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Figure 1: These images demonstrate the bene ts of CC shadow volumes on a scene with 96K polygons. Standard shadow
volumes are shown in the left image and CC shadow volumes in the middle. Shadow volumes are shown in transparent yellow.
The right image shows the shadows generated by CC shadow volumes at interactive rates. CC shadow volumes generate up to
7 times less |l than standard shadow volumes in this scene.

Abstract

We presenta techniquethat usesculling and clamping(CC) for acceleating the performanceof stencil-based
shadowolumecomputationOur algorithmreduceshe Il requirment&ndrasterizatiorcostof shadowolumes
by reducingunnecessaryendering A culling stepremaesshadowvolumesthat are themselvesn shadowor
do not contribute to the nal image. Our novel clampingalgorithmsrestrict shadowvolumesto thoseregions
actually containingshadowreceives. In this way, we avoid rasterizingshadowvolumesover large regions of
emptyspace We utilize tempoal coheencebetweersuccessivéramesto speedip clampingcomputationsEven
with fairly coarse clampingwe obtain substantialreductionin Il requirementsand shadowrenderingtime in
dynamicervironmentsomposeaf up to a 100Ktriangles.

Catagories and SubjectDescriptors(accordingto ACM CCS) 1.3.7 [Computer Graphics]: Three-Dimensional
GraphicsandRealism- Color, Shading Shadaving and Texture

1. Intr oduction Shadowvolumes[Cro77] are a popular techniquefor

shadav generationA shadaov volumeis theregion of space
behinda shadwv castercontainingpointsthatlie in shadaev.

Shadev volumes computeshadev boundariesimplicitly,

which makes them attractve for computing shadavs on

complex geometryMoreover, the asymptoticcompleity of

shadev generatioris linearin the numberof shadav caster
polygons.

Shadaevs areimportantin computergraphicsbecausehey
addrealismto a sceneand can aid in understandingpa-
tial relationshipdetweerobjects. Shadavs have beenanac-
tive areaof researctin computergraphicsor morethantwo
decadesAdvancesn graphicshardwarehave madeit possi-
ble to accuratelyrendershadavs from pointlight sourcesn
interactive applicationdncludinggamesandwalkthroughs.
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Shadev volumescan be implementedusing the stencil
buffer on currentgraphicssystemsThe algorithmproceeds
in threestagesFirst, the sceneis renderedwith only ambi-
entlighting. Secondtheshadav volumesarerenderedo the
stencilbuffer, which setsthe stencilfor shadevedpixels. Fi-
nally, thescends renderedagain with full lighting usingthe
stenciltestto preventshadaved pixelsfrom changing.

A major drawbackof the algorithmis thatthe rasteriza-
tion of shadev volumescanbeexpensve. Sinceshadev vol-
umesextendaway from shadaev castergowardin nity , they
sometimesover muchof the screenjeadingto high band-
width and Il consumptionOftenlarge portionsof the ren-
deredshadav volumesmake no contrikutionto the nal im-
age.Thethreemain sourcef unnecessarghadev volume
renderingare:large regionsof emptyspaceshadev casters
completelyenclosedn othershadav volumes,andshadav
generatioron partsof thescenenotvisible to theviewer.

Main Results: We presentmethodsfor acceleratinghe
performanceof shadav volume computations.Our algo-
rithms target scenariosvhereshadov volume rasterization
is the major bottleneck.We decreasdhe rasterizationcost
by usingtwo techniques:

Shadav Volume Culling: Using a simplervariationof the
shadav culling algorithm presentedn Govindaraju et al.
[2003], we eliminatethe shadav casterghatarethemseles
completelyin shadev. We alsoeliminatethe shadaev casters
whoseshadavs are not visible to the eye. Shadav volume
culling is shawvn in Fig. 2(b).

Shadav Volume Clamping: By clamping the extents of
eachshadev volumeto the intervals containingshadaev re-
ceierswe avoid unnecessaryenderingin large regions of
emptyspaceTo computetheoccupiedntervalsof ashadav
volumewe usetwo techniquesThe rst techniqueesmplo/s
bounding volumesto identify continuousintervals along
the shadev volume that containobjects.(Fig. 2(c)). Tem-
poral coherencas usedto acceleratehe computationshy
performing incrementalcomputationsbetweensuccessie
frames.Our secondechniquedividesa shadev volumeinto
discreteintervals and utilizes the graphicshardwareto test
for objectswithin eachintenval (Fig. 2(d)).

The culling and clamping (CC) algorithms often work
well together Culling eliminatescompletelyshadaved ob-
jects,creatingemptyspacen theshadaev volumes.Thesize
of the shadev volumesis reducedby the clampingalgo-
rithms, leadingto lower rasterizatiorcosts.

We have testedour algorithmson a PCwith anNVIDIA
GeForceFX 5950Ultra graphicscard.In adynamicerviron-
mentcomposedf 100K triangles,we have obsened up to
a7 timesreductionin Il anda4 timesspeed-upn shadev
volume renderingtime by using CC shadev volumesover
standarcshadav volumes.

Organization: This paperis organizedasfollows: Section2
reviews previous researchin the areaof interactve shadav
generationSection3 providesthedetailsof shadev volume

culling and clamping. We describeour implementationof
thealgorithmsin Sectiord andhighlighttheir performance.
We analyzeour techniquesn Section5, discusssomeof
their limitations,andcomparehemwith othermethods.

2. RelatedWork

Shadev volumes were introduced by Crow [Cro77].
Bergeron [Ber85] generalizedshadw volumes for non-
manifold objects and non-planar polygons. BSP trees
have beenusedto accelerateshadav volume computation
[CF89 CS95 BJ9Y, but they do not work well with dy-
namiclights or mary maoving objects.

Oneof the rst hardwareimplementation®f shadev vol-
umeswas demonstratedn Pixel-Planes4 [FGH 85]. Hei-
dmann[Hei91] implementedCrow's algorithm on graph-
ics hardwareusingthe stencilbuffer. This approachknown
as the z-passmethod,can produceincorrectresultswhen
the viewport cuts through a shadev volume. Diefenbach
[Die96] presentedcapping methods,but these were not
completelyrohbust. To overcometheseproblemsseveral re-
searcherdave proposedz-fail testingfor shadav volume
computatioCar00,EK02]. Brabecand Seidel[BS03 de-
scribedan algorithm for fastshadev volume computation
using the graphicshardware for silhouetteedgecomputa-
tion.

To deal with the ll-consumption problem Lengyel
[Len02] proposedusing the scissortestto restrict shadov
volumerenderingto within thelight boundsMcGuireetal.
[MHE 03] improved upon Lengyel's algorithm by adding
culling and using the depthboundstestto further restrict
shadev volumerendering.Chanand Durand[CD04] usea
hybrid of shadev mapsandshadaev volumesto reduce l.
They rendera shadev mapto identify shadev boundaries
and rendershadev volumesonly in theseareas.Aila and
Moller [AAMO4] perform shadav volume calculationson
coarsetiles in screenspaceto determinewhich tiles con-
tain shadev boundariesthenrendershadev volumesonly
in thesetiles. Theseapproachegely on existing or proposed
culling hardwareto avoid unnecessargendering Our algo-
rithm is orthogonaln thatit reduceghe sizeandcomplexity
of theshadav volumesthatarerenderedn the rst place.

3. Shadav Volume Acceleration

In this section,we presentour algorithmsfor accelerating
shadav volumes.We representa sceneas a hierarchical
scenggraph.Eachobjectin thescends representedsaleaf

nodein the hierarcly. We decomposespatiallylarge objects
into smallersub-objectausinga k-D treeto provide better
localization.The sub-objectsanlargely be treatedasinde-

pendenbbjectsexceptwhenrenderingshadev volumesas

explainedlaterin Section3.3.

3.1. Shadav Volume Culling

Eachobijectin the scenecanbe a potentialshadav casteras
well asa potentialshadev recever. The purposeof shadev
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are PR = f0,;0,;05;059. (c) Continuous Shadav Clamping: ShadowolumesSv; are clampedby using AABBsaround
the shadowreceives to computeclampedvolumesCV,. (d) DiscreteShadav Clamping: SV, are clampedto intervalsde ned
by slicing planes.Testingfor actual objectcontainmentesultsin a smaller DV;. Discrete clampingmay be combinedwith
continuousclampingto re ne the poorly clampedCV;, producinga optimal setof shadowolumesf CV; :::CV,, DV;g which

signi cantly reducesll requirements.

volumeculling is to eliminatethoseshadav casterghatare
themselesin shadev or thatcastshadevs not contrituting
to the nal image[GLY 03]. The computationproceedsn
two steps:

1. Computepotential shadowreceives (PSR):PSRcon-
sistsof the setof objectsthatmay be visible from the view-
pointof theeye.

2. Computepotentialshadowcastes (PSC):PSCconsists
of objectsthatmaybevisible from theviewpoint of thelight
(seeFig. 2(b)).

We use occlusionqueriesand stencil testsfor computing
PSC Fromthe viewpoint of the light, we renderthe scene,
creatinga representationf the visible surfacein the depth
buffer. Next, with depthbuffer writes disabled,we render
the boundingbox of eachobjectusingan occlusionquery

Figure 3: Standad shadowvolumes(left) vs. CC shadow
volumeg(right).
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Theocclusionqueryindicateswhetherary pixelspasscom-
pletely throughthe pipeline.If all pixels fail the depthtest
then the objectis completelyoccluded,i.e. completelyin
shadav. Objectswith visible boundingboxes are addedto
the PSC A similar algorithmcanbe usedto computePSR
exceptthatthe scenes renderedrom the viewpoint of the
eye.If ascenehaslittle occlusionwe useonly view-frustum
culling to computePSCandPSR

PSCmay containobjectsthat castshadavs on areaghat
are not visible to the eye. Step2 canbe modi ed slightly
to remove theseshadav castersAfter renderingthe occlu-
sionrepresentationye renderPSR settingthe stencilwhen
the depthtestfails. This identi es the shadeved regions of
PSR Whenperformingocclusionguerieswe alsoenablehe
stenciltestso that only shadev casterscovering shadaved
regionsareincludedin PSC

3.2. Shadav Volume Clamping

Eachshadev volumeextendsto in nity , thusits projection
cancover a large numberof pixelsin the stencilbuffer. To
reduce |l consumptionwve computeclampedvolumesthat
moretightly enclosethe objectsin PSR(seeFig. 2(c)).

We use two different clamping techniquesthat are in
someways complimentary Each techniqueusesa differ-
ent methodfor determiningwhere interactionsoccur be-
tween shadav recevers and a particular shadev volume.
The continuousalgorithm clampspreciselyto the bounds
of the shadev recevers, but canoverestimatehe sizeof a
shadav volumewhenonly asmallpartof thereceverliesin
shadev. The discretealgorithm clampsonly to truly occu-
piedregions,but theboundson theregion areonly asaccu-
rateastheregiondiscretizationBoth algorithmscanbeused
independentlyor together Poorly clampedvolumesresult-
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ing from continuousclampingcanbe further re ned using
discreteclamping.

3.2.1. Continuous Shadav Clamping

Continuousshadw clamping proceedsin two steps(Fig.
4). First, we useoverlaptestsin the light view to identify
the shadav receversthatlie in eachshadav volume.Then
we computethe occupiedintervals alonga shadev volume
by meming the extentsof the shadev receversit contains.
Thesecomputationgreperformedentirelyonthe CPU.

Overlap Tests:We calculateoverlapsusingtheaxis-aligned
boundingboxes (AABBSs) of the objects’' projectionon the

light's image plane. We also computethe depth intenal

(i Zmax) Of eachobjectin light-space An objectS pos-
sibly lies within the shadev volumeof anobjectT whenthe

AABBs of SandT overlapandwhenthe zyax 0f Sis greater
thanthe z,,;, of T. NotethatS andT may be mutually con-
tainedwithin the others'shadav volume.

Occupied Inter vals Computation: Computationof occu-
pied intenals can be performedef ciently by processing
all the shadav casterssimultaneouslyEachshadaev caster
storesalist of theintervals occupiedby thereceizerswithin
its shadev volume. The lists are initialized with the depth
intervals of the shadev castersthemselesto accountfor
self-shadwing. Thenwe processhe shadev receversac-
cordingto their z,;, value,from smallestto largest,updat-
ing the occupiedintervals of the shadev volumesin which
eachrecever lies. Sincethe shadev receversareprocessed
in order only the last occupiedinterval in eachlist needs
to be updated.Therearethreepossiblewaysto updatethe
occupiedntenal:

1. The occupiedinterval completelycontainsthe recever.
Nothingis donein this case.

2. Theoccupiedntenal partially containgherecever. The
intenal is extendedo includetherecever.

3. Theobjectlies completelyoutsidethe occupiednterval.
In this casethe depthintenal of therecever is addedto the
occupiedntenval list.

Wheneer a new occupiedinterval is createdin case3,
two setsof capsandan extra setof edgesmustbedrawn. If
thesizein screen-spacef the gapbetweersuccessie inter-
valsis small, the costof renderingthe new shadev volume
interval mayexceedary savingsin rasterizatiorcost.A sim-
ple heuristiccanbe usedfor determiningwhetheror not to
createa new interval. LetV bethevertex processingostof
the new interval and R be the rasterizatiorcostof the gap.
If V> R, thenanew interval is not createdInstead there-
ceiverdepthintenal is mergedasin case2.

V andR canbe computedwith thefollowing equation:

V = (2C+ 29y,
R = Ar

Shadow .
volumes \~ Ve

N

o |@

Light []

S~
~4
<

Depth intervals

Overlaps on light
image plane

Figure 4: Continuous Clamping Boundingbox overlap
testson the light's image plane are usedto determinepo-
tential shadowreceives. Depth intervals of receives are
meigedto determineshadowvolumeintervals.

whereC andSarethenumberof verticesin theshadev vol-

ume cap andsilhouetterespectiely, v is costper vertex, A

is an estimateof the areaof the gap in pixels,andr is the
rasterizatiorcostper pixel. Thevaluesof v andr canbede-
terminedempirically by renderinga “typical" setof shadav

volumesat differentresolutionsRenderingat a low resolu-
tion, e.g.10 10, givesan estimateof v. Renderingat high

resolutionandsubtractingv givesan estimateof r. Though
thisheuristicassumeanoverly simpli ed modelof graphics
processingit givesacceptableesults.

Temporal Coherence: We acceleratehe overlap testsby

performingincrementalcomputationsWe emplg a varia-
tion of the sweep-and-prunalgorithm [CLMP95] usedto

perform boundingbox overlap testsin large ervironments
composeddf multiple moving objects.We projecttheinter

vals of the AABBs alongthe X andY axisin the light's
imageplaneand sort the projectedvaluesalong eachaxis.
Whenthe objectsor the light move we updatethe AABBs

andre-sortthe list usingan insertionsort with local inter

changesThelist of depthintervalsis maintainedsimilarly.

We computethe overlappingAABBs from the sortedlists.

3.2.2. Discrete Shadov Clamping

The continuous shadav clamping algorithm computes
clampedvolumesCV, for eachshadev casterbasedon
the AABBs of shadav recevers.In mary cases AABBs
cangeneratdight tting clampedvolumes(e.g.CV, :::CV,
in Fig. 2(c)). Since the entire extents of the shadav re-
ceversareusedto determineoccupiedntervals,continuous
clampedvolumesmay t poorlywhenonly asmallpartof a
recevver lies within ashadev volume(e.g.CV; in Fig. 2(c)).

Discrete shadav clamping usesthe GPU to test for
shadav receverswithin discreteshadev volumeintenals.
A setof similarly-orientedplanespartitionthe view frustum
into slices.The discreteintenals are determinedoy the in-
tersectionof the shadav volumeswith the slices(Fig.5). A
corvenientchoicefor slicing planesarethosewhich faceto-
wardsthelight sourceandpassthroughtheviewpoint, split-
ting the image planeinto strips of equalwidth. The inter
vals createdby theseslicing planescover an approximately
equalareaon the imageplane,regardlessof how far awvay
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Figure 5: Discrete Clamping A single shadowcasteris
testedagainst an empty interval (left). In the next slice
(right), theinterval is occupiedso a shadowolumeis ren-
deredfor thisinterval.

ashadwv volumeis from the viewpoint. An additionalben-
et is that the capsbetweenintenals neednot be dravn.
Sincethey lie on planesthat passthroughthe eye, the caps
do not affect ary pixels. Note that this choice of planesis
mostusefulif thelight sourcelies outsidethe view frustum.
This correspondso situationswherethe emptyspaceprob-
lemis mostcommon.

Thediscreteclampingcomputationsreperformedn the
light'sview. Eachsliceis renderedn back-to-frontorderus-
ing a pair of clipping planes.We testeachshadov caster
againsta givenslice with an occlusionquery We setdepth
testto GREATERandprojecttheshadaev casteontothebot-
tom planeof theslice. If the occlusionqueryindicatesthat
no pixels passedhe depthtest,thenthe shadev volumein-
terval correspondingo thesliceis empty

Projectinga shadev casteronto a planedoesnot change
its shapdn thelight view, only thedepthof thepixelsraster
ized. The projectionis accomplishedvith a simpletransfor
mationmatrix. A planep is representeth homogeneoudD
coordinatesasp = (a b c d) with vectorcomponentgorre-
spondingto the coefcients of the planeequation:

ax+ by+ cz+d=0

Thed4 4 matrixM thatprojectsontothe planep througha
centerof projectionc = (cx ¢y ¢, 1) is givenby:

M=c p (p ol

where denotesouterproductandl is theidentity matrix.
M shouldbe negatedif the centerof projectionis belov the
plane.Thoughthis hasno effectonthe nal 3D coordinates
of the projectedpoints,it doesensurethatthefourth coordi-
nateis positive, whichis necessaryo preventthepointfrom
beingclippedby thegraphicshardware.If aportionof anob-
jectis fartheraway from a slicing planethanthelight, then
it will not be projectedcorrectly To handlethis problem,
theedgewf the object's shadev volumeshouldbe extruded
to in nity from thelastplaneonto which the objectcanbe
correctlyprojected.

3.2.3. Consewative Discrete Shadov Clamping

The use of image-precisionocclusionqueriesin discrete
clampingmayleadto samplingerrorsdueto limited screen

¢ TheEurographic#ssociation2004.

resolutionand z-huffer precision.The errorscancauseoc-
cupiedintenals to be incorrectly classi ed as empty lead-
ing to smallareasof missingshadavs. RecentlyGovindaraj
etal. [GLMO04] describedatechniquefor performingrobust
interferencedetectionusing graphicshardware. This tech-
niguef attens”thegeometrigorimitivessufciently to avoid
samplingerrors.Discreteclampingis aninterferencecom-
putation problem betweenshadev castersand the objects
within theslices.lt is possibleo adaptheconserative over-
lap tests[GLMO04] to performreliable clamping.First, the
boundingrepresentationsf the shadev volumesare con-
structedand fattened.Using theserepresentationsye can
thenperformoverlaptestswith thefattenedbjectsenclosed
in theslices.Theresultingalgorithmis slowerbut eliminates
theimage-precisiomrtifacts.

3.3. Rendering Clamped Volumes

Both continuousanddiscreteclampedshadev volumesare
renderedn asimilar mannerin thecontinuouscase silhou-
etteedgeof ashadov casterareextrudedto form quadshat
extendacrossthe occupiedintervals. Capsaredrawn at in-

terval boundariesln thediscretecasethe quadsareformed
by projectingthesilhouetteedgesontotheslicingplanesNo

capsneedto be dravn becausehey lie in the slicing planes
which pasghroughtheeye, sothey have zeroareain screen-
space.

Two shadev casteramay have edgesin commonif they
are sub-objectof the sameparentobject. To avoid redun-
dant shadev volume sidesarising from sharededges,the
list of occupiedintenals for the triangleson eitherside of
a sharededgeare meged. Portionsoccupiedon both sides
arenotdrawn.

3.4. Omnidir ectional Light Sources

The culling andclampingalgorithmsdependon planarpro-
jections,which implies that they can only be usedwithin
a restrictedfrustum. For omnidirectionallight sourcesCC
shadav volumescan be usedfor a portion of the space
aroundthe light and standardshadev volumescanbe used
for the rest. This works bestfor lights thatarelocatednear
the edgeof the viewport or closeto a wall. In thesecases,

Figure 6: CC shadowolumesn a 96K polygonscenecom-
posedof multiplerobots.
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Figure 7: CC Shadav Volumesvs. Standard Shadav Volumes (SV): Thesegraphsshowthe reductionin Il and shadow
volumerenderingtime obtainedwith CCSVsin two testsceneswith continuousdiscrete and exact clamping(describedin
Sectiord). Also shownare the numberof stencilwrites (SVSW)and the time to rendershadowolumeswith an emptydepth

boundsrange (S\VDB).

the large shadev volumeswhich would bene t mostfrom
culling andclampinglie predominantlyin onedirection.

4. Implementation and Performance

We have implementecbur systemon a PC with a NVIDIA
GeForce FX 5950 Ultra graphicscard and dual 2.8GHz
Xeon processorsalthoughonly one processomwas utilized
for ourcomputationsThesystenusesheOpenGLAPI. We
usethevertex arrayrange extensionfor acceleratinghadeov
volumerenderingoy storingthe vertex informationin video
memoryonthegraphicscard.To performocclusionqueries,
we usethe GL_NV_occlusion_quermxtension.

The computationson the CPU and GPU are organized
soasto maximizeparallelism.Occlusionqueriesfor culling
andclampingrequirethe CPU to wait for the GPU, sothey
areperformedrst. Thenusingdataprecomputedh thepre-
vious frame,the CPU rapidly issuesthe commanddor the
ambientpass,shadav volume rendering,and the lit pass.
While the GPU processeshe commandsthe CPU is used
for continuousclampingand constructingthe shadev vol-
umesfor thenext frame.The CPUcomputationsisually n-
ishbeforethe GPU,sothey have no affectontheframerate.

We testedthe performancef our systemon two different
scenes:

1. Corridor Scene:The corridor shavn in Fig. 1 is part of
amodelconsistingof 96K triangles.Most of the primitives
are containedin the comple trussesoverheadwhich cast
shadavs on the oor andwalls belown. This scenedemon-
stratesthe savings achieszed by shadev volume clamping.
Most of the shadev volumestraverseempty space.Since
thereis very little occlusionin the scenewe performonly
view-frustumculling to computePSC andPR.

2.Robot SceneThis partof thescends alargeroomwith a
crowd of moving robots(Fig. 6) which createsa highdegree
of occlusion.Whenthelight is placedlow in the scenethe
shadaev culling algorithmremovesmary shadov casters.

Fig. 7 shavs the Il andshadav volumerenderingtimes
for the pathsshawvn in the accompaying video. The test
scenesvererenderecat 1280 1024 resolution.Clamping
andculling are performedat the sameresolution.We mea-
suredthe performancef standardshadaev volumesandCC
shadav volumeswith continuousanddiscreteclamping.For
comparisorwe alsouseda morepreciseform of continuous
clampingthat determineghe exactintervals of intersection
of the orientedboundingboxes(OBBs)of thereceierswith

¢ TheEurographicsAssociation2004.
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theshadav volumeof the OBB of theshadav casterThe I
we measureds thetotal numberof pixelstouchedvhenren-
deringthe shadav volumeswith the depthtestdisabled We
alsomeasuredhe numberof stencilwrites using standard
shadev volumes(SV-SW). For z-passhadov volumes this
is equivalentto the numberof fragmentgshatpassthe depth
test. For both pathsthereare portionswherez-fail shadev
volumesare fasterthan z-passshadev volumes,and vice
versa.For path 1, the averageframe rate with z-passwas
slightly fasterso we presenthat datahere.Z-fail wasused
for path2.

With CC shadav volumeswe have obsenedupto 7 times
reductionsn Il andupto 4 timesspeed-upn shadev vol-
umerenderingime. For thepathsshavn in Fig. 7, we seean
averageof 2—3timesreductionin Il and2.5timesspeed-up
in shadev volumerenderingime. Figure8 shavsthebreak-
down of theaveragetimings.

5. Analysis

The costof shadav volume renderingcan be divided into
two parts. The vertex processingcostincludesthe time to
computethe verticesof the shadev volumeson the CPU
andthetime to transmit,transform,andsetupthe geometric
primitives on the graphicshardware. This costis indepen-
dentof screenresolution.The rasterizationcostis higher
when anti-aliasingis enabledand increasegproportionally
with screerresolution.Our algorithmis targetedfor scenes
in which rasterizatiorcostis the major bottleneck.Shadav
volumeculling reduceshoth the vertex processingandras-
terizationcostby eliminatingtheredundanshadev volumes
altogetherShadaev clampingsplitsthe shadav volumesinto
smaller piecesto signi cantly reducerasterizationcostin
emptyspacevhile increasinghevertex processingost.The

80

I Culling

I Clamping
[ SV Rendering
I Amb-+Lit

40

Time (ms)

SV CCc Cccd CCe sV cc* CCc CCd _ CCe
FPS 16.7 36.7 28.7 2.0 15.0 23.0 26.9 23.2 0.4

Scene 1 Scene 2

Figure 8: Timing breakdownfor standad shadowvolumes
(SV)andCC shadowolumeswith continuousdiscrete and

exactclamping(CCc,CCd,andCCe respectively)Thetime

for exactclamping(0.5sfor scenel and2.5sfor scene?) is

not shown.The ambientand lit passesare independenbf

the methodused.Culling wasnot usedin scenel. Thetim-

ing of culling alone(CC*) is shownfor scene2. Continuous
clampingand other CPU computationis performedin par-

allel with GPU renderingand doesnot affectoverall frame
time
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varyingnumberof slicing planesusingdiscreteclampingfor
a typical view. The savingsare calculatedas the standad
shadowvolumerenderingtime minusthe combinedimefor
clamping and renderingof CC shadowvolumes.Savings
peakbetweer8 and 16 slicing planes.

graphsin Fig. 7 shav the existenceof a strongempiricalre-
lationshipbetweenthe areaof the shadev volumesandthe
shadav volume renderingtime, thoughthe exact relation-
shipcanbehardwaredependent.

In continuousclamping, the overlap testsare relatively
inexpense. Although thereare potentially n? interactions
betweenshadev castersand shadav recevers, by utilizing
temporalcoherencehe expectedrunningtime is reducedo
O(n+ k), wherenis thenumberof objectsandk is theactual
numberof overlappingboundingboxes.In typical scenesk
is usuallyfairly small. The maincostis incurredin meiging
depthintenvals.

For the discreteclamping,vertex processingand clamp-
ing costsincreasdinearly with the numberof slices.Fig.
9 shaws the timings for a varying numberof slices. The
overall savzings introducedby addingmore slicesare large
at rst, butthenbegin to diminish. At somepointthe costof
additionalslicing planesdominatesthe savings. In our ex-
perimentamaximumsavingswereobtainedby using8 16
slices.

The extra renderingusedfor performingculling anddis-
creteclampingis fairly inexpensve for severalreasons.

1. Wheneer possible we usetight boundingvolumesin-
steadof the objectsthemseles to reducerenderingover
head.

2. Thereare no pixel writes when performingocclusion
gueries,so this rasterizations lessexpensve than that of
shadav volumes.

3. Thereis lessoverdraw. After culling, thedepthcomple-
ity in the light view is usuallymuchlower thanthat of the
shadev volumeswhenviewedfrom theside.

Thusthe extra renderingincurredin reducingthe size and
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compleity of large shadav volumesoften leadsto signi -
cantsavings.

On averagediscreteclampingresultedn greaterll sar-
ingsandlower shadav volumerenderingime thancontinu-
ousclampingin ourtests put it hadabouttwicetheoverhead
on the hardwarewe used.The muchmore expensve, exact
clampingmethodwasonly slightly betterthanthemuchsim-
pler methodwe usefor continuousclamping.Sincecontin-
uousclampingusesAABBs in light spacejt performsbest
whenthe light directionwasalignedwell with the orienta-
tion of the objectsin the scene Discreteclampingis less
sensitve to changesn light direction.

Occlusionqueriesare currently a bottleneckin our sys-
tem.We have obsenedamaximumof only 1:2M queriesper
secondat ary resolution thoughthe graphicshardwarecan
renderthe objectswithout occlusionqueriesata higherrate.
We expectthe overheadassociatedvith occlusionqueries
will bereducecconsiderablyn thefuture.Sincethe current
performanceof occlusionqueriesis slow we are forcedto
usefewer of them.We have to usea coarsembjectsubdvi-
sionwhichleadsto less Il savings.

5.1. Limitations

CCshadwv volumesareappropriatenly for thosesituations
whererasterizations a bottleneck.In addition,theremust
be somedegree of unnecessarghadev volumerendering.
Considerthe comple self-shadwing of branchesn atree.
Shadev volumesin suchascenemaybe Il-bound, butsince
therearefew shadev castershatlie completelyin shadev

andfew large regionsof emptyspace CC shadav volumes
wouldprovide verylittle performanceain. Clampingwould

probablywork well, however, to eliminatethe emptyspace
in theshadev volumesbetweerthebranchesndtheground.
In generalgculling andclampingwork beston complex mod-

els,whicheitherhave ahigh degreeof occlusiorand/onarge

emptyspaces.

Occlusionqueriesareperformedn image-spacandmay
leadto artifacts.Theseartifactsaresimilar to thoseof other
hybrid algorithmsthat combine image- and object-space
[McCO00,GLY 03, SCHO03 CD04. Section3.2.3discusses
possibleartifactsin discreteclamping. Artif acts may also
arisein shadaev culling. The pixel samplingon the image
planemay miss small holesor small occluderseadingto
incorrectshadavs. Trianglesthat are nearly parallelto the
view canalso be problematicbecausehey are coveredby
few samplesThesesamplingproblemsarereducedby us-
ing slightly enlagedboundingboxesaroundthe objectsand
by ensuringthatthe light's view is t tightly to the visible
objectsin thescenen orderto maximizethe samplingreso-
lution.

Another dravback of CC shadev volumesis that it re-
quiresmore CPU time to constructthem.Methodsthat off-
load shadev volume constructionto the GPU [BS0J are
dif cult to adaptfor usewith CC shadev volumessince
the connectvity canchangefrom frameto frame.Though
shadev volumeconstructioronthe CPUdoesnot adwersely

affectframe-ratén our currentimplementationlesstime re-
mainsfor othercomputations.

5.2. Comparisonwith other Methods

BSP-treebasedshadev volumes[CF89 CS95 BJ99 can
rendershadavsef ciently in staticscene®r scenesvith few
moving objects.However, whenthe light sourcemovesor
mary objectsmove, large portionsof the BSP-treeneedto
bere-kuilt, whichis usuallyanexpensve proceswith large
models.Our algorithmscan easily handledynamicscenes
with a moving light source.The only limitation is thatcon-
tinuousclampingalgorithmwill requiremorecomputatiorif
themotionis not coherentThediscreteclampingalgorithm
is completelyinsensitve to motion.

McGuire et al. [MHE 03] recentlydemonstratecn ef-
fective algorithm for acceleratingshadev volumes. Their
methodusesa combinationof the OpenGLscissortestand
depthboundsteststo reduceshadaev volume Il. The scis-
sorregion is setto the intersectiorof the viewport with the
screenprojectionof the light's region of in uence. In the
typesof scenedor which our algorithmwas designedthe
scissorregion would usuallycontainthe entireviewport be-
causethe whole scendies within thelight's region of in u-
ence.Thustheonly Il savingscomefrom the depthbounds
test. Fig. 7 shavs the time to renderthe shadav volumes
with adepthboundsangesetto (0,0). Thisrangeeffectively
early-rejectevery fragmentfrom the pipeline, establishing
anupperboundon the performanceof their algorithm.The
timings indicatethat with the depthboundstestthe rasteri-
zationcostis still signi cant. In fact,evenif no pixelswere
to passthe depthboundstest,theseresultsindicatethat on
the samehardware, CC shadev volumeswould be faster
for thesescenesFor scenewith little occlusionor without
large, mostly empty shadav volumes,our algorithmwould
not performaswell becauseahe overheadwould dominate
the potentialsavings.

6. Conclusionand Futur e Work

In this paper we have presentedalgorithmsfor shadev
culling andshadev clampingto acceleratéhe performance
of shadav volumes.Theseinclude visibility computations
for shadev culling and continuousand discrete shadev
clamping.Thesealgorithm can be ef ciently implemented
by utilizing temporalcoherencéetweersuccessie frames.
We have demonstratethe performanceof thesealgorithms
on two relatively comple ervironments,reducing Il re-
quirementdy upto 7 times.

Thereareseveralavenuedor futurework. Ourmainfocus
in thispaperhasheento reduceasterizatiortosts We would
like to explore methodgo reducethe vertex processingost
of shadev volumeswhich remainsfairly high. Adaptive ap-
proacheasingslice coverageinformationfrom oneframe
might be usedto computea bettersetof slicing planesfor
the next, i.e. usetemporalcoherencefor discreteshadav
clamping.We could alsoimprove the continuousclamping
by computingbetterdepthboundswith more sophisticated

¢ TheEurographicsAssociation2004.
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overlap tests.Finally we would like to extend theseideas
to improve the performancef soft shadev generatioralgo-
rithms, suchasthework of [AAMO3] which utilizesa vari-
ationon shadav volumesto identify penumbraegions.
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