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Abstract

We presenta hybrid algorithm for renderinghard shadowsaccurately and ef ciently. Our methodcombineshe

strengthsof shadowmapsand shadowvolumesWe r stusea shadowmapto identifythe pixelsin theimage that

lie nearshadowdiscontinuitiesThen,we performthe shadow-volumeomputatioronly at thesepixelsto ensue

accuate shadowedges. This approadc simultaneouslhavoidsthe edge aliasing artifacts of standad shadow
mapsand avoidsthe high lIr ate consumptiorof standad shadowolumesThealgorithmrelieson a hardware

medanismfor rapidly rejectingnon-silhouettgixelsduring rasterization Sincecurrentgraphicshardware does
notdirectly providethis medhanismwe simulateit usingavailablefeatuesrelatedto occlusionculling and show
that dedicatechardware supportrequiresminimal changesto existingtechnology.

CatagoriesandSubjectDescriptorgaccordingo ACM CCS} 1.3.1[ComputerGraphics]:Graphicgprocessord,3.7
[ComputerGraphics]:Color, shadingshadeving, andtexture

Keywords: shadev algorithms graphicshardware

1. Intr oduction

Shadev mapsandshadav volumesaretwo popularmeans
for thereal-timerenderingof shadevs. Shadev mapsareef-
cient and e xible, but they areproneto aliasing.Shadov
volumesare accurate but they have large llrate require-
mentsandthusdo notscalewell to complex scenesAchiev-
ing bothaccurag andscalabilityis challengingor real-time
shadav algorithms.

Senet al. [SCHO0J obsenred that shadav-map aliasing
is only noticeableat the discontinuitiesbetweenshadaved
andlit regions,i.e. at the shadav silhouettesOn the other
hand,shadev volumescomputeshadevs accuratelyatevery
pixel, butthisaccurayg is needednly atthesilhouettesThis
obsenation suggestsa hybrid algorithmthat usesa slower
but accuratealgorithmneartheshadev discontinuitiesanda
fasterlessexactalgorithmeverywhereelse.

In this paper we describea hybrid shadev renderingal-
gorithm (seeFigure 1). We rst usea shadav mapto nd
quickly pixelsin theimagethatlie nearshadev silhouettes,
thenapplytheshadev volumealgorithmonly atthesepixels;
theshadav mapdetermineshadavs for theremainingnon-
silhouettepixels. This approachgreatlyreduceshe lirate
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neededfor draving shadev volumes,becausehe number
of silhouettepixelsis often a small fraction of the shadav
polygons'total screerarea(seeFigure2). We shav thatour
methodproducesaccuratehard shadavs and has substan-
tially lower llrate requirementghan the original shadev
volumealgorithm.

To avoid processingion-silhouetteixels during shadev
volume rasterizationwe proposean extensionto graphics
hardware called a computationmask Computationmasks
are useful in generalfor acceleratingmultipassrendering
algorithms.Although they are not directly exposedin cur
renthardware,we shav how to simulatethemef ciently us-
ing available featuresrelatedto early z occlusionculling.
Sincecomputatiormasksexploit existing culling hardware,
addingnative hardwaresupportrequiresminimal changeso
moderngraphicschips.

2. RelatedWork

Researcherhave developedmary shadev algorithmsover
theyears,several of thembasedon the classicshadev map
andshadav volume methods Recentwork hasfocusedon
extendingthesemethodsto handlesoft shadevs, which we
do not discussin this paper Many efforts have also been
madeto addresghe shadev-map aliasingandthe shadav-
volume lIrate issues.We focus our discussionbelov on
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Figure 1: Overviav. We r st usea shadowmap (a) to identify pixelsin the image that lie closeto shadowsilhouettesThese
pixels,seenfromthe observers view, are shadedgreenin (b). Next, we rendershadowolumesonly at thesepixelsto obtain
accuiate shadowedges(c). We usethe shadowmapto computeshadowsverywhee else andthe nal resultappeasin (d).

a. b.

a. b.

Figure 2: (a) Thecylinder's shadowexhibitsaliasingdueto

shadow-mapndesampling However, aliasing is only ap-

parentat the shadowedges. (b) Pixelsthat lie near shadow
edges(shownin red)accountfor only a smallfractionof the
total image size

this recentbody of work andreferthereaderto Woo etal's
paper[WPF9( for a broadersurney of shadav algorithms.
Akenine-Mbller andHainess book[AMHO02] alsoprovides
agooddiscussiorof real-timeshadev algorithms.

Shadev maps were introduced by Williams in 1978
[Wil78]. The algorithmworks in imagespaceiit rst ren-
dersadepthmapof thescendrom thelight's viewpoint; the
depthmapis thenusedto determinenvhich samplesn the -
nalimagearevisible to thelight. Shadev mapsareef cient
andaresupportedn graphicshardware,but they areprone
to samplingartifactssuchasaliasing.

Researchersave developedmary techniquesor address-
ing shadev-map aliasing. Approachesbasedon Itering
and stochasticsampling[LV00, RSC87 producenice an-
tialiasedshadevs. Unfortunately effective ltering requires
a large numberof samplesper pixel, which is expensve
for real-time applications.Furthermore,using a large |-
ter width leadsto self-shadwing artifactsthat are scene-
dependenandhardto avoid.

Othermethodseducealiasingby increasinghe effective
shadev-map resolution.Adaptive shadev maps[FFBGO0]
detectandredrav undersampledegionsof the shadev map
at higherresolutionsUnfortunately the requireddatastruc-
tures and host-baseccalculationsprecludereal-time per
formancefor dynamic scenes.Perspectie shadev maps

Figure 3: A simplescenewith a few objects(a) canleadto

high lIr ate consumptiorwhenusing shadowvolumes(b)

Theshadowpolygons(shownin yellow) occupysubstantial
screenareaand overlap in screenspace Lighter shadesof

yellowcorrespondo regionswith higheroverdraw

[SD0Z aresimpler:they just requirean additionalperspec-
tive transformatiorthateffectively providesmoreresolution
in the shadev mapto sampledocatedcloseto the viewer.
This methodis simpleandfast,but it doesnot reducealias-
ing in all casesFor instancewhenthe light sourceandthe
viewer faceeachother the perspectie transformsmutually
cancelandtheresultis a standarduniform shadev map.
Senet al. [SCHO3 obsered that shadev-map aliasing
is only problematicnear the shadwv silhouettes,i.e. dis-
continuitiesbetweenshadaved and lit regions. They pro-
posethe silhouettemap, a 2D datastructurethat provides
a piecavise-linearapproximationto the true geometricsil-
houetteseenfrom the point of view of thelight sourceThe
silhouettemap provides an excellentreconstructiorof the
shadav silhouetteand eliminatesshadav-map aliasingin
mary casesSinceonly onesilhouettepoint may be stored
per texel in the silhouettemap, however, artifactsmay ap-
pearwhenmultiple shadev boundariesneet.Our edgere-
constructioruseshadav volumesandavoidstheseartifacts.
Unlike the shadev map, which works in image space,
Crow's shadev volume algorithm[Cro77 works in object
spaceby drawing polygonsto representhe boundarybe-
tweenilluminated and shadeved regions of 3D space.The
shadev volumeitself is the volumeboundedby thesepoly-
gons,andashadaev queryinvolvescheckingif apointin the
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imagelies within thevolume.Bergeron[Ber8q generalized
themethodto handleopenmodelsandnon-planaisurfaces.

Heidmann[Hei91] shaved how to accelerateshadav-
volume calculationsusing a hardware stencil buffer. Un-
fortunately the original algorithmfor stencil-baseghadov
volumessufferedfrom numerousobustnessssuessomeof
which wereaddressedly Diefenbach Die9§ andCarmack
[Car0q. Recently Everitt andKilgard [EKO2] describeda
robustimplementatiorusingmoderngraphicshardware.

Unfortunately the shadav volume algorithm does not
scale well to sceneswith high shadev compleity. The
methodinvolvesdrawing extrageometrybut the mainprob-
lem is the large lIr ate required. There are two reasons
for this. First, shadev-volume polygonsoccupy substantial
screenarea,as shavn in Figure 3, especiallyin heavily-
shadwvedscene®rwhentheobsereris in shadav. Second,
theshadaev polygonsoverlapin screerspaceandeveryras-
terizedpixel of every shadev polygon potentially updates
thestencilbuffer. This degreeof overlap,combinedwith the
large screercoverageof shadav polygons grows rapidly as
shadav compleity increasedgadingto anexplosionin I
rateconsumption.

Lengyel [Len03], Everitt and Kilgard [EKO03], and
McGuireetal.[MHE 03] describeanumberof culling tech-
niguesfor optimizingstencilshadev volumesto reduce -
rate. One method estimatesthe shadav extent on a per
blocker basisandusesscissoringo discardshadev-polygon
pixelsthatlie outsidethe computedscissorectangleA re-
latedmethodalsoconsiderghe depthrangeof the shadevs
casthy individualblockersanddiscardgixelsfrom shadev-
volumepolygonsthatlie outsideof thisrange Thekey idea
hereis to discardpixels early in the pipeline without per
forming stencil updates therebyacceleratingrasterization
andsaving valuablememorybandwidth.

Theaboretechniquesireuseful butthey arelesseffective
for heavily-shadaved scenesThis is becauseixelsthatlie
in shadav arepreciselythosethatlie within thedepthranges
andscissomrectanglesomputedn theabove optimizations;
thus such pixels do not bene t from theseoptimizations.
Scenesn which shadev polygonshave large depthranges
arealsoproblematic.In contrast,our methodperformsras-
terization and stencil updatesonly for pixels that lie near
shadev silhouettesThuseven for sceneswith mary shad-
ows, the llrate consumedy shadev-volume polygonsre-
mainssmall. Note that our methodis complementaryo the
aforementionedptimizations.

Researchersave recentlyproposedseveralnev methods
for tacklingthe llrate problemof shadav volumesAila and
Akenine-Mbller [AAMar] describea two-level hierarchical
shadev volumealgorithm.Their approachs similar to ours
in that they identify shadev-boundarypixels and rasterize
shadev volumesaccuratelyonly at thosepixels. Thereare
two importantdifferenceshowever. First, their methodde-
tectstiles of boundarypixelsin objectspaceby checkingfor
triangleintersectionsagainstthetiles' 3D boundingboxes,
wherea®urmethoddenti es theboundariesn image space
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using a shadav map. Second,an ef cient implementation
of their methodrequiresnumeroushangego hardware,in-

cluding a modi ed rasterizer logic for managingtile up-

dates andthe additionof a delaystream[AMNO3]. In con-
trast, our methodrelies on existing culling hardwareto re-

duceshadav-volume lirate.

Lloyd et al. [LWGMar] take a differentapproachto re-
ducingshadaev-volumerasterizatiorcosts Oneof theirtech-
niguesis to useimage-spacecclusionqueriesto identify
blockersthat lie entirely in shadav; shadev-volume poly-
gonsfor suchblockersareredundangindmay be culled. A
similar methodis usedto cull blockers that castshadavs
only onreceverslying outsidethe obserer's view frustum.

Furthermore,Lloyd et al. limit the screen-spacex-
tent of shadav-volume polygonsin two ways. In the rst
method they computeoverlapsof theblockers' axis-aligned
bounding boxes to estimatethe depthintenals from the
light sourcethat contain shadev recevers; they clamp
shadav polygonsto non-emptydepthintenals. In the sec-
ond method they partitionthe obserer's view frustuminto
discreteslicesanduseocclusionqueriesto determinewhich
slices contain recevers; as in the rst approach,shadov
polygonsare clampedto non-emptyslices.The secondap-
proachprovides greaterculling but incurs additionalover-
head.The key differencebetweenall of the abore culling
stratgiesandour methodis thatLloyd et al. reduce llrate
by reducinghenumberandsizeof theshadav-volumepoly-
gons,whereasve drav the entire polygonsandrely on the
hardwareto performculling of non-silhouettepixels. These
approachearefully complementary

McCool [McCO0Q wasthe rst to proposea hybrid algo-
rithm thatcombinesshadev mapsandshadaev volumes His
method rst rendersa depthmapandrunsanedge-detection
algorithmto nd the blockers' silhouetteedges.Next, the
methodreconstructshadev volumesfrom theseedgesand
useshemto computeshadavsin the nal image.A strength
of McCool's approachis that shadav-volume polygonsare
generatednly for silhouetteedgesthat are visible to the
light source Unfortunately an expensve depth-tuffer read-
backis required,shadav polygonsarefully rasterizedand
artifactscanoccurdueto aliasingin the shadev-volumere-
construction.

Govindarajuet al. [GLY 03] proposea differenthybrid
shadev algorithm. First, they use level-of-detail and PVS
culling techniquedo reducethe numberof potentialblock-
ersandrecevers; thesetechniquesare implementedusing
hardwareocclusionqueriesNext, they computeshadevs us-
ing a mix of object-spacelipping andshadev maps.Exact
clipping of recever polygonsagainstthe blockers' shadev
frustais performedfor receversthat would otherwiseex-
hibit shadev-map aliasing artifacts. To identify thesere-
ceivers,they useaformuladerivedby StammingeandDret-
takis[SD0OZ thatrelatesthe size of a pixel in shadev-map
spaceto its size when projectedinto the obserer's image
space.Shadov mapsare usedfor the remainingrecever
polygons.This hybrid approachimproves the accurag of
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shadav silhouetteswithout requiring an excessve number
of clipping operations.

The approachof Govindaraju et al. is similar to ours
in that both methodslimit the amountof computationre-
quiredto renderaccurateshadav silhouettesThetwo meth-
ods performculling at different stageshowever. Whereas
their methodminimizesthe numberof objectsthatare pro-
cessedy their clipping algorithm, our methodminimizes
thenumberof pixelsin theimagethataretreatecby shadav
volumes.Thetwo methodscouldbe combinedby replacing
their software-basedolygon clipping with our optimized,
hardware-accelerateshadev volumerasterization.

3. Algorithm

We assumethat blockers are polygonal, well-behaed,
closed,and manifold; thesepropertiesensurea robust im-
plementatiorof shadev volumes[EK0Z].

An overview of our approachis shavn in Figure 1. We

rst createan ordinary shadev map,which senesto iden-
tify shadev silhouettepixelsandcomputeshadevs for non-
silhouettepixels. Then,we useshadev volumesto compute
accurateshadavs only at silhouettepixels. The underlying
assumptionarethatthesilhouettepixelsaccounfor asmall
fraction of the total numberof shadev-polygon pixels, and
thatthe hardware supportsa mechanisnfor ef ciently dis-
cardingpixelsthatdo notlie onthesilhouette.

We now explaintheseconceptsn moredetail;implemen-
tationandhardwareissuesarediscussedn the next section.
Thealgorithm's stepsare:

1. Create a shadov map. We placethe cameraat the
light sourceandrenderthe nearestepthvaluesto a buffer,
as shown in Figure la. Since we only needthe shadaev
map to approximatethe shadav silhouette,we canusea
low-resolutionshadev mapto consere texturememoryand
speedup shadev-map rendering.The tradeof is that low-
resolutionshadev mapscanmisssmallfeaturesandusually
increasehe numberof pixels classi ed assilhouettepixels.
Wewill discusghisissuefurtherin Section5.1

2. Identify shadow silhouette pixelsin the nal image.
Werenderthescendrom theobsenrer's viewpointandusea
techniquesuggestety Senetal. [SCHO03 to nd silhouette
pixels. We transformeachsampleto light spaceand com-
pareits depthagainstthe four nearesdepthsamplesrom
theshadev map.If thecomparisorresultsdisagreethenwe
classifythe sampleasa silhouettepixel (shavn in greenin
Figure 1b). Otherwise the sampleis a non-silhouettepixel
andis shadedhaccordingto the depthcomparisorresult.

Reducingthe numberof silhouettepixelsis desirablebe-
causdt limits the amountof stencil lirate consumedvhen
drawing shadav volumes For example pixelsthatareback-
facingwith respecto thelight arealwaysin shadov, sowe
never tag themassilhouettepixels. Additional methodsfor
reducingthe numberof silhouettepixels are discussedn
Section6.3.

During this step,we also perform standardz-buffering,

/I Find discontinuities: shadow silhouette pixels.
void main (out half4 color : COLOR,

half diffuse : COLO,

float4 uvProj : TEXCOORDO,

uniform sampler2D shadowMap)

/I Use hardware©s 2x2 filter: 0 <= v <= 1.
fixed v = tex2Dproj(shadowMap, uvProj).x;

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

Figure 4: Cgpixel shaderfor nding shadowsilhouettes.

a. b.

Figure 5: Comparison:a cylinder's shadowis rendeed us-
ing (&) a 512 512 shadowmap and (b) our hybrid al-

gorithm with a 256 256 shadowmap. Using a lower

resolutionshadowmap in our caseis acceptablebecause
shadow volumes are responsiblefor reconstructingthe
shadowsilhouette

which leaves the nearestdepth valuesseenfrom the ob-
sener's viewpoint in the depth buffer. This preparesthe
depthbuffer for draving shadev volumesin the next step.
3.Draw shadow volumes.Thestencilshadav volumeal-

gorithmworks by incrementingor decrementinghe stencil
buffer basedon whetherpixels of shadav-volumepolygons
passor fail the depthtest. We follow the z-fail setupde-
scribedby Everitt andKilgard[EK02] becausef its robust-
nessThekey differencein our approachs thatwe rasterize
shadav-polygonpixels andupdatethe stencilbuffer only at
framehuffer addressesontainingsilhouettepixels.

At theendof this step thestencilbuffer containson-zero
for pixelsthatlie in shadav; it containszerofor pixelsthat
eitherarenot shadeved or arenot silhouettepixels. For ex-
ample theblackshadev edgesn Figurelc shav theregions
wherethe stencil-luffer containsnon-zero.

4. Compute shadavs. We draw andshadethe sceneonly
at pixelswith stencilvaluesequalto zero,therebyavoiding
theshadavedregionsof theimage.

4. Implementation Issues

Ourshadav algorithmperformsrasterizatiorandstencilup-

datesof the shadev-volumepolygonsonly at the silhouette
pixels.To nd thesesilhouettepixels,we comparghedepth
of eachimagesamplewith the four nearesdepthsamples
in the shadev map and checkif the resultsagree.We use
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a.

d.

Figure 6: Visualizationof mixing shadowmapsand shadowolumesWe seethe shadowof a ball castontothe groundplane

(a) Aliasingis evidentwhentheball's shadowis rendeedusinga 256 256 shadowmap.Therestof theimagesillustrate how
our methodminimizesaliasing In (b) and(c), non-silhouettgixelsare shadeded andblue; for thesepixels,the shadowmap
determinesvhich onesare in shadow(red)andwhich onesare it (blue).Silhouettepixelsare shadedlack andgreen;shadow
volumesdeterminewhich onesare in shadow(black) andwhich onesarelit (green).Shadow-mapesolutionsof 256 256and

512 512were usedfor (b) and(c), respectivelyThe nal shadowis shownin (d).

hardware-assistedercentageloser ltering [RSC87 to ac-
celeratethis step.If the shadav queryreturnsexactly O or
1, the depthcomparisorresultsagreeandthe pixel is not a
silhouettepixel; otherwisethe resultsdisagreeandthe pixel
lies on a silhouette.This optimizationallows us to issuea
single texture-fetchinstructionin a pixel shadershavn in
Figure4. We tag silhouettepixels by writing 1 to the color
buffer.

Rasterizatiorandstencilupdateof shadev-volumepoly-
gonsarelimited to silhouettepixels.We accomplistthistask
using a computationmask a device that lets us pick spe-
ci ¢ framehuffer addresse® maskoff sothatthe hardware
canavoid processingixels atthoselocations.Computation
masksare usefulfor acceleratingnultipassrenderingalgo-
rithms. For instance Purcellet al. [PDC 03, Pur04 found
that a computationmaskwith coarsegranularityimproved
the performanceof their hardware-basedghoton-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 OpenGL extension[Ope02 can
be treatedas one; seethe appendixfor a brief explanation
of this extension.Theideais to usea pixel shaderto mask
off pixels by settingtheir depthvaluesto a constantout-
sidethe depthbounds.Thenwe enabledepth-boundsest-
ing sothatin subsequentenderingpassestasterizedixels
atthesemasled-of framehuffer addressesanbediscarded
earlyin the pipeline. Similar culling mechanismsre com-
monly usedfor earlyz occlusionculling [Mor0(Q].

In our implementationwe set up a computationmask
asfollows. We drawv a screen-aligneduadandusea pixel
shaderto setthe depthvaluesof all non-silhouettepixels
to z = 0; depthvaluesof silhouettepixels are unmodi-
ed. Next, we enabledepth-boundsestingandsetthe depth
boundsto [ ; 1] for somesmallconstant ~ 0:001 Finally,
we apply the robust z-fail variation of stencilshadev vol-
umeg EKO02]. Sincethehardwarediscardsall rasterizeix-
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elswhosedepthvaluesin theframeluffer areequattoz = 0,
only silhouettepixelswill berendered.

Note thatourimplementatiordepend®n the hardware's
ability to presere early culling behaior when using a
pixel shaderto computedepthvalues.This featureis avail-
able on the NVIDIA GeForce 6 (NV40) but not on ear
lier NVIDIA architecturesuchasthe GeForceFX (NV30).
ATI'sRadeor8700(R300)andnewerarchitectureslsosup-
portthisfeature put unfortunatelthosechipsdonotsupport
the EXT_depth_bounds_test extension.

5. Results

All of theimagespresentedh this sectionandin theaccom-
parying videoweregenerateédtaresolutionof 1024 768
on a 2.6 GHz Pentium4 systemwith a NVIDIA GeForce
6800(NV40) graphicscard.

Examples Figure5 shaws a cylinder castinga shadav
onto the ground plane. We used an ordinary 512 512
shadeov map and2 2 bilinear percentagecloser Itering
[RSC87 for the imagein Figure 5a. We usedour hybrid
methodwith a256 256shadev mapfor theimagein Figure
5b. Thelowerresolutionshadev mapis acceptablédecause
theshadav-volumeportionof ouralgorithmreconstructshe
shadev edgesaccurately

Figure6 shawvs a closeupof the ball's shadev from Fig-
ure 3a andillustrateshow our methodoperatesearshadov
silhouettesFigure 6a shawvs the aliasingartifactsthatresult
fromusinganordinary256 256shadev map.In themiddle
two imagesnon-silhouettgixelsareshonn in redandblue;
redpixelsarefully shadeved,anddarkgraypixelsarefully
lit. Visibility for thesepixelsis determinedisingtheshadav
map. Silhouettepixels areshown in black andgreen;black
pixelsarein shadev andgreenpixelsarelit. Shadev deter
minationin this caseis performedby shadav volumes.Fig-
ures6b and6¢c use256 256 and512 512 shadov maps,
respectiely. Figure6d shavsthe nal shadev computedoy
our method.
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View A

View B

View C

Figure 7: Threetestsceneswith high shadowcompleity. Rowscontain different scenesand columnsshowdifferent views.

Ead scends illuminatedusinga singlepointlight source

Methodology. We evaluatecour methodusingthescenes
shavn in Figure7. The CubesandDragonCagescenegon-
tain 12,000triangleseach,and the Tree scenehas 40,000
triangles.We chosethesescenesandviewpointsfor several
reasonskirst,they have highshadev compleity andrequire
enormous llrate  when using ordinary shadev volumes.
Secondthesescenedhave mary overlappingshadav edges,
which canleadto temporalartifactswhenusingshadov sil-
houettemaps[SCHO03. Third, we have chosensomecam-
era views (seeView C) that are on the oppositeside of
the blockers as the light source;thesecasesare dif cult
to handleusing perspectie shadev maps[SD0Z. Finally,
thesescenesre heaiily-shadaved, and the depthrangeof
shadev-volume polygonsis large, makingit dif cult to ap-
ply the scissoranddepth-boundeptimizationsdescribedn
Section2 [Len02 EKO03, MHE 03]. In summaryreal-time
shadev renderings achallengingaskin all of thesescenes.

5.1. Image Quality

Figure 8 compareghe imagequality of shadev maps,our
hybrid method.andshadev volumesweuseda1024 1024
shadaev mapfor the rst two techniquesTheseémagesshav
that our method minimizes the edge-aliasingartifacts of
shadov maps.

A more subtleimprovementis that our methodreduces
self-shadwing artifacts.With regular shadev maps,incor
rect self-shadwing may occurdueto limited depth-huffer
resolutionandprecision.Theseartifactsarevisible, for ex-
ample,in theDragonCagescendn Figure8 (seethelower
left image).The problemis usually addressedby addinga
small biasto the depthvalueswhenrenderingthe shadov
map [AMHO02, RSC87 Wil78]. Unfortunately the amount
of biasrequireddependwon the scenecon guration andis
hardto setautomaticallyfor dynamicscenes.

In our approach,however, incorrectly-shadeed pixels
areoftenclassi edassilhouettepixelsandthusarerendered
correctly by the shadav-volume portion of the algorithm.

¢ TheEurographicsAssociation2004.
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Shadow Maps

Hybrid Algorithm

Shadow Volumes

Figure 8: Comparisorof image quality usingshadowmaps(left column),our hybrid algorithm (centercolumn),and shadow
volumegqright column).A shadow-mapesolutionof 1024 1024wasusedfor the shadowmapandhybrid algorithms.

Thereasonis thatthe depthvalue of an affectedpixel usu-
ally lies betweenthe depthvaluesof two adjacentsamples
in the shadev map.As aresult,the depthcomparisonglis-
agreeandthepixel is taggedasasilhouettepixel. Oneimpli-
cationis thatwe canchoosehe shadev biasconseratively,
erring on the side of applyingtoo little biasandrelying on
theshadav volumesto avoid self-shadwing artifacts.If we
applytoo little bias,however, thenmostof the pixelsin the
imagewill beclassi edassilhouettepixels.

Although shadevs computedusing our approachare of-
tensimilar to thosecomputedusingshadev volumes,small
differencesnay occurdueto samplingerrorsin the shadev
map.To understandhesedifferencesetter we studiedsev-
eralimagesproducedisingthe hybrid algorithmat different
shadev-mapresolutionsFigure9 shovs anexampleof one
suchsetof imageswe chosethe Treesceneasour example
becauséts thin branchesredif cult to represenaccurately
in a discretebuffer. The indicatedregionsin red andgreen
shav missingor incorrectshadavs dueto undersampling.
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More generally a limitation of usinglower shadev-map
resolutionds thatsmallblockersmaybe poorly represented
in the shadev map. This form of aliasing manifestsitself
in vanishingand poppingshadavs. Existing shadev algo-
rithms that rely on discretebuffers for visibility queries,
suchasthe work of McCool [McCO0(], Govindarajuet al.
[GLY 03], andSenet al. [SCHO03, alsoexhibit similar ar
tifacts. The dif culty is that arbitrarily small objectsmay
castarbitrarily large shadavs, dependingon the scenecon-
guration, andlow-resolutionshadev mapsaremorelikely
to miss such objects. This problem could be addressed
by combiningour methodwith a perspectie shadev map
[Koz04 SD03, which optimizesthe depthbuffer's sample
distribution to maximizeresolutionnearthe viewer.

5.2. Performance

Fillrate consumptionis signi cant for the shadev volume
algorithmin all of our testscenesFigure 10a shavs an ex-
amplein which shadev-volume polygonscover the entire
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not applicable

Hybrid: 256 x 256 Hybrid: 512 x 512

Hybrid: 1024 x 1024 Shadow Volumes

Figure 9: Artifacts. Theseémagesare cropsfromthe Treescene View B. Theimagesin the left threecolumnswere geneated
usingour hybrid algorithmwith varying shadow-mapesolutionsin thetop row, the regionsindicatedin red and greenshow
missingor incorrectshadowslueto undesamplingin the shadowmap.Thecorrespondingmagesin the bottomrow visualize
thereconstructiorerrors usingthe samecolor schemeasin Figures6b and6c. Therefeenceimage in thefar-right columnwas

obtainedusingshadowvolumes.

imageandhave an overdrav factorof 79, meaningthat ev-

ery pixel is processed9 timeson average We reducethis

huge llrate consumptionby limiting shadev-polygonras-
terizationto silhouettepixels, shadedgreenin Figure 10b;

silhouettepixels in this scenecover just 5% of the image.
Performingrasterizationand stencil updatesonly at these
pixelsleadsto the stencilbuffer shavn in Figure10c.

Figure 11 compareghe numberof pixels rasterizedby
shadev volumes and our hybrid method. It also shavs
the percentagef pixels classi ed as silhouettepixels asa
function of shadev-mapresolution.Evenwith a 256 256
shadev map thefractionof silhouettepixelsis muchsmaller
thanthefractionof all shadev-volumepixels.

Figure12 compareghe performancef the shadav map,
shadev volume,andhybrid algorithms Performancés mea-
suredusingthe time requiredfor eachalgorithmto render
oneframe;all timesarereportedin milliseconds.The plot
givesa performancebreakdavn for eachpart of eachalgo-
rithm. Not surprisingly the costof the hybrid and shadev
volume algorithmsis dominatedby the rasterizationand
stencilupdate®f theshadev-volumepolygons Ourmethod
is signi cantly faster however: we obsered speedupsf
30% to over 100%, measuredn framesper second.Keep
in mind that theseperformancenumbersare highly scene-
dependenandview-dependenthardwareculling implemen-
tations(seeSection6.2) alsoplay alargerolein determining
the actualspeedupWe provide performancenumberssim-
ply to demonstrat¢hat substantiahccelerations attainable
acrossanumberof differentscenesndviewpoints.

6. Discussion

6.1. Algorithm Tradeoffs
Thekey performancéradeof in ourwork is thereductionof
lirate atthe costof anextrarenderingpassWe emphasize
thatour methodis designedo handledynamicsceneswvith
high shadev compleity, which would ordinarily give rise
to mary overlappingshadev volumesand quickly saturate
the hardware's llrate. Thusour methodis mostrelevantto
lirate-limited applicationssuchasmary of thecurrentreal-
time gameengines.Ordinary shadav volumeswill clearly
run fasterfor scene®f sufciently low shadev compleity.
Since our method combines both shadev maps and
shadev volumes,it inherits someof the limitations from
both. In contrastto the shadev map algorithm,which han-
dlesary geometrythatcanberepresenteéh a depthbuffer,
our method requireswatertight polygonal modelsfor ro-
bust shadev volume rendering.In contrastto the shadev
volume algorithm, our methodis restrictedto directional
light sourcesbecausave useshadev mapsto nd silhou-
ettepixels; omnidirectionalights requireadditionalrender
ing passeskinally, our methodrequiresonemorerendering
passthan ordinary shadev volumesbecauseve must rst
createthe shadev map.Fortunately this extra passis inex-
pensve becausét canbe doneat lower resolutionsandre-
quiresno shading.

6.2. Computation Masks

We describedat lengthin Section4 how to treatthe depth
boundgestasacomputatiormaskbut thistrick is only nec-
essanbecauseurrenthardwarelacksa dedicateccomputa-
tion mask.We believe thataddinga true computatiormask
to graphicshardwareis worthwhilefor severalreasonskirst,

¢ TheEurographicsAssociation2004.
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a.

Figure 10: Fillr ate consumptiorand overdraw in the Dragon Cage scene Theshadowolumepolygons shadedyellowin (a),

cover theentire image andhavean overdraw factor of 79; brighter yellowcorrespondso higheroverdraw. Our hybrid method
restrictsdrawing shadowpolygonsto the silhouettepixels,shadedgreenin (b); thesepixelscover just 5% of the image. The
image on theright (c) illustratesthe resultingstencilbuffer: bladk pixelsonthe oor andwalls are in shadowand represent

non-zeo stencilvalues.

aswe pointedout earlier computatiormasksarecloselyre-
latedto early z occlusionculling, andthus mostof the re-
quired technologyis alreadypresentin currenthardware.
In particular computationrmaskscantake advantageof the
early tile-basedrejectionmechanismslreadyusedfor oc-
clusionculling and depthboundstesting.Furthermorethe
representatiofior a computationmaskis muchmore com-
pact:only asinglebit perpixel is neededascomparedo 16
or 24 bits perpixel for anuncompressedepthbuffer.

Early pixel rejection (due to either computationmasks,
occlusionculling, or depthboundgesting)is unlikely to oc-
cur with single-piel granularity It is morelikely thatsuch
culling takesplaceon a pertile basis,suchasa 16-pixel or
8-pixel tile. Fortunately the imagesin Figureslb and10b
suggesthatnon-silhouettepixels tendto occuyy large con-
tiguousregionsof screerspaceandcanbene t from conser
vative tile-basedtulling.

6.3. Additional Optimizations

Oneway to reducefurther the numberof classi ed silhou-
ette pixels is to consideronly the pixels that undersample
the shadev map. Stammingerand Drettakis[SD0Z derive
asimpleformulafor estimatingtheratior of imageresolu-
tion to shadev-mapresolution;silhouettepixelswithr < 1
canbe omittedbecausehey won't exhibit aliasingartifacts.
This culling strat@y could be addedto the shadelin Figure
4 atthecostof additionalperpixel oating-point arithmetic.
In our testcaseshowever, we foundthatthis techniquere-
ducedthenumberof classi ed silhouettepixelsby only 5%,
notenoughto justify the computationabverhead.

We have also consideredbut not implemented)an op-
timization inspiredby the work of Lloyd et al. [LWGMar]
andthe hybrid algorithmsof McCool [McC0( andGovin-
darajuetal. [GLY 03]. As mentionedearlier anadwantage
of McCool'swork is thatshadav volumesarenotneededor
blockersthatareentirelyin shadav, because¢heseblockers
areabsenfrom theshadev map.Similarly, Lloyd etal. and
Govindarajuet al. useimage-spacecclusionqueriesto re-

¢ TheEurographic#ssociation2004.

ducethe numberof blockers and recevers consideredor
shadev computation.

Theseocclusionqueriescould be combinedwith our al-
gorithmin thefollowing way. After renderinga shadev map
in the rst stepof the algorithm,rendera boundingvolume
for eachblocker from the light's viewpoint and usean oc-
clusionqueryto checkif ary of theboundingvolume’s pix-
els passthe depthtest. If no pixels pass,thendraving the
shadav volumesfor thatblocker may be skipped.Note that
this culling stratggy mustbe appliedon a perblocker basis
(asopposedo apersilhouette-edgbasis)to ensureghecon-
sisteng of thestencil-basedhadev volumealgorithm.

This optimizationis usefulin situationswhere comple
blockersare often shadeved; a commonscenarias a com-
putergamein which monstershidein the shadavs. In these
casesit maybepossibleto avoid drawing the shadev poly-
gonsentirelyfor alargemodel.The costof the optimization
includesthe occlusionquery which addslateng to theren-
deringpipeline,andthe draving of boundingboxes,which
consumesdditional llrate. Onthe otherhand,mostof the
lateny can be hidden by issuing mary queriesbut only
checkingtheresultof the rst queryafter severalbounding
volumeshave beendravn. Drawing a boundingbox is also
fastbecausehereareno writesto the framehuffer, no shad-
ing is neededandhardware-acceleratedcclusionculling is
applicable.

7. Conclusions

We have presentea hybrid shadev renderingapproachhat
combinesthe strengthsof shadev mapsand shadav vol-
umes.Thekey ideais to useshadev mapsto identify which
regions of the imagewill exhibit edgealiasing,thenapply
shadav volumesonly in thoseregionsto obtainbetteraccu-
ragy.

We have shavn that our algorithmbene ts from usinga
computatiormaskthatdiscardspixels earlyin the pipeline.
More generallyacomputatiormaskallows the programmer
to identify a small setof pixelsin the scenethatare“inter-
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Figure 11: Shadowolumeoverdraw and silhouettepixel coverage. Theblack bars showthe percentaye of pixelsin theimage
covered by shadowvolumesand the numbernext to eac bar is the overdraw factor (the ratio of shadow-polygomixelsto
the total image size). Thewhite, red, and blue bars showthe percentage of pixelsin the image that are classi ed as shadow
silhouettepixelsby our hybrid algorithm; colors correspondo differentshadow-mapesolutions.
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Figure 12: PerformancecomparisonThevertical bars measue the per-frametimein millisecondg(ms)for the shadowmap
algorithm(SM),our hybrid algorithm(H), andthe shadowolumealgorithm(SV).Coloredsectionf a bar indicatehowmud
timeis spentin eac part of thealgorithm.

esting”; all otherpixelsaremasled off. Expensie perpixel
algorithmscanthenoperateon this subsebf pixelswithout
incurring the costover the entireframehuffer. This stratgy
of decomposing probleminto two parts— alargepartthat
relieson a fastbut inexacttechniqueanda small part that
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Appendix

The EXT_depth_bounds_test OpenGLextension[Ope02
statesthat a rasterizedragmentis discardedf the current
depthvaluestoredin the frameluffer at thatfragments ad-

¢ TheEurographicsAssociation2004.
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dresslies outsideuserspeci ed depthbounds.The key is [Koz04]
thatanarchitecturesimplementatiormaydiscardfragments
earlyin thepipelinewithout performingbuffer updatessuch [Len02]

asstencilwrites. Thusmoderngraphicsarchitectureswhich
often rasterizeand shadetiles of fragmentsin parallel,can
aggressiely discardan entiretile during rasterizationf all
the fragmentsin the tile lie outsideof the depth bounds.

Similar mechanismare alreadyusedfor early z occlusion [Lv0o]
culling [Mor0Q].
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