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ABSTRACT

We presentrapidocclusionculling algorithmspecificallydesigned
for urbanervironments. For eachframe, an occlusionhorizonis
beingbuilt on-the-flyduring a hierarchicalfront-to-backtraversal
of the scene. All conseratively hiddenobjectsare culled, while
all theoccludingimpostorsof all conseratively visible objectsare
addedto the21 D occlusionhorizon. Our framework alsosupports
levels-of-detail(LOD) renderingby estimatingthe visible areaof
the projectionof an objectin orderto selectthe appropriate_OD
for eachobiject. This algorithmrequiresno substantiapreprocess-
ing andno excessie storage.

In atestsceneof 10,000buildings, the cull phasetook 11 ms
on a Pentiumll333 MHz and 45 mson an SGI Octaneper frame
on average. In typical views, the occlusionhorizon culled awvay
80-90%o0f the objectsthatwerewithin the view frustum,giving a
10timesspeedupver view frustumculling alone.Combiningthe
occlusionhorizonwith LOD renderinggave a 17 timesspeedun
anSGIl Octaneand23timesonaPll.

CR Categoriesand SubjectDescriptors: 1.3.7 [ComputerGraph-
ics]: 1.3.7 Three-DimensionabraphicsandRealism.

1. INTRODUCTION

Culling away objectsthataredefinitelynotvisible andavoidingthe
expenseof sendinghemthroughtherenderingpipelineis arguably
themosteffective contritutionto speedingiprenderingime. In in-
terior sceneseffective visibility culling may be obtainedfrom the
mary opaquewalls[7]. In exterior scenespnecantry to cull away
partsof the scenethat aretotally occludedby otherobjects[7, 5,
9]. However, this approachis in generaimuchmoredifficult than
managingvisibility basedon cells and portalsin interior scenes.
Eachoccluderderived from anindividual objectmay; by itself, be
a ratherineffective occluder Only whenseveral suchobjectsare
fusedinto alargeroccluder canwe expecteffective culling. Deter
mining whenthis canbe done,in thegeneralkasejs difficult.

We presentan algorithm that fusesoccluders,needslittle pre-
processingrequireslittle extra information, andis simpleto im-
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Figure 1: Left: city with occlusionhorizon. Right: top down
view of occlusioneffectiveness.

plement.It is mostusefulfor urbanscenesndperformsbestwhen
the viewer is locatedwheremary humansusually are,lessthan2
metersabove streetlevel. If the viewer is locatedabove the build-
ings in the scene then no occlusionculling algorithmwill work
well, becausenostbuildingswill bevisible. We alsocombinedour
occlusionschemawith asimpleLOD techniquewheretheLOD is
selectedbasedon an estimateof the areaof the visible part of an
object.Colorplate1 shavs the algorithms effectiveness.

The cull algorithmis basedon a visible horizonin a projected
horizontalview. The projectionfails if the view directionincludes
theverticalaxis (up). This limitation could be avoidedby splitting
theview into multiple parts,usingonly view frustumculling in the
vertical direction and occlusionculling in more level directions.
Despitethis limitation, we find thatthis is a powverful andefficient
algorithmthatyields goodresultswith small processingime and
no onerouspreprocessingr storagerequirements.

2. PREVIOUS WORK

Outof thevastquantityof literatureon occlusionculling, we review
only asmallsubsebf thematerialthatis relevantto our context.

Horizonshave beenusedby severalresearcherns differentways.
Floatinghorizonscanbe usedto solve the hiddensurfaceproblem
for plotting functionsof theform z=f(z,y). Thefunctionis pro-
cessedrom front to back,maintainingan upperanda lower hori-
zonfor thefunctiongraph. See for example,Rogers book[4] for
adiscussiorandreferences.

Wimmer et al. [8] renderall geometrywithin a certainradius
without occlusionculling. Then,imagecachingandray castingis
usedfor the distantgeometryresultingin compleity proportional
to the numberof pixelsof therenderingwindow. Stevart[6] com-
putesaccuraténorizonsatall verticesin aterrainin apreprocessing
step.



Coog andTeller[2] presentcell-basedechniquehatselectsa
small setof large occludersanddeterminessia supportingplanes
whethera boundingbox of an objectis hiddenbehind,i.e., in the
shadw of, alarge occluder Occludersare fusedonly whenthe
resultingoccludercanalsoberepresentedsa corvex polygon.

Schaufleret al. [5] presentan algorithm that voxelizes space,
identifiesinterior voxelsandfusesthemto representargerocclud-
ers. The projectionof thesevoxels formsa shadav shaftwhichis
usedto cull away objects.

WonkaandSchmalstig [9] have developedanalgorithmfor vis-
ibility culling in urbanervironments.They usegraphicshardware
to describeshadav volumesin an orthographictop-davn view.
Thisrequiregheframebuffer to bereadfor eachview point,which
is slow on somearchitecturesndlimits the accurag of the algo-
rithm to the resolutionof the frame buffer. Later, this technique
wasextendedto a cell-basednethodandusedasa preprocessing
step[10]. The upgradedalgorithmorganizeghe informationhier-
archically but the preprocessingtill takesabout9 hoursfor 8 mil-
lion polygons,wheremorethan50% of the time is spentreading
theframebuffer andthe extractedvisibility informationrequiresa
gooddealof storagespace.

Funkhouseand Sequin[3] presenta level-of-detail (LOD) ren-
deringalgorithmfor constanframerate.Anddjaretal. [1] describe
aframework for combiningLOD renderingwith occlusionculling.
They usehardlyvisible sets(HVS) anda visibility octreeto bound
theimageerror, andreporta speed-upf 2.3.

3. OCCLUSION CULLING WITH CONSER-
VATIVE HORIZONS

Our algorithmassumeshatmostof the occludinggeometryin the
modelcanbe describeddy a heightfield. We usea piecavise con-
stantapproximationto this field in the form of vertical prisms. A
planeis sweptin the viewing direction, awvay from the eyepoint
acrossthe model, accumulatinga horizon of occluding objects.
Any objectthatis not obscuredy the horizonatthe pointthatit is
first encountereds addedto the list of visible objectsfor display
andits occlusioninformationis addedto the horizon. This simple
representatiortovers the dominantsourcesof occlusionin urban
or sulhurbanervironmentsandallows for very fastmerging of oc-
cluders.Overhangingstructuresandbridgeswill not contrikuteto
occlusionin the sceneput they will be correctlyculled or deemed
potentiallyvisible. Terrain doescontritute to the occlusionhori-
zon,sinceit is well representedsaheightfield, howeverthemodel
we createdor testingusesaflat groundplane.

3.1 Occluder Volumes
Our algorithmrequiresouterandinnerapproximatingvolumesfor
eachobject. As an outervolume,we usea simple boundingbox,
alignedwith the objects frame of reference.This box is usedto
testwhetheran objectis visible. Theinnervolumeof anobjectis
describedby a collectionof corvex vertical prisms(CVPs), each
containecentirelywithin the objects geometry

A CVPis definedby a corvex polygonal2D cross-sectioin the
zy-planeanda z height. The occlusionextent of a single object
may be approximatedy the union of several CVPs,asshavn in
Figure2, in orderto betterapproximatehe occlusionsilhouetteof
the object. The union of the groundplanewith the CVPsfor all
objectsin the sceneforms a heightfield which is a conserative
estimateof the occludinggeometryin the scene. The occlusion
propertiesof mostbuildings, eventhosewith slopedroofs,canbe
representeduite well with a smallsetof CVPs(Fig. 2).

Figure 2: A simple house,and a setof threeCVPs.

3.2 CVP Generation

Althoughwe useda modelwith pregenerateaccludernvolumesfor

eachbuilding, the CVPsfor abuilding couldbegeneratedrom the
building geometryif they were not provided explicitly. The goal

is to find a small setof corvex prismsthat are wholly contained
within the geometryof the building andwhich provide aslarge a

silhouetteaspossible.

To generatehe CVPsfor a building, a sweepplaneis passed
from the groundto the top of the building. At eachz slice, the
outercontourof the building is computed.The intersectionof all
suchcontourssofar is an outerboundon the possibleprismsthat
could be placedwithin the building. At ary point wherethis in-
tersectionis aboutto grov smaller a CVP or multiple CVPsmay
be created. The CVP cross-sectionsnay be generatedy a con-
vex decompositiorof the contouror by computingthe maximum
rectanglethat canbe inscribedwithin the polygon. The formeris
favoredfor simplemodelsandthe latter for very detailedmodels.
The decisionof whetherto createa nev CVP at ary particularz
value dependsn the occlusionareaaddedby the new CVP over
all CVPsalreadycreatedandon the total numberof CVPsoneis
willing to createfor thatbuilding.

3.3 SceneRepresentation

The input modelis a 3D scenegraphin which someobjectshave

predefinedocclusionvolumes(CVPs),asdescribedabore. Every

objectis assumedo bedefinedin aframeof referencevherexy is

thegroundplaneandz is theverticalaxis. Objectswith CVPsmay
be rotatedaboutthe z-axis andtranslatedoy arny amount;we call

suchtransformationgrismatic. Thesetransformscanbe updated
from frameto frame,andif they remainprismatic,this allows for

movableoccludersandoccludeeslf anobjectis transformechon-
prismatically (e.g., rotatedaboutthe z-axis), thenits CVPs may
no longerform a heightfield, andthey will not be consideredor

occlusion.

Thescenehierarchyis flatteneddown to thelevel of objectsthat
have occludervolumesor transformsthat are not prismatic. This
createsa flat list of the buildings and other objectsin the scene.
Next, the modelis organizedinto a 2D quadtreein the zy-plane.
Objectsareinsertednto thequadtreatthelowestlevel cell whose
minimum dimensionis larger thanthe objects maximumdimen-
sion. This allows small objectsthat straddlehigh-level quadtree
cell boundariedo be culled away morereliably thanif they were
includedin the high-level cellsin the tree. Any objectcanbein-
cludedin asmary asfour cells by this method. In orderto avoid
duplicating objects,an objectis stampedwith the currentframe
numberwhenit is first encounterediuring the planesweep.Each
quadtreecell recordsthe maximumheightof ary objectwithin it
or ary of its descendantsothattheentirecell canbe culledaway,
if it liesbelow thehorizon.

3.4 OcclusionHorizon

A persorstandingatstreetevel in anurbanenvironmentwill mostly
seethe nearbybuildings. Due to the effect of perspectie, distant
buildingswill appearsmallerandarefrequentlyhiddenbehindthe



closerbuildings. Baseduponthis obserationandthefactthathori-
zonshave beenusedto solve the hiddensurfaceproblems[4], we
have beeninspiredto useanocclusionhorizonto cull away hidden
geometryin urbanervironments.

Theocclusionhorizonis simply adescriptiorof thehhighestpro-
jectedpointsin theheightfield thatarevisible from agivenvantage
pointwithin a certaindistance More distantobjectsthatlie belov
this horizonmay be safelydiscardedasinvisible. We usea piece-
wise constanapproximatiorto this horizon(Plate2).

Thehorizonis a conserative maskof the spaceoccludedby all
buildings encounteredo far in the sweep. It is describedn the
referenceframe of the obserer as a projectionontothey = 1
planefor anobserer atthe origin looking down the y-axis. In the
view plane,the z-axis pointsup andthe z-axis pointsto theright.
Thehorizonis approximatedisa piecavise constanfunctionin x
andrepresenteth abinarytree(Fig. 3). Eachnodein thetreehas
anz range.Everyleaf nodehasa = valuefor the maskheight. The
minimum and maximummaskheightof all childrenare storedat
everyinternalnode.

Figure 3: Binary treerepresentationof an occlusionhorizon.
The minimum and maximum maskheightis showvn in light grey
for the the secondinter nal node from the left.

Eachoccludingvolume addsa rectangulamaskto the current
horizon.Becauséheprismsareverticalandthe projectionplaneis
parallelto the vertical axis, the vertical edgesof the prismsproject
to vertical lines in the projectionplane. To computethe occlud-
ing maskof a CVP, we first computethe perspectie projectionof
the prismtop (Fig. 4a). The minimum and maximumz values
correspondo theleft andright silhouetteedgesof the prism. The
occlusionpropertiesof the prism will nowv be representedby the
vertical slice of the prism throughthosetwo points (Fig. 4b). A
rectangulamaskfor the prismin the projectionplanewill have the
left andright = valuesof the projectedpoints,a heightequalto the
minimum z value of the projectedpoints(Fig. 4c), andan event
distanceequalto the largery value of the actualpoints(ev). This
rectanglewill be addedto the occlusionhorizon,whenthe sweep
planereacheshe eventdistanceor therectanglemask.

- ev

Figure 4: Underestimating the occlusionextent of a CVP with
arectangular mask.

3.5 OcclusionCulling Algorithm

For the sale of simplicity, assumehe viewer is looking in adirec-
tion parallelto thegroundplane.As we will seelater, the solution
remainscorrectevenif theview is pitchedup or down.

The core of the occlusionculling algorithmis an event queue
thatrepresentshe positionof the sweepplaneasit mavesthrough
the scene.This sweepplaneis parallelto the view planeandruns
from behindtheviewer, forwardin theviewing direction,outto the
faredgeof thescenegeometry Every potentiallyvisible objectand
every potentiallyvisible nodein the quadtreewill have aneventon
the queueat thefirst time thatthe sweepplanetouchesthatobject
or node.Objectsthatlie entirelybehindtheviewer areculledaway
without contributing to visibility or geometry but objectsthatin-
tersectheviewer’s planemay bevisible andmay causeocclusion.

—

Viewer, ”

Sweep Plane

Figure5: Progressof the sweepplane thr ougha scene.

Potentiallyvisible objectsarecomparedvith the occlusionhori-
zonattheirminimumy value. CVPsareaddedo the maskat their
maximumy value. This ensureghat no object can accidentally
occludeanobjectthatpassesn front of it at somepoint. Themin-
imum z valuefor the occluderobjectis usedfor the heightof the
rectangulamaskwhich will beaddedo the horizon.

Eachpotentiallyvisible objectis assigned rectangulabound-
ing framein theview planethatcontaingheprojectionof its bound-
ing box. This maskis a conserative overestimatiorof the screen
areathatthe objectcanoccupy; thusif the maskis hiddenby the
horizon,the objectwill beaswell.

Thetestof whethera givenboundingframeis visible above the
occlusionhorizonis performedecursvely onthebinarytreerepre-
sentationof the horizon. The testcanterminatewithout recursing
to the leavesof the treeif the maskis belov the minimum value
or above the maximumvalueof a portion of the horizon. Because
thetreerepresentatiois keptbalancedtherecursionis never very
deep.,andthusthevisibility testis veryfast.

Whenanobjector anareaof terrainis determinedo bevisible,
all CVPsassociatedvith that objectare addedto the event queue
atthetime whenthe sweepplanetoucheghefarthestpointin each
CVP’s effective occludinggeometry Also, ary geometryis added
to the display list and ary child elementsare addedto the event
queue.The eventqueuewill be emptywhenthe sweepplanehas
passedhroughthe entire scene. After the sweep,all objectsthat
have beenplacedin thedisplaylist aredravn.

A rectangulamaskis addedto the horizonthrougha recursve
treetraversal. At eachnodeof the tree, the maskis comparedo
the minimumandmaximumnodeheights.If the maskcompletely
hidesthenode thenthesubtreebelown thatnodeis removedandthe
nodebecomes child nodewith the masks height. If the maskis
completelyhiddenby thenode thenrecursionstopswith no effect.
If thenodeis a child node,it is split. Otherwisethe maskis passed
down to thechildrenthatit overlaps.Thetreeis keptbalancedy
recordingsubtreadepthat eachnodeandrebalancingasnecessary
A small effort is madeto meige adjacentchildrenwith identical
heights.



3.6 Levelsof Detall

The sametype of recursionthat is usedto determinewhethera

maskis visible abore the horizoncanalsobe usedto calculatean

upperboundon the visible areaof an object. Insteadof a simple
booleanresultof “visible” or “not visible”, the areaof the mask
above the horizonis computed. This areacan be usedto deter

mineatwhatLevel of Detail (LOD) the objectshouldberendered.
Objectswhich potentiallyoccugy no morethana few pixelsin the

scenecanbe omittedentirely

3.7 Tilted Views

Theocclusionis describedor aviewerlookingin adirectionparal-
lel to thegroundplane.However, if theviewer pitchesup or down,
theintersectiorof theview frustumwith they=1 planecanbeused
to find aview window in the horizontaldirectionthatencompasses
the new view. As long asthe view doesnot include the z-axis,
sucha projectionwill exist. Sincethe obserer hasonly rotated
betweenthetwo views, occlusionis unchangedThe algorithmas
describeds usedto computevisibility for the horizontalview but
the displaylist is dravn with the actualviewer transform. If the
new view doescontaintheverticalaxis, thentheview areamustbe
partitionedinto a region whereocclusionculling is computedand
anearverticalregion whereonly view frustumculling is used.

4. TEST RESULTS

4.1 Urbania Generator
In orderto testour programwith urbanscenef differentsizes,
we wrote a programthat automaticallycreatessuchscenes. All
generateditieshave thefollowing features:
Themodelcontaingnary longstraightstreetsvhich afford views
containinga lot of geometryanda comple horizon.Eachbuilding
modelis keptsimple (120-180polygons),which requiresthe cull
procesgo be very efficient in orderto shav good speedup®ver
unculledscenesThebuildings arekeptsmallwith agoodamount
of spacebetweerthemto make occluderfusionmoredifficult. The
city is rotated15° to preventunnaturablignmentof themodelwith
the quadtreecells. The city containssometall buildingsthatinter-
ruptthehorizoncausinga fair amountof recomputatiorwhenthey
areencountered.

4.2 Measurements
Usingourproceduralirbaniageneratarwe createdwo urbanmod-
els, calledurbanlk, which has1,000buildingsand 178,57 7poly-
gons, and urban10k, which has10,396buildings and 1,724,749
polygons which we usedfor performanceneasurements.

In Plate3, we reportthe statisticsobtainedon an SGI Octane
R10k and on a PC PIl 333 Mhz with an nVidia GeForce2GTS
graphicscard. The statisticswere gatheredduring predetermined
walkthroughsn bothurbanlk andurban10k. Thefollowing culling
algorithmsare reported: hierarchicalview frustum culling (VF),
VF pluslevel-of-detail(LOD) renderingocclusionhorizons(OH),
andOH+LOD. In thetablebelow, we alsoreportaverageramerate
(AFR), minimum framerate (MFR), andaveragespeed-ugASU)
comparedo hierarchicaliew frustumculling (VF).

For bothmodels the OH+LOD algorithmgeneratedhe bestav-
eragespeed-ums expected- rangingfrom 3.6—17on the Octane,
andfrom 5.2-23onthe PC.We alsonoticedthatthe occlusionhori-
zonon averageculled avay 80-90%o0f the objectswithin the view
frustum. The mainalgorithmconsistsof about3,000lines of C++
codeandtook two weeksto develop.

VF OH OH+LOD
AFRIMFR]ASU[|AFR]MFR]IASU|[AFRIMFR]ASU
SGIOctane

ulk [ 44] 18| 10138 6.2 | 3.1|16.0| 6.4 | 3.6
ulok|{| 0.5 02|10 50| 17| 10 | 87| 29| 17
PC333MHz GeForce2GTS
ulk [[11.1] 3.8 | 1.0 || 38.3| 18.5| 3.4 || 57.6| 32.2| 5.2
ulok|| 1.1 0.2 ]| 1.0 || 12.0] 2.3 |10.9]|25.2| 45| 23

5. CONCLUSION AND FUTURE WORK

We have combinedievel-of-detailrenderingwith a new occlusion
culling algorithm.Theresultingalgorithmis well suitedfor render
ing of urbanenvironments,andwe presentspeed-up$rom 3.6 to
17.4over frustumculling, dependingon the model. The algorithm
builds a 23 D occlusionhorizonduring a front-to-backtraversalof
a 2D quadtreeof the scene.Every objectis testedagainstthe oc-
clusionhorizonandculledif it lies below the horizon. Otherwise,
its occlusionextentis addedto the horizon. The areaof a (partly)
visible objectis estimatedand usedasa measurdo selectthe ap-
propriateLOD for the objectduringthis process.

Futurework includesextendingthe algorithmto dealwith cell-
basedvisibility. The occlusionmaskdescribesa hiddenvolume
from a particularview point. Thesetof objectsthatarecompletely
hiddenfrom all pointsin acell canbe computedy tracingparallel
raysfrom all of theverticesof the cell for eachray betweertheeye
and an occluderand choosingthe mostconserative estimatefor
occlusion.
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Platel: To theleft, animageis shavn from the obserer’s view; the middle imageshawvs a bird’s eye view of the city with view frustum
culling; andto theright we shav the sameview with occlusionhorizonculling.
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Plate2: Occlusionhorizonoverlaidon city view.
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Plate3: Timing graphs.




