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ShankarKrishnan,CláudioT. Silva,andBin Wei

AT&T Labs-Research
180ParkAvenue

FlorhamPark,NJ 07932�
krishnas, csilva, bw� @research.att.com

http://www.research.att.com

Abstract. Weproposea hardware-assistedvisibility orderingalgorithm.Froma
givenviewpoint,a(back-to-front)visibility orderingof asetof objectsis apartial
orderon theobjectssuchthatif object � obstructsobject � , then � precedes�
in theordering.Suchorderingsareusefulbecausethey arethebuilding blocksof
otherrenderingalgorithmssuchasdirectvolumerenderingof unstructuredgrids.
The traditionalway to computethe visibility orderis to build a setof visibility
relations(e.g., ������� ), andthenruna topologicalsorton thesetof relationsto
actuallygetthepartialordering.Ourtechniqueinsteadworksby assigninga layer
numberto eachprimitive, which directly determinesthevisibility ordering.Ob-
jectsthathave thesamelayernumberareindependent,andhave no obstruction
betweeneachother. We usea simpletechniquewhich exploits a combinationof
thez- andstencilbuffersto computethelayernumberof eachprimitive.Oneap-
plicationof our techniqueis to obtaina fastunstructuredvolumerenderingalgo-
rithm. In thispaper, wepresentour techniqueandits implementationin OpenGL.
Wealsodiscussits performanceandsomeoptimizationsonsomerecentgraphics
hardwarearchitectures.

1 Introduction

Theoriginal motivationfor this work comesfrom volumerendering,but our work has
otherapplications,which includeimage-basedrenderingacceleration,animationswith
selective display, efficient renderingwith transparency [20]. The maincontribution of
this paperis a techniquefor computinga visibility orderingof a setof (acyclic) primi-
tivesby usingfeaturesof thegraphicshardware.

Thereareprimarily two mainapproachesfor exploringgraphicshardwarein volume
rendering.Oneapproachis to build new hardware,specializedfor volumerendering.
Quitepossibly, themostvisible exampleof this approachis VolumePro[15], which is
basedon theCube-4architectureof PfisterandKaufman[16]. Anotherapproachis to
leverageexisting graphicshardware,suchas the texture-mappingbasedtechniqueof
Cabralet al. [1]. Althoughdifferent,thesetwo techniquessharedthesamevolumetric
datamodel,that is, eachvolumetricgrid is basicallya regularly spaced3D matrix of
voxels.

A techniquethat is ableto leverageexisting graphicshardwarefor volumerender-
ing is theProjectedTetrahedra(PT)algorithmof Shirley andTuchman[18], whichuses



thetraditional3D polygon-renderingpipeline.This techniquerendersavolumetricgrid
by breakingit into a collection of tetrahedra.Then,eachtetrahedronis renderedby
projecting its faceson the screen.This techniqueexploresthe graphicshardwarefor
approximatingthevolumerenderinglighting computationsandgenerateshigh-quality
images.Differentfrom thepreviousapproaches,theShirley andTuchman’smethodis
not specificto a regularvolumetricgrid. In addition,it is quiteefficient in termsof the
numberof trianglesit needsto renderperprimitive.Wittenbrink[28] foundexperimen-
tally that,onaverage,oneneeds3.4trianglespertetrahedron.Ona fastgraphicsboard,
suchastherecentNvidia GeForce,onecanpotentiallyrenderseveralmillion tetrahedra
persecond.

In thedomainof renderingof digital terrainmodels,thetrendshave beentowards
convertingthedatainto someform of adaptive tessellations[12] insteadof renderinga
largecollectionof smalltriangles.Extendingthisnotionto threedimensions,PTseems
liketheadaptiveanalogfor volumerenderingasopposedto approachesbasedontexture
mappinghardware.In thissense,PT is conceivablyasuperiorapproach,eventhoughit
is currentlybeingusedto renderonly unstructuredgrids[21].

In orderto applyPT, oneneedstocomputeavisibility-orderingof thecells.Williams’
MeshedPolyhedraVisibility Ordering(MPVO) algorithm[26] developedin the early
1990sprovidesaveryfastvisibility-orderingalgorithmsuitablefor usein real-timeren-
deringof unstructuredgrids.MPVO,whichrunsin lineartime,worksby exploiting the
intrinsicconnectivity of theunstructuredgridsandworkswell for well-behavedmeshes
(acyclic andconvex). MPVO hasrecentlybeenextendedfor generalacyclic meshesby
Silva et al.’sXMPVO [19], which leadto an 	�

��������� algorithm(where� is thetotal
numberof cells,and � is thenumberof cellsin theboundaryof themesh).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 theordering.Combaet al. [7] further im-
proved theseresultswith BSP-XMPVO to 	�
���������� (where� is the sizeof a small
subsetof the boundarycells), and leadingto an orderof magnitudeimprovementin
sortingtimesoverXMPVO. This techniquerequiresaview-independentpreprocessing
whichamountsto building a BSPtreeof theboundaryfaces.Unfortunately, evenBSP-
XMPVO is not ableto sortcellsat millions of cellspersecond,which is necessaryto
drivehigh-endgraphicsboardsat full speed.Anotheroneof BSP-XMPVO’sdisadvan-
tagesis thefact that it is not possibleto handlevisibility orderingof dynamicmeshes
efficiently, which might arisefrom the extensionto volumetricmeshesof techniques
suchasthe continuouslevel of detail algorithmof Lindstromet al. [12] (thesetech-
niquesusuallyrequirethegeometrybeingrenderedto changecontinuouslyasto match
theusermovement).

ThefundamentalcomputationwhichXMPVO andBSP-XMPVO arebuilt on is the
ability to obtaina visibility-order of theboundarycells.In this paper, we focuson how
to find anorderingof theboundarycellsusinggraphicshardware.

In thispaper, we proposeanew hardware-assistedvisibility-orderingalgorithm.At
a high-level, our algorithmcanbeseenasa hardwareimplementationof theXMPVO
algorithm,but thereare somesignificantdifferences.XMPVO (and most traditional



visibility orderingalgorithms)first build asufficient set1 of pairwisevisibility relations
(e.g., ��� �"! ), andthenin a secondphase,a topologicalsort is neededon the setof
relationsto actuallygettheordering.Our techniqueinsteadworksby assigninga layer
numberto eachprimitive,whichdirectlydeterminesthevisibility ordering.To compute
thelayernumberof eachprimitive,wemakeextensiveuseof thegraphicshardware.In
particular, we exploit a combinationof thez-andstencilbuffers.

In the restof this paper, we first describesomerelatedwork in Section2. In Sec-
tion 3, we describeour new algorithmandsomeoptimizations.In Section4, we report
someexperimentalresults,includinghow ourtechniquecomparesto XMPVOandBSP-
XMPVO. We finish thepaperin Section5 with final remarksandour plansfor future
work.

2 Related Work

We let # denotethe viewpoint andlet $&% denotethe ray from # throughthe point ' .
A visibility ordering, �)( , of a set of primitives *,+.-/�10324� � 2�565�572���8�9 from a given
viewpoint, #;:=<?> , is a linearorderon * suchthatif �=:@* visually obstructs�BAC:D* ,
partiallyor completely, then� A precedes� in theordering:� A �)(E� . In general,� A �)(E� ,
if thereexists a ray $ from the viewpoint # suchthat $GF"�IH+KJ , $GFL� A H+KJ andthe
intersectionpoint of $ with � is beforetheintersectionpoint with � A alongtheray.

Work on visibility orderingin computergraphicswas pioneeredby Schumacker
et al. [22]. An earlier(complete)solutionto computinga visibility-order wasgivenby
Newell, Newell, andSancha(NNS)[13] whichis thebasisfor severalrecenttechniques
[21]. The NNS algorithmstartswith a roughorderingin z (depth)of the primitives,
thenfor eachprimitive, it fine tunestheorderingby checkingwhetherotherprimitives
actuallyprecedeit in theordering.

Building on [22], Fuchs,Kedem,andNaylor [9] developedtheBinary SpaceParti-
tioning tree(BSP-tree), which is a datastructurethat representsa hierarchicalconvex
decompositionof agivenspace(in ourcase,< > ) (see[8,9,17]). EachnodeM of aBSP-
tree N correspondsto a convex polyhedralregion, OL
4MP�;QK< > ; the root nodecorre-
spondsto all of < > . Eachnon-leafnodeM alsocorrespondsto aplane,RS
4MP� , whichpar-
titions OL
4MP� into two subregions,OL
TMVUE�W+�RXU�
TMP�3F)OL
4MX� and OL
TM�Y��E+ZR[YW
4MP�3F)OL
TMP� ,
correspondingto thetwo children, M U and M Y of M . Here, R U 
TMP� (resp.,R Y 
TMP� ) is the
halfspaceof pointsabove (resp.,below) plane RC
TMP� . Fuchset al. [9] demonstratedthat
BSP-treescanbe usedfor obtaininga visibility orderingof a setof objects(or, more
precisely, anorderingof thefragmentsinto which theobjectsarecutby thepartitioning
planes).Thekey observationis thatthestructureof theBSP-treepermitsasimplerecur-
sive algorithmfor “painting” theobjectfragmentsfrom backto front: If theviewpoint
lies in, say, thepositivehalfspaceRXU�
TMP� , thenwe(recursively) paintfirst thefragments
storedin theleavesof thesubtreerootedat M�Y , thentheobjectfragments\�
4MP��Q]RS
4MP� ,
andthen(recursively) thefragmentsstoredin theleavesof thesubtreerootedat MPU .

It is importantto notethattheBSP-treedoesnotactuallygenerateavisibility order
for the original primitives,but for fragmentsof them.Combaet al. [7] show how to
1 Sufficient in the sensethat it is possibleto extendsuchpairwiserelationsinto a valid partial

order. In general,onehasto formally show thatthis is thecase.See[19].



recover the visibility orderfrom thesortedfragments.Therearea few issuesin using
BSP-treesfor visibility-ordering. Building a BSP-treeis a computationallyintensive
process.Thus,handlingdynamicgeometryis a challenge.Using techniquesfrom the
field of “kinetic” datastructures,Comba[6] developedan efficient extensionof BSP-
treesfor handlingmoving primitives.At this time, his techniquerequiresapriori (ac-
tually analytical)knowledgeof themotionof thegeometryto efficiently performlocal
changeson theBSP-treeastheprimitivesmove.

Anothertechniquefor visibility orderis describedin Silvaetal. [19]. In thatpaper, a
well-chosen(small)setof ray shootingqueriesareperformed,whichcomputefor each
primitive (at least)its successorandpredecessorin thevisibility ordering.By running
a topologicalsorton thesepairwiserelations,it is possibleto recovera visibility order.
Oneof theshortcomingsof thistechniqueis thatit mightactuallyobtainalargerportion
of thevisibility graphthannecessaryto computethe ordering.Sincethe ray shooting
queriesarerelatively expensivebothin timeandmemory. This canbeinefficient.

Anotherclassof sorting techniquesarebasedon power-sorting,seethe work of
Cignoniet al [2, 4,3]. Thesetechniquesarequitefast,sincethey reducethe3D sorting
problemto a onedimensionalsort,which canbedonequiteefficiently with quicksort.
Unfortunately, thesetechniquesmakelimiting assumptionsabouttheshapeof theactual
grids(e.g., a Delaunaytriangulation,see[28]) andtheir usefor generalmesheswould,
in general,causevisibility-orderingproblems.For highly tessellatedunstructuredgrids,
theseerrorsin visibility-orderingaremostly imperceptible,but for adaptively sampled
volumetricgridswherebig cellswould becloseto smallcells,sortingerrorsmight be
large.

SnyderandLengyel[20] presentanincrementalvisibility sortingalgorithm,similar
in somerespectsto the NNS algorithm[13]. Their algorithm,despitehaving a worst-
caserunningtime of 	�
��1^3� , is shown to be quite fastin practice.In orderto cull the
numberof visibility relationsthey needto maintain,SnyderandLengyelemploy several
optimizations,suchasthe useof kd-treesandthe trackingof overlapsof the convex
hullsof thegeometricprimitives.Theiralgorithmis ableto exploretemporalcoherency,
andin factisoptimizedfor dynamicgeometry.They alsoproposeatechniquefor correct
renderingin thepresenceof cycles.

TheVSbuffer techniqueof WestermannandErtl [23] is relatedto ourwork. In their
algorithm,they exploit thegraphicshardwarefor performingdepth-sortingof volumet-
ric primitivesby renderingthecellson a planeperpendicularto thescanline;thenthey
usetheimprintedcell ids andtheir geometricrelationshipto guidethevolumeintegral
calculation.Our volumerenderingtechniqueis quitedifferent,sincewe do not usethe
hardwareto sortall thevolumetricprimitivesasthey do,but only theboundary, anduse
MPVO relationsfor the interior of the volume.Becauseof this, we requireadjacency
information,which they do not. Although the two techniquesarequitedifferent,both
of themshareseveral of the sameimplementationissues,suchasthe useof pbuffers,
the disablingof all lighting calculations,andthereadingbackof the OpenGLbuffers
to get primitive ids. Our experimentalresultsshow thatour techniqueis considerably
fasterthantheVSbuffer. Quitepossibly, this is dueto thefact that for typical datasets,
we requirea muchsmallernumberof buffer reads.



Anotherrelatedtechniqueis presentedby Mammen[14], whereheusesamulti-pass
renderingtechniquewith a “moving” depthbuffer to rendertransparentobjects.

Building complicateddatastructuresto solve the visibility-ordering problemis a
fairly difficult task.Giventhatinteractivity isof utmostimportancein mostapplications,
it wouldbeprudentto try andsolve thisproblemin hardwareatsomepre-specifiedres-
olution.As otherresearchershavefound(see,for instance,Hoff etal. [10], Westermann
andErtl [24,23]) exploiting theever-fastergraphicshardwareavailablein workstations
andPCs,canleadto simpler, andmoreefficient solutionsto our renderingproblems.
Our work is motivatedby this trend.

3 Our Algorithm

For thesakeof discussion,weassumeto obtaina front-to-backvisibility order. Theba-
sic ideais to startwith thecompletecollectionof primitives,andextracttheprimitives
in layers, that is, a maximally independentsetof polygonswhich do not relateto each
otherin thevisibility order. Thealgorithmworksby extractinga singlelayer from the
currentsetof primitives.We basicallykeepdoing this until no moreprimitivescanbe
removed.At this point, if thesetof primitiveswithout a layernumberassignedis not
empty, oneof the following two conditionsaretrue: (a) the remaining(un-classified)
primitivesareeitherorthogonalto theviewing direction,hencewe cannot really clas-
sify themwith respectto eachotheror the restof the polygons,or (b) they containa
cycle, andour algorithmdoesnot handlecycles.(SeeSnyder andLengyel[20] for a
techniquewhichcanbeusedto handlethecycles.)

We now explain our algorithmin moredetail.We assumethat we have accessto
the z-, stencil, andcolor buffers. Also, for the sake of simplicity in presentation,we
assumethe input is composedof triangles,andall the transformationmatriceshave
beenhandledby the codethat is outsideof this subroutine.We startwith somebasic
notation.N is usedto denotethesetof triangleswhich havenot beenclassified(notice
thatit changesover time); _ is thecurrentlayerbeingextracted;NV` , for agiven a , is the
setof trianglesassignedto be in the a th layer. During our algorithm,thestencilbuffer
is sometimesdisabled.But whenever it is enabled,it is set to increasethe valueson
the stencilbuffer any time a trianglewould have beenprojectedinto thosepixels. In
OpenGL,thestencilbuffer canbeconfiguredassuch:

glStencilFunc(GL_ALWAYS, ˜0, ˜0);
glStencilOp(GL_KEEP, GL_INCR, GL_INCR);

In our algorithm,we make extensive useof theitem buffer technique,wheretrian-
glesarerenderedwith differentcolors,from which theoriginal trianglescanbeidenti-
fiedby readingbackthecolorbuffer. Wenamethisprocessasreadingandscanningthe
buffer in therestof ourdiscussion.Readingbuffersrefersto performingtheglRead-
Pixels call,while scanningabuffer refersto theprocessof traversingthepixelarrays,
to obtaintheprimitive idsanddepthcomplexity. Hereis ouralgorithm:

While NbH+�J , loop,
1. Clearthecolorbuffer;disablethestencilbuffer; configurez-testto GL LESS, while

clearingit to 1.0(far).
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Fig. 1. (a) In this situation,triangleA occludespartsof trianglesB andC, while B is completely
occludedby C from theoppositedirection.Duringthefirst scan,pixels(partially)coveringB and
C arepresentin the top layer, f . Note that in step4, we remove trianglesfrom backto front.
SinceC completelyoccludesB, wehaveto gothroughstep4 multiple timesto extractthecorrect
layering.(b) Simplecasewherethedepthcomplexity of f is always1.

2. RenderN .
3. Readbackthecolorbuffer, andassignto _ any trianglethatbelongsto thecurrent

color buffer. Note that thesetrianglesarepotentialcandidatesto be in thecurrent
layer, sincethey might beobscuredby someothertriangle.(SeeFig. 1.)
A necessaryandsufficientconditionfor _ to bealayeris thatthedepth-complexity
of _ canbeat mostone.The ideain thenext phaseof our algorithmis to usethe
stencilbuffer to testfor this condition.In fact,by properlysettingthez-buffer, it is
possibleto identify exactly the triangleswhich do not belongto the currentlayer
by lookingatpixelsin thestencilbuffer whichhaveadepth-complexity largerthan
one.

4. Do

(4a) Clearandenablethestencilbuffer; clearthecolor buffer; configurez-test
to GL GEQUAL, while clearingit to 0.0(near).

(4b) Render_ .
(4c) Readbackthecolorandstencilbuffers.For eachpixel in thestencilbuffer

which is larger thanone,remove thecorrespondingtrianglefrom _ , and
re-insertit in N . Sincewe renderedthescenefrom theback,we arenec-
essarilyremoving atrianglethatis coveredby oneor moreothertriangles.
Notethatif we neverfind a pixel which hasdepth-complexity higherthan
two, we canleave the loop at this point. Otherwise,we needto keepre-
moving trianglesfrom the backof _ , until the depth-complexity of each
pixel is at mostone.

(4d) Assign N ` +�_ for thecurrentlayernumber, andincrementthelayernum-
ber.

While depth-complexity of _hg 1.
5. In caseno triangleshavebeenremovedfrom N sincestep(1) of thealgorithm(that

is, thenumberof elementsin N hasnot changed),we canstopthealgorithm,and
claim that the remainingtrianglescontaina cycle, or they are orthogonalto the
view direction.



It is straightforwardto turnthedescriptionof ouralgorithmaboveinto workingC++
code.If we have � trianglesin a scene,theworst-caseperformanceof our algorithmis
	�

� � � , sinceall the trianglescanbebehinda singlepixel. But this is rarely the case.
Assumingthe depthcomplexity of the sceneis i , the complexity of the algorithmis
muchcloseto 	�

�[i&� . Eachtriangleis renderedmultiple times,andcanpotentiallybe
rendered	�
4ij� times.Often,renderingis not thebottleneck.As we show in Section4,
mostof the time is spentin readingthe color andstencilbuffers,andscanningthem
(dependingon imagesize,trianglecount,andarchitecturelimitations).Also, aslayers
areextracted,theactualfootprint of a typical layerdecreasesquiterapidly (seeFig. 3).
Thus,readingandscanningthe whole buffers is a wasteof time. We proposea sim-
ple modificationof our algorithmwhich greatly improvesthe overall performance.It
is basedon the fact thatoncea pixel is not coveredby a triangleafterbeingrendered
in step(2), it will never be coveredagain.Using this fact, it is advantageousto usea
subdivision schemeof dividing the imageinto blocks,andkeepingtrackof pixel cov-
eragein everyblock,to avoid unnecessaryreadingandscanning.In mostarchitectures,
thelargertheblock size,thebetterthebandwidthin readingbackthebuffers,although
this tendsto maxoutusuallysomewherearounda kPlnmpo�kVl3m block.Ontheotherhand,
large blocksmay not effectively reducethe unnecessaryreadingandscanningopera-
tions. Basedon our experiments,a qsr�otqur blocking schemeworks beston various
hardwareplatforms.

4 Experimental Results

We useOpenGLto implementthedepthsortingalgorithm.We testedtheperformance
on several workstations,including SGI Octanesandan HP PC. We areonly present-
ing the datacollectedfrom the fasterOctaneandtheHP PC.TheSGI Octanewe use
has300MHzMIPS R12000CPUand512MB mainmemoryrunningIRIX 6.5with an
EMXI graphicsboard.TheHP workstationhasdual450MhzPentiumII Xeonproces-
sorsand384MB main memoryrunningwindows NT 4.0. The graphicssubsystemis
HP fx6. Therearetwo versionsof our algorithm.Oneis the naive implementationof
thedepthsortingalgorithmandtheotheris theoptimizedversionwith thesubdivision
scheme(seeSection3) for betterperformance.We performedour experimentson two
differentwindow sizes:mukuq ovmukuq and kPlnmwovkPlnm . For theoptimizedversionof ouralgo-
rithm,wealsovariedtheblocksizes.Weusedxjm)oyxjm and qsrvoyqur for ourexperiments.
Therearefivedatasetsin ourexperiments.Weranourprogramoveraprecomputedset
of transformations.Wecollectedthedataover30frames.Table1 listssomeof thechar-
acteristicsof thesedatasets.Generallyspeaking,the subdivision schemereducesthe
total computationtime. This is becausethe imagelayersafter the top-layerextraction
tendto besmallerandsmallerin theframebuffer. With thesubdivisionscheme,wecan
reada fractionof theframebuffer asnecessaryandat thesametime, thescanningarea
getssmaller. However, therearea few modelslike thesphere which aretoo symmetric
for usto observeany performanceimprovementwith ourscheme.Figures2 (a),(b), (c)
and(d) list thepercentageof thetime spenton scanninglayersandreadingbuffersfor
thetwo algorithmsonthetwo machines.Scanninglayersandreadingbufferstakemost
of the executiontime. While the total percentageof time spenton scanningandread-



model # of vertices# of trianglesdepthwin256 depthwin512

Bones 2156 4204 19.7 18
Mannequin 689 1355 10.8 12.4
Phoenix 8280 2760 9.6 11.1
Sphere 66 129 2.8 2.5
Spock 1779 3525 17.7 18.9

Table 1. Characteristicsof the five modelsand their averagedepthsfor the window sizesofz�{�|~}�zn{�|
and

{��7zv}�{s�7z
over 30 frames.
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Fig. 2. Percentageof the overall execution time spenton scanninglayersand readingframe
buffersof thealgorithmwith andwithout thesubdivision schemeon OctaneandHP.

ing thebuffers is similar betweenthe two architectures,we observe from theFigure2
that the scanningtime dominatesin the SGI Octane,while in the HP, readingtime is
significantlyhigher. The most importantreasonfor this discrepancy canbe attributed
to significantdifferencein theprocessorspeeds.In mostcases,thesubdivisionscheme
speedsup theperformance,sometimesover4 times.

Unstructured Grid VolumeRendering. XMPVO [19] andBSP-XMPVO [7] are two
volumerenderingtechniquesbasedon extendingMPVO [26] by sortingtheboundary
cells.Theactualsortingtechniquesproposedin XMPVO andBSP-XMPVO arequite
different,andleadto substantiallydifferentresults.TheXMPVO algorithmworks by
augmentingthevisibility relationbetweencellsby performing“ray shootingqueries”
betweenfacesof theboundarycells.It is possibleto replacetheXMPVO sortingwith
our new approach,which essentiallyshootsoneray per pixel, andthuscanleadto in-
exactsortingin somesituations.Thebasicideais to save theidentity of a facethathas
beenprojectedinto a givenpixel duringthelayeringextraction.Then,while extracting
higher layerslater in the processing,addan arrow (orderingrelation)to the facethat
projectsin thesamepixel, andhasa higherlayer. Therearesomechoiceson theactual
accountingfor the relationsin a given implementation.Oneway would be to keepa
numberof relationsequalto the numberof projectedpixelsof eachface.Again, note
that we only needto careaboutboundaryfacesin this process,which in generalis a



verysmallnumberof facescomparedto thetotal complexity of agivendataset(see[7]
for details).Comparingwith theresultspresentedin [19] andaccountingfor theMPVO
relationsseparately, our experimentsindicatethis discretizedXMPVO is considerably
fasterthantheonepresentedin [19], thatis,aboutafactorof tenfaster. It is notclearwe
areperforminga fair comparison.BSP-XMPVO andXMPVO aretruly “exact” tech-
niques,while in ourcase,wecouldpossiblymissgeneratingorderingrelationsbetween
cells thatmight needthem.On the otherhand,quitepossiblythe overall visibility or-
deringgeneratedchangeslittle, becausethe inner relationsthat MPVO generatesare
highly constraining.Evenby classifyinga subsetof thecells in a correctlayer is prob-
ably enoughto avoid generatingany sortingerror. We believe this is oneof thereasons
thattheMPVONCheuristicproposedby Williams [26] is soeffective.SeeCook[5] for
analternativesortingtechniquealsobasedon a discretizationof XMPVO.

5 Conclusion and Future Work

We have presenteda hardware-assistedalgorithmfor visibility ordering.Froma given
viewpointandview direction,wecomputeapartialorderingof theprimitiveswhichcan
thenbe renderedusingthe standardpainter’s algorithm.We have useda combination
of thehardwarez-, stencilandcolor buffersto computethis ordering.Our experiments
on a varietyof modelshave shown significantspeedupsin theorderingtime compared
to existing methods.The two main costsassociatedwith our implementationare the
cost of transferringthe buffers to the host’s main memory, and the time it takes the
host CPU to scanthem. It is possibleto usethe histogrammingfacility available in
the ARB imagingextensionof OpenGL1.2 to make the graphicshardwareperform
thosecomputations(we referthereaderto Klosowski andSilva [11], andWestermann
et al [25] for details).Unfortunately, thosepixel pathsarenot optimized,andareoften
slower thanourcurrentimplementation.If futurehardwareoptimizesthis functionality,
it wouldbepossibleto furtherimprovetheperformanceof our technique.
Acknowledgements: TheauthorsthankNelsonMax andRichardCookfor usefulcom-
mentsanddiscussions,andtherefereesfor helpful suggestions.
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Fig. 3. Figuresillustratesthelayeringcomputedwith our algorithm.We color codethetriangles
accordingto thelayerthey belongto. In (a)weshow thelayeringfrom theview it wascomputed.
In (b), we rotatedtheobjectasto show thelayeringfrom theotherside.Images(c)–(l) show the
tenlayerscomputedfor this particularview. Notehow the2D footprint of thelayersgetsmaller
andsmaller.


