Interactive Visibility Ordering and Transparenc y Computations among
Geometric Primitives in Comple x Environments

Naga K. Govindaraju

MichaelHenson

Ming C. Lin DineshManocha

University of North Carolinaat ChapelHill
f naga,henson,lin,dg@cs.unc.edu
http://gamma.cs.unc.edu/SOR

Abstract

We describea novel algorithmfor visibility orderingamongnon-
overlappinggeometricobjectsin complex and dynamicerviron-
ments. Our algorithmrearrangeshe objectsin a back-to-frontor
a front-to-backorderfrom a given viewpoint. We perform com-
parisonsbetweerthe primitivesby usingocclusionquerieson the
GPUsand exploit frame to frame coherenceo reducethe num-
berof occlusionqueries.Our visibility orderingalgorithmrequires
no preprocessin@ndis applicableto all kind of models,includ-
ing polygonsoupsanddeformablemodels. We have usedour al-
gorithmfor orderindependentransparenc computationsn high-
depthcompleity environmentsand performingN-body collision
culling in dynamicervironments.We have implementecdur algo-
rithm on a PCwith a 3.4 GHz PentiumlV CPUwith anNVIDIA
GeForce FX 6800 Ultra GPU and appliedit to comple erviron-
mentswith tensor hundredsof thousandsf polygons. Our al-
gorithm cancomputea visibility orderingamongthe objectsand
trianglesatinteractive framerates.

CR Categories: 1.3.1 [Computing Methodologies]: Hardware
Architecture—Graphic®rocessors..3.7 [ComputingMethodolo-
gies]: Three-DimensionalGraphics and Realism—\sible sur
face algorithms, animation, virtual reality; 1.3.5 [Computing
Methodologies]ComputationaGeometryandObjectModeling—
Geometricalgorithms;

Keywords: Visibility ordering,transpareng computationssort-
ing, collision detectiongraphicshardware

1 Introduction

The problemof computinga visibility orderingamonggeomet-
ric objectsis importantin mary interactve 3D graphicsapplica-
tions. Given a setof disjoint objectsin a comple« and dynamic
ervironment, our goal is to computea front-to-backor a back-
to-front object-level orderingfrom a given viewpoint. This prob-
lemsarisesn renderingwith transparenc[Mammen1989;Everitt

2001], volume renderingof unstructuredgrids [Williams 1992;
Cooketal. 2004],collisiondetectionin largeernvironmentGovin-

darajuetal. 2003],specialeffectsgeneratiorincludingmotionblur

anddepthof eld generatiorfMax andLerner1985; Przemysla

1993], image-basedendering[Snyder and Lengyel 1998], occlu-
sion culling [Cohen-Oret al. 2001], etc. The underlyingobjects
in theseapplicationsarerepresentedspolygonalmodelsor height
elds or deformablemodels.

Visibility orderinghasbeenstudiedin computergraphicsand
relatedareasfor almostfour decades. Different algorithmscan
be classi ed into object-spaceand image-spacaechniques. The
object-spacapproacheperforma 3D sortingamongobjectsand
computean object-level ordering. However, the resulting algo-
rithms eitherperformconsiderablgreprocessinge.g. BSP-trees)
or arelimited to simpleshapege.g. cornvex polytopes).Theimage-
spacealgorithmsrasterizethe primitives and computea visibility
orderingamongthe resulting pixel fragments,as opposedto an
object-level ordering. As a result,they arenot directly applicable
to someapplicationssuchas collision detection. Moreover, cur
rentimplementationon commodity graphicsprocessorperform
selectionsort at the fragmentlevel and may not be ableto exploit
temporalcoherencén mary interactve applications.

Main Results: We describea novel algorithm that computesan
object-level visibility orderingin complex and dynamicerviron-
ments. We assumethat differentobjectsare non-overlappingand
avisibility orderexists betweenthem. The sortingalgorithmpro-
ceedsover thelist of objectsin multiple iterationsandcomputesa
sequenc®f consecutiveguantilesbasedon the orderingbetween
the objects. The overlaptestsand comparisoroperationsbetween
the objectsare performedusing occlusionquerieson the graphics
processinginit (GPU). Our algorithmutilizes the temporalcoher
encein interactize applicationsand performsincrementalcompu-
tationsto reducethe numberof occlusionqueriesusedduringeach
frame.Overall, our algorithmcomputesanobject-level orderingby
performingimage-spacecclusioncomputations.The accuray of
theocclusioncomputationss governedby theimage-spaceesolu-
tion for renderingapplications(e.g. renderingwith transpareng
andby object-spacerecisionfor geometricapplicationge.g. col-
lision detection) We have implementedhealgorithmon a PCwith
3:4GHzCPUandNVIDIA GeForceFX 6800GPU.Wehavetested
its performancdor renderingwith transparencandN-body colli-
sion culling on ervironmentswith hundred=f thousand®f poly-
gons. Our algorithmis ableto computean orderingbetweenthe
3D objectsat interactive rates. Someof the main bene ts of our
approachnclude:

Generality: Our algorithmmakesno assumptionsiboutthe
inputobjectsor theirmotionandis applicableto all geometric
or sampledprimitives.

Ef ciency: The comparisonoperationsbetweenthe primi-
tivesareperformedby usingocclusionquerieson the GPUs.
As aresult,we areableto handleenvironmentswith tensor
hundredsof thousand®f objectsand high depthcompleity
atinteractve rates.

Exploitation of Coherence:Ouralgorithmexploitstemporal
coherencéetweersuccessie framesandreduceshenumber
of occlusionqueries.

Organization: Therestof the paperis organizedasfollows. We
suney somerelatedwork on visibility orderingandrelatedappli-



Figure2: Thesaemagesdemonsiatethe performancef our visibility orderingalgorithmona CAD modelwith 820K trianglesandhigh depthcompleity. Theleftimage showshe
original modelrendeed with opaqueobjects. Theouterwalls and structues(representedvith 91K triangles)of the powerplantare rendeed with transpaencyin theright image.

Our algorithm computesa badk-to-front ordering of the transpaent primitivesat 7
vertex shader

cationsin Section2. Section3 givesanoverview of 1D visibility-
basedsortingalgorithmandwe extendit to sorting3D objectsin
Section4. We describeourimplementatiorin Section5 andhigh-
light its performanceon renderingobjectswith transparenc and
N-body collision culling. We comparesomefeaturesof our algo-
rithm with prior techniquesn Section6 and discusssomeof the
limitations.

2 Related Work

In this sectionwe give a brief overview of relatedwork in visibility
ordering,sortingandtheir applications. Visibility computationis
a classicproblemin computergraphics,computationalgeometry
andrelatedareas Many algorithmshave beenproposedor hidden
surfaceremoval andvisible surfacecomputationSutherlandet al.
1973],beforethe depth-tuffer hardwarebecamewidely available.
At abroadlevel, algorithmsfor visibility orderingcanbe classi-
ed into object-spacer image-spacalgorithms.The object-space
algorithmscomputeanorderingof theprimitivesin 3D space Berg

etal. [de Berg etal. 1994] presenan O(n(3* )) object-spacal-
gorithmforary x ed > 0tocomputeavisibility orderof n prim-
itivesor to determinethe existenceof a cycle. However, we arenot
awareof ary practicalimplementatiorof the algorithm. Someof
the earliestobjectspacealgorithmswereproposedy Schumackr
[1969] and Newell et al. [1972]. Later Fuchset al. [1980] de-
velopedthe binary spacepartitioning (BSP) tree that represented
a hierarchicalcorvex decompositiorof a given space.BSP-trees
canbe usedfor computinga visibility orderingof a setof objects.
Most of thesealgorithmswork well on staticervironments.A few
algorithmshave beenproposedor visibility computationdn dy-
namic ervironments. Torres[1990] useddynamic BSP treesto

10 frameson a 3:4 GHz PC with NVIDIA GeForce FX 6800GPU andrendes themwith a

computevisibility orderingof polygonsin the scenes. Sudarsk

andGotsmar{1996] describedinoutput-sensitie algorithmwhich
minimizesthetime requiredto updatea hierarcly for dynamicob-
jectsfor visibility culling. SryderandLengyel[1998] presente@n
ef cient algorithmfor visibility sortingof geometricprimitivesin

dynamicscenes.Their main goalis to computea sequencef im-

agelayerswhich canbe composedo producethe nal image.The
algorithmworkswell on ervironmentscomposeaf afew hundred
corvex polytopes(or union of corvex polytopes).A majorlimita-

tion of object-spacealgorithmsis thatthey can't be usedfor inter

active visibility orderingin comple&, dynamicscenes.

Image-spacalgorithmsareusedfor visibility orderingof pixel
fragmentsasopposedo objectfragments.Checkout arecentsur
vey [Cohen-Oret al. 2001]. Image-spacalgorithmsrasterizethe
primitivesandperformsomekind of of perpixel sorting.Carpenter
[1984] proposedhe A-buffer algorithmthatsavesall thefragments
andtheir depthvaluesin perpixel linked lists and usesthem for
sorting. Wittenbrink [2001], Jouppeand Chang[1999] and Aila
et al. [2003] have proposedextensionsto the A-buffer algorithm
and usedthe resulting techniquesfor transparenc Other class
of image-spacalgorithmsfor interactve orderindependentrans-
pareng arebasedn depthpeeling whichis afragment-leel depth
sortingtechniquedescribecdby Mammen[1989] usingvirtual pixel
mapsandby Diefenbach1996] usinga dual depthbuffer. Depth
peelingcan be implementedusing shadav mappinghardware on
commodityGPUs[Everitt 2001]. All theseémage-spacalgorithms
areapplicableto generaimodelsanddynamicervironments.How-
ever, they cannot bedirectly usedto computean object-level visi-
bility orderingof primitives.

Many specializedvisibility orderingalgorithmshave beenpro-
posedfor volume renderingof unstructuredyrids and polyhedral
cell complees [Williams 1992; Max 1993; Cignoni et al. 1998].



Figure 3. Occlusiongraph and 3-D visibility ordering: This gure illustratesa
simplescenewith four mutuallyoverlappingprimitivesandits occlusiongraph. Each
nodein the graph correspondgo a 3D primitive. A directededge existsbetweerthe
nodesof two primitivesP; and P, if P; occludesP, froma givenviewpoint. 3D
visibility ordering is equivalentto performingtopolagical sorting on the occlusion
graph.

Thesealgorithmssort the cells alonga ray directionand compute
theorderof theresultingray sggments.Somerecentvolumerender
ing algorithmsuseGPUsto generatehe fragmentshasedon their
visibility order[Krishnanetal. 2001; Cook et al. 2004; Callahan
etal. 2005].

Thealgorithmsfor coarse-grainedr N-body collision detection
usesorting techniquego pruneaway pairs of primitivesthat are
notin closeproximity. Thesweep-and-pruniacrementablgorithm
boundseachobjectwith anAABB (axis-alignedoundingbox)and
checksfor overlapbetweerthemby sortingtheir projectionsalong
thethreeaxes[Cohenetal. 1995]. Govindarajuetal. [Govindaraju
et al. 2003] have presenteda two passcollision culling algorithm
that rendersthe objectsin two passesand checksfor collision by
performingocclusionqueries.Thesealgorithmsonly prunetheob-
ject pairsthat are not closeto eachotherand do not computea
visibility orderingbetweerthem.

Sortingis awell studiedproblemin itself andextensive suneys
aregivenin [Knuth 1973;Estuill-CastroandWood 1992]. In terms
of usingGPUsfor sorting,Purcelletal. [2003] describedanimple-
mentationof bitonic meige sorton the GPUs. Thealgorithmis im-
plementedasa fragmentprogramandeachstageof the sortingal-
gorithmis performedasonerenderingpass.RecentlyGovindaraju
etal. [2004c]have usedblendingandtexture mappingfunctionali-
tiesof GPUsto implementsortingnetwork algorithmsef ciently .

3 Visibility Ordering

In this section,we formulatethe problemof visibility orderingand
presentanalgorithmfor sorting1D elementdhatmapswell to the
GPUs. Our sorting algorithmis basedon Vis-sort [Govindaraju
etal. 2004b]thatcansort 1D and3D elementsWe shav thatVis-
sortcanexploit thecomputationatapabilitiesof the GPUsandcan
computeanorderingbetweerlD objects.We extendit to compute
an orderingbetween3D objectsin Section4. Given a collection
of n agyclic 3D primitives, our sorting algorithm rearrangeghe
geometrigorimitiveseitherin afront-to-backor a back-to-frontor-
der In orderto performvisibility ordering,we de ne a pairwise
occlusionrelationbetweenwo 3D primitivesP; andP, basedon
whetherP; occludesP; or not. More speci cally, P1 P> if for
every eye-rayintersectingP1, the eye-rayintersectd; beforeP,.
Givenn agyclic 3D geometricprimitives,P1, P2, :::, Py, we as-
sumethatavisibility orderingcanbede ned betweertheprimitives
andthereareno cycles.

The setof occlusionrelationsbetweerthe differentpairsof ob-
jectsform a directedgraphbetweenthe geometricprimitives (see
Fig. 3). Theresultingdirectedgraphis alsode ned asanocclusion

graph[Schumackr et al. 1969; Sryder and Lengyel 1998] anda
directededgeexistsin thegraphfrom P, to P, if P P,. Com-
puting a 3D visibility orderingis equialentto performingtopo-
logical sorton the occlusiongraph. Our algorithmcomputessuch
anorderingby performingthe comparisonsising GPUs(graphics
processingunits). Furthermore,our algorithm exploits temporal
coherencdetweersuccessie instances.The restof the sectionis
organizedin thefollowing mannerWe rst introducetheterminol-
ogy usedin therestof the paper Next we highlight someissuesn
sortingobject-level primitiveson GPUsandpresenthe 1D sorting
algorithm.

3.1 Terminology

In this sectionwe introducesomeof the terminologyandnotation
usedin therestof the paper We uselower caselettersto represent
the elementsof sequencesand uppercaselettersto representhe
sequenceand 3-D primitives. Moreover, we usebold facesym-
bolsto represenalist of elementslikel or O. A sortingalgorithm
operate®n a list of datavaluesl, andrearrangeshe datavalues
in a monotonicallyincreasingorder or a monotonicallydecreas-
ing order A sequenc® is de ned asmonotonicallyincreasingf
i Xj fori < j,x;xj 2 O. A monotonicallydecreasinge-
quenceis de ned in a similar fashion. Without loss of generality
we assumethat our algorithm ordersthe datavaluesin a mono-
tonically increasingorderandcomputesan orderedsequencé as
the output. Eachelementin the orderedsequences is associated
with arankwhich indicatesits positionin S. We usethefollowing
de nitions in therestof the paper

Quantile: An elementwith rankk in S is de ned asthek-th quan-
tile or thek-th largestnumber

Nearly-Sorted Sequence:A nearly-sortedsequencés de ned by

measuringhe disorderin the sequence We useKnuth's measure
of disorder[Knuth 1973]. Givenaninput sequencé, the measure
of disorderis de ned asthe minimal numberof elementghatneed
to removedfor therestof the sequencéo remainsorted.It canbe

trivially provedthatif Y is a setof suchdisorderecelementsthen

I Y isalongestascendingequenceA sequencés nearlysorted
if sizeof (Y) n.

3.2 Object-Le vel Sorting using GPUs

One of the major goalsof our work is to handlegeneraland dy-
namic ervironmentsat interactive rates, without performing ary
precomputationIn particular we would lik e to usethe high com-
putationaperformancef GPUsfor topologicalsortingandto com-
puteanobject-level ordering. Therearetwo mainbene tsof using
GPUsfor sorting:

Ef cient comparison operation: The performanceof ary

sortingalgorithmdepend®on the costof the comparisorop-
erationbetweenrthe underlyingelements On a GPU,a com-
parisonoperationcan be performedbetweena pair of geo-
metricprimitivesby rasterizinghe primitivesusingocclusion
queries.GPUsareoptimizedfor rasterizatiorandtheir raster

ization performancehasbeenincreasingat a rate fasterthan
Moore's Law. As aresult,reducingthe comparisoroperation
to rasterizatiorcanresultin signi cant performanceains.

Number of comparison operations: The performanceof a
sorting algorithm dependsupon the numberof comparison
operationgerformedto orderthe input elements.GPUsare
optimizedto perform spatialsorting on projectionsof geo-
metric primitivesontotheimagespace Thereforea geomet-
ric primitive is comparedonly againstits overlappingprimi-
tivesin thescreen-spacéloreover, GPUscomputeanimage-
spacefusion of renderedprimitivesi.e., the representation



generatedh theZ-buffer by renderinga groupof primitivesis
thesameasthe oneobtainedby renderingeachprimitive sep-
arately Therefore,a new primitive canbe comparedagainst
a collective group of spatially coherentprimitives that have
beenrasterizednto the Z-buffer. Effectively, this capability
canbeusedto reducethe numberof pairwisecomparisorop-
erationson the primitives.

Issues: GPUsoffer mary advantagesn termsof performing3D
visibility orderingamongprimitives. However, therearemary is-
suesin usingthemdirectly for sorting. Although GPUsare well-
suitedfor performingvisibility sortingin image-spacst is dif cult
to mapcurrentsortingalgorithmsontothe GPUs.The Z-buffer rep-
resentatiorusedfor performingcomparisoroperationsstoresonly
onevalueat eachpixel which representgithertheminimumor the
maximumdepthvalueof primitivesthatprojectontothepixel. Fur-
thermore,oncea portion of the Z-buffer is updatedjt may not be
possibleto accesghe prior storedvalues. Therefore the classof
sortingalgorithmsthatcanmapwell to the GPUsarethe onesthat
perform comparisondetweenan input value against the current
minimum or the currentmaximumof a subsebf input primitives.
An exampleof suchan algorithmis selectionsort [Knuth 1973],
but that hasan asymptoticallyworst-casecompleity (O(n?)) for
all input sequencesSomeof the mostpopularalgorithmslike in-
sertionsortor quick sortdo not mapwell to the GPUsin termsof
performingcomparisoroperations.

3.3 1D Sorting Algorithm

We describea sortingalgorithmthatmapswell ontothe GPUsand
exhibits lineartime performancen environmentswith high coher
ence.We rst presenpuralgorithmfor 1D primitives.

Our sorting algorithm proceedsn multiple iterations. Initially
the input sequences an unsortedsequenceof 1D elementsand
the output sequenceds an empty set. During eachiteration, our
algorithmoperatesn a list of unsorteddatavaluesand computes
a sequencef consecutiveguantilesbeginning with the minimum
of the unsortedist. We appendthesesortedvaluesto the ordered
sequenceanditerateon the remainingdatavalues. Thus,the size
of theunsortedist decreaseduringeachiteration,andupontermi-
nation,the outputsequencés the sortedlist. The setof operations
performedby our algorithmmapwell to the GPUs.

The consecutie quantilesin eachiteration are determinedby
computinga monotonicallyincreasingsequencén the rst pass.n
the secondpass.the rst few valuesin the monotonicallyincreas-
ing sequencareclassi ed asconsecutie quantiles.Thefollowing
notationis usedin therestof the paper

I = inputlist for the sortingalgorithm
S = currentsortedsequence
M = monotonicallyincreasingsequence

The pseudo-codéo describeour sortingalgorithmis givenin Fig.
3.1

In a companionpaper[Govindarajuet al. 2004b], we formally
prove thatthe algorithm sortsary input sequence We now shav
a simpleexampleof our sortingalgorithmoperatingon a list of 4
valuesl = f1,3;2; 4g. We initialize the monotonicallyincreasing
sequenceM andthe sortedsequenceé to an empty sequenceln
the rst iteration,we performa scanof | from the lastelementto
the rst elementn the rst pass.Eachelements comparedagainst
theminimumandM = f 1,2,4 is computed.In the secondpbassof
the rst iteration,we determinghattheelementsl and2 aresorted
andareappendedo the sortedlist S = f1;2g. Similarly, in the
secondteration,theremainingdatavaluesaresorted.The seriesof
sortingoperationsareindicatedin Tablel.

1D HardwareSort
1 M =fg, I= Unsortedinput, S=fg
2 while(l is notempty)
3 do
First Pass:
4 min=1
5 foreah elemeni; 2 |,i = sizeof(l);:::;1
6 if(x; 2M andx; min)
7 appendt to the bgginningof M
8 if Xi min,min = X
9 endfor
SecondPass:
10 min=1
11 T=1
12 foreadelemenk; 2 |,i = 1;:::; sizeof (1)
13 if(xi 2 M andx; min)
14 remosex; fromM andT, andappendt to theendof S
15 if(xi 2 T)
16 if Xi min,min = x;
17 endfor
18 I=T
19 enddo
20 returnS

ALGORITHM 3.1: Pseuda:odefor our novel 1D SortingAlgorithm:Givenan
input sequence , our algorithm outputsa sortedoutputS. During ead iteration, we
performa r stpassontheelementsn | in thereverseorder and computea monotoni-
cally increasingsequenc®/. In thesecongassof eadh iteration, wescantheelements
of | in order, anddeterminghe elementsn M that canbe sorted(lines12-13). These
elementsare appendedo S, and at the endof the secondpass,remaedfrom| (lines
14 and 18). During ead iteration, at leastoneelemenis guaranteedto be remared
froml andplacedin S. Thesortingalgorithmterminatesvhenl is empty

3.4 Analysis

Our sortingalgorithmhasa best-caseun-timecompleity of O(n)
anda worst-caseun-timecompleity of O(n?). In particular our
algorithmhassomepropertiesthat are usefulfor mary interactve
applicationsTheseareef cient handlingof nearlysortedlists, and
mappingwell to the GPUs.

3.4.1 Nearly-sorted sequences and Coherence

Nearly-sortedsequence®f primitives occur often in computer
graphicsapplicationsdueto the coherentmotion of the viewer or
thecoherentmotionof the objects.Thedepthvaluesaswell asthe
relative orderof theobjectsdo notvary muchdueto the spatialand
temporalcoherenceén mary interactive applications.If the primi-
tivesareorderedn oneframe,thesequenceemainsearlyordered
in the successie frame. Therefore,if the inputis nearlyordered,
ouralgorithmtakesadwantageof thelow level of disorderin thein-
putsequenca@ndachieesa lineartime performancdéGovindaraju
etal. 2004b].

We provide an informal justi cation that our algorithm sorts
nearly-sortedsequences lineartime. Givenaninput sequencé,
letY bethe subsebf disorderecelements.During eachiteration,
we canshaw thatour algorithmsortsall the elementsn | thatare
lessthanor equalto themin(Y ) includingmin (1), wheremin (X)
denoteghe minimum of a sequenceX . Basedon this property it
is easyto seethatat mosttwo successie iterationsarerequiredto
sortall theelementsn | thatarelessthanmin(Y ). In oneiteration,
all the elementsin | thatarelessthanmin(Y ) aresorted,andif
min (1) 6 min (Y ), asecondterationis requiredto sortall theel-
ementdn | equalto min (Y ). Ouralgorithmremoresall thesorted
elementsfrom |. Thusthesizeof | aswell asY decreaseby at
leastl duringtwo successie iterations till Y becomesmpty In
theworstcase our algorithmneeds2 sizeof (Y)) iterationsto
sortall theelementsn | max(Y), wheremax(Y) is themax-



Iteration 1

First Pass
CurrentElementScannedn | =f1,3,2,4 4
min = 1 ;M = fg min=4,M=f 4g
SecondPass
CurrentElementScannedn I=f 1,3,2,4y 1

min = 1 ;M = f1;2;4g

S=fg, T =f1,3,2,4 T=f3,2,4, S=f 1g

min = 1 ,M=f2,4g

2 3 1
min=2,M=f2,4g | min=2,M=f2,4g | min=1,M=f1,2,4
3 2 4
min=3,M=f 2,49 min=3,M=f 4g min=3,M=f 4g

T=f3,2,4y, S=f 1g |T =f 3,49, S=F 1,29|T =f 3,49, S=f 1,29

Iteration 2

First Pass
CurrentElementScannedn I=f 3,49 4
min = 1 ;M = f4g

SecondPass
CurrentElementScannedn |=f 3,49 3
min = 1 ;M = f3;4g min =
T=f3,49, S=f 1,29 T=f4g,S=f1,2,3

min = 4;,M = f4g

3
min=3,M=f 3,49
4
min = 1 ;M = fg

1;M =f4g

T =fg S=f1,2,3,4

Tablel: In thistable weillustrate our 1D hardware sortingalgorithmon aninputsequencé = f 1; 3; 2; 4g. Initially, the monotonicallyincreasingsequencé/ andthesorted
sequence are setto fg . Our algorithm proceedsn multiple iterationsand ead iteration performstwo passe®on |. At the beginning of eacd pass,the currentminimummin is
initializedto 1 . In the r stpasswescantheelementsn | in thereverseorderf 4; 2; 3; 1g andcomputeM. During the scan,wecompae theelementsiot in M againstthecurrent
minimumandonly thoselessthanor equalto the currentminimumare addedto the beginningof M. Theminimumis updatedaccodingly, andat theendof thepass,a monotonically
increasingsequenc® = f 1; 2; 4g is computedln thesecondpasstheelementsn | are copiedinto atempoary buffer T, andscannedn orderf 1; 3; 2; 4g. Whilescanningthe
elementsn M are compaed againstthe currentminimum,andif lessthanor equalto the minimum,are remazedfromM andT, andplacedin S. In this pass the currentminimum
is updatedfor only the elementsn T andnotin M. At theendof the secondpass,| is setto T. In thisexample| = f3;4g,M = f4g,andS = f1;2g attheendof the r st

iteration. In the secondteration, theremainingvaluesare sortedas shownin thetable

imumof Y . At this stageall theelementsn Y aresortedin their

properplace.As thereareno inversionsin therestof the elements,
therestof theelementsn | remainsortedandour algorithmorders
theseelementdsn asingle nal iteration. As aresult,it requiresat

most(2 sizeof (Y ) + 1) iterationsto terminate.If the numberof

disorderectlementssk  n, thentherun-timecompleity of our

algorithmhasan upperboundof (4k + 2)n whichis linearin the

numberof elementsn theinputsequenceé.

3.4.2 Mapping to GPUs

Our algorithmmapswell to the commoditygraphicshardware,as
thecomparison®f dataelementareperformedagainstthecurrent
minimumof asubsebf datavalues.Theminimumvalueis storedn

the depthbuffer, andthe comparisoroperationis performedusing
the depthtestfunctionality of the GPUs. Unlike prior implemen-
tationsof sorting algorithmson the GPU, our algorithm exhibits
lineartime performanc®nernvironmentswith highcoherencethus
enablingusto handlehigh depthcompleity scenes.

4 Object-Le vel 3D Visibility Ordering

In this section,we shav how the 3D versionof Vis-sort[Govin-
darajuetal. 2004b]mapswell to the GPUsandcanbeusedto com-
puteavisibility orderingbetweerB8D objects.We performcompar
isonsbetweerBD objectsusingocclusionqueries.

3D sortingis moreintricate ascomparedo 1D sorting. In 1D
sortingall theprimitivesareoverlappingwhenviewedalongthe1D
dimensionand orderingis performedon theseoverlappingprimi-
tives. On the otherhand, given two non-overlapping3D objects,
we mayneedto performorderingbetweersuchobjectsto compute
a 3D visibility sort. For example,in Fig. 3, primitive O4 is overlap-
ping with primitive O, but notwith O3. In termsof 3D visibility
ordering,04 mustcomebeforeOs in thefront-to-backordering.

Object-level 3D visibility sortingcanbeperformedby construct-
ing the occlusiongraph,and applying a depth- rst search(DFS)
algorithmon the occlusiongraphto computethe nishing time of
eachprimitive. A 1D sortof the nish timescomputeghetopolog-
ical sort of the occlusiongraph. This canbe proved easilybased
on thefollowing propertyof the nish timescomputedby DFS: If

a directedpath existsfrom P, to P», thenthe nish time of P; is
greaterthanthe nish timeof P5.

We do not computethe occlusiongraphexplicitly but ratheruse
avariationof the 1D sortingalgorithmpresentedh Section3 along
with the propertylisted above. In particular we incorporatetwo
overlapconstraintdbetweengeometricprimitivesto performtopo-
logical sortonthe occlusiongraphimplicitly. Theconstraintsare:

Constraint 1: If two primitivesP1 andP, overlapin screen-
spaceP: P, if andonlyif P is fully visible with respect
to P,. Thatis, for every eye-rayintersectingP1, the eye-ray
intersectd?; onor beforePs.

Constraint 2: If two primitivesP; andP, overlapin screen-
spaceandP; P, thenP; occursbeforeP, in the output
list of thevisibility orderingalgorithm.

Constraintl ensureghata comparisoroperationis performedbe-
tweenpairsof overlappingprimitivesin thescenethusconstructing
the occlusiongraphimplicitly. A comparisonoperationbetween
ary two primitives canbe implementedon the GPU usingan oc-
clusionquery In orderto compareP; againstP,, we renderP;
into the depthbuffer. If P, is fully visible with respecto P, then
P1  P2. Wecheckfor this conditionby reversingthe depthtestto
GL _GREAT ER, disablethe depthwritesandrenderP; usingan
occlusionquery If the pixel passcountreturnedby the occlusion
queryis zero,thenP; is fully visible with respectto P, andwe
placeit accordinglyin the outputlist.

Constraint2 classi esa primitive P assortedif andonly if all
theprimitivesthatoccludeP aresorted.Intuitively, constrain® en-
suresthatthe nish timesof the geometricprimitivesareproperly
ordered.The detaileddescriptionof the object-level 3D sortingal-
gorithmis givenin [Govindarajuet al. 2004b]. Notethatif acycle
existsin the scenepur algorithmcandetectthecycle.

Multi-Stage Ordering: We furtherimprovetheperformancef the
algorithm by using a multi-stageorderingapproach. We assume
thatthe sceneconsistsof multiple objectsandeachobjectis com-
posedof spatiallycoherentriangles.In the rst stagewe compute
thevisibility atanobjectlevel. After the rst stage severalof these
objectsareorderedwith respecto eachotheranda local visibility
sortis sufcient to orderthetriangleswithin eachof theseobjects.



It is possiblethat a few objectsin the scenemay resultin cycles
andthealgorithmis notableto orderall the objectsduringthe rst
stage.Our algorithmdetectsthesecyclesandresohesthe visibil-
ity orderby applyingour sortingalgorithmonthetrianglesin these
objects. Multi-stage sorting is also usefulin scenarioswith low
coherencendlets us avoid the worst casescenariogvith O(n?)
compleity.

5 Implementation and Applications

In this section,we describethe implementationof our algorithm
andhighlightits applicationto orderindependentransparencand
collision culling in largeernvironments.

5.1 Implementation

We have implementedour algorithm on a PC with a 3:4 GHz
PentiumIV CPU running Windows XP operatingsystem. We
have testedthe performanceof our algorithm using an NVIDIA
GeForce FX 6800 Ultra GPU. The occlusion queriesare per
formed on an offscreen buffer using the OpenGL extension
GL_NV _occlusionquery The color writes are disabledto reduce
the internal memorybandwidthwithin the video cardto improve
the runtime performance. We increasethe renderingthroughput
by copying the dynamicgeometricprimitivesinto a vertex array
storedin the videomemory We have reducedhe stallsdueto oc-
clusionquerieshy batchingseveralqueriesogether We have mea-
suredthe performancef ouralgorithmusinga screerresolutionof
1600 1200andwith 4X anti-aliasingnode.

5.2 Order-Independent Transparenc y

We have usedour algorithm to generatetranspareng effects in
complex CAD model and dynamic environments. During each
frame, our algorithm computesa back-to-frontorder of the prim-
itivesin the scene.We exploit frame-to-framecoherencéy using
the sortedorderof the objectsin the previousframeasaninput se-
quenceof the primitivesfor the currentframe. In mostinteractve
applicationspur algorithmoperate®n nearly-sortedists andper
formsalmostalinearnumberof comparisonswWe computethe nal
outputimageby rst renderingthe opaqueportionsof the scene.
We thengenerate visually accuratd@ransparengffect by blending
thetransparenprimitivesin a strict back-to-frontorder

In orderto improve the quality of transpareng we have applied
membraneshadingon the transparenbbjects. A simple vertex
shadeiis usedwhile rasterizingthetransparenbbjects.

5.3 N-Body Collision Culling

We have appliedour visibility orderingalgorithmto performfast
collision culling in dynamicernvironments.Given a large erviron-
mentwith multiple moving objectsour goalis cull away all pair of
objectsthatarenot in closeproximity. Ultimately the exact colli-
siondetectiortestis appliedto thosepairsof objectsthatarealmost
colliding. Theculling algorithmis usedto avoid performingO(n?)
exactcollision detectiontests.

Givenalist of 3D objects,we modify our 3D sortingalgorithm,
sothatit returnstwo lists. They are:

S: It is a sortedlist of all non-overlappingand agyclic 3D
objects.

C: It is alist of all the objectsthat are eitheroverlappingor
formacycle.

All theelementsn S arenon-overlappingandcanbe culled avay
in termsof exact collision tests. On the otherhand,the objectsin
C arepotentiallycolliding.

Givenanernvironmentwith multiple staticanddynamicobjects,
we computeavisibility orderingfrom differentview directions.Ini-
tially, we choosean axis or randomdirectionandcomputethe two
lists, S andC. We choosea differentviewing directionandapply
the algorithmon the objectscontainedn C. We repeatthe proce-
dureuntil thelist of potentiallycolliding objectsdoesnot decrease
ary further Eventually we useexactcollisiondetectiortestsonthe
setof objectsin thepotentiallycolliding set.

We alsousetemporalcoherenceo improve the performancef
ouralgorithmandmaintainthe sortedorderof the objectsalongthe
chosenview directionsin eachframe. Thesesortedlists areused
in the next frameto quickly prunenon-collidingobjectsalongthe
view direction.

The occlusionqueriesare performedat the image-spaceesolu-
tion onthe GPUs. This canleadto samplingandprecisionerrors.
In orderto overcometheseerrors,we useorthographigrojections
alongthe viewing directionsfor visibility orderinganduseconser
vative fattenedrepresentationsf objects.The fattenedepresenta-
tions are computedas a union of the boundingrepresentationef
the trianglesof the object. The boundingrepresentatiorof each
triangletightly encloseshe Minkowski sumof the triangleanda
pixel-sizedspherdGovindarajuet al. 2004a].

In practice,our culling algorithmbasedon visibility orderingis
lessconsenrative than CULLIDE [Govindarajuetal. 2003]for the
samenumberof view-directions.As aresult,our algorithmresults
in fewer falsepositves and reduceghe numberof exact collision
testshetweerthe primitives.

5.4 Performance
We have appliedour algorithmon two complex benchmarks:

1. CAD Model: We have useda portion of the powerplant
model composedof 91 K transparenpolygonsand 732 K
opaquetriangles(seeFig. 1). This sceneexhibits a depth
compleity of 5 12in differentview con gurationsandwe
have obseredanaverageframerateof 7 10 framespersec-
ondastheusermovesaroundthe model. It includesthetime
to computean orderingbetweerthe primitivesandrendering
theprimitives.

2. Dynamic Scene: We applied our algorithm on a dynamic
scenecomposeaf deformingbunnies(seeFig. 4. Theoverall
geometriccomplexity is about25 K trianglesandall of them
arerenderedwith transpareng In this ervironment, 18 de-
formingbunniesaremaoving randomlyin acubeandcolliding
with eachother The depthcompleity in the scenevariesin
therange7 10 from mostview directions.We have tested
its performancen two scenarios:a stationaryviewer in the
dynamicervironment,anda moving userin the dynamicen-
vironment. We computean orderingbetweenthe triangular
primitivesandrenderthe scenewith transpareng In boththe
scenarioswe have obseredaframerateof 8 10framesper
secondlIn additionto transparengccomputationswe applied
our algorithmto performN-body collision culling on this dy-
namicervironment.On anaveragewe wereableto compute
all thecollisionsin 40 ms.

5.5 Nearly Sorted Lists and Coherence

The underlyingcomparisoroperationsn our orderingalgorithms
are performedusing occlusionqueries. The performanceof the
overall algorithmis dominatedby the numberof occlusionqueries
andour goalis to minimizethe numberof queries.



Figure4: DynamicScene Thissceneas composeaf 18 deformingbunniesmoving in a room. Thesceneconsistof 25K trianglesand hasa high depthcompleity of 8 10 in
manyview directions.Onesud view is shownin theleftimage where the scends rendeedwith transpaencyusingour visibility orderingalgorithm (at 10 framesa second)In the
right image, the samescenerendeedwith opaqueobjectsis shown.In this dynamicervironmentwe are ableto performinteractivecollision computationst 25 framesper second.

Figure5: Occlusionquerycount: Thisgraphhighlightsthenearlinear timeperfor

manceof our algorithm on a samplepathin the Powerplantmodel,and the dynamic
scenewith a stationaryviewer anda moving viewer. Our bendmarkscenariosexhibit

high frame-to-fame coheenceand our sorting algorithm exhibits an almostlinear-

time performancen suc bencimarks.

In Fig. 5, we highlight the numberof queriesperformedin dif-
ferentbenchmarks. Thesescenariosexhibit high frame-to-frame
coherencandwe obsere almostlineartime performanceén terms
of numberof queries.

6 Comparison and Limitations

In this section,we comparesomeof the featuresof our approach
with prior approacheandhighlight someof its limitations. Several

algorithmshave beenproposedo performvisibility orderingbe-

tweengeometrigorimitivesfor volumerenderingandtranspareng

computationsWe comparehefeatureof ouralgorithmwith other

algorithms.

Object-spacealgorithms: Thesealgorithmsperform orderingof
primitivesin object-space.Williams [Williams 1992] proposeda
visibility orderingalgorithmfor arbitraryacyclic polyhedralmod-
els. However, the algorithmis limited to connectectorvex poly-
hedra. Several authorshave proposedalgorithmsto handlenon-
corvex disconnecteanesheqSilva et al. 1998]. In practice these
algorithmswork well on staticscenesandcould involve consider
ableoverheadn handlingdynamicernvironments.BSP-tree-based
algorithmsorder fragmentsof primitivesin a back-to-frontor a
front-to-backorderandalsowork well in staticenvironments.

Image-spacealgorithms: Marny of thesealgorithmsarebasedon

Figure6: Comparisorwith DepthPeeling: Thisgraphcompaestheperformancef
our algorithm(Ms-sort)in a dynamicscenewith depthpeelingalgorithmasa function
of the scenedepthcompleity. Thetimingswere gatheed at a resolutionof 1600
1200. Vis-sortdoesnot havethe overheadof texture copyopemtions.

depthpeelingor A-buffer functionalitieswithin the GPUsto order
thefragmentsf primitivesin afront-to-backor back-to-frontorder
Thesealgorithmsmay not be ableto performvisibility orderingof
geometrigorimitivesef ciently , andtherefore maynotextendwell
to applicationsuchascollisioncomputationsvhereprimitive-level
orderingis essential Depthpeeling[Everitt 2001] performsselec-
tion sorton the fragmentof primitiveson eachpixel, anddoesnot
exploit temporalcoherencer the nearsortedorderof theseprim-
itives. Therefore it may not work well in ervironmentswith high
depthcompleity (seeFig. 5). Several issuesexist in the archi-
tecturalimplementatiorof A-buffer [Molnar etal. 1992]andmary
graphicsvendorscurrently do not supportA-buffer functionality
in the hardware. Recently Callahanet al. [Callahanet al. 2005]
implementeda x ed-sizeA-buffer, calledk-buffer, usingthe pro-
grammablepipelineandmultiple rendertargetfunctionality (MRT)
of the currentgraphicscards. However, the currentGPU imple-
mentationof MRT limits the A-buffer sizeto six andit maynotbe
sufcient for ervironmentswith large depthcompleity. In prac-
tice, theseimplementationsan be texture-bandwidthimited and
thereis considerableverheadof usingsupersamplingMoreover,
currentGPUsdo not supportsupersamplingf depthtextures. On
theotherhand,our algorithmis a hybrid algorithmandusesmage-
spacecomputationdor object-level orderinginsteadof fragment-
level ordering.Our algorithmusesthe supersamplindunctionality
of framebuffersto generatédigherqualityimagesandexploits both
spatialandtemporalcoherenceo ordernearly-sortecdequencem



almostlinear time. Our algorithminvolves no preprocessingnd
candirectly handledynamicernvironments.

Limitations: Our visibility orderingalgorithm has somelimita-

tions. First of all, we assumethat the input objects are non-
overlappingandthereis a sorting order amongthem. Our algo-
rithm candetectcyclesin the input but doesnot split the objects
to resole the cycles. A possiblesolutionis to useotherknown al-

gorithmsto resolwe thesecycles. Secondly the occlusionqueries
usedfor the comparisoroperationshave additionaloverhead.The
currentimplementatiorof occlusionqueriesonthe GPUsis notop-
timizedandreadingbackthe resultof anocclusionqueryfrom the
GPU canstall the pipeline. Finally, the comparisoroperationdor

object-level orderingare performedat image-precisioror render

ing applications.

7 Conclusions and Future Work

We have presentec novel algorithmfor computinganobject-level

visibility orderingamonggeometrigorimitivesin comple environ-

ments. Our algorithmis generaland makes no assumptionge-
garding input modelsor their motion. We describea novel sort-
ing algorithm that performscomparisonsamongobjectsby per

forming image-spacecclusioncomputationson the GPUs. Our
algorithmexploits temporalcoherencédetweensuccessie frames
to improve its performance\We demonstratés applicationto ren-
deringwith transparengandN-body collision culling in comple

ervironments.

Thereareseveralavenuedor futurework. We wouldlike amore
detailedevaluationand comparisorof our algorithmwith image-
basedechniquesin orderto handlerendercomplex ervironments
with transpareng we would like to combineour algorithm with
LOD techniquesand also develop techniquegto handlecyclesin
the input. Finally, we would like to useour algorithm for other
applicationsncluding volumerenderingof unstructuredyrids and
image-basedeconstruction.
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