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Abstract

Thelastfew yearshavewitnessedtremendousgrowth in thecomplexity of computergraphicsmodels

aswell asnetwork-basedcomputing. Although significantprogresshasbeenmadein the handlingof

specifictypesof large polygonaldatasets(i.e., architecturalmodels)on singlegraphicsworkstations,

only recentlyhaveresearchersstartedto turntheirattentionto moregeneralsolutions,whichnow include

network-basedgraphicsandvirtual environments.Thesituationis likely to worsenin the futuresince,

dueto technologiessuchas3D scanning,graphicalmodelsarebecomingincreasinglycomplex. Oneof

themosteffective waysof managingthecomplexity of virtual environmentsis throughtheapplication

of smartvisibility methods.

Visibility determination,the processof decidingwhat surfacescanbeseenfrom a certainpoint, is

oneof the fundamentalproblemsin computergraphics. It is requirednot only for the correctdisplay

of imagesbut alsofor suchdiverseapplicationsasshadow determination,global illumination, culling

andinteractivewalkthrough.Theimportanceof visibility haslong beenrecognized,andmuchresearch

hasbeendonein this areain the last threedecades.Theproliferationof solutions,however, hasmade

it difficult for the non-expert to dealwith this effectively. Meanwhile,in network-basedgraphicsand

virtual environments,visibility hasbecomea critical issue,presentingnew problemsthat needto be

addressed.

In this survey we review the fundamentalissuesin visibility andconductan overview of the work

performedin recentyears.

1 Introduction

The term visibility is very broadand hasmany meaningsandapplicationsin variousfields of computer

science. Here, we focus on visibility algorithmsin supportof virtual reality applications. For a more

generalsurvey see[23] (alsoappearsin [14]). For thoseinterestedin thecomputationalgeometryliterature,

see[21, 20, 22]. Zhang’s thesis[80] containsa shortsurvey of computergraphicsvisibility work. Moller

andHaines[50, Chapter7] cover severalaspectsof visibility culling.�
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(a) (b)

Figure1: With indoorscenesoftenonly a very smallpartof thegeometryis visible from any givenview-

point. Courtesyof CraigGotsman,Technion.

We dealprimarily with algorithmsrelatedto walkthroughapplicationswherewe assumethat a scene

consistsof a very large numberof primitives. Moreover, we assumethat modelskeepgettinglarger and

morecomplex andthat userappetitewill never be satisfiedwith the computationalpower available. For

very complex modelswecanusuallydobetterwith a smartrenderingalgorithmthanwith fastermachines.

Oneof themostinterestingvisibility problemsin this context is theoneof selectinga setof polygons

from the model that is visible from a given viewpoint. More formally (after [21]), let the scene,
�

, be

composedof modelingprimitives(e.g., triangles)
�����
	

0 � 	 1 � . . . ,
	

n � , anda viewing frustumdefiningan

eye position,a view direction,anda field of view. Thevisibility problemencompassesfinding thevisible

fragmentswithin the scene,that is, connectedto the eyepointby a line segmentthat meetsthe closureof

no otherprimitive. Oneof the obstaclesto solving the visibility problemis its complexity. For a scene

with n
�

O 
�� � ��� primitives,thecomplexity of thesetof visible fragmentsmight beashigh asO 
 n2 � (i.e.,

quadraticin thenumberof primitivesin theinput).

What makesvisibility an interestingproblemis that for large scenes,thenumberof visible fragments

is usuallymuchsmallerthanthe total sizeof the input. For example,in a typical urbanscenes,onecan

seeonly a very smallportionof theentiremodel,regardlessof one’s location. Suchscenesaresaidto be

denselyoccluded, in thesensethat from any given viewpoint, only a small fractionof thesceneis visible

[15]. Otherexamplesincludeindoorscenes,wherethewalls of a room occludemostof thescene,andin

fact,from any viewpoint insidetheroom,onemayonly seethedetailsof thatroomor thosevisible through

theportals, seeFigure 1. A differentexampleis a copying machine,shown in Figure 2, wherefrom the

outsideonecanonly seeits externalparts.Althoughintuitive, this informationis notavailableaspartof the

modelrepresentation,andonly a non-trivial algorithmcandetermineit automatically. Note thatoneof its

doorsmight beopen.

Visibility is notaneasyproblem,sinceasmallchangein theviewpointmightcauselargechangesin the

visibility. It meansthatsolvingtheproblemat onepoint doesnot helpmuchin solvingit at a nearbypoint.
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(b)

Figure2: A copying machine;only a fractionof thegeometryis visible from theoutside.Courtesyof Craig

Gotsman,Technion.

(a) (b)

Figure3: A smallchangein theviewing positioncancauselargechangesin thevisibility.
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(a) (b) (c)
Figure4: Two differentview directionsof anobjecthave thesameaspectif andonly if thecorresponding

ImageStructureGraphsareisomorphic.Notethat(a)and(b) have thesameaspect,whichis differentto (c).

An exampleof this canbe seenin Figure 3. Theaspectgraph, describedin Section 2, andthevisibility

complex (describedin [23]) shedslight on thecomplex characteristicsof visibility.

Therestof thispaperis organizedasfollows. Wefirst giveashortdescriptionof theaspectgraph,which

is a fundamentalconceptin visibility, in Section2. Then,we briefly review some3D graphicshardware

featureswhich areimportantfor visibility culling (Section 4). Next, we presenta taxonomyof visibility

culling algorithmsin Section 5. This introductorypart is thenfollowedby a moredetaileddescriptionand

analysisof recentvisibility-culling algorithms.

2 The aspect graph

Whendealingwith visibility, it is usefulto consideranimportanttheoreticalconceptcalledtheaspectgraph

[26]. Let uslook at thetwo isomorphicgraphsin Figure 4. They area projectionof a 3D object;however,

we treatthemas2D entities.First, let usdefinethe Image Structure Graph(ISG) asa planargraph,defined

by the outlinesof an imagecreatedby projectinga polyhedralobject in a certainview direction. Then

two differentview directionsof anobjecthave thesameaspectif andonly if their correspondingISGsare

isomorphic.Now we canpartitiontheviewspaceinto maximalconnectedregionsin which theviewpoints

have thesameview or aspect.This partitionis theVSP- thevisibility spacepartition, wheretheboundary

of a VSPregion is calledavisualeventasit marksachangein visibility (seeFigure 5).

The term, aspectgraph,refersto the graphcreatedby assigninga vertex to eachregion of the VSP,

wheretheedgesconnectadjacentregions.

Figures5 and6 show a visibility spacepartitionin 2D, which is createdby just two andthreesegments

(the2D counterpartsof polygons),respectively. Onecanobservethatthenumberof aspectregionsisalready

large,andin fact,canbeshown to grow quiterapidly.

PlantingaandDyer [57] discussaspectgraphsand their worst-casecomplexity, including algorithms

for efficiently computingaspectgraphs.Theworstcomplexity of aspectgraphsis quitehigh, andin three
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Figure5: 2 polygons- 12aspectregions.

dimensions,canbeaslargeasO 
 n9 � . For a typicalnumberof segments(saytensof thousands),in termsof

spaceandtime it turnsout thatcomputingtheaspectgraphis computationallyimpractical.(Plantinga[58]

proposesanearlyconservative visibility algorithmbasedon his aspectgraphwork.)

However, ascanbe seenin Figure7, differentaspectregionscanhave equalsetsof visible polygons.

Thismeansthattherearefar fewer differentregionsof differentvisibility setsthandifferentaspects.

Looking onceagainat the aspectpartition of the two segmentsin Figure 8, we can treatoneasan

occluderand the other as the occludee,defining their endpointconnectinglines as supportinglines and

separating lines. Theselines partition the spaceinto threeregions: (i) the region from which no portion

of theoccludeeis visible, (ii) the region from which only a portionof theoccludeeis visible, and(iii) the

region from which theoccluderdoesnotoccludeany partof theoccludee[17].

The3D visibility complex [23] is anotherway of describingandstudyingthevisibility of 3D spaceby

a dualspaceof 3D lines, in which all thevisibility eventsaredescribed.This structureis global,spatially

coherentandcomplete,sinceit encodesall thevisibility relationsin 3D. It allows efficient visibility com-

putations,suchasview extraction,computationof theaspectgraph,discontinuitymeshingandform-factor

computation.
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Figure6: 3 polygons- “many” aspectregions.

3 Hidden-surface removal methods

As mentionedin the introduction,oneof the fundamentalvisibility problemsin computergraphicsis the

determinationof thevisible partsof thescene,theso-calledhidden-surfaceremoval (HSR)(alsoknown as

visible-surfacedetermination)algorithms.Assumingthesceneis composedof andrepresentedby triangles,

thesealgorithmsnotonly definethesetof visible triangles,but alsotheexactportionof eachvisible triangle

thathasto bedrawn into theimage.

An earlyclassificationwasproposedby Sutherlandet al. [69]. Laterit wasreviewedin [28] andalsoin

thecomputationalgeometryliterature[22]. TheHSRmethodscanbebroadlyclassifiedinto threegroups:

Figure7: Differentaspectregionscanhave equalsetsof visiblepolygons.
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objectprecisionmethods,imageprecisionmethodsandhybridmethods.Objectprecisionmethodscompare

objectsto decideexactly which partsof eachone is visible in the image. One of the first examplesof

this classwaspresentedby Weiler andAtherton [74]. They useda generalclipping methodto partition

polygonswhich werefurtheraway from theviewpoint usingtheboundariesof thosecloser, discardingthe

regions wherethey overlapped. Objectprecisionalgorithmscan be consideredas a continuoussolution

(to the extent that machineprecisionallows) but often suffer from scalabilityproblemsasthe sizeof the

environmentgrows,andaredifficult to implementrobustly.

Imageprecisionalgorithmson theotherhandoperateon thediscreterepresentationof the image.The

overall ideais to produceasolutionat theresolutionof therequiredimageby determiningthevisibleobject

ateachpixel. Raycastingis oneexampleof thisclass[3]. Otherexamplesarethescan-linemethods[9, 73],

variationsof whicharepopularin gamesandflight simulators,andthez-buffer [10] whoseimplementation

in hardwarehasmadeit thede-factostandardHSRmethodtoday.

Finally, in the third class,arehybrid methodsthatcombineobjectandimageprecisionoperations.Of

mostinterestaretheso-calledlist-priority algorithms.Theirunderlyingideais to quickly determineapartial

orderlist of all polygonssuchthat for any given pair p, q, if p canoccludesomepart of q, thenp comes

earlier in the list. In otherwords, if q is after p in the list, q cannotoccludep. Thenduring rendering,

theorderedpolygonsaredrawn back-to-front,thusoccludingpolygonsarecorrectlydrawn into theimage,

covering only thosepartsthat areoccluded.Someof the early methodswerethoseof Schumacker et al.

[61] andNewell et al. [54] andlaterFuchset al.’s BSPtrees[29]. Oneof theadditionalfeaturesof thelist-

priority techniquesis that they areableto correctlyhandlethe renderingof transparentobjects.Although

themethodswereoriginally designedfor depthorderingof individual polygons,someof their ideashave

beenusedin occlusionmethods(i.e., [34]).
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(a) (b)

Figure9: Depthcomplexity of the sceneasrenderedby (a) view-frustumculling, (b) a conservative oc-

clusionculling technique.Thedepthcomplexity rangesfrom light green(low) to bright red (high). If the

occlusion-cullingalgorithmwere“exact”, (b) wouldbecompletelygreen.

4 3D graphics hardware

In thissection,webriefly review somecommonfeaturesof modern3D graphicshardwarewhicharehelpful

in visibility calculations.

We do not cover the importanttopic of efficient useof specificgraphicshardware, in particular, the

optimizationof specificapplicationsto specifichardware. A goodstartingpoint is thetext by Moeller and

Haines[50]. TheinterestedreadershouldalsoconsulttheOpenGLtutorialsgivenevery yearatSiggraph.

Hardware featuresfor specificvisibility calculationsareusuallybare-bones,becauseof the needfor

graphicshardwareto be streamlinedandvery simple. Most often,by carefulanalysisof the hardware,it

is possibleto combinea softwaresolutionwhich exploits thebasichardwarefunctionality, but at thesame

timealsoimprovesit considerably.

4.1 Graphics pipeline

Thegraphicspipelineis thetermusedfor thepathaparticularprimitive takesin thegraphicshardwarefrom

thetime theuserdefinesit in 3D to thetime it actuallycontributesto thecolor of a particularpixel on the

screen.At averyhigh level, givenaprimitive, it mustundergo severalsimpletasksbeforeit is drawn onthe

screen.

Often,suchasin theOpenGLgraphicspipeline,a triangleprimitive is first transformedfrom its local

coordinateframeto aworld coordinateframe;thenit is transformedagainto anormalizedcoordinateframe,

where it is clipped to fit the view volume. At this point, a division by w is performedto obtain non-

homogeneousnormalizedcoordinates,which arethennormalizedagainto be in screen-space.Depending

on a setof user-definedstateflags,thehardwarecanrejecttheprimitive based(amongotherthings)on the

directionof its normal.This is calledback-faceculling, andis a veryprimitive form of visibility culling.

Oncea primitive haspassedall thesephases,therasterizationphasecanstart. It is herethat thecolors
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(andotherproperties)of eachpixel arecomputed.Duringrasterization,weusuallyreferto theprimitivesas

“fragments”.Moderngraphicsarchitectureshave severalper-fragmentoperationsthatcanbeperformedon

eachfragmentasthey aregenerated.

As fragmentsarecomputed,they passthroughfurtherprocessing,andthehardwarewill incrementally

fill severalbuffersin orderto computetheimage.Theactualimageweseeonthescreenis only oneof these

buffers: thecolorbuffer. Otherbuffersincludethestencilbuffer andthedepth(or z-) buffer. Thereareother

buffers,suchastheaccumulationbuffer, etc.,but wedonotusethemin therestof thispaper. In OpenGL,up-

datesto thedifferentbufferscanbetoggledby asetof functioncalls,e.g. glEnable(GL DEPTHTEST) .

Oneview of the OpenGLbuffers is asa simpleprocessorwith little memory(just a few bytes),and

a limited instructionset. Recently, techniquesfor performinggeneralcomputationsusing the OpenGL

pipelinehave beenproposed.Two suchexamplesarePeercy etal. [56] andTrendallandStewart [71].

4.2 Stencil buffer

Thestencilbuffer is composedof asmallsetof bits (usuallymorethan4) thatcanbeusedto controlwhich

areasof theotherbuffers, )textite.g. color buffer), arecurrentlyactive for drawing. A commonuseof the

stencilbuffer is to draw apieceof staticgeometryonce(thecockpitof anairplane),andthenmaskthearea

sothatno furtherchangescanbemadeto thosepixels.

But the stencil buffer is actually much more flexible, sinceit is possibleto changethe value of the

pixels on the stencilbuffer dependingon the outcomeof the testperformed. For instance,a very useful

computationthatusesthestencilbuffer is to computethe“depth-complexity” of a scene.For this, onecan

simplyprogramthestencilbuffer asfollows:

glStencilFunc(GL_ALWAYS, ˜0, ˜0);

glStencilOp(GL_KEEP, GL_INCR, GL_INCR);

whichessentiallymeansthestencilbuffer will getincrementedeverytimeapixel is projectedontoit. Figure

9 showsavisualrepresentationof this. Thestencilbuffer is usefulin severaltypesof visibility computations,

suchasreal-timeCSGcalculations[31], occludercalculations[25], andsoon.

4.3 Z-buffer

Thez-buffer is similar to thestencilbuffer, but servesamoreintuitive purpose.Basically, thez-buffer saves

its “depth” ateachpixel. Theideais thatif anew primitive is obscuredby apreviouslydrawn primitive, the

z-buffer canbeusedto rejecttheupdate.Thez-buffer consistsof a numberof bitsperpixel, usually24 bits

in mostcurrentarchitectures.

The z-buffer provides a brute-forceapproachto the problemof computingthe visible surfaces. Just

renderingeachprimitive, andthez-buffer will take careof not drawing in thecolor buffer of thoseprimi-

tivesthatarenot visible. Thez-buffer providesa greatfunctionality, since(on fully hardware-accelerated

architectures)it is ableto solve thevisibility problem(up to screen-spaceresolution)of a setof primitives

in thetime it would take to scan-convert themall.
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As a visibility algorithm,thez-buffer hasa few drawbacks.Onedrawbackis thateachpixel in thez-

buffer is touched(potentially)asoftenasits depthcomplexity, althoughonesimplyneedsthetopsurfaceof

eachpixel. Becauseof this potentiallyexcessive overdrawing a lot of computationandmemorybandwidth

is wasted.A visibility pre-filteringtechnique,suchasback-faceculling, canbeusedto improve thespeed

of renderingwith az-buffer.

Therehave beenseveral proposalsfor improving the z-buffer, suchas the hierarchicalz-buffer [35]

(seeSection7.1 and relatedtechniques).A simple, yet effective hardware techniquefor improving the

performanceof the visibility computationswith a z-buffer hasbeenproposedby Scott et al. [62], see

Section7.5.

5 Visibility culling algorithms

Visibility algorithmshave recentlyregainedattentionin computergraphicsasa tool for handlinglargeand

complex scenes,which consistof millions of polygons.In theearly1970shiddensurfaceremoval (HSR)

algorithms(seeSection3) were developedto solve the fundamentalproblemof determiningthe visible

portionsof thepolygonsin the image. In light of theZ-buffer beingwidely available,andexact visibility

computationsbeingpotentiallytoo costly, oneideais to usetheZ-buffer asa filter, anddesignalgorithms

thatlower theamountof overdraw by computinganapproximationof thevisibleset. In morepreciseterms,

definethevisibleset ��� �
to bethesubsetof primitiveswhichcontributeto at leastonepixel of thescreen.

In computergraphics,visibility-culling researchmainly focusesonalgorithmsfor computing(hopefully

tight) estimationsof � , thenusingtheZ-buffer to obtaincorrectimages.

5.1 View frustum and back-face culling

Thesimplestexamplesof visibility culling algorithmsareback-faceandview-frustumculling [28]. Back-

faceculling algorithmsavoid renderinggeometrythat facesaway from theviewer, while viewing-frustum

culling algorithmsavoid renderinggeometrythat is outsidetheviewing frustum. Theseculling operations

can be left to the graphicshardware without affecting the final image. However, that comesat a great

costsincethepolygonswill beprocessedthroughmostof thepipelineonly to berejectedjust beforescan

converting.

Back-facingpolygonscanbeidentifiedwith a simpledot product,sincetheir normalpointsaway from

theview-point. On averagewe expecthalf thescenepolygonsto beback-facing,so ideally we would like

to avoid processingall of them. Kumaret al. [45] presenta methodwhich hasa sub-linearnumberof

polygons.Theinput modelis partitionedinto ahierarchyof clustersbasedon bothsimilarity of orientation

andphysicalproximity of thepolygons.Theviewspaceis alsopartitionedwith respectto theclusters.At

eachframetheviewpoint positionis hierarchicallycomparedwith theclustersin orderto quickly rejectthe

bulk of theback-facingpolygons.Frame-to-framecoherenceis furtherusedto acceleratetheprocess.

View frustumculling is usuallyperformedusingeitherahierarchyof boundingvolumesor aspatialdata

structure,suchasa KD-tree,octreeor BSPtree. This is hierarchicallycomparedwith theview frustumto

quickly rejectpartsof thescenethatareclearlyoutside[13].
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Figure10: Threetypesof visibility culling techniques:(i) view frustumculling, (ii) back-faceculling and

(iii) occlusionculling.

Slateret al. [65] presentanalternative approachwhich makesheavy useof frame-to-framecoherence.

It relieson the fact that thesetsof objectsthat arecompletelyoutside,completelyinside,or intersectthe

boundaryof the view volume,changeslowly over time. This coherenceis exploited to develop an algo-

rithm thatquickly identifiesthesethreesetsof objects,andpartitionsthosecompletelyoutsideinto subsets

which areprobabilisticallysampledaccordingto their distancefrom theview volume. A statisticalobject

representationschemeis usedto classifyobjectsinto thevarioussets.Thealgorithmis implementedin the

context of a BSPtree.

Very recently, AssarssonandMöller [4] proposeda new view-frustumculling technique.Their work is

basedon shrinkingtheview frustumto enabletheuseof point-containmentqueriesto efficiently acceptor

rejectprimitives.

5.2 Occlusion culling

Eventhoughbothof theabove techniquesarevery effective in culling geometry, morecomplex techniques

canleadto substantialimprovementsin renderingtime. The term Occlusionculling is usedfor visibility

techniquesthatavoid renderingprimitivesthatareoccludedby someotherpartof thescene.This technique

is globalasit involvesinterrelationshipamongpolygonsandis thusfar morecomplex thanlocal visibility

techniques.Thethreekindsof visibility culling canbeseenin Figure 10.

It is importantto notethedifferencesbetweenocclusionculling andHSR.HSRalgorithmsdetermine

which portionsof the sceneneedto be drawn on the screen.Thesealgorithmseventuallyremove the oc-

cludedparts,but in doing so, areexpensive, sincethey usuallyhave to touchall the primitives in
�

(and

actuallyhavea runningtime thatis superlinearin thesizeof
�

). Occlusion-cullingtechniquesaresupposed

to be outputsensitive, that is, their runningtime shouldbe proportionalto the sizeof � , which for most

complex scenes,is asmallsubset.
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Let usdefinethefollowing notationfor asceneconsistingof polygons.

� Theexactvisibility set, � , is thesetof all polygonswhichareat leastpartiallyvisible,andonly these

polygons.

� Theapproximatevisibility set, � , is asetthatincludesmostof thevisiblepolygonsplusmaybesome

hiddenones.

� The conservativevisibility set, � , is the set that includesat leastall the visible objectsplus maybe

someadditionalinvisible objects.It mayclassifyaninvisibleobjectasvisible,but mayneverclassify

avisible objectasinvisible.

5.3 Conservative visibility

A veryimportantconceptis theideaof conservativevisibility. Theideais to designefficientoutput-sensitive

algorithmsfor computing� , thento usea standardHSRasaback-endfor computingthecorrectimage.

Thesemethodsyield apotentialvisibility set(PVS)which includesall thevisiblepolygons,plusasmall

numberof occludedpolygons.ThentheHSRprocessesthe(hopefullysmall)excessof polygonsincluded

in thePVS.Conservative occlusionculling techniqueshave thepotentialto besignificantlymoreefficient

thantheHSRalgorithms.Conservative culling algorithmscanalsobe integratedinto theHSR algorithm,

aimingtowardsanoutputsensitive algorithm[35].

To reducethecomputationalcost,theconservative occlusionculling algorithmsusuallyuseahierarchi-

cal datastructurewherethe sceneis traversedtop-down andtestedfor occlusionagainsta small number

of selectedoccluders[18, 39]. In thesealgorithmstheselectionof thecandidateoccludersis donebefore

the online visibility calculations.The efficiency of thesemethodsis directly dependenton the numberof

occludersandtheir effectiveness.Sincetheocclusionis testedfrom a point, thesealgorithmsareappliedin

eachframeduringtheinteractive walkthrough.

5.4 A taxonomy of occlusion culling techniques

In order to roughly classify the different visibility-culling algorithms,we will employ a loosely-defined

taxonomy:

� Conservativevs.Approximate.

Few visibility-culling algorithmsattemptto find the exact visible set,sincethey aremostly usedas

a front-endfor anotherhidden-surfaceremoval algorithm,mostoften theZ-buffer. Most techniques

describedin this paperareconservative, that is, they overestimatethe visible set. Only a few ap-

proximatethevisibleset,but arenotguaranteedof finding all thevisible triangles,e.g.,PLP[43, 42]

(thereis alsoa conservative versionof PLP which is describedin [40]). Otherscanbe tunedto be

conservative or approximatedependingon thetime constraintandavailableresources.In anattempt

to acceleratetheculling stepthey mightactuallymisssmallvisibleprimitives,suchasHOM [81, 80],

andalsotheOpenGLassistedocclusionculling of Bartzet al. [6, 5].
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� Point vs.Region.

Themajordifferencehereis whethertheparticularalgorithmperformscomputationsthatdependon

theexactlocationof theviewpoint,or performsbulk computationswhichcanbere-usedanywherein

a region of space.

Obviously, from-region algorithmsperformtheir visibility computationson a regionof space,that is,

while theviewer is insidethatregion,thesealgorithmstendto renderthesamegeometry. Thestrength

of thefrom-regionvisibility setis thatit is valid for anumberof frames,andthusits costis amortized

over anumberof frames(seeSection8).

Most otheralgorithmsattemptto performvisible-setcomputationsthatdependon theexact location

of theviewpoint.

� Precomputedvs.Online.

Most techniquesneedsomeform of preprocessing,but what we meanby “precomputed”are the

algorithmsthatactuallystorevisibility computationsaspartof theirpreprocessing.

Almostall of thefrom-region algorithmsshouldbeclassifiedas“precomputed”.A notableexception

is [44].

In general,theotheralgorithmsdescribeddo their visibility computation“online”, althoughmuchof

thepreprocessingmighthave beenperformedbefore.For instance,HOM [81, 80], DDO [7], Hudson

et al. [39], Coorg and Teller [18], perform someform of occluderselectionwhich might take a

considerableamountof time (in theorderof hoursof preprocessing),but in generalhave to save very

little informationto beusedduringrendering.

� Image spacevs.Objectspace.

Almost all of thealgorithmsusesomeform of hierarchicaldatastructure.We classifyalgorithmsas

operatingin “image-space”versus“object-space”dependingon wheretheactualvisibility determi-

nationis performed.

For instance,HOM [81, 80] andHZB [35, 36] performtheactualocclusiondeterminationin image-

space(e.g.,in HOM, theocclusionmapsarecomparedwith a 2D imageprojectionandnot the 3D

originalrepresentation.).Othertechniquesthatexploreimage-spaceareDDO [7] (whichalsoexplores

a form of object-spaceocclusion-cullingby performinga view-dependentoccludergeneration)and

[6, 5].

Most othertechniqueswork primarily in object-space.

� Software vs.Hardware.

Several of the techniquesdescribedcan take further (besidesthe final z-buffer pass)advantageof

hardwareassistanceeitherfor its precomputationor duringtheactualrendering.

For instance,the from-region techniqueof Durandet al. [25] makes non-trivial useof the stencil

buffer; HOM [81, 80] usesthetexturehardwareto generatemipmaps;[6, 5] usestheOpenGLselec-

tion mode;andMeissneret al. [49] usestheHP occlusion-cullingtest.
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The HP occlution-cullingtest[62] is not actuallyan algorithmon its own, but a building block for

furtheralgorithms.It is alsoexploited(andexpanded)in [40].

� Dynamicvs.Staticscenes.

A few of thealgorithmsin the literatureareableto handledynamicscenes,suchas[68] andHOM

[81].

Oneof themaindifficulties is handlingchangesto objecthierarchiesthatmostvisibility algorithms

use.Themorepreprocessingused,theharderit is to extendthealgorithmto handledynamicscenes.

� Individual vs.Fusedoccluders.

Giventhreeprimitives,A, B, andC, it mighthappenthatneitherA norB occludeC, but togetherthey

dooccludeC.Someocclusion-cullingalgorithmsareableto performoccluder-fusion, while othersare

only ableto exploit singleprimitive occlusion. citeCohen-Or:1998:CVA,Coorg:1997:ROC,ct-tccv-

96 give examplesof techniquesthatusea single(fixed numberof) occluder(s).Papers[79, 35, 42]

supportoccluderfusion.

5.5 Related problems

Therearemany otherinterestingvisibility problems,for instance:

– Shadow algorithms. The parts that are not visible from the light sourceare in the shadow. So

occlusionculling andshadow algorithmshave a lot in commonandin many waysareconceptually

similar [78, 12]. It is interestingto notethatconservative occlusionculling techniqueshave not been

aswidely usedin shadow algorithms.

– The Art Gallery Problem. Oneclassicvisibility problemis thatof positioninga minimal number

of guardsin a galleryso that they cover all thewalls of thegallery. This classof problemhasbeen

extensively studiedin computationalgeometry, see,for instance,O’Rourke [55].

In this context, “cover” canhave a differentmeaning.Much is known aboutthis problemin 2D, but

in 3D, it getsmuchharder. Fleishmanet al. [27] proposesan algorithmfor automaticallyfinding a

setof posingcameraswhich cover a 3D environment. Stuerzlinger[66] proposesa techniquefor a

similar problem.

– Radiosity solutions. This is a much more difficult problemto computeaccurately. In radiosity,

energy needsto be transferedfrom eachsurfaceto every other visible surfacein the environment

[32, 37]. This requiresa from-region visibility determinationto beappliedat eachsurfaceor patch.

Exactsolutionsarenotpractical,andtechniquessuchasclustering[64] areoftenused.

6 Object-space culling algorithms

Work on object-spaceocclusionculling datesbackat leastto thework of Teller andSèquin[70] andAirey

etal. [1] on indoorvisibility.
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Figure11: Resultsfrom [70] showing thepotentiallyvisible setfrom a givencell. Courtesyof SethTeller,

UC, Berkeley.

Thework of Teller andSèquinis mostlybasedon 2D, sinceit dealswith computingpotentiallyvisible

setsfor cells in an architecturalenvironment. Their algorithmfirst subdividesspaceinto cellsusinga 2D

BSPtree.Thenit usestheconnectivity betweenthecells,andcomputeswhetherstraightlinescanhit asetof

“portals” (mostlydoors)in themodel.They elegantlymodelthestabbingproblemasa linearprogramming

problem,andin eachcell save thecollectionof potentiallyvisible cells.Figure 11 shows oneof theresults

presentedin their paper. The linearprogrammingsolutioncomputescell-to-cell visibility, which doesnot

constrainthe positionof a viewer insidethe cell, nor the directionin which he is looking, andthusis far

too conservative. They alsoproposetechniqueswhich furtherconstrainthePVSby computingeye-to-cell

visibility, which take into considerationtheview-coneemanatingfrom theviewer.

Anothertechniquethatexploitscellsandportalsin modelsis describedin LuebkeandGeorges[48]. In-

steadof precomputingthevisibility, Luebke andGeorgesperformanon-the-flyrecursive depth-firsttraver-

sal of thecellsusingscreen-spaceprojectionsof theportalsto overestimatetheportal sequences.In their

techniquethey usea“cull box” for eachportal,which is theaxial2D boundingboxof theprojectedvertices

of theportal. Any geometrywhich is not insidea cull box of theportal cannotbevisible. Thebasicidea

is thento clip theportal1scull boxesasthecellsaretraversed,andonly to continuethetraversalinto cells

which have a non-zero(intersection)portal-sequence.Their techniqueis simpleandquite effective; the

sourcecode(anSGIPerformerlibrary) is availablefor downloadfrom David Luebke’s webpage.1

6.1 Coorg and Teller

Coorg andTeller [17, 18] have proposedobject-spacetechniquesfor occlusionculling. The techniquein

[18] is mostsuitablefor usein the presenceof large occludersin thescene.Their algorithmexploresthe

visibility relationshipsbetweentwo convex objectsasin Figure 12. In brief, while anobserver is between
1Pfportalscanbeobtainedathttp://pfPortals.cs.virginia.edu.
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Figure12: The figure highlights the visibility propertiesexploited by the algorithmof Coorg andTeller

[17, 18]. While anobserver is betweenthetwo supportingplanesto theleft of A, it is never possibleto see

B. Courtesyof SatyanCoorg, MIT.

thetwo supportingplanesto theleft of A, it is never possibleto seeB. TheCoorg andTeller techniqueuses

simpleconceptssuchasthis to developa techniquebasedon trackingvisibility eventsamongobjectsasthe

usermovesandthe relationshipsamongobjectschange.The algorithmproposedin [17] is conservative,

andexplorestemporalcoherency asit tracksthevisibility events.

In [17], Coorg andTellergive sufficiency conditionsfor computingthevisibility of two objects(thatis,

whetheroneoccludestheother),basedon trackingrelationshipsamongthesilhouetteedgessupportingand

separatingtheplanesof thedifferentobjects.They build analgorithmwhich incrementallytrackschanges

in thoserelationships.There,they alsoshow how to useobjecthierarchies(basedon octrees)to handle

thepotentialquadraticcomplexity computationalincrease.Onedrawbackof this technique(aspointedout

by theauthorsin their subsequentwork [18]) is preciselythe fact that it needsto reconstructthevisibility

informationfor acontinuoussequenceof viewpoints.

In [18], Coorg andTeller proposeanimprovedalgorithm. (It is still basedon thevisibility relationship

shown in Figure 12.) Insteadof keepinga large numberof continuousvisibility events, in [18], they

dynamicallychoosea setof occluders,which is usedto determinewhich portionsof the restof thescene

cannotbeseen.Thesceneis insertedinto anobjecthierarchy, andtheoccludersareusedto determinewhich

portionsof thehierarchycanbepruned,andnot rendered.

Coorg andTeller [18] develop several usefulbuilding blocks for implementingthis idea, including a

simpleschemeto determinewhenthefusionof multiple occluderscanbeaddedtogether(seeFigure 13),

anda fast techniquefor determiningsupportingandseparatingplanes.They proposea simplemetric for
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(a) (b)

Figure13: The figure illustratesthat the algorithmdescribedin [18] canperformocclusionfusion if the

occluderscombineto bea larger“convex” occluder. Courtesyof SatyanCoorg, MIT.

identifying thedynamicoccluderswhich is basedon approximatingthesolidangleanobjectsubtends:

� A 
��N ���V �
��� �D ��� 2

, whereA is the areaof the occluder, �N the normal, �V the viewing direction,and �D the vector from the

viewpoint to thecenterof theoccluder.

6.2 Culling using shadow frusta

Thework describedby Hudsonetal. in [39] is in severalwayssimilar to thework of Coorg andTeller [18].

Theirschemealsoworksby dynamicallychoosingasetof occluders,thenusingthoseoccludersasthebasis

for culling the restof the scheme.The differencesbetweenthe two works lie primarily in the details. In

[39], theauthorsproposeextracriteriafor choosingtheoccluders.BesidestheCoorg andTellersolid-angle

heuristic,they alsoproposetakinginto accountthedepthcomplexity andcoherenceof theoccluders.They

useaspatialpartitionof thescene,andfor eachcell, identifying theoccludersthatwill beusedanytime the

viewpoint is insidethatcell, andstorethemfor lateruse.

A separatedatastructure,a hierarchyof boundingvolumesis usedfor theocclusionculling. Theway

Hudsonet al. determinewhich partsof thehierarchyareoccludedis differentto thatof Coorg andTeller.

For eachof then bestoccludersthatfall within theview frustum,theauthorsbuild ashadow frustumusing

the viewpoint astheapex andpassingthroughtheoccludersilhouette.The scenehierarchyis testedtop-

down againsteachof theseshadow frusta. If a nodeof thehierarchyis foundto betotally enclosedby one

of the frustathenit is occludedandhencediscarded(for this frame). If it is foundnot to intersectany of

themthenit totally visibleandall theobjectsbelow it arerendered.If however it partiallyoverlapsevenone

of themthenits childrenneedto befurther tested.Interferencedetectiontechniquesareusedfor speeding

up thetests.
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6.3 BSP tree culling

Themethoddescribedin Hudsonetal. [39] canbeimprovedusingBSPtrees.Bittneretal. [8] combinethe

shadow frustaof theoccludersinto anocclusiontree. This is donein a very similar way to theSVBSPtree

of ChinandFeiner[11]. Thetreestartsasasinglelit (visible) leafandoccludersareinserted,in turn,into it.

If anoccluderreachesa lit leaf thenit augmentsthetreewith its shadow frustum;if it reachesa shadowed

(invisible) leaf thenit is just ignoredsinceit meansit alreadylies in anoccludedregion. Oncethe treeis

built thescenehierarchycanbecomparedwith it. Thecuberepresentingthe top of thescenehierarchyis

insertedinto thetree. If it is foundto befully visible or fully occludedthenwe stopandactappropriately,

otherwiseits childrenarecomparedwith theocclusiontreerecursively. This methodhasanadvantageover

[39] in that insteadof comparingthescenewith eachof theN shadow frusta,it is comparedwith onetree

of depth(potentially)O(N).

Theabove techniqueis conservative; analternative exactmethodwasproposedmuchearlierby Naylor

[53]. Thatinvolvedamerging of theocclusiontreewith theBSPtreerepresentingthescenegeometry.

6.4 Prioritized-layered projection

Prioritized-Layered Projection(PLP) is a techniquefor fastrenderingof high-depthcomplexity scenes.It

worksby estimatingthevisiblepolygonsof ascenefrom agivenviewpoint incrementally, oneprimitiveata

time. Onits own, PLPis notaconservative technique,but insteadis suitablefor thecomputationof partially

correctimagesfor useaspartof time-critical renderingsystems.At a very high level, PLPamountsto the

modificationof a simpleview-frustumculling algorithm.However, it requiresthecomputationof a special

occupancy-basedtessellation,andtheassignmentof asolidityvalueto eachcell of thetessellation,which is

usedto computeaspecialorderingonhow primitivesgetprojected.

Thecoreof thePLPalgorithmconsistsof a space-traversalalgorithm,which prioritizestheprojection

of the geometricprimitives in sucha way as to avoid (actuallydelay)projectingcells that have a small

likelihoodof beingvisible. Insteadof explicitly overestimating,thealgorithmworkson a budget.At each

frame,theusercanprovide themaximumnumberof primitivesto berendered,a polygonbudget,andthe

algorithmwill deliverwhatit considersto bethesetof primitiveswhichmaximizestheimagequality (using

asolidity-basedmetric).

PLPis composedof two parts.First,PLPtessellatesthespacethatcontainstheoriginal input geometry

with convex cells.During thisone-timepreprocessing,a collectionof cellsis generatedin sucha wayasto

roughlykeepauniformdensityof primitivespercell. Thesamplingleadsto largecellsin unpopulatedareas,

andsmallcellsin areasthatcontaina lot of geometry. Usingthenumberof modelingprimitivesassignedto

agivencell (e.g., tetrahedron),asolidityvalueρ is defined.Theaccumulatedsolidity valueusedthroughout

thepriority-driven traversalalgorithmcanbelargerthanone.Thetraversalalgorithmprioritizescellsbased

on their solidity value. Preprocessingis fairly inexpensive, andcanbe doneon large datasets(aboutone

million triangles)in acoupleof minutes.

Therenderingalgorithmtraversesthecells in roughly front-to-backorder. Startingfrom theseedcell,

which in generalcontainstheeye position,it keepscarvingcellsout of the tessellation.Thebasicideaof
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(a) (b)

Figure14: ThePrioritized-LayeredProjectionAlgorithm. PLPattemptsto prioritize therenderingof geom-

etry alonglayersof occlusion.Cells thathave beenprojectedby thePLPalgorithmarehighlightedin red

wireframeandtheir associatedgeometryis rendered,while cellsthathave not beenprojectedareshown in

green.Notice that thecellsoccludedby thedeskareoutlinedin green,indicatingthat they have not been

projected.

(a) (b)

Figure15: The input geometryis a modelof an office. (a) snapshotof the PLP algorithmhighlights the

spatialtessellationused.Thecellswhich have not beenprojectedin thespatialtessellationarehighlighted

in green.(b) This figureillustratestheaccuracy of PLP. Shown in redarethepixelswhich PLPmisses.In

white,we show thepixelsPLPrenderscorrectly.
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thealgorithmis to carve thetessellationalonglayers of polygons. We definethelayeringnumberζ � ℵ of

amodelingprimitive
	

in thefollowing intuitive way. If weordereachmodelingprimitivealongeachpixel

by its positive (assume,without lossof generality, that
	

is in theview frustum)distanceto theeye point,

we defineζ 
 	 � asthe smallestrank of
	

over all the pixels to which it contributes. Clearly, ζ 
 	 � � 1 if

andonly if
	

is visible. Finding rank 1 primitivesis equivalentto solving thevisibility problem. Instead

of solvingthisdifficult problem,thePLPalgorithmusessimpleheuristics.Thetraversalalgorithmattempts

to projectthemodelingprimitivesby layers,that is, all primitivesof rank1, then2, andsoon. We do this

by alwaysprojectingthe cell in the front � (we call the front, the collectionof cells that are immediate

candidatesfor projection)which is leastlikely to beoccludedaccordingto its solidity value. Initially, the

front is empty, andascells are inserted,we estimateits accumulatedsolidity valueto reflect its position

duringthetraversal.Every timeacell in thefront is projected,all of thegeometryassignedto it is rendered.

PLPis veryeffective in finding thevisiblepolygons.For moredetailsaboutPLP, includingcomprehen-

sive results,see[43, 42].

7 Image-space occlusion culling

As the namesuggestsimage-spacealgorithmsperform the culling in the viewing coordinates.The key

featurein thesealgorithmsis that during renderingof the scenethe imagegetsfilled up andsubsequent

objectscanbeculledawayquickly by thealready-filledpartsof theimages.Sincethey operateonadiscrete

arrayof finite resolutionthey alsotendto be simplerto implementandmorerobust thantheobject-space

ones,which tendto have numericalprecisionproblems.

Sincetestingeachindividualpolygonagainsttheimageis tooslow, almostall thealgorithmsthatwewill

describehere,useconservative tests.They placeahierarchyonthescene,with thelowestlevel usuallybeing

theboundingboxesof individualobjects,andthey performtheocclusiontestonthathierarchy. Approximate

solutionscanalsobeproducedby someof theimage-spacealgorithmsby classifyingasoccludedgeometry

partswhicharevisible throughaninsignificantpixel count.This invariablyresultsin anincreasein running

speed.

Whenthescenesarecomposedof many smallprimitiveswithoutwell-definedlargeoccludersthenper-

formingtheculling in image-spacebecomesmoreattractive. Theprojectionsof many smallandindividually

insignificantoccluderscanbe accumulatedon the imageusingstandardgraphicsrasterizinghardware,to

coverasignificantpartof theimagewhichcanthenbeusedfor culling. Anotheradvantageof thesemethods

is thattheoccludersdo nothave to bepolyhedral;any objectthatcanberasterisedcanbeused.

7.1 Hierarchical Z-buffer

TheHierarchicalZ-buffer (HZB) [35, 36] is anextensionof thepopularHSRmethod,theZ-buffer. In this

method,occlusionis determinedby testingagainsttheZ-pyramid. TheZ-pyramid is a layeredbuffer with

differentresolutionat eachlevel. At thefinestlevel it is just thecontentof theZ-buffer, eachcoarserlevel

is createdby halvingtheresolutionin eachdimensionandeachelementholdingthefurthestZ-valuein the

corresponding2x2 window of thefiner level below. This is doneall theway to thetop,whereit is just one
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valuecorrespondingto the furthestZ-valuein thebuffer. During scan-conversionof theprimitives, if the

contentsof theZ-buffer changethenthenew Z-valuesarepropagatedup thepyramidto thecoarserlevels.

In [35] the sceneis arrangedinto an octreewhich is traversedtop-down front-to-backandeachnode

is testedfor occlusion. If at any point a nodeis found to be occludedthen it is skipped;otherwiseany

primitivesassociatedwith it arerenderedandthe Z-pyramid is updated.To determinewhethera nodeis

visible,eachof its facesis testedhierarchicallyagainsttheZ-pyramid. Startingfrom thecoarsestlevel, the

nearestZ valueof the faceis comparedwith thevaluein theZ-pyramid. If the faceis found to be further

away thenit is occluded;otherwiseit recursively descendsdown to finer levels until its visibility canbe

determined.

To allow for real-timeperformance,a modificationof the hardwareZ-buffer is suggestedthat allows

for muchof theculling processingto bedonein thehardware. In theabsenceof thecustomhardwarethe

processcanbesomewhatacceleratedthroughtheuseof temporalcoherence,by first renderingthegeometry

thatwasvisible from thepreviousframeandbuilding theZ-pyramidfrom its Z-buffer.

7.2 Hierarchical occlusion map

Thehierarchicalocclusionmapmethod[80] is similar in principle to theHZB, though,it wasdesignedto

work with currentgraphicshardwareandalsosupportsapproximatevisibility culling; objectsthatarevisible

throughonly a few pixelscanbeculledusinganopacitythreshold.Theocclusionis arrangedhierarchically

in a structurecalled the Hierarchical OcclusionMap (HOM) andthe boundingvolume hierarchyof the

sceneis testedagainstit. However, unlike the HZB, the HOM storesonly opacity informationwhile the

distanceof the occluders(Z-values)is storedseparately. The algorithmthenneedsto independentlytest

objectsfor overlapwith occludedregionsof theHOM andfor depth.

Duringpreprocessing,adatabaseof potentialoccludersis assembled.Thenat run-time,for eachframe,

the algorithmperformstwo steps:constructionof the HOM andocclusionculling of the scenegeometry

usingtheHOM.

To build theHOM, asetof occludersis selectedfrom theoccluderdatabaseandrenderedinto theframe-

buffer. At this point only occupancy informationis required;thereforetexturing, lighting andZ-buffering

areall turnedoff. Theoccludersarerenderedaspurewhite on a blackbackground.Theresultis readfrom

thebuffer andformsthehighestresolutionin theocclusionmaphierarchy. Thecoarserlevelsarecreatedby

averagingsquaresof 2x2 pixels to form a mapwhich hashalf theresolutionon eachdimension.Texturing

hardwarecanprovide someaccelerationof theaveragingif thesizeof themapis large enoughto warrant

the set-upcost of the hardware. As we proceedto coarserlevels the pixels are not just black or white

(occludedor visible) but canbeshadesof grey. Theintensityof apixel at sucha level shows theopacityof

thecorrespondingregion.

An objectis testedfor occlusionby first projectingits boundingboxontothescreenandfindingthelevel

in thehierarchywherethepixelshaveapproximatelythesamesizeastheextentof theprojectedbox. If the

box overlapspixelsof theHOM which arenot opaque,it meansthatthebox cannotbeculled. If thepixels

areopaque(or have opacityabove thespecifiedthresholdwhenapproximatevisibility is enabled)thenthe

objectis projectedon a region of theimagethatis covered.In this casea depthtestis neededto determine
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Figure16: A hierarchyof occlusionmapscreatedby recursively averagingblocksof pixels. Courtesyof

HansongZhang,UNC.

whethertheobjectis behindtheoccluders.

In paper[80] a numberof methodsareproposedfor testingthedepthof theobjectsagainstthatof the

occluders.The simplesttestmakesuseof a planeplacedbehindall the occluders;any object that passes

the opacity test is comparedwith this. Although this is fastandsimple it canbe over-conservative. An

alternative is the depthestimationbuffer wherethe screenspaceis partitionedinto a setof regionsanda

separateplaneis usedfor eachregion of thepartition.

7.3 Directional discretized occluders

The Directionaldiscretizedoccluders(DDOs) approachis similar to the HZB andHOM methodsin that

it alsousesboth object-and image-spacehierarchies.In their preprocessingstage,Bernardiniet al. [7]

approximatethe input modelwith an octreeandcomputesimple,view-dependentpolygonaloccludersto

replacethecomplex input geometryin subsequentvisibility queries.Eachfaceof every cell of theoctreeis

regardedasapotentialoccluderandthesolidanglesspanningeachof thetwo halfspacesonthetwo sidesof

thefacearepartitionedinto regions.For eachregion,they computeandstoreaflagthatrecordswhetherthat

faceis avalid occluderfor any viewpoint containedin thatregion. Eachsquare,axis-alignedfaceis aview-

dependentpolygonaloccluderthat canbe usedin placeof the original geometryin subsequentvisibility

queries.

Therenderingalgorithmvisits theoctreein a top-down, front-to-backorder. Valid occludersfounddur-

ing thetraversalareprojectedandaddedto atwo-dimensionaldatastructure,suchasaquadtree.Eachoctree

nodeis first testedagainstthecurrentcollectionof projectedoccluders:if thenodeis not visible, traversal

of its subtreestops. Otherwise,recursioncontinuesandif a visible leaf nodeis reached,its geometryis

rendered.
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The DDO preprocessingstageis not inexpensive, andmay take in theorderof hoursfor modelscon-

taininghundredsof thousandsof polygons.However, themethoddoeshave severaladvantagesif onecan

toleratethecostof thepreprocessingstep.Thecomputedoccludersareall axis-alignedsquares,a fact that

canbeexploitedto designefficientdatastructuresfor visibility queries.Thememoryoverheadof theDDOs

is only six bitmasksperoctreenode.TheDDO approachalsobenefitsfrom occluderfusionanddoesnot re-

quireany specialor advancedgraphicshardware.Theapproachcouldbeusedwithin theframework of other

visibility culling methodsaswell. Culling methodswhich needto pre-selectlarge occluders,(e.g. Coorg

andTeller [18]), or whichpre-renderoccludersto computeocclusionmaps,(e.g. Zhang,etAl. [81]), could

benefitfrom theDDO preprocessingstepto reducetheoverheadof visibility tests.

B
AA

B

Figure17: Illustrationof theDDO approach.Theinput geometry, A andB, is drawn asdashedlines. The

valid occludersfor thetwo viewpointsareshown asthick solid lines.Courtesyof JamesKlosowski, IBM.

Figure17 is a two-dimensionalillustration of the DDO approach.The grid is a discretizationof the

spacesurroundingthescene;it representsour octreenodes.The input geometry, A andB, is shown using

dashedlines. For the purposeof occlusionculling, the geometryA canbe replacedby a simplerobject

(shown usingthick solid lines)which is a subsetof thegrid edges,that is, theoctreefaces.Thetwo figures

show thesamescenefrom differentviewpointsandview directions.Notethatthesubsetof grid edgesthat

canactasoccluders(in placeof geometryA) changesastheviewpoint changes.

7.4 OpenGL-assisted occlusion culling

Bartzet al. in [6, 5] describea differentmethodof image-spaceculling. Thesceneis arrangedin a hierar-

chical representationandtestedagainsttheoccludedpartof the image,which resemblestheHZB andthe

HOM. However, in contrastto thesemethods,thereis nohierarchicalrepresentationof theocclusion,rather

OpenGLcallsareusedto querythehardwarefor visibility information. Both view-frustumandocclusion

culling aredonein thatway.

For view-frustumculling the OpenGLselectionmodeis used.The selectionmodecantrack a certain

region of thescreenandidentify whethera given objectis renderedonto it. By settingthe tracked region
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to betheentirescreenandrenderinghierarchicallytheboundingvolumesof theobjects,it canquickly be

decidedon which to intersecttheview volume. Of coursethe renderingof the boundingvolumeshereis

purelyfor selectingtheobjectsanddoesnot contribute to theframe-buffer.

To testfor occlusion,aseparatebuffer, thevirtual occlusionbuffer, is associatedwith theframe-buffer to

detectthepossiblecontributionof any objectto theframe-buffer. Thiswasimplementedwith astencilbuffer.

Theboundingboxesof thescenearehierarchicallysentdown thegraphicspipeline.As they arerasterised,

the correspondingpixels areset in the virtual occlusionbuffer whenever the z-buffer testsucceeds.The

frame-buffer andthez-buffer remainunalteredthroughoutthisprocess.

Thevirtual occlusionbuffer is thenreadandany boundingbox thathasa footprint in it is consideredto

be(at leastpartially) visibleandtheprimitiveswithin it canberendered.Sincetheoperationof readingthe

virtual occlusionbuffer canbevery expensive, it wasproposedto sampleit by readingonly spansfrom it.

Thesamplinginevitably makesthealgorithma non-conservative test.

As in themethodsabove, approximateculling canbeimplementedif we allow boxesthathave a small

footprint in theocclusionbuffer to beconsideredinvisible. Theperformanceof thealgorithmdependson

thehardwarebeingused.In low- to mid-rangegraphicsworkstationswherepartof therenderingprocessis

in software,thereductionin renderedobjectscanprovide significantspeed-ups.On high-endmachinesthe

set-upfor readingthebuffer becomesamoresignificantportionof theoverall time,reducingtheusefulness

of themethod.

7.5 Hardware assisted occlusion culling

Hardwarevendorshave startedadoptingocclusion-cullingfeaturesinto their designs.Greeneet al. [35] re-

port thattheKubotaPacificTitan3000wasanearlyexampleof graphicshardwarethatsupportedocclusion-

culling features.

A hardwarefeatureavailableon HP machines(which seemsquite similar to the KubotaPacific Titan

3000)makes it possibleto determinethe visibility of objectsascomparedto the currentvaluesin the z-

buffer. Theideais to adda feedbackloop to thehardwarewhich is ableto checkif changeswill bemadeto

thez-buffer whenscan-converting a givenprimitive. Onepossibleuseof this hardwarefeatureis to avoid

renderinga very complex setmodelby first checkingif it is potentiallyvisible. In generalthis canbedone

with theHPocclusion-cullingextensionby checkingwhetheranenvelopingprimitive (usuallythebounding

box of theobject,but in generalit might be moreefficient to usean enclosingk-dop [41]) is visible, and

only renderingtheactualobjectif thesimplerenclosingobjectis indeedvisible.

The actualhardwarefeatureasimplementedon the HP fx seriesgraphicsacceleratorsis explainedin

[62] and[63]. Oneway to usethehardwareis to querywhethertheboundingbox of an objectis visible.

Thiscanbedoneasfollows:

glEnable(GL_OCCLUSION_TEST_HP);

glDepthMask(GL_FALSE);

glColorMask(GL_FALSE, GL_FALSE, GL_FALSE, GL_FALSE);

DrawBoundingBoxOfObject();

bool isVisible;
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glGetBooleanv(GL_OCCLUSION_RESULT _HP, &isVisible);

glDisable(GL_OCCLUSION_TEST_HP);

glDepthMask(GL_TRUE);

glColorMask(GL_TRUE, GL_TRUE, GL_TRUE, GL_TRUE);

Clearly, if theboundingboxof anobjectis notvisible, theobjectitself, whichpotentiallycouldcontain

a largeamountof geometry, mustnot bevisible. This hardwarefeatureis implementedin severalof HP’s

graphicsaccelerators,for instance,theHPfx6 graphicsaccelerator. Severson[63] estimatesthatperforming

anocclusion-querywith aboundingboxof anobjectonthefx6 is equivalentto renderingabout19025-pixel

triangles. This indicatesthat a naive approachwhereobjectsareconstantlychecked for occlusionmight

actuallyhurt performance,andnot achieve thefull potentialof thegraphicsboard.In fact, it is possibleto

slow down the fx6 considerablyif oneis unlucky enoughto projectthepolygonsin a back-to-frontorder

(becausenoneof theprimitiveswouldbeoccluded).

Meissneret al. [49] proposean effective occlusionculling techniqueusing this hardware test. In a

preprocessingstep,a hierarchicaldatastructureis built which containstheinput geometry. (In their paper,

they proposeseveraldifferentdatastructures,andstudytheir relative performance.)Their algorithmis as

follows:

(1) traversethehierarchicaldatastructureto find theleaveswhichareinsidetheview frustum;

(2) sorttheleaf cellsby thedistancebetweentheviewpoint andtheir centroids;

(3) for eachsortedcell, renderthegeometrycontainedin thecell only if thecell boundaryis visible.

In theirrecentofferings,HPhasimprovedtheocclusion-cullingfeatures.Thefx5 andfx10 hardwarecan

performseveralocclusionculling queriesin parallel[19]. Also, HP reportsthat their OpenGLimplemen-

tationshave beenchangedto usetheocclusion-cullingfeaturesautomaticallywhenpossible.For instance,

beforerenderinga long displaylist, HP softwarewould actuallyperformanocclusionquerybeforerender-

ing all thegeometry.

ATI’s HyperZ technology[51] is anotherexampleof a hardware-basedocclusion-cullingfeature.Hy-

perZhasthreedifferentoptimizationswhichthey claimgreatlyimprovetheperformanceof 3D applications.

Themaintruston all theoptimizationsis on lowering thememorybandwidthrequiredfor updatingtheZ-

values(which they claim is the single largestuserof bandwidthon their cards). One optimizationis a

techniquefor losslesscompressionof Z-values.Anotheris a “f ast” Z-buffer clear, which performsa lazy

clearof depthvalues.ATI alsoreportson the implementationof thehierarchicalZ-buffer of Greeneet al.

[35] in hardware.Detailsof theactualfeaturesaresketchy, andat thispointATI hasnotexposedany of the

functionalityof their hardwareto applications,that is, applicationsareblind, andshouldautomaticallyget

improvedperformance.

Therearereportsthatothervendors,includingSGI,Nvidia,andsoon,areworkingonsimilarocclusion-

culling featuresfor their upcominghardware.
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7.6 Discussion

Thereareseveralotheralgorithmswhicharetargetedatparticulartypesof scenes.Forexample,theoccluder

shadows proposedby WonkaandSchmalstieg [75] specificallytargeturbanenvironments.In this work the

sceneis partitionedin a regular 2D grid. During run-timea numberof occludersareselectedand their

’shadows’ - theplanesdefinedby theview-point andthe top edgeof eachoccluder- arerenderedinto an

auxiliary buffer calledthecull-map.Eachpixel in thecull-map(image-space)correspondsto a grid cell of

thescenegrid (object-space).If thecull-mappixel is not coveredthenobjectsin thecorrespondingscene

grid cell arepotentiallyvisible.

Honget al. [38] useanimage-basedportal technique(similar in somerespectsto thecells-and-portals

work of Luebke andGeorges[48]) to beableto fly througha virtual humancolon in real-time.Thecolon

is partitionedinto cells at preprocessingandtheseareusedto acceleratethe occlusionwith the help of a

Z-buffer at run-time.

Onedrawbackof thetechniquesdescribedin thissectionis thatthey rely onbeingableto readinforma-

tion from thegraphicshardware. Unfortunately, on mostcurrentarchitectures,usingany sortof feedback

from thegraphicshardwareis quiteslow andplacesa limit on theachievableframerateof suchtechniques.

As Bartz et al. [5] show, thesemethodsareusuallyonly effective whenthe scenecomplexity is above a

largethreshold.

Thereareothershortcomingsto thesetechniques.Oneof themainproblemsis theneedfor preselection

of occluders.Sometechniques,suchasHOM, needto createdifferentversionsof theactualobjects(through

somesort of “occlusion-preserving” simplificationalgorithm) to be ableto generatethe occlusion-maps.

Another interestingissueis how to deal with dynamicscenes.The more preprocessingused,the more

expensive it is to dealwith dynamicenvironments.

TheBSPtreemethodintroducedby Naylor [53] alreadyin 1992canbe thoughtof assomewherebe-

tweenimage-precisionandobject-precision,sincealthoughheuseda2D BSPtreein image-spacefor culling

the3D scene,thiswasdoneusingobject-precisionoperationsratherthanimage-precision.

8 From-region visibility

In a typical visibility culling algorithmtheocclusionis testedfrom a point [18, 39]. Thus,thesealgorithms

areappliedin eachframeduring the interactive walkthrough. A promisingalternative is to find the PVS

from aregionor viewcell, ratherthanfrom apoint. Thecomputationcostof thePVSfrom aviewcell would

thenbeamortizedover all theframesgeneratedfrom thegivenviewcell.

Effective methodshave beendevelopedfor indoorscenes[70, 30], but for generalarbitraryscenes,the

computationof thevisibility setfrom a region is moreinvolved thanfrom a point. Samplingthevisibility

from a numberof view pointswithin the region [33] yieldsan approximatedPVS,which may thencause

unacceptableflickeringartifactsduringthewalkthrough.Conservative methodswereintroducedin [15, 59]

whicharebasedon theocclusionof individual largeconvex objects.

In thesemethodsa given object or collection of objectsis culled away if and only if they are fully

occludedby a singleconvex occluder. It wasshown thata convex occluderis effective only if it is larger
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Figure18: Theunionof theumbraeof theindividual objectsis insignificant,while theiraggregateumbrais

largeandcanberepresentedby asinglevirtual occluder.

thantheviewcell [52]. However, this conditionis rarelymet in realapplications.For example,theobjects

in Figure 18 aresmallerthantheviewcell, andtheir umbrae(with respectto theviewcell) arerathersmall.

Their uniondoesnot occludea significantportionof thescene(seein (a)), while their aggregateumbrais

large(seein (b)).

Recently, new techniquesweredevelopedin which thevisibility culling from a region is basedon the

combinedocclusionof a collectionof objects(occluderfusion). The collectionor clusterof objectsthat

contributesto the aggregateocclusionhasto be neitherconnectednor convex. The effective from-region

culling of thesetechniquesis significantlylarger thanpreviousfrom-region visibility methods.Below, four

techniquesaredescribedfollowedby adiscussion.

8.1 Conservative volumetric visibility with occluder Fusion

Schaufleret al. [60] introducea conservative techniquefor the computationof viewcell visibility. The

methodoperateson a discreterepresentationof spaceandusesthe opaqueinterior of objectsasocclud-

ers. This choiceof occludersfacilitatestheir extensioninto adjacentopaqueregionsof space,in essence,

maximizingtheir sizeandimpact.

Themethodefficiently detectsandrepresentsthe regionsof spacehiddenby occludersandis thefirst

to usethe propertythat occluderscanalsobe extendedinto emptyspaceprovided this spaceitself is oc-

cludedfrom theviewcell. This is provedto beeffective for computingtheocclusionby a setof occluders,

successfullyrealizingoccluderfusion.

Initially, the boundaryof objectsis rasterizedinto thediscretizationof spaceandthe interior of these

boundariesis filled with opaquevoxels. For eachviewcell, theocclusiondetectionalgorithmiteratesover
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Figure19: Theindividualumbrae(with respectto theyellow viewcell) of objects1, 2 and3 donot intersect,

but yet theirocclusioncanbeaggregatedinto a largerumbra.)

theseopaquevoxels,andgroupsthemwith adjacentopaquevoxels into effective blockers.Subsequently, a

shaftis constructedaroundtheviewcell andtheblocker to delimit theregionof spacehiddenby theblocker.

Thisclassificationof regionsof spaceintovisibleandhiddenis notedin thespatialdatastructure.As regions

of spacehave alreadybeenfound to be hiddenfrom the viewcell, extensionof blockers into neighboring

voxels canalsoproceedinto thesehiddenregions realizingoccluderfusion with all the occluderswhich

causedthis region to behidden.

As an optimization,opaquevoxels areusedin the order from large to small andfrom front to back.

Occludedopaquevoxelsarenot consideredfurtherasblockers.

To recover the visibility statusof objectsin the original scenedescription,the spacethey occupy is

lookedup in thespatialdatastructureand,if all thevoxelsintersectedby theobjectareclassifiedashidden,

theobjectis guaranteedto behiddenaswell.

Theauthorspresentspecializedversionsfor thecasesof 2D and2 1/2Dvisibility, andmotivatetheease

of extensionto 3D: becauseonly two convex objectsat a time areconsideredin thevisibility classification

(the viewcell and the occluder),the usualdifficulties of extendingvisibility algorithmsfrom 2D to 3D,

causedby triple-edgeevents,areavoided. Exampleapplicationsdescribedin the paperincludevisibility

preprocessingfor real-timewalkthroughsandreductionin the numberof shadow raysrequiredby a ray-

tracer(see[60] for details).

8.2 Conservative visibility preprocessing using extended projections

Durandet al. [25] (seealso [47]) presentan extensionof point-basedimage-spacemethodssuchas the

HierarchicalOcclusionMaps[81] or the HierarchicalZ-buffer [35] to volumetricvisibility from a view-

cell, in thecontext of preprocessingPVScomputation.Occludersandoccludeesareprojectedontoaplane,
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Figure20: (a)Principleof ExtendedProjections.TheExtendedProjectionof theoccluderis theintersection

of its projectionsfrom all thepointsin theviewing cell, while theExtendedProjectionof theoccludeeis

theunionof its projections.(b) If plane2 is usedfor projection,theocclusionof group1 is not taken into

account.Theshadow coneof thecubeshows that its ExtendedProjectionwould bevoid, sinceit vanishes

in front of the plane. The sameconstraintappliesfor group2 andplane1. We thusprojectgroup1 onto

plane1, thenreprojectthisaggregateprojectionontoplane2. Courtesyof FredoDurand,MIT.

andanoccludeeis declaredhiddenif its projectionis completelycoveredby thecumulative projectionof

occluders(andif it liesbehind).Theprojectionis howevermoreinvolvedin thecaseof volumetricvisibility:

to ensureconservativeness,theExtendedProjectionof anoccluderunderestimatesits projectionfrom any

point in theview-cell, while theExtendedProjectionof anoccludeeis anoverestimation(seeFigure 20(a)).

A discrete(but conservative) pixel-basedrepresentationof extendedprojectionsis used,calledanextended

depthmap. Extendedprojectionsof multiple occludersaggregate,allowing occluder-fusion, that is, the

cumulative occlusioncausedby multiple occluders. For convex view-cells, the extendedprojectionof a

convex occluderis the intersectionof its projectionsfrom the verticesof the cell. This canbe computed

efficiently usingthegraphicshardware(stencilbuffer) anda conservative rasterization.Concave occluders

intersectingtheprojectionplanearesliced(see[25] for details).

A single set of six projectionplanescan be used,as demonstratedby an example involving a city

database.The positionof the projectionplaneis however crucial for the effectivenessof ExtendedPro-

jections. This is why a reprojectionoperatorwasdevelopedfor hard-to-treatcases.It permitsa groupof

occludersto beprojectedontooneplanewherethey aggregate,andthenreprojectthisaggregatedrepresenta-

tion ontoanew projectionplane(seeFigure 20(b)).This re-projectionis usedto defineanocclusion-sweep

wherethe sceneis sweptby parallel planesleaving the cell. The cumulative occlusionobtainedon the

currentplaneis reprojectedontothenext planeaswell asnew occluders.This allows thehandlingof very

differentcasessuchastheocclusioncausedby leavesin a forest.

29



1

3

2

4

S

(a)

1

3

2

4

S

(b)

3

2

4

1

S

(c)

1

3

2

4

S

(d)

Figure21: Growing thevirtual occludersby intersectingobjectswith theactive separatingandsupporting

lines.

8.3 Virtual occluders

Koltun et al. [44] introducethe notion of from-region virtual occluders.Given a sceneanda viewcell, a

virtual occluderis a view-dependent(simple)convex object,which is guaranteedto befully occludedfrom

any givenpointwithin theviewcell andwhichservesasaneffectiveoccluderfromthegivenviewcell. Virtual

occluderscompactlyrepresentthe aggregateocclusionfor a given cell. The introductionof suchview-

dependentvirtual occludersenablesto applyaneffective region-to-region or cell-to-cell culling technique

andto efficiently computea potentialvisibility set(PVS)from a region/cell. Thepaperpresentsanobject-

spacetechniquethat synthesizessuchvirtual occludersby aggregatingthe visibility of a setof individual

occluders.It is shown thatonly a small setof virtual occludersis requiredto computethePVSefficiently

on-the-flyduringthereal-timewalkthrough.

In thepreprocessingstageseveralobjectsareidentifiedasseedobjects.For eachseedobject,a cluster

of nearbyobjectsis constructedso thata singlevirtual occluderfaithfully representstheocclusionof this

clusterof objects.At first, theclusteris definedto includeonly theseedobject. Then,iteratively, at each

step,moreobjectswhichsatisfyageometriccriterionareaddedto theclusterof occluders,thusaugmenting

the aggregateumbraof the cluster. The virtual occluderis placedjust behindthe furthestobject in the

cluster, andis completelycontainedin theaggregateumbraof thecluster(seeFigs.18and21).

Onevirtual occluderis storedat eachstepof the iteration. As a result,at theendof theprocess,there

is a large andhighly redundantgroupof virtual occluders.This groupcanbewell representedby a small

subsetof themosteffective virtual occluders.

In thereal-timerenderingstage,thePVSof a viewcell is computedjust beforethewalkthroughenters

theviewcell. It is doneby hierarchicallytestingthescene-graphnodesagainstthevirtual occluders.Since

only avery smallnumberof themareused,this testis extremelyfast.

The 3D problemis solved by a 2.5D implementation,which proves to be effective for most typical

scenes,suchasurbanandarchitecturalwalkthroughs.The2.5Dimplementationperformsa seriesof slices

in theheightdimension,andusesthe2D algorithmto construct2D virtual occludersin eachslice. These

occludersarethenextendedto 3D by giving themtheheightof their respective slices.
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8.4 Occluder fusion for urban walkthroughs

Wonkaetal. [76] presentanapproachbasedon theobservationthatit is possibleto computeaconservative

approximationof the umbrafor a viewcell from a setof discretepoint samplesplacedon the viewcell’s

boundary. A necessary, thoughnot sufficient conditionthat an object is occludedis that it is completely

containedin theintersectionof all samplepoints’umbrae.Obviously, thisconditionis notsufficientasthere

maybeviewing positionsbetweenthesamplepointswheretheconsideredobjectis visible.

However, shrinkinganoccluderby ε providesa smallerumbrawith a uniqueproperty:anobjectclas-

sifiedasoccludedby theshrunkoccluderwill remainoccludedwith respectto theoriginal largeroccluder

whenmoving theviewpoint nomorethanε from its originalposition.

Consequently, a point sampleusedtogetherwith a shrunkoccluderis a conservative approximationfor

asmallview cell with radiusε centeredat thesamplepoint. If theoriginal view cell is coveredwith sample

pointssothatevery point on theboundaryis containedin anε -neighborhoodof at leastonesamplepoint,

thenan object lying in the intersectionof the umbraefrom all samplepoints is occludedfor the original

viewcell.

Using this idea,multiple occluderscanbeconsideredsimultaneously. If theobjectis occludedby the

joint umbraof theshrunkoccludersfor everysamplepointof theviewcell, it is occludedfor thewholeview

cell. In thatway, occluderfusion for anarbitrarynumberof occludersis implicitly performed(seeFigure

22 andFigure23).

8.5 Discussion

Whenthevisibility from aregion is concerned,occlusioncausedby individualoccludersin ageneralsetting

is insignificant. Thus,it is essentialto take advantageof aggregateocclusioncausedby groupsof nearby

objects. Theabove four papersaddresstheproblemof occlusionaggregationalsoreferredto asoccluder

fusion.

All four techniquesareconservative; they aggregateocclusionin most cases,but not in all possible

ones. In sometechniques,thecriterion to fusetwo occludersor to aggregatetheir occlusionsis basedon

the intersectionof two umbrae. However, in [44, 77], a moreelaboratecriterion is used,which permits

aggregationof occlusionseven in caseswheretheumbraearenot necessarilyintersected.Thesecasesare

illustratedin Figure19.

To copewith thecomplexity of thevisibility in 3D scenes,all thetechniquesusesomediscretizations.

Thefirst methoddiscretizesthespaceinto voxels,andoperatesonly on voxels.This leadsto theunder-

estimationof occlusionwhentheumbraof occludersis relatively small andpartially overlapssomelarge

voxels, but doesnot completelycontainany. The advantageof this approachis its generality: it canbe

appliedto any representationof 3D scenes,andnotnecessarilypolygonal.

Thesecondmethoddiscretizesthespacein two ways.First, it projectsall objectsontoa discretesetof

projectionplanes,andsecond,the representationof objectsin thoseplanesis alsodiscrete.Moreover, 3D

projectionsarereplacedby two 2D projections(seeFigure20), to avoid performinganalyticaloperations

on objectsin 3D space.The advantageof this algorithmis that, sincemostoperationsareperformedin
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Figure22: Samplingof theocclusionfrom five samplingpoints.Courtesyof PeterWonka,ViennaUniver-

sity of Technology.
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image-space,they canbehardware-assistedto shortenthepreprocessingtime.

The third methodis object-spaceanalyticalin the2D case.It treatsthe3D casesasa 2.5D sceneand

solvesit by aseriesof 2D casesby discretizingtheheightdimension.It is shown thatin practicethevisibility

of 2.5Dentitiesapproximatewell thevisibility of theoriginal 3D models.

The forth methodsamplesthevisibility from a viewcell from a discretenumberof samplepoints. Al-

thoughit underestimatesocclusion,it is alsoaconservative method.Thismaybeinsignificantin thecaseof

closeandlargeoccluders,but in caseswheretheocclusionis createdby a largenumberof smalloccluders,

theapproximationmight betoocrude.

Somethingthat could prove useful when computingvisibility from a region is a methodfor depth-

orderingobjectswith respectto the region. Finding suchan orderingcanbe a challengingtask, if at all

possible,sinceit might vary at differentsamplepoints in the given region. Chrysanthouin [12] (Section

3.2)suggestsahybridmethodbasedonGraphTheoryandBSPtreeswhichwill sortasetof polygonsasfar

aspossibleandreportunbreakablecycleswherethey arefound.

8.6 Approximate from-region visibility

In [2] a schemeto combineapproximateocclusionculling with levels-of-detail(LOD) techniquesis pre-

sented.Theideais to identify partially-occludedobjectsin additionto fully-occludedones.Theassumption

is thatpartially-occludedobjectstake lessspaceon thescreen,andthereforecanberenderedusinga lower

LOD. The authorsusethe term Hardly-Visible Set(HVS) to describea set consistingof both fully and

partially visibleobjects.

A setof occludersis selectedandsimplified to a collectionof Partially-overlappingboxes. Occlusion

culling is performedfrom theviewcell usingtheseboxesasoccludersto find the”fully-visible” partof the

HVS. It is performedconsideringonly occlusionby individualboxes[15, 59]. Thereis noocclusionfusion,

but asingleboxmayrepresentseveralconnectedoccluderobjects.

To computepartially-visibleobjects,all the occluders(boxes)areenlargedby a certainsmall degree,

andocclusionculling is performedagainusingthesemagnifiedoccluders.Theobjectsthatareoccludedby

theenlargedoccludersandnotby theoriginalonesareconsideredto bepartiallyoccludedfrom theviewcell,

andarethuscandidatesto berenderedat a lowerLOD.

Severalpartsof theHVS arecomputedby enlarging theoccludersseveraltimes,eachtimeby adifferent

degree,thus,classifyingobjectswith adifferentdegreeof visibility. Duringreal-timerendering,theLOD is

selectedwith respectto thedegreeof visibility of theobjects.

It shouldbenotedthatthisbasicassumptionof thedegreeof visibility is solelyheuristic,sinceanobject

partially occludedfrom a region doesnot meanit is partially occludedfrom any point within theregion. It

couldbefully visibleatonepoint andpartially visibleor occludedat another.

In [33] anotherapproximatefrom-region visibility techniqueis proposed. Castingrays from a five-

dimensionalspacesamplesthevisibility. Thepaperdiscusseshow to minimize thenumberof rayscastto

achieve a reliableestimateof thevisibility from aregion.
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Figure23: The fusedumbrafrom thefive points(in thefigureabove) is the intersectionof the individual

umbrae.It is largerthantheunionof umbraeof theoriginal viewcell. Courtesyof PeterWonka.

8.7 The PVS storage space problem

PrecomputingthePVSfrom a region requiressolvinga prominentspaceproblem.Thesceneis partitioned

into viewcells and for eachcell a PVS is precomputedandstoredreadily for the online renderingstage.

Sincethenumberof viewcells is inherentlylarge, thetotal sizeof all thevisibility setsis muchlarger than

theoriginalsizeof thescene.Asidefor afew exceptionsthisproblemhasnot receivedenoughattentionyet.

Van de PanneandStewart [72] presenta techniqueto compressprecomputedvisibility setsby clustering

objectsandviewcellsof similar behavior. Gotsmanet al. [33] presenta hierarchicalschemeto encodethe

visibility efficiently. Cohen-Oret al. [16, 15] dealwith thetransmissionof visibility setsfrom theserver to

theclient andin [15, 52] discusstheselectionof thebestviewcell sizein termsof thesizeof thePVS.

A completelydifferentapproachwastaken by Koltun et al. [44]. ThePVSof eachviewcell doesnot

needto bestoredexplicitly. An intermediaterepresentationthat requiresmuchlessstoragespacethanthe

PVSis createdandusedto generatethePVSon-the-flyduringrendering.

9 Conclusion

In this paper, we have surveyed most of the visibility literatureavailable in the context of walkthrough

applications.We seethat a considerableamountof knowledgehasbeenassembledin the last decade;in
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particular, thenumberof papersin theareahasincreasedsubstantiallyin thelastcoupleof years.It is hard

to sayexactlywherethefield is heading,but therearesomeinterestingtrendsandopenproblems.

It seemsfurtherresearchis necessaryinto techniqueswhichlowertheamountof preprocessingrequired.

Also, memoryis abig issuefor largescenes,especiallyin thecontext of from-region techniques.

It is expectedthat morehardwarefeatureswhich canbe usedto improve visibility computationswill

be available. At present,a major impedimentis the fact that readingbackinformationfrom the graphics

boardsis very slow. It is expectedthat this will getmuchfaster, enablingimprovementsin hardware-based

visibility culling algorithms. The efficient handlingof dynamicscenesis an openareaof researchat this

point.
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