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Abstract

Generatingsoft shadows quickly is dif�cult. Few techniqueshave enough�e xi-
bility to interactively rendersoft shadows in sceneswith arbitrarily complex occlud-
ersandreceivers. This paperintroducesthe penumbra map, which extendscurrent
shadow maptechniquesto interactively approximatesoft shadows. Usingobjectsil-
houetteedges,asseenfrom thecenterof anarealight, a mapis generatedcontaining
approximatepenumbralregions. Renderingrequirestwo lookups,oneinto eachthe
penumbraandshadow maps.Penumbramapsallow arbitrarydynamicmodelsto eas-
ily shadow themselvesandothernearbycomplex objectswith plausiblepenumbrae.



1 Intr oduction

Shadows provide cuesto importantspatialrelationships.By changingshadow size,posi-
tion, or orientationin an image,anobjectcanappearto changesizeor location[1]. Sim-
ilarly, soft shadows give contactcues.As an occluderapproachesa shadowed object,its
soft shadow becomessharper. Whenobjectstouchtheshadow is completelyhard.

Many recentinteractiveapplicationshaveincorporatedreal-timeshadows. Generally, these
applicationsuseshadow volumes[2], shadow maps[3], or relatedtechniques.Thesemeth-
odsusepoint light sourceswhich only casthardshadows. Sincerealworld lights occupy
not a point but some�nite area,realisticimagesrequiresoft shadows. Thus,asinteractive
graphicssystemsbecomemorerealistic,methodsfor quickly renderingsoft shadows are
needed.

Shadows consistof two parts,an umbra anda penumbra. Umbral regionsoccurwhere
a light is completelyoccludedfrom view andpenumbraeoccurwhena light is partially
visible. Until very recentlythe only techniquesto computetheseregionsinvolved either
evaluatingcomplex visibility functions[4] or merginghardshadowsrenderedfrom various
pointsonthelight[5]. Evaluatingvisibility is slow, andsamplingtechniquesproduceband-
ing artifactsunlessmany samplesareused.Otherapproximationshave emerged,but most
donotallow dynamicallymoving objectsto shadow arbitraryreceivers.

We introducethepenumbra map, whichallows arbitrarypolygonalobjectsto dynamically
castapproximatesoft shadows onto themselvesandotherarbitraryobjects. A penumbra
mapaugmentsastandardshadow mapwith penumbralintensityinformation.Ourshadows
(seeFigure 1) hardenwhen objectstouch, avoid bandingartifactsinherentin sampling
schemes,andaregeneratedinteractively with commoditygraphicshardware.Additionally,
penumbramapscanleverageexisting researchon shadow maps(e.g. perspective shadow
maps[6] to reduceforegroundshadow aliasing). On the otherhand,our approachbreaks
down whentheumbraregion signi�cantly decreasesor disappears.This happensfor very
largearealight sourcesor asanoccludermovesaway from theobjectsit shadows.

Thenext sectiondescribesrelatedwork followedby a discussionof our algorithmin sec-
tion 3. Section4 discussessomeimplementationspeci�cs andoutlinesthe limitationsof
our technique.Section5 presentsour results,afterwhichweconclude.



Figure1: With two penumbra maps,this scenerunsat 11 fpsfor 1024x1024images(left).
Compare to shadowmaps(right) which only renderhard shadows.

2 PreviousWork

This sectionprovidesanoverview of previouswork in renderinginteractive shadows. As
completecoverageof othershadow techniquesis beyond thescopeof this paper, refer to
Wooetal.[7] andAkenine-M̈oller andHaines[8] for amorecompletereview.

Researchershave proposedsoft shadow techniqueswhich run quickly, but do not handle
dynamicscenesinteractively. For instance,SolerandSillion[9] convolve imagesof hard
shadows andthe light sourceto approximatesoft shadows for nearlyparallelcon�gura-
tions.StarkandRiesenfeld[10] usevertex tracingto computeexactshadows for polygonal
scenes.Variousbackprojectiontechniques[11] cangeneratesoftshadowsvia discontinuity
meshing.

Parkeretal.[12] useapoint light sourceanda“soft-edgedobject” to raytracesoftshadows
usingonly a singlesample.They createdthis techniquefor interactive raytracing,limiting



useto applicationswith signi�cant computationalresources.

Thetwo mostcommontechniquesfor real-timeshadows areshadow volumesandshadow
mapping.Shadow volumes[2] createapolygonalshadow modelbasedonobjectsilhouettes
asseenfrom thelight. Heidmann[13] implementsthistechniquein hardwareusingastencil
buffer. Shadow mapping[3] rendersthe light's view of a sceneinto a depthmap. When
rendering,eachfragment's depthis comparedto thedepthmapto determineits visibility
from thelight. Segal etal.[14] show ahardwareimplementationof shadow maps.

As usedtoday, shadow volumesandshadow mappingonly allow hardshadows. However,
variousresearchershave proposedextensionswhich allow themto rendersoft shadows in
certaincases.Reeveset al.[15] introducepercentage closer�ltering , which reducesalias-
ing by blurring theshadow map.This blurring cangive theimpressionof softershadows.
Heidrichetal.[16] usethetwo endpointsof alinearlight to computeanon-binaryvisibility
mapof a scene,allowing for soft shadows. However, computinga visibility mapcantake
acoupleseconds.

Haines[17]presentsa techniqueto rendera shadow textureon a receiving plane.He sug-
gestsapproximatingumbralregionsusingstandardhardshadow techniquesandextending
theseregionswith an approximatepenumbra.Thesepenumbraearecomputedusingthe
following process(seeFigure2). Fromthecenterof thelight, objectsilhouettesarefound
anda hardshadow is renderedontothetextureplane.Next, througheachsilhouettevertex
a coneis drawn with the tip at the vertex andthe baseat the plane. Finally, hyperboloid
sheetsaredrawn connectingeachsilhouetteedgeandtheadjacentcones.Theradii of the
conesarebasedonthedistancebetweenthesilhouetteandtheplane,andthecolorrendered
in the shadow texture rangesfrom black (fully shadowed) to white (fully illuminated)as
theconesandsheetsapproachtheplane.

Akenine-M̈oller andAssarsson[18]extendthe shadow volumetechniqueusinga method
similar to Haines.Insteadof computinga shadow sheetat eachsilhouetteedge,they gen-
eratea penumbra wedge consistingof four planarsides.A per-fragmentprogramrenders
thesewedgesto a light buffer, which canbeusedto renderthescenewith variousshadow
intensities.To get suf�cient intensitygradationsin their penumbrae,however, they need
a 16-bit stencilbuffer for useasa light buffer. Suchstencilbuffers arenot availableon
currentgenerationsof graphicscards,thoughthe functionalitycanprobablybeemulated.
Additionally, they arelimited to occluderswhosesilhouettesform closedloops,with ex-
actly two silhouetteedgespervertex. Arbitrary objectscanhave morecomplex silhouette
behavior. We foundthatverticeswith threeor four adjacentsilhouettesedgesarenot un-
commonin typicalmodels,andsomepathologicalverticescanhaveup to eight.



Figure2: Hainesgeneratessoftshadowsby (left) renderinga hard shadow, (middle)ren-
deringconesat each silhouettevertex, and(right) renderingsheetsconnectingthecones.

BrabecandSeidel[19]approximatesoft shadows usinga singledepthmap. They trans-
form aneye-spacecoordinateto light-spaceusingthestandardshadow maptechnique,then
searchaneighborhoodaroundthetransformedpoint to �nd nearbyobjectswhichmaypar-
tially occludethelight. This techniquecangenerateapproximatesoftshadowsquickly, but
sinceit usesobjectIDs, softselfshadowing is notpossible.Additionally, theneighborhood
searchmaynotbeplausiblefor high resolutiondepthmaps.

3 Penumbra Maps

As peopleareoftenpoor judgesof soft shadow shape[20],plausiblesoft shadows should
suf�ce in interactiveenvironments.Haines'[17] shadow plateausgivecompellingshadows
quickly enoughto usewith dynamicoccluders,but lack the ability to shadow arbitrary
surfaces.Thepenumbramaptechniquedrawsheavily from thiswork.

Two observationsallow us to develop an algorithmto shadow arbitrarysurfaces.First, a
shadow mapcaneasilycreatethehardshadow usedto approximateanumbra.Second,if
oneassumesthishardshadow approximatestheumbra,thentheentirepenumbrais visible
from thepointonthelight usedfor thehardshadow. Thisallowsthepenumbrainformation
to bestoredin asingletexturewecall thepenumbra map. Thistexturestoresthepenumbral
intensityontheforemostpolygonsvisiblefrom thelight, justasashadow mapstoresdepth
informationaboutthesesurfaces.

Renderingwith penumbramapsis a three-passprocess.The �rst passrendersa standard



shadow mapfrom the viewpoint of a point light sourceat the approximatecenterof the
light. Thesecondpassrendersthepenumbramap.Thethird passcombinesdepthinforma-
tion from theshadow mapandintensityinformationfrom thepenumbramapto renderthe
�nal image.

Figure3: Anexampleshadowmap(topleft), correspondingpenumbra map(topright), and
the�nal renderedresult.

Let V � f v1; v2; : : :g andE � f e1; e2; : : :g be thesetof silhouetteverticesandedges,as
seenfrom the light. Let L r be the light radius,Zvi the depthvalueof vertex vi from the
light, andZ f ar bethedistanceto the light's far plane.Then,to generatea penumbramap
(suchasin Figure3):

� Clearthepenumbramapto white.
� FindV andE for thecurrentlight.
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Figure4: Each cone's tip is locatedat a vertex vi with the baselocatedat the far plane
(left). Usingsimplegeometry, wecomputetheconeradiusCr i . Each sheet(right) connects
twoadjacentcones.

� 8vi 2 V, draw aconewith tip atvi andbaseat thefarplane(seeFigure4). Thecone
radiusCr i = (Z f ar � Zv i )L r

Zv i
. We subdivide eachconeinto a numberof triangleswith

onevertex at vi andtwo on thefarplane.
� 8ei 2 E, draw a sheetconnectingadjacentcones.Dependingon theconeradii, this

quadmaybenon-planar. Wesubdivideextremelynon-planarquadsto avoid artifacts.

Eachpixel in thepenumbramapcorrespondsto apixel in theshadow map.Eachpenumbra
mappixel storestheshadow intensityat thecorrespondingsurfacein theshadow map. A
fragmentprogramappliedto thepenumbrasheetsandconescomputesthis intensityusing
the simplegeometryshown in Figure5. The idea is that by usingZvi , the depthof the
currentconeor sheetfragmentZF , anddepthof thecorrespondingshadow mappixel ZP ,
wecancomputethelight intensityatpointP. Equation1 speci�esthiscomputation.

I = 1 �
ZP � ZF

ZP � Zvi

=
ZF � Zvi

ZP � Zvi

(1)

WecomputeZvi ontheCPUonaper-vertex basis.For conesZvi is constant,andfor sheets
we usetherasterizerto interpolatebetweentheZvi valuesof the two adjacentcones.ZP

canbecomputedby referencingtheshadow map,andZF is automaticallycomputedby the
rasterizerwhenprocessingfragmentF .

Thisprocessgivesusalinearintensitygradientthroughourapproximatepenumbra.Parker
et al. notethat for sphericallights this intensityshouldvary sinusoidally. They approxi-
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Figure5: Each fragmentF on a coneor sheetcorrespondsto somesurfacelocation P
visible in the shadowmap. By usingZvi , ZF and ZP , we computethe intensityI using
Equation1.

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

Pseudocodefor a fragmentprogramto computeapenumbramapfollows:

FragmentProgram(Zvi , F, Smap )
(1) Fcoord = GetWindowCoord( F )
(2) ZP = TextureLookup(Smap , Fcoord )
(3) ZF = Fcoordz

(4) if (ZF > ZP ) DiscardFragment()
(5) Z 0

P = ConvertToWorldSpace(ZP )
(6) Z 0

F = ConvertToWorldSpace(ZF )
(7) I = (Z 0

F - Zvi ) / (Z 0
P - Zvi )

(8) I 0 = 3I 2 � 2I 3

(9) Outputcolor = I 0

(10) Outputdepth = I 0

Sinceboththeshadow map,Smap , andthepenumbramaparerenderedwith thesameview-
ing matrices,thewindow coordinatesof fragmentF canbeusedto �nd its corresponding
point P in theshadow map. Dueto thenon-linearityof z-buffer values,ZF andZP must
beconvertedbackto world-spacedistances(Z 0

F andZ 0
P ) beforeuse.NotethatZ 0

F canbe
computedon a per-vertex basisandcanbe interpolatedby therasterizerto save fragment
instructions.Sincethepenumbramaponly requiresa singlecolor channel,furthersavings
canbeachievedby storingtheshadow mapandpenumbramapin differentchannelsof the
sameimage.



Renderingsoft shadows with a penumbramapis simple.For eachpixel renderedfrom the
camera'sviewpoint,acomparisonwith thedepthin theshadow mapdeterminesif thepixel
is completelyshadowed. If not fully shadowed,a lookupinto thepenumbramapgivesan
approximationof the light reachingthe surface. Like shadow mapping,penumbramaps
work in sceneswith multiple light sources.Insteadof computingasingleshadow mapand
penumbramap,eachlight requiresoneof each.

4 Implementation

Whenwriting ourapplication,wemadeanumberof implementationalchoiceswhichaffect
our results.First, we usea sphericallight sourcebecausepeopleoftencannotdistinguish
betweenshadows from lights of variousshapes.As Haines[17]notes,this algorithmneed
notbelimited to sphericallight sources.For example,in thecaseof a triangularsourcethe
conesgeneratedfor thepenumbramapwouldhave triangularbases.

Second,our applicationdetectssilhouettesusinga bruteforcealgorithm. We did not use
a moreintelligent silhouetteextractiontechniquebecausewe expectedthe graphicscard
wouldbethebottleneck.Surprisingly, wefoundoursilhouettecodetakes30%of therender
time. Obviously, fastsilhouettetechniqueswouldbeusedfor interactiveapplications.

Onedetail which complicatesimplementationis how to dealwith overlappingshadows.
Giventwo silhouetteedgeswith overlappingpenumbralregions,therearemultiplewaysof
countingtheircontributions(seeFigure6). Whenoneshadow completelycontainsanother
only thedarkestshadow shouldbeused.If just thepenumbraeoverlaptheshadow contri-
butionsshouldbesummed.Oftenwhentheobjectsilhouettesintersect,multiplicationbest
approximatesthe true interaction.Unfortunately, theredoesnot seemto bea straightfor-
wardway to determinewhich of the threemethodsto useon a per-fragmentbasisduring
coneandsheetrasterization.Our implementationusesa modi�ed depthtestto determine
whichconeor sheetshadesaparticularfragmentin thepenumbramap.As thepseudocode
above shows, we storethe penumbraintensityin the depthchannel,anduseglDepth-
Func( GL LESS ) to alwayschoosethe darkestshadow in a given pixel. This leads
to artifactsin the shadows. As in Haines' work, thesearemostnoticeableat silhouette
concavities. Suchartifactsworsenasthesizeof thepenumbraincreases.



Figure6: Threedifferenttypesof interactionsbetweenoverlappingpenumbra. At left, only
thedarkestcontribution is needed.In thecenter, shadowcontributionsshouldbesummed.
At right, multiplyingthecontributionsfromthetwopolygonsbestapproximatestheresult.

4.1 Discussionof the Penumbra Maps

Before discussingour results,we note what limitations the assumptionsinherentin the
penumbramaptechniqueimpose.Weassumethatsilhouettesof anobjectremainconstant
overtheareaof alight andthattheumbracanbeapproximatedby ahardshadow. Akenine-
Möller andAssarsson[18]andHaines[17]alsousesilhouettescomputedat a singlepoint
on thelight. BrabecandSeidel's[19] techniqueimplicitly makesthis assumptionby using
only asingledepthmap.Obviouslyasanarealight increasesin size,silhouettesvarymore
over thelight sothegeneratedshadowswill becomelessrealistic.

Webelieveapproximatingtheumbraby ahardshadow is reasonablein many cases,asmost
peoplearepoor judgesof soft shadow shape[20].If plausiblesoft shadows arerequired
in an interactive application,usinga hardshadow for the umbramay be suf�cient. As a
shadow'sumbrasizeshrinks,ourapproximationleadsto noticeablylarger, darkershadows.
Shadow umbrasshrink as light size grows and as occludersand receivers move further
apart.Thus,ourmethodworksbestfor relatively smalllight sourcesandobjectsoccluding
nearbyobjects.

5 Results

We implementedpenumbramapsin aninteractive applicationusingOpenGL.Our results
wereobtainedusinga Windows 2000systemwith a 2.0GHz Pentium4 processorandan
ATI Radeon9700PRO graphicsaccelerator. We useOpenGLARB vertex andfragment



Bunny Dragon Buddha Buddha
(1 light) (2 lights)

PenumbraMaps 18.1 14.5 18.3 11.0
Shadow Maps 42.0 48.1 48.1 27.4

Table 1: Framerate comparisonbetweensoft shadowsusing penumbra mapsand hard
shadowsusingshadowmaps.

programextensionsfor our shaders.Both the shadow andpenumbramapsarerendered
into p-buffer texturesso they canbe useddirectly without readingthemback into main
memory.

All our scenesarerenderedat 1024x 1024with shadow andpenumbramapsof thesame
size. For complex modelssuchas the bunny, buddha,and dragonwe found we could
get equivalent quality shadows with simpli�ed models,as soft shadows effectively blur
detail. This increasesaliasingartifacts,thoughwe reducethemby addinga larger bias.
We used10,000polygonsto generateshadows for the bunny (Figure7) and the dragon
(Figure8). Buddha'sshadow (Figure1) uses5,000polygons.Table1 showsframeratesfor
thesemodelsusingpenumbraandshadow maps.Note that for comparisonpurposes,the
hardshadows weretimedusinga fragmentprogramsimilar to theoneusedfor penumbra
maps.ThisprogramcomputesthePhonglighting andperformsthelookupinto theshadow
map,which is signi�cantly slower thanusingothercapabilitiesof thehardwaredesigned
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 computationsandchecklight visibility usingtheshadow map. Theseoperations
take 15 of the22 instructionsin our ARB fragmentprogram.To renderpenumbramaps,
weusea fragmentprogramwith 24assemblerinstructions.

6 Conclusionsand Futur eWork

In thispaper, wepresentedthepenumbra map, anew techniquefor renderingapproximate
soft shadows in real-time. Penumbramapsallow dynamicallymoving polygonalmodels
to castsoft shadows onto themselvesandothercomplex objects.Theseresultswork best
for relatively smallpenumbrae.Penumbramapsprovide a simplemulti-passextensionto
shadow mappingfor easyincorporationinto existingshadow map-basedsystems.



While penumbramapsgive plausibleresults,therearestill 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
thefactthatpenumbraewill no longerlie on theforemostpolygonsin theshadow map.

Wealsowishtoexplorethepossibilityof moving theentirealgorithmintohardware.Future
graphicsacceleratorswill have the ability to renderto a vertex array. If this allows us to
createnew primitives,we believe we cancombineour work with that of McCool[21] to
movethesilhouetteextractionandconeandsheetgenerationontothegraphicscard,greatly
reducingtheburdenon theCPU.
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Figure7: Comparisonof theStanford Bunnywith shadowmaps(top left), pathtracedsoft
shadows(top right), andpenumbra mapswith two differentsizedlights (bottom).For this
dataset,wegenerateshadowsusinga 10kpolygonmodelandrendertheshadowsontothe
full (� 70kpolygon)model.Thepathtracedimageusesthe10kpolygonmodel.



Figure8: Using a standard shadowmapresultsin hard shadows(top), add a penumbra
mapto getsoftshadows(bottom).Usinga 10kpolygondragonmodelfor theshadowsand
a 50kpolygonmodelto render, weget14.5fpsat 1024x1024.


