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Abstract. We proposea hardware-assistedisibility orderingalgorithm.Froma
givenviewpoint, a (back-to-front)visibility orderingof a setof objectsis apartial
orderonthe objectssuchthatif objectA obstructobjectB, then B precedesA
in theordering.Suchorderingsareusefulbecausehey arethebuilding blocksof
otherrenderingalgorithmssuchasdirectvolumerenderingof unstructuredrids.
The traditionalway to computethe visibility orderis to build a setof visibility
relations(e.g., B <, A), andthenrun atopologicalsorton the setof relationsto
actuallygetthepartialordering.Ourtechniquensteadvorksby assigningalayer
numberto eachprimitive, which directly determineghe visibility ordering.Ob-
jectsthat have the samelayer numberareindependentandhave no obstruction
betweereachother We usea simpletechniquewhich exploits a combinationof
thez- andstencilbuffersto computethe layernumberof eachprimitive. Oneap-
plicationof ourtechniqués to obtaina fastunstructured/olumerenderingalgo-
rithm. In this paperwe presenburtechniqueandits implementatiorin OpenGL.
We alsodiscussts performancendsomeoptimizationson somerecentgraphics
hardwarearchitectures.

1 Introduction

The original motivationfor this work comesfrom volumerendering but our work has
otherapplicationswhich includeimage-basedenderingaccelerationanimationswith
selectve display efficient renderingwith transpareng [20]. The main contribution of
this paperis a techniquefor computinga visibility orderingof a setof (acyclic) primi-
tivesby usingfeaturesof thegraphicshardware.

Thereareprimarily two mainapproachefor exploringgraphicshardwarein volume
rendering.One approachis to build new hardware, specializedor volumerendering.
Quite possibly the mostvisible exampleof this approachs VolumePro[15], which is
basedon the Cube-4architectureof Pfisterand Kaufman[16]. Anotherapproachs to
leverageexisting graphicshardware, suchasthe texture-mappingobasedtechniqueof
Cabralet al. [1]. Althoughdifferent,thesetwo techniquesharedhe samevolumetric
datamodel,thatis, eachvolumetricgrid is basicallya regularly spaced3D matrix of
voxels.

A techniquethatis ableto leverageexisting graphicshardwarefor volumerender
ing is theProjectedletrahedrdPT) algorithmof Shirley andTuchmarn18], whichuses



thetraditional3D polygon-renderingipeline.Thistechniqueendersavolumetricgrid
by breakingit into a collection of tetrahedraThen, eachtetrahedrons renderedby
projectingits faceson the screen.This techniqueexploresthe graphicshardware for
approximatingthe volumerenderingighting computationsandgeneratesigh-quality
images Differentfrom the previous approacheghe Shirley and Tuchmans methodis
not specificto a regularvolumetricgrid. In addition,it is quite efficientin termsof the
numberof trianglesit needdo renderperprimitive. Wittenbrink [28] found experimen-
tally that,on averagepneneeds3.4trianglespertetrahedronOn a fastgraphicsboard,
suchastherecentNvidia GeForce,onecanpotentiallyrenderseveralmillion tetrahedra
persecond.

In the domainof renderingof digital terrainmodels,the trendshave beentowards
convertingthe datainto someform of adaptve tessellation$12] insteadof renderinga
large collectionof smalltriangles.Extendingthis notionto threedimensionsPT seems
liketheadaptve analogfor volumerenderingasopposedo approachebasedntexture
mappinghardware.In this sensePT is concevably a superiorapproacheventhoughit
is currentlybeingusedto renderonly unstructuredyrids[21].

In orderto applyPT, oneneedgo computeavisibility-orderingof thecells.Williams’
MeshedPolyhedraVisibility Ordering(MPVO) algorithm[26] developedin the early
1990sprovidesaveryfastvisibility-orderingalgorithmsuitablefor usein real-timeren-
deringof unstructuredyrids. MPVO, which runsin lineartime, worksby exploiting the
intrinsicconnectvity of theunstructuredjridsandworkswell for well-beharedmeshes
(agyclic andconvex). MPVO hasrecentlybeenextendedfor generalagyclic meshesy
Silvaetal’s XMPVO [19], which leadto anO(n + b?) algorithm(wheren is thetotal
numberof cells,andb is the numberof cellsin theboundaryof the mesh).Thework of
Silva et al. relieson beingableto computea visibility-ordering of the boundarycells
by first performinga sufficient setof ray shootingqueries thenrunninga topological
sorton thevisibility relationsfoundto infer the ordering.Combaet al. [7] furtherim-
proved theseresultswith BSP-XMP\MO to O(n + bp) (wherep is the size of a small
subsetof the boundarycells), andleadingto an order of magnitudeimprovementin
sortingtimesover XMPVO. This techniquerequiresa view-independenpreprocessing
whichamountgo building a BSPtreeof the boundaryfacesUnfortunately evenBSP-
XMPVO is not ableto sortcellsat millions of cells persecondwhich is necessaryo
drive high-endgraphicsboardsat full speedAnotheroneof BSP-XMPWO's disadwan-
tagesis thefactthatit is not possibleto handlevisibility orderingof dynamicmeshes
efficiently, which might arisefrom the extensionto volumetric meshef techniques
suchasthe continuouslevel of detail algorithm of Lindstromet al. [12] (thesetech-
niguesusuallyrequirethe geometrybeingrenderedo changecontinuouslyasto match
theusermovement).

Thefundamentatomputatiorwhich XMPVO andBSP-XMP\O arebuilt onis the
ability to obtaina visibility-order of theboundarycells.In this paperwe focuson how
to find anorderingof the boundarycellsusinggraphicshardware.

In this paperwe proposea new hardware-assistedisibility-orderingalgorithm. At
a high-level, our algorithmcanbe seenasa hardwareimplementatiorof the XMPVO
algorithm, but there are somesignificantdifferencesXMPVO (and mosttraditional



visibility orderingalgorithms)first build a sufficientset of pairwisevisibility relations
(e.0., B <, A), andthenin a secondphasea topologicalsortis neededn the setof

relationsto actuallygetthe ordering.Our techniqueinsteadworks by assigninga layer

numberto eachprimitive,which directly determineshevisibility ordering.To compute
thelayernumberof eachprimitive, we make extensive useof thegraphicshardware.In

particular we exploit a combinationof the z- andstencilbuffers.

In therestof this paper we first describesomerelatedwork in Section2. In Sec-
tion 3, we describeour new algorithmandsomeoptimizationsIn Section4, we report
someexperimentatesultsjncludinghow ourtechniquecompareso XMPVO andBSP-
XMPVO. We finish the paperin Section5 with final remarksand our plansfor future
work.

2 Reated Work

We let v denotethe viewpoint andlet p,, denotethe ray from v throughthe point w.
A visibility ordering, <,, of a setof primitives? = {p1,po,...,pn} from a given
viewpoint,v € %2, is alinearorderon P suchthatif p € P visually obstructg’ € P,
partially or completelythenp’ precedeg in theordering:p’ <, p. In generalp’ <, p,
if thereexistsa ray p from the viewpointv suchthatpNp # 0, p N p' # 0 andthe
intersectiorpoint of p with p is beforetheintersectiorpointwith p' alongtheray.

Work on visibility orderingin computergraphicswas pioneeredby Schumackr
etal. [22]. An earlier(complete)solutionto computinga visibility-order wasgivenby
Newell, Newell, andSanchgdNNS)[13] whichis the basisfor seseralrecentechniques
[21]. The NNS algorithm startswith a rough orderingin z (depth)of the primitives,
thenfor eachprimitive, it fine tunesthe orderingby checkingwhetherotherprimitives
actuallyprecedet in theordering.

Building on [22], Fuchs KedemandNaylor[9] developedthe Binary SpaceParti-
tioning tree (BSP-tee), which is a datastructurethat represents hierarchicalconvex
decompositiorof agivenspacein ourcaseR?) (se€[8, 9,17]). Eachnoder of aBSP-
tree 7 correspondso a corvex polyhedralregion, P(v) C ®2; the root nodecorre-
spondgo all of #2. Eachnon-leafnoder alsocorrespondso a plane,k(v), which par
titions P(v) into two subrgjions,P(v*) = h*(v)NP(v) andP(v~) = h~ (v)NP(v),
correspondindo thetwo children,»™ andv~ of v. Here,h™ (v) (resp.,h™ (v)) is the
halfspaceof pointsabove (resp.,below) planeh(v). Fuchsetal. [9] demonstratethat
BSP-treecanbe usedfor obtaininga visibility orderingof a setof objects(or, more
preciselyanorderingof thefragmentsnto whichthe objectsarecutby the partitioning
planes) Thekey obsenationis thatthestructureof the BSP-tregpermitsa simplerecur
sive algorithmfor “painting” the objectfragmentsrom backto front: If the viewpoint
liesin, say the positive halfspacer™ (v), thenwe (recursiely) paintfirst thefragments
storedin theleavesof thesubtreaootedatv—, thentheobjectfragmentsS(v) C h(v),
andthen(recursvely) thefragmentsstoredin theleavesof the subtreerootedat v.

It is importantto notethatthe BSP-treedoesnot actuallygenerate visibility order
for the original primitives, but for fragmentsof them.Combaet al. [7] shav how to

! Suficientin the sensethatit is possibleto extend suchpairwiserelationsinto a valid partial
order In generalpnehasto formally shav thatthisis the case See[19].



recover the visibility orderfrom the sortedfragmentsTherearea few issuesin using
BSP-treedor visibility-ordering. Building a BSP-treeis a computationallyintensive
processThus, handlingdynamicgeometryis a challenge Using techniquedrom the
field of “kinetic” datastructuresComba[6] developedan efficient extensionof BSP-
treesfor handlingmoving primitives. At this time, his techniquerequiresapriori (ac-
tually analytical)knowledgeof the motion of the geometryto efficiently performlocal
change®nthe BSP-treeasthe primitivesmaove.

Anothertechniqudor visibility orderis describedn Silvaetal. [19]. In thatpapera
well-chosensmall) setof ray shootingqueriesareperformedwhich computefor each
primitive (at least)its successoandpredecessan the visibility ordering.By running
atopologicalsorton thesepairwiserelations,it is possibleto recoveravisibility order
Oneof theshortcoming®f thistechniqués thatit mightactuallyobtainalargerportion
of thevisibility graphthannecessaryo computethe ordering.Sincethe ray shooting
queriesarerelatively expensve bothin time andmemory This canbeinefficient.

Another classof sorting techniquesare basedon power-sorting, seethe work of
Cignonietal [2, 4, 3]. Thesetechniquesrequitefast,sincethey reducethe 3D sorting
problemto a onedimensionakort, which canbe donequite efficiently with quicksort.
Unfortunatelytheseechniquesnakelimiting assumptionabouttheshapeof theactual
grids(e.g., a Delaunaytriangulation,see[28]) andtheir usefor generameshesvould,
in generalcausevisibility-orderingproblemsFor highly tessellatedinstructuredrids,
theseerrorsin visibility-ordering aremostly imperceptibleput for adaptvely sampled
volumetricgrids wherebig cellswould be closeto small cells, sortingerrorsmight be
large.

SryderandLengyel[20] presentinincrementalisibility sortingalgorithm,similar
in somerespectgo the NNS algorithm[13]. Their algorithm,despitehaving a worst-
caserunningtime of O(n*), is shavn to be quite fastin practice.In orderto cull the
numberof visibility relationsthey needto maintain,SryderandLengyelemploy several
optimizations,suchasthe useof kd-treesandthe tracking of overlapsof the cornvex
hulls of thegeometrigorimitives.Theiralgorithmis ableto exploretemporalcohereng,
andin factis optimizedfor dynamicgeometryThey alsoproposetechniqudor correct
renderingn the presencef cycles.

TheVShuffer techniqueof WestermanmandErtl [23] is relatedto ourwork. In their
algorithm,they exploit the graphicshardwarefor performingdepth-sortingf volumet-
ric primitivesby renderingthe cellson a planeperpendiculato the scanlinethenthey
usetheimprintedcell ids andtheir geometricrelationshipto guidethe volumeintegral
calculation.Our volumerenderingtechniquds quite different,sincewe do not usethe
hardwareto sortall thevolumetricprimitivesasthey do, but only theboundaryanduse
MPVO relationsfor theinterior of the volume.Becauseof this, we requireadjaceng
information,which they do not. Although the two techniquesare quite different,both
of themshareseveral of the sameimplementatiorissues suchasthe useof phuffers,
the disablingof all lighting calculationsandthe readingbackof the OpenGLbuffers
to get primitive ids. Our experimentalresultsshav that our techniqueis considerably
fasterthanthe VShuffer. Quite possibly this is dueto the factthatfor typical datasets,
we requirea muchsmallernumberof buffer reads.



Anotherrelatedtechniqués presentetty Mammen[14], whereheusesamulti-pass
renderingtechniquewith a“moving” depthbuffer to rendertransparentbjects.

Building complicateddatastructureso solve the visibility-ordering problemis a
fairly difficult task.Giventhatinteractvity is of utmostimportancen mostapplications,
it would be prudentto try andsolve this problemin hardwareat somepre-specifiedes-
olution.As otherresearchersave found(see for instanceHoff etal. [10], Westermann
andErtl [24,23]) exploiting the ever-fastergraphicshardwareavailablein workstations
andPCs,canleadto simpler and more efficient solutionsto our renderingproblems.
Ourwork is motivatedby this trend.

3 Our Algorithm

For the sale of discussionywe assumeo obtaina front-to-backvisibility ordet Theba-
sicideais to startwith the completecollectionof primitives,andextractthe primitives
in layers, thatis, a maximallyindependensetof polygonswhich do notrelateto each
otherin thevisibility order The algorithmworksby extractinga singlelayer from the
currentsetof primitives.We basicallykeepdoing this until no moreprimitivescanbe
removed. At this point, if the setof primitiveswithout a layer numberassigneds not
empty oneof the following two conditionsaretrue: (a) the remaining(un-classified)
primitivesareeitherorthogonalo the viewing direction,hencewe cannotreally clas-
sify themwith respecto eachotheror the restof the polygons,or (b) they containa
cycle, andour algorithmdoesnot handlecycles. (SeeSryder and Lengyel[20] for a
techniquewnhich canbeusedto handlethe cycles.)

We now explain our algorithmin more detail. We assumehat we have accesgo
the z-, stencil and color buffers. Also, for the sale of simplicity in presentationywe
assumehe input is composedf triangles,andall the transformationmatriceshave
beenhandledby the codethatis outsideof this subroutine We startwith somebasic
notation.7 is usedto denotethe setof triangleswhich have not beenclassified(notice
thatit change®vertime); F is thecurrentlayerbeingextracted;7;, for agiveni, is the
setof trianglesassignedo bein theith layer During our algorithm,the stencilbuffer
is sometimedisabled.But wheneer it is enabled,it is setto increasethe valueson
the stencil buffer ary time a triangle would have beenprojectedinto thosepixels. In
OpenGL thestencilbuffer canbe configuredassuch:

glStencilFunc(GL_ALWAYS, "0, T0);
glStencilOp(GL_KEEP, GL_INCR, GL_INCRY);

In our algorithm,we make extensie useof the item buffer techniquewheretrian-
glesarerenderedvith differentcolors,from which the original trianglescanbeidenti-
fied by readingbackthe color buffer. We namethis processasreadingandscanninghe
buffer in therestof our discussionReadingouffersrefersto performingthe glRead-
Pixels call, while scanningabuffer refersto theproces®f traversingthepixel arrays,
to obtainthe primitive ids anddepthcomplexity. Hereis our algorithm:

While T # 0, loop,
1. Clearthecolorbuffer; disablethestencilbuffer; configurez-testto GLLESS, while
clearingit to 1.0 (far).
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Fig. 1. (a) In this situation,triangle A occludesartsof trianglesB andC, while B is completely
occludedby C from theoppositedirection.During thefirst scan pixels (partially) covering B and
C arepresentin the top layer, 7. Notethatin step4, we remove trianglesfrom backto front.

SinceC completelyoccludesB, we have to gothroughstep4 multiple timesto extractthe correct
layering.(b) Simplecasewherethe depthcompleity of F is always1.

2. RenderT.

3. Readbackthe color buffer, andassignto F ary trianglethatbelongsto the current

color buffer. Note thatthesetrianglesare potentialcandidatego bein the current
layer, sincethey might be obscuredy someothertriangle.(SeeFig. 1.)
A necessargndsufiicientconditionfor F to bealayeris thatthedepth-complgity
of F canbeat mostone.Theideain the next phaseof our algorithmis to usethe
stencilbuffer to testfor this condition.In fact,by properlysettingthe z-buffer, it is
possibleto identify exactly the triangleswhich do not belongto the currentlayer
by looking at pixelsin the stencilbuffer which have a depth-complgity largerthan
one.

4. Do

(4a) Clearandenablethe stencilbuffer; clearthe color buffer; configurez-test
to GLL.GEQUALwhile clearingit to 0.0 (near).

(4b) RenderF.

(4c) Readbackthecolorandstencilbuffers.For eachpixelin the stencilbuffer
which is larger thanone,remove the correspondingdrianglefrom F, and
re-insertit in 7. Sincewe renderedhe scenefrom the back,we arenec-
essarilyremoving atrianglethatis coveredby oneor moreothertriangles.
Notethatif we neverfind a pixel which hasdepth-complgity higherthan
two, we canleave the loop at this point. Otherwise we needto keepre-
moving trianglesfrom the backof F, until the depth-complgity of each
pixel is atmostone.

(4d) AssignT7; = F for thecurrentlayernumberandincrementhelayernum-
ber.

While depth-complgity of F > 1.

5. In casenotriangleshave beenremovedfrom 7 sincestep(1) of thealgorithm(that
is, the numberof elementsn 7 hasnot changed)we canstopthe algorithm,and
claim that the remainingtrianglescontaina cycle, or they are orthogonalto the
view direction.



It is straightforvardto turnthedescriptiorof our algorithmaboveinto working C++
code.lf we haven trianglesin a scenetheworst-casgerformancef our algorithmis
0O(n?), sinceall the trianglescan be behinda single pixel. But this is rarely the case.
Assumingthe depthcomplexity of the sceneis d, the compleity of the algorithmis
muchcloseto O(nd). Eachtriangleis renderedmultiple times,andcanpotentiallybe
rendered)(d) times.Often, renderingis not the bottleneck As we show in Section4,
mostof the time is spentin readingthe color and stencil buffers, and scanningthem
(dependingon imagesize,triangle count,andarchitecturdimitations). Also, aslayers
areextracted the actualfootprint of atypical layerdecreasegquiterapidly (seeFig. 3).
Thus, readingand scanningthe whole buffersis a wasteof time. We proposea sim-
ple maodificationof our algorithmwhich greatlyimprovesthe overall performancelt
is basedon the factthat oncea pixel is not coveredby atriangle after beingrendered
in step(2), it will never be coveredagain.Usingthis fact, it is advantageouso usea
subdvision schemeof dividing theimageinto blocks,andkeepingtrack of pixel cov-
eragein every block, to avoid unnecessargeadingandscanningln mostarchitectures,
thelargertheblock size,the betterthe bandwidthin readingbackthe buffers,although
thistendsto maxoutusuallysomevherearounda 512 x 512 block. Ontheotherhand,
large blocks may not effectively reducethe unnecessaryeadingand scanningopera-
tions. Basedon our experiments,a 64 x 64 blocking schemeworks beston various
hardwareplatforms.

4 Experimental Results

We useOpenGLto implementthe depthsortingalgorithm.We testedthe performance
on several workstationsjncluding SGI Octanesand an HP PC. We areonly present-
ing the datacollectedfrom the fasterOctaneandthe HP PC. The SGI Octanewe use
has300MHzMIPS R12000CPUand512MB mainmemoryrunningIRIX 6.5with an
EMXI graphicsboard.The HP workstationhasdual450MhzPentiumll Xeonproces-
sorsand 384MB main memoryrunningwindows NT 4.0. The graphicssubsystems
HP fx6. Therearetwo versionsof our algorithm.Oneis the naive implementatiorof
the depthsortingalgorithmandthe otheris the optimizedversionwith the subdvision
schemdseeSection3) for betterperformanceWe performedour experimentson two
differentwindow sizes:256 x 256 and512 x 512. For theoptimizedversionof ouralgo-
rithm, we alsovariedtheblock sizes We used32 x 32 and64 x 64 for our experiments.
Therearefive datasetsin our experimentsWe ranour programoveraprecomputedet
of transformationsWe collectedthe dataover 30 frames.Tablel lists someof thechar
acteristicsof thesedatasets.Generallyspeakingthe subdvision schemereduceghe
total computatiortime. This is becausehe imagelayersafter the top-layerextraction
tendto besmallerandsmallerin theframebuffer. With thesubdvisionschemewe can
readafraction of theframebuffer asnecessargndat the sametime, the scanningarea
getssmaller However, therearea few modelslik e the sphee which aretoo symmetric
for usto obsene ary performancémprovementwith our schemeFigures2 (a), (b), (c)
and(d) list the percentag®f thetime spenton scanningayersandreadingbuffersfor
thetwo algorithmson thetwo machinesScannindayersandreadingbufferstake most
of the executiontime. While the total percentagef time spenton scanningandread-



|[model  [# of vertices# of trianglegdepthwin256 depthwin512

Bones | 2156 4204 19.7 18
Mannequi 689 1355 10.8 12.4
Phoenix 8280 2760 9.6 11.1
Sphere 66 129 2.8 25
Spock 1779 3525 17.7 18.9

Table 1. Characteristicof the five modelsand their averagedepthsfor the window sizesof
256 x 256 and512 x 512 over 30 frames.

percentage o thettotal computetime
percentageof thetotal computetime
percentageof thetotal computetime
percentageof thetotal computetime
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Fig. 2. Percentagef the overall executiontime spenton scanninglayers and readingframe
buffers of thealgorithmwith andwithout the subdvision schemeon OctaneandHP.

ing the buffersis similar betweerthe two architectureswe obsene from the Figure 2

thatthe scanningtime dominatesn the SGI Octane while in the HP, readingtime is

significantly higher The mostimportantreasonfor this discrepang canbe attributed

to significantdifferencen the processospeedsin mostcasesthe subdvision scheme
speedsip theperformancesometime®ver 4 times.

Unstructued Grid VolumeRendering XMPVO [19] and BSP-XMP\O [7] aretwo

volumerenderingtechniquedasedon extendingMPVO [26] by sortingthe boundary
cells. The actualsortingtechniquegproposedn XMPVO andBSP-XMP\O arequite
different,andleadto substantiallydifferentresults.The XMPVO algorithmworks by

augmentinghe visibility relationbetweencells by performing“ray shootingqueries”
betweerfacesof theboundarycells. It is possibleto replacethe XMPVO sortingwith

our new approachwhich essentiallyshootsoneray per pixel, andthuscanleadto in-

exactsortingin somesituations.The basicideais to sase theidentity of afacethathas
beenprojectednto a givenpixel duringthelayeringextraction. Then,while extracting
higherlayerslaterin the processingaddan arrowv (orderingrelation)to the facethat
projectsin the samepixel, andhasa higherlayer. Therearesomechoicesontheactual
accountingfor the relationsin a givenimplementationOneway would be to keepa
numberof relationsequalto the numberof projectedpixels of eachface.Again, note
thatwe only needto careaboutboundaryfacesin this processwhich in generalis a



very smallnumberof facescomparedo thetotal complexity of a givendatasefsee[7]
for details).Comparingwith theresultspresentedh [19] andaccountingor the MPVO
relationsseparatelyour experimentdndicatethis discretizedXMPVO is considerably
fasterthantheonepresentedh [19], thatis, aboutafactorof tenfasterlt is notclearwe
are performinga fair comparisonBSP-XMPVO and XMPVO aretruly “exact” tech-
niqueswhile in our casewe couldpossiblymissgeneratingrderingrelationsbetween
cellsthat might needthem. On the otherhand,quite possiblythe overall visibility or-
deringgeneratecthangedittle, becausehe inner relationsthat MPVO generatesre
highly constraining Evenby classifyinga subsebf thecellsin a correctlayeris prob-
ably enoughto avoid generatingary sortingerror. We believe thisis oneof thereasons
thatthe MPVONC heuristicproposedy Williams [26] is soeffective. SeeCook|[5] for
analternatye sortingtechniguealsobasedn a discretizatiorof XMPVO.

5 Conclusion and Future Work

We have presented hardware-assistedlgorithmfor visibility ordering.Fromagiven
viewpointandview direction,we computea partialorderingof theprimitiveswhichcan
thenbe renderedusingthe standardbainters algorithm.We have useda combination
of the hardwarez-, stencilandcolor buffersto computethis ordering.Our experiments
on avariety of modelshave showvn significantspeedupén the orderingtime compared
to existing methods.The two main costsassociatedvith our implementatiorare the
costof transferringthe buffers to the hosts main memory andthe time it takesthe
host CPU to scanthem. It is possibleto usethe histogrammingfacility availablein
the ARB_imaging extensionof OpenGL 1.2 to make the graphicshardware perform
thosecomputationgwe referthe readerto Klosowski andSilva[11], andWestermann
etal [25] for details).Unfortunately thosepixel pathsarenot optimized,andareoften
slower thanour currentimplementationlf futurehardwareoptimizesthis functionality,
it would be possibleto furtherimprove the performancef our technique.
Acknowledgements: TheauthorghankNelsonMax andRichardCookfor usefulcom-
mentsanddiscussionsandtherefereedor helpful suggestions.
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Fig. 3. Figuresillustratesthe layeringcomputedwith our algorithm.We color codethetriangles
accordingo thelayerthey belongto. In (a) we shav thelayeringfrom theview it wascomputed.
In (b), we rotatedthe objectasto shawv thelayeringfrom the otherside.Images(c)—(l) shav the
tenlayerscomputedor this particularview. Note how the 2D footprint of the layersgetsmaller

andsmaller



