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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., ������� ), andthenrun a topologicalsort on thesetof relations
to actuallyget the partial ordering.Our techniqueinsteadworks by assigninga
layer numberto eachprimitive, which directly determinesthe visibility order-
ing. Objectsthathave thesamelayernumberareindependent,andcanbeplaced
anywherewith respectto eachother. We usea simpletechniquewhich exploits
a combinationof thez- andstencilbuffers to computethe layernumberof each
primitive. As an applicationof our technique,we show how it can be applied
to obtaina fastunstructuredvolumerenderingalgorithm,which improvesrecent
reportedresults.In this paper, we presentour new algorithmandits implemen-
tation in OpenGL.We alsodiscussits performanceandsomeoptimizationswe
performedfor somerecentgraphicshardwarearchitectures.

1 Introduction

Theoriginal motivationfor this work comesfrom volumerendering,but our work has
otherapplications,which includeimage-basedrenderingacceleration,animationswith
selective display, efficient renderingwith transparency [19]. The maincontribution of
thispaperis a techniquefor computinganorderedsetof (acyclic) primitiveswhichcan
berenderedby painter’salgorithm.

Thereareprimarily two mainapproachesfor exploringgraphicshardwarein volume
rendering.Oneapproachis to build new hardware,specializedfor volumerendering.
Quitepossibly, themostvisible exampleof this approachis VolumePro[14], which is
basedon theCube-4architectureof PfisterandKaufman[15]. Anotherapproachis to
leverageexisting graphicshardware,suchas the texture-mappingbasedtechniqueof
Cabralet al. [1]. Althoughdifferent,thesetwo techniqueshave somethingfundamen-
tally in common:thevolumetricdatamodelusedis thesame,that is, eachvolumetric
grid is basicallya regularlyspaced3D matrix of voxels.
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An alternative techniquefor exploring graphicshardwarefor volumerenderingis
theProjectedTetrahedra(PT) algorithmof Shirley andTuchman[17], which usesthe
traditional 3D polygon-renderingpipeline. This techniquerendersa volumetric grid
by breakingthe volumetricgrid into a collectionof tetrahedra.Then,eachtetrahedra
is renderedby splatting its faceson the screen.This techniqueexploresthe graphics
hardwarefor approximatingthevolumerenderinglighting computationsandgenerates
high-qualityimages.Oneof thenicepropertiesof theShirley andTuchman’sapproach
is that it is not specificto a regular volumetricgrid. Anothernice propertyis that it
is quite efficient in termsof the numberof trianglesit needsto renderper primitive.
Wittenbrink [27] found experimentallythat, on average,one needs3.4 trianglesper
tetrahedron.On a fastgraphicsboard,suchastherecentNvidia GeForce,onecanpo-
tentially renderseveralmillion tetrahedrapersecond.

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[20].

In orderto applyPT, oneneedstocomputeavisibility-orderingof thecells.Williams’
MeshedPolyhedraVisibility Ordering(MPVO) algorithm[25] 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 [18], 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. [6] 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
the usermovement).Furthermore,the implementationof BSP-XMPVO is relatively
complex.

ThefundamentalcomputationwhichXMPVO andBSP-XMPVO arebuilt on is the
ability to visibility-ordertheboundarycellsof themesh.It is thisproblemthatweattack
in this paper.



Hardware-AssistedVisibility-Ordering 3

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�BA precedes� in theordering:��A1� ( � . In general,��A1� ( � ,
if andonly if thereexistsa ray $ from theviewpoint # suchthat $FEG�IH+KJ , $FE��BALH+KJ
andthe intersectionpoint of $ with � is beforethe intersectionpoint with ��A alongthe
ray. Theoreticalresultsonexactvisibility orderingaredescribedby deBerg,Overmars,
andSchwarzkopf [7], who giveanalgorithmrequiringworst-casetime 	�
��1MON >QPCR � (for
any fixed SUTWV ) for determiningan orderor reportingthat noneexists (becauseof
a cycle in the “behind” relation).Although not readily implemented,the theoretical
significanceof thiswork is thatit showsthatit is possibleto determine,in subquadratic
worst-casetime if a linear orderingexists,while avoiding the computationof the full
behindrelation(which is worst-casequadraticin thenumberof objectsbeingordered).

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

Building on [21], Fuchs,Kedem,andNaylor [9] developedtheBinary SpaceParti-
tioning tree(BSP-tree), which is a datastructurethat representsa hierarchicalconvex
decompositionof agivenspace(in ourcase,<?> ) (see[8,9,16]). EachnodeX of aBSP-
tree Y correspondsto a convex polyhedralregion, Z[
4X\�;]^<?> ; the root nodecorre-
spondsto all of <?> . Eachnon-leafnodeX alsocorrespondsto aplane,_`
4X\� , whichpar-
titions Z[
4X\� into two subregions,Z[
aXbPc�L+�_dPe
aX\�3E)Z[
4Xd� and Z[
aX�f��c+g_hfL
4X\�3E)Z[
aX\� ,
correspondingto thetwo children, XbP and X�f , of X . Here, _dPe
aX\� (resp.,_hfi
4X\� ) is the
1 Sufficient in the sensethat it is possibleto extendsuchpairwiserelationsinto a valid partial

order. In general,onehasto formally show thatthis is thecase.See[18].
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halfspaceof pointsabove (resp.,below) plane _C
aX\� . Fuchset al. [9] demonstratedthat
BSP-treescanbeusedfor visibility-orderinga setof objects(or, moreprecisely, anor-
deringof thefragmentsinto which theobjectsarecut by thepartitioningplanes).The
key observation is that the structureof the BSP-treepermitsa simplerecursive algo-
rithm for “painting” the object fragmentsfrom backto front: If the viewpoint lies in,
say, thepositivehalfspace_dPe
aX\� , thenwe (recursively) paintfirst thefragmentsstored
in the leavesof thesubtreerootedat X�f , thentheobjectfragmentsj)
4X\�k]l_`
4X\� , and
then(recursively) thefragmentsstoredin theleavesof thesubtreerootedat XbP .

It is importantto notethattheBSP-treedoesnotactuallygenerateavisibility order
for the original primitives,but for fragmentsof them.Combaet al. [6] show how to
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[5] 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. [18]. 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 the shortcomingsof this techniqueis that it might actually computea larger
portion of the visibility graphthannecessaryto computethe ordering.Sincethe ray
shootingqueriesarerelatively expensive both in time andmemory, this canbe ineffi-
cient.

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[27]) 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[19] presentanincrementalvisibility sortingalgorithm,similar
in somerespectsto the NNS algorithm[13]. Their algorithm,despitehaving a worst-
caserunningtime of 	�
�� M � is shown to be quite fast in practice.In order to cull the
numberof visibility relationsthey needto maintain,SnyderandLengyelemploy several
optimizations,suchasthe useof kd-trees,andthe trackingof overlapsof the convex
hullsof thegeometricprimitives.Theiralgorithmis ableto exploretemporalcoherency,
andin factisoptimizedfor dynamicgeometry.They alsoproposeatechniquefor correct
renderingin thepresenceof cycles.

TheVSbuffer techniqueof WestermannandErtl [22] is relatedto ourwork. In their
algorithm,they exploit thegraphicshardwarefor performingdepth-sortingof volumet-
ric primitivesby renderingthecellson a planeperpendicularto thescanline;thenthey
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usetheimprintedcell ids,andtheirgeometricrelationship,to 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.

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 [23,22]) exploiting theever-fastergraphicshardwareavailablein workstations
andPCs,canleadto simpler, andmoreefficient solutionsto our renderingproblems.
Our work is motivatedby this trend.

3 Our Algorithm

For thesake of argument,assumethatwearetrying to extracta front-to-backvisibility
order. Thebasicideais to startwith thecompletecollectionof primitives,andextract
the primitivesin layers, that is, maximally independentsetof polygonswhich do not
relateto eachotherin the visibility order. Thealgorithmworksby extractinga single
layer from the currentset of primitives.We basicallykeepdoing this until no more
primitivescanbe removed.At this point, if the setof primitivesnot assigneda layer
numberis not empty, oneof the following two conditionsaretrue: (a) the remaining
(un-classified)primitivesareeitherorthogonalto theviewing direction,hencewe can
notreallyclassifythemwith respectto eachotheror therestof thepolygons,or (b) they
containacycle,andouralgorithmdoesnothandlecycles.(SeeSnyderandLengyel[19]
for a techniquewhichcanbeusedto handlethecycles.)

We now explain our algorithm.We assumewe have accessto the z-, stencil, and
color buffers.Also, for the sake of simplicity in presentation,we assumethe input is
composedof triangles,andall the transformationmatriceshave beenhandledby code
thatis outsideof thissubroutine.Westartwith somebasicnotation.Y is usedto denote
the setof triangleswhich have not beenclassified(noticethat it changesover time);m

is thecurrentlayerbeingextracted;Ybn , for a given o , is thesetof trianglesassigned
to be in the o th layer. During our algorithm,the stencilbuffer is sometimesdisabled,
but whenever it is enabled,it is setto incrementany time a trianglewould have been
projectedinto thosepixels.In OpenGL,thestencilbuffer wouldbeconfiguredassuch:

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,which canbeusedto identify themby reading
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A

B
p C

(a) 

D

E

(b)

Fig. 1. (a) In this situation,triangleA occludespartsof trianglesB andC, while B is completely
occludedby C from the oppositedirection.During the first scan,pixels covering B andC are
presentin thetop layer, q . Notethat in step4, we remove trianglesfrom backto front. SinceC
completelyoccludesB, wehaveto gothroughstep4 multipletimesto extractthecorrectlayering.
(b) Simplecasewherethedepthcomplexity of q is always1.

backthecolorbuffer. We referto thisprocessasreadingandscanningthebuffer in the
restof our discussion.Readingbuffersrefersto performingtheglReadPixels call,
while scanningbuffersrefersto theprocessof traversingthepixel arrays,andobtaining
theprimitive ids,anddepthcomplexity. Hereis ouralgorithm:

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

clearingit to 1.0(far).
2. RenderY .
3. Readbackthecolorbuffer, andassignto

m
any trianglethatbelongsto thecurrent

color buffer. Note that thesetrianglesarepotentialcandidatesto be in thecurrent
layer, but they do not necessarilybelongto the currentlayer, sincethey might be
obscuredby someothertriangle.(SeeFig. 1.)
A necessaryandsufficientconditionfor

m
to bealayeris thatthedepth-complexity

of
m

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

m
.

(4c) Readbackthecolorandstencilbuffers.For eachpixel in thestencilbuffer
which is larger thanone,remove thecorrespondingtrianglefrom

m
, and

re-insertit in Y . Sincewe renderedthescenefrom theback,we arenec-
essarilyremoving atrianglethatis coveredby oneor moreothertriangles.
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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

m
, until the depth-complexity of each

pixel is at mostone.
(4d) Assign Ybn`+ m for thecurrentlayernumber, andincrementthelayernum-

ber.

While depth-complexity of
m T 1.

5. In caseno triangleshavebeenremovedfrom Y sincestep(1) of thealgorithm(that
is, thenumberof elementsin Y hasnot changed),we canstopthealgorithm,and
saytheremainingtriangleseitherarepartof a cycle,or they areorthogonalto the
view direction.

Optimizations in the number of buffer reads and scanning.

It is straightforward to turn the descriptionof our algorithmabove into working C++
code.If we assumewe have � trianglesin a scenes,the worst-caseperformanceof
our algorithmis 	�

�h�3� , sinceall the trianglescanbebehinda singlepixel. But this is
rarelythecase.Assumingthedepthcomplexity of thesceneis s , thecomplexity of the
algorithmis muchcloserto 	�
��hst� . Eachtriangleis renderedmultiple times,andcan
potentiallyberendered	�
�s&� times.Often,renderingis not thebottleneck.As weshow
in Section4, almostall of the time is spentin readingthe color andstencil buffers,
andscanningthem(dependingon imagesize,trianglecount,andarchitecturelimita-
tions). Also, as layersareextracted,the actualfootprint of a typical layer decreases
quiterapidly (seeFig. 5). Thus,mostof this time is wasted.We proposea simplemod-
ification of our algorithmwhich greatlyimprovesthe overall performance.It is based
on thesimplefact thatoncea pixel is not coveredby a triangleafterbeingrenderedin
step(2), it will neverbecoveredagain.Usingthis fact,it is simpleto usea subdivision
schemeof dividing theimageinto blocks,whichkeepstrackof pixel coveragein every
block,andavoidsreadingandscanningit thenext timesuchanoperationis needed.In
mostarchitectures,the larger the block size,the betterthe bandwidththat is achieved
in readingbackthebuffers,althoughthis tendsto maxoutusuallysomewherearoundaubvxwGy;u\vxw

block.Basedon ourexperiments,a z|{ y z}{ blockingschemeworksbeston
varioushardwareplatforms.

4 Experimental Results

We useOpenGLto implementthedepthsortingalgorithm.We testedtheperformance
on severalworkstations,includinganSGIOctane,andanHP PC.We areonly present-
ing thedatacollectedfrom the fasterOctaneandthe HP PC.We will briefly describe
theperformanceof othermachinesafterour discussionon thetwo representativeones.
The SGI Octanewe usehas300MHz MIPS R12000CPU and512MB main memory
runningIRIX 6.5 with anEMXI graphicsboard.TheHP workstationwe usehasdual
450MhzPentiumII Xeonprocessorsand384MB mainmemoryrunningwindows NT
4.0.Thegraphicssubsystemis HPfx6. Therearetwo versionsof ouralgorithm.Oneis
thenaive implementationof thedepthsortingalgorithmandtheotheris theoptimized
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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 sizesof~����F��~x���
and

���7~����|�7~
over 30 frames.

versionwith thesubdivision scheme(seeprevioussection)for betterperformance.We
performedour experimentson two differentwindow sizes:

w}u z y�w}u z and
ubv3w�y=ubv3w

.
For theoptimizedversionof ouralgorithm,wealsovaryourblocksizes.Weuse� wcy � w
and z|{ y z}{ for our experiments.Therearefive datasetsin our experiments(Bones,
Mannequin,Spock,Phoenix,andSphere,seeFig. 6 andFig. 7(a)). We ran our pro-
gramovera precomputedsetof transformations.We collectedthedataover30 frames.
Table1 lists someof thecharacteristicsof thesedatasets.

Figures2 (a), (b), (c), (d) and(e) shows the total computationtime of the two al-
gorithmsover the five datasets.Generallyspeaking,the subdivision schemereduces
thetotal computationtime.Figures3 (a) and(b) show thespeedupof thesubdivision-
basedalgorithm.This is becausetheimagelayersafterthetop-layerextractiontendto
besmallerandsmallerin the framebuffer. With thesubdivision scheme,we canread
a fractionof theframebuffer asnecessaryandat thesametime, thescanningareagets
smaller. However, therearea few modelslike thesphere which aretoo symmetricfor
usto observeany performanceimprovementwith ourscheme.

Figures4 (a),(b), (c) and(d) list thepercentageof thetimespentonscanninglayers
andreadingbuffers for the two algorithmson the two machines.Scanninglayersand
readingbuffers take mostof thecomputationtime. While the total percentageof time
spentin scanningandreadingthebuffersis similaronthetwo architectures,weobserve
from theFigure4 thatthescanningtimedominatesin theSGIOctane,while in theHP,
readingtime is significantly higher. The most importantreasonfor this discrepancy
canbe attributedto significantdifferencein the processorspeeds.In mostcases,the
subdivisionschemespeedsup theperformance,sometimeover4 times.

4.1 Unstructured Grid Volume Rendering

XMPVO [18] and BSP-XMPVO [6] are two volume renderingtechniquesbasedon
extendingMPVO [25] by sortingtheboundarycells.Theactualsortingtechniquespro-
posedin XMPVO andBSP-XMPVO arequite different,andleadto substantiallydif-
ferentresults.It is quitesimpleto replacetheXMPVO sortingwith our new approach.
Wepresenttheperformanceof ourhardware-assistedvisibility orderingalgorithmcom-
paresto thesetechniquesin Table2. We alsoincludetwo previoustechniquesfor exact
polyhedralcell sorting,thealgorithmof Steinetal. [20], themulti-tiled sortof Williams
et al. [26] in our comparisonfor completeness.We rantheseexperimentsfor three(ir-
regular) datasets.The boundaryof the meshesareshown in Figs.7 (Phoenix,NASA
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Fig. 2. Computetimesfor variousmodels.In thex-axisof eachfigure,we presentthedifferent
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Fig. 4. Percentageof the overall execution time spenton scanninglayersand readingframe
buffersof thealgorithmwith andwithout thesubdivision schemeon OctaneandHP.

No. Cells SteinSort Multi-Tiled Sort XMPVO BSP-XMPVO HA-256 HA-512

13,000 14 sec. 7.2sec. 3.5sec. 0.37sec.0.10+ 0.070.33+ 0.07
190,000 2,880sec. 162sec. 25 sec. 2.5sec.0.09+ 0.700.18+ 0.70
240,000 N/A 475sec. 48 sec. 2.9sec.0.14+ 0.900.25+ 0.90

Table 2. Comparative timings,in seconds,for visibility orderingusingfive methods:(1) thesort
reportedin Stein et al. [20], (2) the multi-tiled sort of Williams et al. [26], (3) the XMPVO
algorithmof Silvaetal. [18], (4) theBSP-XMPVO algorithmof Combaetal. [6]. (5) and(6) are
our resultsundertwo differentwindow resolutions.We separatethe time sortingthe boundary
cells took from the time it takesto theMPVO relations,asto highlight thedifferentoverheads.
Thefirst threetimingswereperformedonanR10000CPUof anSGIPowerOnyx; BSP-XMPVO
wastimedona333MHzPowerPC604.(5)and(6) weretimedonanR12KCPUof anSGIOctane
with MXE graphics.

Blunt Fin, andNASA Langley F117).The Phoenixdata,shown in Fig. 7(a), hasap-
proximately2,700boundaryfacesandits boundaryis themostinterestingof thethree.
It hasbothconvex andconcavepieceswith a complex topology(not homeomorphicto
a sphere),andthe numberof layersour algorithmoutputsis high (around9 or 10 for
mostview directions).At a resolutionof

w�u z y�w}u z , weneedto renderbetween11,000
to 14,000triangles(trianglesarerenderedmultiple times),takingon average0.10sec-
onds.For a higher-resolutionof

ubv3w�y=ubv3w
, thenumberof trianglesstayrelatively the

samebut theoverall timegoesup to approximately0.33seconds.

ThetetrahedralizedNASA Blunt Fin shown in Fig. 7(b) hasapproximately13,500
boundaryfaces.Its boundaryis almostconvex andhasa topologyhomeomorphicto a
sphere.Thenumberof layerswe generateis usuallybetween3 and5, while rendering
between38,000and60,000triangles.It takesusuallylessthan0.1secondsfor aresolu-
tion of

w}u z yDw}u z , andonly aboutdoublethetime for the
u\vxw�y@u\vxw

resolutiondespite
the fact that the screenresolutionactuallygoesup by a factorof four. Resultsfor the
NASA Langley F117aresimilar to the Blunt Fin, althoughthe numbersof layersis
higher(in the7-9 range).
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Thebestoverall sortingrateswe get area bit over 200,000tetrahedrapersecond,
considerablybetterthanthe onesachieved with the BSP-XMPVO technique.In fact,
for theseresults,the MPVO relationsstartto dominateandaccountfor about80% of
the overall time. It is not clear we are performinga fair comparison.BSP-XMPVO
andXMPVO aretruly “exact” techniques,while in our case,we could possiblymiss
generatingorderingrelationsbetweencells that might needthem.On the otherhand,
quitepossiblytheoverallvisibility-orderinggeneratedchangeslittle, becausetheinner
relationsthatMPVO generatesarehighly constraining.Evenby classifyingasubsetof
thecellsin acorrectlayerprobablyis enoughto avoid generatingany sortingerror. We
believe this is oneof the reasonsthat the MPVONC heuristicproposedby Williams
is so effective. For non-exact techniques,the fastesttimesarereportedin [27], which
cansort between600,000to 2 million tetrahedraper second,by exploiting temporal
coherence.

5 Conclusion and Future Work

We have presenteda hardware-assistedalgorithmfor visibility-ordering.Froma given
viewpointandview direction,wecomputeapartialorderingof theprimitiveswhichcan
thenberenderedusingthestandardpainter’salgorithm.Wehaveusedacombinationof
thehardwarez-, stencilandcolor buffersto achieve this ordering.Our experimentson
a varietyof modelshaveshown significantspeedupsin theorderingtimescomparedto
existingmethods.

Thetwo maincostsassociatedwith our implementationarethecostof transfering
thebuffersto thehost’s computermemory, andthetime it takesthehostCPUto scan
them. It is possibleto usethe histogrammingfacility available in the ARB imaging
extensionof OpenGL1.2 to make the graphicshardwareperformthosecomputations
(wereferthereaderto Klosowski andSilva[11], andWestermannetal [24] for details).
Unfortunately, thosepixelpathsarenotoptimized,andareoftenslowerthanourcurrent
implementation.If futurehardwareoptimizesthatfunctionality, it wouldbepossibleto
furtherimprovetheperformanceof our technique.
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(a) Original
view

(b) Different
view

(c) Layer1 (d) Layer2

(e) Layer3 (f) Layer4 (g) Layer5 (h) Layer6

(i) Layer7 (j) Layer8 (k) Layer9 (l) Layer10

Fig. 5. 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.
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(a) Bones (b) Mannequin (c) Spock

Fig. 6. Threeof thefive datasetsusedin our experiments.

(a) Phoenix (b) NASA Blunt Fin (c) NASA Langley F117

Fig. 7. Boundaryof variousvolumetricdatasets.

Fig. 8. Volumerenderedimageof thePhoenixdataset.Theseimagescanbecomputedat about
5Hzon anSGIOctane.


