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Abstract

Thelastfew yearshave withessedremendougrowth in thecomplexity of computeigraphicamodels
aswell asnetwork-basedcomputing. Although significantprogresshasbeenmadein the handlingof
specifictypesof large polygonaldatasetdi.e., architecturaimodels)on single graphicsworkstations,
only recentlyhaveresearcherstartedo turntheirattentionto moregenerakolutionswhichnow include
network-basedyraphicsandvirtual environments.The situationis likely to worsenin the future since,
dueto technologiesuchas3D scanninggraphicalmodelsarebecomingncreasinglycomplex. Oneof
the mosteffective waysof managinghe complexity of virtual environmentsis throughthe application
of smartvisibility methods.

Visibility determinationthe processof decidingwhat surfacescanbe seenfrom a certainpoint, is
one of the fundamentaproblemsin computergraphics. |t is requirednot only for the correctdisplay
of imagesbut alsofor suchdiverseapplicationsas shadev determinationglobal illumination, culling
andinteractie walkthrough.Theimportanceof visibility haslong beenrecognizedandmuchresearch
hasbeendonein this areain the lastthreedecades.The proliferationof solutions,however, hasmade
it difficult for the non-expertto dealwith this effectively. Meanwhile,in network-basedyraphicsand
virtual environments,visibility hasbecomea critical issue,presentingnen problemsthat needto be
addressed.

In this surey we review the fundamentalssuesin visibility andconductan overview of the work
performedn recentyears.

1 Introduction

The term visibility is very broadand hasmary meaningsand applicationsin variousfields of computer
science. Here, we focus on visibility algorithmsin supportof virtual reality applications. For a more
generakuney see[23] (alsoappearsn [14]). For thoseinterestedn the computationafjeometnyiterature,
see[21, 20, 22]. Zhangs thesis[80] containsa shortsuney of computergraphicsvisibility work. Moller
andHaines[50, Chapter7] cover severalaspect®f visibility culling.
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Figure1: With indoor scene®ften only a very small part of the geometryis visible from ary givenview-
point. Courtesyof Craig Gotsman;Technion.

We deal primarily with algorithmsrelatedto walkthroughapplicationswherewe assumehat a scene
consistsof a very large numberof primitives. Moreover, we assumehat modelskeepgettinglarger and
more comple andthat userappetitewill never be satisfiedwith the computationajpower available. For
very complex modelswe canusuallydo betterwith a smartrenderingalgorithmthanwith fastermachines.

Oneof the mostinterestingvisibility problemsin this contet is the oneof selectinga setof polygons
from the modelthatis visible from a given viewpoint. More formally (after [21]), let the scene,S, be
composedaf modelingprimitives(e.g., triangles)$ = {%, P4, ..., Pn}, andaviewing frustumdefiningan
eye position,a view direction,andafield of view. Thevisibility problemencompassefinding the visible
fragmentswithin the scenethatis, connectedo the eyepointby a line segmentthat meetsthe closureof
no other primitive. One of the obstaclego solving the visibility problemis its compleity. For a scene
with n = O(|S|) primitives,the compleity of the setof visible fragmentsmight be ashigh asO(n?) (i.e.,
guadratian the numberof primitivesin theinput).

What malkesvisibility aninterestingproblemis thatfor large scenesthe numberof visible fragments
is usuallymuch smallerthanthe total size of the input. For example,in a typical urbanscenespne can
seeonly a very small portion of the entiremodel,regardlessof ones location. Suchscenesaresaidto be
denselyoccluded in the sensehatfrom ary givenviewpoint, only a small fraction of the scenes visible
[15]. Otherexamplesincludeindoor sceneswherethe walls of a room occludemostof the sceneandin
fact,from ary viewpointinsidetheroom,onemay only seethe detailsof thatroomor thosevisible through
the portals seeFigure 1. A differentexampleis a copying machine,shavn in Figure 2, wherefrom the
outsideonecanonly seeits externalparts.Althoughintuitive, this informationis not availableaspartof the
modelrepresentatiorandonly a non-trivial algorithmcandeterminet automatically Note thatoneof its
doorsmightbeopen.

Visibility is notaneasyproblem,sincea smallchangdn theviewpoint might causdarge changesn the
visibility. It meanghatsolvingthe problemat onepoint doesnot helpmuchin solvingit atanearbypoint.
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Figure2: A copying machinepnly a fractionof the geometryis visible from the outside.Courtesyof Craig
Gotsman,Technion.
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Figure3: A smallchangdn the viewing positioncancausdarge changesn thevisibility.
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Figure4: Two differentview directionsof anobjecthave the sameaspectf andonly if the corresponding
ImageStructureGraphsareisomorphic.Notethat(a) and(b) have the sameaspectwhichis differentto (c).

An exampleof this canbe seenin Figure 3. The aspectgraph describedn Section 2, andthe visibility
comple (describedn [23]) sheddight onthe comple characteristicef visibility.

Therestof this paperis organizedasfollows. Wefirst give ashortdescriptionof theaspecgraph,which
is a fundamentakonceptin 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 introductorypartis thenfollowed by a moredetaileddescriptionand
analysisof recentvisibility-culling algorithms.

2 Theaspect graph

Whendealingwith visibility, it is usefulto considermnimportanttheoreticaktonceptalledtheaspecgraph
[26]. Let uslook atthetwo isomorphicgraphsin Figure 4. They area projectionof a 3D object;however,
we treatthemas2D entities.First, let usdefinethe Image Structue Graph (ISG) asa planargraph,defined
by the outlinesof animagecreatedby projectinga polyhedralobjectin a certainview direction. Then
two differentview directionsof an objecthave the sameaspectif andonly if their correspondingSGsare
isomorphic.Now we canpartitionthe viewspaceinto maximalconnectedegionsin which the viewpoints
have the sameview or aspect.This partitionis the VSP - the visibility spacepartition, wherethe boundary
of aVSPregionis calledavisualeventasit marksa changen visibility (seeFigure 5).

The term, aspectgraph,refersto the graphcreatedby assigninga vertex to eachregion of the VSR,
wherethe edgesconnectadjacentegions.

Figuresb and6 shaw avisibility spacepartitionin 2D, whichis createdoy justtwo andthreesegments
(the2D counterpartef polygons)respectiely. Onecanobsenre thatthenumberof aspectegionsis already
large,andin fact,canbeshavn to grow quiterapidly.

Plantingaand Dyer [57] discussaspectgraphsand their worst-casecompleity, including algorithms
for efficiently computingaspecigraphs.The worstcompleity of aspecigraphsis quite high, andin three
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Figure5: 2 polygons- 12 aspectegions.

dimensionscanbeaslarge asO(n°). For atypical numberof segments(saytensof thousands)n termsof
spaceandtime it turnsout thatcomputingthe aspecigraphis computationallyimpractical. (Plantinga[58]
proposesnearly conserative visibility algorithmbasedn his aspecgraphwork.)

However, ascanbe seenin Figure 7, differentaspectregions canhave equalsetsof visible polygons.
This meanghattherearefar fewer differentregionsof differentvisibility setsthandifferentaspects.

Looking onceagainat the aspectpartition of the two segmentsin Figure 8, we cantreatoneasan
occluderandthe other as the occludee defining their endpointconnectinglines as supportinglines and
sepaating lines Theselines partition the spaceinto threeregions: (i) the region from which no portion
of the occludesis visible, (ii) theregion from which only a portion of the occludeeis visible, and(iii) the
region from which the occluderdoesnot occludeary partof theoccluded17].

The 3D visibility comple [23] is anotherway of describingandstudyingthe visibility of 3D spaceby
a dual spaceof 3D lines, in which all the visibility eventsaredescribed.This structureis global, spatially
coherentandcomplete sinceit encodesll the visibility relationsin 3D. It allows efficient visibility com-
putations suchasview extraction,computatiorof the aspecgraph,discontinuitymeshingandform-factor
computation.



Figure6: 3 polygons- “many” aspectegions.

3 Hidden-surface removal methods

As mentionedin the introduction,one of the fundamentalisibility problemsin computergraphicsis the
determinatiorof the visible partsof the scenethe so-calledhidden-surfaceemoral (HSR) (alsoknown as
visible-surficedeterminationplgorithms.Assumingthescends composeaf andrepresentedly triangles,
thesealgorithmsnotonly definethesetof visible triangles but alsothe exactportionof eachvisible triangle
thathasto bedrawvn into theimage.

An early classificationwasproposedy Sutherlandetal. [69]. Laterit wasreviewedin [28] andalsoin
the computationaeometnyliterature[22]. The HSR methodscanbe broadlyclassifiedinto threegroups:

Figure7: Differentaspectegionscanhave equalsetsof visible polygons.
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objectprecisionmethodsijmageprecisionmethodsandhybrid methods Objectprecisionmethodscompare
objectsto decideexactly which partsof eachoneis visible in the image. One of the first examplesof

this classwas presentedy Weiler and Atherton[74]. They useda generalclipping methodto partition

polygonswhich werefurther away from the viewpoint usingthe boundarieof thosecloser discardingthe

regions wherethey overlapped. Object precisionalgorithmscan be consideredas a continuoussolution
(to the extent that machineprecisionallows) but often suffer from scalability problemsasthe size of the

environmentgrows, andaredifficult to implementrobustly.

Imageprecisionalgorithmson the otherhandoperateon the discreterepresentationf theimage. The
overallideais to producea solutionattheresolutionof therequiredimageby determiningthevisible object
ateachpixel. Raycastingis oneexampleof this clasg3]. Otherexamplesarethescan-linemethodg9, 73],
variationsof which arepopularin gamesandflight simulatorsandthe z-buffer [10] whoseimplementation
in hardwarehasmadeit the de-factostandardHSR methodtoday

Finally, in the third class,are hybrid methodshat combineobjectandimageprecisionoperations.Of
mostinterestaretheso-calledist-priority algorithms.Theirunderlyingideais to quickly determineapartial
orderlist of all polygonssuchthatfor ary given pair p, q, if p canoccludesomepartof g, thenp comes
earlierin thelist. In otherwords,if q is after p in thelist, g cannotoccludep. Thenduring rendering,
the orderedpolygonsaredravn back-to-front,thusoccludingpolygonsarecorrectlydravn into theimage,
covering only thosepartsthat are occluded. Someof the early methodswerethoseof Schumackr et al.
[61] andNewell etal. [54] andlater Fuchsetal's BSPtrees[29]. Oneof theadditionalfeaturesof thelist-
priority techniquess thatthey areableto correctlyhandlethe renderingof transparenbbjects. Although
the methodswere originally designedor depthorderingof individual polygons,someof their ideashave
beenusedin occlusionmethodgi.e., [34]).



(a) (b)
Figure9: Depthcomplity of the sceneasrenderedby (a) view-frustum culling, (b) a conserative oc-

clusionculling technique.The depthcompleity rangesfrom light green(low) to bright red (high). If the
occlusion-cullingalgorithmwere“exact”, (b) would be completelygreen.

4 3D graphicshardware

In this sectionwe briefly review somecommonfeaturesof modern3D graphicshardwarewhich arehelpful
in visibility calculations.

We do not cover the importanttopic of efficient useof specificgraphicshardware, in particular the
optimizationof specificapplicationgo specifichardware. A goodstartingpointis thetext by Moeller and
Haines[50]. Theinterestedeadershouldalsoconsultthe OpenGLtutorialsgivenevery yearat Siggraph.

Hardware featuresfor specificvisibility calculationsare usually bare-bonesbecauseof the needfor
graphicshardwareto be streamlinedand very simple. Most often, by carefulanalysisof the hardvware, it
is possibleto combinea software solutionwhich exploits the basichardware functionality but atthe same
time alsoimprovesit considerably

4.1 Graphicspipeline

Thegraphicsipelineis thetermusedfor the patha particularprimitive takesin thegraphicshardwarefrom
thetime the userdefinesit in 3D to thetime it actuallycontritutesto the color of a particularpixel on the
screenAt avery highlevel, givenaprimitive, it mustundego severalsimpletasksbeforeit is dravn onthe
screen.

Often, suchasin the OpenGLgraphicspipeline,atriangle primitive is first transformedrom its local
coordinatérameto aworld coordinatérame;thenit is transformedagainto anormalizedcoordinatdrame,
whereit is clippedto fit the view volume. At this point, a division by w is performedto obtain non-
homogeneousormalizedcoordinatesyhich arethennormalizedagainto be in screen-spacedepending
on a setof userdefinedstateflags,the hardware canrejectthe primitive basedamongotherthings)on the
directionof its normal. Thisis calledback-faceculling, andis avery primitive form of visibility culling.

Oncea primitive haspassedll thesephasestherasterizatiorphasecanstart. It is herethatthe colors



(andotherpropertiespf eachpixel arecomputed During rasterizationye usuallyreferto the primitivesas
“fragments”. Moderngraphicsarchitecturehave seseral perfragmentoperationghatcanbe performedon
eachfragmentasthey aregenerated.

As fragmentsarecomputedthey passthroughfurther processingandthe hardwarewill incrementally
fill severalbuffersin orderto computetheimage.Theactualimagewe seeonthescreeris only oneof these
buffers: the color buffer. Otherbuffersincludethestencilbuffer andthe depth(or z-) buffer. Thereareother
buffers,suchastheaccumulatiorbuffer, etc.,but we donotusethemin therestof thispaper In OpenGL,up-
datego thedifferentbufferscanbetoggledby asetof functioncalls,e.qg. glEnable(GL _DEPTHTEST).

Oneview of the OpenGLhbuffersis asa simple processomith little memory(just a few bytes),and
a limited instructionset. Recently techniquedor performing generalcomputationsusing the OpenGL
pipelinehave beenproposedTwo suchexamplesarePeerg etal. [56] andTrendallandStewvart[71].

4.2 Stencil buffer

Thestencilbuffer is composedf a smallsetof bits (usuallymorethan4) thatcanbeusedto controlwhich
areasof the otherbuffers, )textite.g. color buffer), arecurrentlyactive for draving. A commonuseof the
stencilbuffer is to drawv a pieceof staticgeometryonce(the cockpitof anairplane),andthenmaskthearea
sothatno furtherchangesanbe madeto thosepixels.

But the stencil buffer is actually much moreflexible, sinceit is possibleto changethe value of the
pixels on the stencil buffer dependingon the outcomeof the test performed. For instance,a very useful
computatiorthat usesthe stencilbuffer is to computethe “depth-complgity” of a scene.For this, onecan
simply programthe stencilbuffer asfollows:

glStencilFunc(GL_ALWAYS, "0, "0);
glStencilOp(GL_KEEP, GL_INCR, GL_INCR);

which essentiallymeanghestencilbuffer will getincrementedverytime apixel is projectedontoit. Figure
9 shavsavisualrepresentationf this. Thestencilbuffer is usefulin severaltypesof visibility computations,
suchasreal-timeCSGcalculationg31], occludercalculationg25], andsoon.

4.3 Z-buffer

Thez-huffer is similar to the stencilbuffer, but senesa moreintuitive purpose Basically the z-huffer saves
its “depth” ateachpixel. Theideais thatif anew primitive is obscuredy a previously dravn primitive, the
z-huffer canbe usedto rejectthe update.The z-buffer consistof a numberof bits perpixel, usually24 bits
in mostcurrentarchitectures.

The z-buffer provides a brute-forceapproachto the problemof computingthe visible surfaces. Just
renderingeachprimitive, andthe z-buffer will take careof not draving in the color buffer of thoseprimi-
tivesthatarenot visible. The z-buffer providesa greatfunctionality since(on fully hardware-accelerated
architecturesijt is ableto solve the visibility problem(up to screen-spaceesolution)of a setof primitives
in thetime it would take to scan-cowert themall.



As avisibility algorithm,the z-buffer hasa few dravbacks. Onedrawvbackis thateachpixel in the z-
buffer is touchedpotentially)asoftenasits depthcompleity, althoughonesimply needghetop suriaceof
eachpixel. Becausef this potentiallyexcessie overdraving alot of computatiorandmemorybandwidth
is wasted.A visibility pre-filteringtechnigue suchasback-faceculling, canbe usedto improve the speed
of renderingwith a z-buffer.

Therehave beenseveral proposalsfor improving the z-huffer, suchas the hierarchicalz-buffer [35]
(seeSection7.1 andrelatedtechniques). A simple, yet effective hardware techniguefor improving the
performanceof the visibility computationswith a z-buffer hasbeenproposedby Scottet al. [62], see
Section7.5.

5 Vigbility culling algorithms

Visibility algorithmshave recentlyregainedattentionin computergraphicsasatool for handlinglarge and
comple sceneswhich consistof millions of polygons.In the early 1970shiddensurfaceremaoval (HSR)
algorithms(seeSection3) were developedto solve the fundamentalproblemof determiningthe visible
portionsof the polygonsin theimage. In light of the Z-buffer beingwidely available,and exact visibility
computationdeingpotentiallytoo costly oneideais to usethe Z-buffer asa filter, anddesignalgorithms
thatlowertheamountof overdrav by computinganapproximatiorof thevisibleset In morepreciseterms,
definethevisible set?’ C $ to bethesubsebf primitiveswhich contritute to atleastonepixel of thescreen.

In computemgraphicsyisibility-culling researcimainly focusesnalgorithmsfor computing(hopefully
tight) estimationsof 9/, thenusingthe Z-buffer to obtaincorrectimages.

5.1 View frustum and back-face culling

The simplestexamplesof visibility culling algorithmsareback-faceandview-frustumculling [28]. Back-
faceculling algorithmsavoid renderinggeometrythat facesaway from the viewer, while viewing-frustum
culling algorithmsavoid renderinggeometrythatis outsidethe viewing frustum. Theseculling operations
canbe left to the graphicshardware without affecting the final image. However, that comesat a great
costsincethe polygonswill be processedhroughmostof the pipelineonly to be rejectedjust beforescan
converting.

Back-facingpolygonscanbeidentifiedwith a simpledot product,sincetheir normalpointsaway from
the view-point. On averagewe expecthalf the scenepolygonsto be back-tcing, soideally we would like
to avoid processingall of them. Kumaret al. [45] presenta methodwhich hasa sub-linearnumberof
polygons.Theinput modelis partitionedinto a hierarchyof clustersbasedon bothsimilarity of orientation
andphysicalproximity of the polygons. The viewspaces alsopartitionedwith respecto the clusters.At
eachframetheviewpoint positionis hierarchicallycomparedvith the clustersin orderto quickly rejectthe
bulk of the back-facingpolygons.Frame-to-frame&oherencés furtherusedto acceleratéhe process.

View frustumculling is usuallyperformedusingeithera hierarchyof boundingvolumesor a spatialdata
structure suchasa KD-tree, octreeor BSPtree. This is hierarchicallycomparedvith the view frustumto
quickly rejectpartsof the scenghatareclearlyoutside[13].
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View-frustum culling

Back-Face Culling

Figure10: Threetypesof visibility culling techniques{i) view frustumculling, (ii) back-ficeculling and
(i) occlusionculling.

Slateretal. [65] presentanalternatve approachwhich makesheary useof frame-to-framecoherence.
It relieson the factthat the setsof objectsthat are completelyoutside,completelyinside, or intersectthe
boundaryof the view volume, changeslonly over time. This coherences exploited to develop an algo-
rithm thatquickly identifiesthesethreesetsof objects,andpartitionsthosecompletelyoutsideinto subsets
which areprobabilisticallysampledaccordingto their distancefrom the view volume. A statisticalobject
representatioschemads usedto classifyobjectsinto the varioussets. The algorithmis implementedn the
context of a BSPtree.

Very recently AssarssormandMoller [4] proposeda new view-frustumculling technique.Theirwork is
basedon shrinkingthe view frustumto enablethe useof point-containmengueriesto efficiently acceptor
rejectprimitives.

5.2 Occlusion culling

Eventhoughboth of the above techniquesrevery effective in culling geometrymorecomple techniques
canleadto substantiaimprovementsin renderingtime. The term Occlusionculling is usedfor visibility
techniqueghatavoid renderingprimitivesthatareoccludedby someotherpartof the scene This technique
is globalasit involvesinterrelationshipamongpolygonsandis thusfar morecomplex thanlocal visibility
techniquesThethreekindsof visibility culling canbeseenn Figure 10.

It is importantto notethe differencesetweenocclusionculling andHSR. HSR algorithmsdetermine
which portionsof the sceneneedto be dravn on the screen. Thesealgorithmseventually remove the oc-
cludedparts,but in doing so, are expensve, sincethey usually have to touchall the primitivesin § (and
actuallyhave arunningtime thatis superlineain thesizeof .§). Occlusion-cullingechniquesresupposed
to be outputsensitive thatis, their runningtime shouldbe proportionalto the size of 4/, which for most
comple scenesis asmallsubset.
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Let usdefinethefollowing notationfor a sceneconsistingof polygons.

e Theexactvisibility set 7/, is thesetof all polygonswhich areat leastpartially visible, andonly these
polygons.

e Theappmoximatevisibility set 4, is a setthatincludesmostof thevisible polygonsplusmaybesome
hiddenones.

¢ The conservativevisibility set C, is the setthatincludesat leastall the visible objectsplus maybe
someadditionalinvisible objects.lt mayclassifyaninvisible objectasvisible, but may never classify
avisible objectasinvisible.

5.3 Conservativevisbility

A veryimportantconcepis theideaof conservativeyisibility. Theideais to designefficientoutput-sensitie
algorithmsfor computingC, thento usea standardHSR asa back-endor computingthecorrectimage.

Thesemethodsyield apotentialvisibility set(PVS)whichincludesall thevisible polygons plusasmall
numberof occludedpolygons.Thenthe HSR processethe (hopefully small) excessof polygonsincluded
in the PVS. Consenrative occlusionculling techniqueshave the potentialto be significantlymore efficient
thanthe HSR algorithms. Conserative culling algorithmscanalsobe integratedinto the HSR algorithm,
aimingtowardsanoutputsensitve algorithm[35].

To reducethe computationatost,the conserative occlusionculling algorithmsusuallyusea hierarchi-
cal datastructurewherethe sceneis traversedtop-davn andtestedfor occlusionagainsta small number
of selectedbccluderd18, 39]. In thesealgorithmsthe selectionof the candidateoccluderss donebefore
the online visibility calculations.The efficiencgy of thesemethodsis directly dependenbn the numberof
occludersandtheir effectiveness Sincethe occlusionis testedfrom a point, thesealgorithmsareappliedin
eachframeduringtheinteractve walkthrough.

5.4 A taxonomy of occlusion culling techniques

In orderto roughly classify the different visibility-culling algorithms,we will emplg a loosely-defined
taxonomy:

e Conservativers. Approximate

Few visibility-culling algorithmsattemptto find the exactvisible set, sincethey are mostly usedas
afront-endfor anotherhidden-suriceremoval algorithm, mostoftenthe Z-buffer. Mosttechniques
describedn this paperare conserative, that is, they overestimatehe visible set. Only a few ap-
proximatethevisible set,but arenot guaranteedf finding all thevisible trianglese.g.,PLP[43, 42
(thereis alsoa conserative versionof PLP which is describedn [40]). Otherscanbetunedto be
conserative or approximatedependingon the time constraintandavailableresourcesin anattempt
to acceleratéhe culling stepthey mightactuallymisssmallvisible primitives,suchasHOM [81, 80,
andalsothe OpenGLassistedcclusionculling of Bartzetal. [6, 5].
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e Pointvs. Ragion.

Themajordifferencehereis whetherthe particularalgorithmperformscomputationghatdependon
the exactlocationof theviewpoint, or performsbulk computationsvhich canbere-usedarywherein
aregion of space.

Obviously, from-region algorithmsperformtheir visibility computation®n aregion of spacethatis,
while thevieweris insidethatregion, thesealgorithmstendto renderthe samegeometry Thestrength
of thefrom-region visibility setis thatit is valid for anumberof frames,andthusits costis amortized
over anumberof frames(seeSection8).

Most otheralgorithmsattemptto performvisible-setcomputationghatdependon the exactlocation
of theviewpoint.

e Precomputeds. Online

Most techniquesneedsomeform of preprocessingbut what we meanby “precomputed”are the
algorithmsthatactuallystorevisibility computationsaspartof their preprocessing.

Almostall of thefrom-region algorithmsshouldbe classifiedas“precomputed” A notableexception
is [44].

In generalthe otheralgorithmsdescribeddo their visibility computatior‘online”, althoughmuchof
the preprocessingight have beenperformedbefore.For instance HOM [81, 80], DDO [7], Hudson
etal. [39], Coog and Teller [18], perform someform of occluderselectionwhich might take a
considerablemountof time (in theorderof hoursof preprocessinghut in generahave to save very
little informationto be usedduringrendering.

¢ Image spacevs. Objectspace

Almost all of the algorithmsusesomeform of hierarchicaldatastructure.We classifyalgorithmsas
operatingin “image-space'versus‘object-space’dependingon wherethe actualvisibility determi-
nationis performed.

For instanceHOM [81, 80] andHZB [35, 36] performthe actualocclusiondeterminatiorin image-
space(e.g.,in HOM, the occlusionmapsare comparedwith a 2D imageprojectionandnot the 3D
originalrepresentation.Othertechniqueshatexploreimage-spacareDDO [7] (whichalsoexplores
a form of object-spac@cclusion-cullingby performinga view-dependenbccludergenerationjand
[6, 5].

Most othertechniquesvork primarily in object-space.

e Softwae vs. Hardware.

Several of the techniquegdescribedcan take further (besidesthe final z-buffer pass)adwantageof
hardwareassistanceitherfor its precomputatiomr duringtheactualrendering.

For instance the from-region techniqueof Durandet al. [25] makes non-trivial useof the stencil
buffer; HOM [81, 80] usesthe texture hardwareto generatemipmaps;[6, 5] usesthe OpenGLselec-
tion mode;andMeissneretal. [49] useshe HP occlusion-cullingtest.

13



The HP occlution-cullingtest[62] is not actuallyan algorithmon its own, but a building block for
furtheralgorithms.lt is alsoexploited (andexpanded)n [40].

e Dynamicvs. Staticscenes.

A few of the algorithmsin the literatureare ableto handledynamicscenessuchas[68] andHOM
[81].

Oneof the maindifficultiesis handlingchangego objecthierarchieghat mostvisibility algorithms
use.Themorepreprocessingsedthe harderit is to extendthe algorithmto handledynamicscenes.

e Individual vs. Fusedoccludes.

Giventhreeprimitives,A, B, andC, it mighthapperthatneitherA nor B occludeC, but togetheithey
dooccludeC. Someocclusion-cullingalgorithmsareableto performoccludeffusion while othersare
only ableto exploit single primitive occlusion. citeCohen-0r:1998:CA,Coomg:1997:ROC,ct-tew-
96 give examplesof techniqueghat usea single (fixed numberof) occluder(s).Papers[79, 35, 42
supportoccluderfusion.

5.5 Related problems
Therearemary otherinterestingvisibility problems for instance:

— Shadow algorithms. The partsthat are not visible from the light sourcearein the shadw. So
occlusionculling andshadev algorithmshave a lot in commonandin mary waysareconceptually
similar[78, 12]. It is interestingto notethatconserative occlusionculling technique$ave notbeen
aswidely usedin shadev algorithms.

— The Art Gallery Problem. Oneclassicvisibility problemis thatof positioninga minimal number
of guardsin a gallery sothatthey cover all the walls of the gallery This classof problemhasbeen
extensvely studiedin computationajeometrysee for instanceO’Rourke [55].

In this context, “cover” canhave a differentmeaning.Much is knowvn aboutthis problemin 2D, but
in 3D, it getsmuchharder Fleishmanetal. [27] proposesan algorithmfor automaticallyfinding a
setof posingcamerasvhich cover a 3D ervironment. Stuerzlingef{66] proposes techniquefor a
similar problem.

— Radiosity solutions. This is a much more difficult problemto computeaccurately In radiosity
enegy needsto be transferedfrom eachsurfaceto every othervisible surfacein the ervironment
[32, 37]. Thisrequiresafrom-region visibility determinatiorto be appliedat eachsurfaceor patch.
Exactsolutionsarenot practical,andtechniquesuchasclustering[64] areoftenused.

6 Object-space culling algorithms

Work on object-spac®cclusionculling dateshackat leastto the work of TellerandSequin[70] andAirey
etal. [1] onindoorvisibility.
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Figure1l: Resultsfrom [70] shaving the potentiallyvisible setfrom a givencell. Courtesyof SethTeller,
UC, Berkeley.

Thework of TellerandSequinis mostly basedon 2D, sinceit dealswith computingpotentiallyvisible
setsfor cellsin anarchitecturakervironment. Their algorithmfirst subdvides spaceinto cellsusinga 2D
BSPtree. Thenit usegheconnectiity betweerthecells,andcomputesvhetherstraightlinescanhit asetof
“portals” (mostlydoors)in themodel. They elegantlymodelthe stabbingproblemasa linearprogramming
problem,andin eachcell save the collectionof potentiallyvisible cells. Figure 11 shavs oneof theresults
presentedn their paper The linear programmingsolutioncomputescell-to-cell visibility, which doesnot
constrainthe positionof a viewer insidethe cell, nor the directionin which he is looking, andthusis far
too conserative. They alsoproposetechniquesvhich further constrainthe PVS by computingeye-to-cell
visibility, which take into consideratiorthe view-coneemanatingrom theviewer.

Anothertechniquehatexploits cellsandportalsin modelsis describedn Luebke andGeoges[48]. In-
steadof precomputinghevisibility, Luebke andGeogesperformanon-the-flyrecursve depth-firsttraver-
sal of the cells usingscreen-spacprojectionsof the portalsto overestimatehe portal sequencesin their
techniquethey usea“cull box” for eachportal,whichis theaxial 2D boundingbox of the projectedvertices
of the portal. Any geometrywhich is not insidea cull box of the portal cannotbe visible. The basicidea
is thento clip the portallscull boxesasthe cellsaretraversed,andonly to continuethe traversalinto cells
which have a hon-zero(intersection)portal-sequenceTheir techniqueis simple and quite effective; the
sourcecode(an SGI Performetlibrary) is availablefor dovnloadfrom David Luebke’s webpage.!

6.1 Coorgand Teller

Coomg andTeller [17, 18] have proposedobject-spacaechniquedor occlusionculling. The techniquein
[18] is mostsuitablefor usein the presencef large occludersin the scene. Their algorithmexploresthe
visibility relationshipdetweentwo corvex objectsasin Figure 12. In brief, while anobserer is between

Lpfportalscanbe obtainedat http://pfPortals.cs.viinia.edu.

15



separating

No occlnsion

between A, B
A partially
occlades B
IR
' p
J B partialty
occhnides A
Aocchdes B

2D Visibility

Figure 12: The figure highlightsthe visibility propertiesexploited by the algorithm of Coorg and Teller
[17, 18]. While anobserer is betweerthetwo supportingplanesto theleft of A, it is never possibleto see
B. Courtesyof SatyanCoog, MIT.

thetwo supportingolanesto theleft of A, it is never possibleto seeB. The Cooig andTellertechniqueuses
simpleconceptsuchasthisto developatechniquebasedn trackingvisibility eventsamongobjectsasthe
usermovesandthe relationshipsamongobjectschange. The algorithmproposedn [17] is conserative,
andexplorestemporalcohereng asit tracksthevisibility events.

In [17], Coog andTeller give sufiiciency conditionsfor computingthevisibility of two objects(thatis,
whetheroneoccludegheother),basedn trackingrelationshipsamongthe silhouetteedgessupportingand
separatinghe planesof the differentobjects. They build analgorithmwhich incrementallytrackschanges
in thoserelationships. There,they alsoshav how to useobjecthierarchiegbasedon octrees)o handle
the potentialquadraticcompleity computationalncrease Onedravbackof this techniquegaspointedout
by the authorsin their subsequenivork [18]) is preciselythe factthatit needso reconstructhe visibility
informationfor a continuoussequencef viewpoints.

In [18], Coog andTeller proposeanimproved algorithm. (It is still basedon the visibility relationship
shavn in Figure 12.) Insteadof keepinga large numberof continuousvisibility events,in [18], they
dynamicallychoosea setof occluderswhich is usedto determinewhich portionsof the restof the scene
cannotbeseen.Thescends insertednto anobjecthierarchyandtheoccludersareusedto determinavhich
portionsof the hierarchycanbe pruned,andnotrendered.

Coomlg and Teller [18] develop several useful building blocks for implementingthis idea, including a
simpleschemeo determinewvhenthe fusion of multiple occluderscanbe addedtogether(seeFigure 13),
anda fasttechniquefor determiningsupportingandseparatingplanes. They proposea simple metric for
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Figure 13: The figure illustratesthat the algorithm describedn [18] can performocclusionfusionif the
occluderscombineto bealarger“convex” occluder Courtesyof SatyanCooig, MIT.

identifying the dynamicoccluderswhichis basedn approximatinghe solid angleanobjectsubtends:
—~A(N-V)
=2
|ID]

, whereA is the areaof the occluder N the normal,V the viewing direction,and D the vector from the
viewpointto thecenterof theoccluder

6.2 Culling using shadow frusta

Thework describedy Hudsonetal. in [39] is in severalwayssimilar to thework of Cooig andTeller[18].
Theirschemalsoworksby dynamicallychoosinga setof occludersthenusingthoseoccludersaasthebasis
for culling the restof the scheme.The differencesetweenthe two works lie primarily in the details. In
[39], theauthorgproposeextra criteriafor choosingthe occluders Besideshe Coog andTeller solid-angle
heuristic,they alsoproposeaakinginto accounthe depthcomplity andcoherencef the occluders.They
usea spatialpartitionof the sceneandfor eachcell, identifying the occluderghatwill beusedarnytime the
viewpointis insidethatcell, andstorethemfor lateruse.

A separatalatastructure a hierarchyof boundingvolumesis usedfor the occlusionculling. Theway
Hudsonet al. determinewhich partsof the hierarchyareoccludedis differentto thatof Cooig andTeller.
For eachof then bestoccluderghatfall within theview frustum,the authorsbuild a shadev frustumusing
the viewpoint asthe apex and passingthroughthe occludersilhouette. The scenehierarchyis testedtop-
down againsteachof theseshadaev frusta. If a nodeof the hierarchyis foundto betotally enclosedy one
of the frustathenit is occludedandhencediscardedfor this frame). If it is found not to intersectary of
themthenit totally visible andall theobjectsbelaw it arerenderedIf howeverit partially overlapsevenone
of themthenits childrenneedto be furthertested.Interferencaletectiontechniquesare usedfor speeding
upthetests.
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6.3 BSPtreeculling

Themethoddescribedn Hudsonetal. [39] canbeimprovedusingBSPtrees.Bitther etal. [8] combinethe
shadev frustaof the occluderdanto anocclusiontree Thisis donein avery similarway to the SVBSPtree
of ChinandFeiner[11]. Thetreestartsasasinglelit (visible)leafandoccludersareinsertedjn turn,intoit.
If anoccluderreaches lit leaf thenit augmentghe treewith its shadev frustum;if it reaches shadowed
(invisible) leaf thenit is justignoredsinceit meanst alreadylies in anoccludedregion. Oncethetreeis
built the scenehierarchycanbe comparedwith it. The cuberepresentinghetop of the scenehierarchyis
insertedinto thetree. If it is foundto befully visible or fully occludedthenwe stopandactappropriately
otherwiseits childrenarecomparedvith the occlusiontreerecursvely. This methodhasanadwantageover
[39] in thatinsteadof comparingthe scenewith eachof the N shadav frusta, it is comparedwith onetree
of depth(potentially) O(N).

Theabove techniquds conserative; analternatve exactmethodwasproposednuchearlierby Naylor
[53]. Thatinvolveda memging of the occlusiontreewith the BSPtreerepresentinghe scenegeometry

6.4 Prioritized-layered projection

Prioritized-Layeed Projection(PLP)is atechniquefor fastrenderingof high-depthcomplity sceneslt
workshby estimatinghevisible polygonsof ascendrom a givenviewpointincrementallyoneprimitive ata
time. Onits own, PLPis notaconserative techniqueput insteads suitablefor the computatiorof partially
correctimagesfor useaspartof time-criticalrenderingsystems At a very high level, PLP amountgo the
modificationof a simpleview-frustumculling algorithm. However, it requiresthe computatiorof a special
occupang-basedessellationandthe assignmenof asolidity valueto eachcell of thetessellationyhichis
usedto computea specialorderingon how primitivesgetprojected.

The coreof the PLP algorithmconsistsof a space-treersalalgorithm,which prioritizesthe projection
of the geometricprimitivesin sucha way asto avoid (actually delay) projectingcells that have a small
likelihoodof beingvisible. Insteadof explicitly overestimatingthe algorithmworks on a budget. At each
frame,the usercanprovide the maximumnumberof primitivesto be rendereda polygonbudget,andthe
algorithmwill deliverwhatit considergo bethesetof primitiveswhich maximizegheimagequality (using
asolidity-basednetric).

PLPis composeaf two parts.First, PLPtessellatethe spacehatcontainghe original input geometry
with convex cells. During this one-timepreprocessing collectionof cellsis generatedn suchaway asto
roughlykeepauniformdensityof primitivespercell. Thesamplingeadsto largecellsin unpopulatedreas,
andsmallcellsin areaghatcontaina lot of geometry Usingthe numberof modelingprimitivesassignedo
agivencell (e.g., tetrahedron)a solidity valuep is defined. Theaccumulatedolidity valueusedthroughout
thepriority-driventraversalalgorithmcanbelargerthanone. Thetraversalalgorithmprioritizescellsbased
on their solidity value. Preprocessings fairly inexpensve, and canbe doneon large datasetgaboutone
million triangles)in a coupleof minutes.

Therenderingalgorithmtraverseshe cellsin roughly front-to-backorder Startingfrom the seedcell,
which in generalcontainsthe eye position,it keepscarvingcells out of the tessellation.The basicideaof
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Figurel4: ThePrioritized-LayeredProjectionAlgorithm. PLP attemptdo prioritize therenderingof geom-
etry alonglayersof occlusion. Cells that have beenprojectedby the PLP algorithmare highlightedin red
wireframeandtheir associategeometryis renderedwhile cellsthathave not beenprojectedareshavn in

green. Notice thatthe cells occludedby the deskareoutlinedin green,indicatingthatthey have not been

projected.

(a) (b)

Figure 15: The input geometryis a modelof an office. (a) snapshobf the PLP algorithmhighlightsthe
spatialtessellatiorused. The cellswhich have not beenprojectedin the spatialtessellatiorarehighlighted
in green.(b) This figureillustratesthe accurag of PLP. Shavn in red arethe pixels which PLP misses.In

white, we shav the pixels PLPrenderscorrectly
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thealgorithmis to cane thetessellatioralonglayers of polygons We definethe layeringnumber( € O of
amodelingprimitive P in thefollowing intuitive way. If we ordereachmodelingprimitive alongeachpixel
by its positive (assumewithout lossof generality that 2 is in the view frustum)distanceto the eye point,
we definel(?) asthe smallestrank of © over all the pixels to which it contritutes. Clearly {(?) = 1 if
andonly if 2 is visible. Findingrank 1 primitivesis equvalentto solving the visibility problem. Instead
of solvingthis difficult problem,the PLP algorithmusessimpleheuristics. Thetraversalalgorithmattempts
to projectthe modelingprimitivesby layers,thatis, all primitivesof rank 1, then2, andso on. We do this
by always projectingthe cell in the front & (we call the front, the collection of cells that areimmediate
candidatedor projection)which is leastlikely to be occludedaccordingto its solidity value. Initially, the
front is empty andascells are inserted,we estimateits accumulatedsolidity valueto reflectits position
duringthetraversal.Everytime acell in thefrontis projectedall of thegeometryassignedo it is rendered.

PLPis very effective in finding thevisible polygons.For moredetailsaboutPLP, includingcomprehen-
sive results see[43, 42].

7 Image-space occlusion culling

As the namesuggestdmage-spacalgorithmsperformthe culling in the viewing coordinates. The key
featurein thesealgorithmsis that during renderingof the scenethe imagegetsfilled up and subsequent
objectscanbeculledaway quickly by thealready-filledpartsof theimages.Sincethey operateonadiscrete
array of finite resolutionthey alsotendto be simplerto implementandmorerohust thanthe object-space
ones,which tendto have numericalprecisionproblems.

Sincetestingeachindividual polygonagainstheimageis too slow, almostall thealgorithmsthatwe will
describéehere,useconserative tests.They placea hierarchyonthescenewith thelowestlevel usuallybeing
theboundingboxesof individual objects andthey performtheocclusiorntestonthathierarchy Approximate
solutionscanalsobe producedoy someof theimage-spacalgorithmsby classifyingasoccludedgeometry
partswhicharevisible throughaninsignificantpixel count. This invariably resultsin anincreasen running
speed.

Whenthescenesrecomposeaf mary small primitiveswithout well-definedlarge occluderghenper
formingtheculling in image-spacbecomesnoreattractve. Theprojectionsof mary smallandindividually
insignificantoccluderscan be accumulatedn the imageusing standardgraphicsrasterizinghardware, to
coverasignificantpartof theimagewhich canthenbeusedfor culling. Anotheradvantageof thesemethods
is thatthe occludersdo not have to be polyhedral;ary objectthatcanberasterisedcanbe used.

7.1 Hierarchical Z-buffer

TheHierarchicalz-buffer (HZB) [35, 36] is anextensionof the popularHSR method the Z-buffer. In this
method,occlusionis determinedoy testingagainstthe Z-pyramid The Z-pyramidis a layeredbuffer with
differentresolutionat eachlevel. At thefinestlevel it is just the contentof the Z-buffer, eachcoarseilevel
is createdby halvingtheresolutionin eachdimensionandeachelementholdingthe furthestZ-valuein the
correspondin@x2 window of thefiner level belov. Thisis doneall theway to thetop, whereit is justone
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value correspondingdo the furthestZ-valuein the buffer. During scan-cowersionof the primitives,if the
contentsof the Z-buffer changehenthe new Z-valuesarepropagatedip the pyramidto the coarsetevels.

In [35] the sceneis arrangednto an octreewhich is traversedtop-davn front-to-backand eachnode
is testedfor occlusion. If at ary point a nodeis found to be occludedthenit is skipped;otherwiseary
primitives associatedvith it arerenderedandthe Z-pyramid is updated. To determinewhethera nodeis
visible, eachof its facesis testedhierarchicallyagainsthe Z-pyramid. Startingfrom the coarsestevel, the
nearesZ value of the faceis comparedwith the valuein the Z-pyramid. If thefaceis foundto be further
away thenit is occluded;otherwiseit recursvely descendsiown to finer levels until its visibility canbe
determined.

To allow for real-timeperformancea modificationof the hardware Z-buffer is suggestedhat allows
for muchof the culling processingo be donein the hardware. In the absencef the customhardwarethe
procescanbesomavhatacceleratethroughtheuseof temporalcoherencehy first renderinghegeometry
thatwasvisible from the previous frameandbuilding the Z-pyramidfrom its Z-buffer.

7.2 Hierarchical occluson map

The hierarchicalocclusionmapmethod[80] is similar in principleto the HZB, though,it wasdesignedo
work with currentgraphicshardwareandalsosupportsaapproximatevisibility culling; objectsthatarevisible
throughonly afew pixelscanbe culledusinganopacitythreshold.Theocclusionis arrangechierarchically
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 independentltest
objectsfor overlapwith occludedregionsof the HOM andfor depth.

During preprocessingg databasef potentialoccluderss assembledThenatrun-time,for eachframe,
the algorithm performstwo steps:constructionof the HOM andocclusionculling of the scenegeometry
usingthe HOM.

To build theHOM, asetof occluderss selectedrom the occluderdatabasandrenderednto theframe-
buffer. At this point only occupang informationis required;thereforetexturing, lighting and Z-buffering
areall turnedoff. Theoccludersarerenderedaspurewhite on ablackbackgroundTheresultis readfrom
the buffer andformsthe highestresolutionin the occlusionmaphierarchy Thecoarsettevelsarecreatedoy
averagingsquare®f 2x2 pixelsto form a mapwhich hashalf the resolutionon eachdimension.Texturing
hardware canprovide someacceleratiorof the averagingif the size of the mapis large enoughto warrant
the set-upcostof the hardware. As we proceedto coarserevels the pixels are not just black or white
(occludedor visible) but canbe shade®f grey. Theintensityof apixel at sucha level shavs the opacityof
the correspondingegion.

An objectis testedor occlusionby first projectingits boundingbox ontothe screerandfinding thelevel
in thehierarchywherethe pixels have approximatelythe samesizeasthe extentof the projectedbox. If the
box overlapspixels of theHOM which arenot opaquejt meanghatthe box cannotbe culled. If the pixels
areopaque(or have opacityabore the specifiedthresholdwhenapproximatevisibility is enabled}thenthe
objectis projectedon aregion of theimagethatis covered.In this casea depthtestis neededo determine
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Figure16: A hierarchyof occlusionmapscreatedoy recursvely averagingblocksof pixels. Courtesyof
Hansongzhang,UNC.

whetherthe objectis behindthe occluders.

In paper[80] a numberof methodsare proposedor testingthe depthof the objectsagainsthat of the
occluders.The simplesttestmalkes useof a planeplacedbehindall the occluders;ary objectthat passes
the opacity testis comparedwith this. Although this is fastand simpleit canbe overconserative. An
alternatve is the depthestimationbuffer wherethe screenspaceis partitionedinto a setof regionsanda
separatelaneis usedfor eachregion of the partition.

7.3 Directional discretized occluders

The Directional discretizedoccluders(DDOs) approachis similar to the HZB andHOM methodsin that
it alsousesboth object-andimage-spacéierarchies.In their preprocessingtage,Bernardiniet al. [7]
approximatethe input modelwith an octreeand computesimple, view-dependenpolygonaloccludersto
replacethe comple input geometryin subsequentisibility queries.Eachfaceof every cell of theoctreeis
regardedasa potentialoccluderandthe solid anglesspanningeachof thetwo halfspacesnthetwo sidesof
thefacearepartitionedinto regions.For eachregion, they computeandstoreaflag thatrecordswhetherthat
faceis avalid occluderfor ary viewpoint containedn thatregion. Eachsquareaxis-alignedaceis aview-
dependenpolygonaloccluderthat can be usedin placeof the original geometryin subsequentisibility
queries.

Therenderingalgorithmuvisits the octreein atop-davn, front-to-backorder Valid occluderdounddur
ing thetraversalareprojectecandaddedo atwo-dimensionatiatastructure suchasa quadtreeEachoctree
nodeis first testedagainsthe currentcollectionof projectedoccluders:if the nodeis not visible, traversal
of its subtreestops. Otherwise,recursioncontinuesandif a visible leaf nodeis reachedjts geometryis
rendered.
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The DDO preprocessingtageis not inexpensve, and may take in the orderof hoursfor modelscon-
taining hundredsof thousand®f polygons.However, the methoddoeshave several advantagesf onecan
toleratethe costof the preprocessingtep. The computedoccludersareall axis-alignedsquaresa factthat
canbeexploitedto designefficientdatastructuredor visibility queries.ThememoryoverheaftheDDOs
is only six bitmasksperoctreenode. The DDO approachalsobenefitdrom occluderfusionanddoesnotre-
quireary specialor advancedgraphicshardware. Theapproactcouldbeusedwithin theframewvork of other
visibility culling methodsaswell. Culling methodswhich needto pre-selectarge occluders(e.g. Coomgy
andTeller [18]), or which pre-rendepccludergo computeocclusionmaps,(e.g. Zhang,etAl. [81]), could
benefitfrom the DDO preprocessingtepto reducethe overheadof visibility tests.
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Figure17: lllustration of the DDO approach.The input geometry A andB, is dravn asdashedines. The
valid occluderdor thetwo viewpointsareshavn asthick solid lines. Courtesyof JameKlosowski, IBM.

Figure 17 is a two-dimensionalllustration of the DDO approach.The grid is a discretizationof the
spacesurroundinghe sceneiit representsur octreenodes. Theinput geometry A andB, is shavn using
dashedines. For the purposeof occlusionculling, the geometryA canbe replacedby a simpler object
(shawvn usingthick solid lines)whichis a subsebf the grid edgesthatis, the octreefaces.Thetwo figures
shav the samescendrom differentviewpointsandview directions.Notethatthe subsebf grid edgeghat
canactasoccludergin placeof geometryA) changesstheviewpointchanges.

7.4 OpenGL-assisted occlusion culling

Bartzetal. in [6, 5] describea differentmethodof image-spaceulling. The scenes arrangedn a hierar
chicalrepresentatiomndtestedagainstthe occludedpart of the image,which resembleshe HZB andthe
HOM. However, in contrasto thesemethodsthereis no hierarchicakepresentatioof theocclusion rather
OpenGLcallsareusedto querythe hardwarefor visibility information. Both view-frustumandocclusion
culling aredonein thatway.

For view-frustum culling the OpenGLselectionmodeis used. The selectionmodecantrack a certain
region of the screenandidentify whethera given objectis renderedntoit. By settingthe tracked region
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to bethe entirescreenandrenderinghierarchicallythe boundingvolumesof the objects,it canquickly be
decidedon which to intersectthe view volume. Of coursethe renderingof the boundingvolumeshereis
purelyfor selectingthe objectsanddoesnot contritute to the frame-huffer.

Totestfor occlusion aseparatduffer, thevirtual occlusionbuffer, is associateavith theframe-huffer to
detecthepossiblecontritution of ary objectto theframe-luffer. Thiswasimplementedvith astencilbuffer.
Theboundingboxesof the scenearehierarchicallysentdown the graphicspipeline. As they arerasterised,
the correspondingpixels are setin the virtual occlusionbuffer wheneer the z-huffer testsucceeds.The
frame-luffer andthe z-huffer remainunalteredhroughouthis process.

Thevirtual occlusionbuffer is thenreadandarny boundingbox thathasa footprintin it is consideredo
be (atleastpartially) visible andthe primitiveswithin it canberenderedSincethe operationof readingthe
virtual occlusionbuffer canbe very expensve, it wasproposedo sampleit by readingonly spandrom it.
Thesamplinginevitably makesthe algorithma non-conserative test.

As in themethodsabore, approximateculling canbeimplementedf we allow boxesthathave a small
footprintin the occlusionbuffer to be considerednvisible. The performanceof the algorithmdependon
thehhardwarebeingused.In low- to mid-rangegraphicsworkstationsvherepartof therenderingorocesss
in software,thereductionin renderebjectscanprovide significantspeed-upsOn high-endmachineghe
set-upfor readingthe buffer becomes moresignificantportion of the overall time, reducingtheusefulness
of themethod.

7.5 Hardware assisted occlusion culling

Hardwarevendorshave startedadoptingocclusion-cullingfeaturesnto their designs Greeneet al. [35] re-
portthatthe KubotaPacific Titan 3000wasanearlyexampleof graphicshardwarethatsupportedcclusion-
culling features.

A hardwvare featureavailable on HP machinegwhich seemgquite similar to the KubotaPacific Titan
3000) makesit possibleto determinethe visibility of objectsascomparedo the currentvaluesin the z-
buffer. Theideais to addafeedbacKoop to the hardwarewhichis ableto checkif changewill bemadeto
the z-huffer whenscan-cowerting a given primitive. Onepossibleuseof this hardware featureis to avoid
renderinga very complex setmodelby first checkingif it is potentiallyvisible. In generalthis canbe done
with the HP occlusion-cullingextensionby checkingwhetheranervelopingprimitive (usuallythebounding
box of the object,but in generalit might be more efficient to usean enclosingk-dop [41]) is visible, and
only renderingthe actualobjectif the simplerenclosingobjectis indeedvisible.

The actualhardware featureasimplementedon the HP fx seriesgraphicsacceleratorss explainedin
[62] and[63]. Oneway to usethe hardvareis to querywhetherthe boundingbox of an objectis visible.
This canbe doneasfollows:

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 theboundingbox of anobjectis notvisible, the objectitself, which potentiallycould contain
alarge amountof geometry mustnot be visible. This hardware featureis implementedn several of HP’s
graphicsacceleratordpr instancethe HP fx6 graphicsacceleratorSeverson[63] estimateshatperforming
anocclusion-queryvith aboundingbox of anobjectonthefx6 is equivalentto renderingabout19025-pixel
triangles. This indicatesthat a nave approachwhereobjectsare constantlycheclked for occlusionmight
actuallyhurt performanceandnot achieve thefull potentialof the graphicsboard. In fact, it is possibleto
slow down the fx6 considerablyif oneis unlucky enoughto projectthe polygonsin a back-to-frontorder
(becausaoneof the primitiveswould be occluded).

Meissneret al. [49] proposean effective occlusionculling techniqueusing this hardware test. In a
preprocessingtep,a hierarchicaldatastructureis built which containsthe input geometry (In their papey
they proposesereral differentdatastructuresandstudytheir relative performance.)Their algorithmis as
follows:

(1) traversethehierarchicaldatastructureto find theleaveswhich areinsidethe view frustum;
(2) sorttheleaf cellsby the distancebetweertheviewpoint andtheir centroids;

(3) for eachsortedcell, renderthe geometrycontainedn the cell only if thecell boundaryis visible.

In theirrecenmofferings,HP hasimprovedtheocclusion-cullingeatures Thefx5 andfx10 hardwarecan
performseveral occlusionculling queriesin parallel[19]. Also, HP reportsthattheir OpenGLimplemen-
tationshave beenchangedo usethe occlusion-cullingfeaturesautomaticallywhenpossible.For instance,
beforerenderinga long displaylist, HP softwarewould actuallyperformanocclusionquerybeforerender
ing all thegeometry

ATI's HyperZ technology[51] is anotherexampleof a hardware-basedacclusion-cullingfeature. Hy-
perZhasthreedifferentoptimizationswvhichthey claim greatlyimprove theperformancef 3D applications.
Themaintruston all the optimizationsis on lowering the memorybandwidthrequiredfor updatingthe Z-
values(which they claim is the single largestuserof bandwidthon their cards). One optimizationis a
techniquefor losslesscompressiorof Z-values. Anotheris a “fast” Z-buffer clear which performsa lazy
clearof depthvalues. ATl alsoreportson theimplementatiorof the hierarchicalz-buffer of Greeneet al.
[35] in hardware. Detailsof the actualfeaturesaresketchy andatthis point AT hasnot exposedary of the
functionality of their hardwareto applicationsthatis, applicationsareblind, andshouldautomaticallyget
improved performance.

TherearereportsthatothervendorsjncludingSGI, Nvidia, andsoon, areworking onsimilarocclusion-
culling featuredor their upcominghardware.
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7.6 Discussion

Thereareseveralotheralgorithmswhich aretargetedat particulartypesof scenesFor example theoccluder
shadavs proposedy WonkaandSchmalstig [75] specificallytageturbanervironments.In this work the
sceneis partitionedin a regular 2D grid. During run-time a numberof occludersare selectedand their

'shadavs’ - the planesdefinedby the view-point andthe top edgeof eachoccluder- arerenderednto an

auxiliary buffer calledthe cull-map. Eachpixel in the cull-map(image-spacegorrespondso a grid cell of

the scenegrid (object-space)lf the cull-mappixel is not coveredthenobjectsin the correspondingcene
grid cell arepotentiallyvisible.

Hongetal. [38] useanimage-basegortaltechniqugsimilarin somerespectdo the cells-and-portals
work of Luebke andGeoges|[48]) to be ableto fly througha virtual humancolonin real-time. The colon
is partitionedinto cells at preprocessingndtheseare usedto acceleratehe occlusionwith the help of a
Z-buffer atrun-time.

Onedravbackof thetechniqueslescribedn this sectionis thatthey rely on beingableto readinforma-
tion from the graphicshardware. Unfortunately on mostcurrentarchitecturesusingary sortof feedback
from thegraphicshardwareis quite slow andplacesalimit ontheachiszableframerateof suchtechniques.
As Bartzetal. [5] shav, thesemethodsare usually only effective whenthe scenecompleity is above a
largethreshold.

Thereareothershortcomingso theseechniquesOneof the mainproblemss the needfor preselection
of occluders. SometechniquessuchasHOM, needto creatadifferentversionsof theactualobjects(through
somesort of “occlusion-preseting” simplificationalgorithm)to be ableto generatahe occlusion-maps.
Anotherinterestingissueis how to dealwith dynamicscenes. The more preprocessingised,the more
expensve it is to dealwith dynamicenvironments.

The BSPtreemethodintroducedby Naylor [53] alreadyin 1992 canbe thoughtof assomevherebe-
tweenimage-precisioandobject-precisionsincealthoughheuseda 2D BSPtreein image-spacér culling
the 3D scenethis wasdoneusingobject-precisioroperationgatherthanimage-precision.

8 From-region visibility

In atypicalvisibility culling algorithmthe occlusionis testedfrom apoint[18, 39]. Thus,thesealgorithms
are appliedin eachframeduring the interactive walkthrough. A promisingalternatve is to find the PVS
from aregion or viewcell, ratherthanfrom a point. The computatiorcostof the PVSfrom aviewcell would
thenbeamortizedover all theframesgeneratedrom the givenviewcell.

Effective methodshave beendevelopedfor indoor sceneg70, 30], but for generalarbitraryscenesthe
computationof thevisibility setfrom aregion is moreinvolved thanfrom a point. Samplingthe visibility
from a numberof view pointswithin the region [33] yields an approximatedPVS, which may thencause
unacceptablélickeringartifactsduringthe walkthrough.Conserative methodswereintroducedn [15, 59
which arebasedn the occlusionof individual large corvex objects.

In thesemethodsa given objector collection of objectsis culled away if andonly if they arefully
occludedby a single convex occluder It wasshowvn thata corvex occluderis effective only if it is larger
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Figure18: Theunionof theumbraeof theindividual objectsis insignificant,while their aggrgateumbrais
large andcanberepresentetly a singlevirtual occluder

thantheviewcell [52]. However, this conditionis rarely metin realapplications.For example,the objects
in Figure 18 aresmallerthanthe viewcell, andtheir umbrae(with respecto the viewcell) arerathersmall.
Their uniondoesnot occludea significantportion of the sceng(seein (a)), while their aggrgateumbrais
large (seein (b)).

Recently new techniquesvere developedin which the visibility culling from aregionis basedon the
combinedocclusionof a collectionof objects(occluderfusion). The collectionor clusterof objectsthat
contributesto the aggrejate occlusionhasto be neitherconnectedhor corvex. The effective from-region
culling of thesetechniquess significantlylargerthanpreviousfrom-region visibility methods Below, four
techniquesredescribedollowedby a discussion.

8.1 Conservative volumetric visibility with occluder Fusion

Schaufleret al. [60] introducea conserative techniquefor the computationof viewcell visibility. The
methodoperateson a discreterepresentatiomf spaceand usesthe opaqueinterior of objectsasocclud-
ers. This choiceof occludersfacilitatestheir extensioninto adjacentopaqueregionsof spacejn essence,
maximizingtheir sizeandimpact.

The methodefficiently detectsandrepresentshe regionsof spacehiddenby occludersandis the first
to usethe propertythat occluderscanalsobe extendedinto empty spaceprovided this spaceitself is oc-
cludedfrom theviewcell. Thisis provedto be effective for computingthe occlusionby a setof occluders,
successfullyrealizingoccluderfusion.

Initially, the boundaryof objectsis rasterizednto the discretizationof spaceandthe interior of these
boundariess filled with opaquevoxels. For eachviewcell, the occlusiondetectionalgorithmiteratesover
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Figure19: Theindividual umbragwith respecto theyellow viewcell) of objectsl, 2 and3 donotintersect,
but yet their occlusioncanbe aggregatedinto alargerumbra.)

theseopaquevoxels,andgroupsthemwith adjacenbpaquevoxelsinto effective blockers. Subsequentjya
shaftis constructecroundtheviewcell andtheblocker to delimit theregion of spacehiddenby the blocker.

Thisclassificatiorof regionsof spacento visible andhiddenis notedin thespatialdatastructure As regions
of spacehave alreadybeenfound to be hiddenfrom the viewcell, extensionof blockersinto neighboring
voxels canalso proceedinto thesehiddenregionsrealizing occluderfusion with all the occluderswhich

causedhisregionto behidden.

As an optimization,opaquevoxels are usedin the orderfrom large to small andfrom front to back.
Occludedopaquevoxelsarenot consideredurtherasblockers.

To recover the visibility statusof objectsin the original scenedescription,the spacethey occupy is
lookedupin the spatialdatastructureand,if all thevoxelsintersectedy the objectareclassifiedashidden,
the objectis guaranteedo be hiddenaswell.

Theauthorgpresenspecializedrersionsfor the casef 2D and2 1/2D visibility, andmotivatethe ease
of extensionto 3D: becaus@nly two corvex objectsat atime areconsideredn thevisibility classification
(the viewcell and the occluder),the usualdifficulties of extendingvisibility algorithmsfrom 2D to 3D,
causedby triple-edgeevents,are avoided. Exampleapplicationsdescribedn the paperinclude visibility
preprocessingor real-timewalkthroughsandreductionin the numberof shadev raysrequiredby a ray-
tracer(seg[60] for details).

8.2 Conservative visibility preprocessing using extended projections

Durandet al. [25] (seealso[47]) presentan extensionof point-basedmage-spacenethodssuchasthe
HierarchicalOcclusionMaps[81] or the HierarchicalZ-buffer [35] to volumetric visibility from a view-
cell, in the contet of preprocessingVS computation Occludersaandoccludeesreprojectedontoa plane,
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Figure20: (a) Principleof ExtendedProjections.The ExtendedProjectionof theoccludeiis theintersection
of its projectionsfrom all the pointsin the viewing cell, while the ExtendedProjectionof the occludeeis

theunionof its projections.(b) If plane2 is usedfor projection,the occlusionof group 1 is nottakeninto

account.The shadev coneof the cubeshaws thatits ExtendedProjectionwould be void, sinceit vanishes
in front of the plane. The sameconstraintappliesfor group2 andplanel. We thusprojectgroup 1 onto

planel, thenreprojectthis aggregateprojectionontoplane2. Courtesyof FredoDurand,MIT.

andan occludeeis declaredhiddenif its projectionis completelycoveredby the cumulatie projectionof
occludergandif it liesbehind).Theprojectionis however moreinvolvedin thecaseof volumetricvisibility:
to ensureconserativenessthe ExtendedProjectionof anoccluderunderestimatess projectionfrom ary
pointin theview-cell, while the ExtendedProjectionof anoccludeds anoverestimatior(seeFigure 20(a)).
A discrete(but conserative) pixel-basedepresentationf extendedprojectionsis used calledan extended
depthmap Extendedprojectionsof multiple occludersaggregate, allowing occludeffusion, thatis, the
cumulatve occlusioncausedby multiple occluders. For convex view-cells, the extendedprojectionof a
corvex occluderis the intersectionof its projectionsfrom the verticesof the cell. This canbe computed
efficiently usingthe graphicshardware (stencilbuffer) anda conserative rasterization.Concae occluders
intersectinghe projectionplanearesliced(seg[25] for details).

A single set of six projectionplanescan be used,as demonstratedy an exampleinvolving a city
database.The position of the projectionplaneis however crucial for the effectivenessof ExtendedPro-
jections. This is why a reprojectionoperatorwas developedfor hard-to-treatases.It permitsa group of
occludergo beprojectedontooneplanewherethey aggregate andthenreprojecthisaggreatedrepresenta-
tion ontoa new projectionplane(seeFigure 20(b)). This re-projections usedto defineanocclusion-sweep
wherethe sceneis sweptby parallel planesleaving the cell. The cumulative occlusionobtainedon the
currentplaneis reprojectedntothe next planeaswell asnew occluders.This allows the handlingof very
differentcasessuchasthe occlusioncausedy leavesin aforest.
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Figure21: Growing thevirtual occludersby intersectingobjectswith the active 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-dependenfsimple)corvex object,whichis guaranteedo be fully occludedfrom
ary givenpointwithin theviewcell andwhichsenesasaneffective occluderfrom thegivenviewcell. Virtual
occluderscompactlyrepresenthe aggregate occlusionfor a given cell. The introductionof suchview-
dependenvirtual occludersenablego apply an effective region-to-ragion or cell-to-cell culling technique
andto efficiently computea potentialvisibility set(PVS)from aregion/cell. The paperpresentsan object-
spacetechniquethat synthesizesuchvirtual occludersby aggreatingthe visibility of a setof individual
occluders.lt is shavn thatonly a small setof virtual occluderss requiredto computethe PVS efficiently
on-the-flyduringthereal-timewalkthrough.

In the preprocessingtageseseral objectsareidentifiedasseedobjects.For eachseedobject,a cluster
of nearbyobjectsis constructedso that a singlevirtual occluderfaithfully representshe occlusionof this
clusterof objects. At first, the clusteris definedto includeonly the seedobject. Then, iteratvely, ateach
step,moreobjectswhich satisfyageometriccriterionareaddedo the clusterof occludersthusaugmenting
the aggregyate umbraof the cluster The virtual occluderis placedjust behindthe furthestobjectin the
cluster andis completelycontainedn the aggrggateumbraof the cluster(seeFigs.18 and21).

Onevirtual occluderis storedat eachstepof theiteration. As aresult,at the endof the processthere
is alarge andhighly redundangroupof virtual occluders.This groupcanbe well representedby a small
subsebf themosteffective virtual occluders.

In thereal-timerenderingstage the PVS of a viewcell is computedust beforethe walkthroughenters
theviewcell. It is doneby hierarchicallytestingthe scene-graplnodesagainsthe virtual occluders.Since
only avery smallnumberof themareused this testis extremelyfast.

The 3D problemis solved by a 2.5D implementationwhich provesto be effective for mosttypical
scenessuchasurbanandarchitecturalvalkthroughs.The 2.5D implementatiorperformsa seriesof slices
in the heightdimension,andusesthe 2D algorithmto construct2D virtual occludersin eachslice. These
occludersarethenextendedto 3D by giving themthe heightof their respecitie slices.
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8.4 Occluder fusion for urban walkthroughs

Wonkaetal. [76] presentanapproactbasecdntheobserationthatit is possibleto computea conserative
approximationof the umbrafor a viewcell from a setof discretepoint samplesplacedon the viewcell's
boundary A necessarythoughnot sufficient conditionthat an objectis occludedis thatit is completely
containedn theintersectiorof all samplepoints’ umbrae.Obviously, this conditionis notsufficientasthere
may beviewing positionsbetweerthe samplepointswherethe consideredabjectis visible.

However, shrinkinganoccluderby € providesa smallerumbrawith a uniqueproperty: an objectclas-
sifiedasoccludedby the shrunkoccluderwill remainoccludedwith respecto the original larger occluder
whenmaoving the viewpoint no morethane from its original position.

Consequentlya point sampleusedtogethemwith a shrunkoccluderis a conserative approximatiorfor
asmallview cell with radiuse centerechtthe samplepoint. If theoriginal view cell is coveredwith sample
pointssothatevery point on the boundaryis containedn an € -neighborhoodf atleastone samplepoint,
thenan objectlying in the intersectionof the umbraefrom all samplepointsis occludedfor the original
viewcell.

Using this idea, multiple occluderscanbe consideredsimultaneously If the objectis occludedby the
joint umbraof theshrunkoccluderdor every samplepoint of theviewcell, it is occludedor thewholeview
cell. In thatway, occluderfusionfor anarbitrarynumberof occluderss implicitly performed(seeFigure
22 andFigure23).

8.5 Discussion

Whenthevisibility from aregionis concernedgcclusioncausedy individual occludersn ageneraketting
is insignificant. Thus, it is essentiato take advantageof aggr@ateocclusioncausedy groupsof nearby
objects. The above four papersaddresgshe problemof occlusionaggreationalsoreferredto asoccluder
fusion.

All four techniquesare conserative; they aggrgate occlusionin mostcasesput not in all possible
ones. In sometechniquesthe criterion to fusetwo occludersor to aggrgatetheir occlusionss basedon
the intersectionof two umbrae. However, in [44, 77], a more elaboratecriterion is used,which permits
aggr@ationof occlusionsevenin casesvherethe umbraearenot necessarilyntersected.Thesecasesare
illustratedin Figurel9.

To copewith thecompleity of thevisibility in 3D scenesall thetechniquesisesomediscretizations.

Thefirst methoddiscretizeghe spacdanto voxels,andoperateonly onvoxels. This leadsto theunder
estimationof occlusionwhenthe umbraof occluderds relatively small and partially overlapssomelarge
voxels, but doesnot completelycontainary. The advantageof this approachs its generality: it canbe
appliedto ary representationf 3D scenesandnot necessarilypolygonal.

The secondmethoddiscretizeghe spacan two ways. First, it projectsall objectsontoa discretesetof
projectionplanes,andsecondthe representationf objectsin thoseplanesis alsodiscrete.Moreover, 3D
projectionsarereplacedoy two 2D projections(seeFigure 20), to avoid performinganalyticaloperations
on objectsin 3D space. The advantageof this algorithmis that, sincemostoperationsare performedin
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Figure22: Samplingof the occlusionfrom five samplingpoints. Courtesyof PeteWonka,ViennaUniver
sity of Technology
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image-spacdhey canbehardware-assistetb shorternthe preprocessingme.

Thethird methodis object-spacanalyticalin the 2D case.It treatsthe 3D casesasa 2.5D sceneand
solvesit by aserienf 2D casedy discretizingtheheightdimension.t is shavn thatin practicethevisibility
of 2.5D entitiesapproximatavell thevisibility of theoriginal 3D models.

Theforth methodsampleghe visibility from a viewcell from a discretenumberof samplepoints. Al-
thoughit underestimatescclusionit is alsoa conserative method.This maybeinsignificantin the caseof
closeandlarge occludershut in casesvherethe occlusionis createdoy a large numberof smalloccluders,
theapproximatiormight betoo crude.

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 differentsamplepointsin the given region. Chrysanthoun [12] (Section
3.2)suggesta hybrid methodbasedn GraphTheoryandBSPtreeswhichwill sortasetof polygonsasfar
aspossibleandreportunbreakableycleswherethey arefound.

8.6 Approximate from-region visibility

In [2] a schemeto combineapproximateocclusionculling with levels-of-detail(LOD) techniquess pre-
sented.Theideais to identify partially-occludedbjectsin additionto fully-occludedones.Theassumption
is thatpartially-occludedbjectstake lessspaceon the screenandthereforecanbe renderedusinga lower
LOD. The authorsusethe term Hardly-Msible Set(HVS) to describea set consistingof both fully and
partially visible objects.

A setof occluderss selectedand simplified to a collectionof Partially-overlappingboxes. Occlusion
culling is performedfrom the viewcell usingtheseboxesasoccluderdo find the "fully-visible” partof the
HVS. It is performedconsideringonly occlusionby individual boxes[15, 59]. Thereis no occlusionfusion,
but a singlebox mayrepresensereral connectedccluderobjects.

To computepartially-visible objects,all the occluders(boxes) are enlaged by a certainsmall degree,
andocclusionculling is performedagainusingthesemagnifiedoccluders.The objectsthatareoccludedby
theenlagedoccludersandnotby theoriginalonesareconsideredo bepartially occludedrom theviewcell,
andarethuscandidateso berenderedatalower LOD.

Severalpartsof theHVS arecomputedy enlaging theoccluderseveraltimes,eachtime by adifferent
degree thus,classifyingobjectswith a differentdegreeof visibility. During real-timerenderingtheLOD is
selectedvith respecto thedegreeof visibility of theobjects.

It shouldbenotedthatthis basicassumptiorof thedegreeof visibility is solelyheuristic,sinceanobject
partially occludedfrom aregion doesnot meanit is partially occludedfrom ary pointwithin theregion. It
couldbefully visible atonepointandpartially visible or occludedat another

In [33] anotherapproximatefrom-region visibility techniqueis proposed. Castingrays from a five-
dimensionakpacesampleghe visibility. The paperdiscussesion to minimize the numberof rayscastto
achieve areliableestimateof thevisibility from aregion.
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Figure23: The fusedumbrafrom the five points(in the figure above) is the intersectionof the individual
umbrae It is largerthanthe unionof umbraeof the original viewcell. Courtesyof PeterWonka.

8.7 ThePVSstorage space problem

Precomputinghe PVSfrom aregion requiressolving a prominentspaceproblem. The scends partitioned
into viewcells and for eachcell a PVS is precomputedand storedreadily for the online renderingstage.
Sincethe numberof viewcells is inherentlylarge, the total sizeof all the visibility setsis muchlargerthan
theoriginal sizeof thescene Asidefor afew exceptionghis problemhasnotreceved enoughattentionyet.
Van de Panneand Stavart [72] presenta techniqueto compresgrecomputedsisibility setsby clustering
objectsandviewcells of similar behaior. Gotsmanetal. [33] presenta hierarchicalschemeo encodethe
visibility efficiently. Cohen-Oretal. [16, 15 dealwith the transmissiorof visibility setsfrom thesenerto
theclientandin [15, 52] discusghe selectionof the bestviewcell sizein termsof the sizeof the PVS.

A completelydifferentapproachwastaken by Koltun et al. [44]. The PVS of eachviewcell doesnot
needto be storedexplicitly. An intermediaterepresentatiothat requiresmuchlessstoragespacethanthe
PVSis createcandusedto generatéhe PVS on-the-flyduringrendering.

9 Conclusion

In this paper we have sureyed most of the visibility literatureavailable in the context of walkthrough
applications.We seethat a considerablemountof knowvledgehasbeenassembledn the last decadejn
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particular the numberof paperan theareahasincreasedubstantiallyin the lastcoupleof years.It is hard
to sayexactly wherethefield is headingbut therearesomeinterestingrendsandopenproblems.

It seemdurtherresearchs necessarinto techniquesvhichlowertheamountof preprocessingequired.
Also, memoryis abig issuefor large scenesespeciallyin the contet of from-region techniques.

It is expectedthat more hardware featureswhich canbe usedto improve visibility computationswill
be available. At presenta majorimpedimentis the fact that readingbackinformationfrom the graphics
boardsis very slow. It is expectedthatthis will getmuchfaster enablingimprovementsn hardware-based
visibility culling algorithms. The efficient handlingof dynamicsceness an openareaof researctat this
point.

Acknowledgements

We would like to thankall the authorswho have helpeduswith materialfrom their work. In particular we
thank FredoDurand,Vladlen Koltun, PereBrunet, SethTeller, JameKlosowski, Graig Gotsman,Gernot
SchaufleandPeterWonka,for helpinguswith text andfiguresfrom their papersandJosephMitchell for
usefulcommentn this suney.

This researchwaspartially supportedy the IsraelSciencd=oundatiorfoundedby The IsraelAcademy
of SciencesindHumasnities-Centef Excellencd’rogramandby agrantof thelsraeliMinistry of Science.

References

[1] J. M. Airey, J. H. Rohlf, andF. P. Brooks, Jr. Towardsimagerealismwith interactve updaterates
in comple virtual building ervironments. ComputerGraphics(1990 Symposiunon Interactive 3D
Graphics) 24(2):41-50March 1990.

[2] C. Andujar C. Saona-¥zquez|. Navazo,andP. Brunet. Integratingocclusionculling andlevels of
detailsthroughhardly-visiblesets.ComputerGraphicsForum 19(3),2000.

[3] A. Appel. Sometechniquedor shadingmachinerenderingsof solids. In AFIPS 1968 Spring Joint
ComputerCont, volume32, pages37-45,1968.

[4] U. AssarssorandT. Moller. Optimizedview frustumculling algorithmsfor boundingboxes. Journal
of GraphicsTools 5(1),2000.

[5] D. Bartz, M. Meiner, and T. Httner Opengl-assistedcclusionculling for large polygonalmodels.
Computer& Graphics 23(5):667—6791999.

[6] D. Bartz,M. MessnerandT. Httner Extendinggraphicshardwarefor occlusionqueriesin opengl.In
Proc. Workshopon GraphicsHardware '98, page97-104,1998.

[7] F BernardiniJ.T. Klosowski, andJ. El-Sana.Directionaldiscretizedccluderdor acceleratedcclu-
sionculling. ComputerGraphicsForum, 19(3),2000.

35



[8] J.Bittner, V. Havran,andP. Slavik. Hierarchicalvisibility culling with occlusiontrees.In Proceedings
of ComputerGraphicsinternational’98, page207-219,Junel998.

[9] W. JackBouknight. A procedurefor generationof three-dimensionahalf-tonedcomputergraphics
presentationsCommunicationsfthe ACM, 13(9):527-536Septembef970.

[10] E. E. Catmull. A SubdivisionAlgorithm for ComputerDisplay of Curved Surfaces Ph.d.thesis,
University of Utah,Decembel974.

[11] N. ChinandS.Feiner Nearreal-timeshadw generatiorusingBSPtrees.ACM ComputerGraphics
23(3):99-1061989.

[12] Y. Chrysanthou.ShadowComputationfor 3D Interaction and Animation PhD thesis,QueenMary
andWestfieldCollege, University of London,Februaryl996.

[13] J. H. Clark. Hierarchicalgeometricmodelsfor visible surfacealgorithms. Communication®f the
ACM, 19(10):547-5540ctoberl976.

[14] D. Cohen-OrY. ChrysanthouC. Silva, andG. Drettakis. Visibility, problems techniquesandappli-
cations.SIGGRAPH2000CourseNotes,July 2000.

[15] D. Cohen-OrG. Fibich, D. Halperin,andE. Zadicario. Conserative visibility andstrongocclusion
for viewspacepartitioning of denselyoccludedscenes.ComputerGraphicsForum, 17(3):243-254,
1998.

[16] D. Cohen-OrandE. Zadicario.Visibility streamingor network-basedvalkthroughs.Graphicsinter-
face’98, pagesl-7,Junel998.

[17] S.Coolg andS.Teller. Temporallycoherentonserative visibility. In Proc. 12thAnnu.ACM Sympos.
Comput.Geom, pages/8—87,1996.

[18] S.CoolgandS. Teller. Real-timeocclusionculling for modelswith large occluders.1997 Symposium
on Interactive3D Graphics pages83-90,April 1997.

[19] R.Cunniff. Visualizefx graphicsscalablearchitectureln presentatiorat Hot3D Proceedingspart of
GraphicsHardware Workshop 2000.

[20] M. de Bemg, M. van Kreveld, M. Overmars,andO. Schwarzlopf. ComputationalGeometry:Algo-
rithmsandApplications SpringefVerlag,Berlin, 1997.

[21] D. P. DobkinandS. Teller. Computergraphics.In JacobE. GoodmamandJosepHO’Rourke, editors,
Handbookof Discrete and ComputationalGeometry chapter42, pages779-796.CRC PressLLC,
BocaRaton,FL, 1997.

[22] S.E. Dorward. A suney of object-spacéiddensurfaceremoval. Internat.J. Comput.Geom.Appl,
4:325-3621994.

36



[23] F. Durand. 3D Vsibility: Analytical studyand Applications PhD thesis,UniversiteJosephFourier,
Grenoble France July 1999.

[24] F. Durand,G. Drettakis,andC. Puech.Thevisibility skeleton:A powerful andefficient multi-purpose
global visibility tool. In Turner Whitted, editor, SIGGRAPH97 ConfeenceProceedings Annual
Conferenceseries pages89-100ACM SIGGRAPH,AddisonWeslg, August1997.

[25] F. Durand,G. Drettakis,J. Thollot,andC. Puech.Conserative visibility preprocessingsingextended
projections.Proceeding®f SIGGRAPH200Q page239-248,July 2000.

[26] D. Eggert,K. Bowyer, andC. R. Dyer. Aspectgraphs: State-of-the-arand applicationsin digital
photogrammetty In Proc. ISPRS17th Cong: Int. ArchivesPhotgrammetryRemoteSensingpages
633-645,1992.

[27] S.FleishmanD. Cohen-OrandD. Lischinski. Automaticcamerglacemenfor image-basedodel-
ing. In Proceeding®f Pacific Graphics99, pagesl2—-20,0ctober1999.

[28] J.D. Foley, A. vanDam,S. K. Feiner andJ. F. Hughes.ComputerGraphics,PrinciplesandPractice
Secondedition. Addison-Weslg/, Reading Massachusett4,990. Overviewn of researcho date.

[29] H. Fuchs,Z. M. Kedem,andB. F. Naylor. On visible surfacegeneratiorby a priori tree structures.
ACM ComputerGraphics 14(3):124-1331980.

[30] T.A. FunkhouserDatabasenanagemerior interactve displayof largearchitecturamodels.Graphics
Interface pagesl—8,May 1996.

[31] J.Goldfeatherd.P. M. Hultquist,andH. Fuchs.Fastconstructie-solidgeometrydisplayin the Pixel-
Pawversgraphicssystem.ComputerGraphics(SIGGRAPHB86 Proceedings)volume?20, pageslO07—
116,August1986.

[32] C. M. Goral, K. E. Torrance,D. P. Greenbay, and B. Battaile. Modelling the interactionof light
betweendiffuse surfaces. In ComputerGraphics(SIGGRAPH84 Proceedings)volume 18, pages
212-22 July 1984.

[33] C. Gotsman,O. Sudarsk, andJ. Fayman. Optimizedocclusionculling. Computer& Graphics
23(5):645-6541999.

[34] N. GreeneHierarchicalpolygontiling with coveragemasks.SIGGRAPH6 ConfeenceProceedings
Annual Conferenceseriespage$5-74.ACM SIGGRAPH,AddisonWeslg/, August1996.

[35] N. GreeneM. Kass,andG. Miller. Hierarchicalz-buffer visibility. Proceedingsof SIGGRAPH93,
page231-240,1993.

[36] N. GreeneandM. Kass. Errorboundedantialiasedenderingof complex ervironments.Proceedings
of SIGGRAPH94 (Orlando, Florida, July 24—-29,1994) ComputerGraphicsProceedingsAnnual
Conferenceseries pagess9-66.ACM SIGGRAPH,ACM Press,July 1994.

37



[37] P. HanrahanD. SalzmanandL. Aupperle. A rapid hierarchicalradiosityalgorithm. In ThomasW.
Sederbay, edito, ACM ComputerGraphics volume25, pagesl97-206 July 1991.

[38] L. Hong, S. Muraki, A. Kaufman,D. Bartz,andT. He. Virtual voyage: Interactve navigationin the
humancolon. In TurnerWhitted, editor, SIGGRAPHY7 ConfeenceProceedingsAnnual Conference
Seriespage7-34.ACM SIGGRAPH,AddisonWeslg, August1997.

[39] T.HudsonD.ManochaJ.CohenM. Lin, K. Hoff, andH. Zhang.Acceleratedcclusionculling using
shadaev frustra. In Proc. 13th Annu.ACM SymposComput.Geom, pagesl-10,1997.

[40] J.T. Klosowski andC. T. Silva. Efficient conserative visibility culling usingthe prioritized-layerd
projectionalgorithm. Technicalreport. submittedfor publication,2000.

[41] J.T. Klosowski, M. Held, Joseplt. B. Mitchell, H. Sowizral, andK. Zikan. Efficient collision detec-
tion usingboundingvolumehierarchieof k-dops.|IEEE Transactionson Visualizationand Computer
Graphics 4(1):21-36 January-Marcti998.

[42] J.T. KlosowskiandC. T. Silva. Theprioritized-layeredrojectionalgorithmfor visible setestimation.
IEEE Transactionson Visualizationand ComputerGraphics 6(2):108—123April - June2000. ISSN
1077-2626.

[43] J.T.KlosowskiandC. T. Silva. Renderingpnabudget: A framework for time-criticalrendering|[EEE
Visualization’99, pagesl15-122 October1999.

[44] V. Koltun, Y. Chrysanthouand D. Cohen-Or Virtual occluders:An efficient intermediatepvs rep-
resentation.RenderingTedhniques2000: 11th EurographicsWorkshopon Rendering pagess9-70,
June2000. ISBN 3-211-83535-0.

[45] S.Kumar D. ManochaW. Garrett,andM. Lin. Hierarchicalback-ficecomputation.Computes and
Graphics 23(5):681-6920ctober1999.

[46] F.-A. Law andT.-S. Tan. Preprocessingcclusionfor real-timeselectve refinement(color plate S.
221). In StepherN. Spencereditor, Proceeding®f the Confeenceon the 1999 Symposiunon inter-
active3D Graphics pagesA7-54,New York, April 26-281999.ACM Press.

[47] H. L. Lim. Toward a fuzzy hiddensurfacealgorithm. In ComputerGraphicsinternational Tokyo,
1992.

[48] D. Luebke andC. Geoges. Portalsandmirrors: Simple, fastevaluationof potentially visible sets.
1995Symposiunon Interactive 3D Graphics pagesl05-106 ACM SIGGRAPH,April 1995.

[49] M. MeissnerD. Bartz, T. Huttner G. Muller, andJ. Einighammer Generatiorof subdvision hierar
chiesfor efficient occlusionculling of large polygonalmodels.Computer& Graphics To appear

[50] T. MoellerandE. Haines.Real-TmeRendering A.K. Peterd_td., 1999.

38



[51] S.Morein. Ati radeonhyperz technology In presentatiorat Hot3D Proceedingspart of Graphics
Hardware Workshop 2000.

[52] B. Nadler G.Fibich,S.Lev-Yehudi,andD. Cohen-OrA qualitative andquantitatve visibility analysis
in urbanscenesComputer& Graphics 23(5):655-6661999.

[53] B. F. Naylor. Partitioning tree imagerepresentatiomnd generatiorfrom 3D geometricmodels. In
Proceeding®f Graphicsinterface’92, pages201-2121992.

[54] M. E. Newell, R. G. Newell, andT. L. SanchaA solutionto the hiddensurfaceproblem.Proc. ACM
Nat. Mtg., 1972.

[55] J. O'Rourke. Art Gallery Theoemsand Algorithms The InternationalSeriesof Monographson
ComputerScienceOxford University PressNew York, NY, 1987.

[56] M. S.Peerg, M. Olano,J. Airey, andP. Jefrey Ungar Interactve multi-passprogrammablehading.
Proceeding®f SIGGRAPH200Q pages425—-432 July 2000.

[57] H. PlantingaandC. R. Dyer. Visibility, occlusion,andthe aspecgraph. Internat.J. Comput.Vision,
5(2):137-1601990.

[58] H. Plantinga.Consenrative visibility preprocessingdpr efficient walkthroughsof 3D scenes.In Pro-
ceedingf Graphicsinterface’93, pagesl66—173,Toronto,Ontario, CanadaMay 1993.Canadian
InformationProcessingociety

[59] C.Saona-¥zquez). Navazo,andP. Brunet. Thevisibility octree:A datastructurefor 3d navigation.
Computer& Graphics 23(5):635-6441999.

[60] G.Schauflerd.Dorsey, X. DecoretandF. X. Sillion. Conserative volumetricvisibility with occluder
fusion. Proceeding®f SIGGRAPH200Q pages229-238,July 2000.

[61] R.Schumackr, B. Brand,M. Gilliland, andW. Sharp.Studyfor applyingcomputergeneratedmages
to visual simulation. TechnicalReportAFHRL-TR-69-14,NTIS AD700375,U.S. Air ForceHuman
Resourcesah, Air ForceSystemsCommandBrooksAFB, TX,, Septembel969.

[62] N. Scott,D. Olsen,andE. Gannet.An overview of thevisualizefx graphicsacceleratohardware. The
Hewlett-Radkard Journal, May:28—-34,1998.

[63] K. Severson.VISUALIZE WorkstationGraphicsfor Windows NT. HP productliterature.

[64] F. Sillion and G. Drettakis. Feature-basedontrol of visibility error: A multi-resolutionclustering
algorithmfor globalillumination. In RobertCook, editor, ACM ComputerGraphics Annual Confer
enceSeriespagesl45-152 ACM SIGGRAPH,AddisonWeslg/, August1995. heldin Los Angeles,
California,06-11August1995.

39



[65] M. SlaterandY. ChrysanthouView volumeculling usinga probabilisticcashingschemeln S. Wilbur
and M. Bemgamascoegditors, Proceedingsof Framevork for Immesive Virtual Environments=IVE,
Decemberl996.

[66] W. Stuerzlingerimagingall visible surfaces.Graphicsinterface’99, pagesl15-122,Junel999.

[67] B. Smits,J. Arvo, andD. Greenbay. A clusteringalgorithmfor radiosityin comple environments.
In Andrew Glassnereditor Proceedingsof SIGGRAPH94 (Orlando, Florida, July 24-29,1994)
ComputelGraphicsProceedingshnnualConferencé&eriespagest35-442 ACM SIGGRAPHACM
Press,July 1994.

[68] O. Sudarsly andC. Gotsman.Dynamicsceneocclusionculling. IEEE Transactionon Visualization
and ComputerGraphics 5(1):13—-29January March1999.

[69] I. E. SutherlandR. F. Sproull,andR. A. Schumakr. A characterizatiomf ten hiddensurfacealgo-
rithms. ACM ComputerSurves 6(1):1-55March1974.

[70] S.J.TellerandC.H. Sequin.Visibility preprocessinfpr interactve walkthroughsComputeiGraphics
(Proceeding®f SIGGRAPHI1), 25(4):61-69,July 1991.

[71] C.TrendallandA. JamesStavart. Generalcalculationsusinggraphicshardwarewith applicationso
interactve caustics.RenderingTecniques2000: 11th EurographicsWorkshopon Rendering pages
287-298,June2000.

[72] M. van de Panneand J. Stevart. Efficient compressiortechniquedor precomputedrisibility. In
Proceeding®f EurographicsWorkshopon Rendering99, 1999.

[73] G.S.Watkins.A real-timevisible surfacealgorithm. TechnicalReportUTECH-CSc-70-101Univer-
sity of Utah, SaltLake City, Utah,1970.

[74] K. Weiler and K. Atherton. Hidden surface removal using polygon areasorting. ACM Computer
Graphics 11(2):214-222July 1977.

[75] P.WonkaandD. Schmalstig. Occludershadws for fastwakthrough®of urbanenvironmentsin Hans-
PeterSeideland SabineCoquillart, editors,ComputerGraphicsForum volume 18, pagesC51-C60.
EurographicfssociationrandBlackwell Publisherd_td 1999,1999.

[76] P. Wonka,M. Wimmer, andD. Schmalstig. Visibility preprocessingvith occluderfusionfor urban
walkthroughs Renderinglechniques2000: 11th EurographicsWbrkshopon Renderingpages/1-82,
June2000. ISBN 3-211-83535-0.

[77] P. Wonka,M. Wimmer, andD. Schmalstig. Visibility preprocessingvith occluderfusionfor urban
walkthroughs.TechnicalReportTR-186-2-00-06]nstitute of ComputerGraphics,ViennaUniversity
of TechnologyKarlsplatz13/186,A-1040 Vienna,Austria, March 2000. humancontact: technical-
report@cg.tuwien.ac.at.

40



[78] A. Woo, P. Poulin,andA. Fourier A surnwey of shadav algorithms. IEEE ComputerGraphicsand
Applications 10(6):13-31,1990.

[79] H. Zzhang,D. Manocha,T. Hudson,andK. Hoff. Visibility culling usinghierarchicalocclusionmaps.
In ComputerGraphics(Proceeding®f SIGGRAPHI7, pagesr7—-88,1997.

[80] H. Zhang. EffectiveOcclusionCulling for the Interactive Display of Arbitrary Models Ph.D.thesis,
Departmenbf ComputerSciencelJNC-ChapeHill, 1998.

[81] H. Zhang,D. Manocha,T. Hudson,andK. E. Hoff Ill. Visibility culling usinghierarchicalocclusion
maps.In TurnerWhitted, editor SIGGRAPHY7 ConfeenceProceedingsAnnual Conferenceseries,
pages/7-88.ACM SIGGRAPH,AddisonWesleg/, August1997.

41



