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An On-line Occlusio-Culling Algorithm for Fast Walkthrough
in Urban Areas'

YusuWand  PankajK. Agarwal! and SarielHar-Peled

Abstract

e describea fastalgorithmto speedup renderingof scenedor walkthroughsin urban environmentsOur oc-
clusionculling algorithmtakesadvantae of tempoal coheencein image space As sud, occlusioncalculation
is performedonline only whenneededThis enablesus to employintelligent occluderselectionand culling al-
gorithms.We do not preprocessvisibility informationor pre-selectoccludes. Theefore, we can updatescenes
dynamicallyat a little cost.Thealgorithmfeatuesa tradeof betweeraccuiacy and efficiency Whileiit approxi-
matesvisibility testing our experimentshowthat errors occurrarely.

1. Introduction

In urbanwalkthroughsa uservirtually navigatesthrougha
3D city modelasapedestriator asanautodriver. Optimally;

we would like interactive renderingof 30 to 60 framesa
secondUnfortunately datagatheringtechniqueshave out-
strippedadvancesn renderinghardware,makinginteractve

renderingof massie datasetsimpossiblewithout reducing
the numberof primitivesrenderedat eachframe.Occlusion
culling is onepopulartechniguéor this reduction.

Occlusionculling is especiallysuitablefor urbanenviron-
mentssincethe scenesareusuallydenselyoccluded How-
ever, the characteristicof urban ernvironmentsalso raise
several challengingissuesfor occlusionculling algorithms.
First, large amountsof objectsin urbanernvironmentsare
hiddenby the combinationof several, not necessarilycon-
nectedoccluderstherefore the effect of multiple occluders
— occluderdusion— hasto beconsideredor acity model.
Secondmostbuildingsin city modelsareof similarsizes so
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Figure 1: Msualizationof our algorithm on a Manhattan
city modelwith 27,400polygons(a) is a bird-eye view. (b)

is a view alonga street.(c) showslight grey city mapover

layedwith bladk view frustum,dark grey culledobjects,and
bladk occludes. In this view, our algorithmculls 88%of the
polygons.

afew occluderseldomsufiice andoccluderselectiomrmeth-
odsonly relying on heuristicssuchassizeanddistancemay
fail to capturesignificantocclusionin a city model(seeFig-
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Figure 2: Noneof the buildingsinsideregion B haslarge
sizeor is closeto theviewpoint,but they togetherform good
occlusion.

ure 2). Besides,urbanmodelsare always deep;namelyat
most viewpoints, a significantnumberof buildings are far
away from the viewpoint. As the viewpoint moves contin-
uously faravay buildings that are occludedremain so for
a “long” period of time. Thus strongtemporalcoherence
— the scenedoesnot changemuchwithin two consecutie
frames— existsin urbanwalkthroughapplications.

In this paper we presenta simple and fast occlusion-
culling algorithmfor urbanervironmentsThealgorithmse-
lectsthe occluderdasedn a novel measuref importance.
Thekey featuresof our algorithmareits selectionof effec-
tive occluderandits exploitation of temporalcoherencéoy
meangf occludersetshrinkageThealgorithmperformsoc-
clusionculling in only asmallsubseof all theframesdueto
the utilization of temporalcoherenceThe shrinkingallows
tradeof betweenaccurag andefficiengy. For the purposes
of this paper we assumethe input modelto be 2.5D, al-
thoughour algorithmcanbe extendedo the 3D case Given
a hierarchicalrepresentatiof the scenethe proposedal-
gorithmdoesnotrequireary pre-processingr prior knowl-
edgeaboutthewalkthroughpath.Ilt computesandmaintains
the occludersetandthe necessaryisibility informationin
an on-line fashion,and can updatethe scenedynamically
Thealgorithmis simpleandcanbeintegratedwith mostex-
isting occlusion-cullingalgorithmsto improve their culling
rateatlittle extra cost.

The resultingalgorithmhasbeenimplementedon a SGI
OctaneMips R10000platform,andtestedon bothstaticand
simulateddynamicernvironments.Considerablespeedugn
both culling rate and overall framerate hasbeenachieved,
asdemonstratedly the experimentatesults.

The remainderof the paperis organizedasfollows. Sec-
tion 2 givesareview of previous work. Section3 describes
the outline of the algorithm,while Sections4 — 6 elaborate
on the key stagesof our algorithm. Section7 presentghe
resultsandperformancenalysisandfinally, Section8 con-
cludesby discussinguturework andopenproblems.

2. Previous Work

Cohen-Oret al. 4 surey recentresultson occlusionculling
andvisibility. In whatfollows, we distinguishbetweertwo

classesof occlusion-cullingalgorithms: preprocessingp-
proachesndonlineapproaches.

Preprocessingnethodgypically partitionthe view space
into cells,thenpre-computeandstorevisibility information
for eachregion 6121517181920 Qccludersfusionis inher
ently difficult to be computedor a view cell, andsomeap-
proachesxploit theideaof “virtual” occluderg: % 16, Forthe
specialcaseof urbanwalkthroughs,Cohen-Oret al.> pro-
vide a modelingmethodfor denselyoccludedcity datasets
andpre-computéiddenbuildingsfor eachview cell. Wonka
¢t al. 22 applya shrinkingideain the objectspaceandcull
mapsin theimagespaceo performvisibility preprocessing.
Theabove approachearefastduringreal-timeapplications,
but are considerablycostly with respecto time and mem-
ory duringthepreprocessingandmay not be generalizedo
dynamicscenesvell.

Unlike theabove preprocessingpproachesnoston-line
methodsperform little preprocessingnd apply occlusion
testsand culling with respecto currentviewpoint at each
frame.Mary of them?3 7.8.11 preselect few large occluders
anddo on-line computationin objectspace Zhanget al. 23
usetheimage-spaceleaandstorethe“opacity” information
into a hierarchicalocclusionmap,which aregeneratedvith
the help of texture-mappingyraphicshardware,thoughthey
still needto preselect setof occluderqseealso?). Wonka
¢t al. 21 applyasimilar cull mapideausingz-buffer to urban
ervironmentsand allow dynamicoccludersselection.One
differentapproachproposedy Klosowski et al. 1314 is to
renderon a budget(on demand)using a novel prioritized-
layeredprojectiontechnique Our algorithmtakesa similar
ideafor occluderselection.

In someways,our algorithmis similar to the approactof
Wonkaet al. 22 — we alsousethe shrinkingideaandfocus
onurbanwalkthroughsBut asillustratedlaterin the paper
we provide a much fasteron-line shrinking processin the
imagespaceandsolve the problemcausedy shrinkingob-
jectsseparatelyAs in someearlierapproache 102123 our
algorithmutilizesthegraphicshardwareto fuseanocclusion
maskto do culling in theimagespace But we take further
adwantageof the strongtemporalcoherencexistedin urban
ervironmentsandperformanimage-spaceulling only once
perseveralframes.

3. Algorithm Qutline

We proposenon-lineocclusion-cullingalgorithmfor walk-
through applicationsin dynamic urban ervironments.Al-
though our occlusion culling algorithm might generate
wrong pixels in the resultingimage, thus not being con-
senative, we can obtain a tradeof betweenaccurag and
culling rate. To the bestof our knowvledge,our algorithmis
thefirst on-line algorithmto utilize the temporalcoherence
in theimagespace The algorithmcomputesa hierarchical
occlusionmaskwith the help of the graphicshardware,and
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Figure 3: Occlusiontest: (a) shadowfrustumin object
space;(b) maskin image space

marksa subsetof objectsthat are occludedby the mask.
It alsocomputesa conserative estimateof the time, called
timestamp until whenall of theseobjectswould remainoc-
cluded.Thereforeall objectswhosetime stampsaregreater
thanthe currenttime are currently occluded.Sincewe use
“time” insteadf onebit to marktheoccludedbbjectswedo
not have to unmarkthemwhenthey areno longeroccluded
— we simply comparetheir time stampswith the current
time. Our algorithm also supportsdynamicinsertionsand
deletionsof new objectsduringthewalkthrough.

Most of the early culling algorithmsperform occlusion
culling in the object space,where all objectsinside the
shadev frustumformedby the occluderandthe viewpoint
are culled. This approachbecomesmpracticalwhenthere
arerelatively large numberof occludersandoccludersfu-
sionis required.We extendthe image-spac@pproachpro-
posedby Green10 to do visibility testsusing occlusion
masks.

Occlusion masks: For a singleviewpointv, anocclusion
maskis a regular 2D grid on the image plane.Eachcell
storesthe maximumdepthvalue of all the objectsvisible
insidethis cell, wheredepthrefersto the distanceof the ob-
jectfrom the currentviewpoint. An objectO is occludedby
amaskM if for ary point p on O, the depthof p is greater
thanthe valuestoredin the cell on the maskintersectedy
the sggmentvp. SeeFigure3 (b). In ourimplementationan
occlusiontestis performecdby anoverlaptestfollowedby a
depthtest.

Critical frames: As we mentioneckarlier at someof the
framesour algorithmrecomputeshe visibility information
and masksa subsetof the objectsthat are not visible for
several consecutie frames . We call theseframescritical. In
currentimplementationthe critical framehappensvhen(i)
realtimereacheshevalueof thetime stamp (ii) adramatic
changehappensn theview-direction,or (iii) anoccluders
deletedrom thescene.

We preprocesshe setof input polygonsand storethem
into akd-treeT, whichinducesa hierarchicakubdvision of
the objectspace.The algorithmthen doesthe following at
eachframe:

(© TheEurographic#\ssociation2001.

I. If it is acritical frame,it performsthe occlusionmarking
operatiorasfollows:

(I.1) Chooseasetof occluders.

(1.2) Apply theimage-spacshrinkingalgorithm.

(1.3) Generatea hierarchicabcclusionmask.

(1.4) Computeatime stampandmarkall objectslying be-
hind the maskwith this valueof thetime stamp.

1. For ary frame:

(I1.1) If the ervironmenthaschangedthenperformthe dy-
namicupdatealgorithm.

(I1.2) Passall objectsthat are inside the view frustumand
whosetime stampsarelessthanthecurrenttimeto the
graphicshardvare.

4. Preprocessing of the Input

Let S be the set of input polygons.Sincea city modelis
2.5-dimensionalnamelyall objectsare placedon top of a
groundplane,we usea invariantof 2D kd-treeto storethe
xy-projectionsof the polygonsin S, alongwith the height
information.Thedatastructures constructedsfollows.

For eachpolygon A € S let Bo bethe smallestorthog-
onalbox containingA, andlet pa be the xy-projectionof
the bottom-leftcornerof B . We constructa 2D kd-treeT
on the point setP = {pa | A € S}. Eachnodet of T is
associateavith a subset?y C P anda rectangleRy, which
is the smallestenclosingrectangleof P;. We alsoassociate
a 3D box By, which is the smallestorthogonalbox contain-
ing all polygonsA suchthat pa € Pr. For therootu of T,
Pu= P andR, = IR. If || is lessthana certainparameter
p, thent is aleaf. At eachleaft, we storethe setof polygons
{A | pa € Pt}. Otherwisewe choosean axis-paralleline
It, calledsplitter, andpartition R; into two rectangleseach
of whichis associateavith a child of 1. Pointsof P; lying in
eachof therectanglesreassociateavith the corresponding
child of T.

Therearemary possibilitiesof choosinga splitterl:. We
could simply bisectthe pointsin Py and alternatebetween
horizontalandvertical splitters,or we could usea moreso-
phisticatedmethod.

Note that the rectanglesassociatedvith the leavesof T
aredisjoint, but thexy-projectionsof theboundingboxesas-
sociatedwith theleavescouldintersectbecauséhey bound
the polygons.Eachpolygonis storedat only oneleaf. The
interior nodesdo not storethe polygons.The total size of
the datastructureis O(n), wheren is the numberof input

polygons.

5. Occlusion Marking Operation

At each critical frame, the algorithm first performs an
occlusion-markingoperation.The goalsof this stepareto
take advantageof thetemporalcoherenceto choosea setof
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Figure 4: Therelationshipbetweenshrinkage in image-
spaceandin object-space

occludersandto generateahe hierarchicalocclusionmasks
suchthatthemarkedobjectswould remainoccludedor ser-
eralsubsequerframes.

5.1. Temporal coherence

Let v be the currentviewpoint, and let Bg(v) be a ball of
radiusd centeredat v. For an objectao, the shrinkingof O
by & is the Minkowski differencec © By = {x | Bs(x) C o}.
Thefollowing lemmais straightforvard.

Conservative Visibility Lemma: Let ~ be an occlud-
ers set,andlet v betheviewpoint.2' = {0©B; | 0 € Z}. If
a point p is occludedfromv by 3, then p is occludedby =
fromanyV € B(V).

The lemmasuggestshatif we useX’ insteadof X to do
occlusionculling at the viewpoint v, the culling would re-
main valid aslong as the viewpoint remainsinside Bx(v).
ShrinkoccluderP by &, andlet P’ bethe naw polygon.If a
polygonQ is occludedby P andthe viewpoint is moving
with a maximumvelocity V at the moment,thenQ will re-
main occludedby P for the next 5/V time units. In sucha
casepnecansetthetime stampto tc + 8/V, wheretc is the
currenttime.

In theimagespacehon muchtheprojectionof apolygon
P shrinksaswe shrinkP by & in theobjectspacedepend®n
the distancebetweenP andthe viewpoint. More precisely
let theimageresolutionbe s x s, the minimum distancebe-
tweenP andv beD, theangleformedby theview frustumbe
0, andlet A betheamountby whichwe shrinkthe projection
of P (seeFigure4). Then

D
>2N ———.
0228 stan(6/2)

1)
The analysisindicatesthat by shrinkingthe projectionof
eachoccluderP in theimagespaceby A, theresultedmage,
i.e.,fusingtheshrunkprojectioninto oneocclusionmask,is
conserative in visibility for all viewpointsinsideBg(v).

v o\ 4

(©) (e)

Figure 5. Shrinkingthe union of projectionsmay causea
leak as shownin (b). But this leak will not causeerror on
the resultingimage if other objects(asC in (d)) or other
occludes (asD in (e)) still coverit.

5.2. Image-space shrinking and fusing

Shrinkingeachoccluderin objectspaceseparatelyhastwo
majordisadwantages(i) it is expensie andcomplicatec??;
and(ii) unnecessargaksmayappeaif two connectegboly-
gonsareshrunkindependentlyThe problemsarefurtherex-
acerbatedf the modelis finely tessellatedr if the inputis
givenasasetof polygonswithoutany connectiity informa-
tion betweerthem.Our algorithminsteadshrinksthe union
of theprojectionsof occluderoontheimageplane. Thusthe
algorithmputsnorestrictionsontheinputdataandpreseres
theconnectiity betweerpolygonsduringshrinking.

Shrinkingthe union may causeerror sometimessuchas
illustratedin Figure5. ObjectA is in front of ObjectB, but
their projectionsoverlay eachother The result of shrink-
ing themseparatelyis depictedin Figure5 (c), which con-
tainsa smallleakwhereathird objectcouldbevisible if no
otherobjectswerecoveringthis slit andthushiding the ob-
ject from the viewpoint. However, if oneshrinksthe union
of the two objectstogetherasdepictedin Figure5 (b), the
leak doesnot appearandthe resultingvisibility is thusap-
proximate.The maximumsizeof eacherrorontheresulting
imageis boundedy the shrinkage).

However, if we considerthe visual error; i.e., the mis-
drawn pixelson theresultingimage theslit asillustratedin
Figure5 (c) would producdittle or no errorsince:(i) aswill
explain later, the occluderschoserby the algorithmarerel-
atively far from the viewpoint, thereis high probability that
closerobjectswould occludethe slit (seeFigure5 (d)); (i)
we choosea “thick” layerof occluderqwe will addresshis
issuein Sections.3),thusotheroccluderanaycover thisslit
(seeFigure5 (e)); (iii) A is smallandthusthevisible portion
throughthesilit is tiny; and(iv) theuseris generallywalking
alongthe streetsandbuildingsalongthe streetsandobjects
closeto him arethefocusof theview, while theerrorsoccur
in placesof lessvisualimportanceSo,althoughlargerA po-
tentially allow largerslits, aswe will seein Section7, errors
rarelyoccur

ThoughlargerA meansnorepossibleerrorsandlesscov-
erageon the occlusionmask,it canincreasehe framerate
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(the speed),until it reacheghe point that it damageghe
culling rate more severely So A is animportantparameter
in thetradeof betweeraccurag andspeed.

5.3. Occluder selection

We usethefollowing criteriato designtheoccluderselection
algorithm:(i) theselectiornprocesss fast,(ii) R, thenumber
of occludersn O, is nottoo big, (iii) the maskgenerateds

well-covered,and(iv) the distancebetweeranoccluderand
theviewpointv is atleastsomeparameteb in orderto take

adwantageto temporalcoherencéreferto Equation(1)).

Sincethe occlusionmaskis generatedn theimagespace
with thehelpof graphicshardware,our algorithmcanafford
to choosearelatively large setof occluderghanallowed by
the object-spacepproachesThe influenceof R will be ad-
dressedn Section7.1. Given afixed numberR, the goal of
the occluderselectionalgorithmis to find R most“impor-
tant” objectsamongall the objectsthatlie insidethe view-
frustumandwhoseminimum distancefrom v is at leastD.
The“importance”of anobjector anodein thekd-treerefers
totheircontritutionto theocclusiormask,namely howv well
they occludeobjectsthat are fartheraway from the view-
point. For a nodeg of T, let ¢(§) representhe inverseof
“importance”valueof a kd-treenodeg, thusa smallerg(§)
meansnodeg is moreimportant.The occluderselectional-
gorithm is depictedin Figure 6. The algorithm works by
maintaininga priority queueof the kd-treenodesto be vis-
ited, basedbn thevalueof .

ALGORITHM Occluder-selection(T, v, R)
Input: kd-treeT, viewpointv, #occluderfR
Output: R polygonschoserasoccluders.

Insertroot(T) into Q;
while ((Q # 0) and(count < R))
& = get-minQ);
if (sizeg) is small)and(mindist§, v) > D)
Outputpolygonsin & asoccluders;
updatecourt;
ese
Inserttwo childrenof € into Q;
end if
end while
end Occluder-selection

Figure6: Occluderselectioralgorithm;get-min(Q) returns
the nodein Q with the minimume value and mindist(&, v)
returnsthe minimumdistancebetweert andv.

We cansimply chooseg(§) to be the minimumdistance
betweenrg andv. This is equivalentto choosingall objects
in anannuluswith aninnerradiusD; the sizeof theannulus
dependon thevalueof R. SeeFigure7 (a) for illustration.
This workswell for densemodelswith almostuniform dis-

(© TheEurographic#\ssociation2001.
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Figure7: F istheview frustum.D is theminimumdistance
In (a), objectsin the dark region will be chosenas occlud-
ers basedon distancesin (b), buildingsin region A will be
chosenas occludes basedon distancesBuildingsin B are
missedalthoughthey contribute a lot to the occlusionmask
too.

tribution of buildings.

However, it ignoresthe objectsthatarefar away but nev-
erthelesgontrikutesignificantlyto the occlusionmask.Fig-
ure7 (b) illustratesonesuchscenariowherethe abore dis-
tance criteria only choosethe building in region A even
thoughthebuildingsin region B would be goodoccluders.

In thefollowing, we considemnly the objectsthatarein-
sidetheview frustumandareatleastD distanceaway from
v. Intuitively, the definition of ¢(&), for a nodeg in the kd-
tree, shoulddependon how mary polygonscloserthan &
occludethe objectsstoredat &. In otherwords,if & coversa
spots ontheimageplane,andseveral closerpolygons(par
tially) have alreadycovereds, theng is notagoodcandidate
to be an occluder asit potentialcontrikution to the occlu-
sionof sis small(i.e., seethe buildings with light color in
Figure7 (b)). We thereforeusethefollowing approach.

We divide theimageplaneinto cells,andassigna “cov-
erage”valueC(c) for eachcell c. At ary momentduringthe
occluderselectionalgorithm,C(c) is definedasthe number
of polygonsencounteredofarwhoseprojectionsoverlapc.
For akd-treenode¢, we define

9(&) = min {C(ci)} * mindisi&,v),

whereg;, for i = 1,...,k, are sampledcells that the pro-
jection of & covers,and mindistg,Vv) returnsthe minimum
distancebetweemodeg andviewpointv. In thecurrentim-
plementationk is setto be 3. More precisely for a nodeg
with a boundingbox Bg, we choose3 points, namely the
centerpoint(p;) of By, andthe two endpoints(p, and p3)
of onediagonalof Bg, andg; is the cell thatray vp; passes
through.Wheneer a nodeg is addedto the occludersset,
eachcell it coversupdatests coverageto
C(ci)new = C(Ci)olg + (# polysin &)/ (#cellsg covers).

Figure8 illustratestheideain 2D.

We have implementecoth methodsdescribedabore for
computing@(§). Figure9 shawvs the differentoutputsof the
occluderselectionalgorithmunderthe sameviewpoint and
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Figure 8: The3 light cells are chosento decideq(&) for
nodeg, while thedark cellswill beupdatedf polygonsin &
are outputedasoccludes.

Figure 9: In both city maps,dark polygonsare occludes
selectedby the algorithm. Thevalue of @ is definedby dis-
tanceonly in (a), and by the more complicatedmethodin

(b).

view direction,usingthosetwo differentversionsof ¢. The
occluderselectionbasedn the combinedcriteriais slightly
slower thanthe distancecriteria. However, sinceit resultsin

betterculling rateandthetime spentin this stepis relatively
insignificant(refer to Figure 10), it overall resultsin faster
framerates.

5.4. Hierarchical occlusion mask

Our algorithmsendsall the occludergto the graphicshard-
wareandreadsthe contentof the z-buffer. The background
is assumedo be at infinity with the maximumdepthvalue.
We call thenon-backgroundegionsin the z-buffer occluder
regions which is the union of the projectionsof occluders
on the imageplane.The algorithm shrinksthe union by A
andthencomputeghetime stampusing(1). However, since
we exploit the standardOpenGLrasterizationthe z-buffer
is not a conserative maskfor currentviewpoint dueto the
partially coveredbut drawvn pixels on the silhouetteedges.
Similarto thetechniqueproposedy Wonkaet al. 22, oural-
gorithm shrinksoneextra pixel to guaranteghat only fully
coveredpixels would be counted.The shrinking operation
mentionedabore is the sameasthe erosionoperationn im-
ageprocessingommunity

After thealgorithmshrinkstheoccluderregionsin theim-

ageacquiredrom the z-buffer by A+ 1 pixels,theresulting
imagesenesasa primary occlusionmaskMg. In orderto
acceleratehe occlusiontestoperationagainstthe mask,in
theimplementationasin Zhang?3, our algorithmusesa set
of hierarchicamaskdMg, M1, . .., Mm. Startingfrom the pri-
mary maskMp, the hierarchyis built up by creatinglower
resolutionversionsof Mg. We fix a parameteb, eachpixel
in Mj1 is obtainedoy combininga block B of b x b pixels
of M;. Thevaluefor this pixel in Mj;1 is the maximumz-
valuein B, which guaranteeshat occlusiontestsinvolving
Mi41 areconserative.

Zhanget al. ® acceleratéhe constructiorof their hierar
chicalocclusiormapsby graphicshardwarethatsupportsi-
linearinterpolationof texture maps . The stepis madefaster
but canintroduceartifacts.Our conserative maskgenera-
tion algorithmis slower but is performedat only a subsebf
all theframes.

5.5. Marking algorithm

We traversethe T in a top-davn mannerto mark the oc-

cludednodesof T with the computedime stamp. At each
nodet, we usethe hierarchyof masksandthe 3D bound-
ing box Br to speedupthe occlusiontest. The algorithmtra-
versesT asfollows: Forthecurrentnodert, let Bf denotethe
smallesbrthogonatectangleenclosingheprojectionof the
box B; ontheimageplane.If Bt is occludedby the masks,
the algorithm markst. Otherwise,it recursvely visits the
childrenof 1. In orderto determinevhetherB; is occluded,
dependingnthesizeof Bf, thealgorithmfirst selectsanap-
propriatelevel of maskM;. It thensearcheshe hierarchyof

masks startingfrom M;, with Bf in a standardmannerWe
checkall cellsb € M; thatintersecBs . If b C Bf is notcov-

ered,we concludethatBy is notoccluded!f b intersectBy

partially, we recursvely checkthecellsof M;_1 lying inside
b to determinewhetherBf N b is occludedby theoccluders.

At eachnodert of T, we alsostorethe numberof objects
storedin the subtreerootedat t. During the marking step,
insteadof going all the way to a leaf, we stopvisiting the
descendantef a partially visible nodeif only few objects
— belowv a chosenthresholdp — arestoredin the subtree
becausehetime spentin determiningthe visibility of these
nodeswill offsetthetime savedin not sendingthe occluded
objects Wereferto thethresholdp, whichdeterminesvhere
to terminatethevisibility test,asleafsize

6. Dynamic Update Algorithm

We simulatethe dynamic sceneshby insertingor deleting
somerandombuildings at somerandomly chosenframes.
A “lazy” approachs emplo/ed to performthe update We
omit the detailshereand relatedexperimentalresultslater
becausef lack of space€from currentshortabstracwersion.

(© TheEurographic#\ssociation2001.
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Figure 10: Thetime consumedy eat sub-stepof an oc-
clusionmarkingopemation for the4 models.

7. Implementation and Performance

We testedthe performanceof the aborve algorithmon an

SGIOctaneMips R10000with a196MHZ CPUand128MB

main memory The programprovides a GUI for the user
to selecta walkthroughpath. All of our testingpathsare
along the streetssincethis is the most realistic case.We

demonstratéhe performanceof our algorithmon four sets
of city modelsof Manhattarsuturb andmiddle Manhattan.
The sizesof the modelsaremodel 1 with 3,657 polygons,
model2 with 27,437polygons model3 with 109,748poly-

gons,andmodel4 with 438,992polygons All of themcon-

sistonly of buildings, and eachbuilding is composedf a

few polygons.Most polygonsarequadrangleshoughthere
arealsoa smallnumberof polygonswith morethan4 ver

tices.

7.1. Analysisof parameters

We split onemarkingoperationinto five steps:(i) selecting
occluders(ii) drawving occludersandreadingz-buffer , (iii)
shrinkingto gettheprimarymaskMy, (iv) generatinghe hi-
erarchicalocclusionmasks,and(v) markingthe kd-treeT.
Figure10shavstheaveragetime takenby eachsub-stegdor
four differentdatasets.Notethattime spentby sub-stepsi)
—(iv) doesnotvary muchasthesizeof datasetsgrows, since
it is mainly determinedy thegraphicshardwareconfigura-
tions. The time of the last stepdominatesthe overall time.
It increasessthe datasebecomedarger becausehe algo-
rithm hasto do occlusionteston morekd-treenodesagainst
themaskfor largerdatasets.

Severalcrucialparameterareinvolvedin eachstep,such
astheminimum/maximundistanceof theoccludersthesize
andthenumberof levelsof thehierarchicabcclusionmasks,
the sizeof theleavesp in T, andthe shrinkageA in image
spaceThefinal frameratesaredeterminedy the overhead
of theocclusionmarkingoperationoccurredat eachcritical
frame,by thefrequeny of critical frames andby theculling
rate. All theseparameterdhiave a compoundeffect on the
framerate.We performedmary experimentswith different
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Figure 11: Shrinking size of the maskcan deceasethe
culling rate asdepictedin (a), but (b) showsthatit still en-
hancegheframerateuntil theshrinkage is too large.

Herror pinels

(@) (b)

Figure 12: (a) Numberof error pixelsfor ead) frametested
onSunUltra5. (b) Numberof misdiawnpixelsfor framesn
which error occuss, testedona SGIOctane A = 6 pixelsin
bothtests.

configurationgo inspecttheirinfluence but omit theresults
andanalysedrom currentshortpaper Interestedeaderare
referredto thefull version?.

7.2. Tradeoff between accuracy and speed

Figurell (a) depictshow A affectsthe numberof polygons
sentto thegraphicshardware(culling rate)for model3 con-
sistingof around10Q 000 polygons.As the value of A in-
creasest hasdlittle affectontheculling ratein thebeginning,
but afterawhile, it startsreducingthe culling ratesincethe
coverageontheocclusiormaskis too sparseEventually the
numberof polygonssentto the hardware convergesto the
numberof polygonsinside the view frustum.The curve in
(b) reflectstherelationshipbetweem andthe overall frame
rates.As the figuresshav, beforeA reacheghe point that
it startsto reducethe culling rate significantly it enhances
theframerates Ontheotherhand largerA potentiallyallow
moreerror ThusbeforeA meetshethresholdtheshrinking
size provides a way to achieve tradeof betweenaccurayg
andspeed.

We testedthe sizeof error, i.e., the numberof pixels mis-
dravn on theresultingimagecomparedvith displayingthe
scenausingtheview-frustumculling algorithm.Namely we
readthe z-buffer andframe buffer from the hardvare after
applying our algorithm andthe view-frustum culling algo-
rithm respectrely, andthen comparethesebuffer. We per
formedthe samealgorithmontwo platforms,a SUN Ultra 5
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Figure 13: Light grey city mapsare overlappedwith bladk
view frustumandblack occludes in bothfigures.Dark grey
building in (a) are marked occludedby our algorithm,while
dark grey boxesn (b) are theboundingboxesof the marked
nodes.

anda SGIlOctaneandobsere very differentnumberof mis-
drawn pixels.Figure12 (a) shavs thenumberof errorpixels
ateachframefor a pathconsistingof 800 frames.However,

very few error pixels appearfor the samepathwhentested
on the SGI platform. So we insteadapply the algorithmto

along path (11,558 frames)throughoutthe city modelon
theSGImachineErrorsonly appeain 158frames SeeFig-

ure 12 (b). Experimentdor othermodelsshav similar pat-
terns.Furthermorewe did not obsere ary substantiain-

creasen thevisualerrorasA becomesarger Thissomevhat
counterintuitve behaior, follows from the fact that closer
objectsandotheroccluderscover theleaksproducedAlso,

notethatour analysisis ratherconserative, andassuch,in

practicejt is rather‘pessimistic”in estimatinghevisualer

rors.

7.3. Performance

We demonstratehe performanceof the algorithmby com-
paring the culling and frame rateswith the view frustum-
culling algorithm.Our main purposeis to prove the effec-
tivenesof our algorithm,sothe algorithmhasnot focused
onacceleratingheframeratesusinggraphicshardwaresuch
asusingdisplaylists or trianglestrips.Insteadwe senda set
of polygonsin eachframe.

In Figure 13, the viewpointis on a very long street,with
theview directionalongthatstreet Figure13 (a) shavs that
theculling is effective sincemostunmarledobjectsarethose
buildingsalongthestreetsides.In thatcaseptherculling al-
gorithm would only do worseif they are not carefulabout
the occludersset. The efficiengy of the culling is shavn in
Figure13 (b) wherethe dark boxesarethe boundingboxes
of the nodesmarked occludedin the kd-tree.Most marked
nodesare closeto the root, exceptfor thosewhoseprojec-
tions are on the boundaryof the occludedregion. In this
specificcase,nodescloseto the streetsand nearthe view
frustumhave to be broken down to lower level during the
marking.

In our algorithm,a polygonis culled eitherbecauset is

1 r w-‘ {

(@) (b)

Figure 14: Culling ratesachievedby our algorithmfor (a)
model2 (27,437polygons)and (b) model4 (438,992poly-
gons).In both plots, the upper curve showsCR, while the
lower curveshowsCRy.

Data Hardware Viewfrustum Our
size only culling algorithm
3,657 328.57 58.93 56.63
27,437 9.26 14.78 41.27
109,748 1.86 3.26 38.53
438,992 0.43 1.17 20.13

Tablel: Frameratesusing(i) z-tufferdirectly, (i) viewfrus-
tum culling, and (iii) our algorithm. The unit for the frame
rateis frames/sec.

outsidetheview frustum,or alternatvely, anancestoof the
leafstoringthe polygonis marked occludedLet

CR, — #polygonsculledby thealgorithm
V'~ “apolygonsinsideview frustum

d
g??o _ #polygonsculledby the algorithm
- #polygonsin the dataset )

The value of CRy shavs the improvementin the culling
rate performanceachieved by our algorithmover the view
frustum culling approachwhile CRy refersto the culling
ratecomparedo the original dataset. The graphsdepicted
in Figure 14 shawv the changesof thesetwo culling rates
with respectto time. The high culling rate is achieved
becausehe algorithmincludesmostof the “useful” objects
asoccluders.

Tablel shavs the framerate (averagedover 800 frames)
obtainedby our algorithm.Thereis no benefitin usingour
new algorithm for small datasetsdue to the overheadat
critical frames.The big gainsappearwhen our algorithm
is appliedto mediumto large inputs, where our more ag-
gressie culling paysoff. In the currentimplementationthe
time requiredat eachframeis not balancedsincea critical
frameneeddo performtheexpensve occlusion-markingp-
eration.As the renderingand occlusion-markingstepscan
be performedndependentlywe canusemultiple threadso
performthesetwo stepswhich would amortizethe costof
occlusionmarkingover severalframes.

(© TheEurographic#\ssociation2001.
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