperZ technologyof ATI or
Z-cull of NVIDIA). However, thegeometrystill needgo be
sentto the GPU, transformedand coarselyrasterizedeven
if it is laterdeterminednvisible.

Zhang[ZMHH97] proposedierarchicabcclusionmaps,
whichdonotrely onthehardwaresupportfor thez-pyramid,
butinsteadmalke useof hardwaretexturing. Thehierarchical
occlusionmapis computedon the GPU by rasterizingand
down samplinga givensetof occludersThe occlusionmap
is usedfor overlap testswhereasthe depthsare compared
usinga coarsedepthestimationbuffer. Wonkaand Schmal-
stieg [WS99 useoccludershadavs to computefrom-point
visibility in Z%D sceneswith the help of the GPU. This
methodhasbeenfurther extendedto online computationof
from-region visibility executedon asener[ WWSO01].

Bartz et al. [BMH98] proposedan OpenGL extension
for occlusionqueriesalong with a discussionconcerning
a potential realizationin hardware. A rst hardware im-
plementationof occlusion queriescame with the VISU-
ALIZE fx graphicshardware[SOG98. The corresponding
OpenGLextensionis calledHP_occlusion_tesA morere-
cent OpenGL extension,NV_occlusion_querywas intro-
ducedby NVIDIA with the GeForce 3 graphicscardandit
is now alsoavailableasanof cial ARB extension.

Hillesland et al. [HSLMO02] have proposedan algorithm
which emplgys the NV_occlusion_queryThey subdvide
the sceneusinga uniform grid. Thenthe cubesaretraversed
in slabsroughly perpendiculato the viewport. The queries
areissuedfor all cubesof a slab at once, after the visible
geometryof this slab hasbeenrendered.The methodcan
alsousenestedyrids: a cell of thegrid containsanothergrid
that is traversedif the cell is proven visible. This method
however doesnot exploit temporalandspatialcoherencef
visibility andit is restrictedo regularsubdvision datastruc-
tures.Our nev methodaddresseboth theseproblemsand
providesnaturalextensionsto balancethe accurag of visi-
bility classi cationandthe associatedomputationatosts.

Recently Staneler et al. [SBS04 developeda method
integrating occlusionculling into the OpenSGscenegraph
frameawvork. Their techniqueusesoccupang maps main-
tainedin software to avoid querieson visible scenegraph
nodesandtemporalcoherenceo reducethe numberof oc-
clusionqueries.The drawvback of the methodis thatit per
formsthequeriesin a serialfashionandthusit suffersfrom
the CPUstallsandGPU stanation.

Onatheoreticalevel, our papeiis relatedto methodsaim-
ing to exploit the temporalcoherenceof visibility. Greene
et al. [GKM93] usedthe set of visible objectsfrom one
frame to initialize the z-pyramid in the next framein or-
derto reducethe overdrav of the hierarchicalz-buffer. The
algorithm of Cooig and Teller [CT9q restrictsthe hierar
chical traversalto nodesassociatedvith visual eventsthat
were crossedbetweensuccessie viewpoint positions.An-
othermethodof Cooig andTeller [CT97] exploits temporal
coherencéoy cachingocclusionrelationshipsChrysanthou
and Slaterhave proposeda probabilisticschemefor view-
frustumculling [SC97.

Theabove mentionednethodgor exploiting temporalco-
herencaretightly interwovenwith the particularculling al-
gorithm. On the contrary Bittner et al. [BHO1] presented
a generalacceleratiortechniquefor exploiting spatialand
temporalkcoherencén hierarchicabisibility algorithmsThe
centralidea,whichis alsovital for this paperis to avoid re-
peatedvisibility testsof interior nodesof the hierarcly. The
problemof direct adoptionof this methodis thatit is de-
signedfor the usewith instantaneou€PU basedocclusion
queries whereashardware occlusionqueriesexhibit signif-
icantlateng. The methodpresentedhereinef ciently over
comesthe problemof lateny while keepingthe bene ts of
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a generalityandsimplicity of the original hierarchicaltech-
nique.As aresultwe obtaina simpleandef cient occlusion
culling algorithmutilizing hardwareocclusionqueries.

The restof the paperis organizedasfollows: Section3
discussesardware supportedocclusionqueriesand a ba-
sic applicationof thesequeriesusing a kD-tree. Section4
presentour new algorithmand Section5 describeseveral
additionaloptimizations Section6 presentsesultsobtained
by experimentalevaluationof the methodanddiscusseds
behaior. Finally Section7 concludegshe paper

3. Hardware OcclusionQueries

Hardwareocclusionqueriesfollow a simplepattern:To test
visibility of anoccludeeyve sendits boundingvolumeto the
GPU. The volumeis rasterizedandits fragmentsare com-
paredto the currentcontentsof the z-buffer. The GPUthen
returnsthe numberof visible fragmentslf thereis no vis-
ible fragment,the occludeeis invisible and it neednot be
rendered.

3.1. Advantagesof hardware occlusionqueries
Thereareseveraladwantage®f hardwareocclusionqueries:

Geneality of occludes. We canusetheoriginal scengge-
ometryasoccluderssincethequeriesusethecurrentcon-
tentsof the z-huffer.
Occluderfusion.Theoccludersaremeigedin thez-huffer,
sothe queriesautomaticallyaccountfor occluderfusion.
Additionally this fusion comesfor free sincewe usethe
intermediateesultof therenderingtself.

Geneality of occludeesWe canusecomplex occludees.

Anything thatcanberasterizedjuickly is suitable.
Exploiting the GPU power The queriestake full adwan-
tageof thehigh Il ratesandinternalparallelismprovided
by modernGPUs.

Simpleuse Hardwareocclusiomqueriescanbeeasilyinte-
gratedinto arenderingalgorithm.They provide a power-
ful tool to minimize theimplementatioreffort, especially
whencomparedo CPU-basedacclusionculling.

3.2. Problemsof hardware occlusionqueries

Currently there are two main hardware supportedvariants
of occlusionqueries:the HP test (HP_occlusion_testand
the morerecentNV query(NV_occlusion_querynow also
available as ARB_occlusion_query)The most important
differencebetweertheHP testandtheNV queryis thatmul-
tiple NV queriescanbeissuedeforeaskingfor theirresults,
while only oneHP testis allowed at a time, which severely
limits its possiblealgorithmic usage. Additionally the NV
queryreturnsthe numberof visible pixels whereaghe HP
testreturnsonly a binaryvisibility classi cation.

Themainproblemof boththeHP testandtheNV queryis
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thelateny betweerissuingthe queryandthe availability of
theresult. Thelateny occursdueto the delayedprocessing
of thequeryin along graphicspipeline,the costof process-
ing the query itself, and the costof transferringthe result
backto the CPU. The lateny causegwo major problems:
CPU stallsandGPU stanation. After issuingthe query the
CPUwaitsfor its resultanddoesnotfeedthe GPUwith nev
data.Whenthe result nally becomesavailable,the GPU
pipelinecanalreadybe empty Thusthe GPU needgo wait
for the CPUto procesgsheresultof thequeryandto feedthe
GPUwith new data.

A major challenge when using hardware occlusion
queriess to avoid the CPU sstallsby lling thelateny time
with othertasks,suchasrenderingvisible sceneobjectsor
issuingother independenbcclusionqueries(seeFigure 1)
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Figure 1: (top) lllustration of CPU stallsand GPU starva-
tion. Qn,Rn,andCndenotequerying renderingandculling
of objectn, respectivelyNote that object5 is foundinvis-
ible by Q5 and thus not rendeed. (bottom)More efcient
queryscheduling Theschedulingassumethatobjects4 and
6 will bevisiblein the currentframeandrendes themwith-
outwaiting for theresultof the correspondingjueries.

3.3. Hierar chical stop-and-wait method

Many renderingalgorithmsrely on hierarchicaktructuresn
orderto dealwith complex scenesin the context of occlu-
sion culling, sucha datastructureallows to ef ciently cull
large sceneblocks,andthusto exploit spatialcoherencef
visibility andprovide a key to achiezing outputsensitvity.

This section outlines a naive application of occlusion
queriesin the scopeof a hierarchicalalgorithm. We refer
to this approachasthe hierarchical stop-and-waitmethod.
Our discussionis basedon kD-trees, which proved to
be efcient for point location, ray tracing, and visibility
culling [MB90, HMC 97, CT97, BHO1]. The conceptap-
pliesto generahierarchicabatastructuresaswell, though.

The hierarchicalstop-and-wait methodproceedsas fol-
lows: Oncea kD-treenodepassesiew-frustumculling, it is
testedor occlusionby issuingtheocclusionqueryandwait-
ing for its result.If thenodeis foundvisible, we continueby
recursvely testingits childrenin afront-to-backorder If the
nodeis aleaf, we renderits associatedbjects.
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The problemwith this approachs that we cancontinue
the treetraversalonly whenthe resultof the last occlusion
query becomesavailable. If the resultis not available, we
have to stall the CPU,which causesigni cant performance
penalties As we documentin Section6, thesepenaltiesto-
gethemwith the overheadof the queriesthemselescaneven
decreasehe overall applicationperformancecomparedto
pureview-frustum culling. Our new methodaimsto elimi-
natethis problemby issuingmultiple occlusionqueriesfor
independenscenepartsand exploiting temporalcoherence
of visibility classi cations.

4. Coherent Hierar chical Culling

In this sectionwe rst presentinoverview of our new algo-
rithm. Thenwe discussts stepsin moredetail.

4.1. Algorithm Overview

Our methodis basedon exploiting temporalcoherenceof
visibility classi cation.In particularit is centerednthefol-
lowing threeideas:

We initiate occlusion querieson nodesof the hierar
chy where the traversal terminatedin the last frame.
Thuswe avoid querieson all previously visible interior
nodegBHO1].

Weassumehatapreviouslyvisible leafnoderemainsvis-
ible andrenderthe associatedjeometrywithout waiting
for theresultof thecorrespondingcclusionquery
Issuedocclusionqueriesarestoredin a queryqueueuntil
they areknown to be carriedout by the GPU. This allows
interleaving the querieswith the renderingof visible ge-
ometry

Thealgorithmperformsatraversalof the hierarcly thatis
terminateceitheratleaf nodesor nodesthatareclassi edas
invisible. Let us call suchnodesthe terminationnodes and
interior nodesthat have beenclassi ed visible the opened
nodes We denotesetsof terminationand openednodesin
thei-th frameT; andO;, respectrely. In thei-th frame,we
traversethe kD-treein a front-to-backorder skip all nodes
of O; 1 andapplyocclusionqueriesrst onthetermination
nodesT; 1. Whenreachinga terminationnode, the algo-
rithm proceedssfollows:

For a previously visible node(this mustbe a leaf), we is-

suethe occlusionquery andstoreit in the query queue.
Then we immediately render the associatedgeometry
withoutwaiting for theresultof thequery

For a previously invisible node,we issuethe query and
storeit in thequeryqueue.

Whenthequeryqueusds notempty we checkif theresult
of the oldestqueryin the queueis alreadyavailable.If the
queryresultis notavailable,we continueby recursvely pro-
cessingthernodesof thekD-treeasdescribedabore. If the
queryresultis available,we fetch the resultandremove the

Algorithm : Traversalof thekD-tree
1: TraversalStack.Push(kD&e.Root);
while ( not TraversalStack.Empty@r
not QueryQueue.Empty()f
//—- PART 1: processingnished occlusionqueries
while ( not QueryQueue.Empty@nd
(ResultAvailable(QueryQueue.FrontQy
TraversalStack.Empty())f
N = QueryQueue.Dequeue();
9:  //waitif resultnot available
10:  visiblePixels= GetOcclussionQueryResult(N);
11:  if (visiblePixels> VisibilityThreshold) f
12: PullUpMsibility(N);
13: TraverseNode(N);
14: g
15: g
16: //—- PART 2: kd-treetraversal
17: if (not TraversalStack.Empty()f
18: N = TraversalStack.Pop();
19: if (InsideMewFrustum(N)) f
20: // identify previously visible nodes
21: wasMsible = N.visible && (N.last\sited==framelD-1);
22: // identify previously openechodes
23: opened= wasMsible && !IsLeaf(N);
24: // resetnodes visibility classi cation
25: N.visible = false;
26: // updatenodes visited ag
27: N.lastVisited= framelD;
28: // skip testingall previously openechodes
29: if (lopened) f

N ARON

30: IssueOcclusionQuery(NQueryQueue.Enqueue(N);
31: g
32: // traversea nodeunlesst wasinvisible

33: if (wasMsible)
34: TraverseNode(N);
35 g

36: @

37: g

38: TraverseNode(Nj
39: if (IsLeaf(N))

40:  Render(N);

41: else
42:  TraversalStack.PushChildren(N);
43: ¢

44: PullUpVsibility(N) f
45: while (IN.visible) f N.visible=true;N = N.parentg
46: ¢

Figure 2: Pseudo-codef coheenthierarchical culling.

nodefrom thequeryqueuelf thenodeis visible,we process
its childrenrecursvely. Otherwise the whole subtreeof the
nodeis invisible andthusit is culled.

In orderto propagtechangesn visibility upwardsin the
hierarcly, the visibility classi cationis pulledup according
to thefollowing rule: An interior nodeis invisible only if all
its childrenhave beenclassi ed invisible. Otherwise,it re-
mainsvisible andthusopenedThepseudo-codef thecom-
pletealgorithmis givenin Figure2. An exampleof the be-
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termination nodes ! V‘\
) ORI

Figure 3: (left) Misibility classi cation of a nodeof the kD-treeandtheterminationnodes (right) Visibility classi cation after
the applicationof the occlusiontestandthe new setof terminationnodes Nodeson which occlusionquerieswere appliedare
depictedwith a solid outline Notethe pull-up and pull-downdueto visibility changes.

havior of themethodon a smallkD-treefor two subsequent
framesis depictedrigure3.

The setsof openednodesand terminationnodesneed
not be maintainedexplicitly. Instead thesesetscanbe eas-
ily identi ed by associatingvith eachnodean information
aboutits visibility andanid of the lastframewhenit was
visited. Thenodeis anopenechodeif it is aninterior visible
nodethatwasvisitedin thelastframe(line 23 in the pseu-
docode) Note thatin the actualimplementatiorof the pull
up we cansetall visited nodesto invisible by default and
thenpull up ary changedrom invisible to visible (lines 25
andline 12in Figure2). Thismodi cation eliminatescheck-
ing childrenfor invisibility duringthepull up.

4.2. Reduction of the number of queries

Our methodreduceghe numberof visibility queriesin two

ways:Firstly, asotherhierarchicalculling methodswe con-
sideronly a subtreeof thewholehierarcly (openechodes+

terminatiomodes)Secondlyby avoidingquerieonopened
nodeswe eliminatepartof the overheadof identi cation of

this subtree. Thesereductionsre ect the following coher

encepropertief scenevisibility:

Spatial coheence The invisible terminationnodesap-
proximatetheoccludedpartof thesceneawith thesmallest
numberof nodeswith respecto the givenhierarcly, i.e.,
eachinvisible terminationnodehasa visible parent.This
inducesan adaptve spatialsubdvision that re ects spa-
tial coherencef visibility, morepreciselythe coherence
of occludedregions. The adaptve natureof the subdvi-
sionallows to minimize the numberof subsequenbcclu-
sionqueriesby applyingthe querieson thelargestspatial
regionsthatareexpectedo remainoccluded.

Temporl coheence If visibility remainsconstanthe set
of terminationnodesneedsno adaptationlf anoccluded
nodebecomegisible we recursvely processts children
(pull-down). If avisible nodebecome®ccludedwe prop-
agatethechangehigherin the hierarcly (pull-up). A pull-
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down re ects a spatialgrowing of visible regions. Simi-
larly, a pull-up re ects a spatialgrowing of occludedre-
gions.

By avoiding querieson the openednodes,we can save
1=k of the queriesfor a hierarcly with branchingfactork
(assumingisibility remainsconstant)Thusfor thekD-tree,
up to half of the queriescanbe saved. The actualsavingsin
thetotal querytime areevenlarger:the higherwe areat the
hierarcly, the larger boxeswe would have to checkfor oc-
clusion.Consequentlythe higheris the Il ratethatwould
have beenrequiredto rasterizethe boxes.In particular as-
sumingthat the sumof the screenspaceprojectedareafor
nodesat eachlevel of the kD-treeis equalandthe opened
nodesorm acompletebinarysubtreeof depthd, the Il rate
is reducedd + 2) times.

4.3. Reduction of CPU stallsand GPU starvation

Thereductionof CPUstallsandGPU stanationis achieved
by interleaving occlusionquerieswith the renderingof vis-
ible geometry Theimmediaterenderingof previously visi-
ble terminationnodesandthe subsequenissuingof occlu-
sion querieseliminatesthe requirementof waiting for the
queryresultduringthe processingf theinitial depthlayers
containingpreviously visible nodesIn anoptimalcase new
gueryresultsbecomeavailablein betweerandthuswe com-
pletelyeliminateCPUstalls.In a staticscenariowe achie/e
exactly the samevisibility classi cationasthe hierarchical
stop-and-wait method.

If the visibility is changing,the situationcan be differ-
ent: if the resultsof the queriesarrive too late, it is possi-
ble thatwe initiated an occlusiongueryon a previously oc-
cludednodeA thatis in factoccludedby anotherpreviously
occludedhodeB thatbecamevisible. If Bis still in thequery
gueue,we do not capturea possibleocclusionof A by B
sincethe geometryassociateavith B hasnot yet beenren-
dered.In Section6 we shav thattheincreaseof the number
of renderedbjectscomparedo the stop-and-vait methodis
usuallyvery small.
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4.4. Front-to-back scenetraversal

For kD-treesthe front-to-backscenetraversal can be eas-
ily implementedusinga depth rst traversal[BHO1]. How-
ever, atamodesincreasan computationatostwe canalso
usea moregeneralbreadth- rsttraversalbasedon a prior-
ity queue.The priority of the nodethen correspondgo an
inverseof the minimal distanceof the viewpoint and the
boundingbox associatedvith the given node of the kD-
tree[KS01, SBS04.

In thecontet of our culling algorithm,therearetwo main
adwantage®f the breadth- rstfront-to-backtraversal:

Betterqueryscheduling By spreadinghetraversalof the
scenein a breadth- rstmanner we processhe scenein
depthlayers.Within eachlayer, thenodeprocessingrder
is practicallyindependentwhich minimizesthe problem
of occlusionquerydependenceTlhe breadth- rsttraver-
sal interleaves occlusion-independenmtodes,which can
provide a moreaccuratevisibility classi cationif visibil-
ity changegyuickly. In particular it reduceshe problem
of falseclassi cationsdueto missedocclusionby nodes
waiting in the queryqueue(discussedn Section4.3).
Using other spatial data structuees. By usinga breadth-
rst traversal,we areno longerrestrictedto the kD-tree.
Insteadwe canuseanarbitraryspatialdatastructuresuch
asaboundingvolumehierarcly, octree grid, hierarchical
grid, etc. Oncewe computea distancefrom a nodeto the
viewpoint,thenodeprocessingrderis establishedby the
priority queue.

Whenusingthe priority queue our culling algorithmcan
also be applieddirectly to the scenegraphhierarcly, thus
avoiding the constructiorof ary auxiliary datastructurefor
spatialpartitioning.Thisis especiallimportantfor dynamic
scenesjn which maintenancef a spatialclassi cation of
moving objectscanbecostly

4.5. Checkingthe query result

The presentedalgorithm repeatedlychecksif the result of
the occlusionquery is available before fetching ary node
from thetraversalstack(line 6 in Figure2). Our practicalex-
perimentshave proventhatthe costof this checkis negligi-
ble andthusit canusedfrequentlywithoutary performance
penalty If the costof this checkwere signi cantly higher
we could delayaskingfor the queryresultby a time estab-
lished by empirical measurementfor the particularhard-
ware. This delayshouldalsore ect the size of the queried
nodeto matchtheexpectedavailability of thequeryresultas
preciseaspossible.

5. Further Optimizations

This section discussesa couple of optimizationsof our
methodthat can furtherimprove the overall renderingper
formancen contrasto the basicalgorithmfrom the previ-
oussection theseoptimizationsrely on someuserspeci ed

parametershat shouldbe tunedfor a particularsceneand
hardwarecon guration.

5.1. Consewative visibility testing

The rst optimizationaddresseshe reductionof the num-
berof visibility testsatthe costof apossibleincreasen the
numberof renderedobjects.This optimizationis basedon

the ideaof skippingsomeocclusiontestsof visible nodes.
We assumehatwheneeranodebecomewisible,it remains
visible for a numberof frames.Within the given numberof

frameswe avoid issuingocclusionqueriesand simply as-
sumethe noderemainsvisible [BHO1].

Thistechniguecansigni cantly reducethenumberof vis-
ibility testsappliedon visible nodesof the hierarcly. Espe-
cially in thecaseof sparselyoccludedscenesthereis alarge
numberof visible nodesbeingtested,which doesnot pro-
vide ary bene t sincemostof themremainvisible. On the
otherhand,we do notimmediatelycaptureall changegrom
visibility to invisibility, andthuswe mayrenderobjectsthat
have alreadybecomeinvisible from the momentwhenthe
lastocclusiontestwasissued.

In the simplestcase the numberof framesa nodeis as-
sumedvisible canbe a prede nedconstantin amorecom-
plicated scenariothis numbershouldbe in uenced by the
historyof thesucces®f occlusionqueriesand/orthecurrent
speedf cameranovement.

5.2. Approximate visibility

The algorithm as presenteccomputesa conserative visi-

bility classi cationwith respectto the resolutionof the z-

buffer. We can easily modify the algorithmto cull nodes
more aggressiely in caseswhena small part of the node
is visible. We comparehe numberof visible pixelsreturned
by the occlusionquery with a userspeci ed constantand
cull thenodeif this numberdropsbelow this constant.

5.3. Completeelimination of CPU stalls

ThebasicalgorithmeliminatesCPU stallsunlessthetraver
sal stackis empty If thereis no nodeto traversein the
traversalstackandtheresultof the oldestqueryin thequery
queueis still not available, it stallsthe CPU by waiting for
the queryresult.To completelyeliminatethe CPU stalls,we
canspeculatrely rendersomenodeswith undecidedisibil-
ity. In particular we selecta nodefrom the queryqueueand
renderthe geometryassociatedvith the node(or the whole
subtredf it is aninterior node).The nodeis marked asren-
deredbut theassociatedcclusionqueryis keptin thequeue
to fetchits resultlater If we areunlucky andthe nodere-
mainsinvisible, the effort of renderingthe nodes geometry
is wasted Ontheotherhand,if thenodehasbecomevisible,
we have usedthe time slot beforethe next queryarrivesin
anoptimalmanner
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To avoid the problemof spendingnoretime onrendering
invisible nodesthanwould be spentby waiting for the re-
sult of the query we selecta nodewith the lowestestimated
renderingcostand comparethis costwith a userspeci ed
constantlf the costis largerthanthe constantve conclude
thatit is too risky to renderthe nodeandwait till theresult
of thequerybecomeswvailable.

6. Results

We have incorporatedour methodinto an OpenGL-based
scenegraphlibrary andtestedit on threesceneof differ-
enttypes.All testswereconductedbn a PCwith a 3.2GHz
P4,1GB of memory anda GeForce FX5950graphicscard.

6.1. Testscenes

The threetest scenescomprisea syntheticarrangemenof
5000randomlypositionedteapotg11.6M polygons);anur-
banenvironment(1M polygons);andthe UNC power plant
model(13M polygons).Thetestscenesredepictedn Fig-
ure 8. All sceneswere partitioned using a kD-tree con-
structedaccordingo the surface-aredeuristic§ MB9Q].

Although the teapotscenewould intuitively offer good
occlusion,it is a complicatedcaseto handlefor occlusion
culling. Firstly, the teapotsconsistof smalltrianglesandso
only the effect of fusedocclusiondueto a large numberof
visible trianglescanbring a culling bene t. Secondlythere
aremary thin holesthroughwhichit is possibleto seequite
farinto thearrangemenf teapotsThirdly, thearrangement
is long andthin andsowe canseealmosthalf of theteapots
alongthelongersideof thearrangement.

Thecompletepower plantmodelis quitechallengingaven
to load into memory but on the other handit offers good
occlusion.This sceneis aninterestingcandidateor testing
notonly dueto its size,but alsodueto signi cant changesn
visibility anddepthcompleity in its differentparts.

Thecity scends aclassicatargetfor occlusionculling al-
gorithms.Dueto the urbanstructureconsistingof buildings
andstreetsmostof themodelis occludedvhenviewedfrom
thestreetsNotethatthe scenedoesnot containary detailed
geometryinsidethe buildings. SeeFigure 4 for a visualiza-
tion of the visibility classi cation of the kD-tree nodesfor
thecity scene.

6.2. Basictests

We have measuredhe frametimesfor renderingwith only
view-frustumculling (VFC), the hierarchicalstop-and-wait
method(S&W), and our nenv coherenthierarchicalculling
method(CHC). Additionally, we have evaluatedthetime for
an “ideal” algorithm. The ideal algorithmrendersthe visi-
ble objectsfoundby the S&W algorithmwithout performing
ary visibility tests.This is an optimal solutionwith respect

¢ TheEurographic#ssociationandBlackwell Publishing2004.

Figure 4: Msibility classi cationof thekD-treenodesin the
city sceneTheorange nodeswvere foundvisible, all theother
depictednodesare invisible Notetheincreasingsizeof the
occludedhodeswith increasingdistancefromthevisibleset.
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Figure5: Frametimesfor theteapotscene

to the given hierarcly, i.e., no occlusionculling algorithm
operatingon the samehierarcly canbe faster For the basic
testswe did not apply ary of the optimizationsdiscussedn
Section5, which requireuserspeci ed parameters.

For eachtestscenewe have constructeda walkthrough
which is shown in full in the accompaying video. Fig-
ures5, 6, and 7 depict the frame times measuredor the
walkthroughs Note that Figure 7 usesa logarithmic scale
to capturethe high variationsin frame times during the
power plantwalkthrough. To betterdemonstrat¢he behar-
ior of our algorithm,all walkthroughscontainsectionswith
bothrestrictedandunrestrictedisibility. For theteapotswe
viewed the arrangemenof teapotsalongthe longerside of
thearrangemenfframes25-90).In the city we elevatedthe
viewpointabove theroofsandgainedsightover mostof the
city (frames1200-1800)Thepower plantwalkthroughcon-
tainsseveralviewpointsfrom whichalargepartof themodel
is visible (spikesin Figure7 whereall algorithmsareslow),
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Figure 6: Frametimesfor the city walkthrough. Note the
spike aroundframe1600,whele the viewpointwaselevated
abovetheroofs,practically eliminatingany occlusion.
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Figure 7: Frametimesfor thepowerplantwalkthrough.The
plot showsthe weaknessf the S&W method:whenthere is

notmud occlusionit becomeslowerthanVFC (nearframe
2200).TheCHC cankeepup evenin thesesituationsandin

the sametime it can exploit occlusionwhenit appeas (e.g.

nearframe3700).

viewpointsalongthe borderof the modeldirectedoutwards
with low depthcompleity (holesin Figure7 whereall algo-
rithms arefast),andviewpointsinsidethe power plantwith

high depthcompleity whereocclusionculling producesa
signi cant speedupver VFC (e.g.frame3800).

As we canseefor a numberframesin the walkthroughs,
theCHC methodcanproduceaspeedumf morethanoneor-
derof magnitudecomparedo VFC. The maximumspeedup
for theteapotsthe city, andthe power plantwalkthroughss
8, 20, and 70, respectiely. We canalsoobsene that CHC
maintainsa signi cant gain over S&W andin mary cases
it almostmatchesthe performanceof the ideal algorithm.
In complicatedscenarioghe S&W methodcaused signif-
icant slovdown comparedo VFC (e.g.frames1200-1800
of Figure 6). Evenin thesecasesthe CHC methodmain-
taineda goodspeedupver VFC exceptfor a smallnumber
of frames.

Next, we summarizedhe scenestatisticsandthe average
valuesperframein Table 1. Thetableshawvs the numberof
issuedbcclusionqueriesthewait timerepresentinghe CPU
stalls,thenumberof renderedriangles thetotal frametime,
andthespeedupver VFC.

We can seethat the CHC methodpractically eliminates
the CPU stalls (wait time) comparedo the S&W method.
Thisis paidfor by aslightincreaseén thenumberof rendered
triangles For thethreewalkthroughsthe CHC methodpro-
ducesaveragespeedup®sf 4.6,4.0,and4.7 over view frus-
tum culling and averagespeedupsf 2.0, 2.6,and 1.6 over
theS&W method CHCisonly 1.1,1.7,and1.2timesslover
thanthe ideal occlusionculling algorithm. Concerningthe
accuray, theincreasef theaveragenumberof renderedri-
anglesfor CHC methodcomparedo S&W was 9%, 1.4%,
and1.3%.Thisincreasevasalwaysrecoveredby thereduc-
tion of CPUstallsfor thetestedwalkthroughs.

6.3. Optimizations

First of all we have obseredthatthetechniqueof complete
eliminationof CPUstallsdiscussedh Sections.3hasavery
limited scope In factfor all our teststhe stallswerealmost
completelyeliminatedby the basicalgorithm already(see
wait time in Table 1). We did not nd constantghat could
produceadditionalspeedupusingthis technique.

The measurement®r the otheroptimizationsdiscussed
in Section5 aresummarizedn Table 2. We have measured
theaveragenumberof issuedqueriesandthe averageframe
time in dependencen the numberof framesa nodeis as-
sumedvisible andthe pixel thresholdof approximatevisi-
bility. We have obsened that the effectivenessof the opti-
mizationsdependsstronglyon the scenelf thehierarcly is
deepandthe geometryassociateavith aleaf nodeis nottoo
comple, the conserative visibility testingproducesa sig-
ni cant speedugcity andpower plant).For theteapotscene
the penaltyfor falserenderingof actuallyoccludedobjects
becamdargerthansavingsachiezed by the reductionof the
numberof queries On the otherhandsincetheteapotscene
containscomple visible geometrythe approximatevisibil-
ity optimizationproducedasigni cant speedupThisis how-
ever paidfor by introducingerrorsin theimageproportional
to the pixel thresholdused.

6.4. Comparisonto PVS-basedrendering

We also comparedthe CHC methodagninst precalculated
visibility. In particular we usedthe PVS computeddy anof-
ine visibility algorithm[WWS0Q. While the walkthrough
usingthe PVSwas1.26msfasterperframeon average our
methoddoesnot requirecostly precomputatiorand canbe
usedat ary general3D positionin the model,notonly in a
prede nedview space.
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scene method #queries waittime[ms] renderedriangles frametime[ms] speedup
Teapots VFC — — 11,139,928 310.42 1.0
11,520,000riangles S&W 4704 83.19 2,617,801 154.95 2.3
21,639kD-Treenodes CHC 2827 1.31 2,852,514 81,18 4.6
Ideal — — 2,617,801 72.19 5.2
City VFC — — 156,521 19.79 1.0
1,036,148@riangles S&W 663 9.49 30,594 19.9 15
33,195kD-Treenodes CHC 345 0.18 31,034 8.47 4.0
Ideal — — 30,594 4.55 6.6
Power Plant VFC — — 1,556,300 138.76 1.0
12,748,510riangles S&W 485 16.16 392,962 52.29 3.2
18,719kD-Treenodes CHC 263 0.70 397,920 38.73 4.7
Ideal — — 392,962 36.34 5.8

Table 1: Statisticsfor thethreetestscenesVFC is renderingwith only view-frustumculling, S&Wis the hierarchical stopand
wait method CHC s our nev methodandldealis a perfectmethodwith respecto thegivenhierarchy. All valuesare avelages

overall frameg(includingthe speedup).

scene tav Ny  #queries frametime[ms]

0 0 2827 81.18
Teapots 2 0 1769 86.31

2 25 1468 55.90

0 0 345 8.47
City 2 0 192 6.70

2 25 181 6.11

0 0 263 38.73
PowverPlant 2 0 126 31.17

2 25 120 36.62

Table 2: In uence of optimizationson the CHC methodtay
is the numberof assumediisibility framesfor conservative
visibility testing nyp is the pixel thresholdfor approximate
visibility.

7. Conclusion

We have presente@ methodfor the optimizedschedulingpf

hardwareacceleratedcclusionqueries.The methodsched-
ulesocclusionqueriesin orderto minimize the numberof

the queriesand their lateng. This is achiered by exploit-

ing spatialandtemporalcoherencef visibility. Our results
shav that the CPU stalls and GPU stanation are almost
completelyeliminatedat the costof a slightincreasdn the
numberof renderedbjects.

Ourtechniquecanbeusedwith practicallyarbitraryscene
partitioningdatastructuressuchaskD-trees,boundingvol-
ume hierarchiespr hierarchicalgrids. The implementation
of themethodis straightforvardasit usesa simpleOpenGL
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interfaceto thehardwareocclusionqueriesln particular the
methodrequiresno complicatedgeometricaloperationsor
datastructuresThe algorithmis suitablefor applicationon
scene®f arbitrarystructureandit requiresno preprocessing
or scenadependentuning.

We have experimentallyveri ed thatthe methodis well
suitedto theNV_occlusion_quergupportedn currentcon-
sumergradegraphicshardware. We have obtainedan av-
eragespeedupof 4.0-4.7comparedto pure view-frustum
culling and 1.6—2.6comparedo the hierarchicalstop-and-
wait applicationof occlusionqueries.

The major potentialin improving the methodis a better
estimationof changesn thevisibility classi cationof hier
arcty nodes.If nodestendto be mostly visible, we could
automaticallydecreasehe frequeng of occlusiontestsand
thus betteradaptthe methodto the actualocclusionin the
scene Anotherpossibility for improvementis bettertuning
for a particulargraphicshardware by meansof moreaccu-
raterenderingcostestimation.Skipping occlusiontestsfor
simplergeometrycanbefasterthanissuingcomparablyex-
pensve occlusionqueries.
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