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ABSTRACT

We presenta methodto utilize the Shadav Volume Algorithm by Crow and Williams without using a
stencilbuffer. We shav thatthe shadev maskcanbe generatedn the alphachannelor evenin the screen
buffer, if ahardware-acceleratestencilbuffer is notavailable.In comparisorto the original stencilbuffer
methodasmallspeedip canbeachiered,if theshadev maskis computedn thealphabuffer. Themethod
usingthe screenbuffer requiresthe sceneto be rendereda secondtime after the shadev maskhasbeen
computed. Both methodsare lessrestrictive with respectto hardware requirementssincewe useonly
standaratolor blendinganddepthtesting.In generalyasterizatiorbandwidthis the mainbottleneckwhen
generatinghe shadev maskat high screerresolutions.In orderto overcomethis bottle neckwe propose
a way to computethe shadev maskat a resolutionthatis lower thanthe resolutionof the screenbuffer.
Thenthe shadav maskis appliedto the sceneby utilizing texture mapping. The latter methodmight
be reasonabl@speciallyin interactive entertainmentwhererenderingspeeds tradedin favour of image

quality.
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1 Introduction

The display of shadavs in three-dimensionascenes
is a very usefultechniqueto provide the viewer with
a betterimpressionof the shapeandrelative orienta-
tion of the objectsin thesceneln aninteractive ervi-
ronmeniwith dynamicobjectsthefastcomputatiorof
the shadaevs is a difficult problem,evenfor the sim-
plestcaseof hardedgedshadaevs. A straight-forvard
approachis to projecteachshadev castingpolygon
onto all the other polygons,but this approachdoes
notscalewell for big scenes.

2 PreviousWork

Currently there exist mainly two well known
hardware-acceleratetiethodsyhich solve thisprob-
lem: Shadev volumes([14, 5, 12, 4, 1, 2, 7] and
shadav maps[6, 15, 8, 16]. In [11] McCool et al.
shav a hybrid techniguecombining both methods,
while an in depth comparisonof both methodsis
givenin [13]. Additionally, a methodfor generating
softshadaevsis presentedh [9].

3 Hardware-Accelerated Generation of Dynamic
Shadows

In the following we will briefly describethe basic
conceptsof the two hardware-acceleratedhethods.
After a discussionof the pros and consof theseal-

gorithms we shav how to extend the shadaov vol-

ume methodin orderto overcomethe necessityof

a hardware-acceleratestencilbuffer andthe shadav

rasterizatiorbottle neck.

3.1 Shadow Maps

The shadev map algorithm is an object-spaceap-
proachto dynamicshadev casting.In orderto com-
pute the shadavs, the sceneis first renderedfrom
the viewpoint of the light sourceand the resulting
depthvaluesare storedin a depthmap. Thenthe
scends renderedhgain,but from theviewpointof the
eye. Thecoordinate®f eachrenderedixel aretrans-
formed into the local coordinatesystemof the light
sourcewhichenableaisto retrievethecorresponding
depthvaluesfrom thedepthmap.Theneachrendered
pixel is shadeved, if andonly if its distanceto the



light sourceis greateithanthe correspondingaluein
the depthmap. One problemof this approachis to
determinea suitableresolutionof the depthmap. A
resolution,which is too low, resultsin blocky shad-
ows on objectsthat aredistantfrom thelight source.
On the other hand, the requiredmemory increases
guadraticallywith the resolutionof the depthmap.
Anotherproblemof theshadev mapalgorithmis that
it depend®ntheavailability of specifichardwareex-
tensionswhich arenot yet availableevery platform.

3.2 Shadow Volumes

In the following we will briefly describethe basic
shadav volume algorithm, which is a screen-space
approachto shadev casting. In Section4.2 we will
shaw thatit canbe employed without usinga stencil
buffer, if sucha buffer is not available. The shadev
volumeof a shadev castingpolygonis definedto be
the half spacethatis boundedby the polygonitself
andthe setof quadrilateralghatareattachedo each
edgeof the polygonstretchingoutin the directionof
the light. The shadov volume algorithm now com-
putes,whethera fragmentof the visible sceneis en-
closedby at leastone shadev volumeor not. Since
this is performedin screenspacethe shadavs are
computedexactly. For this purposethe sceneis first
renderedrom the point of view in orderto obtainthe
correctdepthvaluesin Z-buffer. Next, depthbuffer
writing is disabled put the depthteststill remainsac-
tive. Thenthe front andbackfacesof eachshadav
volume arerenderedn the following fashion: Each
front facing fragmentthat passeghe depthtestin-
creaseshe stencilvalueby one,while a backfacing
fragmentdecreasethe stencilvalueby one.

Dependingonthe depthvalueof eachfragmentthree
caseswhich areshowvn in Figure 1, are possible: If
the front and back facesof the shadav volume are
bothbehinda fragment the stencilvalueremainsun-
changedor thisfragmentbecausehedepthtestfails
for both the front andthe backfaces(Casel). The
stencil buffer also remainsunchanged,f both the
front and the back faceare in front of a fragment,
sincethe stencilvalueis first increasecandthende-
creasedgain(Case?). If the fragmentlies between
the front and the back facesthe stencil value s in-
creasedpecauséhe front facepasseshe depthtest,
while thebackfacedoesnotpasshetest(Case3). To
sumup, thestencilvalueof afragments increasedif
andonly if the fragmentis enclosedby the shadav
volume. After all shadev volumeshave beenren-
deredthestencilvalueof a pixel is greaterthanzero,
if the pixel is shadevedby atleastonepolygon.Oth-
erwisethe stencilvalueis zero.
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Figurel: Theshadav volumealgorithm: The
black dotsindicatea fragmentthat lies either
in front (Casel), behind (Case?2) or inside
(Case3) the shadav volume. Only in Case3
the value of the stencilbuffer is increasedoy
one.Thereforeapixel is shadaved,if andonly
if thestencilvalueis non-zero.

In orderto apply the generatedshadev maskto the
scenea polygon covering the entire window is ren-
deredwith the stenciltestpassingif the stencilvalue
is greaterthan zero. If the viewer is positionedin-

sidea shadeov volume,the correctstencilvaluescan
be obtainedby clipping the shadev volume at the
near plane and by renderingthe resulting polygon
asa front face. Now every shadaved pixel canbe
either attenuatedby using a constantblending fac-
tor or canbe simply setto black. In the latter case,
an ambientlighting term can be addedby render

ing the scenea secondtime. For the caseof corvex

polyhedrons however, an importantimprovementis

possible: Insteadof generatingone shadev volume
for eachsurfacepolygon, it is sufficient to construct
a single shadav volume from the contouredgesof

the polyhedronasseenfrom the positionof the light

source.

The mainadwantageof the describedshadev volume
algorithmis that the computationof the shadavs is

perpixel exact andthatit can be performedalmost
entirely by the graphicshardware. However, onesig-
nificant drawbackis the potentially large amountof

overdrav whenrasterizingthe shadev volumes. In

the worst case,eachshadev volume entirely covers
thewindow, thuseachpixel is atleastrasterizednce
for eachshadav volume. Even the averagesize of

the rasterizedregions mustnot necessariljpe small.
Thereforethe minimum achiezableframerateis lim-

ited primarily by the rasterizationbandwidthof the
graphicshardware.



4 Shadow Mask Generation without using the
Stencil Buffer

In interactive entertainmentlynamicshadavs arebe-

comingmoreandmorepopular To give anexample,
hereis a quotefrom the gamedevelopermagazine
Gamasutra [3]: “Now that 8-bit stencil buffers are
appearingon a wide assortmenbf graphicsacceler

ator cards,shadav-castingmethodscanbe employed

for generatingeal-timeshadaevs with only aminimal

performancehit”.

4.1 Redtrictions of the Traditional Shadow Vol-
ume Algorithm

At the NVIDIA homepage[10] it is presumedhat
shadav volumes*“requiresa hardware stencil buffer
for fastperformance”In mary otherpublicationsthe
words“shadav volume”and“stencil buffer” aremen-
tionedin thesamebreathleadingto thewrongconclu-
sionthatfastshadev volumesareimpossiblewithout
stencilbuffer support.Here,our initial motivationfor
this paperwasto shav thatreal-timeshadavs canbe
utilized notonly onthe Sory PS2 for example which
hasno dedicatedstencilbuffer, but evenon first gen-
erationgraphiccardslik e the 3dfx Voodoo1.

In the following we will presentan extension to

the shadev volume algorithm by Crow [5] and
Williams [14], which enablesus to performinterac-
tive shadev castingwithout using the stencil buffer.

In conclusion,we were also ableto widen the main
bottleneckof theshadev volumealgorithmby reduc-
ing the spatialresolutionof the shadavs. Thisis in-

terestingespeciallyin interactve entertainmenivhere
speeds considereditally. On platformsthatalready
supporta stencilbuffer our methodis alsorewarding,
becausén somecaseour methodis evenfaster

4.2 Generating the Shadow Mask in the Screen
or in the Alpha Buffer

When using the screenor alpha buffer instead of

the stencil buffer the main problem commonly is
the lack of a subtractionoperation. As a replace-
ment for incrementingand decrementingthe sten-
cil buffer we useequivalentblendingoperationghat
double or halwe the destinationbuffer values. In

OpenGLnotationthe operationthat halvesthe desti-
nationvaluescanbe performedby choosingheblend
function glBlendFunc(GLDST_COLOR, GL_ZERO)

with the vertex brightnessset to % To perform
the double operationwe choosethe blend function
glBlendFunc(GLDST_COLOR, GL_ONE) with aver
tex brightnesf 1. This holdsfor boththe alphaand
the screerbuffer method.

In analogyto the stencilbuffer method,the sceneis
first renderedo placethe depthvaluesin the depth
buffer. All pixelsof theshadev maskbuffer (whether
alphaor screerbuffer) areinitially setto thevalue%.
In orderto rendera shadaev volume the front faces
aredrawn first by usingthe doubleoperation. Next
thebackfacesarerenderedisingthe halve operation.
This requirestwo statechangedor eachshadav vol-
ume, but the time spentby the statechangess ne-
glectablecomparedo the time spentby the rasteri-
zationof the shadevs. After thefirst shadev volume
hasbeenrenderedheinitial valueof 711 will remain,if
apixel is notshadeved, whereaghevalueof a shad-
owed pixel will doubleto % The remainingshadav
volumesarerenderedubsequentiput now thevalue
of a shadeved pixel canbe either % or 1, The latter
is true, if a pixel is shadeved by morethanone ob-
ject. If the pixel is behinda shadev volumeandits
valuehasalreadybeenraisedto 1, it falls backto %
This is dueto the fact that the double operationhas
no effect becauseof color clamping. Nevertheless,
this is no generalalgorithmicrestriction,becausen
ary case,the value of a pixel thatis not shadaved
will be % afterall shadav volumeshave beendrawvn.
Otherwisethe shadov masks value will be % orl,
if the correspondindgragmentis enclosedy at least
oneshadav volume. Figure2 shavs thesethreepos-
sible statesof a fragment. An exampleof applying
this algorithm (framebuffer method)to a simpletest
sceneis givenin Figure3. The sceneconsistof two
shadev castingobjectsand a groundfloor. Except
thetwo shadev volumes the objectsof the sceneare
renderedin wire frame modeto allow a betterper
ceptionof the generatiorof the shadev mask,which
is illustratedstepby step. Thefirst imageshaows the
contentsof the frame buffer after drawving the front
facesof the shadov volume castby the cylinder. In
thenextimagethebackfacesf thecylinderwereren-
dered. The subsequentwo imagesshawv the shadav
maskafterthefront andbackfacesof theshadaev vol-
umecastby therectanglehave beendravn. The next
two imagesshawv the shadeved regionsandthefinal
renderedscene. The corversionof the threevalued
shadev maskinto a black and white maskand the
applicationof the shadev maskto the sceneare de-
scribedin detailin the next section.

4.3 Normalizing and Applying the Shadow M ask
to the Scene

The final stepof imagegenerations the application
of the shadav maskto the scene.Beforethis canbe
accomplishedhe three valued shadev maskhasto
be corvertedinto a bilevel image. The fastestway
to achieve this normalizationis to draw threerectan-
glesthat entirely cover the window. The first white
rectangleis renderedby using the blend function
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Figure2: Theshadav maskstates:T hestate%
correspondgo unshadwed pixels, while the
othertwo statesstandfor shadevedfragments.
The front facesof a shadev volumeevoke *2
transitions,while back facesevoke /2 transi-
tions. If apixel is enclosedby a shadav vol-
ume, its initial stateof # changesto 1. Af-
terwardsthe stateof the pixel canonly alter
between} and1, butit cannotfall backto .

glBlendFunc (GLDST_COLOR, GL_ONE), which ef-
fectively doublesthe shadev maskvalues. Due to
clampingonly thevalues% and1 areremaining.The
secondwhite rectanglés renderedy usingtheblend
functionglBlendFunc (GL ONE_MINUS DST_COLOR,

GL_ZERD). Thisinvertsall valuesof theshadev mask.
Now all shadaved pixels correspondo a valueof 0,

whereaghe value of unshadwed pixels remains%.

At this point we have three choicesof applyingthe
shadev maskto thesceneWe caneithersettheshad-
owed regions of the frame buffer to black, redrav

the shadeved parts of the sceneaddingan ambient
lighting term or attenuatethe shadeved regions by
a constantfactor For the caseof black or ambient
shadavs a third white rectangleis renderedy using
the blend function glBlendFunc (GLDST_COLOR,

GL_ONE), which doublesthe shadev mask values
leaving only zero and one (seealso Figure 4). For
the caseof attenuatingthe brightnessof the shad-
owed regions by a factor of % for example, the
third rectangleis renderedby usingthe blend func-
tion glBlendFunc (GL ONE, GL_ONE) anda vertex

brightnessof 1 leaving shadov mask valuesof 3

and1.

Now we are ready to multiply the shadev mask
with the scene. In the case of using the al-

pha buffer the scene has already been rendered
into the frame buffer, so we simply drawv an-
other last rectangle by using the blend func-

tion glBlendFunc (GL_ZERO, GL_DST_ALPHA).The
screenbuffer method requiresone more rendering
pass,sincethe sceneis not alreadyavailablein the
framebuffer. For thatpurposewe areusingtheblend
function g1BlendFunc (GL DST_COLOR, GL_ZERO).

Another optional renderingpassis requiredto add
a ambientlighting term to the frame buffer (blend
functionglBlendFunc (GL_ONE, GL_ONE)). A com-

Figure 3: Shadev maskgeneration:The first

imageshows the shadev maskafterrendering
the front facesof the shadav volume castby

the cylinder. The next imageshaows the mask
after renderingits back faces. The following

two imagesshawv the shadov mask after the
frontandbackfacesf theshadev volumecast
by therectanglehave beenrenderedNext, the

shadev maskis shown afterits threepossible
valueshave beennormalized. Finally, the re-

sultingblackandwhite shadev maskis applied
to the sceneusingambientshadevs on a 3dfx

Voodoo2 graphicsacceleratar
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Figure4: Normalizationof the shadev mask:
Three rectanglesare renderedacrossthe en-
tire window to subsequenthyperform the op-
erations*2, Invertand/2. Thefinal valuesare
zero, if the pixel is shadaved, and one other
wise.

black ambient attenuated
shadavs term shadavs
alphabuffer 1/4 2/4 1/4]2]
screerbuffer 2/3 3/3 2/3[1]

Table1: Takular listing of the numberof ren-

dering passesand the number of rectangles
drawvn acrossthe window for normalization.
Numbersin braclets denotethe number of

drawn rectanglesby utilizing the maximum
blendequation.

plete listing of all the requiredpassedor the cases
describedabove canbefoundin Tablel.

Strictly speakingthe attenuatiorof a shadevedpixel
is notcorrectin a physicalsensesincethebrightness
of shadaved regionsshouldnot dependon the posi-
tion or orientationof the light source. To compute
shadavs with a constantambient(or diffuse bright-
nesdor infinite light sourcespnadditionalrendering
passis requiredas describedabore. In a direct vi-
sual comparisonwe have found that this additional
renderingpasscan be saved in favour of using at-
tenuatedshadavs, becauséhe subjectie appearance
of the sceneis alteredjust slightly. In fact, we have
foundthatthe differencesecomediscerniblein a di-
rectcomparisoronly.

4.4 1mproving the Normalization of the Shadow
Mask

On platformswhich supporta maximumblendequa-
tion thereexists a fasterway to normalizethe three
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Figure5: Alternative masknormalizationus-
ing the maximumblend equation: The initial
stateis 1. Frontandbackfaceshalve or dou-
ble the valueof theshadev mask. If a pixelis
shadoved, its valueis lessthanor equalto %
or 1 otherwise After all shadev volumeshave
beenrenderedpnerectanglewith brightnes%
is drawn acrossthe entire window. As a re-
sult, shadevedregionsareattenuatedby afac-
tor of 3.

valuedshadev mask. This implies a slight modifi-

cation of the shadev maskgenerationaswell: The
screenor alphabuffer is initialized with the value 1.

For the front andbackfacesof the shadev volumes
the halve or doubleoperationis applied,respectiely.

After all shadev volumeshave beenrendered,the
value of shadaved pixelsis lessthanor equalto %

while the valueis 1 for unshadwed pixels. Fig-

ure 5 shaws the correspondingnodified statetransi-
tion graph. Insteadof drawing the formerthreenow

only onerectangleneedgo be drawn acrosshe win-

dow in orderto rise valuesof Iessthan% to a mini-

mum value of % (seealsoTable1). In OpenGLno-

tation this can be accomplishedy using the blend
equationglBlendEquationEXT(GL MAX_EXT) and
by additionallysettingthe brightnessof therectangle
to % Multiplying the scenewith this shadev mask
will now attenuateshadeved pixelsby afactorof %

45 Computing the Shadow Mask at L ower Res-
olutions

The maindrawvbackof the shadev volumealgorithm
is the bottle neckof rasterizingthe shadev volumes.
Usually, the costfor renderingthe shadevs exceeds
the costfor renderingthe scenejn particularat high
resolutions. By trading image quality for rendering
performancehis bottle neck canbe widenedby uti-
lizing texture mappinghardware. The shadav mask
is renderechsdescribedhbore, but at alower resolu-
tion. After that, it is copiedfrom the alphaor screen
buffer into a texture of the sameresolution.Thenthe
sceneis redravn at full resolutionandthe magnified
textureis multiplied ontothe framebuffer by drawing
atexturedrectangleacrosshe entirewindow. Trans-
fering the contentsof the stencilbuffer into a texture
is not directly possible. Copying from the screenor



alphabuffer, however, is supportedon mostgraphics
systemgby meansof usingglCopyTexImage2D). A

drawback of renderingthe shadev maskat a lower
resolutionis thatthe scenehasto be renderedwice,

since the depthvaluesof the scenemust be avail-

ablein the resolutionof the shadev mask. Another
obvious drawback is the reducedresolution of the
shadavs, but bilinear texture filtering canbe usedto

smooththe blockiness. Figure 6 shows two screen
shots, which were generatediusing a shadov mask
at full and half resolution,respectiely. It turnsout

that the image quality is acceptablevhen choosing
half resolutionshadev masks.Onthe otherhand,the
numberof rasterizedpixelsis reducedo onefourth,

which significantly speedsip the shadev maskgen-
eration. In particular the minimum framerateis in-

creasedy almostafactorof four.

5 Results

Table2 shavs the averageframerateachiezedby our
algorithmsduringananimationof thesceneshavn in
Figure6. Thetestwasperformedona AMD 800MHz
PCwith aNVIDIA GeForce2 MX graphicscard.The
resolutionof the window is givenin thefirst column.
The next threecolumnsshown the numberof frames
per secondeither using the screen,alphaor stencil
buffer method.Thefifth columnshownstheframerate
for usinga shadev maskof half thescreerresolution.
The frame rate for renderingthe unshadwed scene
is givenin thelastcolumn. Theresultsillustratethat
computingthe shadev maskin the screenor alpha
buffer canbe evenfasterthanrenderingthe shadevs
into the stencilbuffer. Using a shadev maskof half
the screerresolutiondid improve the worst caseper
formanceby an approximateactorof four. The per
formanceat higherwindow resolutionsvasincreased
aswell, becausehe pixel fill rateis the dominating
factorat high window resolutions.Reducingthe size
of theshadev maskto a quarterof thescreersize,for
example,increasedhe framerate from 10.2to 23.6
Hertzatawindow resolutionof 1024x1024.

6 Conclusion

We have presented varietyof extensiongo theorigi-
nal shadev volumealgorithmby Crow andWilliams.
A screenor alphabuffer can be usedfor to com-
putethe shadev mask. This is a necessityif a sten-
cil buffer is not available, for exampleon the Sory
PS2,0r alreadyin usefor otherpurposesTheincre-
mentand decremenbperationswhich are required
by the shadav volumetechnique,are replacedby a
double and halve operationthat can be realizedby
employing standardblend functions. The screenor
alphabuffer methodsare slightly fasterthan using

Figure6: Finalrenderedsceneausingafull and
half resolutionshadev mask.

window | screen alpha stencil half no
size buffer buffer buffer res. shadavs
256 40.8 424 424 39.1 90.4
5122 29.9 33.6 29.1 305 89.2
1024 9.3 102 89 157 446

Table 2: Averageframe rate using different
resolutionsand shadev volume methods:For
highresolutionghecomputatiorof theshadav
maskin the alphaor screerbuffer wasslightly
fasterthanusingthe stencilbuffer. Computing
the shadev maskat half the screenresolution
improved the performanceor higherwindow

resolutions.




the original stencil buffer algorithm. Whatis more,
the computationof the shadev mask can be com-
putedat lower resolutionswhich enablesus to sub-
stantiallyreducetheimpactof generatinghe shadav
maskat highwindow resolutionsIn interactve enter
tainment,wherespeeds vitally, our proposecdexten-
sionsallow to speedup the shadev volumealgorithm
andto supportshadav volumeson a broaderrangeof
graphicsaccelerators.
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