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Abstract

We presenta hybrid algorithmfor renderinghard shadowsaccuratelyandef�ciently. Our methodcombinesthe
strengthsof shadowmapsandshadowvolumes.We �r st usea shadowmapto identifythepixelsin theimage that
lie nearshadowdiscontinuities.Then,weperformtheshadow-volumecomputationonly at thesepixelsto ensure
accurate shadowedges. This approach simultaneouslyavoids the edge aliasing artifacts of standard shadow
mapsandavoidsthehigh �llr ateconsumptionof standard shadowvolumes.Thealgorithmrelieson a hardware
mechanismfor rapidly rejectingnon-silhouettepixelsduring rasterization.Sincecurrentgraphicshardwaredoes
notdirectlyprovidethismechanism,wesimulateit usingavailablefeaturesrelatedto occlusionculling andshow
thatdedicatedhardwaresupportrequiresminimalchangesto existingtechnology.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.1[ComputerGraphics]:Graphicsprocessors,I.3.7
[ComputerGraphics]:Color, shading,shadowing, andtexture

Keywords: shadow algorithms,graphicshardware

1. Intr oduction

Shadow mapsandshadow volumesaretwo popularmeans
for thereal-timerenderingof shadows.Shadow mapsareef-
�cient and�e xible, but they areproneto aliasing.Shadow
volumesare accurate,but they have large �llrate require-
mentsandthusdonotscalewell to complex scenes.Achiev-
ing bothaccuracy andscalabilityis challengingfor real-time
shadow algorithms.

Senet al. [SCH03] observed that shadow-map aliasing
is only noticeableat the discontinuitiesbetweenshadowed
andlit regions,i.e. at the shadow silhouettes.On the other
hand,shadow volumescomputeshadowsaccuratelyatevery
pixel,but thisaccuracy is neededonly atthesilhouettes.This
observation suggestsa hybrid algorithmthat usesa slower
but accuratealgorithmneartheshadow discontinuitiesanda
faster, lessexactalgorithmeverywhereelse.

In this paper, we describea hybrid shadow renderingal-
gorithm (seeFigure1). We �rst usea shadow mapto �nd
quickly pixels in theimagethat lie nearshadow silhouettes,
thenapplytheshadow volumealgorithmonlyatthesepixels;
theshadow mapdeterminesshadows for theremainingnon-
silhouettepixels. This approachgreatly reducesthe �llrate
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neededfor drawing shadow volumes,becausethe number
of silhouettepixels is often a small fraction of the shadow
polygons'total screenarea(seeFigure2). Weshow thatour
methodproducesaccuratehard shadows and hassubstan-
tially lower �llrate requirementsthan the original shadow
volumealgorithm.

To avoid processingnon-silhouettepixelsduringshadow
volume rasterization,we proposean extensionto graphics
hardware called a computationmask. Computationmasks
are useful in generalfor acceleratingmultipassrendering
algorithms.Although they arenot directly exposedin cur-
renthardware,weshow how to simulatethemef�ciently us-
ing available featuresrelatedto early z occlusionculling.
Sincecomputationmasksexploit existing culling hardware,
addingnativehardwaresupportrequiresminimalchangesto
moderngraphicschips.

2. RelatedWork

Researchershave developedmany shadow algorithmsover
theyears,severalof thembasedon theclassicshadow map
andshadow volumemethods.Recentwork hasfocusedon
extendingthesemethodsto handlesoft shadows, which we
do not discussin this paper. Many efforts have also been
madeto addressthe shadow-mapaliasingandthe shadow-
volume �llrate issues.We focus our discussionbelow on
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a. b. c. d.

Figure 1: Overview. We �r st usea shadowmap(a) to identifypixelsin the image that lie closeto shadowsilhouettes.These
pixels,seenfromtheobserver's view, are shadedgreenin (b). Next, werendershadowvolumesonly at thesepixelsto obtain
accurateshadowedges(c). Weusetheshadowmapto computeshadowseverywhereelse, andthe�nal resultappears in (d).

a. b.

Figure2: (a) Thecylinder'sshadowexhibitsaliasingdueto
shadow-mapundersampling. However, aliasing is only ap-
parentat theshadowedges.(b) Pixelsthat lie nearshadow
edges(shownin red)accountfor onlya smallfractionof the
total imagesize.

this recentbodyof work andreferthereaderto Woo et al.'s
paper[WPF90] for a broadersurvey of shadow algorithms.
Akenine-M̈oller andHaines's book[AMH02] alsoprovides
agooddiscussionof real-timeshadow algorithms.

Shadow maps were introduced by Williams in 1978
[Wil78]. The algorithm works in imagespace:it �rst ren-
dersadepthmapof thescenefrom thelight'sviewpoint; the
depthmapis thenusedto determinewhichsamplesin the�-
nal imagearevisible to thelight. Shadow mapsareef�cient
andaresupportedin graphicshardware,but they areprone
to samplingartifactssuchasaliasing.

Researchershavedevelopedmany techniquesfor address-
ing shadow-map aliasing. Approachesbasedon �ltering
and stochasticsampling[LV00, RSC87] producenice an-
tialiasedshadows.Unfortunately, effective �ltering requires
a large numberof samplesper pixel, which is expensive
for real-time applications.Furthermore,using a large �l-
ter width leadsto self-shadowing artifacts that are scene-
dependentandhardto avoid.

Othermethodsreducealiasingby increasingtheeffective
shadow-mapresolution.Adaptive shadow maps[FFBG01]
detectandredraw undersampledregionsof theshadow map
at higherresolutions.Unfortunately, therequireddatastruc-
tures and host-basedcalculationsprecludereal-time per-
formancefor dynamic scenes.Perspective shadow maps

a. b.

Figure 3: A simplescenewith a few objects(a) canleadto
high �llr ate consumptionwhenusingshadowvolumes.(b)
Theshadowpolygons(shownin yellow)occupysubstantial
screenarea andoverlap in screenspace. Lighter shadesof
yellowcorrespondto regionswith higheroverdraw.

[SD02] aresimpler:they just requireanadditionalperspec-
tive transformationthateffectively providesmoreresolution
in the shadow mapto sampleslocatedcloseto the viewer.
This methodis simpleandfast,but it doesnot reducealias-
ing in all cases.For instance,whenthe light sourceandthe
viewer faceeachother, theperspective transformsmutually
cancelandtheresultis astandarduniformshadow map.

Senet al. [SCH03] observed that shadow-map aliasing
is only problematicnear the shadow silhouettes,i.e. dis-
continuitiesbetweenshadowed and lit regions. They pro-
posethe silhouettemap,a 2D datastructurethat provides
a piecewise-linearapproximationto the true geometricsil-
houetteseenfrom thepoint of view of thelight source.The
silhouettemap provides an excellent reconstructionof the
shadow silhouetteand eliminatesshadow-map aliasing in
many cases.Sinceonly onesilhouettepoint may be stored
per texel in the silhouettemap,however, artifactsmay ap-
pearwhenmultiple shadow boundariesmeet.Our edgere-
constructionusesshadow volumesandavoidstheseartifacts.

Unlike the shadow map, which works in image space,
Crow's shadow volumealgorithm[Cro77] works in object
spaceby drawing polygonsto representthe boundarybe-
tweenilluminatedandshadowed regionsof 3D space.The
shadow volumeitself is thevolumeboundedby thesepoly-
gons,andashadow queryinvolvescheckingif apoint in the
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imagelieswithin thevolume.Bergeron[Ber86] generalized
themethodto handleopenmodelsandnon-planarsurfaces.

Heidmann[Hei91] showed how to accelerateshadow-
volume calculationsusing a hardware stencil buffer. Un-
fortunately, theoriginal algorithmfor stencil-basedshadow
volumessufferedfrom numerousrobustnessissues,someof
which wereaddressedby Diefenbach[Die96] andCarmack
[Car00]. Recently, Everitt andKilgard [EK02] describeda
robustimplementationusingmoderngraphicshardware.

Unfortunately, the shadow volume algorithm does not
scale well to sceneswith high shadow complexity. The
methodinvolvesdrawing extrageometry, but themainprob-
lem is the large �llr ate required.There are two reasons
for this. First, shadow-volumepolygonsoccupy substantial
screenarea,as shown in Figure 3, especiallyin heavily-
shadowedscenesor whentheobserver is in shadow. Second,
theshadow polygonsoverlapin screenspace,andevery ras-
terizedpixel of every shadow polygon potentially updates
thestencilbuffer. Thisdegreeof overlap,combinedwith the
largescreencoverageof shadow polygons,grows rapidlyas
shadow complexity increases,leadingto anexplosionin �ll-
rateconsumption.

Lengyel [Len02], Everitt and Kilgard [EK03], and
McGuireetal. [MHE� 03] describeanumberof culling tech-
niquesfor optimizingstencilshadow volumesto reduce�ll-
rate. One methodestimatesthe shadow extent on a per-
blockerbasisandusesscissoringto discardshadow-polygon
pixels that lie outsidethecomputedscissorrectangle.A re-
latedmethodalsoconsidersthedepthrangeof theshadows
castby individualblockersanddiscardspixelsfrom shadow-
volumepolygonsthatlie outsideof this range.Thekey idea
hereis to discardpixels early in the pipeline without per-
forming stencil updates,therebyacceleratingrasterization
andsaving valuablememorybandwidth.

Theabovetechniquesareuseful,but they arelesseffective
for heavily-shadowedscenes.This is becausepixels that lie
in shadow arepreciselythosethatlie within thedepthranges
andscissorrectanglescomputedin theaboveoptimizations;
thus such pixels do not bene�t from theseoptimizations.
Scenesin which shadow polygonshave large depthranges
arealsoproblematic.In contrast,our methodperformsras-
terizationand stencil updatesonly for pixels that lie near
shadow silhouettes.Thuseven for sceneswith many shad-
ows, the �llrate consumedby shadow-volumepolygonsre-
mainssmall.Notethatour methodis complementaryto the
aforementionedoptimizations.

Researchershave recentlyproposedseveralnew methods
for tacklingthe�llrate problemof shadow volumes.Aila and
Akenine-M̈oller [AAMar] describea two-level hierarchical
shadow volumealgorithm.Their approachis similar to ours
in that they identify shadow-boundarypixels and rasterize
shadow volumesaccuratelyonly at thosepixels. Thereare
two importantdifferences,however. First, their methodde-
tectstilesof boundarypixelsin objectspaceby checkingfor
triangleintersectionsagainst the tiles' 3D boundingboxes,
whereasourmethodidenti�es theboundariesin imagespace

using a shadow map.Second,an ef�cient implementation
of their methodrequiresnumerouschangesto hardware,in-
cluding a modi�ed rasterizer, logic for managingtile up-
dates,andtheadditionof a delaystream[AMN03]. In con-
trast,our methodrelieson existing culling hardwareto re-
duceshadow-volume�llrate.

Lloyd et al. [LWGMar] take a differentapproachto re-
ducingshadow-volumerasterizationcosts.Oneof theirtech-
niquesis to useimage-spaceocclusionqueriesto identify
blockers that lie entirely in shadow; shadow-volumepoly-
gonsfor suchblockersareredundantandmaybeculled.A
similar methodis usedto cull blockers that castshadows
only on receiverslying outsidetheobserver's view frustum.

Furthermore,Lloyd et al. limit the screen-spaceex-
tent of shadow-volume polygonsin two ways. In the �rst
method,they computeoverlapsof theblockers' axis-aligned
boundingboxes to estimatethe depth intervals from the
light source that contain shadow receivers; they clamp
shadow polygonsto non-emptydepthintervals. In the sec-
ondmethod,they partitiontheobserver's view frustuminto
discreteslicesanduseocclusionqueriesto determinewhich
slices contain receivers; as in the �rst approach,shadow
polygonsareclampedto non-emptyslices.The secondap-
proachprovidesgreaterculling but incursadditionalover-
head.The key differencebetweenall of the above culling
strategiesandour methodis thatLloyd et al. reduce�llrate
by reducingthenumberandsizeof theshadow-volumepoly-
gons,whereaswe draw theentirepolygonsandrely on the
hardwareto performculling of non-silhouettepixels.These
approachesarefully complementary.

McCool [McC00] wasthe �rst to proposea hybrid algo-
rithm thatcombinesshadow mapsandshadow volumes.His
method�rst rendersadepthmapandrunsanedge-detection
algorithm to �nd the blockers' silhouetteedges.Next, the
methodreconstructsshadow volumesfrom theseedgesand
usesthemto computeshadowsin the�nal image.A strength
of McCool's approachis that shadow-volumepolygonsare
generatedonly for silhouetteedgesthat are visible to the
light source.Unfortunately, anexpensive depth-buffer read-
backis required,shadow polygonsarefully rasterized,and
artifactscanoccurdueto aliasingin theshadow-volumere-
construction.

Govindarajuet al. [GLY � 03] proposea differenthybrid
shadow algorithm. First, they use level-of-detail and PVS
culling techniquesto reducethenumberof potentialblock-
ers and receivers; thesetechniquesare implementedusing
hardwareocclusionqueries.Next, they computeshadowsus-
ing a mix of object-spaceclipping andshadow maps.Exact
clipping of receiver polygonsagainstthe blockers' shadow
frusta is performedfor receivers that would otherwiseex-
hibit shadow-map aliasing artifacts. To identify thesere-
ceivers,they useaformuladerivedby StammingerandDret-
takis [SD02] that relatesthe sizeof a pixel in shadow-map
spaceto its size when projectedinto the observer's image
space.Shadow mapsare usedfor the remainingreceiver
polygons.This hybrid approachimproves the accuracy of
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shadow silhouetteswithout requiringan excessive number
of clippingoperations.

The approachof Govindaraju et al. is similar to ours
in that both methodslimit the amountof computationre-
quiredto renderaccurateshadow silhouettes.Thetwo meth-
ods perform culling at different stages,however. Whereas
their methodminimizesthenumberof objectsthatarepro-
cessedby their clipping algorithm,our methodminimizes
thenumberof pixelsin theimagethataretreatedby shadow
volumes.Thetwo methodscouldbecombinedby replacing
their software-basedpolygon clipping with our optimized,
hardware-acceleratedshadow volumerasterization.

3. Algorithm

We assumethat blockers are polygonal, well-behaved,
closed,andmanifold; thesepropertiesensurea robust im-
plementationof shadow volumes[EK02].

An overview of our approachis shown in Figure 1. We
�rst createan ordinaryshadow map,which servesto iden-
tify shadow silhouettepixelsandcomputeshadows for non-
silhouettepixels.Then,we useshadow volumesto compute
accurateshadows only at silhouettepixels.The underlying
assumptionsarethatthesilhouettepixelsaccountfor asmall
fractionof the total numberof shadow-polygonpixels,and
that the hardwaresupportsa mechanismfor ef�ciently dis-
cardingpixelsthatdonot lie on thesilhouette.

Wenow explain theseconceptsin moredetail;implemen-
tationandhardwareissuesarediscussedin thenext section.
Thealgorithm'sstepsare:

1. Create a shadow map. We placethe cameraat the
light sourceandrenderthenearestdepthvaluesto a buffer,
as shown in Figure 1a. Since we only need the shadow
map to approximatethe shadow silhouette,we can usea
low-resolutionshadow mapto conservetexturememoryand
speedup shadow-maprendering.The tradeoff is that low-
resolutionshadow mapscanmisssmallfeaturesandusually
increasethenumberof pixelsclassi�edassilhouettepixels.
Wewill discussthis issuefurtherin Section5.1.

2. Identify shadow silhouettepixels in the �nal image.
Werenderthescenefrom theobserver'sviewpointandusea
techniquesuggestedby Senetal. [SCH03] to �nd silhouette
pixels. We transformeachsampleto light spaceandcom-
pareits depthagainst the four nearestdepthsamplesfrom
theshadow map.If thecomparisonresultsdisagree,thenwe
classifythesampleasa silhouettepixel (shown in greenin
Figure1b). Otherwise,the sampleis a non-silhouettepixel
andis shadedaccordingto thedepthcomparisonresult.

Reducingthenumberof silhouettepixels is desirablebe-
causeit limits theamountof stencil�llrate consumedwhen
drawing shadow volumes.For example,pixelsthatareback-
facingwith respectto thelight arealwaysin shadow, sowe
never tag themassilhouettepixels.Additional methodsfor
reducingthe numberof silhouettepixels are discussedin
Section6.3.

During this step,we also perform standardz-buffering,

// Find discontinuities: shadow silhouette pixels.
void main (out half4 color    : COLOR,
           half diffuse       : COL0,
           float4 uvProj      : TEXCOORD0,
           uniform sampler2D shadowMap)
{
    // Use hardware©s 2x2 filter: 0 <= v <= 1.
    fixed v = tex2Dproj(shadowMap, uvProj).x;

    // Requirements for sil pixel: front-facing and
    // depth comparison results disagree.
    color = (v > 0 && v < 1 && diffuse > 0) ? 1 : 0;
}

Figure4: Cgpixel shaderfor �nding shadowsilhouettes.

a. b.

Figure 5: Comparison:a cylinder's shadowis renderedus-
ing (a) a 512� 512 shadowmap and (b) our hybrid al-
gorithm with a 256� 256 shadow map. Using a lower-
resolutionshadowmap in our caseis acceptablebecause
shadow volumes are responsiblefor reconstructingthe
shadowsilhouette.

which leaves the nearestdepth valuesseenfrom the ob-
server's viewpoint in the depth buffer. This preparesthe
depthbuffer for drawing shadow volumesin thenext step.

3.Draw shadow volumes.Thestencilshadow volumeal-
gorithmworksby incrementingor decrementingthestencil
buffer basedon whetherpixelsof shadow-volumepolygons
passor fail the depthtest. We follow the z-fail setupde-
scribedby Everitt andKilgard[EK02] becauseof its robust-
ness.Thekey differencein ourapproachis thatwe rasterize
shadow-polygonpixelsandupdatethestencilbuffer only at
framebuffer addressescontainingsilhouettepixels.

At theendof thisstep,thestencilbuffer containsnon-zero
for pixels that lie in shadow; it containszerofor pixels that
eitherarenot shadowedor arenot silhouettepixels.For ex-
ample,theblackshadow edgesin Figure1c show theregions
wherethestencil-buffer containsnon-zero.

4. Computeshadows.Wedraw andshadethesceneonly
at pixelswith stencilvaluesequalto zero,therebyavoiding
theshadowedregionsof theimage.

4. Implementation Issues

Ourshadow algorithmperformsrasterizationandstencilup-
datesof theshadow-volumepolygonsonly at thesilhouette
pixels.To �nd thesesilhouettepixels,wecomparethedepth
of eachimagesamplewith the four nearestdepthsamples
in the shadow mapandcheckif the resultsagree.We use
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a. b. c. d.

Figure 6: Visualizationof mixingshadowmapsandshadowvolumes.We seetheshadowof a ball castontothegroundplane.
(a) Aliasingis evidentwhentheball's shadowis renderedusinga 256� 256shadowmap.Therestof theimagesillustratehow
our methodminimizesaliasing. In (b) and(c), non-silhouettepixelsare shadedredandblue; for thesepixels,theshadowmap
determineswhich onesare in shadow(red)andwhich onesare lit (blue).Silhouettepixelsareshadedblack andgreen;shadow
volumesdeterminewhich onesare in shadow(black) andwhich onesare lit (green).Shadow-mapresolutionsof 256� 256and
512� 512wereusedfor (b) and(c), respectively. The�nal shadowis shownin (d).

hardware-assistedpercentagecloser�ltering [RSC87] to ac-
celeratethis step.If the shadow queryreturnsexactly 0 or
1, thedepthcomparisonresultsagreeandthepixel is not a
silhouettepixel; otherwisetheresultsdisagreeandthepixel
lies on a silhouette.This optimizationallows us to issuea
single texture-fetchinstructionin a pixel shader, shown in
Figure4. We tagsilhouettepixels by writing 1 to thecolor
buffer.

Rasterizationandstencilupdatesof shadow-volumepoly-
gonsarelimited to silhouettepixels.Weaccomplishthistask
using a computationmask, a device that lets us pick spe-
ci�c framebuffer addressesto maskoff sothatthehardware
canavoid processingpixelsat thoselocations.Computation
masksareusefulfor acceleratingmultipassrenderingalgo-
rithms. For instance,Purcellet al. [PDC� 03, Pur04] found
that a computationmaskwith coarsegranularityimproved
the performanceof their hardware-basedphoton-mapping
algorithmby factorsof two to ten.

Current graphics hardware does not directly ex-
pose computation masks, but it turns out that the
EXT depth bounds test OpenGLextension[Ope02] can
be treatedasone;seethe appendixfor a brief explanation
of this extension.The ideais to usea pixel shaderto mask
off pixels by setting their depthvaluesto a constantout-
side the depthbounds.Thenwe enabledepth-boundstest-
ing sothat in subsequentrenderingpasses,rasterizedpixels
at thesemasked-off framebuffer addressescanbediscarded
early in the pipeline.Similar culling mechanismsarecom-
monlyusedfor earlyz occlusionculling [Mor00].

In our implementation,we set up a computationmask
asfollows. We draw a screen-alignedquadandusea pixel
shaderto set the depthvaluesof all non-silhouettepixels
to z = 0; depth valuesof silhouettepixels are unmodi-
�ed. Next, weenabledepth-boundstestingandsetthedepth
boundsto [�; 1] for somesmallconstant� � 0:001. Finally,
we apply the robust z-fail variationof stencil shadow vol-
umes[EK02]. Sincethehardwarediscardsall rasterizedpix-

elswhosedepthvaluesin theframebuffer areequalto z = 0,
only silhouettepixelswill berendered.

Note thatour implementationdependson thehardware's
ability to preserve early culling behavior when using a
pixel shaderto computedepthvalues.This featureis avail-
able on the NVIDIA GeForce 6 (NV40) but not on ear-
lier NVIDIA architecturessuchastheGeForceFX (NV30).
ATI' sRadeon9700(R300)andnewerarchitecturesalsosup-
portthisfeature,but unfortunatelythosechipsdonotsupport
theEXT depth bounds test extension.

5. Results

All of theimagespresentedin thissectionandin theaccom-
panying videoweregeneratedata resolutionof 1024� 768
on a 2.6 GHz Pentium4 systemwith a NVIDIA GeForce
6800(NV40) graphicscard.

Examples. Figure5 shows a cylinder castinga shadow
onto the ground plane. We used an ordinary 512� 512
shadow map and 2� 2 bilinear percentagecloser �ltering
[RSC87] for the imagein Figure 5a. We usedour hybrid
methodwith a256� 256shadow mapfor theimagein Figure
5b. Thelower-resolutionshadow mapis acceptablebecause
theshadow-volumeportionof ouralgorithmreconstructsthe
shadow edgesaccurately.

Figure6 shows a closeupof theball's shadow from Fig-
ure3a andillustrateshow our methodoperatesnearshadow
silhouettes.Figure6a shows thealiasingartifactsthatresult
from usinganordinary256� 256shadow map.In themiddle
two images,non-silhouettepixelsareshown in redandblue;
redpixelsarefully shadowed,anddarkgraypixelsarefully
lit. Visibility for thesepixelsis determinedusingtheshadow
map.Silhouettepixelsareshown in blackandgreen;black
pixelsarein shadow andgreenpixelsarelit. Shadow deter-
minationin this caseis performedby shadow volumes.Fig-
ures6b and6c use256� 256 and512� 512 shadow maps,
respectively. Figure6d shows the�nal shadow computedby
ourmethod.
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Tree

Cubes

View A View B View C

Dragon Cage

Figure 7: Threetestsceneswith high shadowcomplexity. Rowscontaindifferent scenes,and columnsshowdifferent views.
Each sceneis illuminatedusinga singlepoint light source.

Methodology. Weevaluatedourmethodusingthescenes
shown in Figure7. TheCubesandDragonCagescenescon-
tain 12,000triangleseach,and the Tree scenehas40,000
triangles.We chosethesescenesandviewpointsfor several
reasons.First,they havehighshadow complexity andrequire
enormous�llrate when using ordinary shadow volumes.
Second,thesesceneshave many overlappingshadow edges,
which canleadto temporalartifactswhenusingshadow sil-
houettemaps[SCH03]. Third, we have chosensomecam-
era views (seeView C) that are on the oppositeside of
the blockers as the light source;thesecasesare dif�cult
to handleusingperspective shadow maps[SD02]. Finally,
thesescenesareheavily-shadowed,andthe depthrangeof
shadow-volumepolygonsis large,makingit dif�cult to ap-
ply thescissoranddepth-boundsoptimizationsdescribedin
Section2 [Len02, EK03, MHE� 03]. In summary, real-time
shadow renderingis achallengingtaskin all of thesescenes.

5.1. ImageQuality

Figure8 comparesthe imagequality of shadow maps,our
hybrid method,andshadow volumes;weuseda1024� 1024
shadow mapfor the�rst two techniques.Theseimagesshow
that our method minimizes the edge-aliasingartifacts of
shadow maps.

A more subtleimprovementis that our methodreduces
self-shadowing artifacts.With regular shadow maps,incor-
rect self-shadowing may occurdue to limited depth-buffer
resolutionandprecision.Theseartifactsarevisible, for ex-
ample,in theDragonCagescenein Figure8 (seethelower-
left image).The problemis usuallyaddressedby addinga
small bias to the depthvalueswhenrenderingthe shadow
map [AMH02, RSC87, Wil78]. Unfortunately, the amount
of biasrequireddependson the scenecon�guration andis
hardto setautomaticallyfor dynamicscenes.

In our approach,however, incorrectly-shadowed pixels
areoftenclassi�edassilhouettepixelsandthusarerendered
correctly by the shadow-volume portion of the algorithm.
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Shadow Maps Hybrid Algorithm Shadow Volumes

Dragon Cage

Figure 8: Comparisonof image quality usingshadowmaps(left column),our hybrid algorithm(centercolumn),andshadow
volumes(right column).A shadow-mapresolutionof 1024� 1024wasusedfor theshadowmapandhybridalgorithms.

The reasonis that the depthvalueof an affectedpixel usu-
ally lies betweenthe depthvaluesof two adjacentsamples
in theshadow map.As a result,thedepthcomparisonsdis-
agreeandthepixel is taggedasasilhouettepixel.Oneimpli-
cationis thatwecanchoosetheshadow biasconservatively,
erring on the sideof applyingtoo little biasandrelying on
theshadow volumesto avoid self-shadowing artifacts.If we
apply too little bias,however, thenmostof thepixels in the
imagewill beclassi�edassilhouettepixels.

Although shadows computedusingour approachareof-
tensimilar to thosecomputedusingshadow volumes,small
differencesmayoccurdueto samplingerrorsin theshadow
map.To understandthesedifferencesbetter, westudiedsev-
eralimagesproducedusingthehybrid algorithmatdifferent
shadow-mapresolutions.Figure9 shows anexampleof one
suchsetof images;we chosetheTreesceneasour example
becauseits thin branchesaredif�cult to representaccurately
in a discretebuffer. The indicatedregionsin red andgreen
show missingor incorrectshadowsdueto undersampling.

More generally, a limitation of usinglower shadow-map
resolutionsis thatsmallblockersmaybepoorly represented
in the shadow map.This form of aliasingmanifestsitself
in vanishingandpoppingshadows. Existing shadow algo-
rithms that rely on discretebuffers for visibility queries,
suchas the work of McCool [McC00], Govindarajuet al.
[GLY � 03], andSenet al. [SCH03], alsoexhibit similar ar-
tifacts.The dif�culty is that arbitrarily small objectsmay
castarbitrarily largeshadows, dependingon thescenecon-
�guration, andlow-resolutionshadow mapsaremorelikely
to miss such objects. This problem could be addressed
by combiningour methodwith a perspective shadow map
[Koz04, SD02], which optimizesthe depthbuffer's sample
distribution to maximizeresolutionneartheviewer.

5.2. Performance
Fillrate consumptionis signi�cant for the shadow volume
algorithmin all of our testscenes.Figure10a shows anex-
amplein which shadow-volume polygonscover the entire
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Hybrid: 256 x 256 Hybrid: 512 x 512 Hybrid: 1024 x 1024 Shadow Volumes

not applicable

Figure 9: Artifacts.Theseimagesare cropsfromtheTreescene, View B. Theimagesin theleft threecolumnswere generated
usingour hybrid algorithmwith varyingshadow-mapresolutions.In thetop row, theregionsindicatedin redandgreenshow
missingor incorrectshadowsdueto undersamplingin theshadowmap.Thecorrespondingimagesin thebottomrowvisualize
thereconstructionerrorsusingthesamecolor schemeasin Figures6b and6c. Thereferenceimagein thefar-right columnwas
obtainedusingshadowvolumes.

imageandhave anoverdraw factorof 79, meaningthatev-
ery pixel is processed79 timeson average.We reducethis
huge�llrate consumptionby limiting shadow-polygonras-
terizationto silhouettepixels, shadedgreenin Figure 10b;
silhouettepixels in this scenecover just 5% of the image.
Performingrasterizationand stencil updatesonly at these
pixelsleadsto thestencilbuffer shown in Figure10c.

Figure 11 comparesthe numberof pixels rasterizedby
shadow volumes and our hybrid method. It also shows
the percentageof pixels classi�ed assilhouettepixels asa
function of shadow-mapresolution.Even with a 256� 256
shadow map,thefractionof silhouettepixelsismuchsmaller
thanthefractionof all shadow-volumepixels.

Figure12 comparestheperformanceof theshadow map,
shadow volume,andhybrid algorithms.Performanceis mea-
suredusing the time requiredfor eachalgorithmto render
oneframe;all timesarereportedin milliseconds.The plot
givesa performancebreakdown for eachpartof eachalgo-
rithm. Not surprisingly, the costof the hybrid andshadow
volume algorithms is dominatedby the rasterizationand
stencilupdatesof theshadow-volumepolygons.Ourmethod
is signi�cantly faster, however: we observed speedupsof
30% to over 100%,measuredin framesper second.Keep
in mind that theseperformancenumbersarehighly scene-
dependentandview-dependent;hardwareculling implemen-
tations(seeSection6.2) alsoplayalargerole in determining
the actualspeedup.We provide performancenumberssim-
ply to demonstratethatsubstantialaccelerationis attainable
acrossanumberof differentscenesandviewpoints.

6. Discussion

6.1. Algorithm Tradeoffs
Thekey performancetradeoff in ourwork is thereductionof
�llrate at thecostof anextra renderingpass.We emphasize
thatour methodis designedto handledynamicsceneswith
high shadow complexity, which would ordinarily give rise
to many overlappingshadow volumesandquickly saturate
thehardware's �llrate. Thusour methodis mostrelevant to
�llrate-limited applications,suchasmany of thecurrentreal-
time gameengines.Ordinaryshadow volumeswill clearly
run fasterfor scenesof suf�ciently low shadow complexity.

Since our method combines both shadow maps and
shadow volumes,it inherits someof the limitations from
both. In contrastto the shadow mapalgorithm,which han-
dlesany geometrythatcanberepresentedin a depthbuffer,
our methodrequireswatertight polygonal models for ro-
bust shadow volume rendering.In contrastto the shadow
volume algorithm, our methodis restrictedto directional
light sourcesbecausewe useshadow mapsto �nd silhou-
ettepixels;omnidirectionallights requireadditionalrender-
ing passes.Finally, ourmethodrequiresonemorerendering
passthan ordinaryshadow volumesbecausewe must �rst
createtheshadow map.Fortunately, this extra passis inex-
pensive becauseit canbedoneat lower resolutionsandre-
quiresnoshading.

6.2. Computation Masks
We describedat length in Section4 how to treat the depth
boundstestasacomputationmask,but this trick is only nec-
essarybecausecurrenthardwarelacksadedicatedcomputa-
tion mask.We believe thataddinga truecomputationmask
to graphicshardwareis worthwhilefor severalreasons.First,
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a. c.b.

Figure 10: Fillr ateconsumptionandoverdraw in theDragonCage scene. Theshadowvolumepolygons,shadedyellowin (a),
cover theentire imageandhaveanoverdrawfactorof 79; brighteryellowcorrespondsto higheroverdraw. Our hybridmethod
restrictsdrawingshadowpolygonsto thesilhouettepixels,shadedgreenin (b); thesepixelscover just 5% of the image. The
image on the right (c) illustratesthe resultingstencilbuffer: black pixelson the �oor andwalls are in shadowandrepresent
non-zero stencilvalues.

aswe pointedout earlier, computationmasksarecloselyre-
latedto early z occlusionculling, andthusmostof the re-
quired technologyis alreadypresentin currenthardware.
In particular, computationmaskscantake advantageof the
early tile-basedrejectionmechanismsalreadyusedfor oc-
clusionculling anddepthboundstesting.Furthermore,the
representationfor a computationmaskis muchmorecom-
pact:only asinglebit perpixel is needed,ascomparedto 16
or 24bitsperpixel for anuncompresseddepthbuffer.

Early pixel rejection(due to either computationmasks,
occlusionculling, or depthboundstesting)is unlikely to oc-
cur with single-pixel granularity. It is morelikely that such
culling takesplaceon a per-tile basis,suchasa 16-pixel or
8-pixel tile. Fortunately, the imagesin Figures1b and10b
suggestthatnon-silhouettepixels tendto occupy largecon-
tiguousregionsof screenspaceandcanbene�t from conser-
vative tile-basedculling.

6.3. Additional Optimizations
Oneway to reducefurther the numberof classi�ed silhou-
ette pixels is to consideronly the pixels that undersample
the shadow map.StammingerandDrettakis[SD02] derive
a simpleformulafor estimatingtheratio r of imageresolu-
tion to shadow-mapresolution;silhouettepixelswith r < 1
canbeomittedbecausethey won't exhibit aliasingartifacts.
This culling strategy couldbeaddedto theshaderin Figure
4 at thecostof additionalper-pixel �oating-point arithmetic.
In our testcases,however, we found that this techniquere-
ducedthenumberof classi�edsilhouettepixelsby only 5%,
notenoughto justify thecomputationaloverhead.

We have also considered(but not implemented)an op-
timization inspiredby the work of Lloyd et al. [LWGMar]
andthehybrid algorithmsof McCool [McC00] andGovin-
darajuet al. [GLY � 03]. As mentionedearlier, anadvantage
of McCool'swork is thatshadow volumesarenotneededfor
blockersthatareentirely in shadow, becausetheseblockers
areabsentfrom theshadow map.Similarly, Lloyd et al. and
Govindarajuet al. useimage-spaceocclusionqueriesto re-

ducethe numberof blockers and receivers consideredfor
shadow computation.

Theseocclusionqueriescould be combinedwith our al-
gorithmin thefollowing way. After renderingashadow map
in the �rst stepof thealgorithm,rendera boundingvolume
for eachblocker from the light's viewpoint andusean oc-
clusionqueryto checkif any of theboundingvolume's pix-
els passthe depthtest. If no pixels pass,thendrawing the
shadow volumesfor thatblocker maybeskipped.Notethat
this culling strategy mustbeappliedon a per-blocker basis
(asopposedto aper-silhouette-edgebasis)to ensurethecon-
sistency of thestencil-basedshadow volumealgorithm.

This optimizationis useful in situationswherecomplex
blockersareoftenshadowed;a commonscenariois a com-
putergamein which monstershidein theshadows. In these
cases,it maybepossibleto avoid drawing theshadow poly-
gonsentirelyfor a largemodel.Thecostof theoptimization
includestheocclusionquery, which addslatency to theren-
deringpipeline,andthedrawing of boundingboxes,which
consumesadditional�llrate. On theotherhand,mostof the
latency can be hidden by issuing many queriesbut only
checkingtheresultof the �rst queryafterseveralbounding
volumeshave beendrawn. Drawing a boundingbox is also
fastbecausethereareno writesto theframebuffer, no shad-
ing is needed,andhardware-acceleratedocclusionculling is
applicable.

7. Conclusions

Wehavepresentedahybrid shadow renderingapproachthat
combinesthe strengthsof shadow mapsand shadow vol-
umes.Thekey ideais to useshadow mapsto identify which
regionsof the imagewill exhibit edgealiasing,thenapply
shadow volumesonly in thoseregionsto obtainbetteraccu-
racy.

We have shown that our algorithmbene�ts from usinga
computationmaskthatdiscardspixelsearly in thepipeline.
Moregenerally, acomputationmaskallowstheprogrammer
to identify a small setof pixels in thescenethatare“inter-
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Figure 11: Shadowvolumeoverdraw andsilhouettepixel coverage. Theblack bars showthepercentage of pixelsin theimage
covered by shadowvolumes,and the numbernext to each bar is the overdraw factor (the ratio of shadow-polygonpixelsto
the total image size).Thewhite, red,and blue bars showthe percentage of pixelsin the image that are classi�ed as shadow
silhouettepixelsbyour hybridalgorithm;colorscorrespondto differentshadow-mapresolutions.

Shadow map lookup
Render at stencil = 0 
Render at stencil = 0 + shadow map lookup
Draw shadow volumes
Find silhouette pixels + create computation mask
Create shadow map
Initialize z-buffer

T
im

e 
(m

s)

SM

H

SV

SM

H

SV

SM

H

SV

Cubes
View A View B View C View A View B View C View A View B View C

Tree Dragon Cage

0

20

40

60

80

Figure 12: Performancecomparison.Thevertical bars measure theper-frametime in milliseconds(ms)for theshadowmap
algorithm(SM),our hybridalgorithm(H), andtheshadowvolumealgorithm(SV).Coloredsectionsof a bar indicatehowmuch
timeis spentin each part of thealgorithm.

esting”;all otherpixelsaremaskedoff. Expensive per-pixel
algorithmscanthenoperateon this subsetof pixelswithout
incurring thecostover theentireframebuffer. This strategy
of decomposingaprobleminto two parts— alargepartthat
relieson a fastbut inexact technique,anda small part that
usesa slower but accuratetechnique— is applicableto a
numberof multipassrenderingalgorithms.

We believe that the bene�ts of hardware computation
maskswill becomemore signi�cant as pixel shadersin-
creasein complexity. Current hardware alreadyperforms
aggressive occlusionculling to avoid unnecessaryshading.
Computationmasksrepresenta logicalstepin thisdirection.
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Appendix
The EXT depth bounds test OpenGLextension[Ope02]
statesthat a rasterizedfragmentis discardedif the current
depthvaluestoredin the framebuffer at that fragment's ad-
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dresslies outsideuser-speci�ed depthbounds.The key is
thatanarchitecture's implementationmaydiscardfragments
earlyin thepipelinewithoutperformingbuffer updates,such
asstencilwrites.Thusmoderngraphicsarchitectures,which
often rasterizeandshadetiles of fragmentsin parallel,can
aggressively discardan entiretile during rasterizationif all
the fragmentsin the tile lie outsideof the depthbounds.
Similar mechanismsarealreadyusedfor early z occlusion
culling [Mor00].
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