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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 yel low.
The right image shows the shadows generated by CC shadow volumes at int eracti ve rates. CC shadow volumes generate up to
7 ti mes less � l l than standard shadow volumes in this scene.

Abstract

We presenta techniquethat usesculling and clamping(CC) for accelerating the performanceof stencil-based
shadowvolumecomputation.Ouralgorithmreducesthe�ll requirementsandrasterizationcostof shadowvolumes
by reducingunnecessaryrendering. A culling stepremovesshadowvolumesthat are themselvesin shadowor
do not contribute to the �nal image. Our novel clampingalgorithmsrestrict shadowvolumesto thoseregions
actually containingshadowreceivers. In this way, we avoid rasterizingshadowvolumesover large regionsof
emptyspace. Weutilize temporal coherencebetweensuccessiveframesto speedup clampingcomputations.Even
with fairly coarseclampingwe obtain substantialreductionin �ll requirementsand shadowrenderingtime in
dynamicenvironmentscomposedof up to a 100Ktriangles.

Categories and SubjectDescriptors(accordingto ACM CCS): I.3.7 [ComputerGraphics]:Three-Dimensional
GraphicsandRealism– Color, Shading,Shadowing andTexture

1. Intr oduction

Shadows are importantin computergraphicsbecausethey
add realismto a sceneand can aid in understandingspa-
tial relationshipsbetweenobjects.Shadowshavebeenanac-
tiveareaof researchin computergraphicsfor morethantwo
decades.Advancesin graphicshardwarehavemadeit possi-
ble to accuratelyrendershadows from point light sourcesin
interactiveapplicationsincludinggamesandwalkthroughs.

Shadowvolumes[Cro77] are a popular techniquefor
shadow generation.A shadow volumeis theregionof space
behinda shadow castercontainingpointsthatlie in shadow.
Shadow volumes computeshadow boundariesimplicitly,
which makes them attractive for computing shadows on
complex geometry. Moreover, theasymptoticcomplexity of
shadow generationis linear in thenumberof shadow caster
polygons.
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Shadow volumescan be implementedusing the stencil
buffer on currentgraphicssystems.Thealgorithmproceeds
in threestages.First, thesceneis renderedwith only ambi-
entlighting.Second,theshadow volumesarerenderedto the
stencilbuffer, whichsetsthestencilfor shadowedpixels.Fi-
nally, thesceneis renderedagainwith full lighting usingthe
stenciltestto preventshadowedpixelsfrom changing.

A major drawbackof the algorithmis that the rasteriza-
tion of shadow volumescanbeexpensive.Sinceshadow vol-
umesextendawayfrom shadow casterstowardin�nity , they
sometimescover muchof thescreen,leadingto high band-
width and�ll consumption.Often largeportionsof theren-
deredshadow volumesmakenocontribution to the�nal im-
age.Thethreemainsourcesof unnecessaryshadow volume
renderingare:largeregionsof emptyspace,shadow casters
completelyenclosedin othershadow volumes,andshadow
generationonpartsof thescenenotvisible to theviewer.

Main Results: We presentmethodsfor acceleratingthe
performanceof shadow volume computations.Our algo-
rithms target scenarioswhereshadow volumerasterization
is the major bottleneck.We decreasethe rasterizationcost
by usingtwo techniques:

Shadow Volume Culling: Using a simplervariationof the
shadow culling algorithm presentedin Govindaraju et al.
[2003],we eliminatetheshadow castersthatarethemselves
completelyin shadow. Wealsoeliminatetheshadow casters
whoseshadows arenot visible to the eye. Shadow volume
culling is shown in Fig. 2(b).

Shadow Volume Clamping: By clamping the extents of
eachshadow volumeto the intervalscontainingshadow re-
ceiverswe avoid unnecessaryrenderingin large regionsof
emptyspace.To computetheoccupiedintervalsof ashadow
volumewe usetwo techniques.The�rst techniqueemploys
bounding volumes to identify continuousintervals along
the shadow volume that containobjects.(Fig. 2(c)). Tem-
poral coherenceis usedto acceleratethe computationsby
performing incrementalcomputationsbetweensuccessive
frames.Oursecondtechniquedividesashadow volumeinto
discreteintervals andutilizes the graphicshardwareto test
for objectswithin eachinterval (Fig. 2(d)).

The culling and clamping (CC) algorithmsoften work
well together. Culling eliminatescompletelyshadowed ob-
jects,creatingemptyspacein theshadow volumes.Thesize
of the shadow volumesis reducedby the clampingalgo-
rithms,leadingto lower rasterizationcosts.

We have testedour algorithmson a PCwith anNVIDIA
GeForceFX 5950Ultra graphicscard.In adynamicenviron-
mentcomposedof 100K triangles,we have observed up to
a 7 timesreductionin �ll anda 4 timesspeed-upin shadow
volumerenderingtime by usingCC shadow volumesover
standardshadow volumes.

Organization: Thispaperis organizedasfollows:Section2
reviews previous researchin the areaof interactive shadow
generation.Section3 providesthedetailsof shadow volume

culling and clamping.We describeour implementationof
thealgorithmsin Section4 andhighlight their performance.
We analyzeour techniquesin Section5, discusssomeof
their limitations,andcomparethemwith othermethods.

2. RelatedWork

Shadow volumes were introduced by Crow [Cro77].
Bergeron [Ber85] generalizedshadow volumes for non-
manifold objects and non-planar polygons. BSP trees
have beenusedto accelerateshadow volume computation
[CF89, CS95, BJ99], but they do not work well with dy-
namiclightsor many moving objects.

Oneof the�rst hardwareimplementationsof shadow vol-
umeswas demonstratedin Pixel-Planes4 [FGH� 85]. Hei-
dmann[Hei91] implementedCrow's algorithm on graph-
ics hardwareusingthestencilbuffer. This approach,known
as the z-passmethod,can produceincorrect resultswhen
the viewport cuts through a shadow volume. Diefenbach
[Die96] presentedcapping methods,but thesewere not
completelyrobust.To overcometheseproblemsseveral re-
searchershave proposedz-fail testing for shadow volume
computation[Car00,EK02]. BrabecandSeidel[BS03] de-
scribedan algorithm for fast shadow volume computation
using the graphicshardware for silhouetteedgecomputa-
tion.

To deal with the �ll-consumption problem Lengyel
[Len02] proposedusing the scissortest to restrict shadow
volumerenderingto within thelight bounds.McGuireet al.
[MHE � 03] improved upon Lengyel's algorithm by adding
culling and using the depthboundstest to further restrict
shadow volumerendering.ChanandDurand[CD04] usea
hybrid of shadow mapsandshadow volumesto reduce�ll.
They rendera shadow map to identify shadow boundaries
and rendershadow volumesonly in theseareas.Aila and
Möller [AAM04] perform shadow volume calculationson
coarsetiles in screenspaceto determinewhich tiles con-
tain shadow boundaries,thenrendershadow volumesonly
in thesetiles.Theseapproachesrely onexistingor proposed
culling hardwareto avoid unnecessaryrendering.Our algo-
rithm is orthogonalin thatit reducesthesizeandcomplexity
of theshadow volumesthatarerenderedin the�rst place.

3. Shadow VolumeAcceleration

In this section,we presentour algorithmsfor accelerating
shadow volumes.We representa sceneas a hierarchical
scenegraph.Eachobjectin thesceneis representedasa leaf
nodein thehierarchy. We decomposespatiallylargeobjects
into smallersub-objectsusinga k-D tree to provide better
localization.Thesub-objectscanlargely betreatedasinde-
pendentobjectsexceptwhenrenderingshadow volumesas
explainedlaterin Section3.3.

3.1. Shadow VolumeCulling

Eachobjectin thescenecanbea potentialshadow casteras
well asa potentialshadow receiver. Thepurposeof shadow
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Figure 2: Shadow VolumeAcceleration: (a) Everyobjectin thesceneis a potentialshadowcasterandreceiver. (b) Shadow
Volume Culling: The shadowcasters visible to the light are PSC = f O1; : : : ;O5g and shadowreceivers visible to the eye
are PSR = f O1;O2;O3;O5g. (c) ContinuousShadow Clamping: ShadowvolumesSVi are clampedby usingAABBsaround
theshadowreceivers to computeclampedvolumesCVi . (d) DiscreteShadow Clamping: SVi are clampedto intervalsde�ned
by slicing planes.Testingfor actual objectcontainmentresultsin a smallerDV5. Discreteclampingmaybe combinedwith
continuousclampingto re�ne thepoorly clampedCV5, producinga optimalsetof shadowvolumesf CV1 : : :CV4, DV5g which
signi�cantly reduces�ll requirements.

volumeculling is to eliminatethoseshadow castersthatare
themselvesin shadow or thatcastshadows not contributing
to the �nal image[GLY � 03]. The computationproceedsin
two steps:

1. Computepotentialshadowreceivers (PSR):PSRcon-
sistsof thesetof objectsthatmaybevisible from theview-
pointof theeye.

2. Computepotentialshadowcasters (PSC):PSCconsists
of objectsthatmaybevisible from theviewpointof thelight
(seeFig. 2(b)).

We useocclusionqueriesand stencil testsfor computing
PSC. Fromtheviewpoint of the light, we renderthescene,
creatinga representationof the visible surfacein the depth
buffer. Next, with depthbuffer writes disabled,we render
the boundingbox of eachobjectusingan occlusionquery.

Figure 3: Standard shadowvolumes(left) vs. CC shadow
volumes(right).

Theocclusionqueryindicateswhetherany pixelspasscom-
pletely throughthe pipeline.If all pixels fail the depthtest
then the object is completelyoccluded,i.e. completelyin
shadow. Objectswith visible boundingboxesareaddedto
thePSC. A similar algorithmcanbeusedto computePSR,
exceptthat the sceneis renderedfrom the viewpoint of the
eye.If ascenehaslittle occlusion,weuseonly view-frustum
culling to computePSCandPSR.

PSCmaycontainobjectsthatcastshadows on areasthat
are not visible to the eye. Step2 can be modi�ed slightly
to remove theseshadow casters.After renderingthe occlu-
sionrepresentation,we renderPSR, settingthestencilwhen
the depthtestfails. This identi�es the shadowed regionsof
PSR. Whenperformingocclusionqueries,wealsoenablethe
stencil testso that only shadow casterscovering shadowed
regionsareincludedin PSC.

3.2. Shadow VolumeClamping

Eachshadow volumeextendsto in�nity , thusits projection
cancover a large numberof pixels in the stencilbuffer. To
reduce�ll consumptionwe computeclampedvolumesthat
moretightly enclosetheobjectsin PSR(seeFig. 2(c)).

We use two different clamping techniquesthat are in
someways complimentary. Each techniqueusesa differ-
ent methodfor determiningwhere interactionsoccur be-
tween shadow receivers and a particular shadow volume.
The continuousalgorithm clampspreciselyto the bounds
of the shadow receivers,but canoverestimatethe sizeof a
shadow volumewhenonly asmallpartof thereceiver lies in
shadow. The discretealgorithmclampsonly to truly occu-
piedregions,but theboundson theregion areonly asaccu-
rateastheregiondiscretization.Bothalgorithmscanbeused
independentlyor together. Poorly clampedvolumesresult-
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ing from continuousclampingcanbe further re�ned using
discreteclamping.

3.2.1. ContinuousShadow Clamping

Continuousshadow clampingproceedsin two steps(Fig.
4). First, we useoverlap testsin the light view to identify
theshadow receiversthat lie in eachshadow volume.Then
we computetheoccupiedintervalsalonga shadow volume
by merging the extentsof the shadow receiversit contains.
Thesecomputationsareperformedentirelyon theCPU.

Overlap Tests:Wecalculateoverlapsusingtheaxis-aligned
boundingboxes(AABBs) of the objects'projectionon the
light's image plane. We also computethe depth interval
(zmin;zmax) of eachobject in light-space.An objectS pos-
sibly lieswithin theshadow volumeof anobjectT whenthe
AABBs of SandT overlapandwhenthezmaxof S is greater
thanthezmin of T. Note thatS andT maybemutuallycon-
tainedwithin theothers'shadow volume.

Occupied Inter vals Computation: Computationof occu-
pied intervals can be performedef�ciently by processing
all the shadow casterssimultaneously. Eachshadow caster
storesa list of theintervalsoccupiedby thereceiverswithin
its shadow volume.The lists are initialized with the depth
intervals of the shadow castersthemselves to accountfor
self-shadowing. Thenwe processthe shadow receiversac-
cordingto their zmin value,from smallestto largest,updat-
ing the occupiedintervalsof the shadow volumesin which
eachreceiver lies.Sincetheshadow receiversareprocessed
in order, only the last occupiedinterval in eachlist needs
to be updated.Therearethreepossiblewaysto updatethe
occupiedinterval:

1. Theoccupiedinterval completelycontainsthereceiver.
Nothingis donein this case.

2. Theoccupiedinterval partiallycontainsthereceiver. The
interval is extendedto includethereceiver.

3. Theobjectliescompletelyoutsidetheoccupiedinterval.
In this casethedepthinterval of thereceiver is addedto the
occupiedinterval list.

Whenever a new occupiedinterval is createdin case3,
two setsof capsandanextra setof edgesmustbedrawn. If
thesizein screen-spaceof thegapbetweensuccessive inter-
vals is small, thecostof renderingthenew shadow volume
interval mayexceedany savingsin rasterizationcost.A sim-
ple heuristiccanbeusedfor determiningwhetheror not to
createa new interval. Let V bethevertex processingcostof
the new interval andR be the rasterizationcostof the gap.
If V > R, thena new interval is not created.Instead,there-
ceiverdepthinterval is mergedasin case2.

V andRcanbecomputedwith thefollowing equation:

V = (2C+ 2S)v;

R = Ar

Light

Overlaps on light  
image plane

Depth interva ls

Shadow
volumes

Figure 4: Continuous Clamping: Boundingbox overlap
testson the light's image planeare usedto determinepo-
tential shadowreceivers. Depth intervals of receivers are
mergedto determineshadowvolumeintervals.

whereC andSarethenumberof verticesin theshadow vol-
umecapandsilhouetterespectively, v is costper vertex, A
is an estimateof the areaof the gap in pixels, andr is the
rasterizationcostperpixel. Thevaluesof v andr canbede-
terminedempiricallyby renderinga “typical" setof shadow
volumesat differentresolutions.Renderingat a low resolu-
tion, e.g.10� 10, givesanestimateof v. Renderingat high
resolutionandsubtractingv givesanestimateof r. Though
thisheuristicassumesanoverly simpli�ed modelof graphics
processing,it givesacceptableresults.

Temporal Coherence: We acceleratethe overlap testsby
performingincrementalcomputations.We employ a varia-
tion of the sweep-and-prunealgorithm [CLMP95] usedto
perform boundingbox overlap testsin large environments
composedof multiple moving objects.We projecttheinter-
vals of the AABBs along the X andY axis in the light's
imageplaneandsort the projectedvaluesalongeachaxis.
Whenthe objectsor the light move we updatethe AABBs
andre-sortthe list usingan insertionsort with local inter-
changes.The list of depthintervals is maintainedsimilarly.
WecomputetheoverlappingAABBs from thesortedlists.

3.2.2. DiscreteShadow Clamping

The continuous shadow clamping algorithm computes
clampedvolumesCVi for each shadow casterbasedon
the AABBs of shadow receivers. In many cases,AABBs
cangeneratetight �tting clampedvolumes(e.g.CV1 : : :CV3
in Fig. 2(c)). Since the entire extents of the shadow re-
ceiversareusedto determineoccupiedintervals,continuous
clampedvolumesmay�t poorlywhenonly asmallpartof a
receiver lieswithin ashadow volume(e.g.CV5 in Fig. 2(c)).

Discrete shadow clamping uses the GPU to test for
shadow receiverswithin discreteshadow volumeintervals.
A setof similarly-orientedplanespartitiontheview frustum
into slices.The discreteintervals aredeterminedby the in-
tersectionof theshadow volumeswith theslices(Fig.5). A
convenientchoicefor slicingplanesarethosewhich faceto-
wardsthelight sourceandpassthroughtheviewpoint,split-
ting the imageplaneinto strips of equalwidth. The inter-
valscreatedby theseslicing planescover anapproximately
equalareaon the imageplane,regardlessof how far away
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Figure 5: Discrete Clamping: A single shadowcaster is
testedagainst an empty interval (left). In the next slice
(right), the interval is occupiedsoa shadowvolumeis ren-
deredfor this interval.

a shadow volumeis from theviewpoint.An additionalben-
e�t is that the capsbetweenintervals neednot be drawn.
Sincethey lie on planesthatpassthroughtheeye, thecaps
do not affect any pixels. Note that this choiceof planesis
mostusefulif thelight sourcelies outsidetheview frustum.
This correspondsto situationswheretheemptyspaceprob-
lem is mostcommon.

Thediscreteclampingcomputationsareperformedin the
light'sview. Eachsliceis renderedin back-to-frontorderus-
ing a pair of clipping planes.We test eachshadow caster
againsta givenslicewith anocclusionquery. We setdepth
testto GREATERandprojecttheshadow casterontothebot-
tom planeof the slice. If theocclusionqueryindicatesthat
no pixelspassedthedepthtest,thentheshadow volumein-
terval correspondingto thesliceis empty.

Projectinga shadow casterontoa planedoesnot change
its shapein thelight view, only thedepthof thepixelsraster-
ized.Theprojectionis accomplishedwith asimpletransfor-
mationmatrix.A planep is representedin homogeneous4D
coordinatesasp = (a b c d) with vectorcomponentscorre-
spondingto thecoef�cients of theplaneequation:

ax+ by+ cz+ d = 0

The4� 4 matrix M thatprojectsontotheplanep througha
centerof projectionc = (cx cy cz 1) is givenby:

M = c
 p � (p � c)I

where
 denotesouterproductandI is the identity matrix.
M shouldbenegatedif thecenterof projectionis below the
plane.Thoughthis hasno effect on the�nal 3D coordinates
of theprojectedpoints,it doesensurethatthefourthcoordi-
nateis positive,which is necessaryto preventthepoint from
beingclippedby thegraphicshardware.If aportionof anob-
ject is fartheraway from a slicing planethanthe light, then
it will not be projectedcorrectly. To handlethis problem,
theedgesof theobject's shadow volumeshouldbeextruded
to in�nity from the lastplaneontowhich theobjectcanbe
correctlyprojected.

3.2.3. ConservativeDiscreteShadow Clamping

The use of image-precisionocclusionqueriesin discrete
clampingmayleadto samplingerrorsdueto limited screen

resolutionandz-buffer precision.The errorscancauseoc-
cupiedintervals to be incorrectlyclassi�ed asempty lead-
ing to smallareasof missingshadows.RecentlyGovindaraj
et al. [GLM04] describeda techniquefor performingrobust
interferencedetectionusing graphicshardware.This tech-
nique“f attens”thegeometricprimitivessuf�ciently to avoid
samplingerrors.Discreteclampingis an interferencecom-
putationproblembetweenshadow castersand the objects
within theslices.It is possibletoadapttheconservativeover-
lap tests[GLM04] to performreliableclamping.First, the
boundingrepresentationsof the shadow volumesare con-
structedand fattened.Using theserepresentations,we can
thenperformoverlaptestswith thefattenedobjectsenclosed
in theslices.Theresultingalgorithmis slowerbut eliminates
theimage-precisionartifacts.

3.3. RenderingClampedVolumes

Both continuousanddiscreteclampedshadow volumesare
renderedin asimilarmanner. In thecontinuouscase,silhou-
etteedgesof ashadow casterareextrudedto form quadsthat
extendacrossthe occupiedintervals.Capsaredrawn at in-
terval boundaries.In thediscretecase,thequadsareformed
by projectingthesilhouetteedgesontotheslicingplanes.No
capsneedto bedrawn becausethey lie in theslicing planes
whichpassthroughtheeye,sothey havezeroareain screen-
space.

Two shadow castersmay have edgesin commonif they
aresub-objectsof the sameparentobject.To avoid redun-
dant shadow volume sidesarising from sharededges,the
list of occupiedintervals for the triangleson eithersideof
a sharededgearemerged.Portionsoccupiedon both sides
arenotdrawn.

3.4. Omnidir ectionalLight Sources

Theculling andclampingalgorithmsdependon planarpro-
jections,which implies that they can only be usedwithin
a restrictedfrustum.For omnidirectionallight sources,CC
shadow volumescan be used for a portion of the space
aroundthe light andstandardshadow volumescanbeused
for the rest.This works bestfor lights thatarelocatednear
the edgeof the viewport or closeto a wall. In thesecases,

Figure6: CCshadowvolumesin a 96K polygonscenecom-
posedof multiplerobots.
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Figure 7: CC Shadow Volumesvs. StandardShadow Volumes(SV): Thesegraphsshowthe reductionin �ll and shadow
volumerenderingtime obtainedwith CCSVsin two testsceneswith continuous,discrete, and exact clamping(describedin
Section4). Alsoshownare thenumberof stencilwrites(SV-SW)andthetimeto rendershadowvolumeswith an emptydepth
boundsrange (SV-DB).

the large shadow volumeswhich would bene�t most from
culling andclampinglie predominantlyin onedirection.

4. Implementation and Performance

We have implementedour systemon a PCwith a NVIDIA
GeForce FX 5950 Ultra graphicscard and dual 2.8GHz
Xeon processors,althoughonly oneprocessorwasutilized
for ourcomputations.ThesystemusestheOpenGLAPI. We
usethevertex arrayrangeextensionfor acceleratingshadow
volumerenderingby storingthevertex informationin video
memoryonthegraphicscard.To performocclusionqueries,
weusetheGL_NV_occlusion_queryextension.

The computationson the CPU and GPU are organized
soasto maximizeparallelism.Occlusionqueriesfor culling
andclampingrequiretheCPUto wait for theGPU,sothey
areperformed�rst. Thenusingdataprecomputedin thepre-
vious frame,the CPU rapidly issuesthe commandsfor the
ambientpass,shadow volume rendering,and the lit pass.
While the GPU processesthe commands,the CPU is used
for continuousclampingandconstructingthe shadow vol-
umesfor thenext frame.TheCPUcomputationsusually�n-
ishbeforetheGPU,sothey havenoaffectontheframerate.

Wetestedtheperformanceof oursystemon two different
scenes:

1. Corridor Scene:Thecorridorshown in Fig. 1 is partof
a modelconsistingof 96K triangles.Most of theprimitives
are containedin the complex trussesoverheadwhich cast
shadows on the �oor andwalls below. This scenedemon-
stratesthe savings achieved by shadow volume clamping.
Most of the shadow volumestraverseempty space.Since
thereis very little occlusionin the scene,we performonly
view-frustumculling to computePSC andPSR.

2.Robot Scene:Thispartof thesceneis alargeroomwith a
crowd of moving robots(Fig. 6) whichcreatesahighdegree
of occlusion.Whenthe light is placedlow in thescene,the
shadow culling algorithmremovesmany shadow casters.

Fig. 7 shows the �ll andshadow volumerenderingtimes
for the pathsshown in the accompanying video. The test
sceneswererenderedat 1280� 1024resolution.Clamping
andculling areperformedat the sameresolution.We mea-
suredtheperformanceof standardshadow volumesandCC
shadow volumeswith continuousanddiscreteclamping.For
comparisonwealsousedamorepreciseform of continuous
clampingthatdeterminesthe exact intervalsof intersection
of theorientedboundingboxes(OBBs)of thereceiverswith
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theshadow volumeof theOBB of theshadow caster. The�ll
wemeasuredis thetotalnumberof pixelstouchedwhenren-
deringtheshadow volumeswith thedepthtestdisabled.We
alsomeasuredthe numberof stencilwrites usingstandard
shadow volumes(SV-SW).For z-passshadow volumes,this
is equivalentto thenumberof fragmentsthatpassthedepth
test.For both pathsthereareportionswherez-fail shadow
volumesare fasterthan z-passshadow volumes,and vice
versa.For path 1, the averageframe rate with z-passwas
slightly fastersowe presentthatdatahere.Z-fail wasused
for path2.

With CCshadow volumeswehaveobservedupto 7 times
reductionsin �ll andup to 4 timesspeed-upin shadow vol-
umerenderingtime.For thepathsshown in Fig.7,weseean
averageof 2–3timesreductionin �ll and2.5timesspeed-up
in shadow volumerenderingtime.Figure8 showsthebreak-
down of theaveragetimings.

5. Analysis

The cost of shadow volume renderingcanbe divided into
two parts.The vertex processingcost includesthe time to
computethe verticesof the shadow volumeson the CPU
andthetime to transmit,transform,andsetupthegeometric
primitiveson the graphicshardware.This cost is indepen-
dent of screenresolution.The rasterizationcost is higher
when anti-aliasingis enabledand increasesproportionally
with screenresolution.Our algorithmis targetedfor scenes
in which rasterizationcostis themajorbottleneck.Shadow
volumeculling reducesboth the vertex processingandras-
terizationcostby eliminatingtheredundantshadow volumes
altogether. Shadow clampingsplitstheshadow volumesinto
smallerpiecesto signi�cantly reducerasterizationcost in
emptyspacewhile increasingthevertex processingcost.The
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graphsin Fig. 7 show theexistenceof a strongempiricalre-
lationshipbetweentheareaof theshadow volumesandthe
shadow volume renderingtime, thoughthe exact relation-
shipcanbehardwaredependent.

In continuousclamping,the overlap testsare relatively
inexpensive. Although therearepotentiallyn2 interactions
betweenshadow castersandshadow receivers,by utilizing
temporalcoherencetheexpectedrunningtime is reducedto
O(n+ k), wheren is thenumberof objectsandk is theactual
numberof overlappingboundingboxes.In typical scenes,k
is usuallyfairly small.Themaincostis incurredin merging
depthintervals.

For the discreteclamping,vertex processingandclamp-
ing costsincreaselinearly with the numberof slices.Fig.
9 shows the timings for a varying numberof slices.The
overall savings introducedby addingmoreslicesare large
at �rst, but thenbegin to diminish.At somepoint thecostof
additionalslicing planesdominatesthe savings. In our ex-
perimentsmaximumsavingswereobtainedby using8� 16
slices.

Theextra renderingusedfor performingculling anddis-
creteclampingis fairly inexpensive for severalreasons.

1. Whenever possible,we usetight boundingvolumesin-
steadof the objectsthemselves to reducerenderingover-
head.

2. Thereare no pixel writes when performingocclusion
queries,so this rasterizationis lessexpensive than that of
shadow volumes.

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

Thus the extra renderingincurredin reducingthe sizeand
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complexity of large shadow volumesoften leadsto signi�-
cantsavings.

On average,discreteclampingresultedin greater�ll sav-
ingsandlowershadow volumerenderingtime thancontinu-
ousclampingin ourtests,but it hadabouttwicetheoverhead
on thehardwarewe used.Themuchmoreexpensive, exact
clampingmethodwasonlyslightlybetterthanthemuchsim-
pler methodwe usefor continuousclamping.Sincecontin-
uousclampingusesAABBs in light space,it performsbest
whenthe light directionwasalignedwell with the orienta-
tion of the objectsin the scene.Discreteclampingis less
sensitive to changesin light direction.

Occlusionqueriesarecurrentlya bottleneckin our sys-
tem.Wehaveobservedamaximumof only 1:2M queriesper
secondat any resolution,thoughthegraphicshardwarecan
rendertheobjectswithoutocclusionqueriesatahigherrate.
We expect the overheadassociatedwith occlusionqueries
will bereducedconsiderablyin thefuture.Sincethecurrent
performanceof occlusionqueriesis slow we are forcedto
usefewer of them.We have to usea coarserobjectsubdivi-
sionwhich leadsto less�ll savings.

5.1. Limitations

CCshadow volumesareappropriateonly for thosesituations
whererasterizationis a bottleneck.In addition,theremust
be somedegreeof unnecessaryshadow volumerendering.
Considerthecomplex self-shadowing of branchesin a tree.
Shadow volumesin suchascenemaybe�ll-bound, but since
therearefew shadow castersthat lie completelyin shadow
andfew largeregionsof emptyspace,CC shadow volumes
wouldprovideverylittle performancegain.Clampingwould
probablywork well, however, to eliminatetheemptyspace
in theshadow volumesbetweenthebranchesandtheground.
In general,culling andclampingwork bestoncomplex mod-
els,whicheitherhaveahighdegreeof occlusionand/orlarge
emptyspaces.

Occlusionqueriesareperformedin image-spaceandmay
leadto artifacts.Theseartifactsaresimilar to thoseof other
hybrid algorithms that combine image- and object-space
[McC00,GLY � 03, SCH03, CD04]. Section3.2.3 discusses
possibleartifacts in discreteclamping.Artif actsmay also
arisein shadow culling. The pixel samplingon the image
planemay misssmall holesor small occluders,leadingto
incorrectshadows. Trianglesthat arenearlyparallel to the
view canalsobe problematicbecausethey arecoveredby
few samples.Thesesamplingproblemsarereducedby us-
ing slightly enlargedboundingboxesaroundtheobjectsand
by ensuringthat the light's view is �t tightly to the visible
objectsin thescenein orderto maximizethesamplingreso-
lution.

Another drawback of CC shadow volumesis that it re-
quiresmoreCPUtime to constructthem.Methodsthatoff-
load shadow volume constructionto the GPU [BS03] are
dif�cult to adaptfor use with CC shadow volumessince
the connectivity canchangefrom frame to frame.Though
shadow volumeconstructionon theCPUdoesnotadversely

affectframe-ratein ourcurrentimplementation,lesstimere-
mainsfor othercomputations.

5.2. Comparisonwith other Methods

BSP-treebasedshadow volumes[CF89, CS95, BJ99] can
rendershadowsef�ciently in staticscenesor sceneswith few
moving objects.However, when the light sourcemovesor
many objectsmove, large portionsof the BSP-treeneedto
bere-built, which is usuallyanexpensiveprocesswith large
models.Our algorithmscan easily handledynamicscenes
with a moving light source.Theonly limitation is thatcon-
tinuousclampingalgorithmwill requiremorecomputationif
themotionis not coherent.Thediscreteclampingalgorithm
is completelyinsensitive to motion.

McGuire et al. [MHE � 03] recentlydemonstratedan ef-
fective algorithm for acceleratingshadow volumes.Their
methodusesa combinationof theOpenGLscissortestand
depthboundsteststo reduceshadow volume�ll. The scis-
sor region is setto the intersectionof theviewport with the
screenprojectionof the light's region of in�uence. In the
typesof scenesfor which our algorithmwasdesigned,the
scissorregion would usuallycontaintheentireviewport be-
causethewholescenelies within thelight's region of in�u-
ence.Thustheonly �ll savingscomefrom thedepthbounds
test.Fig. 7 shows the time to renderthe shadow volumes
with adepthboundsrangesetto (0,0).Thisrangeeffectively
early-rejectsevery fragmentfrom thepipeline,establishing
anupper-boundon theperformanceof their algorithm.The
timings indicatethatwith the depthboundstestthe rasteri-
zationcostis still signi�cant. In fact,evenif no pixelswere
to passthe depthboundstest,theseresultsindicatethat on
the samehardware, CC shadow volumeswould be faster
for thesescenes.For sceneswith little occlusionor without
large,mostly emptyshadow volumes,our algorithmwould
not performaswell becausethe overheadwould dominate
thepotentialsavings.

6. Conclusionand Futur eWork

In this paper, we have presentedalgorithms for shadow
culling andshadow clampingto acceleratetheperformance
of shadow volumes.Theseinclude visibility computations
for shadow culling and continuousand discreteshadow
clamping.Thesealgorithmcanbe ef�ciently implemented
by utilizing temporalcoherencebetweensuccessive frames.
We have demonstratedtheperformanceof thesealgorithms
on two relatively complex environments,reducing�ll re-
quirementsby up to 7 times.

Thereareseveralavenuesfor futurework.Ourmainfocus
in thispaperhasbeento reducerasterizationcosts.Wewould
like to exploremethodsto reducethevertex processingcost
of shadow volumeswhich remainsfairly high.Adaptive ap-
proachesusingslice coverageinformationfrom oneframe
might be usedto computea bettersetof slicing planesfor
the next, i.e. use temporalcoherencefor discreteshadow
clamping.We could alsoimprove the continuousclamping
by computingbetterdepthboundswith moresophisticated

c
 TheEurographicsAssociation2004.



B. Lloyd,J. Wendt,N. Govindaraju, & D. Manocha / CC ShadowVolumes

overlap tests.Finally we would like to extend theseideas
to improve theperformanceof soft shadow generationalgo-
rithms,suchasthework of [AAM03] which utilizesa vari-
ationonshadow volumesto identify penumbraregions.
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