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Abstract

e presenta fastexactfrom-region visibility algorithmfor 2.5D urban scenesThealgorithm usesa subdivision
of line spacefor identifyingvisibility interactionsin a 2D footprint of the sceneVsibility in theremainingvertical

dimensioris resolvedy testingfor the existenceof lines stabbingsequencesf virtual portals. Our resultsshow
that exactanalytic from-region visibility in urban scenesanbe computedat timescompagble or evensuperior

to recentconservativenethods.

Catayories and SubjectDescriptors(accordingto ACM CCS) 1.3.7 [Computer Graphics]: Three-Dimensional
GraphicsandRealisml.3.5 [ComputerGraphics]:ComputationalGeometryandObjectModeling

1. Intr oduction

Visibility calculatiormethodsaimto identify theobjectsvis-
ible eitherfrom apointor from aregionin spacegcalledview
cell). A typicalapplicationfor thesemethodss to accelerate
renderingby sendingonly visible primitivesto the graphics
hardware[ COCSDO02. Of particularinterestarefrom-region
visibility algorithmsbecausg¢hey canbecomputedn apre-
procesr lazily parallelto therenderingprocess.

Unfortunately the from-region visibility problem is
highly complex evenin 2.5DscenesRecentdwancesn vis-
ibility researcthave leadto exact solutionsfor 3D scenes,
albeitat a computationaéffort thatis notjusti ed for mary
practical—especiallyrban—scenesOtheralgorithmscal-
culate a conserative potentially visible set (PVS), which
might include signi cantly more objectsthan actually vis-
ible from the view cell. Thesealgorithmsbuild on various
heuristicsand simpli cations: omissionor simpli cation of
comple visibility interactions(often in the form of miss-
ing occluderfusion), approximationgdueto discretization,
limitations on the size, shapeand placemenbf view cells,
overestimatiorof the occludeesizes,approximateordering
of occludersegtc.

In this paper we shav a new exact solutionto the 2.5D
from-region visibility problemthatis both fastand suffers
noneof theseshortcomings:
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Figure 1: Snapshobf a scenewith 1M occludes with a
PVScalculatedusingour new method.Thebuildingswhich
form the PVSare shownin blue The sightlinesare shown
in green.The PVSfor the givenview cell contained1171
occludeesindtook 1.98secondso compute

Its speeds comparableo or fasterthanprevious conser

vative methods.

It is exact, i.e., it accountsfor all typesof occluderfu-

sion(unlike[DDTP0OQ SDDS0QWWS0QBWWO01]), and
doesnot rely on discretization(like [KCCO01, LSCO03

WWSO0(Q), avoiding the need for excessve occluder
shrinking.

It posemorestrictiononthesizeor shapeof theview cell

or occluders.



J. Bittner, P. Wonka,and M. Wimmer/ FastExactFrom-Rgion Msibility in Urban Scenes

Themaincontribution of this paperis thatit providesthe
rst exactandpracticalsolutionof animportantandwidely
researchetbpic, 2.5Dfrom-regionvisibility. Visibility com-
putationsareneededn mary different elds. It is very dif-
cult for a practitionerto judgewhich of the mary existing
methodsmploys simpli cationsin awaythatit is still accu-
rateor e xible enoughfor aparticularvisibility problem.To
give an example,an architectusinga commercialGIS sys-
temis notlikely to have thetime nor the knowledgeto nd
out how to approximatea desiredview cell with squaresor
how to setup parameterBk e discretizatiorresolutionsothat
his desiredaccuray is achieved.

2.5Dvisibility is animportantandeasilyidenti able sub-
problem,andthereforewe believe thatthereis a high value
in asolutionthat“just works”, while atthe sametime being
fastenoughfor practicalusage.To demonstratehis point,
we will shav in Section6 how simpli cations commonly
usedin conserative methodscan leadto non-intuitive re-
sults,which canbe signi cantly worsethanthoseobtained
by theexactmethod.

Our methodusesa subdvision of line spacein orderto
nd sequencesf potentialoccludersfor a given objectin
a 2D footprint of the sceneVisibility of the objectis com-
putedby interpretingthe vertical extensionsof the potential
occludersas 3D portalsand testingfor the existenceof a
stabbingdine throughthe portalsequenc§Tel924.

2. Relatedwork

Visibility is a widely researchedopic coveredin a number
of thoroughsurneys [Dur99 BW03, COCSD02. We focus
hereon previousfrom-region visibility methods.

Visibility algorithmsfor indoorscenegypically exploit a
cells-and-portalsubdvision. Visibility from a cell is com-
putedby checkingsequencesf portalsfor possiblesight-
lines. To solwe this task,Airey [ARB90] usedray shooting,
andTelleretal. [TS9], Tel92h usedstabbindine computa-
tions,which arealsousedasa partof our new algorithm.

For outdoorscenesWonkaet al. [WWS0( useoccluder
shrinkingand point samplingto calculatevisibility in 2.5D
sceneswith the help of a hardware acceleratedz-buffer.
Koltunetal. [KCCOO0] transformthe2.5D problemto a se-
riesof 2D visibility problems.The 2D problemsaresolved
usingdual ray spaceandthe z-huffer algorithm. They also
shav an analyticmethodwhich is exactfor arestricted2D
problem,but which turnsout to be only conserative in the
general2.5D case.Leyvandet al. [LSCOO03 usea differ-
entdiscretizatiorof line spaceandalsorelaxthe2.5D con-
straintin somecasesAll of thesealgorithmsrely on dis-
cretizationin graphicshardware,whichlimits theirprecision
andscalability Bittneretal. [BWWO01] usealine spacesub-
divisionmaintainedby a BSPtreeto calculatehe PVS.This
methodformsthebasisof our new algorithm.

For general3D scenes,Durand et al. [DDTPO(Q pro-
posed extended projections and an occlusion sweep to
calculateconserative from-region visibility. Schau er et
al. [SDDS0Q usedblocker extensionsto computeconser
vative visibility in scenesrepresentedis volumetric data.
Bittner [Bit02] proposedan algorithm using Pliicker co-
ordinatesand BSP treesto calculate exact from-region
visibility. A similar methodwas publishedby Nirenstein
et al. [NBG0Z. While thesemethodscan handlegeneral
scenes;they are also signi cantly slower than dedicated
methoddor 2.5D scenesandthe conserative methodsely
ondiscretizatiorandothersimpli cations. Recently Niren-
steinetal. [NBO4] adwocateaggressie visibility algorithms,
thatprovide a smallerPVSthanthe exactoneat the costof
imageerrors.

The remainderof the paperis organizedasfollows: Sec-
tion 3 givesan overview of the algorithm.In Section4 we
discusghe line spacesubdvision. In Section5 we describe
the stabbingine computationln Section6, we evaluatethe
proposednethodand shov someexamplesfor its applica-
tion.

3. Overview

Our methodcalculatessxactfrom-region visibility for 2.5D

scenesi.e., sceneghat can be representecs a polygonal
height eld (a piece-wisdinearfunction f : W! R, where
W is a 2D domain).It canbe shown that visibility of such
sceness equialentto the visibility of the containededges.
Therefore,in our algorithm occludersand view cell faces
arerepresentetly generaBD edgesandtheir verticalexten-
sionsto the ground. The algorithm computegtypically in

a preprocessan exact potentiallyvisible set(PVS)in three
interleared steps:

Hierar chical scenetraversal. Theoccludersaandthescene
geometryare storedin a spatialhierarcly (we usea kD-
tree).For eachfaceof a givenview cell, the spatialhier
arcly is traversedto obtainan approximatefront-to-back
orderof occludersThe processingf occludersis inter-
leavedwith visibility testsof the currentlyprocessedD-
treenode.If anodeis invisible, the subtreerootedat the
nodeandall containedccludersareculled.If it is visible,
thealgorithmrecursvely continuegestingvisibility of its
descendants.

2D line spacesubdivision. To resole visibility in thehori-
zontaldirection,thealgorithmincrementallybuilds asub-
division of line space maintainedby a 2D BSP tree.
Whenanoccluderis processeda line spaceblodker poly-
gon is constructedfrom its footprint and insertedinto
thetree.A blocker polygonis split accordingto the BSP
leavesit intersectseachof which hasa sequencef po-
tentialoccludersassociated.

Portal visibility test. Final visibility of an occluderis re-
solvedusingthe occludersequenceglenti ed by theline
spacesubdvision. For eachoccluderin sucha sequence,
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Figure 2: Primal space(top) and line space(bottom).(a), (b) View cell and occluderendpointamapto linesin line space (c)
Theresultingline spaceblocker polygonandits correspondingunnelof linesin primal space (d) Anotherblocker polygon(e)
Thecell Cin theline spacesubdivisioncorrespondgo a funnelF in primal space

we constructa semi-in nite vertical portal. Thenwe test
for the existenceof a line stabbingall portalsin the se-
quence.Thus we reducethe 2.5D visibility problemto
thewell-known portalvisibility problem.Visible occluder
fragmentsupdatethe line spacesubdvision accordingly
Sincethe exact portal visibility testis quite costly we
introduce an efcient accelerationbasedon penumbra
wedgeghatworksin the majority of cases.

In practice scenewill oftennotbegivenasheight elds
directly. Asin previous2.5Dvisibility algorithms,occluders
aretypically synthesizedrom the original 3D input model
(how this shouldbe donedependson the sceneandis be-
yond the scopeof this paper),whereasvisibility testsfor
theoriginal objectsareperformedusingseparat@ccludees,
for exampletheir boundingboxes. Note thatto provide ex-
actresultsin the caseof separat@ccludeesthey needto be
clippedagainstthe height eld in orderto guarante@ 2.5D
inputstructure.

4. Line SpaceSubdivision

Our algorithmmakesuseof line spacea dual spacewhere
eachpoint corresponddo a line in primal space.The 2D
portionis basedon analgorithmby Bittner etal. [BWWO01,
BPS03 andsimilarly usesPlicker coordinateso parame-
terizeline space The raysthat emanatdrom the view cell
and intersectan occludercorrespondo a polygonin line
spacetheso-calletblocker polygon Thesepolygonsinduce
a 2D subdvision of line spaceinto polygonalline space
cells Eachline spacecell C is associatedvith a sequence
of blocker polygonsorderedby the distanceof occludergo
the given view cell. Eachline spacecell correspondgo a
funnelF in primal spacethe funnel boundsall raysinter
sectingthe sequenceof occludersassociatedvith the cell
(seeFigure?2).
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Theline spacesubdvisionis createdncrementallyby us-
ing anocclusiontreg aBSPtreewherenodescorrespondo
edgef blocker polygons For eachoccluderO, we identify
the line spacecells that are intersectedy the correspond-
ing blocker polygon. For eachsuchcell, visibility of O is
determinedby the portalvisibility test.If O is occludedno
changesarenecessanif O is visible in thewholecell, it is
insertedinto the sequenc®f occludersfor the cell. Other
wise,thecellis furthersubdvidedaccordingo visible parts
of O.

5. Portal visibility computation

Theportalvisibility testis the coreof our exactvisibility al-
gorithm. The goalis to classifyvisibility of a blocker poly-
gon(belongingto anoccluderO) in aline spacecell C.

We construct3D virtual portalsin primal spacefor the
given view cell face,the new occluder(O), and for each
occluderassociatedvith C. For the view cell faceand O,
thevirtual portalis boundby the top edgeandtwo vertical
half-linesdirecteddownwards.For the otheroccludersit is
boundby the top edgeandtwo vertical half-lines directed
upwards(seeFigure3).

5.1. Stabbing line computation

The portal visibility testof O in Cis basedon a stabbing
line computation[Tel928 which teststhe existenceof a
ray which leavesthevirtual view cell portal, passeshrough
thevirtual portalsof all occludersin between(i.e., it is not
blocked by theseoccludersseeFigure 3), andhits the vir-
tual portal of O. If sucharay exists, O is visible in theline
spacecell C (andits correspondingprimal spacgunnel F ).

Theactualstabbingine computatioris carriedoutin 5D
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Figure 3: Stabbingline computation.Theview cell faceis
shownin red,two occludesidenti ed by theline spacesub-
divisionin blue andthe currently processedccluderO in
yellow Theportalsextendabovethetop edgesof theocclud-
ersandbelowthetop edgesof theview celland O.

line space.Eachline of eachportal in primal spacecor

respondsto a halfspaceboundedby a hyperplanein line

spaceA line in primal spacethatstabsall the portalscorre-
spondgo apointin line spacavhich (1) isin theintersection
of all thesehalfspacesand (2) lies on the Pliicker quadric
(see[Tel924). If thereis no suchpoint, we concludethat
thereis no stabbingline andhenceO is not visible with re-

spectto thegivenoccludersequenceT heintersectiorof 5D

halfspacess calculatedusing polyhedraenumeratiortech-
niques[AF96)].

5.2. Updating the line spacesubdivision

In orderto updatethe line spacesubdvision, moredetailed
informationaboutthe visibility of O is gatheredby making
useof theantipenumba [Tel924 (this is only necessarjor

occludersnotfor occludees)Theantipenumbris the setof

3D rayscorrespondingo all the stabbinginesfoundby the

5D halfspaceéntersectionBy reconstructingheantipenum-
brainducedby the given setof virtual portalsandintersect-
ing it with O, we determingheexactvisible partof O in the

funnelF . Thisleadsto threepossibleresults:

O is completelyoccluded.In this case,O doesnot con-
tributeto theline spacecell C.

The top edgeof O is visible acrossthe whole funnel. In
this case,it is simply addedto the sequencef relevant
occluderdor C.

Qs visiblein only a partof thefunnel. This meanghata
changeof visibility dueto the heightstructureof occlud-
ersoccursinsidethefunnelF .

Onlythislastcaserequiregheline spacesubdvisionto be
updatedThe endpointsof thevisible partsof O aremapped
to oneor moreedgesin line spacewhich areusedto sub-
divide the original line spacecell C. In the newly created

cellswhereapartof Ois visibleit is addedo theassociated
sequencef occluders.

5.3. Acceleration using penumbra wedges

The 5D halfspacentersectionnecessaryor the portal test
is a rathercostly algorithm with a high constantcost and
asymptotidime compleity O(nz), wheren is thenumberof
halfspace$Tel924. Fortunately we canapply conserative
teststhat quickly decideif the new occluderis eitherde -

nitely visible or de nitely invisible. As a result,the higher

dimensionahlgorithmisinvokedveryrarelyin practice The
conserative testsarebasedntheconstructiorof penumba
wedges which boundthe penumbraof theview cell with re-
spectto anoccluderandafunnel.

First,weselectall occludersassociatedvith theline space
cell C. For eachoccluderthe penumbravedgeis calculated
astheregion boundeddy thefour shadev planesde ned by
its top edgeandthe top edgeof theview cell. Sometypical
penumbravedgesareshavn in Figure4.

Figure 4: Penumba wedgs for two different view cell
face/occludercon gurations. (left) Non-paallel edges in-
duce penumba wedg with non-zeo volume (right) The
viewcell face and the occluderare parallel, but dueto the
tilted occluderedge the penumba wedg expands.

To determinevisibility of O with respectoF , we rst clip
it againstthe two lower shadev planesof eachpenumbra
wedge.If O is completelybelowanytwo suchplanesiit is
de nitely invisible.

An occludeecanbetrivially acceptedsvisiblein Cif ary
partof its edgelies above all uppershadev planes|f thisis
notthecasepr if we aredealingwith anoccluderthe upper
shadav planesareusedto computethenumberof penumbra
wedgeshatintersecthe clippedoccluderedge.If the edge
intersectsat most one penumbrawedge, it is visible (this
happensf thereis no or only one“relevant” occluderfor O)
andwe calculatethevisible partof O by clipping againstthe
lower shadev planes However if the edgeintersectseveral
wedgestheumbrais de ned by a quadraticEEE eventsur
facedueto penumbrdusion(seeFigureb). Only in thiscase
do we invoke the exact stabbingine computatiordescribed
above.
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Figure5: AEEEeventsurfacedueto thecumulativeeffectof
two occludes. Theyellowregion would befalselyclassi ed
asvisibleif only the penumba wedgsof thetwo occludes
were used.

6. Resultsand Discussion

We have implementedthe presentedalgorithms and run
sometestson a2GHz OpteronPC.We will analyzethever-

satility, scalabilityandef ciency of our methodon 4 differ-

enttestsceneswith differentview cell sizes(test1 and2).

We also compareaspectf our methodagainstthree dif-

ferent previous methodsto shaw the effects of discretiza-
tion [WWSO0Q LSCOO03 (test3) andto prove the perfor

manceadwantageover exact3D visibility evaluation[Bit02]

(test4).

6.1. Testsfor different scenes

In a rst test,we illustratethe versatility of our methodby
runningit on four differenttestsceneswith varying visibil-
ity propertiesa modelof thecity of Vienna,whichis atyp-
ical Europeartity with denseocclusion;a modelof the city
of Atlanta, which hasa much lower building density like
mostAmericancities,andthereforefeaturesvisibility inter-
actionsthatextendfarfrom theview cell; acomputergener
atedmodelof alargecity with comple building shapesand
of arandomlygenerate®.5D scenewith slantingtop edges,
which malkes the complex EEE eventsappearmore often.
All valuesin the following tablesrepresentwveragesover a
numberof randomlyplacedview cells. Table1 summarizes
somemodelstatistics For the Viennamodel,occludeegon-
sistedof boundingboxescontainingatotal of 8M polygons,
whereasn theothermodels theoccludersalsosenedasoc-
cludeesNotethatin ourexperimentsyve concentrat®nthe
numberof actual2.5D occludersn the sceneAs discussed
in Section3, theseoccludergypically represensigni cantly
morecomplex 3D inputscenes.

Snapshotef the PVS computedor oneview cell in At-
lanta,for view cellsatdifferentheightsin therandomscene,
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anda PVS at the City sceneare depictedin Figures7, 8,
and9. Figure 1 shavs resultsfor a very big sceneshawving
the scalability of the algorithm. The memoryrequirements
for representinghe line spacesubdvision for our the At-
lantasceneare asfollows: the subdvision consistedon av-
erageof 2312cellsfor thelargerview cellsand565cellsfor
thesmallerview cells. Therewerel.54occludersassociated
perline spacecell for the large view cellsand1.66 for the
smallerview cells. This numberexpresseshe averagenum-
ber of occludersvisible abose eachotherin a funnel (for a
2D scendt would equall.0).

Vienna Atlanta City Random
Triangles 8,123,675| 181,678 | 2,153,382| 42,801
Occluders 15,243 90,839 | 1,018,350| 42,801
Occludees 7,731 90,839 | 1,018,350 42,801
Area 8 km? 32km? 40 km? 1 km?

Table 1: Modelstatistics.

Table 2 shawvs the behaior of the algorithm when the
view cell sizevaries.The algorithmis outputsensitivei.e.,
the runningtime increasesvhenthe complity of visibil-
ity interactionincreasegor largerview cells(possiblyfaster
thanlinearly),butis practicallyindependendf thesizeof the
sceneTheoutput-sensitie behaior is mainly achieveddue
to the two hierarchiedn the algorithm,the scenehierarcly
andthehierarchicaline-spacesubdvision.

view cell PVSsize | time
perim. height [9]
Vienna 36m | 2m 84 0.013
535m | 2m 235 0.060
Atlanta 17m | 2m 279 0.055
44m | 2m 890 0.298
89m | 2m 1053 0.488
177m | 2m 1328 0.918
City 13m | 2m 1041 2.263
569m | 2m 7050 70.2
Random| 36m | 2m 113 0.156
36m | 4m 194 0.438

Table 2: ResultSor differentview cells.

The efciency of the differentstagesof the algorithmis
shavn in Table 3. It canbe seenthat the penumbraaccel-
erationsucceedsn resolvingvisibility in the vastmajority
of caseswhich explains the high speedof the algorithm.
The remainingcasesare run throughthe exact portal test,
which classi esabout10-20%o0f theremainingoccludersas
visible, while nottaking morethan25% of thetotal running
time. Thissuggestshatthe EEEevents—whicharethemost
dif cult visibility eventsto compute—aralreadyvery well
approximatedby the underlying2D algorithmin conjunc-
tion with the penumbravedgeoptimization.
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Portal Penumbra| Stab | Stab
tests succ. culls | time
Vienna 11,293 99.7% 8.7% | 30%
Atlanta 51,704 99.99% 6% 5%
City 12,083,009| 99.99% 10% 7%
Random 26,026 99.5% 11.6% | 28%

Table 3: Algorithmefciency, showinghowoftenthepenum-
bra wedg acceleation succeedeéh determiningvisibility,

howmanyof theremainingoccludes were culled by the ex-

act portal test,and the total time usedby the exact portal

test.For the statisticswe usedthe mostcomple setof view

cellsde nedfor eadr model.

6.2. Simulating consewative behavior

In asecondest,we usedour algorithmto simulateatypical
conserative algorithmthat only usesonepenumbravedge
peroccluderto approximateregionswhere EEE eventsoc-
cur. TheresultingPVSincreasedy morethan47%for the
Randomscenefor 2 m view cells, and more than 76% for
4 m view cells. This shavs not only the effectivenesf our
new exactalgorithmespeciallyin complicatedvisibility sit-
uations but alsoits utility to analyzesuchsituations.

6.3. Simulating discretization

In athird test,we usedour methodas a referencemethod
to demonstrateéhe effectsof the two kinds of discretization
typically usedin previousvisibility algorithms:objectspace
discretizatiof SDDS0QWWSO0(J andimage[DDTPOQ or

line spacediscretization[KCCOO0L LSCO03. For object
spacediscretization we have appliedWonkaetal's discrete
hardware-acceleratedpproacho the Viennamodelfor the

sameview cellsasourexactmethod Occludersvereconser

vatively discretizedo a global 1400x140@ixel grid (yield-

ing cells of about2x2m), which led to an overestimatiorof

the PVS of 17% on average,while the running time was
comparableThis methodworks well if the scenecontains
a sufcient numberof larger occluderswhile for the exact
algorithm, the size of occludersis irrelevant. Note that for

the Atlanta scene the grid would alreadyhave to contain
4000x200(ixels.

Line spacediscretizationworks differently: an occluder
needgo block the whole funnelrepresentethy a samplein
thediscretizatiorin orderto have ary effectonthecomputa-
tion. Thismeanghatoccluderseartheview cell aretreated
with higheraccurag. We shaw this effect by simulatingthe
distance-dependentccludershrinking requiredby the line
spacemethodof Leyvandetal. [LSCO03. Table4 summa-
rizestheresultsfor severalline-spaceesolutionswith view
cellssimilarto thoseusedbefore.

Especiallyfor the Atlanta scene wheremary occluders
are distant, a very high line-spaceresolution (more than

16000x16000}s requiredto achieve acceptableesults An-
other reasonfor thesevaluesis that due to the consera-
tive discretizationin line space,gapsappearbetweenfor-
merly connectedccludersTheseresultsindicatethatthere
is a larger classof urbanmodelswherediscretization-based
methodsare no longer competitve. For sceneswherethe
occludershecomesmallerand move further away from the
view cell the exactmethodwill signi cantly outperformthe
discretization-basednesin termsof speeddueto highres-
olution requirementsandquality of the PVS (dueto shrink-
ing). .

Gridres. | 512 1024 2048 | 16384 | exact
Vienna 633 535 489 455 235
Atlanta 50744 | 25751 | 10082 | 2656 | 1152

Table 4: PVSsizesfor differentline-spacegrid resolutions
for Leyvandetal. [LSCOO03 compaedto theexactsolution.

6.4. Comparisonto 3D method

In afourthtest,we prove thevalueof anexact2.5D solution
vs. afull 3D implementationWe rananoutput-sensitie ex-
act3D visibility algorithm[Bit02] for thesameview cellsas
our 2.5D algorithm.For the Viennaand Atlanta scenesthe
3D methodtook aboutl5timesaslongto computehesame
resultasour 2.5D method ,whereasn the Randomsceneit
tookalmost25timesaslong. This meanghatfor all applica-
tionsthatdo not requirea full 3D visibility solution(which
arenumerous)pur exact 2.5D methodoffers all the advan-
tagesf anexactmethod but atthelow computationakffort
of aconsenrative 2.5D method.

We shouldalsopoint out that even thoughour algorithm
is exact,our currentimplementations ultimatelylimited by
oating pointaccurag. Numericalrobustnesss anissuethat
is nottrivial to solve. In our method,we have usednormal-
ization and epsilon-thresholdi orderto dealwith this is-
sue,andfoundthis to affect the visibility decisionof a few
polygons.Theuseof the BSPtreeasthe maindatastructure
actuallyhelpshere,sincetherequiredbinarysplitting of 2D
polygonscanbeimplementedrery robustly. Themoreprob-
lematichalfspacentersectioris usedprimarily asanaccep-
tance/rejectiorlassi er, which signi cantly limits theprop-
agationof numericalerrors.

6.5. Complexity analysis

An accuratetheoreticalcompleity analysisof the method
is a dif cult issue.First, it is hard to provide an accu-
rate combinatorialmodel of real urbanscenessecondthe
methodis basedn sereralheuristicsthebehaior of which
is hardto analyze(kD-tree, hierarchicaline spacesubdvi-
sion, penumbravedgesacceleration)We thereforepresent
ananalysisunderanassumptioraboutscenevisibility which
is alsobaclkedup by experimentaimeasurements.
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Let n denotethe total numberof occludersand k the
numberof visible occludersA reasonablassumptiorabout
scenevisibility in urbansceness thattheaveragenumberof
occludersin uenced (i.e., partially occluded)by eachvisi-
ble occluderis O(1) (in both horizontaland vertical direc-
tions). Thus,eachblocker polygonmay be split O(1) times
due to the correspondingvisibility events. Assumingthat
theresultingO(k) blocker polygonfragmentsareuniformly
distributed, the expectedsize of the line spaceBSPtreeis
O(klogk) (thisfollows from ananalysisof randomizedBSP
constructiorfor line sggmentsn theplane[BKOS97). Con-
sequentlyeachleaf of the BSPtreeis associatedvith O(1)
visible occludersinsertinganoccluderor testingits visibil-
ity is O(logk) in time (we traverseO(1) pathsfrom theroot
to theleafs).

To take into accountthe hierarchicalvisibility testsfor
all occluders(and occludees))et us assumethat at each
kD-tree leaf, there are W(1) occluders.It can be shavn
thatthe numberof kD-tree nodestestedfor visibility is be-
tweenO(k+ logn) andO(klogn) [Bit02]. Thevisibility test
using the kD-tree node takes betweenO(logk) and O(k).
The rst casecorresponddo traversinga single path from
the root to the leaf, the secondcaseto the traversalof the
wholetree.Soin total, the algorithmcompleity is between
O(klogk+ logklogn) andO(k?logn).

We provide experimentakvidenceaboutthederivedcom-
plexity boundsby measuringhe dependencef thethesize
of theline spaceBSPtreeandthetotalnumberof funnelvis-
ibility testsonthenumberof visible occluderdor thescenes
andtestspresentedn Table 2. The measurementare de-
pictedin Figure6. The gure shavsthatboththesizeof the
BSP tree and the numberof funnel visibility testsroughly
correspondo the derived compleity bounds.Theonly test
which exhibits fastergrowth is the secondCity test (large
view cells). We explain this mainly by the factthatthe size
of theview cellsis solargethattheassumptiorof partialoc-
clusionof O(1) in horizontaldirectiondoesno longerhold.

7. Conclusionsand Futur e Work

In this paper we have introducedthe rst exact solutionto
the 2.5D from-region visibility problemthat achieves run-
ning timescomparabléo previous conserative methodslt
combinesa subdvision of 2D line spaceand an exact 3D
portalvisibility testin orderto dealwith all possiblevisibil-
ity interactions.

The main contrikution of this paperis a solutionto the
2.5D visibility problemthatis fastand “just works”. It is
exact anddoesnot rely on ary heuristicor simpli cation.
In particular it doesnot use discretization,neither of the
scenenor of line space.We have shovn possibleconse-
quence®f suchsimpli cations, whereespeciallydiscretiza-
tion methodshave exhibited signi cant weaknessem some
situations Also, notuningof parameterss required andthe
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Figure 6: Experimentalkvaluation of alghorithm complex-
ity for all measued tests.(top) The size of the line space
BSPtreein dependencen the numberof visible occludes.
(bottom)Thetotal numberof funnelvisibility testsin depen-
denceon the numberof visible occludes. For betterclarity
boththe graphsare shownin log-log scale

methodworkswell for differentsizesof occludersno mat-
terwhatdistancehey arelocated All of thisis importantfor
practitionerdrom mary elds who cannoteasilyjudgehow
somesimpli cation impactstheir particularequirementsor
avisibility solution.

For futurework, we planto tacklethe 3D visibility prob-
lem by decomposingay spaceinto subsetshatcanbeana-
lyzedwith 2.5Dvisibility queriesThemethodcouldalsobe
modi ed to ef ciently handlenon-urban2.5D scenessuch
asterrains.
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Figure 7: (left) A PVScomputedn the Atlantascene Thebuildingswhich form the PVSare shownin blue Thegreenplanes
correspondo lower penumba wedgs,theredline segmentsare visible parts of occludertop edges.(middle)A closeupof the
view cell neighborhood(right) Visualizationof lines boundingthe funnelsof the line spacesubdivision(in yellow). Notethe

gray regionsculled by hierarchical visibility tests.
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Figure 8: A PVScomputedn therandomsceneat differentheights(left) 2 m, 72 visible objects,(middle)4.6 m, 173 visible
objects (right) 7.2m, 1554.visible objects.

Figure 9: (left) Overviav of the City scene(middle)A relativelylarge view cell insidethe City sceneusedfor our tests.Note
that the view cell is locatedat a challengingpositionfromwhich a large part of the city is visible (right) Snapshobf a PVS
computedn the City scene
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