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Abstract

To pre-processa scenefor the purposeof visibility culling during walkthoughsit is necessaryo solvevisibility
fromall theelementof a nite partition of viewpoint space Many conservativeand appoximatesolutionshave
beendevelopedthat solvefor visibility rapidly. Theidealisedexactsolutionfor geneal 3D sceneasoftenbeen
regarded as computationallyintractable Our exactalgorithmfor nding the visible polygonsin a scenefroma
regionis a computationallytractablepre-procesghat canhandlescene®f the order of millions of polygons.

Theessencef our ideais to represent3-D polygonsand the stabbinglines connectinghemin a 5-D Euclidean
spacederivedfrom Pliicker spaceand thento performgeometricsubtiactionsof occludedlines from the setof
potentialstabbindines.We havebuilt a queryarchitecture@aroundthis queryalgorithmthatallowsfor its practical

applicationto large scenes.

e havetestedthe algorithm on two differenttypesof scene:despitea large constantcomputationabverhead it
is highly scalable with a timedependencygloseto linear in the outputproduced.

CatgyoriesandSubjectDescriptorgaccordinglo ACM CCS) 1.3.3[ComputerGraphics]:ExactVisibility Culling

1. Intr oduction

It is important,giventhe burgeoningcompleity of rendered
scenesthatgeometrynotvisible from theviewpointis iden-

tied andremoved from the renderingpipeline as early as

possible.Over the pasttwo decadesnary visibility-culling

techniqueshave beendevelopedto performthis task.These
solutionscanbelooselycateyorisedinto thoseappliedeither
atrun-timeor duringa pre-processWith a few exceptions,
theformerdeterminevisibility from asinglepoint, while the

latterestablistthe subsebf geometryvisible from ary point

within aregion.

From-region visibility partitions the view-point space
(VPS)into regionsor cells, ratherthanattemptingo prepro-
cessthein nite numberof possiblecamerapositions.The
principal advantageof thesetechniquess thattheir consid-
erablecomputatiorcostcanbeshiftedto a pre-process;on-
sequentlyremaving signi cant run-timevisibility computa-
tion. The resultsmay thenbe saved to disk for future use.
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Thedisadwantages that,asa pre-procesnly staticscenes
canbefully treated.

From-pointvisibility algorithmsarelesscostly computa-
tionally than from-region approachesallowing themto be
appliedon a perframebasisat run-time. They arealsobet-
tersuitedto unpredictablydynamicenvironmentswherethe
shapeor positionof objectsmay changebetweerframes.

Visibility culling algorithmsmay be further cateyorised
accordingo theiraccuray in differentiatingbetweervisible
andinvisible polygons.We extendthe taxonomyof Cohen-
Oretal.8 andwediscriminatebetweerconservativeaggres-
sive approximateandexactvisibility algorithms(Tablel).

Run-Time Performance

ImageQuality  Optimal Sub-optimal
Correct Exact Conservative
Errors Aggressive  Approximate

Table 1: Propertiesof from-region visibility solutions.
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Conservativetechniquesconsistentlyoverestimatevisi-
bility andincurafalsevisibility error:invisible polygonsare
consideredsisible. This resultsin sub-optimakun-timeper
formancebecauséhesepolygonsareunnecessarilgubmit-
tedto therenderingpipeline.

In contrastaggressivemethodsalwaysunderestimatéhe
setof visible geometryand exhibit falseinvisibility, where
visible polygonsareerroneouslhexcluded.Aggressie visi-
bility causesmageerrorbut canbe usefulin practiceif: (a)
the perceptuaimpact of the error is acceptablysmall, (b)
the algorithmis computationallyef cient or (c) it handles
sceneghatcannotbe solved effectively with a conserative
alternatve dueto excessie overestimation.

Approximatevisibility techniqueggive both falsevisibil-
ity andfalseinvisibility errorsandarethusmostusefulwhen
ef ciency is the overridingconcern.

Exact visibility solutionsprovide both accurateimages
and optimal rendering performance.An exact visibility
query will produceno more or lessthan the union of the
polygonsvisible from all viewpoints within the region. Of
coursethisis somavhatconserative with respecto asingle
viewpoint,incorporatingasit doesvisibility from theregion
asawhole.

Exactvisibility solutionshave severaladwantageseyond
the obviousrenderingoene ts:

The magnitudeof visibility error (both over and under
estimation)in conserative, aggressie and approximate
schemess highly dependentnthetypeof sceneThisis
not true of exactvisibility. By de nition, it is a unifying
treatmenthatdealswith all scenesn the sameway.
Exactvisibility culling providesabenchmarkor compar
ing other approachesThe typical way of assessinghe
quality of a visibility technique,namelythe percentage
of polygonsthatit culls in a givenscenejs a very crude
andimperfectmetric. Suchmeasureslo not accountfor
thetype (falsevisibility or falseinvisibility), distribution
(clusteredbr widespreadpr exactmagnitudepf visibility
error.

In this paperwe presentwhat is, to our knowledge,the
rst exactfrom-reggion visibility-culling algorithmtractable
for realistically sizedsceneqas mary as 1.5 million poly-
gons).This represents threeorderof magnitudeimprove-
mentover the previous stateof the art!2 30, albeitthesepre-
vious approachesveretamgetedat a slightly differentappli-
cation.

Our approachs not a panacealt offers an optimal ren-
deringtime, by only submittingthe necessarypolygonsin
aregion to the renderingpipeline.lt alsoyields correctim-
ages,by not falsely excluding visible polygons.Although
tractablefor large scenesthe pre-processingostsare still
considerableln circumstancesvherefastpre-processings
morecritical thanimagequality or run-timerenderingspeed,

aconserative, aggressie or approximateechniquemaybe
moreappropriate.

Our contritution depend®n two novel techniques:

LocalisedExactVisibility. A novel algorithmwhichaccu-
ratelyquerieghevisibility betweertwo corvex polygons.
A principalef ciency advantageof thisalgorithmis thatit
canbe appliedon-demando a localisedswatheof scene
geometrybetweenthe two polygons.The natureof the
computationis suchthatit is considerablymoresuitedto
from-region computationthanary obviousadaptatiorof
existing exactglobalvisibility techniqueX 12,

Query Driven Architectue. In terms of computational
load, it is not sufcient to naively queryeachpolygonin
the scene A combinationof conserative andaggressie
queriesareusedto cull groupsof polygonsandto trivially
accepbthers Resultfrom previouscomputationgreex-
ploited in orderto further acceleratehe query process.
Thisarchitecturealsohasthebene t of output-sensitiity.

Therestof this paperis asfollows: After a review of pre-
vious work anda shortbackgroundon the relevant mathe-
maticsandterminology we discussour exactvisibility algo-
rithm. Thisis followed by detailsof thelocalisedexactvisi-
bility queriesWethendiscusghearchitecturavhich allows
usto handlelarge scenesf ciently . Finally, we presenthe
resultsof a seriesof experimentausedto quantifytheoverall
performancef our exactvisibility technique.

2. Previous Work

This paperfocuseson bothfrom-region andexactvisibility .
From-pointvisibility methodsarenot relevantandwe refer
theinterestedeadetto the excellentsuneys by Cohen-Oret
al.8, Durand® andZhang?.

Cell-portal rendering 28 31 attemptgo establishtherela-
tive visibility of entirecells. The visibility of onecell from
anotherdepend®n the existenceof a line of sightbetween
them, intersectednly by portals— the non-opaquéound-
ariesbetweercells. Teller?8 31 derivedananalyticsolutionto
this problem.Teller® further extendedthe cell-portaltech-
niguein orderto determineexactly which partsof visible
cellsareindeedvisible. Thesealgorithmsaresuitedto archi-
tecturalscenesbut arent a generabvisibility solution.They
work well for scenesvherethe combinatoriacompleity of
portalsequencets low.

Cohen-Oret al.? and Saona-Vasqueet al.24 provide a
more general,but more conserative solution. They only
classifyanobjectasinvisible from a particularview-cell if a
singlepolygonoccludest from every pointinsidethatview-
cell. Thisis so conserative thatit only achiezessigni cant
resultsif view-cells are small, relative to the size of scene
polygons.For highly detailedscenesthis often requiresa
prohibitive numberof view-cells and henceexcessie run-
times.
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To counterthis, it is necessaryo considerthe aggrgjated
occlusionby a set of smalleroccluders.Recentwork has
focusedeither on fusing occluders,or on the construction
of largervirtual occluderswhich representhe occlusionof
multiple smalleroccluders.

Durandetal.10 13 have recentlydevelopeda generakolu-
tion to visibility culling usinganextendedprojectionopera-
tor.

Law and Tar?® use occlusion preservingsimpli cation
to generatea lower level of detail and thus larger poly-
gonoccluderswhile ensuringconserativity. The occlusion
achievedby thefusionof thesecoarserepresentationis not
considered.

Koltun etal.’® make useof separatinginesto build larger
more effective virtual occludersto representary smaller
occluders.They notethat by building their virtual occlud-
ersasa pre-procesandperformingthe occlusionculling at
run-time (on a per cell basis),the costof storing the visi-
bility setsfor eachcell is removed. They only implementa
Z%D (height eld) solution.Schau eretal.25 presentasimi-
lar conserative approachin 3D, wherevirtual occludersare
generatedrom avolumetricdiscretisatiorof the interior of
sceneobjects.

Wonkaet al.32 have a conserative 25D solution. They
shrink a subsetf occludersandthensamplevisibility (ef-
fectively fusing occluders).Occludershrinking allows the
sampling processto maintain conserativity. There is a
trade-of betweersamplesequired(andhencetime) andthe
degreeof shrinkage This algorithmtendstowardsan exact
solutionasthe numberof samplesandhencetheamountof
time required tendstowardsin nity .

Thetechniquesuneyedabove areall conserative in na-
ture. They provide accurateimages,but for mary scenes
thereis alarge mawgin betweerthe sizeof thevisibility sets
they generatandthoseof anexactvisibility solution.

Recently aggressive from-point based solutions have
beendevelopedthatadmitfalseinvisibility errorsusingap-
proximateculling®* 5. Thesetechniquesim to reduceren-
deringcostsby removing objectsthatcontritute little to the
image.Andujaret al.2 usehardly visible setsto cull or sim-
plify sceneobjectswhereonly a small proportionof their
geometryis visible. Klosowski andSilval” present priori-
tisedlayer projectionalgorithmthatusesa heuristicpriority
orderingthat tries to draw visible polygons rst. Thisis a
goodtime-criticalsolution,sinceonegetsreasonableesults
evenif renderings prematurelyterminated.

Gotsmanet al.16 presenta novel sample-basedisibility
solution. They usea 5D sub-dvision over threespatialand
two angulardimensionsEach5D cell mapsto a beamin
3D space.The useof two angulardivisionsis intendedto
acceleratdrustumculling at run-time. To determinefrom-
regionvisibility, raysarecastfrom arandompointin thecell
to randompointson an object's boundingbox. A statistical
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modelbasednwhethertherayshit thetargetobject,is then
usedto decideif the objectis visible, invisible or whether
moreraysneedto be cast.Error thresholdingallows atrade-
off betweerpre-processingime andaccurag.

Turning to exact visibility, various solutionshave been
developedfor answeringgeneralvisibility queries.These
techniquegypically build a structurein someform of dual
line spacethatdirectly exposesvisibility events A visibility
eventoccurswhena topologicalchangein visibility occurs
in the sceng(eg. the setof view-pointsfrom which a partic-
ular vertex of a previously occludedtriangle may crossan
edgeof anotherand becomevisible). Structuresrepresent-
ing this for generalscenesare the aspectgrapht>(changes
in aspectarealsoencodedpndthe 3D visibility compled?,
an extensionof the 2D visibility comple22 andthe visibil-
ity map?23. Earlier, Teller?® shaved how the constructionof
theanti-penumbrahrougha setof portalsmaybecomputed
via a similar structure,using the Pllidker parameterisation
of line spaceThe usefulnes®f thesealgorithmsis severely
limited by combinatorialcompleity androbustnessssues.

Durandet al.12 presenta constructionof visibility event
surfacesthroughthedirectcomputatiorof the lower dimen-
sionalelementgskeleton)of thevisibility comple. Thena-
ture of this constructionis thaterrorsresultingfrom degen-
eraciesare localised,making the constructionof the visi-
bility skeletonmorerobustthanthe constructionof the full
visibility complex.

Koltun etal.1? build a representationf theraysbetween
segmentsn a dualray-spaceOcclusionis computedoy de-
termining whetherthe spaceof occludedrays containsall
raysbetweerthe view-cell andthe objectin question.This
2D exact visibility solutionis approximatecef ciently via
discretisationthrough renderinghardware. Independently
Bittner et al.6 alsodevelopedan exactvisibility solutionin
theplane,basedn similar principles.

The queryalgorithmpresentedn this paperis effectively
anefcient 3D approacho the on-demandconstructionof
part of a visibility complex-like structure.Unlike Durand,
we follow Teller's corvention and use the Plucker coor
dinateline spaceparameterisatiorfurtherclari cation (in
Section3.4) of therelationshipwith previous work mustbe
deferreduntil afterour algorithmis presented.

2.1. Plucker Line Space

In orderto describeour exact visibility algorithm,we rst
give a brief overview of the fundamentauinderlyingtheory
of ouralgorithm,Pliicker line space Teller?8 givesa discus-
sionof thisin asimilar context.

Pliicker spacds a specialcaseof a Grassmaneoordinate
systen® 27 7. Grassmangoordinatesllow for the parame-
terisationof a k-dimensionalafne sub-spacembeddedn
ann-dimensionakpaceasa pointin a projective E i 1
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dimensionakpace Pliicker spacein particularcorresponds
tolines(k 1)in s (n  3).Thisresultsin aprojectve ve
dimensionakpace °. This parameterisatioexposesa nat-
ural andelegantmeansof dealingwith directedlinesin 3.
ThePlickermappingof adirectedine passinghroughthe
point px py pz andthenthrough gx gy dz , is de ned as

P Po P1 P2 P3 P4 Ps), where:
po Qx F p1 Q R
p2 Q P ps QPR QyF;
ps QP QP ps QP OQxPx

This homogeneousix-tuple of ° is a uniquerepresenta-
tion of to within multiplication by a positive scalefactor
Negatingthe scalefactor ips theorientationof theline.

We next considera duality mappingwithin 5. Given
p X 5 we de ne Dp x : to be the quantity
PoXs P1Xsa P2Xs P3Xo PaXi  Psxp. Thisis apermuted
inner productof p and x. The set of solutionsx 5 of
Dp )é 0 givesrise to the so-calleddual hyperplaneof p

n

Givenlines 1 and 5, letp! P ; andp® P 5
1 and , areincidentif andonly if p* lies on the dual hy-
perplaneof p2 (andvice versa).Formally, they areincident
if andonly if Dy: p?  O.1f Dy p® is notequalto zero,
thentherelative orientationof 1 and » is directly speci ed
by thesignof Dy p2 . SeeFigurel for anillustration.

b
a

Dria(b)>0

¢ ~Il(c)
a
Dra{e)=0

ey
e @
a

Figure 1: Line orientationandPlucker space Thethreedia-
gramson theleft showsthethreequalitativelydifferentways
for onedirectedline to passanother The gur e ontheright
is avisualisationof howthesdinesrelatein thedual Pludker
spaceThesurfaceG is a visualisationof the Pliicker hyper
surfaceembeddeéh °. Linesb andd passbyline aonthe
right andleft respectivelyLine cisincidentona. If linesb, ¢
andd aremappedo °via P (visualisedasthethreedots),
thenrespectivelyhey will lie above onandbelowtheplane
denedbyDp  x 0.

Althoughall linesin 2 mapto pointsin 2, notall points
in Smaptolinesin 3. RatherP is abijectionbetweerthe
linesin 2 and a particularfour-dimensionalquadric sur
faceembeddedn °known asthe Grassmanmanifold the
Klein quadric or the Plidker hypesurface This surfaceis
describedy thefollowing setof points:

G Dxx 0:x ° 0 1)
Since,at leastfor the purpose®f this paper we areonly
interestedn reallines, this surfaceis usedconsistently

3. Visibility Query
3.1. Overview

In orderto computeexactvisibility, we begin by construct-
ing arepresentationf the spaceof lines stabbing(incident
on bothof) a pair of polygons.Thisis equivalentto thecon-
structionperformedby Teller and Hohmeyer?®. Ideally, we
wouldlik eto dealwith theline sgmentdetweerthesepoly-
gons.lt is, however, sufcient to simply clip all polygonge-
ometryto theinterior of the corvex hull de ned by the ver-
ticesof the polygonpair, andthento dealonly with in nite
stabbindines

Everyoccludemolygonwithin thiscorvex hull “blocks” a
setof linesbetweerthepair of querypolygons.If everyline
betweenthe query polygonsis blocked by someoccluder
thenthe polygonsaremutuallyinvisible.

The analoguepresentedn this section,is thatthe space
of linesbetweertwo polygonsis representedsa connected
subsetof points on the Plicker hypersurace, G (seeSec-
tion 2.1). Similarly, eachoccluderis representethy a setof
pointson G, which correspondslirectly to the setof linesit
blocks.

The algorithmpresentedhereis onewhich incrementally
removes,for eachoccluder the setof occluderpointsfrom
that of the currently un-obstructedsolume. The initial un-
obstructedvolume is the spaceof lines betweenthe two
querypolygons.Thisremoval is achiered by usingconstruc-
tive solid geometry(CSG)n ve dimensionsAfter all oc-
cluderpointshave beenremoved,thepointsin theremaining
volumearethe setof linesthatarenot obstructedy occlud-
ers.If nosuchpointsexist, theobjectsaremutuallyinvisible.
If atleastonesuchpointdoesexist, thenthe querypolygons
are mutually visible, anda full descriptionof the spaceof
un-obstructedines betweerthemhasbeencomputed.

3.2. The Spaceof Lines BetweenTwo Polygons

Ideally, we would like a genericrepresentationf the space
of lines betweentwo polygonsthat is both easyto repre-
sentandto manipulate Working directly on the surfaceof
the Plucker hypersuréceis dif cult dueto its curvature.In-
steadwe build apolyhedrakepresentatioof thisline space,
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whoseintersectionwith the Pliicker hypersurécegivesthe
desiredsetof points.This polyhedrormaybe constructeds
follows:

For aline sto stabtwo givenpolygonsit is necessarand
sufcient for all edgespassedy a directedversionof s to
have the sameparticularrelative orientation.This is illus-
tratedin Figure2. Giventhe (appropriatelydirected)setof
edgeof thesewo polygonse; e, en, verifying whether
sis astabbeiis equivalentto testingwhether:

DpPs 0Op Pe Pe P en 2)

Figure2: StabbingconstraintsDirectedinese; to eg corre-
spondto the edgesof two quadrilaterals. Notethat the stab-
bing line s passesll e; to eg to the left. This conditionis
bothnecessargndsufcient for stabbing

5 5

The projective space ~ is simply with two addi-
tional hyperplanesat positive and negative in nity . These
additional hyperplanesare useful as an elegant meansof
uniformly handling caseswhich appearas singularitiesin
other parameterisation®Recall that the Plicler six-tuples
are uniqueto within a positive scalefactor It is therefore
possibleto normalisethe projective six-tuple by dividing
throughby one of its componentsandthen excluding that
componen{normalisedo one).This of courseassumeshat
the normalisatiorcomponents non-zerolt is trivial to pre-
rotate the scenegeometryso as to prevent this possibil-
ity from occurring.This procesds equivalentto projecting
down to °. This approachwas also taken by Teller and
Hohmeyerin?® andis necessaryalthoughnot sufcient) to
representhe structureasa boundedpolytope.Our motiva-
tion for boundednesis discussedn Section3.2.1.

After this projection, the function Dp x : 5 be-
comesDp X : whereDp X po  pP1Xsa P2Xs
p3Xo PsaX1  Ppsxe. In this case,the third elementhas

been selectedas the normalisationcomponent,and thus
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x3 1 andmay be omitted. The six tuple which was x

X0 X1 X2 X3 X4 X5 becomeshetuplex Xg X1 X2 X4 X5
in 5. Wherethe old form of the equationD, x 0 x

® de ned a planethroughthe originin ¢, Dp x 0
x ° de nesalessrestrictecplanein °.UsingD rather
thanD, the solution spacefor the constraintsof a stabbing
line s given in Equation2 may be transformedo de ne a
volumein 5.ThisvoIumecompletelyrepresenmhespace
of linesbetweerthe two querypolygons.This construction
andmappingis depictedn Figure3aandFigure3c.

Thereare varioustechniquesvhich may be usedto ex-
tracta polyhedralrepresentatiofrom several half-spacen-
tersectionsWe useda version of the double description
method to extractthe extremepoints.With this andthe hy-
perplanenformation,it is possibleto constructhefull face
lattice/graphof the polyhedronusing a combinatorialface
enumeratioralgorithmsuchasthat presentedn4. The full
facelatticeis arequiremenbf the CSGalgorithmpresented
in Section3.2.1.

We notethatthepolyhedronde ned by theintersectiorof
thesespacess, in general,unboundedWe obsere thatal-
thoughthe polyhedronis unboundedthe intersectionwith
the polyhedronand the Plicker hypersurdce cannotbe.
This, the spaceof real lines betweenthe two polygons,is
indeedboundedlt is trivial to capthepolyhedrorby adding
additionalconstraintsvhich will notaltertheintersectiorof
the polyhedronwith the hypersuréce.

3.2.1. CSGin Plucker Space

To remove anoccluderfrom thepolyhedronwe haveto nd
arepresentatiofor it. In the samefashionasfor theinitial
polytope,we mapthe edgesof the occluderto hyperplanes
in S usingtheP andD operatorsThevolumeenclosedy
theintersectiorof the half-spaceslescribedy thesehyper
planesis used.We maintainthe volume asa setof oriented
hyperplanes, . This volumeis unboundedWe depictthe
mappingof anoccluderto ° in Figure3b, andthe subtrac-
tion of this volumefrom theinitial polytopein Figure3d.

Subtractiorof onepolyhedronfrom a polytopein ve di-
mensionss a non-trivial task.Givenanalgorithmthatsplits
ary polytopeinto two, eachhalf falling on eitherside of a
speci ed hyperplanejt is possibleto partition a polytope
into a set, or comple, of polytopesthat have at mostone
faceincidenton ary hyperplaneof . The polytopesof the
comple thatfall within thevolumeenclosedy canthen
easilybeidenti ed andremoved. An intersectionof the re-
mainingcomplex with the Plicker hypersuréceprovidesthe
setof linesunblocled by the occluder

This approachs appliediteratively, until eitherthereare
no polytopesleft in the comple, or thereare no occluder
volumesleft to subtract.The formerimplies thatthe query
polygonsaremutually occluded the latterimpliesthatthey
aremutually visible if andonly if atleastoneof the poly-
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Figure 3: Plicler-comple construction(a) A typical querysetupbetweernwo polygongthe quadrilateials),andoneoccluder

(the triangle). (b) A visualisationof the mappingof the edges of the triangle occluderto a volumein

5 Again, G is a

visualisationof the Plliicker hypesurface (c) A visualisationof themappingof eat edge of thequadrilaterls to forma volume
in 5. (d) Thesubtaction of the occludervolumefromtheinitial volume Thisfully representghe spaceof lines betweerthe

quadrilaterals that missthe occludingtriangle.

topes,within the comple, intersectghe Plicker hypersur
face.

We use an algorithm similar to the multi-dimensional
polytope splitting algorithm of Bajaj and Pascucci. The
algorithmrequiresthe highestdimensionalelementsto be
boundedpolytopesand the existenceof the full face lat-
tice. The original algorithm maintainsthe whole polytope-
complex asa singlefacegraphstructure Eachsplit opera-
tion requiresthe traversalof every d-dimensionalface(for
0 d b5).Insteadafter eachsplit, we constructtwo sep-
arate polytopes.This introducesredundang into the rep-
resentationsince sharedfacesare duplicated,but we gain
the performanceadvantageof quickly beingableto isolate
which polytopesaresplit, reducingthe setof polytopestra-
versedto thatof the setof polyhedraincidenton the hyper
plane.Thisis alsoknown asthe zoneof the hyperplaneTo
querywhetherapolytopeintersectsahyperplanewe use5D
boundingspheregor aconserative test.If thistestshavsno
intersectionthenthe polytopeis trivially classi ed asnon-
intersecting otherwisethe resultis indicative of a potential

intersectionln thelattercase anaccuratevertex-hyperplane
sidednestestis thenusedo determinevhetherary two ver-
ticeslie on oppositesides(or on)thehyperplanelf andonly
if thisprovestrue,will thepolytopeintersecthehyperplane.

3.3. Optimisation Strategies

The queryalgorithmis the core of our visibility technique.
We have thereforespentconsiderableeffort in developing
optimisationstrateies.Firstly, whensplitting the polytope-
comple by a setof occluderhyperplanes , we split only

thosepolytopesthat crossthe boundaryof the polyhedron
describedby . After eachsplit operation,if one of the
newly createdpolytopesdoesnot intersectthe Pliicker hy-

persuréce,it is removedfrom the comple. This allows the
comple to exist only in the zoneof the Plicker hypersur

face.

Our secondstratgy is aimed at trivial acceptanceBy
castingrays from one polygonto anotherit is possibleto
accepta visible polygonasbeingtrivially visible. If aray
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originating at one polygon reachesanother(without inter-
sectingary occluders)thepolygonis accepteasvisible. If
no suchray exists, thenwe resortto the exact query algo-
rithm.

If alargenumberof raysis castwithout proving visibility,
it is very likely thatthe objectis invisible. In scenesvhere
occlusionculling would be of mostuse,a majority of the
scenegeometryis invisible. Furthermoreby castingsuf-
cientrays, a vast majority of the scenethat is visible can
betrivially acceptedWe referthe interestedeaderto 16 to
view a stratgy for quantifyingthis likelihood. It is there-
fore of enormousbene t thatthe visibility queryalgorithm
presentechere managedo terminateearly when complete
occlusionis found.

Our subtractve 5D CSG is more efcient if it canre-
move as mary potentialstabbinglines asquickly as possi-
ble. So, our third stratgy is to acceleratearly termination
by analysingthe previously castraysin an attemptto iso-
latethe smallestsetof polygonsthataresufcient to declare
thelikely resultof invisibility. Ourapproachs iterative: The
occluderwith the largestnumberof incidentrays(i.e. those
castin the previous stage)is subtractedrom the line-space
volume rst. The occluderwith the next largestnumberof
incidentrays,excludingthoseraysaccountedor by ary pre-
viously subtracteaccludersis subtractechext. Thiscontin-
uesuntil all rays have beenaccountedor. Any remaining
occludersarethensubtractedAt ary pointin this iteration,
if thereis nolongeracomplex from whichto subtractjnvis-
ibility is establishe@ndthe querymayterminate.

3.4. Discussionof our Contrib ution

Boththevisibility comple< andskeletonhave beendesigned
astools for performingexact visibility queriesrapidly be-
tweenscenebjects asopposedo querieshetweercellsand
objects Furthermoretheseapproacheattempto extractnot
just the qualitative statesof visible or invisible, but alsoan
exactdescriptionof which partsof eachobjectsarevisible.
Their goalis to usevisibility primarily for accuratellumi-
nationsimulations,whereasoursis from-region qualitative
perpolygonvisibility.

Our visibility queryalgorithmis essentiallya directcon-
structionof a localisedsubsetof the visibility comple. It
is more suitedto queries,sincethe constructionis local to
the pair of polygonsin questionandis sensitve only to the
smalleshumberof occludersiecessarfor occlusionasop-
posedto sensitvity in the numberof visibility interrelation-
shipsbetweerall occluders.

Durandet al.12 presentanon-demandonstructiorof the
visibility skeleton.Theconstructiorof the skeletoninvolves
an explicit combinatorialiterationthroughthe variousele-
mentsof the scenegeometryin orderto constructthe lower
dimensionalelementsof the comple. As for the visibility
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comple, this computesmorethanis requiredfor our pur

poses,namely the visibility relationshipsbetweenall the
occluders.The skeletonconstructionalgorithm canalsobe
adaptedo terminateearlywhenanobjectis foundto bevis-

ible. As we have shawn, this is generallyunlikely for the
scenesn which we are mostinterested.The lack of topo-
logical informationin the skeleton (due to the ommission
of the higherdimensionaklementsynalesit impossibleto

gaugewhetheranobjectis invisible duringconstructionIn-

visibility may only be ascertainedvhenthe whole skeleton
(relative to the querypolygons)hasbeenconstructed.

As for the visibility-complex, the Pliicker hyperplane
arrangemendt is a superstructuref the structurecomputed
by our queryalgorithm.The respectie combinatorialcom-
plexities of this hyperplanearrangemenandthe visibility-
comple are O n4logn andO n* . Two lines are de ned
to bein qualitativelydistinctregionsif they arebothpassed
by thedirectedinesextendedrom thescenegpolygonedges
in the sameway. The Plicker hyperplanearrangemenén-
codesall qualitatvely distinct regions of line space(the
visibility-complex accountdor line segments) A necessary
implicationof this, is thatif two linesfall in thesameregion,
thenthey muststabthe samepolygons.

To put our algorithminto contet, we only computethe
subsebf qualitatively distinctregionsrelatingto linesinter-
sectingour pair of query polygons.This is explicit in our
initial polytopeconstruction.For our purposest is alsoir-
relevanthowa region of line spaces blocked (i.e. by which
occluders).We are only interestedin if it is blocked. By
subtractingblockedregions,ratherthansimply enumerating
them,we avoid the computatiorandinternalrepresentation
of furtherre nements.

The rst adwantageof our algorithm,is thatit terminates
early in the mostcommoncase.Secondly for all but the
most contrived of scenesthe combinatorialcompleity of
the information in which we are interested,is very much
smallerthanthat of global visibility techniquesOur algo-
rithm exploits this fact, andis sensitve to this lower com-
plexity. Experimentally Durandnotedthatthe averagetime
compleity for theconstructiorof thevisibility skeletonap-
pearsto be O n?* . Sincewe computesigni cantly lessin-
formation, we expectthe averagecasetime compleity of
the query algorithmto be signi cantly lower. We demon-
stratethis experimentally(seeSection5).

4. Query Architecture

The objective of our architectureis to group polygonsto-
gethereffectively, sothat clustersof polygonsmay be clas-
si ed usingthefewestpossiblequeriesWe alsowishto take
adwantageof previously computedesults.

Our approachis mostsimilar to that of Koltun et al.1°.
Onceagain,this solutionis for the muchsimplerZ% D prob-
lem. We usediscretesamplingas a heuristicfor determin-
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ing anefcient orderof subtractionOur architectures also
somavhat differentin thatit takes advantageof previously
computedresults.We believe this last techniquecould fur-
therenhancehealgorithmof Koltun etal.

4.1. Cluster Queries

Therearemary waysto orderascenehierarchicallyWetake
adwantageof naturalscenecoherencendusea simpletwo
level hierarchy wherethe sceneconsistsof a setof objects,
which in turn consistof individual polygons.If objectsare
verylarge (basedn avolumeandpolygoncountthreshold),
we split theminto separat®bjects.

From a source view cell (an elementof a partitioned3-
dimensionatameraspace)we rst querytheboundingbox
of an object.If the boundingbox is invisible, thenclearly
all its containedgeometryis alsoinvisible. If, however, the
boxis determinedo bevisible, thenthegeometrycontained
may be consideredotentially visible from the sourcecell.
Thetrue visibility statusof eachchild maythenbe queried
individually (from eachsideof the sourcecell).

The sourcecell to boundingbox queryis effectively the
combinationof the queriesbetweenrall pairsof facesof the
two boxes. Thereare 36 possiblepairings; however, back-
faceremoval will quickly rejectmostof theseas mutually
invisible.If all sideto sidequeriegeturn“invisible”, thenthe
objectboundingbox s invisible. If onesuchpairingreturns
“visible”, thentheobjectboundingboxis consideredisible.
It is sufcient to terminatethepairqueryingearlyif visibility
betweerary onepairis shavn. However, in thenext section
wewill seetheadwantageof completingthis query

4.2. Parent Line-spaceReuse

If the boundingbox of a targetobjectis visible, andwe al-

low the completionof all sideto side query pairs, we ef-

fectively have arepresentationf all un-obstructedine seg-

mentsoriginatingfrom thesourcecell andterminatingonthe
target box. This may be visualisedasa similar structureto

Teller's anti-penumba0. By extendingtheseline segments
(anti-penumbrajhroughthe boundingbox, we have the set
of linesfor whichit is necessaryor ary visible objectwithin

theboundingboxto intersect.

Thisallows afast,conserative, but relatively accuratee-
jectiontestto beapplied:Eachpolygonwithin thebounding
box is transformedto its hyperplanerepresentatiotin the
Plicker coordinatesystem,andif eachpolytopeof the pre-
viously computedcomple (for the boundingbox) doesnot
intersecthepolyhedronde ned by thistransformationthen
the polygonis necessarilynvisible. This canbe ef ciently,
but conseratively, computedby testingto seewhetherev-
ery polytopecomplex falls exterior to atleastonehalf-space
de ned by thetransformegolygon.Any polygonsthatpass
thistestwill have to bequeriedindividually.

4.3. Virtual Occluders

During the processof computing the visibility statusof
boundingboxes, opportunitiesarisewhereit is possibleto
extract“virtual occluders” As coinedby Koltun etal.18, vir-
tualoccludersaareoccluderghatarenot partof thegeometry
but still represent setof blocked lines. We obsere thatif

thesideof aboundingboxis determinedo beinvisible from
asourceview cell, it maythenbeusedasanoccluderfor ary
objectbehindit. In fact,if thewholeboundingbox of anob-
jectis invisible, thennoneof the polygon geometrywithin
needbeincorporatedisoccluderssincetheboundingboxis
sufcient. In truth, the boundingboxis more thansufcient,

sincea boundingbox occludesat leastaslarge a volumeof
line-spaceasthegeometnyit contains.

By processinghe sceneobjectsin an approximatefront
to backorder it is possibleto fully exploit this feature.This
is key to our algorithm's outputsensitivenature.Geometry
behindthe nearesbccluded‘layer” (with a similar conno-
tationto that of Klosowski and Silval?), is quickly rejected
sincetherelatively large sizeof the virtual occludersmply
thatonly very few occluderare necessaryo con rm invis-
ibility. Outputsensitvity persistsaslong asthe queryalgo-
rithm canusevirtual occludersfor trivial rejection(asours
does).

5. Resultsand Discussion

We haveimplementedheexactvisibility queryalgorithmof
Section3 andintegratedit into the architecturegproposedn
Section4. We presenthe resultsobtainedfrom testingour
algorithmon two differentrepresentadie scenes.

Firstly, we testedthe algorithm on a town scenedepict-
ing the geometryof a small 16th centurytown. The scene
consistof 1.33million trianglesandincludesseveral highly
detailedcomponenbbjectswhich arevisible throughdoors
andwindows. This sceneis fully 3-dimensionain nature.
Oursecondscends theforestsceneusedby Durand®. This
sceneconsistsof 1.45million triangles,organisednto 1450
treeseachwith 1000triangles.This representa muchmore
dif cult sceneto cull. In termsof the algorithm presented
here|it is anextremecase sinceocclusiononly occursasthe
aggr@ateof a large numberof trianglesand consequently
subtraction®n the Plucker dual polytope.SeeFigure5 for
screen-shotsef thesesceneshaving the outputof our im-
plementation.

For the town scenewe choosea uniform subdvision of
cells. The basegrid is a 32x32 partition of the baseof the
boundingbox, andwe considertwo suchlevels, for a total
of 2048cells.This selectiorof cellsshouldcoverthecamera
view-spaceusedin ary reasonablsvalkthroughapplication.
16384(32x32x16)suchcellswouldfully partitionthescene
boundingbox. For theforestscenewe apply a 20x20parti-
tion for compatibilitywith Durand.

We executedthe testson a dual Pentium4 1.7Ghz,and
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solvedfor distinctcellsin parallel.For bothscenesve have

culled andtimedthe visibility of a randomselectionof 100

cells.For thetown andforestscenewe considereda full so-

lution to be one consistingof 2048 and 400 cells respec-
tively. Thesetimings,arepresentedn Table?2.

Scene Time/Cell  Culling Full solution
Town 2min33sec 99.45% 3daysl5hrs
Forest 10min30sec 99.12% 2 days22hrs

Table 2: Experimentatesultsummary

To solwe for the whole town scenewould require3 days
and 15 hourson our PC. Similarly, the forestscenewould
take 2 daysand 22 hours. Suchrequirementsare high by
the standardof mostexisting approximateor conserative
algorithms,but the preprocesss a onceonly cost, and is
more than offset by the adwantagesof our approachNote
thelargedegreeof culling achieved (Table2).

When only a single workstationis available for pre-
processingthis algorithmcanbeusedasa nal andperma-
nentvisibility solutionappliedaftera large modelhasbeen
fully generatedasanaccuratesolutionfor smallermodels;
or astheonly possibleacceptablsolutionfor dif cult mod-
els.

Weadwcatetheuseof thisalgorithmon machineclusters,
which areoftenreadilyavailable.lt is easyto paralleliseour
technique sinceeachcell canbe solvedindependentlyThe
computatioris verylooselycoupled makingit suitableeven
for informal clusterswith alow bandwidthinfrastructure.

The scalability of visibility pre-processinglgorithmsis
of crucialimportance The run-timeof our algorithmis de-
pendenbntheparticularscenan termsof thenumberof vis-
ibility queriesperformed,andthetime takento solve these
queries.

The visibility query algorithm quickly rejectsoccluders
which fall outsideof the spaceof lines betweenthe query
polygons. During line spacesubtraction,it also quickly
rejectsoccluderswhich have alreadybeenaccountedfor.
Hencethereis little correlationbetweerthe numberof poly-
gonsin thesceneandthetime compleity of thequeryalgo-
rithm. In orderto quantify time compleity, we have devel-
opedanalternatve measurenamelythe numberof effective
occludes subtracted.

An effectiveoccluderis an elementof the setof occlud-
ersgeneratedy the ray-castingperformedin Section3.3.
This setapproximategone of) the smallestpossiblesetsof
occludergequiredto block thetotal occludedine space.

Wetimedapproximately48000visibility queriesrunning
onasingleprocessorror eachof thesewe countedthenum-
ber of effective occluders,and computedthe averagetime
taken to query this mary effective occluders.We useda
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least-squares, andfoundthegrowth to bein the orderof

O m*1® . Thisis depictedn Figure4a.To increasehe con-
dence of our t, we excludedtimingscorrespondingo less
than5 samplesThe dataresultingfrom this noisereduction
is plottedin Figure4b. We notethatthis excludesmostof the
larger queries sincetheseareinfrequent.We further notea
distinctin ection wherethe numberof effective occluders
is 30. Furtherinvestigationhasshavn the causeto be that
at this point, the storagerequiredby our polytopecomple

becomedargerthanthe L2 cacheof our testmachine This

behaiour is reproducedwnith both the town andthe forest
scenekFitting two curves,onefrom 0 to 30,andonefrom 31

to57,we obsenetheorderto beO m*1® andO m respec-
tively. The secondcurwe pertainsto a larger, hardware in-

ducedconstantGivenour justi cation for anticipatingsuch
aresult(seeSection3.4), we do not expectthis compleity

to vary signi cantly for ary realisticscene.

To estimataheglobalscalabilityof ourapproachwe con-
sider rst thecomplexity of anai\e solution,wherevisibility
is computedfor a singlecell by simply queryingevery sin-
gle polygon. This would requiren queries.At most, each
querymaybegivenn 1 polygonsasinput,and nd each
of theseto be effective occludersThis givesa computation
costof O n?1% . Forarealscenen 1 effective occluders
is highly unlikely. For our forestandtown scenesye have
foundthe maximummumberof effective occludergo be472
and250respectiely, whereaghe averagenumberof effec-
tive occludersarerespectiely 3.6 and1.7 perquery(recall
thatlargevirtual occludersareused).

If we let, m bethe maximumnumberof effective occlud-
ersrequiredin any query for a particular scene,then we
can expecta compleity of O nmt1® | wherein practice,
m n. This algorithmis alreadyscalablehowever, by in-
corporatingour generalarchitecturethe numberof queries
cantypically be greatlyreducedapprox.55000queriesper
cell for the forestsceneand approx.42900queriesper cell
for thetown scene) Furthermorem is an upperbound.We
cannotgive a full depictionof our algorithm's averagecase
performancesincethis would be a complex function of ge-
ometricdistribution, cell con guration andscenesize.Such
a statisticalanalysisis beyond the scopeof this paper It is
clear however, that the averageorderis belov O nmt° |
therebyshawing scalability

The signi cant run-timesof our experimentscan be ex-
plainedasalargeconstanfactorintroduceddueto theinitial
compleity of the exactqueryalgorithm.Indeed the initial
polytopeof a querytypically consistof hundredf faces.

Returningto thenumberof queriegperformedfor thefor-
estscene the outputsensitvity of our algorithm (seeSec-
tion 4.3) resultsin approximately97% of the preprocess
computatiortimebeingspentonthe rst, andthereforenear
est, 8% of the scene.For generalhigh depth compleity
scenesyve canexpectthe dominantcomponenpf the run-
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Figure 4: Time vs. Effective occluders(a) Theaverage time for queriesconsistingof varying numbes of effectiveoccludes.
The tting curveshowsgrowthoftheorderO mt % . Theavemge distancefromthe tting curveto thesampledatais 1285(ms).
(b) Thesamedata setas for (a), however thoseavelages computedwith lessthan 5 samplesare excluded.A two curve t is
applied,showingO mt 15 growthupto 30andO m to 57. Theavelage distancefromthe tting curveto the sampledatais

38(ms).

time compleity to be a function of whatis visible Thus
illustratingthe outputsensitvity of ouralgorithm.

6. Conclusion

We have presentedh tractableexact visibility query algo-
rithm and effectively integratedit into an architecturethat
allows for the ef cient, outputsensitve computationof ac-
curatefrom-region visibility .

Our solutionto the visibility problemcanbe usedto ob-
tain the smallestpossibleset of visible polygons(for the
givenpartition),while makingno sacri ce in imagecorrect-
nessThisisthe rst generaBD solutionthatallowsfor both
optimalrun-timeperformanceandcorrectness.

Sinceit is anexactsolution,we canexpectour solutionto
be slower than that of approximate/conseative solutions.
Ourtestscon rm this. Fortunatelythealgorithmis scalable,
implying thatif thehigh constantostof thealgorithmis by-
passedeitherby simply acceptinghe run-time,or through
amortisationvia a distributed solution, then an exact and
practicalsolutionto the from-region visibility problemhas
beenfound.

6.1. Futur e Work

We intendto furtheranalysehetime compleity of thegen-
eralalgorithm.Weintendto catalogughequalitative distinc-
tionsof line spacewhich aremadein globalvisibility struc-
tures,but not within our queryalgorithm.We believe such
combinatorialanalysiswill leadto tight theoreticabounds.
Needlesso say we will continueto investigateperformance
enhancemerdtratgieswhich mayreducetherequiredrun-
times.
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Figure5: Algorithm results Thetop image showsa view of our townscenewhile the bottomimage showsa view of the forest.
In bothimages,theyellowblod correspondgo a view-cell. Thegeometryvisible fromtheview cell is rendeedin green,while
occludedgeometryis rendeedin red.
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