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Abstract. Soft shadows and penumbraregions generatedby extendedlight
sourcessuchas linear andarealights are visual effects that signi�cantly con-
tributeto therealismof ascene.In interactiveapplications,shadow computations
aremostlyperformedby eithertheshadow volumeor theshadow mapalgorithm.
Variantsof thesemethodsfor soft shadows exist, but they requirea signi�cant
numberof samplesonthelight source,therebydramaticallyincreasingrendering
times.
In this paperwe presenta modi�cation to theshadow mapalgorithmthatallows
us to rendersoft shadows for linear light sourcesof a high visual �delity with a
verysmallnumberof light sourcesamples.Thisalgorithmis well suitedfor both
softwareandhardwarerendering.

1 Intr oduction

Shadows provide importantvisual cuesfor the relative positionof objectsin a scene.
Thus, it is not surprisingthat therehasbeena lot of work in the computergraphics
literatureon how to includeshadows in interactive applications.Apart from precom-
puteddiffuseshadow texturesfor eachobject,andsomespecialpurposesolutionslike
projectedgeometry[2] for largeplanarreceivers,therearetwo generalpurposeshadow
algorithmsfor interactiveapplications.

The�rst of these,shadow volumes[5] is anobject-spacemethod,while thesecond
one,shadow maps[23] is a purelysamplingbasedapproachthatworkswith depthim-
agesof the scene.Both techniqueshave their speci�c advantagesanddisadvantages.
For example,while the shadow volumealgorithmis generallyvery stable,it can in-
troducea largenumberof boundarypolygonsthatsigni�cantly increasethegeometric
complexity of ascene.Ontheotherhand,theshadow mapalgorithmhasalow geomet-
ric complexity, however, numericalproblemsoccurquite frequently. Furthermore,the
hardwaresupportfor shadow mapshassofar beenrestrictedto very high endsystems
sothatdevelopersfor thelow endwereforcedto useshadow volumes,sincetheseonly
requireaminimal hardwarefeatureset.

Variantsto producesoftshadowsfor linearandarealight sourcesareknownbothfor
theshadow volumeandfor theshadow mapalgorithm(see,for example[1, 4]) aswell
asfor othertexture-basedmethods[10]. Thesework by replacingthelinearor arealight
sourcewith a numberof point light sources.In many cases,the light sourcedoesnot
subtendavery largesolidangleasseenfrom any objectpoint in thescene.This means
that,especiallyin sceneswith mostlydiffusematerials,thelocal illuminationcausedby
differentsamplesof the light sourcediffersonly marginally, andthusa small number
of light sourcesamplesshouldbesuf�cient. Nonetheless,thenumberof samplesoften
hasto be quitesigni�cant to obtainsmoothpenumbraregions. This is dueto the fact



that,with
�

light sourcesamples,onecanonly obtain
�����

differentlevelsof shadow:
fully lit, fully shadowed(umbra),aswell as

�����

levelsof penumbra.Thuswe will
needto have a large numberof light sourcesamplesfor sceneswith large penumbra
regions,or thequantizationinto

�����

penumbraregionswill becomeapparent.
So,while a smallnumberof sampleswould besuf�cient for thelocal shadingpro-

cess,we requirea large numberof samplesto establishthe correctvisibility in the
penumbraregions.This signi�cantly increasesthecomputationalcostof soft shadows,
andmakestheminfeasiblefor many interactiveapplications.

(a) (b)

Fig. 1. (a): approximatinga linear light source
with two point lights. (b): our method,alsous-
ing two light sourcesamples.

In thispaper, we introduceanew soft
shadow algorithm basedon the shadow
maptechnique.This methodis designed
to produce high-quality penumbrare-
gionsfor linear light sourceswith a very
smallnumberof light sourcesamples.It
is not an exact methodandwill produce
artifactsif the light sourceis soseverely
undersampledthatthevisibility informa-
tion is insuf�cient (i.e. if therearesome
portionsof the scenethat shouldbe in
the penumbra,but are not seenby any
of thelight sourcesamples).However, it
producesbelievablesoftshadowsaslong
asthesamplingis goodenoughto avoid
theseproblems.Figure1 givesa �rst impressionof our technique.

Theremainderof thispaperis organizedasfollows. In Section2 wereview related
work by otherresearchers.Then,in Section3, we introduceoursoftshadow technique,
startingwith a simple linear light sourcewith two light sourcesamples,eventually
extendingthetechniqueto multiplesamples.

2 RelatedWork

Sinceshadows aresuchan importantvisual effect, it is not surprisingthat a hostof
literatureby many researchersis availableon this topic (see[25] for a survey of dif-
ferentmethods).In ray-tracing,a shadow ray is casttowardsthelight sourceto obtain
a booleanvisibility �ag for point anddirectionallight sources.This methodcanbe
extendedto distribution ray-tracingfor the renderingof soft shadows. This sampling
approach,however, suffersfrom thequantizationartifactssimilarto theonesmentioned
above for theshadow mapandtheshadow volumealgorithm. In otherwords,with

�

light sourcesampleswe canonly discriminate
�	�
�

levels of penumbrain addition
to theumbraandthecompletelylit regions. However, this quantizationis maskedby
noiseif thesamplingpatternon the light sourceis chosendifferently for eachillumi-
natedsurfacepoint.

To eliminatebothquantizationandnoise,someresearchersusea geometricalanal-
ysis of the sceneto �nd regionsof the scenewherethe whole light sourceis visible,
thewhole light sourceis occluded(umbra),andregionswherepartof the light source
is visible (penumbra).Thesemethodswork in objectspaceby eithergeneratingdis-
continuitieson theilluminatedobjects(discontinuitymeshingalongthelinesof Heck-
bert [9]), by backprojectingthesceneontothelight source(for exampleDrettakisand
Fiume[7] andStewart andGhali [21]), or, morerecently, by detectingsingularpoints
andlineson thelight sourceitself (OuelletteandFiume[14]).



After the discontinuitieshave beengeometricallyanalyzed,the actualshadingof
eachpointcanbeperformedanalytically, or againusingsampling.Commonto discon-
tinuity meshingandbackprojectionis the large geometriccomplexity, which makes
theseapproachesill suitedfor interactive applications.Recently, therehasalsobeen
somework by Parker et al. [16] on approximatingthepenumbraby manipulatingthe
geometryof theoccluders,andthenassuminga point light source.This work doesnot
yield theexactsolutionfor thepenumbra,but resultsin anapproximationof highvisual
quality. It is similar to our work in thatit attemptsto renderhight quality soft shadows
with very few light samples.

Anothermethodof generatingsoft shadows for off-line renderingis basedon con-
volution,andhasrecentlybeenintroducedby SolerandSillion [20]. While thismethod
is muchfasterthanthetechniquesdescribedabove,it is still far from interactive.

In theareaof interactivecomputergraphics,weoftenseespecialpurposealgorithms
thatareonly adequatefor very speci�c situations,suchastheprojectedgeometryap-
proach[2], whichonly worksfor shadowscastontolargeplanarobjects.In additionto
thesemethods,therehasrecentlybeensomework ongeneratingshadowsfrom image-
basedscenerepresentations,for exampleby KeatingandMax [11].

Amongthetwo generalpurposealgorithmsfor interactiveshadowswe �nd Crow's
objectspaceshadow volumemethod[5]. A variantof this algorithmfor graphicshard-
wareusingthestencilbufferhaslaterbeendevelopedbyDiefenbachandBadler[6], and
someadditional�x esfor specialsituations,wherethe nearplaneof theview frustum
straddlesoneof theshadow volumes,havebeenintroducedby UdeshiandHansen[22].
Soft shadows canbe implementedwith shadow volumesby samplingthe light source
with point lights [1], but this bearstheabove-mentionedsamplingproblems.

To reducethegeometriccomplexity of shadow volumes,McCoolgeneratesshadow
volumesdirectly from a depthimageof the scenein somevery recent,unpublished
work [13]. He usesan edgedetectionalgorithm to obtain the discontinuitiesin the
depthmap,whichthenactastheboundarypolygonsof ashadow volume.In thispaper,
we alsouseedgedetectionin the shadow mapto obtaindiscontinuities.However, in
contrastto McCoolweusethis informationfor renderingpenumbraregionsratherthan
extractingshadow volumeinformation.

Theotherfrequentlyusedshadow algorithmin interactive applicationsareshadow
maps[23]. Here,theshadow testis reducedto a comparisonof a point's actualdepth
in the light sourcecoordinatesystemto a referencevaluestoredin a depthimage. In
Williams' original paperthis referencevalueis thedepthof thevisible surfacealonga
raythroughthelight sourceposition.Reevesetal. improvedtheshadow maptechnique
by anti-aliasingtheshadow boundariesusinga techniquecalledpercentage-closer�l-
tering [17]. Commonartifactsof the shadow mapalgorithm, like self-shadowing of
surfacesandmissingshadowsdueto numericalproblemsin thedepthcomparisonwere
resolvedby Woo [24]. He modi�ed thealgorithmto usea shadow mapwheretheref-
erencevalueis actuallyaweightedsumof thevisiblesurfaceandthe�rst surfacepoint
behindit. This improvedthenumericalstabilityof theshadow mapalgorithm,because
it mostly avoids depthcomparisonsof very similar values. Finally, Segal et al. [18]
introducedhardwaresupportfor softshadowsonhigh-endgraphicshardware.Without
this dedicatedsupport,shadow mapscanbeimplementedona fairly standardOpenGL
pipelineasdescribedby Brabecet al. [3]. This is themethodwe usefor thehardware
implementationof oursoft shadow extensionto shadow maps.



3 Soft Shadow Maps

For thefollowing discussion,we considera scenewith a singlelinear light source.As
discussedin theSection1, we wantto assumethatthevisibility termcanbeseparated
from thelocal illumination part,andthatthelatter is smoothenoughto berepresented
by veryfew light sourcesamples.Thetaskis thento reconstructthevisibility termwith
ahighquality, while onlyusingasmallnumberof light sourcesamples.For themoment
werestrictourselvesto thesimplestcasewhereweuseonly two samplesresidingat the
verticesof thelinearlight.
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Fig. 2. Top: asimplescenewith alinearlight source,anoccluderandareceiverpolygon.Bottom:
thepercentageof visibleportionsof thelight sourceasa functionof thelocationon thereceiver.

Also supposefor themomentthatwe have anef�cient way of computingfor each
point in thescenethepercentageof thelight sourcevisiblefrom thatpoint (Sections3.1
and3.2describeanef�cient methodfor computinganapproximationof this term).An
examplefor sucha visibility function in a simple2D sceneis shown in Figure2. In
orderto rendersoft shadows in this settingef�ciently , we canextendtheshadow map
algorithmasfollows.

First, generatea shadow mapfor eachof the two light samples,consideringthese
astwo distinct point lights. Eachof the texels in sucha shadow mapcorrespondsto
onesurfacepoint thatis visible from therespective light sourcesample.Now weadda
secondchannelto eachof thetwo shadow maps.Thischanneldescribesthepercentage
visibility of thewholelight sourcefor eachof theseobjectpoints.More precisely, this
channelhasthefollowing properties:

� If a surfacepoint is seenby exactly oneof the light samples,the correspond-
ing visibility entry in thatshadow mapre�ects thepercentageof the linear light
sourcevisible from thatpoint (or anapproximationthereof).

� If asurfacepoint is seenby bothsamples,thesumof thecorrespondingvisibility
channelsrepresentsthepercentagevisibility. In thealgorithmpresentedin Sec-
tion 3.2weassumethatthewholelight sourceis unobstructedif bothsamplesare
visible, thatis, thevisibility is 100%.In ouralgorithmthismeansthatbothmaps
will getavalueof 50%.Notethatit wouldbepossibleto dropthisassumptionif
a differentwayof computingthevisibility channelwasused.



� Surfacepointsnotseenby any of thetwo light samplesarenotrepresentedin any
of thetwo maps.Thereforetheseareassumedto bein theumbra.

Putdifferently, theshadow mapnot only containsinformationaboutwhich object
pointsarevisible from a given point light, but alsoa percentagevaluethat describes
how much of the whole linear light sourcecanbe seenby that point. For any given
objectpoint, the sumof thesevisibility termsfrom the two point lights shouldthen
resultin thevalueof thefunctionplottedat thebottomof Figure2.

Basedon thesetwo-channelshadow maps,we cannow formulatea variantof the
shadow mapalgorithmfor soft shadows. Let

���

and
���

betwo shadow mapsincluding
suchvisibility channels�

�

and �

�

, onefor eachof thetwo point light sources�

�

and
�

�

. The shadingof a particularpoint p in the scenethenproceedsaccordingto the
following algorithm:

shade( p )
�

if( depth � ( p)> ���
	 p � )
l1= 0;

else
l1= �

�
	 p � * localIllum( p, 


� );

if( depth � ( p)> ����	 p � )
l2= 0;

else
l2= �

�
	 p � * localIllum( p, 


� );

return l1+l2;
�

In this pieceof pseudocode
�����

p � meanslooking up thereferencedepthvaluecor-
respondingto p in shadow map � . Similarly �

���

p � meanslooking up thevisibility value
for p. The depthof a point p in the respective light coordinatesystemis given as
depth

�

( p) . Fromthis codeit is obviousthattheproposedmethodis only marginally
slower thanshadow mappingwith two point lights, assumingthat the shadow maps
includingthevisibility channelsareprovided.

The problemnow is to determinehow to generatethesevisibility channelsin the
�rst place. In principle,we could useany known object-spacealgorithmfor this, in-
cludingbothanalyticalmethodsandsampling.While this maybea feasibleapproach
for staticscenes,dynamicenvironmentsrequirefastertechniques.For this latter case
we choseto usea a linearapproximationfor thetransitionin thepenumbraregions.In
thefollowing we�rst motivatethisapproximation,beforewedescribethedetailsof the
methodin Section3.2.

3.1 Linear Inter polation of Visibility

Onepropertyof linear lights is thatobjectedgesparallelto it do not have a penumbra
region. In otherwords,thereis a sharptransitionfrom umbrato fully lit regionsfor
theseedges. Furthermore,linear light sourceshave the advantagethat the visibility
considerationsof a 3D scenecanbe reducedto 2D scenes.Considerthe intersection
of the scenewith a planecontainingthe light source. If we can solve the visibility
problemfor all suchplanes,i.e. for thewholebundleof planeshaving thelight source
asa commonline, thenwe know thevisibility of the light sourcefor all 3D pointsin
thescene.



For amotivationof ouralgorithmfor generatingthevisibility channels,considerthe
con�guration in Figure2, which containsa linear light sourceat the top, an occluder
andareceiverpolygon.In orderto computethecorrectpenumbra,wehaveto determine
for eachpointonthereceiver, whichpercentageof thelinearlight sourceis visiblefrom
thatpoint. This percentageis plottedasa functionof thesurfacelocationat thebottom
of Figure2.

In this simple con�guration, it is clear that we have two penumbraregions,one
wherethevisibility variesfrom 100%atp

�

to 0%atp
�

, andsimilarly from 100%atq
�

to 0% at q
�

. In general,thetransitionfrom fully visible to fully occludedis a rational
function,which becomesobviousby consideringthesimplecaseof a singleoccluder
edge,asdepictedin Figure3.

y1=m x1+t

y2=n x2+s
Receiver

Occluder

Light Source

Fig. 3. A simple scenewith a single occluder
edgethatcanbeusedto characterizethechange
of visibility acrossa planarreceiver that is not
parallelto thelinearlight source.

Without loss of generality, the oc-
cluderedgeis locatedat the origin (the
slope of the occluder is not of impor-
tance),the light sourceis given by the
formula �

�����������

�
	

, andtheintersec-
tion of the receiver with the2D planein
considerationis givenby �

�����
��� �

���

.
From the constraint
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,
whichcharacterizesthepoint �
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on
the light sourcethat is just visible from

�

� �
�

�

�
�

, it follows that

�
�

�
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�

��� �

����� (1)

This rationalfunctionsimpli�es to a linearoneif theslopes
�

of the light source
and

�

of thereceiverareidentical,i.e. if light andreceiverareparallelasin Figure2.
If light sourceandreceiverarenotparallel,therationalfunctionhasasingularityat

thepointwherethereceiverpolygonintersectstheline onwhich thelinearlight source
resides. However, this is an areawherethe penumbraregion collapsesto zero size
anyway. Ontheotherhand,theregionsfor whichweexpectlargepenumbraregionsare
far away from this singularity, andtheretherationalfunctionfrom Equation1 behaves
almostlikea linearfunction.

3.2 Generating the Visibility Map

With this observationwe cannow formulateanalgorithmfor generatingthevisibility
channelsfor the two shadow maps.Theobjectpointsin oneof thepenumbraregions
areof particularinterest.In our simplesetting,thesearetheobjectpointsseenby one
of thetwo point lights,but notby both.

Now imaginewe take theshadow mapfrom theright samplepoint, triangulateall
the depthsamples,andwarp all the resultingtrianglesinto the view of the left point
light, therebyusing the depthbuffer to resolve visibility con�icts. This is similar to
animagebasedrenderingalgorithmalongthelinesof post-rendering3D warping[12].
Theresultingimagewill consistof two kindsof polygons:thosecorrespondingto the
real geometryin the scene,and“phantompolygons”,sometimesalsocalled“skins”,
which result from triangulatingacrossdepthcontinuities. Both typesaredepictedin
Figure4. Theskinsareshown asgraylines;theoriginal surfacesarecoloredblack.



Fig. 4. Top: skin polygonswarpedfrom onedepthmap
into the other. Bottom: visibility contributions for both
point lights at eachpoint on the receiver, using the pre-
sentedmethodto generatethe visibility channelof the
shadow maps.

While the original polygons
are the desiredresult in image-
basedrenderingand the skins
areanartifact,it is theskinsthat
are of particular interestto us.
Wherever they arevisible in the
destinationimage (i.e. in the
imagecorrespondingto the left
point light), a penumbraregion
is located! What is more, we
know qualitatively whatthevis-
ibility valueshouldbefor points
in this region. Since the skins
are generatedby depthdiscon-
tinuities in the sourceshadow
map,they alwaysconnectanoc-
cluderpolygonanda receiver polygon. Pointsin thepenumbraregion thatarecloser
to theoccluderin thereprojectedimageseelessof thelinearlight thanpointscloserto
thereceiverpolygon.

If we assumea lineartransitionbetweenfully visible andfully occluded,asargued
in theprevioussection,thenwecangeneratethevisibility channelasfollows: First,we
needto �nd thedepthdiscontinuitiesin theshadow mapof theright point light, which
canbedoneusingstandardimageprocessingtechniques[8], andcanbeperformedat
interactive speed. The resultingskins thenneedto be reprojectedandrenderedinto
the visibility channelof the left shadow map. During renderingwe Gouraud-shade
the skin polygonsby assigningthe value

�

to verticeson the occluderand the value
�

to verticeson the receiver. This can be doneeither using a software renderer, or
usingcomputergraphicshardwareanda depthbuffer algorithm. In the latter case,it
is possibleto generatethe visibility channelat interactive framerates. We repeatthe
whole procedureto project the discontinuitiesfrom the depthbuffer of the left point
light to theright shadow map.

(a) (b) (c)

Fig. 5. (b) and(c): thevisibility channelfor thetwo point
lights for thescenein (a).

A �nal considerationfor the
generationof thevisibility chan-
nel is the treatment of com-
pletely lit andcompletelyshad-
owed object points. The lat-
ter caseis simple. Sincepoints
in the umbra are not seenby
any of the two light sources,
they will fail the shadow map
testsfor bothpoint light sources,
andthereforebe renderedblack
(or with anambientcolor only).
Completelylit pointson theotherhand,areseenby bothpoint lights, andin this case
we aregoing to assumethat thewhole linear light is visible. Thus,thevisibilities for
bothlightsneedto sumupto 1. Onewayof doingthis is to givethesepointsavisibility
of 0.5 in bothshadow maps.This caneasilybeimplementedby initializing all entries
in thevisibility channelto 0.5beforestartingto warptheskinpolygons.

Figure4 shows for both sampleson the light sourcethe visibility contribution to
eachpoint on thereceiver of the2D scenefrom Figure2. Thesecontributionscanbe



generatedusingthe just describedalgorithmto generatethe visibility channels.Fur-
thermore,Figure5 (b) and(c) show thevisibility channelsfor a linearlight sourcein a
3D scene.Thesceneitself is depictedin Figure5 (a).

3.3 Linear Light SourcesWith Mor eSamples

Therestrictionof this algorithmfor generatingthevisibility mapis thatobjectpoints
seeingportionsof thelinearlight source,but noneof thetwo pointlightsat its ends,will
appearto lie in theumbra.Moreover, therearesituationswherethis resultsin discon-
tinuities,asdepictedin Figure6. Theseartifactsresultfrom a severeundersamplingof
thelight source,with theconsequencethatimportantvisibility informationis available
in neitherof thetwo shadow maps.

Fig. 6. An exampleof failuredueto undersam-
pling of thelight sourcewhichcausessomepor-
tionsof thepenumbrato endup in full shadow.
Theseartifactscanonly beresolvedby increas-
ing thesamplingrateon thelight source.

The consequencefrom this observa-
tion is to increasethe samplingrate by
adding in one or more additionalpoint
samplesalongthelinearlight source.For
example,if weaddin athirdpointlight in
thecenterof thelinearlight, we have ef-
fectively subdivided the linear light into
two smaller linear lights that distribute
only half the energy of the original one.
If we treat thesetwo linear light seg-
mentsindependentlywith the algorithm
describedin theprevioussection,we get
thesituationdepictedin Figure7 for the
samegeometricsetup as in Figures 2
and4.

Thetoprow of the�gure corresponds
to therenderingof the left half, while thebottomrow correspondsto theright half of
the linear light. Note that the light sourceon the right side of the top row, and the
oneon the left sideof thebottomrow correspondto thesamepoint light, namelythe
oneinsertedat thecenterof the linear light. Thereforeit is possibleto combinethese
two point lights into a singleonewith twice the brightness,by summingtogetherthe
visibility channels(thedepthchannelsareidenticalanyway!).

With this generalapproachwe canaddin asmany additionalsamplepointson the
linearlight sourceasarerequiredto avoid theproblemsof pointsin thepenumbrathat
arenot seenby any light sourcesample.To generatethevisibility channelfor oneof
thesamplepoints,we needto consideronly thedepthdiscontinuities(skins)of those
samplesdirectly adjacentto this point. For example,in Figure7, the discontinuities
from the rightmostsampledo not play a role for the visibility map of the leftmost
sampleandviceversa.

4 Results

Wehaveimplementedtheapproachesdescribedin thispaperfor two differentversions.
Firstly, we havea softwareimplementationof themethodin a ray-tracer, andsecondly
wealsohaveanimplementationthatutilizesOpenGLgraphicshardwarefor therender-
ing. This lattermethodis anextensionof anOpenGLimplementationof thestandard
shadow mapalgorithmdescribedin [3]. For thishardware-basedtechnique,weuseSGI
workstations(SGI Octane,O2 andVisualWorkstation),which all have supportfor the



Fig. 7. By insertinganadditionalpoint light in thecenter, we have effectively reducedtheprob-
lem to two linearlights of half thelengthandintensity. Top two: left half of linearlight. Bottom
two: right half.

OpenGLimagingsubset[19].
This imagingsubset,which allows to performconvolutionsof images,is not re-

quiredfor therenderingusinganexisting shadow map,but it is helpful for generating
the visibility channelson the �y in dynamicenvironments. Rememberthat this task
requiresus to �nd discontinuitiesin the depthchannelof theshadow mapin orderto
determinetheskin polygons.Usinga convolutionwith a

�����

Laplacian-of-Gaussian
(LoG) edgedetection�lter helpsusto performthis taskveryef�ciently .

A comparisonof thedifferentvariantsof our soft shadowing algorithmis depicted
in Figure8. Thetop row shows theimagesthatwould begeneratedby simply approx-
imating a linear or arealight sourcewith a numberof point lights. The bottomrow
showsresultsfrom our algorithmwith thesamenumberof light sourcesamples.It can
beseenthat thequality of thepenumbraregionsis muchhigherin all cases.The left
columnshows theresultfrom approximatinga linearlight sourcewith two samples.It
hasbeenchosensuchthatoverlappingpenumbraregionsexhibit theundersamplingar-
tifactsdescribedin Section3.3. Theseartifactsdisappearasa third light sourcesample
is inserted,asshown in thecentercolumn.

Finally, in the right column, we have experimentedwith a triangulararealight
source,which we have approximatedby threelinear lights correspondingto theedges
of the triangle. As we have shown in Section3.1, the linear transitionof visibility in
the penumbraregion wasan approximationof the true rational function for the case
of linear light sources.For arealight sources,this transitionis, in general,a quadratic
rational function, so that the linear approximationof our algorithm is a really crude
approximation.Nonetheless,theresultsseemto indicatethat it maystill beusefulfor
certainapplications.Theproblemin �nding a betterapproximationis thattheshapeof
thequadraticrationalfunctiondependson theshapeof thetriangleandon therelative
orientationof light sourceandoccluderedges.Taking theseinto accountduring the



Fig. 8. Comparisonof differentsoft shadow techniques.Top row: simpleapproximationof the
light sourceby severalpoint lights. Bottomrow: themethodproposedin thispaper. Left column:
a linearlight sourceapproximatedwith two samples.Notetheartifact introducedwherethesoft
shadows overlap.This is dueto undersampling(seeSection3.3).Center:Theartifactsdisappear
asa third light sourcesampleis introduced.Right: Applying the techniqueto a triangulararea
light (seetext for details).

generationof thevisibility channelwould slow down thealgorithmconsiderably.
Figure9 in thecolor platescomparesa high-qualitysolutionfor thevisibility of a

scenewith onelinearlight source,oneblockerandonereceiverwith our method.Fig-
ure9a shows thesolutionof a ray-tracerusing200 light sourcesamplesto determine
thevisibility in every point on the receiver. Figure9b depictsthe resultof a software
implementationof our method. In contrastto the OpenGLimplementation,the soft-
wareimplementationallows for having thesameper-pixel shadingasin theray-traced
image. Figure9c shows a ray-tracedsolutionwith 10 uniformly spacedsamplesfor
comparison.With a shadow mapresolutionof

� � � ��� � �

, our methodincludingmap
generationandrenderingof �

�

���

� �

skin polygonstakesaboutaslong asray-tracing
with � samples.

Figure10 on the color pageshows somemorecomplex scenesrenderedwith the
OpenGL-basedimplementation.Oncethe shadow mapsarecomputed,the rendering
timesusingoursoftshadow algorithmareidenticalto thosefor renderinghardshadows
with thesamenumberof point lights. This is true for all scenes.Therefore,our algo-
rithm canbeusedfor interactive walkthroughswith no additionalcost. Thescenesin
Figure10canberenderedatabout20 fps,providedtheshadow mapsdonothaveto be
regeneratedfor every frame.

Building theshadow mapsin a dynamicenvironmentis obviously moreexpensive



for our algorithm,sincethevisibility channelsneedto be generatedaswell. This re-
quiresedgedetectionwithin the depthmaps,aswell as renderinga potentially large
numberof skin polygons.Thecostof generatingtheshadow mapsthereforedepends
on thescenegeometry. It variesfrom �

�

�

�

�

secondsfor thesimplescenein Figure8
to about2 secondsfor the arealight sourcein the jack-in-a-boxscenein Figure10.
Thesenumbersincludethetime for renderingthesceneto generatethedepthmaps.

5 Conclusions

In this paperwe presenteda new soft shadow algorithm basedon the shadow map
method.It is designedto producehigh-qualitypenumbraregionsfor linearlight sources
with a smallnumberof light sourcesamples.We demonstratedthat themethodworks
ef�ciently andproduceshigh-qualitypenumbraefor non-trivial scenes.Themethodcan
beappliedbothto softwareandhardwarerendering,andwe have demonstratedthat it
is possibleto achieve interactive frameratesin thelattercase.

It remainsan openresearchproblemto determinethebestplaceto insertsamples
into a linear light source. Recentwork by Ouelletteand Fiume [15] seemsto be a
promisingstartingpoint for determiningthoselocationswherea new samplepoint
would improve the overall quality of the penumbraregions the most. In the future,
it would be interestingto extendthe methodto arealight sources.The key problem
thereis that a linear visibility transition,asusedin this paper, is usuallynot a good
assumptionin this case.
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(a) ray traced,200samples (b) ourmethod,2 samples (c) ray traced,10samples

Fig. 9. A comparisonof ray-tracedimagesandour methodfor a scenewith oneblocker andone
linearlight (not visible).

Fig. 10. Somemoreexamplesof ourmethodwith two samplesperlight.


