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Abstract
In this paper, we presentseveral optimizationsto our previouslypresentedsoft shadowvolumealgorithm.Our
optimizationsincludetighterwedges,heavilyoptimizedpixelshadercodefor bothrectangularandsphericallight
sources,a framebuffer blendingtechniqueto overcomethelimitation of 8-bit framebuffers,anda simpleculling
algorithm.Thesetogethergivereal-timeperformance, andfor simplemodelsweget frameratesof over 150fps.
For more complex models50 fpsis normal.In additionto optimizations,two simpletechniquesfor improving the
visualqualityarealsopresented.

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

1. Intr oduction

In the1990's,mostreal-timecomputergeneratedimagesdid
not containshadows. However, this startedto changein the
late1990's,andgamesbegunto useshadowsasanimportant
ingredientin their gameplay. For example,shadows were
often usedto help the player orient herself.Furthermore,
shadows alsonaturallyincreasethe level of realism.Today,
the majority of gameshave dynamichardshadows imple-
mentedasa standardcomponent.If onewereto remove the
shadows from an applicationthat usedto have shadows, it
would immediatelybemuchharderto determinespatialre-
lationships,andtheimageswould geta more“�at” feeling.
After workingondynamicsoftshadowsfor a few years,2; 4; 5

it is our experiencethat removing the softnessof shadows
causesalmostas greatdecreasein imagequality as when
oneremoveshardshadows.Therefore,weconcludethatdy-
namic soft shadows are very importantfor real-timecom-
putergraphics.

Our work here focusseson substantially increasing
the performanceof our previous soft shadow volume
algorithms.2; 4; 5 In thatwork,welackedthehardwareneeded
to fully accelerateour algorithm.However, after obtaining
graphicshardware,wefoundthatseveraloptimizationswere
neededin orderto get real-timeperformance,andthoseare
describedin this paper. More speci�cally, we now create

tighterwedgesaroundthepenumbravolumegeneratedby a
silhouetteedge.Furthermore,thepixel shadercodehasbeen
madesigni�cantly shorterfor bothsphericalandrectangular
light sources.To overcomethe8-bit limitation of the frame
buffer, we presenta techniquethat allows for higherpreci-
sionin theframebuffer, wherewe generatethesoft shadow
mask.Finally, a simpleculling techniqueis presentedthat
further improvesperformance.Besidestheseoptimizations,
wealsopresenttwo methodsfor decreasingtheartifactsthat
canappear.

The paperis organizedas follows. First, someprevious
work is reviewed, a brief presentationof the soft shadow
volumealgorithm,andthenfollowsasectionwith all ourop-
timizationsdescribed.Section5 describeshow two artifacts
canbesuppressed.Thenfollows results,conclusionandfu-
turework.

2. PreviousWork

Shadow generationhas becomea well-documentedtopic
within computergraphics,and the amountof literature is
vast.Therefore,we will only cover thepapersthataremost
relevant to our work. For an overview, consult Woo's et
al's survey,16 andfor real-timealgorithms,consultAkenine-
Möller andHaines.1
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The two mostwidely usedreal-timeshadow algorithms
are shadow mapping and shadow volumes. The shadow
mappingalgorithm by Williams,20 rendersa depthimage,
called the shadow map,as seenfrom the light source.To
createshadows, thesceneis renderedfrom theeye, andfor
eachpixel, its correspondingdepthwith respectto the light
sourceis comparedto theshadow mapdepthvalue.Thisde-
termineswhetherthe point is in shadow. To alleviate res-
olution problemsin the shadow maps,Fernanadoet al.11

presentedan algorithmthat increasedthe shadow mapres-
olution whereit wasneededthemost,andStammingerand
Drettakispresentedperspective shadow mapsfor the same
reason.19 Heidrich et al.10 presenteda soft versionof the
shadow mapalgorithm.It could handlelinear light sources
by interpolatingvisibility usingmorethanoneshadow map.
Recently, BrabecandSeidelpresenteda moregeneralsoft
shadow mapalgorithm.17 Theirwork wasinspiredby Parker
etal's15 soft shadow generationtechniquefor ray tracing.In
thatwork, “soft-edged”objectswereray tracedat only one
sampleperpixel usingaparallelraytracer. Thus,Brabecand
Seidelpresentedahardware-acceleratedversionof Parkeret
al'salgorithm.

The shadow volume algorithm by Crow7 is often im-
plementedusing a stencil buffer on commodity graphics
hardware.9 The algorithm�rst rendersthe sceneusingam-
bientlighting. In asecondpass,eachsilhouetteedgeasseen
from thelight sourcecreatesa shadow volumequadrilateral
which is renderedfrom theeye.Notethatall thatis required
for thesesilhouetteedgesis that two polygonssharethat
edge,andoneof the polygonsis frontfacing,andthe other
is backfacingasseenfrom the light source.The generated
quadsarerenderedasseenfrom theeye. Frontfacingquads
that passthe depth test add one to the stencil buffer, and
backfacingquadssubtractone.Therefore,at theendof this
pass,the stencilbuffer containsa maskwherea zero indi-
cateno shadow, andanything elseindicatesthat thepixel is
in shadow. Thethirdpassis renderedwith full lightingwhere
thestencilbuffer is zero.Everitt andKilgardhavepresented
techniquesto maketheshadow volumerobust,especiallyfor
caseswhentheeye is insideshadow.12

Our work hasfocusedon extendingthehardshadow vol-
ume algorithm so that area and/or volume light sources
can be used.2; 4; 5 Our �rst paper presentedan algorithm
that could rendershadow at interactive rateson arbitrary
surfaces.2 However, the setof shadow castingobjectswas
severely limited. Recently, we have presenteda much im-
provedalgorithm5 thatovercomesthelimitationsof our �rst
attempt.Arbitrary shadow casterscanbeused,andwe pre-
sentedanimplementationusinggraphicshardware.To speed
up computations,a 4D texture lookup wasusedto quickly
computethecoverageof silhouetteedgesontolight sources.
We have alsopresenteda versionthat canhandlethe eye-
in-shadow problem,anda speed-uptechniquetargetedfor
hardware.4 After we obtainedgraphicshardware that was
neededfor animplementationof ourmostrecentalgorithm,5

we realizedthatseveraloptimizationswereneededin order
to getreal-timeperformance.

There are also several algorithmsthat only can handle
planarsoft shadows. For example,Hainespresentsshadow
plateaus,wherea hardshadow, which is usedto modelthe
umbra,is drawn from the centerof the light source.13 The
penumbrais renderedby letting eachsilhouettevertex, as
seenfrom thelight source,generatea cone,which is drawn
into the Z-buffer. The light intensity in a conevariesfrom
1.0, in the center, to 0.0, at the border. A Coonspatch is
drawn betweentwo neighboringcones,andsimilar light in-
tensitiesareused.HeckbertandHerf usetheaverageof 64–
256hardshadows into anaccumulationbuffer.14 Theseim-
agescanthenbeusedastextureson theplanarsurfaces.Ra-
diancetransfercanbe precomputed,asproposedby Sloan
et al.18, andthenusedto renderseveraldif�cult light trans-
port situationsin low-frequency environments.Real-time
soft shadowsareincludedthere.

3. Soft Shadow VolumeAlgorithm

In this section,a brief recapof the soft shadow algorithm5

will bepresented.The�rst passrenderstheentirescenewith
specularanddiffuselighting into theframebuffer. Thesec-
ond passcomputesa visibility maskinto a visibility-buffer
(V-buffer), which is usedto modulatethe imageof the �rst
pass.Finally, ambientlighting is addedin a third pass.The
computationof thevisibility maskrendersthehardshadow
quadsfor silhouetteedgesinto the V-buffer. This is done
usingan ordinaryshadow volumealgorithmfor hardshad-
ows, and that passensuresthat the umbraregions receive
full shadow. Eachsilhouetteedgeis then usedto createa
penumbrawedge,whichcontainsthepenumbravolumegen-
eratedby thatedge.Thefrontfacingtrianglesof eachwedge
is thenrenderedwith depthwriting disabled.For eachras-
terizedpixel (x;y) with z asa depthvalueobtainedfrom the
�rst renderingpass,apixel shaderis executed.Notethatz is
madeavailableby creatinga texture thatcontainsthedepth
buffer of the�rst renderingpass.

The hardshadow quadfrom a silhouetteedgesplits the
wedgecorrespondingto thesameedge,in aninnerandouter
half (seeFigure2). For pointsp = (x;y;z) locatedin thein-
nerhalf of thewedge,thepixel shadercomputeshow much
of the light sourcep can “see” with respectto the silhou-
etteedgeof thewedge.This percentagevaluewill beadded
to the V-buffer andcompensatesfor the full shadow given
in the umbrapassby the hardshadow quad.For pixels in
the outerhalf of the wedge,the pixel shaderwill compute
how muchof thelight sourcethat is coveredwith respectto
thesilhouetteedge,andthispercentagevaluewill insteadbe
subtractedfrom theV-buffer. For pixels outsidethewedge,
thelight sourcewill befully visibleor covered,andthemod-
i�cation valuewill be zeroin both cases.The accumulated
effectof all this,is thatavisibility mask,whichrepresentthe
soft shadow, is computed.
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4. Optimizations

In this section,several optimizationsarepresentedin order
to obtainreal-timerenderingusingthesoft shadow volume
algorithm.

4.1. Tighter Wedgesfor RectangularLight Sources

Our previously presentedmethod created wedges from
boundingspheressurroundingthelight source.5 Thepenum-
bra volumecorrespondingto an edgeanda sphericallight
sourceis the sweptvolumeof the circular conecreatedby
re�ecting the light sourcethroughthe sweepingpoint that
movesfrom oneedgeendpoint to theother(seeFigure1a).
To handlerobustnessissuesandavoid thehyperbolic13 front
andbackwedgesurfacesalongtheedge,theedgevertex fur-
thestfrom thelight centeris temporarilymovedstraightto-
wardsthelight centerto anew locationat thesamedistance
from thelight centerastheotheredgevertex. Then,thisnew
edgeis usedfor sweepingthewedgevolume.Thiswill make
the front andbackwedgesurfacesplanar, andthe resulting
wedgewill completelyenclosethe true penumbravolume
(Figure1c).This processalsosimpli�es thecomputationof
thewedgepolygons.

(a)

(c)

(b)

(d)

Figure 1: a) andb) showthepenumbra volumefor an edge
for a sphericaland a rectangularlight source respectively.
c) andd) showthecorrespondingwedges,which enclosethe
penumbra volumes.In c) and d) the inner left coneis the
re�ected conethrough the left silhouettevertex. The outer
left coneis generatedfromtherelocatededgevertex.

Tighter wedgescanbe constructedif we exploit that the
light sourceis rectangular. Thepenumbravolumeis created
asdescribedabove, with the exceptionthat the conesnow
havea rectangularbase,asshown in Figure1b.

For a sphericallight source,a left anda right planewas
usedto closethe wedgeon the sides.Now instead,we use

thetwo leftmostandtwo rightmosttrianglesrespectively of
the two end pyramidsthat are formed by the re�ection of
the light sourcethroughthe edgeendpoints.This will re-
sult in a more tight �tting wedgeat the sides.Along the
edge,this wedgewill typically be thinnerthanonecreated
from asphericallight source(seeFigure1d).A bottomplane
may be addedfor the z-fail algorithmandculling (seesec-
tion 4.4).

If an edgeintersectsthe light source,that edgeshould
be clippedagainst the light source.In this case,all wedge
planesarecoplanar, andthe wedgewill encloseeverything
on onesideof theplane.This is correctbehavior, but is in-
convenientfor real-timeapplications,sincerasterizationof
suchawedgemaybeveryexpensive.

4.2. Optimized Pixel Shaders

Wehave implementedtwo optimizedpixel shadersthathan-
dlebothsphericalandrectangularlight sources.

The shaderswere testedon an ATI 9700 Pro. The test
program�rst generatesshadow volumesandwedgegeome-
try on the CPU.The planefor the hardshadow quadsepa-
ratesthewedgein aninnerandouterhalf. It is worth noting
thaton theATI 9700Pro,this polygonneededto matchthe
shadow volumepolygonusedto determinethe shadow ap-
proximationexactly (includingculling order)for thestencil
operationsexplainedbelow to align correctly. The shadow
volume quaditself doesnot extend all the way out to the
wedgesides.Therefore,onemorepolygonon eithersideof
the hard shadow quadis addedthat lies in the separating
planeandclosesthewedgehalves(seeFigure2).

The testprogramthenrendersthe world spaceper-pixel
positionsof shadow receiving objectsto a16bit perchannel
�oat texturethat is usedby thewedgepixel shaders.This is
to avoid computingthe screenspaceto world spacetrans-
formationof thepixel positionin thepixel shader, which is
moreexpensive. It shouldbe notedthat if the screenspace
positionwereused,thez-coordinateswouldhaveto beavail-
able through a depth texture, which meansthat a texture
lookup is necessaryanyhow. Next, theshadow volumesare
renderedandthe V-buffer is incrementedanddecremented
in theusualfashionto determinetheshadow approximation.
Then,thewedgesarerenderedto producethesoft shadows
in theV-buffer. Eachwedgesideis renderedseparatelyand
stenciloperationsareusedin orderto separatepositive and
negative V-buffer contributionsandto avoid renderingpix-
els that do not intersecta wedge.This is doneby applying
theculling method,describedin Section4.4,oneachwedge
half. A �nal passusesthe resultingV-buffer in a per-pixel
diffuseandspecularlighting calculation.

Also, hardware userde�ned clipping planeswere used
sincethe default guardbandclipping on the ATI 9700Pro
introducedenougherror in the clipped texture coordinates
to causevisualartifacts.
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(a) (b)

light source

edgeedge

Figure 2: The wedge is split by the hard shadowquad in
an outer and inner half. Sincethe hard shadowquaddoes
not extendall thewayout to the left andright wedge sides,
two triangles are usedon either side to achieve the split.
Together, thesethreepolygonsconstitutethe wedge center
polygons.a) showsan examplefor a sphericallight source,
andb) for a rectangularlight source.

4.2.1. SphericalLight SourceShader

The sphericallight sourceshaderusesthe conede�ned by
the point to be shadedand the sphericallight sourceas
shown in Figure3 to clip the silhouetteedge.The clipped
silhouetteedgeis thenprojectedto theplanede�ned by the
light sourcecenterandthe ray from the light sourcecenter
to the point to be shaded.The projectedpointsareusedto
determinethecoverage.

Theshader�rst transformsthesilhouetteedgefrom world
spaceinto light spacewherethe light centeris locatedon
the z-axis at z = 1, the light radiusis one,andthe point to
be shadedis at the origin. The line describedby the trans-
formedpointsis thenclippedagainstthelight conewhich is
now describedby theconeequationx2 + y2 = z2 (seeFig-
ure4). Solving thequadraticresultingfrom theequationof
theintersectionof theline andcone,with intersectionpoints
below the xy planebeing rejected,doesthe clipping. The
clippedpointsc0 andc1 areprojectedon thez= 1 planeby
asimpledivisionby z.

Theresulting2D point values(p0 andp1 in Figure5) are
usedin two separatetexture lookupsinto a cube-mapthat
implementsatan2(y;x) to obtainq0 andq1. atan2(y;x) re-
turnsthe arctangentof y

x in the range-p to p radians.The
two anglescharacterizethe minor arc de�ned by the inter-
sectionsof the raysfrom the light centerto p0 andp1 and
theunit circle.q0 andq1 arethenusedin another2D texture
lookup (Figure5b) to obtain the areade�ned by the circle
centerand the minor arc. The areaderived from the cross
productof p0 andp1 is subtractedfrom this valueanddi-
videdby theareaof theunit circle to give the�nal coverage
(shadedin grayonFigure5a).

4.2.2. RectangularLight SourceShader

To computecoverageit is necessaryto projecttheedgeonto
the light sourceandclip it to theborderof the light source.

Light Center 

Point to be Shaded 

Silhouette Edge 

Z 

X 

Y 

Projection Plane 

Figure 3: Thesphericallight sourceclipping coneandpro-
jectionplaneshownin world space.
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Figure 4: Theclipping of thesilhouetteedge with the light
conein light space. Theclippededge endpointsc0 and c1
are thenprojectedontotheplanez= 1, which givesp0 and
p1.

For robustnessit is better to clip the edge�rst and then
projectit; otherwisepointsbehindthe origin of the projec-
tion will be inverted.Both clipping and projectioncan be
done ef�ciently using homogenouscoordinates.The end-
pointsof theedgeareinitially transformedsothat thepoint
to beshadedis attheoriginandthenormalto thelight source
planeis parallelto thez-axis.Thematrix for theprojection
is computedwith thepoint to beshadedastheorigin of the
projectionandthenearplaneastherectangularlight source.
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(a) (b)

Figure 5: a) Thecoverage is computedfrom the projected
2D pointsp0 andp1 in projectedspace. b) Arealookuptex-
ture.
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The endpointsof the edgeare then transformedinto clip
spaceusingtheprojectiontransform,followedby homoge-
nousclipping to eachside of the rectangularlight source.
After clipping, the endpointsare projectedby dividing by
the homogenousw-coordinate.The endpointscan then be
usedto look up theareain a 4D coveragetextureor beused
for analyticcomputationof thearea.

For non-texturedrectangularlight sources,the coverage
of the projectedsilhouetteedgequadrilateralcan be com-
puted analytically insteadof being computedusing a 4D
coveragetexture.Theadvantageof computingthecoverage
analyticallyis thathigheraccuracy is possibleusinglesstex-
turespace.Theareacoveredby theprojectededgequadrilat-
eralis equalto thelight sourceareabetweenthetwo vectors
of in�nite lengthfrom thecenterof thelight sourcethrough
the projectedclippedendpointsof the edgeminusthe area
of the trianglede�ned by thecenterof the light sourceand
theprojectedclippedendpointsof theedge(Figure6a).The
areaof thetrianglede�ned by thecenterof the light source
andtheprojectedclippedendpointsis computedusinga 2D
crossproduct.Thelight sourceareabetweenthetwo vectors
of in�nite length is looked up in a 2D texture (Figure6b)
basedon theanglesof elevationfor thetwo vectors(q0 and
q1). A cube-mapthatimplementsatan2(y;x) is usedto look
up theanglesto thetwo vectors.

 

(a) (b)

c

p0

p1
q0

q1

Figure6: a) Theareacoveredby thesilhouetteedge (p1p0)
projectedonto the light source is equal to the area of the
light sourcecoveredby thetrianglede�nedby thelight cen-
ter c andthetwovectors(c;p0) and(c;p1) extendedto in�n-
ity minustheareaof thetriangle (c;p0;p1). b) Area lookup
texture.

4.3. Frame Buffer Blending

Current generation consumer graphics hardware
(GeForceFXandRadeon9700)canonly blendto 8-bit per
componentframebuffers. The previous implementationof
thesoft shadow algorithmeither1) used32-bit �oat buffers
and circumventedthe blendingby renderinga wedgeto a
temporarybuffer, usingthe framebuffer asa texture,anda
following copy-backpassto theframebuffer, or 2) usedthe

lower 6 bits of single8-bit componentwhile reservingthe
upper2 bits for over�ow. It is desirableto have at least8
bits of precisionwhenthe �nal resultsaredisplayedusing
8-bit RGB-componentsto avoid precisionartifacts.Additive
frame buffer blending can be accomplishedwith greater
than 8-bit precision by splitting values acrossmultiple
8-bit componentsof the frame buffer. A number of the
most signi�cant bits of each componentare reserved to
allow for over�ow. The numberof bits reserved is based
on the expectedmaximumnumberof overlappingwedge
polygons.n bitsallows for up to 2n levelsof overlap.

In our implementation,two ordinary8-bit percomponent
rgba buffers are usedfor the V-buffer. One of the buffers
containstheadditivecontributionandoneof thebufferscon-
tainsthesubtractivecontribution.Theadditivecontributions
arecomputedby drawing the backhalf of all wedgesinto
theadditivebuffer andthesubtractivecontributionsarecom-
putedby drawing the front half of all wedgesinto the sub-
tractive buffer. An alternative implementationcouldusethe
multiple rendertarget supportof currentgenerationgraph-
ics hardware to draw into both buffers simultaneously. We
have found that on complex modelsmorethan16 levels of
overlapoccur, requiringthat5 bitsbereservedfor carry, soa
12-bit coveragevalueis split acrossthefour componentsof
eachbuffer. For eachof thefour 8-bit components,theupper
5 bits arereservedfor over�ow andthelower 3 bits contain
3 bitsof the12-bit value.

Futuregenerationsof graphicshardwaremay be ableto
blendto 16-bit per componentframebuffers makingsplit-
ting upvaluesunnecessary.

4.4. Culling

A consequenceof thesoft shadow volumealgorithmis that
therenderingof thewedgesonly affectsthosepixelswhose
correspondingpoints(formedas(x;y;z), where(x;y) arethe
pixel coordinates,and z is the depthat (x;y)) are located
insidethewedges.Putdifferently, therenderingof a wedge
canonly affect a point if it is inside the penumbraregion.
Still, the wedgesnormally cover many morepixels whose
correspondingpointsarenotinsidewedges.For thesepoints,
it is unnecessaryto executetheratherexpensivepixel shader.

Therefore,ideally, the pixel shadershouldonly be exe-
cutedfor pointsinsidethewedge,andculling shouldreject
all otherpixels whosecorrespondingpointsareoutsidethe
wedges.Thisculling canbedoneusingtwo passesandcom-
bining thedepth-testandthestenciltest.

Theculling is alsousedasthemechanismto separatethe
inner and outer wedgehalf contributions from eachother,
sincepointsin an inner wedgehalf shouldgive positive V-
buffer contribution andpoints in an outerhalf shouldgive
negative contribution. In our �rst approach,when render-
ing a wedge,the planeequationfor the hardshadow quad
wasusedin the pixel shaderto classifya point asbeingin
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the inner or outerwedgehalf. However, that approachcan
lead to precisionerrorsfor points that lie in or very close
to thehardshadow quadplane,resultingin visualartifacts.
Instead,eachwedgehalf (depictedin Figure2) is rendered
separately, asfollows.

First, the frontfacingtrianglesof thewedgehalf areren-
deredinto thestencilbuffer, while settingthestencilbuffer
elementsto onefor eachfragmentthatpassesthedepthtest.
Thedepthtestis setto GL_GREATER, i.e.,only passingfor
fragmentswith pointsfartheraway thanthe frontfacingtri-
angles.Then,the backfacingwedgehalf trianglesare ren-
deredinto theV-buffer usingthepixel shaderandwith both
thestenciltestandthedepthtestenabled.Thestenciltestis
setto only passfor stencilvaluesequalto one,andthedepth
testis setto GL_LESS. i.e.,only passingfor fragmentswith
pointscloserto theeye thanthebackfacingtriangleplanes.
If eitherof thesetestsfail, the point at that pixel is located
outsidethewedgehalf, andthefragmentis culledfrom ren-
dering.Early rejectionin the hardwarecanthenavoid exe-
cutingtheshaderfor culledfragments.

It shouldbenotedthatfor thisculling tobesuccessful,it is
requiredthatthehardwareis capableof doingearlydepthre-
jectionandearlystencilrejection.In general,a pixel shader
mayaffect thedepthvaluewhich will affect theoutcomeof
thedepthtest,which in turn may affect the outcomeof the
stenciltest,dependingon whatstencilfunctionthat is used.
In our case,the pixel shaderdoesnot affect the depthval-
ues,andthus,thedepthandstenciltestscanbedonebefore
executingtheshader.

5. Impr oving the Visual Results

Wehavereportedthatthesoftshadow volumealgorithmcan
suffer from two typesof artifacts.5 The �rst is that the soft
shadows are createdincorrectly for overlappinggeometry,
andthesecondis dueto thatonly a singlesilhouetteis used
for theshadow castingobjects.In thissection,two verysim-
pletechniques,whichcanimprovethevisualresults,arepre-
sented.

5.1. Overlap Approximation

The soft shadow volume algorithm can accuratelyrender
soft shadows for a singleclosedloop. However, thecombi-
nationof softshadowsfrom severalobjectsis moredif�cult,
ascanbeseenin Figure7.

The left part shows two piecesof gray-shadedgeometry
projectedontoa squarelight source.Thegeometrydoesnot
overlapon thelight source.Our algorithmhandlesthis case
correctly. However, it alwaysassumesthat the geometryis
non-overlapping,sofor thesituationin theright partof Fig-
ure7, thesamegeometrywith differentpositionsshouldcre-
ateanothercoverage.Unfortunately, ouralgorithmtreatsthe
situationto theright in thesameway asto the left, i.e., the
resultis thesame.

light source light source

Figure 7: Overlapproblemsdue incorrect combinationof
coverage. Thelight grayshadowcastercovers16percentof
thelight source, while thedarker gray shadowcastercover
4 percent.To theleft, theshadowcasters togethercovers 20
percent,while to theright they cover16percent.

To amelioratethis,aprobabilisticapproachis taken.Each
silhouetteloop is renderedseparately, so that a visibility
mask is createdfor eachsilhouetteloop. Next, thesetwo
visibility maskimagesshouldbe combinedper pixel. Now
assume,that A coverscA percentof the light source,andB
coverscB percent.Sinceno informationon how the geom-
etry overlapsis available,it appearsto be advantageousto
producea resultthat is in betweenthetwo extremes.There-
fore, thefollowing combinedresultis usedperpixel:

c = max(cA;cB) +
1
2

min(cA;cB); (1)

which implies that a result in betweenthe two extremes
shown in Figure7 is obtained.

Splittingthesilhouettesinto singlesilhouetteloopsis easy
to do in real time. It is worth mentioningthat a vertex of a
silhouetteedgealwaysis connectedto anevennumberof sil-
houetteedges3, whichsimpli�es thetask.Thealgorithmwill
have to rendereachsilhouetteloopseparatelyandmergethe
visibility resultwith theresultfrom theotherrenderedloops.
To avoid usingseveralbuffers,thesoft shadow contribution
of a silhouetteloop canbe renderedinto, for instance,the
r- andg-componentof the framebuffer. Thenthe resultfor
theaffectedpixelscouldbemerged,accordingtoEquation1,
with thetotalresultresidingin theb- anda-component.This
merging canbe doneby an intermediatepassbetweenren-
deringeachsilhouetteloop. The passshouldalsoclearthe
valuesin ther- andg-components.

5.2. SingleSilhouetteApproximation

The silhouetteedgesare generatedfrom only one sample
locationonthelight source.This is obviouslynotphysically
accurate,sincethesilhouetteedges,asseenfrom thesample
location,mayvary for differentsampleson thelight source.

It is possibleto reducethe effect of both the singlesil-
houetteartifact and the overlapapproximationby splitting
a large arealight sourceinto somesmaller. The rationale
for this is that the quality of the soft shadows aregoodfor
smalllight sources,but getsworsefor larger. For alargelight
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source,theprobabilityis higherthatseveralindependentsil-
houetteloopscontributeto thesoft shadow atpixel, thanfor
asmalllight source.Sincemoresamplepointsfor thesilhou-
ettesareadded,thesinglesilhouetteartifactwill bereduced
aswell.

It is possibleto achieve a correctresultby increasingthe
numberof splits to in�nity or to a point wherethereis no
longerany visualchangein theresult.This is closelyrelated
to the techniquethat usesmultisamplingof hard shadows
to get a soft result.However, for a visually pleasingresult,
our penumbrawedgemethodtypically requirestwo orders
of magnitudefewersamplelocations.Figure8showsaworst
casescenariofor thesinglesilhouetteartifact,now improved
by splitting onelarge arealight sourceinto four smallerof
equalsize,togethercoveringthesameareaasthelarger. The
referenceimageto the right shows the resultof using1024
samplespointsandblendinghardshadows.

It shouldbeemphasizedthatusingn small light sources,
coveringthesameareaasonelargerlight source,is notnec-
essarilyn times as expensive than using the single larger
light source.The costof the soft shadow algorithmis pro-
portionalto thenumberof pixelswith pointslocatedinside
the wedges,and the wedgesgeneratedfrom eachsmaller
light sourcewill be signi�cantly thinner than thosegener-
atedfrom thelargerlight source.

Figure 9 shows an example of a more complex scene.
Nearthecenterof theshadow in theleftmostimagetheover-
lapartifactis pronounced.Therearea lot of silhouetteedges
thatarein shadow andfalselygiveshadow contribution.This
resultsin an overly dark shadow, which canbe seenwhen
comparingto themorecorrectresultin therightmostrefer-
enceimage.Here,it canclearlybeseenthat,typically, very
goodquality is achieved by splitting the larger light source
into only a few smallerones.

6. Results

Thepixel shaderfor sphericallight sourcesrequires59arith-
meticaland4 textureloadinstructions.Theoptimizedpixel
shaderprogramfor a textured light source,using the 4D
coveragetexture lookup, consistsof 61 arithmeticinstruc-
tions and2 texture load instructions.The optimizedshader
for a non-texturedlight, usingtheanalyticcoveragetexture,
consistsof 60 arithmeticinstructionsand5 texture load in-
structions.Codefor all thethreeshadersareavailableonline
at http://www.ce.chalmers.se/staff/uffe/NonTexturedRect.txt,
http://www.ce.chalmers.se/staff/uffe/TexturedRect.txt, and
http://www.ce.chalmers.se/staff/uffe/Sphere.txt.

Note that our original codefor rectangularlight sources
consistedof 250 instructions.5 Figure 10 and Figure 11
shows two sceneswith a comparisonof imagequality and
frameratebetweenusinghardshadows, soft shadows from
asphericallight, squarelight andlargerectangularlight. Our
original implementationrendersthecylinder scenein about

8–10 fps and the alien scenein 3–4 fps for both spherical
andrectangularlight sources.With ouroptimizedalgorithm,
the framerate is 15-20timeshigher, ascanbe seenin the
two �gures.

The optimized wedgegenerationmethodfor rectangu-
lar light sourcescreatestighter wedgesthat typically im-
prove the overall frame rate with 1.2-2 times, which, for
Figure9a)givesanoverall speedupof 1:5 times.Regarding
theculling optimization(seeSection4.4),we have only ob-
serveda smallperformanceincreaseof about5%,but since
this is sceneandhardwaredependent,we believe that there
aresituationswhenit canperformbetter. Worthnotingis that
culling comesfor freesinceit is themechanismto separate
thecontributionsfrom theinnerandouterwedgehalves.

Theoptimizedshaderfor thenon-texturedsphericallight
sourceusesabout324KB of texturememoryin total.A six-
facecube-mapof 128� 128 16 bit valuesper faceis used
for theanglelookups.A 256� 256singlechannel16-bit tex-
ture is usedfor thearealookup.A 10241D textureof four
8-bit channelsis usedto convert the coveragevalue into a
subtractive or additive visibility valuesplit over the r,b,g,a
components.

For the non-textured rectangularlight source shader,
about270KB of texturememoryis used.A six-facedcube-
mapof 128� 12816-bitvaluesperfaceis usedfor theangle
lookup.A 256� 256singlechannel8-bit pertexel textureis
usedfor arealookup,andthesame1024entriestextureasfor
thesphericallight is usedfor splittingthevisibility contribu-
tion over thergba-components.A texturedrectangularlight
sourcerequires1MB of texturememoryfor the4D coverage
texturefor asingle-coloredlight source,and3MB if thelight
sourceis rgb-colored,asbefore.5

7. Conclusions

We have presentedseveraloptimizationsto our original soft
shadow algorithm that greatly improves the performance.
The old algorithm typically renderedthe scenesshown in
this paper in 1-10 fps. With the optimizationspresented
here,frame ratesof up to 150 fps are achieved (seeFig-
ure 10). The main improvementsconsistof threemodi�ed
fragmentshaders;one for sphericaland two for rectangu-
lar light sources,that lowersthe numberof shaderinstruc-
tions from 250 to 63, 63 and65 respectively. The fragment
shadersalso utilize an ordinary frame buffer with 8 bits
per rgba-componentto get 12 bits of precisionfor the soft
shadow contribution.This circumventstheproblemthat,on
current hardware, blending typically cannotbe done to a
frame buffer with 16 or 32 bits per rgba-component.The
old algorithmhadto useextra renderingpassesor lower the
precisionto 5 bits for thesoft shadows.

Furthermore,a methodis presentedfor creatingtighter
wedges,whichtypically improvestheoverallframeratewith
1.2 to 2 times. A culling techniqueis also describedthat

c
 TheEurographicsAssociation2003.



Assarssonetal. / OptimizedSoftShadows

canincreaseperformanceabit. Finally, weshow how to im-
prove thevisualquality by reducingtheeffectsof theover-
lapandsinglesilhouetteapproximations.With theimprove-
mentspresentedin this paper, real-timesoft shadows with
very goodquality cannow be usedin, for instance,games
andvirtual realityapplications.

8. Futur eWork

The wedgegeneratedfor a small silhouetteedgeis often
quitelarge.A silhouetteedgesimpli�cation algorithmcould
beimplementedto saveasigni�cant amountof wedgeover-
draw. Oneeasywin would beto collapsetwo connectedsil-
houetteedgeswhichareroughlyparallelinto asingleedge.

By using vertex shadersfor the wedgegeneration,the
CPU will be of�oaded so that it cando othermoreuseful
work (gamelogic, collision detection,etc).We will imple-
mentthisshortly.
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Figure8: Onearealight source, 2� 2 arealight sources,1024point light sources.

Figure9: Onearealight source, 2� 2 arealight sources,3� 3 arealight sources,1024point light sources.

Figure 10: Comparisonof appearanceand framerate for a cylinder with hard shadow, soft shadowfrom a sphericallight
source, softshadowfroma square light source, andsoftshadowfroma widerectangularlight source.

Figure11: Samesituationsasfor Figure10,but for a morecomplex shadowcaster.
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