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Abstract

Visibility algorithmsfor walkthroughandrelatedapplications
have grown into a significantarea,spurredby the growth in
the complity of modelsandthe needfor highly interactve
waysof navigatingthem.

In thissuney wereview thefundamentaissuedn visibility
and conduc an overview of the visibility culling techniques
developed in the last decade. The taxonony we usedistin-
guisheshetweemoint-basedndfrom-region methods Point-
basedmethodsarefurther subdvided into object-andimage-
precisiontechniques, while from-region approackscantake
adwantageof the cell-and-portalkstructureof architecturalen-
vironments or handlegenericscenes.

1 Introduction

Visibility determinationhasbeena fundamenal problemin
computemraphicssincethevery beginning of thefield [5,85].
A variety of hiddensurfaceremoval (HSR) algorithmswere
developedin the 1970sto addresshe fundametal problemof
determiningthe visible portionsof the sceneprimitivesin the
image.Thebasicproblemis now believedto bemostlysolved,
andfor interactve applicationsthe HSR algorithmof choice
is usuallythe Z-buffer [15].

Visibility algorithmshave recently regainedattentionbe-
causethe ever increasingsize of 3D datasetsnakesthemim-
possibleto displayin realtime with classicabpprozhes.Pio-
neeringwork addressinghis issueincludesJoneg53], Clark
[19] andMeagher[64]. Recently Airey et al. [2], Teller and
Séquin[86,89], andGreeneetal. [46] built upontheseseminal
papersaandrevisitedvisibility to speedipimagegenerationin
this surey, we review recentvisibility algorithmsfor the ac-
celerationof walkthroudh applications.

Misibility culling aimsat quickly rejectinginvisible geom-
etry beforeactualhiddensurfaceremoval is performed. This
canbe accomplished by only drawing the visible set, thatis,
the subsetof primitiveswhich may contritute to at leastone
pixel of thescreenMuch of visibility-culling researctiocuses
on algorithmsfor computing(hopefuly tight) estimationsof
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Figure 1: Three types of visibility culling techniques: (i)
view-frustumculling, (i) back-faceculling and(iii) occlusion
culling.

the visible set. A Z-buffer algorithmis thenusually usedto
obtaincorrectimages.

Visibility culling startswith two classicalstratgies: back-
faceand view-frustum culling [35]. Back-faceculling algo-
rithms avoid renderinggeomery that facesaway from the
viewer, while viewing-frustumculling algorithmsavoid ren-
deringgeometrythatis outsidethe viewing frustum. Efficient
hierarchicaltechniques have beendeveloped [19, 39,60], as
well asotheroptimizationg[6, 82]

In addition, occlusionculling techniquesaim at avoiding
renderingprimitivesthat are occludedby someother part of
thesceneThistechniquds globalasit involvesinterrelation-
shipamongpolygonsandis thusfar morecomplex thanback-
faceandview-frustumculling. Thethreekinds of culling can
beseenin Figurel. In this survey, we will focuson occlusion
culling andits recentdevelopments.

Sincetestingeachindividual polygon for occlusionis too
slow, almostall the algorithmsthat we will describehere,
placea hierarchyon the scene with the lowestlevel usually
beingthe bourding boxes of individual objects,and perform
the occlusiontesttop-dovn on thathierarchy asdescribedy
Garlick etal. [39] for view-frustumculling.

A very importantconcept is conservéive visibility [1, 89].
The conservativevisibility setis the setthatincludesat least
all of thevisible setplus maybesomeadditionalinvisible ob-
jects. In it, we may classifyan occludedobjectasvisible, but
may never classify a visible objectas occludel. Suchesti-
mationneedsto be ascloseto thevisible setaspossible,and
still be “easy” to compute. By constructingconserative es-
timatesof the visible set,we candefinea potentially visible
set(PVS)[1, 89] whichincludesall the visible objects plusa
(hopefully small) numter of occludedobjects,for thatwhole



region of space. The PVS can be definedwith respectto a
singleviewpoint or with respecto aregion of space.

It is importantto point out the differencesbetweenocclu-
sionculling andHSR.Unlike occlusionculling methodsHSR
algorithmsinvestcomputationhefforts in identifying the ex-
act portions of a visible polygon. Occlusionculling algo-
rithms needto merely identify which polygons are not visi-
ble, without the needto dealwith the expersive sub-poly®n
level. Moreover, occlusionculling can (hopefully consera-
tively) over-estimatethe setof visible objects,sinceclassical
HSR will evertually discardthe invisible primitives. How-
ever, thedistinctionis not a clearcut sincein somecasesan
HSR algorithm may include an occlusionculling processas
an integral part of the algorithm (for example, ray casting),
andsincesomemethodsintegrateocclusion-clling andHSR
atthesamelevel.

What makes visibility an interestingproblemis that for
large scenesthe numberof visible fragmentsis often much
smallerthanthetotal sizeof theinput. For example,in atyp-
ical urbanscenepnecanseeonly a very small portion of the
entiremodel,assuminghe viewpointis situatedat or nearthe
ground Suchscenesaresaidto be denselyoccluded in the
senseahatfrom ary given viewpoint, only a small fraction of
the sceneis visible [2, 86]. Other examplesinclude indoor
sceneswherethe walls of a room occludemostof the scene,
andin fact,from ary viewpoint insidetheroom,onemayonly
seethe detailsof thatroom or thosevisible throughthe por-
tals, seeFigure 2. A differentexamge is a copying machine,
shavn in Figure 3, wherefrom the outsideone canonly see
its external parts. Although intuitive, this informationis not
availableaspartof the modelrepresentatiorandonly a non-
trivial algorithmcandeterminet automatically (Notethatone
of its doorsmightbeopen.)

The goal of visibility culling is to bring the cost of ren-
dering a large scenedown to the compleity of the visible
portion of the scene,and mostly indepemlent of the overall
size[19, 44]. Ideally visibility techniques should be outpu
sensitive the runningtime shouldbe proportionalto the size
of the visible set. In openenvironments, the visible setcan
bequitelarge,but severalcomplex scenesarepartof “densely
occludedervironments” [89], wherethe visible setis only a
smallsubsebf the overall ervironmert compleity.

Visibility is not an easyproblem,sincea small chang in
the viewpoint might causdarge changsin the visibility. An
exampleof this canbe seenin Figure 4. The aspectgraph,
describedn Section 3, andthe visibility complex (described
in [30]) shedlight onthe comple characteristicef visibility.

1.1 Related work and surveys

Visibility for walkthroughsds relatedto mary otherinteresting
visibility problems. In particular in shadowalgorithms,the
partsof the modelthat are not visible from the light source
correspod to the shadav. So occlusionculling and shadaev
algorithmshave a lot in commonandin mary waysare con-
ceptuallysimilar, e.g.[18,97]. It is interestingo notethatcon-
senative occlusionculling strat@ieshave not beenaswidely
usedin shadowalgorithms.
Otherrelatedproblemsincludethe artgallery problem[69]

and its applicationsto image-basedendering[34, 83], and
globallighting simulation,e.g.[40,49].

Someothervisibility surveyswhich overlapin contentwith
oursalreadyexist. Durand[30] haswrittenamorecomprefen-
sivevisibility suney. Forthoseinterestedn thecompuational
geometnyliterature,see[27-29]. Noneof theseworksfocuses
on 3D real-timerendering

Zhangs thesis[98] containsa short survey of computer
graphicsvisibility work, and Moller and Haines[65, Chap-
ter 7] cover several aspectf visibility culling, but with less
detailthanthe previous work, andalsowithout coveringmuch
of therecentwork.

2 Classification

2.1 A taxonomy of occlusion -culling tech-

nigues

Theorganizationof the presensuney is basedon the follow-
ing taxonomy

e Pointvs.region.

Our majordistinctionis whetherthe algorithmperforms
computationswvith respecto the locationof the current
viewpoint only, or performsbulk computationsthat are
valid arywherein a givenregion of space.Onestrength
of the from-region visibility setis thatit is valid for a
numberof frames,and thus its costis amortizedover
time. More importantly from-region visibility alsohas
predictingcapaliliti es, which is crucial for network ap-
plicationsor for disk-to-memonypre-fetching.Usingthe
visibility informationfrom adjacentcells, the geometry
canbe prefetchedasit is aboutto be visible. However,

from-region algorithmsusually require a long prepro-
cessingsignificantstoragecost,anddo not handlemov-

ing objectsaswell aspoint-based methods.

e |mage precisionvs. objectprecision.

For point-basd methodswe will usethe classicaldis-

tinction betweenobjectandimage-precisiorj85]. Ob-

ject precisionmethodsusethe raw objectsin their vis-

ibility computatios. Image precisionmethod on the

otherhandoperateon the discreterepresentationf the
objectswhenbrokeninto fragmentduringtherasteriza-
tion process.The distinctionbetweenobjectandimage
precisionis however not definedasclearlyfor occlusion
culling asfor hiddensurfaceremoval [85], since most
of thesemethodsareanyway conservatie, which means
thatthe precisionis never exact.

e Cell-and-portalvs. genericscenes.

The lastcriterionis particularlyrelevantto from-region

visibility. Somealgorithmsexploit the characteristicof

architecturalinteriorsand other similar datasets.These
scenesrenaturallyorganizednto cells (rooms)thatare
linked by portals(doors,windaws). A visibility method
can then be carried out by observingthat other cells
arevisible only throughportals. The cell-and-portakp-
proachcanalsobe seenasthe dual of the occlude ap-
proach: cell-and-portaltechniqies start with an empty
PVS and add objectsvisible through seriesof portals,
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Figure2: With indoor scenesftenonly a very small part of the geomdry is visible from ary givenviewpoint. In (b) the hidden
partof the scends drawvn. Courtesyof Craig Gotsman,Technion.

@) (b)

Figure3: A copying machine;only a fraction of the geometryis visible from the outside. But behindthe closedshell might be
hiding a greatdealof geometry(b). Courtesyof Craig Gotsman;Technion.
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Figure4: A smallchang in theviewing positioncancausdargechangesin thevisibility.

while otherappro&hesfirst assumehat all objectsare
visible andtheneliminateobjectsfound hidden.

2.2 Additional criteria

In additionto thesethreetaxonamy axes,therearevariousim-
portantcriteriato take into accountwhenreviewing avisibility
algorithm: The variousmethodsaresummarizedvith respect
to someof thesecriteriain Figure19.

e Conservativevs. appoximate

Most technique describedin this paperare consera-
tive, that is, they overestimatethe visible set. Only a
few approximae the visible set, but are not guaranteed
of finding all the visible polygons. Two classef ap-
proximationtechniquescan be distinguished:sampling
andaggressie strat@ies. Theformeruseeitherrandom
or structuredsampling(ray-castingor sampleviews) to
estimatethe visible set,andhopethatthey will not miss
visible objects. They trade conserativenessfor speed
andsimplicity of implementationOntheotherhand,ag-
gressve strat@iesarebasedn methodshatcanbecon-
senative, but chooseo losethatpropertyin orderto have
a tighter approxmation of the visible set. They choose
to declaresomeobjectsasinvisible althoughthereis a
slight chancethatthey arenot, often basedon their ex-
pectedcontribution ontheimage.

e Tightnessof approximation

Sincemostalgorithmsare consevative, it would be in-
terestingto studythe degreeof over-estimation. Unfor-
tunately few of the paperswe review discussthe ratio
betweenthe size of their potentially visible setand the
sizeof thevisible set(the authorsof thesdinesbeingno
exception).We hope thatthe currentsuney will encour
agesubsegentarticlesto provide this measure.

e All vs. subsebf occludes.

Somemethodsreatthe occlusionscausedy all objects
in thescenewhile othersrequiretheselectiorof asubset

of typically big objectsas occluders. The size of this
subsetanalsovary.

Corvex vs. genericoccludes

Corvexity of the occlucers can be requiredby some
methodgtypically for object-pregsion methods).

Individual vs. fusedoccludes.

Given three primitives, A, B, and C, it might happe
that neither A nor B occlude C, but togetherthey do
occludeC. Someocclusionculling algorithmsare able
to perform such an occluderfusion while othersare
only able to exploit single primitive occlusion. Cell
and portal methodsare a specialcase,sincethey con-
siderthe dual of occludes, openirgs, implicitly fusing
togethermultiple walls. Occluder fusion usedto be
mostly restrictedto image-pretsion point-basedmeth-
ods. However, from-region visibility methodsperform-
ing occluderfusionhave recentlybeendeveloped.

2Dvs.3D.

Somemethod arerestrictedto 2D floorplansor to 2.5D
(heightfields),while othershandle3D scenes.

Specialhardware requirements.

Several of the techniqueglescribedcantake further ad-
vantageof hardwareassistanceesideshefinal Z-buffer
pass,eitherfor its precomputation or during the actual
rendering.

Needof precomptation.

Mostfrom-region methodprecompte andstorethevis-
ibility information,but somepoint-base techniqueslso
requirea preprocessingf the data(e.qg. for occluderse-
lection).

Treatmenbf dynamic scenes.

A few of thealgorithmsin theliteratureareableto han-
dle dynamicscenesOneof the maindifficultiesis han-
dling changego object hierarchiesthat most visibility



algorithmsuse[84]. Also if thevisibility algorithmuses
preprocessig (asdiscussedbove), this informationhas
to be updated Sincefrom-region methodsusually pre-
computea PVS,it is very hardfor themto treatdynamic
sceneslin particular all theinformationhasto berecom-
putedif occluderamove. Moving occludeesanhowever
be handledby boundng their motion using motion vol-
umes[31].

2.3 Organization of the survey

The organizationof this surey is basedon the above tax-
onomy and on chrondogical reasons. Before reviewing
occlusion-clling technique, wefirst presentheaspecgraph
data-structurewhich will provide areferenceon exactvisibil-
ity computationgndanalyticalvisibility properties.

We thenintroducefrom-region methodsexploiting the cell-
and-portalstructureof architecturakcenesn Section4. Sec-
tion 5 describespoint-basedocclusion culling working at
object-precisionwhile Section6 is dedicatedto point-based
methodsusingimage-precision.Section7 reviews the more
recentclassof from-region visibility technigesworking with
arbitraryscenes.

3 Exactvisibility and the aspect graph

When dealing with visibility, it is usefulto conside an im-
portantdatastructuredeveloped in computenisionandcalled
the aspectgraph [32]. As we will see,the aspectgraphen-
codesanalytically all the information necessaryor efficient
display The principleis to subdvide the viewing spaceinto
cellswheretheview is qualitatively invariant. Thesecellsare
separatedby visual eventsthatarethelocusof changsin vis-
ibility. Thus,for eachsuchcell, thevisible setis constantand
changs only whentheviewpoint crosses visual event.

Letusdefinetheaspecgraphmoreformally andlook atthe
two isomorphic graphsin Figure 5. They are projectionsof
a 3D object; however, we treatthemas 2D entities. The Im-
age Structue Graph (ISG) is thelabeledplanargraphdefined
by theview of a polyhedral object. Thentwo differentviews
of an objecthave the sameaspet if andonly if their corre-
spondng ISGsareisomorphic.Now we canpartitiontheview
spacédnto maximalconrectedregionsin whichtheviewpoints
have the sameaspect.This partitionis the VSP - thevisibility
spacepartition, wherethe boundary of a VSPregionis called
avisualeventasit marksaqualitatve changen visibility (see
Figure 6).

The term, aspectgraph,refersto the graphcreatedby as-
signing a vertex to eachregion of the VSP, wherethe edges
conneting adjacentegionscorrespondo visualevents.

Figures6 and 7 shav a visibility spacepartition in 2D,
whichis createdoy justtwo andthreesegments(the 2D coun-
terpartsof polygons), respectrely. Onecanobsene thatthe
numberof aspectregionsis alreadylarge, andin fact,canbe
shavn to grow quiterapidly with the numberof sggments.

Theworstcompleity of aspecgraptsis quite high, andin
threedimensionscanbe aslargeasO(n°) (becauseriples of
sceneedgescan give rise to visual events; and triples of vi-
sualeventscancauseverticesin thevisibility spacepartition).
For a typical numberof sgments(saytensof thousals), in
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Figure5: Two differentview directionsof an objecthave the
sameaspectf andonly if the corresponihg ImageStructure
Graphsareisomorphic. Note that (a) and (b) have the same
aspectwhichis differentto (c).

Figure6: 2 polygons- 12 aspectregions.

termsof spaceandtime it turnsout thatcompuing the aspect
graphis compuationallyimpractical.Plantingg[73] propcses
an early conservatie visibility algorithmbasedon his aspect
graphwork. Unfortunately this algorithmhas,to our knowl-
edge,notbeenimplemented.

However, as canbe seenin Figure 8, differentaspectre-
gionscanhave equalsetsof visible polygons. This meanghat
therearefar fewer differentregionsof differentvisibility sets
thandifferentaspects.

Looking onceagainat the aspectpartition of the two sey-
mentsin Figure 9, we cantreatoneasan occlude andthe
otherasthe occludeedefiningtheir endpoirt connectindines

Figure7: 3 polygors - “marny” aspecregions.



Figure8: Differentaspectegionscanhave equalsetsof visi-
ble polygons.

as suppating lines and sepaating lines Theselines parti-
tion the spaceinto threeregions: (i) the region from which no
portion of the occludee is visible, (ii) the region from which
only someportion of the occludeeis visible, and (iii) there-
gion from which the occluderdoesnot occludeary partof the
occluded?24].

In 3D, onehasto considersupportingandseparatinglanes
generatedby vertex/edge pairs (EV visual events). Visual
eventsin 3D sceneganalsobegeneratedby theinteractionof
threeedges (EEE) which correspods to non-planarquadic
surfaces.

1 -
A - occluder S
T - occludee et

Supporting

Supporting

1 Seg
. . pa’at/},g
T is not occluded from region 1

T is partially occluded from region 2
T is fully occluded from region 3

Figure9: Supportingandseparatinglanes.

The3D visibility complex [30] is anothemway of describing
andstudyingthe visibility of 3D spaceby a dual spaceof 3D
lines, in which all the visibility eventsandtheir adjacencies
aredescribedlt is morecompat thantheaspecgraph,but its
sizeis still O(n*).

4 Cell-and-por tal from-region visibil-
ity

We now review from-region visibility for architecturalenvi-
ronments Thework of Airey etal.[1,2] andTellerandSéquin
[89] startedhetrendtowardsadwvancedocclusionculling tech-
nigues anddevelopedmuchof thefoundationfor recentwork.
Someof the key conceptantroducedwerethe notion of “po-
tentially visible sets” from a region of space,“conservative
visibility”, and“denselyoccludedenvironments”.

All theseworksarebasedn thecharacteristicsf architec-
tural scenes.Namely thatthey arenaturally subdvided into
cells,andthatvisibility occursthrough openingswhich they
call portals. The potentially visible setis compued for each
cell, andusedduring run-timewalkthroud.

Adjacency graph Adjacency graph

f ! F ?
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Figurel0: Cellsandportals:theadjacenyg graphandstabtree

The work of Airey et al. [1, 2] proposestwo different
techniquedor computingthe PVS. A conserative techniqwe
which for eachportal, compues whetherit can seea given
polygon in the model. Their formulation of the algorithm
leadsto anO(n®) algorithm. Also in Airely’s Ph.D.thesis he
describeseveral variationsof a “sampling” approat, which
roughly uses‘“ray shooting queriesto determinevisible ge-
ometryin someuserspecifiedorecision,anddoesnotactually
guaranteeconserativenessin the compuation of the set of
potentiallyvisible primitives.

Thework of Telleris quite compreherive, andcoversdif-
ferentaspectsof 2D and 3D visibility compuations[86, 88,
89]. First, we briefly describehis work on 2D visibility com-
putations.During preprocessinghe modelis first subdvided
into corvex cells using a BSP tree. The main opaque sur
faces,suchasthe walls, are usedfor defining the partitions
andthustheboundariesof thecells. Smallerdetailedsceneel-
ementsareconsiderednon-ocduding’ andareignoredin this
step.Non-opaaie portals,suchasdoors,areidentifiedon cell
boundaies, andusedto form an adjacemy graphconnesting
thecellsof thesubdvision. Seetheexamplein Figure 10. The
thick black lines arethe walls which areusedfor partitioning
into cellsandthe light grey lines arethe portals. On the left,
theadjacery graphshavs which cellsaredirectly connected
throughthe portals.

The cell-to-cell visibility is determinedby testingif sight-
lines exist that connectsomepoint in onecell to somepoint
in another Actually, it is clearthatif a line exists from one
cell to anothe, it hasto go througha portalandthuswe only
needto determinef the portalsarevisible betweerthem. For
eachcell, theadjaceng graphis utilized to generatgortal se-
guencesvhicharethen’stabbedwith thesightline.For exam-
ple, thetreeon theright of Figure 10 shavs the cellsthatare
visible from cell A. Thecellsthatarereachedy thesightlines
containthe potentiallyvisible set(PVS)for ary givencell and
is storedwith it.

During aninteractve walkthroughthe cell-to-cell visibility
can be further dynamically culled using the view volume of
the obsenrer, producinga supersebf the visible scenedata,
the eye-to-cellvisibility [38]. A cellis visibleif all of thefol-
lowing aretrue: it is in the view volume, all cells alongthe
stabtreearein theview volume,all portalsalongthe stabtree
arein theview volume,anda sightlinewithin theview volume
existsthroughthe portals. Althoughwe might decideto apply
only someof thesetests the geoméry containedn eachvisi-



Figure 11: Resultsfrom [89] shaving the potentially visible
setfrom agivencell. Courtesyof SethTeller, UC, Berkeley.

ble cell is neverthelesspassediown the graphicspipelinefor
rendering.

In [86, 88], Teller describestechnique for extending his
original 2D framework to 3D ervironments,using a parame-
terizationof line space.Doing so exactly, requiressubstantial
mathematicakophisticatiorbeyond whatis necessaryor the
2D case andbeyond the scopeof this surey to describe. We
refertheinterestedeaderto his seminalPh.D.thesis[86].

However, Telleralsopropose€omputingaconserative ap-
proximation of the visible region [86, 87] through arbitrary
portalsin 3D. As eachportal is addedto the sequencethe
separatingplanesbounding the visibility region are updated
Theseseparatingplanesbetweerthe portalscorrespod to vi-
sual events. For eachedgeof the sequene of portals,only
the extremal separatingplaneis considered.lt is a consera-
tive approximationbecausesomecomple non-plana visual
eventsarenot considered.

More recently Jimenezet al. [52] propcsedan alternatve
methodto computeconserative visibility throughasetof por-
tals. Like Teller's exacttechnique [86,88], they performcom-
putationsin line space.

5 Point-based object-precis ion meth-
ods

In this section,we review several algorithmswhich primarily

performvisibility computationsn objectprecision.They rely

ontheidentificationof big occludersor cellsandportals.They

have the adwantag that all computationscan be performed
by the CPU, alleviating the needfor communcation with the
graphicshardwarethatimage-precisionmethodg(suneyedin

the next section)usuallyexhibit. However, large occludes or

portalsarenot alwayseasyto find, andthesemethodsareusu-
ally lesseffective at performingocclude fusion.

5.1 Cells and portals

Luebke and Geoges [63] propcse a point-basd cell-and-
portal techniqe, basedon an earlieridea of Jones[53] and
on the from-region methodsdiscussedn the previous sec-
tion[1, 86]. Insteadof precompting for eachcell a setof po-
tentially visible geometryLueble andGeogesperformanon-
the-fly recursve depth-firsttraversalof the cellsusingscreen-
spaceprojectionsof the portalswhich overestimatehe portal
sequencesandperformconserative occlusionculling.

Theiralgorithmworksasfollows. First, the cell which con-
tainsthevieweris renderedandits portalswhich areinsidethe
view frustumidentified. Clearly, ary remainingvisible geom-
etry hasto lie insidethe projectionof thoseportals. Thealgo-
rithm overestimatethe portalsby usingtheaxial 2D boundng
box of the projectedverticesof eachportal. Then,the same
procedures repeatedor the cells adjacento the portals. At
eachstep,the new portalsareclippedagainsthe pre-&isting
portals,leadingto smallerandsmallervisible “windows”, un-
til novisible portalremains.

Thistechniqie is simpleandquite effective, andthe source
code (an SGI Performerlibrary) is available for download
from Lueble's webpage.!

Hong et al. [50] useanimage-baed portal techniquesim-
ilar to the work of Lueblke and Geoges[63] to be ableto fly
througha virtual humancolonin real-time. The colonis par
titionedinto cellsat preprocessingndtheseareusedto accel-
eratethe occlusion with the help of a Z-buffer atrun-time.

5.2 Large convex occluders

Thework of Coorg andTeller[24,25] computegheocclusion
causedby a subsetof large corvex occlucers. Occluderfu-
sionis notreally handled but they take advantage of temporal
coherencéy trackinga subsebf visual events,which allows
themto checkthe visibility statusof occludeesonly whenit
actuallychanges

They characterizehe occlusionof a corvex occludeeby
a single corvex occlucer usingthe separatingand suppating
planesbetweenthem (seeFigure 8), andthe relative position
of the viewer with respectto thoseplanes. The basicideais
thatif anobsener is betweenthe supporting planes,and be-
hind oneof the objects,thenit is not possibleto seethe other
object;suchis thecasef anobsereris in region 3in Figure8.

In [24], atechnique is propassedwhich incrementallycom-
putesa (small) set of visual events where visibility chang
happensgffectively tracking visibility eventsamongobjects
asthe usermovesandthe visual relationshipsamongobjects
change. In effect, the algorithmis implicitly constructinga
linearizedportion of the aspectgraphasthe usermoves. In
principle, a very large numberof visual eventswould needto
be consideed, but in their paperCoorg and Teller shav how
to drasticallylimit the numberof visualrelationshipsy only
consideringa subsetof the silhouetteedgesand verticesof
therelevantprimitives. The efficiency of thealgorithmis fur-
therimproved by using objecthierarchiesbasedon octrees)
to hande the potentialquadatic compleity computationkin-
creaseThedynamictrackingof thevisualevertsis costlyand
(seemdo be)hardto implement.

1pfportds canbe obtanedat http:/pfPortds.cs.viginia.edu.



In [25], Cooig and Teller propcse an improved algorithm.
Instead of keepng a large numbe of continuas visibil-
ity events, as the usermoves, their algorithm usesa view-
depenant set of occluders(which are determinedin a pre-
processingtep— seebelav), which areusedto cull therestof
thescene.

For efficiengy, thescends insertednto anobjecthierarchy
andthe occludersareusedto determinewhich portionsof the
hierarchycanbe pruned,andnot rendered Theactualvisibil-
ity computationis performedhierarchically andthe visibility
testsare performedbetweenthe pre-selectedonvex occlud-
ersandthe boundng boxesof the hierarchy Their occlusion
testis efficient, andusesa conserative estimateof the sepa-
ratingandsupportingplanesby only consideringedgesof the
occluderandverticesof theoccludee(i.e. boundng box).

Their algorithmusesa limited form of occlusionfusionin
which it is ableto fuse conrectedoccluderswhosesilhouette
with respecto theviewpointis corvex. In ary casetheirtech-
niqueis mostsuitablefor usein thepresencef largeoccluders
in the scene.In their preprocessinghey selectobjectswith a
largeprojectedareain imagespaceo beoccludersTo dothis,
they proposea simplemetricbasedn approximatinghesolid
anglesubtendedby anobject:

ZL

—A(N-V)
=
[ID]|

whereA isthe aregof theoccluderN thenormal,V theview-
ing direction,andD thevectorfrom theviewpointto thecenter
of theoccluder

5.3 Culling using shadow frusta

A similar way to look at occlusionrelationshipsijs to usethe

fact that a viewer cannad seethe occludeeif it is inside the

shadev generatedy the occluder Hudsm etal. [51] propose
anapproachbasedndynamicallychoosingasetof occlucers,
and computingtheir shadaev frusta, which is usedfor culling

theboundng boxesof a hierarchyof objects.

The way Hudsonet al. determinewhich partsof the hi-
erarchyare occludel is differentto that of Coolg and Teller.
For eachof the n bestoccludes that fall within the view
frustum, the authorsbuild a shadev frustumusingthe view-
point asthe apex andpassinghroughthe occludersilhouette.
The scenehierarchyis testedtop-davn againsteachof these
shadaev frusta.If anodeof the hierarchyis foundto betotally
enclosedy oneof thefrustathenit is occludedandhene dis-
carded(for this frame). If it is found not to intersectary of
themthenit totally visible andall the objectsbelow it areren-
dered.If however it partially overlapseven oneof themthen
its children needto be further tested. Interferencedetection
technigus areusedfor speedingup thetests.

In practice,Hudsonet al. precomputeand storeinforma-
tion for occluderselection Besidegshe Cooig andTellersolid-
angleheuristic they alsopropcsetakinginto accounthedepth
compleity andcoherencef theoccludersThey useaspatial
partitionof thesceneandfor eachcell, identifyingtheocclud-
ersthatwill be usedanytime the viewpointis insidethatcell,
andstorethemfor lateruse.

5.4 BSP tree culling

The methoddescribedn Hudsonet al. [51] canbeimproved
usingBSPtrees.Bittner etal. [13] combinethe shadav frusta
of theoccludes into anocclusiontree Thisis donein avery
similarway to the Shadav VolumeBSPtree(SVBSP)of Chin
andFeiner[16]. Thetreestartsasasinglelit (visible)leafand
occludersareinsertedjn turn,into it. If anoccluderreaches
lit leaf thenit augmentghetreewith its shadaev frustum;if it
reaches shadwed(invisible) leafthenit is justignoredsince
it meanst alreadyliesin anoccludedregion. Oncethetreeis
built, the scenehierarchycanbe comparedwith it. The cube
representinghetop of the scenehierarchyis insertedinto the
tree.If it is foundto befully visible or fully occludel thenwe
stopandactappropriatelyotherwisdts childrenarecompaed
with theocclusiontreerecursvely. Thismethodhasanadwan-
tageover Hudsonet al. [51] sinceinsteadof comparingthe
scenewith eachof the N shadev frusta, it is comparedwith
onetreewith an O(logN) expecteddepth(potentially O(N)),
while takingin into accountoccluderfusion.

The above techniqgie is conserative; an alternatve exact
methodwas proposedmuch earlierby Naylor [68]. Thatin-
volved a meging of the occlusiontreewith the BSPtreerep-
resentinghe sceneggeometry

6 Point-based tech-

niques

image-precision

As thenamesuggestémage-precisioralgorithmsperformthe
culling at the discreterepresentatiorf the image. The key
featurein thesealgorithmsis thatduringrenderingof thescene
theimagegetsfilled up andsubsequet objectscanbe culled
away quickly by the already-filledpartsof the images.Since
they operateon a discretearray of finite resolutionthey also
tend to be simpler to implementand more robust than the
object-precisiorones,which cansometimessuffer numerical
precisionproblems.
Approximatesolutionscanalsobeproducedy someof the
image-precisioralgorithmsby classifyingthem as occludel
geometrypartswhich arevisible throughaninsignificantpixel
count. Thisinvariablyresultsin anincreasen runningspeed.
When the scenesare composd of mary small primi-
tiveswithoutwell-definedlarge occludesthenperformingthe
culling in image-precisiorbecomesnoreattractive. The pro-
jectionsof mary smallandindividually insignificantoccluders
canbeaccumulatedn theimageusingstandardyraphicsras-
terizing hardware, to cover a significantportion of theimage
which canthenbeusedfor culling. Anotheradvartageof these
methodss thattheoccluderddonothave to bepolyhedral; any
objectthatcanberasterizeccanbeused.

6.1 Ray casting

Oneof the simplestforms of animagesynthesisalgorithmis
known asray casting. Herethe imageis generatedy deter
miningwhich objectof thescends visible from eachpixel. By
castingaray thatemanate$rom the eye andpasseshrougha
pixel toward the scene the closestobjectit intersectsdeter
minesthe contentof the pixel. One of the nice propertiesof
this simple conceptis that it never rendersan occludel part



of the scene.The downsideof usingray castingasanimage
synthesigechniquds its high compleity. A naive implemen-
tation requireseachray to apply an intersectioncalculation
with eachof the objectsin the scene.However, whenaccel-
erationmethodsare usedthe renderingis in a back-to-fron

orderthat performsa naturalocclusion. Thus, it canbe ex-

tremely fast[7, 8,20,22,71]. In fact, Wald, Slusallek,and
colleagueq91-93] recentlydeveloped an extremely fastray
tracerwhich is ableto rendervery large scenessuchasthe
12.5million triangle Ponver Plantmodelfrom the University
of North Carolinainteractvely by usingonly a handful(actu-
ally, seven) of PCsatvideoresolutiong640by 480).

6.2 Hierarchical Z-buffer

The HierarchicalZ-buffer (HZB) [47,48] is an extensionof

thepopularHSRmethod theZ-buffer. It builds uponthetech-
niqueby Meaghei64] for efficient displayof octrees.It uses
two hierarchiesanoctreein object-precisioranda Z-pyramid

in image-precision.The Z-pyramid is a layeredbuffer with

a differentresolutionat eachlevel. At the finestlevel it is

just the contentof the Z-buffer; eachcoarserevel is created
by halvingtheresolutionin eachdimensionandeachelement
holdingthefurthestZ-valuein thecorrespmding2x 2 window

of the finer level belon. This is doneall the way to the top,

wherethereis just onevalue corresponihg to the furthestz-

valuein the buffer. During scan-comersionof the primitives,
if the conters of the Z-buffer changethenthe new Z-values
arepropagatedip the pyramidto the coarsefevels.

In [47] the sceneis arrangedinto an octreewhich is tra-
versedtop-davn front-to-backandeachnodeis testedfor oc-
clusion. If atary pointanodeis foundto be occludedthenit
is skipped;otherwiseits childrenarerecursvely tested. Any
primitives associatedvith a non-ocludedleaf nodeareren-
deredandthe Z-pyramid is updated To determinewhethera
nodeis visible, eachof its faceds testechierarchicallyagainst
the Z-pyramid. Startingfrom the coarsestevel, the neares-
valueof thefaceis comparedvith the valuein the Z-pyramid.
If thefaceis foundto befurtheraway thenit is occluded oth-
erwiseit recursvely descenddown to finerlevelsuntil its vis-
ibility canbedetermined.

To allow for real-timeperformarce, a modificationof the
hardware Z-buffer is suggestedhat allows for much of the
culling processingo be donein the hardware. The process
canalsobe somavhat acceleratedhroughthe use of tempo-
ral coherene, by first renderingthe geometrythatwasvisible
from the previous frame and building the Z-pyramid from its
Z-buffer.

In [42, 43] Greenepresentssereral optimizationsto the
original HZB. An extendedaccountof this work is presented
in [44]. In this laterwork, Greeneproposes variationof the
original techniquesuitablefor hardwareimplementationthat
is shavn to be very efficient with respectto the bandwidth
necessaryo updatethe Z-buffer.

In [45], Greeneshaws a simple techniquefor supporting
non-corsenative culling with a HZB. The basicidea is to
changethe propagationrschemefor the Z-buffer bounds,that
is, insteadof propagatinghefarthestz valuethroughthe pyra-
mid, Greeneproposeso propagatehe eth-to-the-airthestz-
value,whereeis a userdefinedparameter

6.3 Hierarchic al occlusion map

Thehierarchicabcclusionmapmethod[98] is similarin prin-
cipleto theHZB, thoughit wasdesignedo work with current
graphicshardware. In orderto do this, it decowlesthe vis-
ibility testinto an overlaptest(do the occlucers overlap the
occludeein screenspacey anda depthtest(arethe occluder
closer?). It also suppats approximatevisibility culling; ob-
jectsthat arevisible throughonly a few pixels canbe culled
usinganopagty threshold.

The occlusion is arrangedhierarchically in a structure
calledtheHierarchical OcclusionMap (HOM) andthebourd-
ing volume hierarchyof the sceneis testedagainstit. How-
ever, unlike the HZB, the HOM storesonly opadty informa-
tion while the distanceof the occlucers (Z-values)is stored
separatelyThealgorithmthenneedgo indepenently testob-
jectsfor overlap with occluded regions of the HOM and for
depth.

During preprocessinga databasef potentialoccludersis
assembled.Thenat run-time, for eachframe, the algorithm
performstwo steps:constructionof the HOM and occlusion
culling of the scenegeoméry usingthe HOM.

To build theHOM, alarge setof occluderss selectedrom
the occlude databasendrenderednto the frame-huffer. At
this point only occupancy informationis required;therefore
texturing, lighting and Z-buffering areall turnedoff. The oc-
cludersarerenderedaspurewhite onablackbackgound.The
resultis readfrom the buffer andformsthe highestresolution
in the occlusionmap hierarchy The coarserlevels are cre-
atedby averagingsquare®of 2x 2 pixelsto form amapwhich
hashalf theresolutionon eachdimension.Texturing hardware
canprovide someacceleratiorof the averagingif the size of
themapis largeenowgh to warrantthe set-upcostof the hard-
ware. As we proceedto coarserevels the pixels arenot just
black or white (occludel or visible) but canbe shadef grey.
Theintensityof a pixel atsuchalevel shavs the opacityof the
corresponihg region.

Figure12: A hierarchyof occlusionmapscreatedby recur
sively averagingblocksof pixels. Courtesyof Hansomy Zhang,
UNC.

An object is testedfor occlusion by first projecting its
boundirg box onto the screenandfinding the level in the hi-
erarchywherethe pixels have approdmately the samesizeas
the extent of the projectedbox. If the box overlapspixels of
the HOM which are not opaque, it meansthat the box can-
not be culled. If the pixelsareopaque(or have opacityabore
thespecifiedhresholdvhenapproximatevisibility is enabled)
thentheobjectis projectedonaregion of theimagethatis cov-



ered. In this casea depthtestis neededo determinewhether
theobjectis behindthe occluders.

In paper98] anumter of methodsareproposedor testing
thedepthof theobjectsagainsthatof theoccludes. Thesim-
plesttestmalesuseof aplaneplacedbehindall theoccludes;
ary objectthat passeghe opacitytestis compaed with this.
Although this is fastand simpleit canbe over-conserative.
An alternatve is the depthestimationbuffer wherethe screen
spaceis partitionedinto a setof regionsanda separatelane
is usedfor eachregion of the partition.

For efficiengy reasonsthefinestlevel of the occlusionmap
is usually coarserthanthe image. This could resultin sam-
pling artifactsalongsilhouettesandthusin non-congnative
results.However, the authorsreportthatthis usuallydoesnot
occurin practice.

6.4 Directional discretiz ed occluders

Thedirectionaldiscretizedccluders(DDOs)approab is sim-
ilar to the HZB and HOM methodsin thatit also usesboth
object-andimage-spae hierarchiesBernardinietal. [12] in-
troducea methodto geneate efficient occludersfor a given
viewpoint. Theseoccludersarethenusedto recursvely cull
octreenodesduring renderingsimilarly to HZB andHOM.

In thepreprocessg stagetheinputmodelis appraiimated
with anoctreeandsimple,view-depemlentpolygonal occlud-
ers are computedto replacethe comple input geometryin
subseqant visibility queries. Eachfaceof every cell of the
octreeis regardedasa potentialocclude andthe solid angles
spanningeachof the two halfspacen the two sidesof the
facearepartitionedinto regions. For eachregion, a flag indi-
cateswhetherthat faceis a valid occlucer for ary viewpoint
containedin thatregion. Eachsquare axis-alignedfaceis a
view-depemlentpolygoral occlude thatcanbe usedin place
of theoriginal geometryin subsequet visibility queries.

Figure13is atwo-dimensiol illustration of the DDO ap-
proach. The grid is a discretizationof the spacesurrourding
the scene;it represent®ur octreenodes. The input geome-
try, A andB, is shavn usingdashedines. For the purposeof
occlusionculling, the geometryA canbe replacedby a sim-
plerobject(shavn usingthick solid lines)whichis a subsebf
the grid edgesthatis, the octreefaces.Thetwo figuresshav
the samescenerom differentviewpointsandview directions.
Notethatthe subsebf grid edgeghatcanactasoccludergin
placeof geometryA) changsastheviewpointchanges.

The prepro@ssingstageis expersive, and may take in the
orderof hoursfor modelscontaininghundredsof thousads
of polygons. However, the computedocclucersare all axis-
alignedsquaresafactthatcanbe exploitedto designefficient
datastructuresfor visibility queries. The memoryoverhead
of the methodis only six bitmasksper octreenode. Culling
methodswhich needto pre-selectargeocclucers,(e.g. Coorg
andTeller[25]), or which pre-reneroccludergo compue oc-
clusionmaps,(e.g. Zhangetal. [99]), could benefitfrom the
DDO prepro@ssingstepto reducethe overheadof visibility
tests.

6.5 OpenGL-assisted occlusion culling

Bartz et al. in [10,11] describea differentimage-precision
culling method.Thehierarchicarepresetationof thescends

Figure13: lllustrationof the DDO approah. Theinputgeom-
etry, AandB, is dravn asdashedines. Thevalid occlucdersfor
thetwo viewpointsareshavn asthick solid lines. Courtesyof
JameKlosowski, IBM.

testedagainstheoccludedpartof theimage whichresembles
theHZB andtheHOM. However, in contrasto thesemethods,
thereis no hierarchicalrepresentationf the occlusion rather

OpenGLcallsareusedto do thetesting.

To testfor occlusion,a separatebuffer, the virtual occlu-
sion buffer, is associatedwvith the frame-huffer to detectthe
possiblecontribution of ary objectto the frame-huffer. This
is implementedwith a stencilbuffer. The boundng boxes of
the sceneare hierarchicallysentdown the graphicspipeline.
As they arerasterizedthe correspoding pixels aresetin the
virtual occlusian buffer wheneer the Z-buffer testsucceeds.
The frame-huffer andthe Z-buffer remainunalteredthrough-
out this processsincethe renderingof the boundng boxesis
usedjustto querythe hardwarefor visibility information.

The virtual occlusionbuffer is thenread and ary bourd-
ing box that hasa footprintin it is consideredo be (at least
partially) visible andthe primitiveswithin it canberendered.
Sincethe operationof readingthe virtual occlusionbuffer can
beveryexpensve,it wasproposedo samplat by readingonly
spandrom it. The samplinginevitably makesthe algorithma
non-congnative test.

The performanceof the algorithmdepend on the relative
costof readingthe virtual occlusionbuffer. With commonad-
vancedgraphicsboard the set-upfor readingthe buffer is a
significantportion of the overall time, reducingthe usefulness
of themethod.

6.6 Hardware-assisted occlusion culling

Hardwarevendorshave startecadoptingocclusion-cullingea-
turesinto their desigrs. Thesearebasedn afeedbacKkoop to
the hardware which is able to checkwhetherary chang is
madeto the Z-buffer whenscan-cowerting a given primitive.
Using this hardware featurecan avoid renderinga very com-
plex setmodelby first checkingwhetherit is potentiallyvisi-
ble, for example,by checkng whetheran enclosingprimitive
(e.g.,a boundng box or an enclosingk-dop [55]) is visible,



andonly renderingthe actualobjectif the simplerenclosing
objectis indeedvisible. Othervenda's provide a similar func-
tionality by simply addinginstrumentatiorcapabilitiesto the
hardwarewhich is ableto countthe fragmentswhich passthe
depthtest(e.g.,[77-79]).

Severson[78] estimateshatperforminganocclusion-agiery
with a boundingbox of an object using feedbacksrom the
graphicscardis equivalentto renderingabout19025-pixel tri-
angles.This indicatesthata naive appro&h whereobjectsare
constantlychecled for occlusionmight actually hurt perfor
mance andnotachieve thefull potentialof thegraphicsboard.
In fact,it is possibleto slow down the fx6 consideraly if one
is unlucky enowh to projectthe polygonsin a back-to-fron
order(becaus noneof the primitiveswould be occluded.

Researcherf9, 54] have explored waysto minimize such
visibility queries. In general,by renderingprimitivesin a
front-to-backordet one canpotentiallyminimize the number
of necessarpardware queries.Bartzet al. [9] studiesthe use
of k-DOPs[55] for speedingup occlusion-clling queriesin
sucharchitectures.

In their recent offerings, vendrs have improved the
occlusion-clling featuresby performing several occlusion
culling queriesin parallel[26], or loweringthe memoryband-
width requiredfor updaing the Z-values[66] (which they
claimis the largestuserof bandwidthon their cardswith tex-
turefetching). Therearealsoreportson the partialimplemen-
tationof thehierarchicalZ-buffer of Greeneetal. [47] in hard-
ware.

6.7 Approximate volumetric visibility

Oneapproab to approdmatevisibility is basednusingavol-

umetricrepresentatiorthatis, insteadof performinggeomet-
ric visibility computationspne cancomputea volumewhich

hasintrinsic propertiesrelatedto the “density” of geometryin

the ervironmert, and approximatethe visibility betweenre-

gionsby compuing thevolumeopacitybetweerregions. This
approachwasfirst proposel by Sillion [80] in the contet of

speedingip visibility computatios for aradiositysystemand
extendedin [81] into a multi-resolutionframenork. Volumet-
ric visibility wasindepenantly developed by Klosowski and
Silva[56,57]in their PLPsystem(seebelaw), whereit is used
to roughly estimatethe order of projectionof the geomery.

The Prioritized-LayeredProjection(PLP) algorithm [56,57],

is an approximateocclusiorculling techniqe. Ratherthan
performinganexpersive consevative visibility determination,
PLPis anaggressie culling algorithmthat estimateghe vis-

ible primitivesfor a given viewpoint, and only rendersthose
primitivesthatit determinego be mostlikely visible, upto a

userspecifiedbudget.

Consegently, PLPis suitablefor generaing partially cor
rectimagesfor usein a time-critical renderingsystem. PLP
works by initially creatinga partition of the spaceoccupied
by the geometricprimitives. Eachcell in the partitionis then
assignedduringtherenderingoop, a proballistic valueindi-
catinghow likely it is thatthe cell is visible, giventhe current
viewpoint, view direction, and geoméry in the neightoring
cells. Theintuitive ideabehindthealgorithmis thatacell con-
taining much geometryis likely to occludethe cells behind
it. At eachpoint of the algorithm, PLP maintainsa priority
gueue,also called the front, which determineswhich cell is

mostlikely to bevisible andthereforeprojectednext by theal-
gorithm. As cellsareprojected the geometryassociatedvith
thosecellsis rendereduntil the algorithmrunsout of time or
reachests limit of renderedorimitives. At the sametime, the
neighboringcellsof therendereatell areinsertednto thefront
with appropiate probablistic values. PLP performseffective
visibility estimationby schedulingthe projectionof cells as
they areinsertedn thefront.

In [54], Klosowski and Silva extendtheir work into a con-
senative techniqueby usingimage-precisiortechnigles. The
new algorithmprovidesanefficientway of findingtheremain-
ing visible primitivesby addinga secondphaseto PLPwhich
usesimage-precisiortechnigwes for determiningthe visibil-
ity statusof the remaininggeometry Anothercontrikbution of
thatwork is to shaw how to efficiently implementsuchimage-
precisionvisibility queriesusingcurrently available OpenGL
hardwareandextensions.

El-Sanaetal.[33] presenainapproab thatintegratesocclu-
sion culling within the view-depementrenderingframenork.
View-dependentenderingprovides the ability to changethe
level of detail over the surface seamlesslyand smoothlyin
real-time. The exclusive use of view-parametergo perform
level-of-detail selectioncauseseven occludedregions to be
renderedwith a high level of detail. The authorsovercome
this dravback by integrating occlusionculling into the level
selectionmechaism. Becausecomputingexact visibility is
expensve andit is currentlynot possibleto performthis com-
putationin realtime, they usean approximatevisibility esti-
mationtechniquenstead.

6.8 Occluder shado w footprints

Marny 3D scenesave in factonly two anda half dimensions.
Sucha scends calledaterrain or heightfield, i.e.,a function
z= f(x,y). Wonkaand Schmalstig [94] exploit this charac-
teristicto compue occlusionswith respecto a point usinga
Z-buffer with atop parallelview of ascene.

Considerthe situationdepictedin Figure 14 (side view).
They call the part of the scenehiddenby the occluderfrom
the viewpoint the occludershadav (asif the viewpoint were
alight source).This occludershadowis delimitedby wedges.
The projectionof suchawedgeon thefloor is calledthe foot-
print,andanoccluckeeis hidden by theoccluderif it liesonthe
shadav footprintandif it is belon theedge.

The Z-buffer is usedto scan-cowert and storethe height
of the shadev footprints,usingan orthographicop view (see
Figure14). An objectis hiddenif its projectionfrom above
is on a shadowfootprintandif it is belowthe shadev wedges
i.e.,if it is occluded by thefootprintsin thetop view.

6.9 Discussion

Onedravbackcommonto mostof thetechniquesiescribedn
this sectionis thatthey rely on beingableto readinformation
from thegraphicshardware.Unfortunatelyin mostcurrentar-
chitecturesusingary sortof feedbak from thegraphicshard-
wareis quite slowv andplacesa limit on the achiezable frame
rateof suchtechniques. As Bartzetal. [10] shaw, thesemeth-
ods are usually only effective whenthe scenecompleity is
above alargethreshold.
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Figure14: Occludershadev footprints. A projectionfrom above is usedto detectocclusion.Objectsarehiddenif they arebelav
the occludershadowsThefootprints(with height)of the occludel regionsarerasterizedisinga Z-buffer. Depthis representeds
grey levels. Notethegradient in thefootprint dueto the slopeof thewedge.

An often overlooked problemis thatof lateny andrender
ing pipeline. Indeed mostof thesemethodsassumethat the
drawing andculling stagesaresynchronous thatis, thegraph-
ics hardware andthe applicationwork simultaneouslyon the
sameframe. Unfortunately this is not necessarilythe casein
modernreal-time APIs [74], wherethreepipeline stagescan
berunin parallelon threedifferentframes:applicationscene
managerant,cull anddraw. In this case readingfrom the Z-
buffer for culling would usetheinformationfrom the previous
frame.

7 Generic from-region visibility

In atypical visibility culling algorithmthe occlusionis tested
from a point [25,51]. Thus,thesealgorithmsare appliedin
eachframe during the interactve walkthrough. A promising
alternatve is to find the PVSfrom aregion or view cell, rather
thanfrom a point. The computationcostof the PVS from a
view cell would thenbe amortizedover all the framesgener
atedfrom the given view cell. As aforemetioned, the pre-
dictive capabilitiesof from-region methodsarecrucialfor pre-
fetching.

Effective methodshave beendeveloped for indoor scenes
[37,89], but for generd scenesthe computationof the visi-
bility setfrom a region is more involved than from a point.
Samplingthe visibility from a numberof view pointswithin
theregion [41] yields anapproximated®VS,which maythen
causainaceptabldlickeringartifactsduringthewalkthrough
Conserative methodswere introduced in [21, 75] which are
basedon the occlusionof individua large corvex objects.

In thesemethodsa given objector collection of objectsis
culled away if andonly if they arefully occludel by a single
corvex occluder It wasshavn thata corvex occluceris effec-
tive only if it is largerthanthe view cell [67]. However, this
conditionis rarely metin real applications.For example,the
objectsin Figure 15 aresmallerthanthe view cell, andtheir
umbrae(with respecto the view cell) arerathersmall. Their
union doesnot occludea significantportion of the sceng(see
in (a)), while their aggregateumbrais large (seein (b)).

Recentlynew techniquesveredevelopedin whichthevisi-
bility culling from aregionis basedbnthecombinedocclusion
of a collectionof objects(occluderfusion). The collectionor
clusterof objectsthat contritutesto the aggreate occlusion
hasto be neitherconnectedhor corvex. The effective from-
region culling of thesetechniqus is significantly larger than
previous from-region visibility methods. Below, five tech-
niquesaredescribedollowed by a discussion.

7.1 Conser vative volumetric visibility with oc-
cluder fusion

Schaufleetal. [76] introducea conserative techniquefor the
computationof view cell visibility. The methodoperatesn a
discreterepresentationf spaceandusegsheopaquenterior of
objectsasoccluders.This choiceof occludersfacilitatestheir
extensioninto adjacentopadue regions of space,in essence,
maximizingtheir sizeandimpact.

Themethodefficiently detectsandrepresenttheregionsof
spacehiddenby occludersandis the first to usethe property
thatoccluderscanalsobe extendednto emptyspaceprovided
this spacsdtself is occludedfrom the view cell. Thisis proved
to be effective for computingthe occlusionby a setof occlud-
ers,successfullyealizingocclude fusion.

Initially, the boundary of objectsis rasterizednto the dis-
cretizationof spaceand the interior of theseboundaies is
filled with opaquevoxels. For eachview cell, theocclusionde-
tectionalgorithmiteratesovertheseopagie voxels,andgroups
themwith adjacenbpaquevoxelsinto effective blockers. Sub-
sequentlya shaftis constructedaroundthe view cell andthe
blocker to delimit the region of spacehiddenby the blocker.
Thecorresponihg voxelsaremarkedasoccluded As regions
of spacehave alreadybeenfoundto be hiddenfrom the view
cell, extensionof blockers into neighbaing voxels can also
proceedinto thesehidden regions realizing occluderfusion
with all the occluderswvhich causedhis region to be hidden.

As an optimization, opaquevoxels are usedin the order
from large to smallandfrom front to back. Occludedopaque
voxelsarenot consideredurtherasblockers.
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Figure15: (a) Theunionof the umbraeof theindividual objectsis insignificant.(b) But their aggr@ateumbrais largeandcanbe
representedby a singlevirtual occlude. (c) Theindividual umbrae(with respecto the yellow view cell) of objectsl, 2 and3 do
notintersectput yettheir occlusioncanbe aggreyatedinto alargerumbra.)

To recover the visibility statusof objectsin the original
scenedescription,the spacethey occupy is looked up in the
spatialdatastructureand, if all the voxels intersectedoy the
objectareclassifiedashidden the objectis guararieedto be
hiddenaswell.

Theauthorspresenspecializedrersionsfor thecaseof 2D
and?2.5D visibility, and motivatethe easeof extensionto 3D:
becauseonly two corvex objectsat a time are consideredn
thevisibility classification(theview cell andtheoccluder) the
usualdifficulties of extendingvisibility algorithmsfrom 2D to
3D, causedby triple-edgeevents,are avoided. Exampleap-
plicationsdescribedn thepape includevisibility preprocess-
ing for real-timewalkthroughsandreductionin the numberof
shadaev raysrequiredby aray-tracer(see[76] for details).

7.2 Conser vative visibility preprocessing us-
ing extended projections

Durandetal. [31] (seealso[62]) presentinextensionof point-
basedimage-precisiormethodssuchasthe HierarchicalOc-
clusion Maps[99] or the HierarchicalZ-buffer [47] to volu-
metricvisibility from aview cell, in thecontet of preprocess-
ing PVScompuation. Occludersandoccludeesareprojected
ontoaplane,andanoccludees declaredhiddenif its projec-
tion is completelycoveredby the cumulatize projectionof oc-
cluders(andif it lies behind).The projectionis hovever more
involvedin the caseof volumetricvisibility: to ensureconser
vativenessthe ExtendedProjectionof anocclude underesti-
matesits projectionfrom ary pointin the viewcell, while the
extendedprojectionof anoccludeeis an overestimation(see
Figure 16(a)). A discrete(but conseretive) pixel-basedep-
resentatiorof extendel projectionsis used calledanextended
depthmap Extendedprojectionsof multiple occluders ag-

gregate,allowing occlude-fusion. For corvex viewcells, the
extendedprojectionof acorvex occluderis theintersectiorof

its projectionsfrom the verticesof the cell. This canbe com-

putedefficiently usingthe graphicshardware (stencil buffer)

anda conservatie rasterization Concae occluderdntersect-
ing the projectionplanearesliced(see[31] for details).

A singlesetof six projectionplanescanbeused.asdemon-
stratedby an exampleinvolving a city databaseThe position
of theprojectionplaneis however crucialfor the effectiveness
of extendedprojections. This is why a reprojectionoperator
was developed for hard-to-treatcases. It permitsa group of
occludersto be projectedonto one planewherethey aggre-
gate,andthenreprojectghis aggr@atedrepresentatioontoa
new projectionplane(seeFigure 16(b)). This reprojectionis
usedto defineanocclusion-swepwherethe scends sweptby
parallelplanesleaving the cell. The cumulatie occlusionob-
tainedon the currentplaneis reprojectedbnto the next plane
aswell asnew occludersThis allows the handlingof very dif-
ferentcasesuchasthe occlusioncausedy leavesin aforest.

7.3 Virtual occluders

Koltun et al. [58] introducethe notion of from-region virtual
occludersandproposea 2.5D implementationGivenascene
andaview cell, avirtual occluderis aview-depement(simple)
convex object,which is guarartieedto be fully occludedfrom
ary given point within the view cell andwhich senesasan
effective occluderfrom the givenview cell. Virtual occluders
compactlyrepresehthe aggr@ateocclusionfor a given cell.
Theintroductionof suchview-dependentvirtual occlucersen-
ablesapplyingan effective from-region culling technigwe and
efficiently computinga potentialvisibility setfrom acell. The
paperpresentsan object-precisiortechniquethat synthesizes



extended

projection | QQQ[u

ofthe - QQQ

occluder’
extended
projection
of the
occludee

Pl

(2)

(b)

Figurel16: (a) Principleof ExtendedProjections The ExtendedProjectionof the occluderis the intersectiorof its projectionsfrom
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ontoplanel, thenreprojectthis aggregateprojectiononto plane2.

suchvirtual occludersby aggreatingthe visibility of a setof
individual occluckrs. It is shavn thatonly asmallsetof virtual
occluderds requiredto computethe PVSefficiently on-the-fly
duringthereal-timewalkthroudh.

In the preprocessig stageseveral objectsareidentified as
seedobjects.For eachseedobject,a clusterof nearbyobjects
is construtedsothata singlevirtual occlucer faithfully repre-
sentsthe occlusionof this clusterof objects.At first, the clus-
teris definedto includeonly the seedobject. Then,iteratively,
at eachstep,more objectswhich satisfya geometriccriterion
areaddedto the clusterof occludersthusaugmentinghe ag-
gregateumbraof the cluster The virtual occluderis placed
justbehindthefurthestobjectin the cluster andis completely
containedn theaggrgateumbraof thecluster(seeFiguresl5
and17).

Onevirtual occluderis storedat eachstepof the iteration.
As aresult,attheendof the processthereis alargeandhighly
redundat group of virtual occluders.This groupcanbe well
representethy a small subseof the mosteffective virtual oc-
cluders.

In the real-timerenderingstage the PVS of a view cell is
computedust beforethe walkthroughentersthe view cell. It
is doneby hierarchicallytestingthe scene-graphodesagainst
thevirtual occluders Sinceonly avery smallnumberof them
areused this testis extremelyfast.

The3D problemis solvedby a2.5Dimplementationyhich
provesto be effective for mosttypical scenessuchasurban
andarchitecturatvalkthrougts. The2.5Dimplementatiorper
forms a seriesof slicesin the heightdimension andusesthe
2D algorithmto construct2D virtual occlucersin eachslice.
Theseoccludersarethenextendedto 3D by giving themthe

heightof their respectie slices.

7.4 Occluder fusion for urban walkthr oughs

Wonkaetal. [95] presentinapproactbasedntheobsenation
thatit is possibleto computea conserative approximationof
the umbrafor a view cell from a setof discretepoint sam-
plesplacedon the view cell’s bourdary. A necessarthouch
not sufficient condtion thatan objectis occludedis thatit is
completelycontaina in the intersectionof all samplepoints’
umbrae. Obviously, this condtion is not sufiicient as there
may be viewing positionsbhetweenthe samplepoints where
the consideredbijectis visible.

However, shrinkinganoccluderby € providesasmallerum-
brawith auniqueproperty:anobjectclassifiedasoccludedoy
the shrunkocclude will remainoccludedwith respecto the
original larger occluderwhenmoving the viewpoint no more
thane from its original position.

Consequetly, a point sampleusedtogetherwith a shrunk
occluderis a conserative approxmationfor asmallview cell
with radiuse centeredatthesamplepoint. If the original view
cell is coveredwith samplepoints so that every point on the
bounday is containedin an € -neighbortood of at leastone
samplepoint, then an objectlying in the intersectionof the
umbraefrom all samplepointsis occludedfor the original
view cell. A too small € would require applying too mary
redundahsamplingswhile atoo large € would shrinkthe ob-
jecttoo muchcausingthe visibility to be overly conserative.
Using this idea, multiple occludes canbe consideredsimul-
taneously If the objectis occludedby the joint umbraof the
shrunkoccludersfor every samplepoint of theview cell, it is
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Figurel7: Growing thevirtual occluderdy intersectingobjectswith the active separatingandsupportingines.

occludedfor thewholeview cell. In thatway, occlucer fusion
for an arbitrary numberof occludersis implicitly performed
(seeFigurel8).

They recentlyextendal this methodto online computation
[72]. They proposedan asynchrorousschemewherea visi-
bility senercomputewisibility for aregionarouncthecurrent
viewpointandtransmitst to thedrawing client. Their method
is in factquite generic,it canuseoccludershrinkingwith any
point-basedacclusionculling method.

7.5 Hardware-accelerated using a dual ray
space

Koltunetal. [59] introducea methodthatdrasticallyimproves
from-region techniqesfor scenesepresentedy 2.5D mod-
els, both in termsof accurag and speed. It utilizes a dual
spaceransformenablingvisibility to berepresenteih anal-
ternative two-dimensionakpacewhich allows usinggraphics
hardwarefor rapidly performingvisibility compuation.

The algorithm’s speedand accurag aims at computing
from-regionvisibility on-line, eliminatingthe needfor prepro-
cessingandstoringprohibitive amountsof visibility informa-
tion on the walkthroudh sener. A notableadwantageof the
algorithmis thatit retainsits speedandaccurag even when
appliedto large viewcells.

The algorithm processes modelthat is representedy a
kd-tree.For a givenviewcell, thealgorithmhierarchicallytra-
versesthe treein a top-dovn fashion. For eachnode,the al-
gorithm determinesvhetherthe bourding box of the nodeis
visible from the viewcell. Whenanoccludednodeis reached
therecursionterminates.The fastcell-to-cell visibility deter
minationis the coreof thealgorithm.

The visibility betweentwo cellsis conseratively reduced
to a problemof visibility betweentwo segmentson a plane:
the sourcesegment,representinghe viewcell, andthe tamget
segment, representinghe boundng box of a kd-tree node.
Every ray originatingin the sourcesegment,andintersecting
thetargetsegment,correspodsto asinglepointin abounced
two-dimensioml dual ray space All theraysemanatingrom
the sourcesggmentand passingthrougha seggmentthat rep-
resentoneoccluder form a polygon, which is eithera trape-
zoid or a doule-triangle. This polygon representghe rays
that are blocked by the occluder If the occluderstogether

block all the raysthatemanatdrom the sourcesggment,then
thereis no singlevisibility ray betweerthesourceandthetar
getsggmerns. This canbe determinedby testingwhetherthe
union of the polygons (that correspondo occlucers) covers
theboundel dualray space.

This testcanbe accomplishd conseratively by discretiz-
ing the union of the polygons into a bitmap using graphics
hardware. All the polygons are dravn in white, without Z-
buffering or shading onto aninitially black background. If
a black pixel remains the sourceandtarget segmentsarere-
portedto be mutually visible. The discretizationavoids the
complex analyticcomputationof the union and alleviatesro-
bustnesgproblemscommonin geometricalgorithms. Related
approachscanbefoundin [17,70].

7.6 Discussion

When the visibility from a region is concerned occlusion
causedyy individual occluderdn a generalkettingis insignif-
icant. Thus, it is essentiato take advantageof aggreyateoc-
clusioncausedy groupsof nearbyobjects.Theabove papers
addresghe problemof occlusionaggreyationalsoreferredto
asoccluderfusion.

All five technique areconsenrative; they aggreateocclu-
sionin mostcaseshut notin all possibleones.In sometech-
niquesthecriterionto fusetwo occlucersor to aggreyatetheir
occlusionsis basedon the intersectionof two umbrae.How-
ever, in [58,59,96], more elaboratecriteria are used,which
permitaggrgationof occlusionsevenin caseswherethe um-
braearenotnecessarilyntersectedThesecasesreillustrated
in Figure 15(c). Unfortunately thesemethod do not handle
the3D case.

To copewith the compleity of thevisibility in 3D scenes,
all thetechniques usesomediscretization.

The first methoddiscretizeghe spaceinto voxels, and op-
eratesonly on voxels. This leadsto the underestimatiorof
occlusionwhenthe umbraof occludes s relatively smalland
partially overlapssomelarge voxels, but doesnot completely
containary. The advartageof this appro@h is its generiity:
it canbe appliedto ary representatiomf 3D scenesand not
necessarilypolygonal.

Thesecondnethoddiscretizeghespacen two ways. First,
it projectsall objectsonto a discretesetof projectionplanes,
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and second,the representatiorof objectsin thoseplanesis
alsodiscrete. Moreover, 3D projectionsare replacedby two
2D projections(seeFigure16), to avoid performinganalytical
operationson objectsin 3D space.The adwantageof this al-
gorithmis that,sincemostoperationsareperformedatimage-
precisionthey canbehardware-assistetb shortertheprepro-
cessingime.

The third methodis object-precisioranalyticalin the 2D
case.lt treatsthe 3D caseasa 2.5D sceneand solwvesit by a
seriesof 2D casedby discretizingthe heightdimension. It is
shavn thatin practicethe visibility of 2.5D entitiesapprox-
mateswell thevisibility of the original 3D models.

The forth methodsamplesthe visibility from a view cell
from adiscretenumter of samplepoints. Althoughit underes-
timatesocclusion,it is alsoa conservatie method. This may
be insignificantin the caseof closeand large occluders but
in caseawvherethe occlusionis createdby a large numberof
small occluders the approximationmight be too crude. The
methodof Koltun et al. [59] is a significantsteptowardsthe
computationof from-region visibility in real-time. However,
it only dealswith 2.5D scenesandseemsapplicableto urban
andarchitecturamodelsonly.

Somethinghatcould prove usefulwhencomputingvisibil-
ity from aregion is a methodfor depth-orderingbjectswith
respecto theregion. Finding suchan orderingcanbe a chal-
lengingtask,if atall possible sinceit might vary at different
samplepointsin the givenregion. Chrysantha in [18] (Sec-
tion 3.2) suggests hybrid methodbasedon graphtheoryand
BSPtreeswhich will sorta setof polygors asfar aspossible
andreportunbreakale cycleswherethey arefound.

7.7 Approximate from-region visibility

In [4] a schemeto combire approdmate occlusion culling
with level-of-detail (LOD) techniquess presented.Theidea
is to identify partially-occludel objectsin additionto fully-
occludedones. The assumptioris that partially-occludedb-
jectstake lessspaceon the screenandthereforecanbe ren-
deredusing a lower LOD. The authorsusethe term Hardly-
\isible Set(HVS) to describea setconsistingof bothfully and
partially visible objects.

A setof occlucersis selectecandsimplifiedto a collection
of partially-overlappingboxes. Occlusionculling is performed
from the view cell usingtheseboxesasoccludes to find the
"fully-visible” part of the HVS. It is performedconsideing
only occlusionby individual boxes[21,75]. Thereis noocclu-
sionfusion, but a singlebox may represenseveral connested
occluderobjects.

To compute partially-visible objects, all the occluders
(boxes)areenlagedby a certainsmall degree,andocclusion
culling is performedagain using thesemagnifiedoccluders.
The objectsthat are occluded by the enlaged occludersand
notby theoriginal onesareconsideredo be partially occluded
from theview cell, andarethuscandidateso berenderecata
lowerLOD.

Several parts of the HVS are computedby enlaging the
occludersseveraltimes,eachtime by a differentdegree,thus,
classifyingobjectswith a differentdegreeof visibility. During
real-timerendering,the LOD is selectedwith respectto the
degreeof visibility of the objects.

It shouldbenotedthatthisbasicassumptiorof thedegreeof
visibility is solely heuristic,sincean objectpartially occludel
from aregion doesnot meanit is partially occludel from ary
point within theregion. It could be fully visible at one point



andpartially visible or occluded atanother

In [41] anotherapproximatefrom-region visibility tech-
niqueis proposed Castingraysfrom afive-dimensionaspace
sampleshe visibility. The pape discussefhiowv to minimize
the numbe of rays castto achieve a reliable estimateof the
visibility from aregion.

7.8 The PVS stora ge space problem

PrecomputinghePVSfrom aregionrequiressolvingapromi-
nentspaceproblem. The sceneis partitionedinto view cells
andfor eachcell a PVSis precompted andstoredreadily for
the online renderingstage. Sincethe numberof view cells
is inherently large, the total size of all the visibility setsis
much larger thanthe original size of the scene. Aside for a
few exceptionsthis problemhasnot receved enoughatten-
tion yet. Vande PanneandStevart[90] presentatechniqueo
compresprecompuitedvisibility setsby clusteringobjectsand
view cells of similar behaior. Gotsmanet al. [41] presenta
hierarchicaschemédo encodehevisibility efficiently. Cohen-
Or etal. [21,23] dealwith the transmissiorof visibility sets
from the sener to the clientandin [21,67] discussthe selec-
tion of thebestview cell sizein termsof the sizeof the PVS.

A completelydifferentapproachis taken by Koltun et al.
[58]. The PVS of eachview cell doesnot needto be stored
explicitly. An intermediaterepresentatiothat requiresmuch
lessstoragespacethanthe PVS is createdand usedto gen-
eratethe PVS on-the-fly during rendering In [59] they take
it one stepfurther by attemptingto compue the PVS on the
fly during the walkthrowgh avoiding ary precomptation and
storage.

8 Conclusion

In summary this surwey is our attemptto cover the visibility
literatureasit relatesto walkthroudh applications. Our goal
in writing this paperwasto producea studyguidefor bothre-
searchers&nd practitionersinvolved in writing real-timeren-
dering systems(e.g., compuer games),covering the issues
involved, and the available literature. For this, we suneyed
mostof therelevantvisibility literatureavailable,andprovided
a classificationframevork. Figure 19 lists and compareghe
variousmethods We seethata consideableamountof knowl-
edgehasbeenassembleéh thelastdecadeandthe numberof
papersn theareahasincreasedubstatially in thelastcouple
of years.

Despitethetremendos progressn theareamuchinterest-
ing work remains:

Quantita tive comparis on of existing approaches.
At thispointin timevery little work hasbeendonein perform-
ing directcomparisonf differenttechniques. Severalfactors
complicatethis, including the fact that very few researchers
male their codeanddataavailable.

Hardware-assisted cullin g. As aforementioned hard-
ware manufcturers integrate more and more occlusion-
culling capabilitiesin the graphicscards. We seethe interac-
tion betweerthehardwareandthe CPUfor efficienthigh-level

culling as an importantissue,especiallybecauseof lateng
problems.

From-region visib ility. More researchis neededto de-
velop a 3D from-region algorithmthat computesa tight PVS
for largeviewing cells.

Preprocessing time; PVS storage. Most from-region
techniquegerform a considerableamountof prepro@ssing,
which generateguiteabit of storageoverheal. Reducingthis
overheadis animportantareaof research.Moreover, further
researchs necessannto techniquesvhich lower theamount
of preprocessingequired(andnot only for from-region tech-
niques,but for visibility culling algorithmsin general).Also,
memoryis a big issuefor large scenesespeciallyin the con-
text of from-region techniques.

Occluder simplific ation and synthesis. Despiterecent
work in the area[12, 14,58, 61, 98], most methodsuse the
raw objectsof the sceneasoccluders Simplifying thesemod-
els might speed-uprisibility calculations but thatshouldnot
come at the cost of conserativeness. Moreover, more ap-
propriaterepresetation might yield simplercomputatios or
moreeffective culling.

Integration with other acceleratio n techniques. Vis-
ibility culling is only oneof a setof real-timerenderingtech-
niques. The issue of integrating a visibility-culling algo-
rithm with other forms of accelerationis an importantone
(see[3, 4, 33,36]), which we believe is an areastill rich in
interestingproblems.

Dynamic objects. Anotherlargely underexploredareais
the handlingof dynamicobjects[84].
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