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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.Suchorderingsareusefulbecause¢hey arethebuilding blocksof

otherrenderingalgorithmssuchasdirectvolumerenderingof unstructuredyrids.
The traditionalway to computethe visibility orderis to build a setof visibility

relations(e.g., B <, A), andthenrun atopologicalsorton the setof relations
to actuallygetthe partial ordering.Our techniqueinsteadworks by assigninga
layer numberto eachprimitive, which directly determineghe visibility order

ing. Objectsthathave the sameayernumberareindependentandcanbeplaced
arnywherewith respecto eachother We usea simpletechniquewhich exploits
a combinationof the z andstencilbuffersto computethe layer numberof each
primitive. As an applicationof our technique,we shav how it canbe applied
to obtaina fastunstructuredrolumerenderingalgorithm,which improvesrecent
reportedresults.In this paper we presentour new algorithmandits implemen-
tationin OpenGL.We alsodiscussits performanceand someoptimizationswe
performedfor somerecentgraphicshardwarearchitectures.

1 Introduction

The original motivationfor this work comesfrom volumerendering but our work has
otherapplicationswhich includeimage-basedenderingaccelerationanimationswith
selectve display efficient renderingwith transpareng [19]. The main contribution of
this paperis atechniqudor computinganorderedsetof (agyclic) primitiveswhich can
berenderedy paintersalgorithm.

Thereareprimarily two mainapproachefor exploringgraphicshardwarein volume
rendering.One approachis to build new hardware, specializedor volumerendering.
Quite possibly the mostvisible exampleof this approachs VolumePrg14], which is
basedon the Cube-4architectureof Pfisterand Kaufman[15]. Anotherapproachs to
leverageexisting graphicshardware, suchasthe texture-mappingoasedtechniqueof
Cabraletal. [1]. Although different,thesetwo techniqueshave somethingfundamen-
tally in common:the volumetricdatamodelusedis the same thatis, eachvolumetric
grid is basicallyaregularly spaced3D matrix of voxels.
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An alternatve techniquefor exploring graphicshardwarefor volumerenderingis
the ProjectedTetrahedrgPT) algorithmof Shirley and Tuchman[17], which usesthe
traditional 3D polygon-renderingipeline. This techniquerendersa volumetric grid
by breakingthe volumetricgrid into a collection of tetrahedraThen, eachtetrahedra
is renderedby splattingits faceson the screen.This techniqueexploresthe graphics
hardwarefor approximatinghe volumerenderindighting computation@ndgenerates
high-qualityimages Oneof the nice propertiesof the Shirley andTuchman$ approach
is thatit is not specificto a regular volumetric grid. Another nice propertyis that it
is quite efficientin termsof the numberof trianglesit needsto renderper primitive.
Wittenbrink [27] found experimentallythat, on average,one needs3.4 trianglesper
tetrahedronOn a fastgraphicsboard,suchasthe recentNvidia GeForce,onecanpo-
tentially renderseveralmillion tetrahedrgersecond.

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[20].

In orderto applyPT, oneneedgo computeavisibility-orderingof thecells.Williams’
MeshedPolyhedraVisibility Ordering(MPVO) algorithm[25] developedin the early
1990sprovidesaveryfastvisibility-orderingalgorithmsuitablefor usein real-timeren-
deringof unstructuredyrids. MPVO, which runsin lineartime, worksby exploiting the
intrinsic connectity of theunstructuredyridsandworkswell for well-beharedmeshes
(agyclic andconvex). MPVO hasrecentlybeenextendedor generalagyclic meshedy
Silvaetal’s XMPVO [18], whichleadto anO(n + b?) algorithm(wheren is thetotal
numberof cells,andb is thenumberof cellsin the boundaryof 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. [6] furtherim-
proved theseresultswith BSP-XMP\O to O(n + bp) (wherep is the size of a small
subsetof the boundarycells), andleadingto an order of magnitudeimprovementin
sortingtimesover XMPVO. Thistechniqueequiresaview-independenpreprocessing
which amountgo building a BSPtreeof the boundaryfaces Unfortunately evenBSP-
XMPVO is not ableto sortcellsat millions of cells persecondwhich is necessaryo
drive high-endgraphicsboardsat full speedAnotheroneof BSP-XMPVO's disadwan-
tagesis thefactthatit is not possibleto handlevisibility orderingof dynamicmeshes
efficiently, which might arisefrom the extensionto volumetric meshesof techniques
suchasthe continuouslevel of detail algorithm of Lindstromet al. [12] (thesetech-
niguesusuallyrequirethegeometrybeingrenderedo changecontinuouslyasto match
the usermovement).Furthermore the implementationof BSP-XMP\O is relatively
comple.

Thefundamentatomputationwhich XMPVO andBSP-XMP\O arebuilt onis the
ability to visibility-ordertheboundarycellsof themeshlt is thisproblemthatwe attack
in this paper
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In this paperwe proposeanew 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
(eg., B <, A), andthenin a secondphasea topologicalsortis neededn the setof
relationsto actuallygetthe ordering.Our techniqueansteadworksby assigningalayer
numberto eachprimitive,whichdirectly determineshevisibility ordering.To compute
thelayernumberof eachprimitive, we make extensve 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 algorithmandsomeoptimizationsln Sectiond, we report
someexperimentalesultsjncludinghow ourtechnigueeompareso XMPVO andBSP-
XMPVO. We finish the paperin Section5 with final remarksandour 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 primitivesP? = {p1,po,...,p,} from agiven
viewpoint,v € R3, is alinearorderon P suchthatif p € P visually obstructg’ € P,
partially or completelythenp’ precede® in theordering:p’ <, p. In generalp’ <, p,
if andonly if thereexistsaray p from the viewpointv suchthatpNp # 0, pNp’ # 0
andtheintersectionpoint of p with p is beforetheintersectionpoint with p’ alongthe
ray. Theoreticaresultson exactvisibility orderingaredescribedy deBerg, Overmars,
andSchwarzlopf[7], who give analgorithmrequiringworst-casg¢ime O (n*/3+¢) (for
ary fixede > 0) for determiningan orderor reportingthat none exists (becauseof
a cycle in the “behind” relation). Although not readily implementedthe theoretical
significanceof thiswork is thatit shavsthatit is possibleto determinejn subquadatic
worst-casetime if a linear orderingexists, while avoiding the computationof the full
behindrelation(whichis worst-caseuadratian the numberof objectsbeingordered).

Work on visibility orderingin computergraphicswas pioneeredby Schumackr
etal. [21]. An earlier(complete)solutionto computinga visibility-order wasgiven by
Newell, Newell, andSanchgNNS) [13] whichis thebasisfor severalrecentechniques
[20]. The NNS algorithm startswith a rough orderingin z (depth)of the primitives,
thenfor eachprimitive, it fine tunesthe orderingby checkingwhetherotherprimitives
actuallyprecedat in theordering.

Building on [21], Fuchs KedemandNaylor[9] developedthe Binary SpaceParti-
tioning tree (BSP-ted, which is a datastructurethat represents hierarchicalcorvex
decompositiorof agivenspacein our caseR?) (se€[8, 9,16]). Eachnoder of aBSP-
tree 7 correspondso a corvex polyhedralregion, P(v) C ®2; the root nodecorre-
spondso all of 3. Eachnon-leafnoder alsocorrespondso aplane,h(v), which par
titions P(v) into two subrgions,P(v*) = h*(v)NP(v) andP(v~) = h~ (v)NP(v),
correspondingdo thetwo children,»* andv—, of v. Here,h+(v) (resp.,h=(v)) is the

! Suficientin the sensethatit is possibleto extend suchpairwiserelationsinto a valid partial
order In generalpnehasto formally shav thatthisis the case See[18].
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halfspaceof pointsabove (resp.,below) planeh(v). Fuchsetal. [9] demonstratethat
BSP-treesanbe usedfor visibility-ordering a setof objects(or, morepreciselyanor-

deringof the fragmentsinto which the objectsare cut by the partitioningplanes).The
key obsenationis thatthe structureof the BSP-treepermitsa simple recursve algo-
rithm for “painting” the objectfragmentsfrom backto front: If the viewpointlies in,

say the positive halfspaceht (v), thenwe (recursiely) paintfirst the fragmentsstored
in theleavesof the subtreerootedat »—, thenthe objectfragmentsS(v) C h(v), and
then(recursiely) the fragmentsstoredin the leavesof the subtreeootedat v+.

It is importantto notethatthe BSP-treedoesnot actuallygenerate visibility order
for the original primitives, but for fragmentsof them.Combaet al. [6] shav how to
recover the visibility orderfrom the sortedfragments.Therearea few issuesin using
BSP-treedor visibility-ordering. Building a BSP-treeis a computationallyintensive
processThus,handlingdynamicgeometryis a challenge Using techniquedrom the
field of “kinetic” datastructuresComba[5] 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 primitivesmove.

Anothertechniquéor visibility orderis describedn Silvaetal. [18]. In thatpapera
well-chosensmall) setof ray shootingqueriesareperformedwhich computefor each
primitive (at least)its successoandpredecessan the visibility ordering.By running
atopologicalsorton thesepairwiserelationsit is possibleto recover a visibility-order.
One of the shortcomingof this techniqueis that it might actually computea larger
portion of the visibility graphthannecessaryo computethe ordering.Sincethe ray
shootingqueriesarerelatively expensve bothin time and memory this canbe ineffi-
cient.

Another classof sorting techniquesare basedon power-sorting, seethe work of
Cignonietal [2, 4, 3]. Thesetechniquesrequitefast,sincethey reducethe 3D sorting
problemto a onedimensionabkort, which canbe donequite efficiently with quicksort.
Unfortunatelytheseechniquesnakelimiting assumptionabouttheshapeof theactual
grids(e.g., a Delaunaytriangulation,see[27]) andtheir usefor generameshesvould,
in generalcausevisibility-orderingproblemsFor highly tessellatedinstructuredrids,
theseerrorsin visibility-orderingaremostly imperceptibleput for adaptvely sampled
volumetricgrids wherebig cellswould be closeto small cells, sortingerrorsmight be
large.

SryderandLengyel[19] presenainincrementalisibility sortingalgorithm,similar
in somerespectgo the NNS algorithm[13]. Their algorithm,despitehaving a worst-
caserunningtime of O(n*) is shawn to be quite fastin practice.ln orderto cull the
numberof visibility relationsthey needto maintain,SryderandLengyelemploy several
optimizations,suchasthe useof kd-trees,andthe tracking of overlapsof the corvex
hulls of thegeometrigorimitives.Theiralgorithmis ableto exploretemporalcohereny,
andin factis optimizedfor dynamicgeometryThey alsoproposetechniquéor correct
renderingn the presencef cycles.

TheVShuffer techniqueof WestermanmandErtl [22] is relatedto our work. In their

algorithm,they exploit thegraphicshardwarefor performingdepth-sortingf volumet-
ric primitivesby renderingthe cellson a planeperpendiculato the scanline thenthey
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usetheimprintedcell ids, andtheir geometriaelationshipto guidethevolumeintegral
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 requireadjacenyg
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 thatour techniqueis considerably
fasterthanthe VShuffer. Quite possibly this is dueto the factthatfor typical datasets,
we requirea muchsmallernumberof buffer reads.

Building complicateddatastructuresto solve the visibility-ordering problemis a
fairly difficult task.Giventhatinteractvity is of utmostimportanceén mostapplications,
it would be prudentto try andsolve this problemin hardwareatsomepre-specifiedes-
olution.As otherresearchersave found(see for instanceHoff etal. [10], Westermann
andErtl [23,22]) exploiting theever-fastergraphicshardwareavailablein workstations
andPCs,canleadto simpler and moreefficient solutionsto our renderingproblems.
Ourwork is motivatedby this trend.

3 Our Algorithm

For the sale of algument,assumehatwe aretrying to extracta front-to-backvisibility
order Thebasicideais to startwith the completecollectionof primitives,andextract
the primitivesin layers, thatis, maximally independensetof polygonswhich do not
relateto eachotherin the visibility order The algorithmworks by extractinga single
layer from the currentsetof primitives. We basically keepdoing this until no more
primitivescanbe removed. At this point, if the setof primitivesnot assigneda layer
numberis not empty one of the following two conditionsaretrue: (a) the remaining
(un-classifiedprimitivesareeitherorthogonalto the viewing direction,hencewe can
notreally classifythemwith respecto eachotheror therestof the polygonsor (b) they
containacycle,andouralgorithmdoesnothandlecycles.(SeeSnyderandLengyel[19]
for atechniquewhich canbe usedto handlethecycles.)

We now explain our algorithm.We assumewe have accesgo the z-, stencil and
color buffers. Also, for the sale of simplicity in presentationwe assumeahe input is
composedf triangles,andall the transformatiormatriceshave beenhandledby code
thatis outsideof this subroutineWe startwith somebasicnotation.7 is usedto denote
the setof triangleswhich have not beenclassified(noticethatit changesover time);
F is the currentlayer beingextracted;7;, for agiveni, is the setof trianglesassigned
to bein theth layer During our algorithm,the stencil buffer is sometimedisabled,
but wheneverit is enabledjt is setto incrementary time a trianglewould have been
projectedinto thosepixels.In OpenGL thestencilbuffer would be 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,which canbe usedto identify themby reading
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@) (b)

Fig. 1. () In this situation,triangle A occludesartsof trianglesB andC, while B is completely
occludedby C from the oppositedirection. During the first scan,pixels covering B and C are
presenin thetop layer, . Notethatin step4, we remove trianglesfrom backto front. SinceC
completelyoccludesB, we have to gothroughstep4 multipletimesto extractthecorrectlayering.
(b) Simplecasewherethe depthcompleity of F is always1.

backthe color buffer. We referto this processasreadingand scanningthe buffer in the
restof our discussionReadingbuffersrefersto performingthe glReadPixels  call,
while scanningouffersrefersto the procesof traversingthe pixel arrays,andobtaining
theprimitive ids, anddepthcomplexity. Hereis our algorithm:

1.

2.
3.

While 7" # 0, loop,

Clearthecolorhbuffer; disablethestencilbuffer; configurez-testto GLLESS, while
clearingit to 1.0 (far).

Render7.

Readbackthe color buffer, andassigrto F ary trianglethatbelongsto the current
color buffer. Note thatthesetrianglesare potentialcandidateso bein the current
layer, but they do not necessarilypbelongto the currentlayer, sincethey might be
obscuredy someothertriangle.(SeeFig. 1.)

A necessargndsufficientconditionfor 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 GLGEQUALwhile clearingit to 0.0 (near).

(4b) RenderF.

(4c) Readbackthecolorandstencilbuffers.For eachpixelin the stencilbuffer
which is largerthanone,remove the correspondindrianglefrom F, and
re-insertit in 7. Sincewe renderedhe scenefrom the back,we arenec-
essarilyremoving atrianglethatis coveredby oneor moreothertriangles.
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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
pixelis 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
saythe remainingtriangleseitherarepartof a cycle, or they areorthogonalo the
view direction.

Optimizationsin the number of buffer reads and scanning.

It is straightforwardto turn the descriptionof our algorithmabove into working C++
code.If we assumewe have n trianglesin a scenesthe worst-caseperformanceof
our algorithmis O(n?), sinceall the trianglescanbe behinda singlepixel. But this is
rarelythe case Assumingthe depthcomplexity of thescends d, the compleity of the
algorithmis muchcloserto O(nd). Eachtriangleis renderedmultiple times,andcan
potentiallyberendered)(d) times.Often,renderings notthebottleneck As we shav
in Section4, almostall of the time is spentin readingthe color and stencil buffers,
and scanningthem (dependingon imagesize, triangle count,and architecturdimita-
tions). Also, aslayersare extracted,the actualfootprint of a typical layer decreases
quiterapidly (seeFig. 5). Thus,mostof thistime is wasted We proposea simplemod-
ification of our algorithmwhich greatlyimprovesthe overall performancelt is based
onthesimplefactthatoncea pixel is not coveredby a triangleafterbeingrenderedn
step(2), it will neverbecoveredagain.Usingthisfact,it is simpleto usea subdvision
schemeof dividing theimageinto blocks,which keepstrackof pixel coveragen every
block, andavoidsreadingandscanningt the next time suchanoperationis neededin
mostarchitecturesthe largerthe block size, the betterthe bandwidththatis achieved
in readingbackthebuffers,althoughthis tendsto maxout usuallysomevherearounda
512 x 512 block. Basedon our experimentsa 64 x 64 blockingschemevorksbeston
varioushardwareplatforms.

4 Experimental Results

We useOpenGLto implementthe depthsortingalgorithm.We testedthe performance
on severalworkstationsjncludingan SGI OctaneandanHP PC.We areonly present-
ing the datacollectedfrom the fasterOctaneandthe HP PC.We will briefly describe
the performancef othermachinesfterour discussioron thetwo representatie ones.
The SGI Octanewe usehas300MHz MIPS R12000CPU and512MB main memory
runningIRIX 6.5with anEMXI graphicsboard.The HP workstationwe usehasdual
450MhzPentiumll Xeon processorand384MB main memoryrunningwindows NT
4.0.Thegraphicssubsystenis HP fx6. Therearetwo versionsof our algorithm.Oneis
the naive implementatiorof the depthsortingalgorithmandthe otheris the optimized
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|[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 30frames.

versionwith the subdvision schemgseeprevious section)for betterperformanceWe
performedour experimentson two differentwindow sizes:256 x 256 and512 x 512.
For theoptimizedversionof ouralgorithm,we alsovary our block sizesWe use32 x 32
and64 x 64 for our experiments.Therearefive datasetsin our experiments(Bones,
Mannequin,Spock,Phoenix,and Sphere seeFig. 6 and Fig. 7(a)). We ran our pro-
gramover a precomputedetof transformationsWe collectedthe dataover 30 frames.
Tablel lists someof thecharacteristicef thesedatasets.

Figures2 (a), (b), (c), (d) and(e) shows the total computationtime of the two al-
gorithmsover the five datasets.Generallyspeakingthe subdvision schemereduces
thetotal computatiortime. Figures3 (a) and(b) showv the speedupof the subdvision-
basedalgorithm.This is becausé¢heimagelayersafterthe top-layerextractiontendto
be smallerandsmallerin the frame buffer. With the subdvision schemewe canread
afraction of the framebuffer asnecessargndat the sametime, the scanningareagets
smaller However, therearea few modelslik e the sphee which aretoo symmetricfor
usto obsene ary performancemprovementwith our scheme.

Figures4 (a), (b), (¢) and(d) list thepercentagef thetime spenton scannindayers
andreadingbuffers for the two algorithmson the two machinesScanninglayersand
readingbuffers take mostof the computatiortime. While the total percentag®f time
spentin scanningandreadingthe buffersis similar onthetwo architecturesye obsene
from the Figure4 thatthe scanningime dominatesn the SGI Octanewhile in the HP,
readingtime is significantly higher The mostimportantreasonfor this discrepang
canbe attributedto significantdifferencein the processoispeedsin mostcasesthe
subdiision schemespeedsip the performancesometimeover 4 times.

4.1 Unstructured Grid Volume Rendering

XMPVO [18] and BSP-XMP\O [6] are two volume renderingtechniquesbasedon
extendingMPVO [25] by sortingthe boundarycells. Theactualsortingtechniquegro-
posedin XMPVO andBSP-XMP\O arequite different,andleadto substantiallydif-
ferentresults.lt is quite simpleto replacethe XMPVO sortingwith our new approach.
We presentheperformancef our hardware-assistedisibility orderingalgorithmcom-
paresto thesetechniquesn Table2. We alsoincludetwo previoustechniquedgor exact
polyhedrakell sorting,thealgorithmof Steinetal. [20], themulti-tiled sortof Williams
etal. [26] in our comparisorfor completenesdiVe rantheseexperimentsfor three(ir-
regular) datasetsThe boundaryof the meshesare shovn in Figs. 7 (Phoenix,NASA
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Fig. 3. Speedupsvith subdvision-basedlgorithm.Thefour barsin eachgrouparebasednthe
window size andblock sizein our experiments.The four barsin eachgroup of the plot, from
left to right representvindow sizeandblock size (leftmost:window size256 x 256, block size
32 x 32; middleleft: window size 256 x 256, block size 64 x 64; middleright: window size
512 x 512, block size32 x 32; rightmost:window size512 x 512, block size64 x 64), of each
configuration.
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Fig.4. Percentagef the overall executiontime spenton scanninglayers and readingframe
buffers of thealgorithmwith andwithout the subdvision schemeon OctaneandHP.

[No. Cells|SteinSor{Multi-Tiled Sor{ XMPVO|BSP-XMPVO| HA-256] HA-512

13,000 14 sec 7.2sec| 3.5sec 0.37sec|0.10+ 0.07/0.33+ 0.07
190,000(2,880sec 162sec| 25sec 2.5sec|0.09+0.700.18+ 0.70
240,00( N/A 475sec| 48sec 2.9sec|0.14+0.900.25+ 0.90

Table 2. Comparatie timings, in secondsfor visibility orderingusingfive methods{(1) thesort

reportedin Steinet 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 separatehe time sortingthe boundary
cellstook from the time it takesto the MPVO relations,asto highlight the differentoverheads.
Thefirst threetimingswereperformedonanR10000CPUof anSGI Powver Onyx; BSP-XMPVO

wastimedona333MHzPoverPC604.(5) and(6) weretimedonanR12K CPUof anSGIOctane
with MXE graphics.

Blunt Fin, and NASA Langley F117). The Phoenixdata,shown in Fig. 7(a), hasap-
proximately2,700boundaryfacesandits boundaryis the mostinterestingof thethree.
It hasboth convex andconcare pieceswith a complex topology(nothomeomorphito
a sphere)andthe numberof layersour algorithmoutputsis high (around9 or 10 for
mostview directions).At aresolutionof 256 x 256, we needto renderbetweenl 1,000
to 14,000triangles(trianglesarerenderednultiple times),taking on average0.10sec-
onds.For a higherresolutionof 512 x 512, the numberof trianglesstayrelatively the
samebut the overalltime goesup to approximately0.33seconds.

ThetetrahedralizedNASA Blunt Fin shawvn in Fig. 7(b) hasapproximatelyl3,500
boundaryfaceslts boundaryis almostcorvex andhasa topologyhomeomorphido a
sphereThe numberof layerswe generatéds usuallybetweer3 and5, while rendering
betweer88,000and60,000triangles It takesusuallylessthan0.1secondgor aresolu-
tion of 256 x 256, andonly aboutdoublethetime for the512 x 512 resolutiondespite
the factthatthe screenresolutionactuallygoesup by a factorof four. Resultsfor the
NASA Langley F117 are similar to the Blunt Fin, althoughthe numbersof layersis
higher(in the 7-9range).
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The bestoverall sortingrateswe getarea bit over 200,000tetrahedrgper second,
considerablybetterthan the onesachieved with the BSP-XMP\O techniqueln fact,
for theseresults,the MPVO relationsstartto dominateandaccountfor about80% of
the overall time. It is not clear we are performinga fair comparisonBSP-XMP\VO
and XMPVO aretruly “exact” techniquesyhile in our casewe could possiblymiss
generatingorderingrelationsbetweencells that might needthem. On the otherhand,
quite possiblythe overall visibility-ordering generateethangedittle, becauseheinner
relationsthatMPVO generatearehighly constrainingEvenby classifyinga subsebf
thecellsin acorrectlayerprobablyis enoughto avoid generatingary sortingerror. We
believe this is one of the reasonghat the MPVONC heuristicproposedby Williams
is so effective. For non-exacttechniquesthe fastestimesarereportedin [27], which
cansort between600,000to 2 million tetrahedrgper second by exploiting temporal
coherence.

5 Conclusion and Future Work

We have presented hardware-assistedlgorithmfor visibility-ordering. Froma given
viewpointandview direction,we computea partialorderingof theprimitiveswhich can
thenberenderedisingthe standargainters algorithm.We have useda combinatiornof
the hardwarez-, stencilandcolor buffersto achieve this ordering.Our experimentson
avariety of modelshave shawvn significantspeedup the orderingtimescomparedo
existing methods.

Thetwo main costsassociatedvith our implementatiorarethe costof transfering
the buffersto the host's computermemory andthetime it takesthe hostCPU to scan
them. It is possibleto usethe histogrammingfacility available in the ARB_imaging
extensionof OpenGL1.2to make the graphicshardware performthosecomputations
(wereferthereadetto Klosowski andSilva[11], andWestermanmetal [24] for details).
Unfortunatelythosepixel pathsarenotoptimized,andareoftenslowverthanour current
implementationlf futurehardwareoptimizesthatfunctionality, it would be possibleto
furtherimprove the performancef our technique.
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(@) Original (b) Different (c) Layer1 (d) Layer2
view view
(e)Layer3 (f) Layer4 (g) Layer5 (h) Layer6
(i) Layer7 () Layer8 (k) Layer9 () Layer10

Fig. 5. 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
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0 0

(a)Bones (b) Mannequin (c) Spock

Fig. 6. Threeof thefive datasetsisedin our experiments.

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

Fig. 7. Boundaryof variousvolumetricdatasets.

Fig. 8. Volumerenderedmageof the PhoenixdatasetTheseimagescanbe computedat about
5HzonanSGI Octane.



