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Abstract

Generatingsoft shadavs quickly is dif cult. Few techniquesave enough e xi-
bility to interactvely rendersoft shadavs in sceneswith arbitrarily complex occlud-
ersandrecevers. This paperintroducesthe penumba map which extendscurrent
shadev maptechniquego interactively approximatesoft shadavs. Using objectsil-
houetteedgesasseenfrom the centerof anarealight, a mapis generateatontaining
approximatepenumbrakegions. Renderingrequirestwo lookups,oneinto eachthe
penumbraandshadev maps.Penumbranapsallow arbitrarydynamicmodelsto eas-
ily shadev themselesandothernearbycomplex objectswith plausiblepenumbrae.



1 Intr oduction

Shadavs provide cuesto importantspatialrelationships.By changingshadaev size,posi-
tion, or orientationin animage,an objectcanappearto changesizeor location[]. Sim-
ilarly, soft shadevs give contactcues. As an occluderapproaches shadaved object, its
soft shadev becomesharperWhenobjectstouchthe shadav is completelyhard.

Many recentinteractve applicationhave incorporatedeal-timeshadevs. Generallythese
applicationsuseshadav volumes|[3, shadev maps[3, or relatedtechniquesThesemeth-
odsusepoint light sourcesvhich only casthardshadevs. Sincerealworld lights occupy

nota pointbut some nite area realisticimagesrequiresoft shadavs. Thus,asinteractve

graphicssystemshecomemorerealistic, methodsfor quickly renderingsoft shadevs are
needed.

Shadavs consistof two parts,an umbi@ anda penumba. Umbral regions occur where
a light is completelyoccludedfrom view and penumbraeccurwhena light is partially
visible. Until very recentlythe only techniquedo computetheseregionsinvolved either
evaluatingcomplex visibility functions[4 or memging hardshadevs renderedrom various
pointsonthelight[5]. Evaluatingvisibility is slow, andsamplingtechniqueproduceband-
ing artifactsunlessmary samplesareused.Otherapproximationhavze emeged,but most
do notallow dynamicallymoving objectsto shadaev arbitraryrecevers.

We introducethe penumba map which allows arbitrarypolygonalobjectsto dynamically
castapproximatesoft shadavs onto themselesandotherarbitrary objects. A penumbra
mapaugmenta standarcgshadev mapwith penumbralntensityinformation. Our shadavs
(seeFigure 1) hardenwhen objectstouch, avoid bandingartifactsinherentin sampling
schemesandaregeneratedhteractvely with commoditygraphicshardware. Additionally,
penumbramapscanleverageexisting researclon shadev maps(e.g. perspectie shadeov
maps|[§ to reduceforegroundshadav aliasing). On the otherhand,our approachbreaks
down whenthe umbraregion signi cantly decreasesr disappearsThis happengor very
large arealight sourcesr asanoccludermovesaway from the objectsit shadavs.

The next sectiondescribeselatedwork followed by a discussiorof our algorithmin sec-
tion 3. Section4 discussesomeimplementatiorspeci cs andoutlinesthe limitations of
ourtechnique Section5 present®ur results afterwhich we conclude.



Figurel: With two penumba maps this scenerunsat 11 fpsfor 1024x1024mages(left).
Compae to shadowmaps(right) which only renderhard shadows.

2 PreviousWork

This sectionprovidesan overview of previouswork in renderinginteractve shadas. As
completecoverageof othershadev techniquess beyond the scopeof this paper referto
Woo etal.[7] andAkenine-Moller andHaines[§ for amorecompletereview.

Researcherbave proposedsoft shadev techniquesvhich run quickly, but do not handle
dynamicscenesnteractiely. For instance SolerandSillion[9] corvolve imagesof hard
shadevs andthe light sourceto approximatesoft shadavs for nearly parallel con gura-
tions. StarkandRiesenfeld[1Dusevertex tracingto computeexactshadaevs for polygonal
scenesVariousbackprojectiotechniques[1Jlcangeneratesoft shadavs via discontinuity
meshing.

Parker etal.[12] usea pointlight sourceanda “soft-edgedobject”to raytracesoft shadavs
usingonly a singlesample.They createdhis techniquefor interactve raytracing limiting



useto applicationswith signi cant computationatesources.

Thetwo mostcommontechniquedor real-timeshadaevs areshadev volumesandshadev
mapping.Shadev volumes|2 createapolygonalshadev modelbasednobjectsilhouettes
asseerfromthelight. Heidmann[13implementghistechniquan hardwareusingastencil
buffer. Shadev mapping[3 rendersthe light's view of a sceneinto a depthmap. When
rendering,eachfragments depthis comparedo the depthmapto determineits visibility
from thelight. Segal etal.[14] shov a hardwareimplementatiorof shadev maps.

As usedtoday shadev volumesandshadev mappingonly allow hardshadevs. However,
variousresearcherbave proposedxtensionswhich allow themto rendersoft shadevs in
certaincases Ree/eset al.[15] introducepercentae closer ltering , which reducesalias-
ing by blurring the shadev map. This blurring cangive the impressiorof softershadavs.
Heidrichetal.[16] usethetwo endpointsof alinearlight to computeanon-binaryvisibility
mapof a sceneallowing for soft shadevs. However, computinga visibility mapcantake
acoupleseconds.

Haines[17]presentsa techniqueo rendera shadav texture on areceving plane. He sug-
gestsapproximatingumbralregionsusingstandarchardshadev techniguesandextending
theseregionswith an approximatepenumbra.Thesepenumbraere computedusingthe

following procesgseeFigure2). Fromthe centerof thelight, objectsilhouettesaarefound

andahardshaduv is renderedntothetexture plane.Next, througheachsilhouettevertex

a coneis dravn with thetip at the vertex andthe baseat the plane. Finally, hyperboloid
sheetsaredravn connectingeachsilhouetteedgeandthe adjacentones.Theradii of the
conesarebasednthedistancebetweerthesilhouetteandtheplane,andthecolorrendered
in the shadev texture rangesfrom black (fully shadeved)to white (fully illuminated)as
theconesandsheetsapproactthe plane.

Akenine-Mdller and Assarsson[18gxtendthe shadav volumetechniqueusinga method
similar to Haines.Insteadof computinga shadev sheetat eachsilhouetteedge they gen-
eratea penumba wedge consistingof four planarsides.A perfragmentprogramrenders
thesewedgedo alight buffer, which canbe usedto renderthe scenewith variousshadav
intensities. To getsufcient intensitygradationsn their penumbraehowever, they need
a 16-bit stencilbuffer for useasa light buffer. Suchstencil buffers are not available on
currentgeneration®f graphicscards,thoughthe functionality canprobablybe emulated.
Additionally, they arelimited to occluderswhosesilhouettesorm closedloops, with ex-
actly two silhouetteedgeservertex. Arbitrary objectscanhave morecomple silhouette
behaior. We foundthatverticeswith threeor four adjacentilhouettesedgesarenot un-
commonin typical models,andsomepathologicalerticescanhave up to eight.



Figure2: Hainesgeneratessoft shadowdy (left) renderinga hard shadow (middle)ren-
deringconesat eadh silhouettevertex, and(right) renderingsheetsonnectinghecones.

Brabecand Seidel[19]approximatesoft shadevs usinga single depthmap. They trans-
form aneye-spaceoordinatdo light-spaceusingthestandardhadeov maptechniquethen
searchaneighborhoodroundthetransformegointto nd nearbyobjectswhich maypar
tially occludethelight. Thistechniquecangeneratepproximatesoft shadevs quickly, but
sinceit usesbjectIDs, softselfshadaving is notpossible Additionally, theneighborhood
searchmaynot be plausiblefor high resolutiondepthmaps.

3 Penumbra Maps

As peopleareoften poorjudgesof soft shadev shape[20]plausiblesoft shadevs should
sufce in interactve ervironments.Haines'[17 shadaev plateaugive compellingshadaevs
quickly enoughto usewith dynamicoccluders,but lack the ability to shadev arbitrary
surfaces.The penumbranaptechniquedrawvs heavily from thiswork.

Two obsenationsallow usto develop an algorithmto shadev arbitrarysurfaces.First, a
shadev mapcaneasilycreatethe hardshadev usedto approximateanumbra. Secondjf
oneassumethis hardshadev approximateshe umbra,thentheentirepenumbras visible
from thepointonthelight usedfor thehardshadav. Thisallowsthe penumbranformation
to bestoredin asingletexturewe call thepenumba map Thistexturestoregshepenumbral
intensityontheforemostpolygonsvisible from thelight, justasashadev mapstoresdepth
informationaboutthesesurfaces.

Renderingwith penumbramapsis a three-pasgrocess.The rst passrendersa standard



shadev map from the viewpoint of a point light sourceat the approximatecenterof the
light. Thesecondassenderghepenumbranap. Thethird passcombinegdepthinforma-
tion from the shadev mapandintensityinformationfrom the penumbramapto renderthe
nal image.

Figure3: Anexampleshadowmap(topleft), correspondingpenumba map(topright), and
the nal rendeedresult.

LetV fvy;vp;ii:gandE  fep;e;:::g bethesetof silhouetteverticesandedgesas
seenfrom thelight. Let L, bethelight radius,Z,, thedepthvalueof vertex v; from the
light, andZ; 5, bethedistanceto thelight's far plane. Then,to generatea penumbramap
(suchasin Figure3):

Clearthe penumbramapto white.
Find V andE for thecurrentlight.
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Figure4: Ead coneStip is locatedat a vertex v; with the baselocatedat the far plane
(left). Usingsimplegeometrywe computeheconeradiusC,, . Eadch sheefright) connects
two adjacentcones.

8v; 2 V, draw aconewith tip atv; andbaseatthefar plane(seeFigure4). Thecone

radiusC,, = (Z”"Ziz” We subdvide eachconeinto a numberof triangleswith

onevertex atv; andtwo onthefarplane.
8e 2 E, drawv asheetconnectingadjacenttones.Dependingon the coneradii, this
guadmaybenon-planarWe subdvide extremelynon-planaguadgo avoid artifacts.

Eachpixel in thepenumbranapcorrespond$o a pixel in theshadev map.Eachpenumbra
mappixel storesthe shadev intensityat the correspondingurfacein the shadev map. A
fragmentprogramappliedto the penumbrasheetsaandconescomputeghis intensityusing
the simple geometryshavn in Figure5. Theideais thatby usingZ,,, the depthof the
currentconeor sheetfragmentZr , anddepthof the correspondinghadev mappixel Zp,
we cancomputethe light intensityat point P. Equationl speci esthis computation.

Ze Zr _ Ze Z
Ze Zy Zp Z,

| =1 (1)
We computeZ,, ontheCPUonapervertex basis.For conesZ,, is constantandfor sheets
we usetherasterizerto interpolatebetweerthe Z,, valuesof the two adjacentcones.Zp
canbecomputedy referencingheshadev map,andZ is automaticallyjcomputedy the
rasterizewhenprocessindgragment .

This procesgivesusalinearintensitygradienthroughourapproximatgpenumbraParker
etal. notethatfor sphericallights this intensity shouldvary sinusoidally They approxi-
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Figure5: Ead fragmentF on a coneor sheetcorrespondg¢o somesurfacelocation P
visible in the shadowmap. By usingZ,,, Zg and Zp, we computethe intensityl using
Equationl.

matethis sinusoidalfalloff usingthe Bernsteininterpolants = 3 2 2 3. We usetheir
approximationn our results.

Pseudocod#or afragmentprogramto computea penumbramapfollows:

FragmentPogram(Z,,, F, Smap )

(1)
(2)
3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)

Feoorda = GetWindowCood(F)

Zp = TextureLooKup(Smap, Feoord )
Zr = Feoord,

if (Zr > Zp) DiscardFragment()
Z8 = ConvertToWorldSpace@p )
Z? = ConvertToworldSpace@r )
I = (ZI(;J _ZVi)/(ZI(3 -ZVi)
10=312 213

Outputoior = 1

OUtpUtdepth =10

Sinceboththeshadev map,Syap, andthepenumbranaparerenderedvith thesameview-
ing matricesthewindow coordinate®f fragmentF canbeusedto nd its corresponding
point P in the shadev map. Dueto the non-linearityof z-buffer values,Zr andZp must
be corvertedbackto world-spacedistancegZ? andZ?) beforeuse.NotethatZ? canbe
computedon a pervertex basisandcanbeinterpolatedoy the rasterizeito save fragment
instructions.Sincethe penumbramaponly requiresa singlecolor channelfurthersavings
canbeachievzedby storingthe shadev mapandpenumbramapin differentchannelof the
samemage.



Renderingsoft shadaevs with a penumbramapis simple. For eachpixel renderedrom the
cameras viewpoint,acomparisorwith thedepthin theshadev mapdeterminesf thepixel
is completelyshadeved. If notfully shadeved,alookupinto the penumbranapgivesan
approximationof the light reachingthe surface. Like shadev mapping,penumbramaps
work in scenesvith multiple light sourceslnsteadof computinga singleshadev mapand
penumbramap,eachlight requiresoneof each.

4 Implementation

Whenwriting ourapplicationwe madeanumberof implementationathoiceswvhich affect
our results. First, we usea sphericalight sourcebecausgeopleoften cannotdistinguish
betweershadavs from lights of variousshapesAs Haines[17]notes this algorithmneed
not belimited to sphericalight sourcesFor example,in the caseof atriangularsourcethe
conegyeneratedor the penumbranapwould have triangularbases.

Secondpur applicationdetectssilhouettesusinga bruteforce algorithm. We did not use
a moreintelligent silhouetteextractiontechniquebecauseve expectedthe graphicscard
wouldbethebottleneck Surprisingly wefoundoursilhouettecodetakes30%of therender
time. Obviously, fastsilhouettetechniquesvould be usedfor interactve applications.

Onedetail which complicatesmplementationis how to dealwith overlappingshadevs.
Giventwo silhouetteedgeswith overlappingpenumbrategions,therearemultiple waysof
countingtheir contritutions(seeFigure6). Whenoneshadav completelycontainsanother
only thedarkestshadev shouldbe used.If justthe penumbra@verlapthe shadev contri-
butionsshouldbe summed Oftenwhenthe objectsilhouettesntersectmultiplicationbest
approximateshe true interaction. Unfortunately theredoesnot seemto be a straightfor
ward way to determinewhich of the threemethodso useon a perfragmentbasisduring
coneandsheetrasterization.Our implementatiorusesa modi ed depthtestto determine
which coneor sheetshades particularfragmentin thepenumbramap.As thepseudocode
above shavs, we storethe penumbrantensityin the depthchannel,anduseglDepth-
Func( GLLESS ) to alwayschoosethe darkestshadev in a given pixel. This leads
to artifactsin the shadavs. As in Haines'work, theseare mostnoticeableat silhouette
concaities. Suchartifactsworsenasthe sizeof the penumbrancreases.



Figure6: Threedifferenttypesof interactionsbetweeroverlappingpenumba. At left, only
thedarkestcontribution is neededIn the centey shadowcontributionsshouldbe summed.
At right, multiplyingthe contributionsfromthe two polygonsbestapproximatesheresult.

4.1 Discussionof the Penumbra Maps

Before discussingour results,we note what limitations the assumptionsnherentin the

penumbramaptechniquampose.We assumehatsilhouettef anobjectremainconstant
overtheareaof alight andthattheumbracanbeapproximatedy ahardshadev. Akenine-
Moller and Assarsson[18andHaines[17]alsousesilhouettescomputedat a single point

onthelight. BrabecandSeidels[19 techniquamplicitly makesthis assumptiorby using

only asingledepthmap.Obviously asanarealight increase# size,silhouettessary more

overthelight sothegenerateghadavs will becomdessrealistic.

We believe approximatingheumbraby ahardshadev is reasonablen mary casesasmost
peopleare poorjudgesof soft shadev shape[20].If plausiblesoft shadevs are required
in aninteractve application,usinga hardshadev for the umbramay be sufcient. As a
shadeov'sumbrasizeshrinks,ourapproximatioeadsto noticeablylarger, darker shadevs.
Shadev umbrasshrink as light size grows and as occludersand recevers move further
apart.Thus,our methodworksbestfor relatvely smalllight sourcesandobjectsoccluding
nearbyobjects.

5 Results

We implementedoenumbramapsin aninteractve applicationusingOpenGL.Our results
wereobtainedusinga Windows 2000systemwith a 2.0 GHz Pentium4 processoandan
ATl Radeon9700PRO graphicsaccelerator We useOpenGLARB vertex andfragment



Bunry | Dragon| Buddha| Buddha
(1light) | (2 lights)
PenumbraMaps || 18.1 14.5 18.3 11.0
Shadev Maps | 42.0 | 48.1 48.1 27.4

Table 1: Framemte comparisonbetweensoft shadowsusing penumba mapsand hard
shadowsisingshadowmaps.

programextensionsfor our shaders.Both the shadev and penumbramapsare rendered
into p-buffer texturesso they canbe useddirectly without readingthem backinto main
memory

All our scenesarerenderecat 1024x 1024 with shadev andpenumbramapsof the same
size. For complex modelssuchas the bunry, buddha,and dragonwe found we could
get equivalent quality shadevs with simpli ed models,as soft shadavs effectively blur
detail. This increasesliasingartifacts,thoughwe reducethemby addinga larger bias.
We used10,000polygonsto generateshadavs for the bunry (Figure 7) andthe dragon
(Figure8). Buddhas shadaev (Figurel) usesb,000polygons.Tablel shavs framerategor
thesemodelsusing penumbraandshadev maps. Note thatfor comparisorpurposesthe
hardshadaevs weretimed usinga fragmentprogramsimilar to the oneusedfor penumbra
maps.This programcomputeshe Phonglighting andperformsthelookupinto theshadev
map,which is signi cantly slower thanusingothercapabilitiesof the hardware designed
speci cally for thoseoperations.

Thirty percentof our computationtime is usedby our brute force silhouetteextraction

code. Thirty- ve percentis spentrenderingthe penumbramap and the remainingtime

is usedduring the renderpass. Note the renderpassincludesfragmentcodeto perform

lighting computationsand checklight visibility usingthe shadev map. Theseoperations
take 15 of the 22 instructionsin our ARB fragmentprogram. To renderpenumbramaps,
we usea fragmentprogramwith 24 assemblemstructions.

6 Conclusionsand Futur e Work

In this paperwe presentedhe penumba map a new techniquefor renderingapproximate
soft shadavs in real-time. Penumbramapsallow dynamicallymoving polygonalmodels
to castsoft shadevs ontothemselesandothercomplec objects. Theseresultswork best
for relatively smallpenumbrae Penumbramapsprovide a simple multi-passextensionto
shadev mappingfor easyincorporationinto existing shadev map-basedystems.



While penumbramapsgive plausibleresults,thereare still areaswe wish to improve in
future work. First, we believe it may be possibleto approximatea full penumbrausing
vertex programsto adjustthe silhouetteedgepositions. However, this is complicatedby
thefactthatpenumbraavill nolongerlie ontheforemostpolygonsin theshadev map.

We alsowishto explorethepossibilityof moving theentirealgorithminto hardware. Future
graphicsacceleratorsvill have the ability to renderto a vertex array If this allows usto
createnew primitives, we believe we cancombineour work with that of McCool[2]] to
move thesilhouetteextractionandconeandsheegeneratiorontothegraphicscard,greatly
reducingthe burdenon the CPU.
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Figure7: Comparisorof the Stanfod Bunnywith shadowmaps(top left), pathtracedsoft
shadowgqtop right), and penumba mapswith two differentsizedlights (bottom). For this
dataset,wegenerteshadowsisinga 10kpolygonmodelandrenderthe shadowsntothe
full ( 70kpolygon)model. Thepathtracedimage usesthe 10k polygonmodel.



Figure8: Using a standad shadowmapresultsin hard shadowgtop), add a penumba
mapto get softshadowgbottom).Usinga 10k polygondragonmodelfor the shadowsand
a 50k polygonmodelto rendeyweget 14.5fpsat 1024x1024.



