Soft Shadowv Maps for Linear Lights

WolfgangHeidrich SteBinBrabec = Hans-PeteBeidel
Max-Planck-Institutdor ComputerScience
Im Stadtvald
66123Saarbriickn
Germary
heidrich,brabec,hpseide® mpi-sbmpg.de

Abstract.  Soft shadws and penumbraregions generatedy extendedlight
sourcessuchaslinear and arealights are visual effects that signi cantly con-
tributeto therealismof asceneln interactive applicationsshadev computations
aremostlyperformecby eithertheshadev volumeor theshadeav mapalgorithm.
Variantsof thesemethodsfor soft shadavs exist, but they requirea signi cant
numberof sample®nthelight sourcetherebydramaticallyincreasingendering
times.

In this paperwe presenta modi cation to theshadeav mapalgorithmthatallows
usto rendersoft shadavs for linearlight sourcesof a high visual delity with a
very smallnumberof light sourcesamplesThis algorithmis well suitedfor both
softwareandhardwarerendering.

1 Intr oduction

Shadavs provide importantvisual cuesfor the relative position of objectsin a scene.
Thus, it is not surprisingthat therehasbeena lot of work in the computergraphics
literatureon how to include shadaevs in interactive applications.Apart from precom-
puteddiffuseshadav texturesfor eachobject,andsomespecialpurposesolutionslike
projectedgeometry[2] for largeplanarrecevers,therearetwo generapurposeshadov
algorithmsfor interactive applications.

The rst of theseshadaev volumes[5] is anobject-spacenethod while thesecond
one,shadev maps[23] is a purely samplingbasedapproachhatworkswith depthim-
agesof the scene.Both techniquesave their speci ¢ advantagesand disadwantages.
For example,while the shadev volume algorithmis generallyvery stable,it canin-
troducea large numberof boundarypolygonsthatsigni cantly increasehe geometric
compleity of ascene Ontheotherhand theshadev mapalgorithmhasalow geomet-
ric compleity, however, numericalproblemsoccurquite frequently Furthermorethe
hardwaresupportfor shadev mapshassofar beenrestrictedto very high endsystems
sothatdeveloperdor thelow endwereforcedto useshadev volumes sincetheseonly
requirea minimal hardwarefeatureset.

Variantsto producesoftshadavsfor linearandareaight sourcesreknown bothfor
theshadav volumeandfor the shadev mapalgorithm(see for example[1, 4]) aswell
asfor othertexture-basednethodq10]. Thesework by replacingthelinearor aredight
sourcewith a numberof point light sources.In mary casesthe light sourcedoesnot
subtendavery large solid angleasseerfrom ary objectpointin thescene This means
that,especiallyin scenesvith mostlydiffusematerialsthelocalillumination causedy
differentsamplesof the light sourcediffers only maminally, andthusa small number
of light sourcesampleshouldbe sufcient. Nonethelesghe numberof samplesften
hasto be quite signi cant to obtainsmoothpenumbraregions. This is dueto the fact



that,with  light sourcesamplespnecanonly obtain differentlevelsof shadav:
fully lit, fully shadeved (umbra),aswell as levels of penumbra.Thuswe will
needto have a large numberof light sourcesamplesor sceneswith large penumbra
regions,or the quantizatiorinto penumbraegionswill becomeapparent.

So,while a smallnumberof samplesvould be sufcient for thelocal shadingpro-
cess,we requirea large numberof samplesto establishthe correctvisibility in the
penumbraegions.This signi cantly increaseshe computationatostof softshadaevs,
andmakestheminfeasiblefor mary interactive applications.

In this paperwe introducea new soft
shadov algorithm basedon the shadev
maptechnique.This methodis designed
to produce high-quality penumbrare-
gionsfor linearlight sourceswith avery
small numberof light sourcesamples.lt
is not an exact methodandwill produce .
artifactsif thelight sourceis soseverely
undersamplethatthevisibility informa-
tionis insufcient (i.e. if therearesome
portions of the scenethat should be in @ ()
the penumbra,but are not seenby ary Fig. 1. (a): approximatinga linear light source
of thelight sourcesamples) However, it ~ with two pointlights. (b): our method,alsous-
produceselievablesoftshadevsaslong ing two light sourcesamples.
asthe samplingis goodenoughto avoid
theseproblems.Figurel givesa rst impressiorof ourtechnique.

Theremainderof this paperis organizedasfollows. In Section2 we review related
work by otherresearchersThen,in Section3, we introduceour softshadev technique,
startingwith a simple linear light sourcewith two light sourcesamples,eventually
extendingthetechniqueto multiple samples.

2 RelatedWork

Sinceshadavs are suchan importantvisual effect, it is not surprisingthat a host of
literatureby mary researcherss available on this topic (see[25] for a suney of dif-
ferentmethods).In ray-tracing,a shadav ray is casttowardsthe light sourceto obtain
a booleanvisibility ag for point and directionallight sources. This methodcanbe
extendedto distribution ray-tracingfor the renderingof soft shadevs. This sampling
approachhowever, suffersfrom thequantizatiorartifactssimilarto theonesmentioned
above for the shadev mapandthe shadaev volumealgorithm. In otherwords, with
light sourcesampleswe canonly discriminate levels of penumbran addition
to the umbraandthe completelylit regions. However, this quantizations masked by
noiseif the samplingpatternon the light sourceis chosendifferently for eachillumi-
natedsurfacepoint.

To eliminateboth quantizatiorandnoise,someresearcherasea geometricabnal-
ysis of the sceneto nd regionsof the scenewherethe whole light sourceis visible,
thewholelight sourceis occluded(umbra),andregionswherepartof the light source
is visible (penumbra). Thesemethodswork in objectspaceby eithergeneratingdis-
continuitieson theilluminatedobjects(discontinuitymeshingalongthelines of Heck-
bert[9]), by backprojectinghe sceneontothe light source(for exampleDrettakisand
Fiume[7] andStavart andGhali[21]), or, morerecently by detectingsingularpoints
andlinesonthelight sourcdtself (OuelletteandFiume[14]).



After the discontinuitieshave beengeometricallyanalyzedthe actualshadingof
eachpointcanbeperformedanalytically or againusingsampling.Commonto discon-
tinuity meshingandback projectionis the large geometriccompleity, which makes
theseapproachedl suitedfor interactive applications. Recently therehasalsobeen
somework by Parker et al. [16] on approximatingthe penumbraby manipulatingthe
geometryof theoccludersandthenassuminga pointlight source. This work doesnot
yield theexactsolutionfor the penumbrabut resultsin anapproximatiorof highvisual
quality. It is similarto ourwork in thatit attemptgto renderhight quality soft shadevs
with very few light samples.

Anothermethodof generatingsoft shadevs for off-line renderingis basedon con-
volution, andhasrecentlybeenintroducedby SolerandSillion [20]. While thismethod
is muchfasterthanthetechniqueslescribedabove, it is still farfrom interactve.

In theareaof interactve computeigraphicswe oftenseespeciapurposealgorithms
thatareonly adequatdor very speci ¢ situations,suchasthe projectedgeometryap-
proach[2], which only worksfor shadevs castontolarge planarobjects.In additionto
thesemethodstherehasrecentlybeensomework on generatingshadaevs from image-
basedscenaepresentationgor exampleby KeatingandMax [11].

Amongthetwo generabpurposealgorithmsfor interactive shadevswe nd Crow's
objectspaceshadaev volumemethod[5]. A variantof this algorithmfor graphicshard-
wareusingthestencilbuffer haslaterbeendevelopedvy DiefenbactandBadler[6], and
someadditional x esfor specialsituations,wherethe nearplaneof the view frustum
straddle®neof theshadev volumeshave beenintroducedby UdeshiandHanser{22].
Soft shadevs canbe implementedvith shadev volumesby samplingthe light source
with pointlights[1], but this bearshe above-mentionedamplingproblems.

To reduceghegeometriccomplexity of shadev volumesMcCoolgenerateshadov
volumesdirectly from a depthimageof the scenein somevery recent,unpublished
work [13]. He usesan edgedetectionalgorithmto obtainthe discontinuitiesin the
depthmap,whichthenactastheboundarypolygonsof ashadav volume.In this paper
we alsouseedgedetectionin the shadev mapto obtaindiscontinuities.However, in
contrasto McCool we usethisinformationfor renderingpenumbraegionsratherthan
extractingshadev volumeinformation.

The otherfrequentlyusedshadaev algorithmin interactive applicationsareshadeov
maps[23]. Here,the shadev testis reducedo a comparisorof a point's actualdepth
in the light sourcecoordinatesystemto a referencevalue storedin a depthimage. In
Williams' original paperthis referencevalueis the depthof the visible surfacealonga
raythroughthelight sourceposition. Reevesetal. improvedtheshadev maptechnique
by anti-aliasingthe shadav boundariesisinga techniquecalled percentaye-closer |-
tering [17]. Commonartifactsof the shadev map algorithm, like self-shadwing of
surfacesandmissingshadaevs dueto numericalproblemsn the depthcomparisorwere
resohedby Woo [24]. He modi ed the algorithmto usea shadav mapwherethe ref-
erencevalueis actuallyaweightedsumof thevisible surfaceandthe rst surfacepoint
behindit. Thisimprovedthe numericalstability of the shadev mapalgorithm,because
it mostly avoids depthcomparison®of very similar values. Finally, Segal et al. [18]
introducedhardwaresupportfor soft shadavs on high-endgraphicshardware. Without
this dedicatedsupport,shadev mapscanbeimplementedn afairly standarddpenGL
pipelineasdescribedy Brabecetal. [3]. Thisis the methodwe usefor the hardware
implementatiorof our soft shadev extensionto shadev maps.



3 Soft Shadav Maps

For the following discussionye considera scenewith a singlelinearlight source.As
discussedn the Sectionl, we wantto assumehatthe visibility termcanbe separated
from the local illumination part,andthatthe latteris smoothenoughto be represented
by veryfew light sourcesamplesThetaskis thento reconstructhevisibility termwith
ahigh quality, while only usingasmallnumberof light sourcesamplesFor themoment
we restrictourselesto thesimplestcasewherewe useonly two samplesesidingatthe
verticesof thelinearlight.
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Fig. 2. Top: asimplescenawith alinearlight sourceanoccluderandareceverpolygon.Bottom:
thepercentagef visible portionsof thelight sourceasa functionof thelocationontherecever.

Also supposdor the momentthatwe have an ef cient way of computingfor each
pointin thescenahepercentagef thelight sourcevisible from thatpoint (Sections3.1
and3.2describeanef cient methodfor computinganapproximatiorof this term). An
examplefor sucha visibility functionin a simple 2D scenes showvn in Figure2. In
orderto rendersoft shadavs in this settingef ciently , we canextendthe shadev map
algorithmasfollows.

First, generatea shadev mapfor eachof the two light samplesconsideringhese
astwo distinct point lights. Eachof the texelsin sucha shadev map correspondso
onesurfacepointthatis visible from therespectre light sourcesample Now we adda
seconcchanneto eachof thetwo shadev maps.This channedescribeshepercentage
visibility of thewholelight sourcefor eachof theseobjectpoints. More precisely this
channehasthefollowing properties:

If a surfacepointis seenby exactly one of the light samplesthe correspond-
ing visibility entryin thatshadev mapre ects the percentagef thelinearlight
sourcevisible from thatpoint (or anapproximatiorthereof).

If asurfacepointis seenby bothsamplesthesumof thecorrespondingisibility
channelgepresentshe percentageisibility. In thealgorithmpresentedn Sec-
tion 3.2we assumehatthewholelight sources unobstructed bothsamplesire
visible, thatis, thevisibility is 100%.In our algorithmthis meanghatbothmaps
will getavalueof 50%. Notethatit would be possibleto dropthis assumptionf
adifferentway of computingthevisibility channewasused.



Surfacepointsnotseerby ary of thetwo light samplesarenotrepresenteth ary
of thetwo maps.Thereforetheseareassumedo bein theumbra.

Putdifferently, the shadev mapnot only containsinformationaboutwhich object
pointsare visible from a given point light, but alsoa percentagevalue that describes
how mud of the whole linear light sourcecanbe seenby that point. For any given
object point, the sum of thesevisibility termsfrom the two point lights shouldthen
resultin the valueof thefunctionplottedat the bottomof Figure2.

Basedon thesetwo-channekhadev maps,we cannow formulatea variantof the
shadav mapalgorithmfor softshadevs.Let and betwo shadev mapsincluding
suchvisibility channels and , onefor eachof thetwo pointlight sources and

. The shadingof a particularpoint p in the scenethen proceedsaccordingto the
following algorithm:

shade( p )
ifC  depth (p)> p)
1= 0;
else
1= p * locallllum( p, )

if(  depth (p)> p )
2= 0;
else
12= p * locallllum( P, );

return  11+12;

In this pieceof pseudacode  p meandooking up the referencedepthvaluecor-
respondingo p in shadev map . Similarly p meandooking upthevisibility value
for p. The depthof a point p in the respectie light coordinatesystemis given as
depth (p). Fromthiscodeit is obviousthatthe proposednethodis only marginally
slower than shadev mappingwith two point lights, assumingthat the shadov maps
includingthevisibility channelsareprovided.

The problemnow is to determinehow to generatahesevisibility channelsn the
rst place. In principle, we could useary known object-spacalgorithmfor this, in-
cluding both analyticalmethodsandsampling. While this may be a feasibleapproach
for staticscenesgdynamicervironmentsrequirefastertechniques.For this latter case
we choseto usea alinearapproximatiorfor thetransitionin the penumbraegions. In
thefollowing we rst motivatethis approximationpeforewe describehedetailsof the
methodin Section3.2.

3.1 Linear Inter polation of Visibility

Onepropertyof linearlights is thatobjectedgesparallelto it do not have a penumbra
region. In otherwords,thereis a sharptransitionfrom umbrato fully lit regionsfor
theseedges. Furthermore Jinear light sourceshave the advantagethat the visibility
consideration®f a 3D scenecanbe reducedto 2D scenes.Considerthe intersection
of the scenewith a planecontainingthe light source. If we cansolve the visibility
problemfor all suchplanesj.e. for thewhole bundleof planeshaving thelight source
asa commonline, thenwe know the visibility of thelight sourcefor all 3D pointsin
thescene.



For amotivationof ouralgorithmfor generatinghevisibility channelsgonsidethe
con gurationin Figure 2, which containsa linear light sourceat the top, an occluder
andareceverpolygon.In orderto computehecorrectpenumbraywe haveto determine
for eachpointonthereceier, which percentagef thelinearlight sourceds visiblefrom
thatpoint. This percentagés plottedasafunctionof the surfacelocationatthe bottom
of Figure2.

In this simple con guration, it is clearthat we have two penumbraregions, one
wherethevisibility variesfrom 100%atp to0%atp , andsimilarly from 100%atq
to 0%atq . In generalthetransitionfrom fully visible to fully occludedis arational
function, which becomebvious by consideringthe simple caseof a single occluder
edge asdepictedn Figure3.

Without loss of generality the oc-
cluder edgeis locatedat the origin (the ugmsOUfc?/;{fm et
slope of the occluderis not of impor- /
tance), the light sourceis given by the
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formula , andtheintersec-

tion of the recever with the 2D planein /
consideratioris givenby . \nxs Receiver
From the constraint , s T ——
which characterizethe point on

the light sourcethat s just visible from

it follows that Fig. 3. A simple scenewith a single occluder

edgethatcanbeusedto characterizehe change
of visibility acrossa planarrecever thatis not
parallelto thelinearlight source.

(1)

This rationalfunction simpli es to a linear oneif theslopes of thelight source
and of thereceverareidentical,i.e. if light andreceverareparallelasin Figure2.

If light sourceandreceverarenotparallel,therationalfunctionhasa singularityat
thepointwheretherecever polygonintersectgheline onwhichthelinearlight source
resides. However, this is an areawherethe penumbraregion collapsesto zero size
anyway. Ontheotherhand theregionsfor whichwe expectlargepenumbraegionsare
far away from this singularity andtherethe rationalfunctionfrom Equationl behaves
almostlike alinearfunction.

3.2 Generatingthe Visibility Map

With this obsenationwe cannow formulatean algorithmfor generatinghe visibility
channeldor thetwo shadev maps. The objectpointsin oneof the penumbraregions
areof particularinterest.In our simplesetting,thesearethe objectpointsseenby one
of thetwo pointlights, but not by both.

Now imaginewe take the shadev mapfrom the right samplepoint, triangulateall
the depthsamplesandwarp all the resultingtrianglesinto the view of the left point
light, therebyusing the depthbuffer to resole visibility con icts. This is similar to
animagebasedenderingalgorithmalongthelinesof post-renderin@D warping[12].
Theresultingimagewill consistof two kinds of polygons:thosecorrespondingdo the
real geometryin the scene,and“phantompolygons”, sometimesalso called “skins”,
which resultfrom triangulatingacrossdepthcontinuities. Both typesare depictedin
Figure4. Theskinsareshovn asgraylines;theoriginal surfacesarecoloredblack.



While the original polygons yava
arethe desiredresultin image- SN
basedrenderingand the skins / A
areanartifact,it is theskinsthat v N
are of particularinterestto us.

Whererer they arevisible in the
destinationimage (i.e. in the
imagecorrespondindo the left

point light), a penumbraregion I 1 \
is located! What is more, we

know qualitatively whatthevis- Fig. 4. Top: skin polygonswarpedfrom one depthmap
ibility valueshouldbefor points into the other Bottom: visibility contritutions for both
in this region. Sincethe skins point lights at eachpoint on the recever, usingthe pre-
are generatecby depthdiscon- sentedmethodto generatethe visibility channelof the

tinuities in the source shadev shadev maps.

map,they alwaysconnectanoc-

cluderpolygonanda recever polygon. Pointsin the penumbraregion that are closer
to theoccluderin thereprojectedmageseelessof thelinearlight thanpointscloserto
therecever polygon.

If we assume lineartransitionbetweerfully visible andfully occludedasargued
in theprevioussection thenwe cangeneratéhevisibility channebsfollows: First,we
needto nd thedepthdiscontinuitiedn the shadev mapof theright pointlight, which
canbe doneusingstandardmageprocessingechniqueg8], andcanbe performedat
interactive speed. The resultingskinsthen needto be reprojectedand renderednto
the visibility channelof the left shadev map. During renderingwe Gouraud-shade
the skin polygonsby assigningthe value to verticeson the occluderandthe value

to verticeson the recever. This canbe doneeither using a software renderey or
usingcomputergraphicshardware and a depthbuffer algorithm. In the latter case,it
is possibleto generatehe visibility channelat interactive framerates. We repeatthe
whole procedureto projectthe discontinuitiesfrom the depthbuffer of the left point
light to theright shadav map.

A nal consideratiorfor the
generatiorof thevisibility chan- ( **"‘
nel is the treatmentof com- \ < =
pletelylit andcompletelyshad- ﬁ
owed object points. The lat- '

ter caseis simple. Sincepoints
in the umbra are not seenby
ary of the two light sources,
they will fail the shadev map @ ®) ©
testsfor bothpointlight sources, Fig. 5. (b) and(c): thevisibility channefor thetwo point
andthereforebe renderecblack lightsfor thescenen (a).
(or with anambientcolor only).
Completelylit pointson the otherhand,areseenby both point lights, andin this case
we aregoing to assumehat the wholelinear light is visible. Thus,the visibilities for
bothlights needto sumupto 1. Oneway of doingthisis to give thesepointsavisibility
of 0.5in bothshadev maps. This caneasilybeimplementedy initializing all entries
in thevisibility channelo 0.5beforestartingto warpthe skin polygons.

Figure 4 shows for both sampleson the light sourcethe visibility contribution to
eachpoint on therecever of the 2D scenefrom Figure2. Thesecontributionscanbe




generatedisingthe just describedalgorithmto generatehe visibility channels.Fur-
thermore Figure5 (b) and(c) show thevisibility channeldor alinearlight sourcein a
3D sceneThescenadtself is depictedn Figure5 (a).

3.3 Linear Light SourcesWith Mor e Samples

The restrictionof this algorithmfor generatinghe visibility mapis that objectpoints
seeingportionsof thelinearlight source put noneof thetwo pointlights atits endswill
appeato lie in theumbra. Moreover, therearesituationswherethis resultsin discon-
tinuities,asdepictedn Figure6. Theseartifactsresultfrom a severeundersamplingf
thelight sourcewith the consequencthatimportantvisibility informationis available
in neitherof thetwo shadev maps.

The consequencéom this obsera-
tion is to increasethe samplingrate by
addingin one or more additional point
samplesalongthelinearlight source For
example,if weaddin athird pointlightin
the centerof thelinearlight, we have ef-
fectively subdvided the linear light into
two smallerlinear lights that distribute
only half the enegy of the original one.
If we treat thesetwo linear light sey-

mentgmdependentl_wvnh the_algorlthm Fig. 6. An exampleof failure dueto undersam-
describedn the previous sectionwe get pling of thelight sourcewhich causesomepor-
the situationdepictedin Figure7 for the - tions of the penumbrao endupin full shadev.
samegeometricsetup as in Figures2 Theseartifactscanonly be resolved by increas-
and4. ing the samplingrateon thelight source.

Thetoprow of the gure corresponds
to therenderingof theleft half, while the bottomrow correspondso the right half of
the linear light. Note that the light sourceon the right side of the top row, andthe
oneon theleft side of the bottomrow correspondo the samepoint light, namelythe
oneinsertedat the centerof the linearlight. Thereforeit is possibleto combinethese
two point lights into a singleonewith twice the brightnesspy summingtogetherthe
visibility channelgthe depthchannelsareidenticalanyway!).

With this generalapproachwe canaddin asmary additionalsamplepointson the
linearlight sourceasarerequiredto avoid the problemsof pointsin the penumbrahat
arenot seenby ary light sourcesample.To generatdhe visibility channelfor one of
the samplepoints,we needto consideronly the depthdiscontinuitieg(skins) of those
sampledirectly adjacentto this point. For example,in Figure 7, the discontinuities
from the rightmostsampledo not play a role for the visibility map of the leftmost
sampleandvice versa.

4 Results

We haveimplementedheapproachedescribedn this paperfor two differentversions.
Firstly, we have a softwareimplementatiorof themethodin aray-traceyandsecondly
we alsohave animplementatiorthatutilizesOpenGLgraphicshardwarefor therender
ing. This latter methodis an extensionof an OpenGLimplementatiorof the standard
shadav mapalgorithmdescribedn [3]. For thishardware-basetechniquewe useSGl
workstationgSGI Octane 02 andVisual Workstation) which all have supportfor the



Fig. 7. By insertinganadditionalpoint light in the center we have effectively reducedhe prob-
lemto two linearlights of half thelengthandintensity Top two: left half of linearlight. Bottom
two: right half.

OpenGLimagingsubse{19].

This imaging subsetwhich allows to perform convolutions of images,is not re-
quiredfor therenderingusingan existing shadev map,but it is helpful for generating
the visibility channelson the y in dynamicervironments. Remembethat this task
requiresusto nd discontinuitiesin the depthchannelof the shadev mapin orderto
determinehe skin polygons.Using a cornvolution with a Laplacian-of-Gaussian
(LoG) edgedetectionlter helpsusto performthistaskvery ef ciently.

A comparisorof the differentvariantsof our soft shadeving algorithmis depicted
in Figure8. Thetop row showvs theimagesthatwould be generatedby simply approx-
imating a linear or arealight sourcewith a numberof point lights. The bottomrow
shaws resultsfrom our algorithmwith the samenumberof light sourcesampleslit can
be seenthat the quality of the penumbraregionsis muchhigherin all cases.The left
columnshows theresultfrom approximatinga linearlight sourcewith two samples|t
hasbeenchosersuchthatoverlappingpenumbraegionsexhibit theundersamplingr
tifactsdescribedn Section3.3. Theseartifactsdisappeaasa third light sourcesample
is insertedasshavn in thecentercolumn.

Finally, in the right column, we have experimentedwith a triangulararealight
sourcewhich we have approximatedy threelinearlights correspondingdo the edges
of thetriangle. As we have shovn in Section3.1, the linear transitionof visibility in
the penumbraregion was an approximationof the true rationalfunction for the case
of linearlight sources.For arealight sourcesthis transitionis, in generala quadratic
rational function, so that the linear approximationof our algorithmis a really crude
approximation.Nonethelesstheresultsseemto indicatethatit may still be usefulfor
certainapplications.Theproblemin nding abetterapproximatioris thatthe shapeof
the quadraticrationalfunctiondepend®n the shapeof thetriangleandon therelative
orientationof light sourceand occluderedges. Taking theseinto accountduring the
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Fig. 8. Comparisorof differentsoft shada techniques.Top row: simpleapproximationof the
light sourceby severalpointlights. Bottomrow: themethodproposedn this paper Left column:
alinearlight sourceapproximatedvith two samplesNote the artifactintroducedwherethe soft
shadavs overlap. Thisis dueto undersamplingseeSection3.3). Center:Theartifactsdisappear
asathird light sourcesampleis introduced.Right: Applying the techniqueto a triangulararea
light (seetext for details).

generatiorof thevisibility channelwould slow down thealgorithmconsiderably

Figure9 in the color platescompares high-qualitysolutionfor the visibility of a
scenewith onelinearlight source poneblocker andonereceverwith our method.Fig-
ure 9a shaws the solutionof a ray-tracerusing 200 light sourcesamplego determine
thevisibility in every point on the receier. Figure9b depictsthe resultof a software
implementatiorof our method. In contrastto the OpenGLimplementationthe soft-
wareimplementatiorallows for having the sameperpixel shadingasin theray-traced
image. Figure 9c shows a ray-tracedsolutionwith 10 uniformly spacedsampledfor
comparison.With a shadev mapresolutionof , our methodincluding map
generatiorandrenderingof skin polygonstakesaboutaslong asray-tracing
with  samples.

Figure 10 on the color pageshavs somemore complex scenegenderedwith the
OpenGL-basedmplementation.Oncethe shadev mapsare computedthe rendering
timesusingour soft shadaev algorithmareidenticalto thosefor renderinghardshadavs
with the samenumberof pointlights. Thisis truefor all scenes.Thereforeour algo-
rithm canbe usedfor interactive walkthroughswith no additionalcost. The scenesn
Figure10canberenderechtabout20 fps, providedthe shadev mapsdo nothave to be
regeneratedor every frame.

Building the shadav mapsin a dynamicernvironmentis obviously moreexpensve



for our algorithm, sincethe visibility channelsneedto be generatediswell. This re-
quiresedgedetectionwithin the depthmaps,aswell asrenderinga potentially large
numberof skin polygons. The costof generatinghe shadev mapsthereforedepends
onthe scenggeometry It variesfrom seconddor thesimplescenen Figure8
to about2 seconddor the arealight sourcein the jack-in-a-boxscenein Figure 10.
Thesenumbersncludethetime for renderinghe sceneo generateéhe depthmaps.

5 Conclusions

In this paperwe presentech new soft shadav algorithm basedon the shadev map
method.It is designedo producehigh-qualitypenumbraegionsfor linearlight sources
with a smallnumberof light sourcesamples We demonstratethatthe methodworks
ef ciently andproduceshigh-qualitypenumbrador non-trivial scenesThemethodcan
be appliedbothto softwareandhardwarerendering,andwe have demonstratethat it
is possibleto achieve interactive frameratesin thelattercase.

It remainsan openresearctproblemto determinethe bestplaceto insertsamples
into a linear light source. Recentwork by Ouelletteand Fiume [15] seemsto be a
promising starting point for determiningthoselocationswhere a new samplepoint
would improve the overall quality of the penumbraregionsthe 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 usually not a good
assumptionn this case.
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(a)raytraced,200samples (b) ourmethod,2 samples (c) raytraced,10 samples

Fig. 9. A comparisorof ray-tracedmagesandour methodfor a scenewith oneblocker andone
linearlight (notvisible).

Fig. 10. Somemoreexamplesof our methodwith two samplegerlight.



