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Abstract
Shadowgeneration hasbeensubjectto seriousinvestigationin computergraphics,andmanyclever algorithms
havebeensuggested.However, previousalgorithmscannotrenderhigh quality softshadowsontoarbitrary, ani-
matedobjectsin real time. Pursuingthis goal,wepresenta new softshadowalgorithmthat extendsthestandard
shadowvolumealgorithm by replacingeach shadowquadrilateral with a new primitive, called the penumbra
wedge. For each silhouetteedge asseenfromthe light source, a penumbra wedge is createdthat approximately
modelsthepenumbra volumethat this edge givesrise to. Togetherthepenumbra wedgescanrenderimagesthat
oftenare remarkablycloseto more preciselyrenderedsoftshadows.Furthermore, our new primitive is designed
sothat it canberasterizedef�ciently. Manyreal-timealgorithmscanonly useplanesasshadowreceivers,while
ours canhandlearbitrary shadowreceivers.Theproposedalgorithmcanbeof greatvalueto, e.g., 3D computer
games,especiallysinceit is highly likely that thisalgorithmcanbeimplementedonprogrammablegraphicshard-
warecomingoutwithin thenext year, andbecausegamesoftenpreferperceptuallyconvincingshadows.
CRCategories:I.3.7 [ComputerGraphics] Three-DimensionalGraphicsandRealism
Keywords: softshadows,graphicshardware, shadowvolumes.

1. Intr oduction

Shadows in computergraphicsare important,both for the
viewer to determinespatialrelationships,and for the level
of realism.Whenrenderingshadows on arbitraryreceivers
in real time usingcommoditygraphicshardware, the only
currentlyfeasiblesolutionis to renderhardshadows.A hard
shadow consistsonly of a fully shadowedregion,calledthe
umbra. Therefore,a hard shadow edgecan sometimesbe
misinterpretedfor a geometricfeature.However, in thereal
world, there is no suchthing as a true point light source,
asevery light sourceoccupiesanareaor volume.Areaand
volumelight sourcesgeneratesoft shadows that consistof
an umbra,anda smoothertransition,calledthe penumbra.
Thus,soft shadows aremorerealisticin comparisonto hard
shadows, and they also avoid possiblemisinterpretations.
Therefore,it is desirableto be ableto rendersoft shadows
in real time as well. However, currently no algorithm can
handleall thefollowing goals:

I . The softnessof the penumbrashouldincreaselinearly
with distancefrom the occluder, starting at zero at the
occluder.13

II . The umbraregion shoulddisappeargiven that a light

sourceis largeenough.
III . Typical sampling artifacts should be avoided. For

example,often a numberof superpositionedhardshadows
canbediscerned.17 Theresultshouldbevisually smooth.13

IV . The algorithmshouldbe amenablefor hardwareim-
plementationgiving real-timeperformance(andinteractive
ratesfor asoftwareimplementation).

V. It shouldbepossibleto castsoft shadows on arbitrary
surfaces,andwork for dynamicscenesaswell.

Our algorithm,which is anextensionof theshadow vol-
ume (SV) algorithm (seeSection3), achieves thesegoals
with somelimitationsonthetypeof scenesthatcanbeused.

Insteadof creatingashadow quadrilateral(quad)for each
silhouetteedge(asseenfrom the light source),a penumbra
wedgeis created.Eachsuchwedgerepresentsthe penum-
bravolumethatasilhouetteedgegivesriseto. SeeFigure2.
Togethertheseshadow wedgesrepresentan approximation
of thesoft shadow volumewith moreor lesscorrectcharac-
teristics(seeSection7). For example,theresultsoften look
remarkablycloseto thoseof HeckbertandHerf.9 Someap-
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proximationsareintroduced,but still the resultsareplausi-
ble(ascanbeseenin Figure12).In additionto thenew algo-
rithm,animportantcontributionis atechniquefor ef�ciently
rasterizingwedges.Our softwareimplementationof theal-
gorithmrunsat interactiveratesonastandardPC.Assuming
that thealgorithmcanbeimplementedusinggraphicshard-
warethatcomesout within a year, which is very likely, the
algorithmwill reachreal-timespeeds.Our focushasthere-
fore beenon generatingsoft shadows thatapproximatetrue
soft shadows well, andthatcanberenderedrapidly, instead
of a slow andaccuratealgorithm.This is a signi�cant step
forwardfor shadow generationin, e.g.,games.

Next, somerelatedwork is reviewed, followed by a de-
scriptionof thestandardshadow volumealgorithm,1 which
is the foundationof our new algorithm. In Section4, our
algorithmis described.Thenfollows optimizations,imple-
mentationnotes,andresults.In Section8, wediscusslimita-
tionsof our work, and�nally we offer someideasfor future
work, andaconclusion.

2. RelatedWork

In this section,themostrelevantwork for soft shadow gen-
erationat interactive ratesis presented.ConsultWoo et al.20

for anexcellentsurvey onshadow algorithmsin general,and
HainesandMöller6 for asurvey on real-timeshadows.

By averaginga numberof hardshadows, eachgenerated
by a different samplepoint on an extendedlight source,
softshadowscanbegeneratedaspresentedby Heckbertand
Herf.9 This is mostlysuitablefor pre-generationof textures
containingsoft shadows,becausea high numberof samples
(64–256)is neededsothatasoft shadow edgedoesnot look
likeanumberof superpositionedhardshadows.Thesetypes
of algorithmscan normally only get n+ 1 different levels
of shadow intensitiesfor n samples.11 Oncethesoft shadow
textureshave beengenerated,they canbe renderedin real
time for astaticscene.Suchalgorithmsonly applyto planar
shadow receivers.Goochet al.5 alsoprojecthardshadows
ontoplanesandcomputetheaverageof these.Light source
samplesaretakenfrom aline parallelto thenormalof there-
ceiver. Thiscreatesapproximatelyconcentrichardshadows,
which in generallook betterthan the methodby Heckbert
andHerf,9 andsofewersamplescanbeused.

Haines7 presentsa novel techniquefor generatingplanar
shadows. The ideais to usea hardshadow from the center
of a light source.Thena coneis “drawn” from eachsilhou-
ette(asseenfrom thepoint light source)vertex, with shadow
intensitydecreasingfrom full (in thecenter)to zero(at the
borderof thecone).Betweentwo suchcones,innerandouter
Coonspatchesaredrawn, with similar shadow intensityset-
tings. Thesegeometricalobjectsare then drawn to the Z-
buffer togeneratethesoftshadow. Ouralgorithmcanbeseen
as an extensionof Haines' methodand the SV algorithm.
Haines'algorithmproducesumbraregionsthatareequalto

ahardshadow generatedfrom onepointon thelight source,
andthustheumbraregion is too large.7 Ouralgorithmover-
comesthis limitation andalsoallowssoftshadowsto becast
onarbitraryreceivinggeometry. Theonly requirementis that
it shouldbepossibleto renderthereceiving geometryto the
Z-buffer.

For real-timework, therearetwo dominatingshadow al-
gorithms that cast shadows on arbitrary surfaces.One is
the shadow volumealgorithm(Section3), andthe other is
shadow mapping.Theshadow mappingalgorithm19 renders
animage,calledtheshadow map,from thepointof thelight
source.This shadow mapcapturesthedepthof thesceneat
eachpixel from the point of view of the light. When ren-
deringfrom theeye, eachpixel's depthis testedagainstthe
depth in the shadow map, which determineswhetherthe
point is in shadow. Reeveset al.15 improve uponthis by in-
troducingpercentage closer �ltering , which reducesalias-
ing alongshadow edges.Segal et al.16 describea hardware
implementationof shadow mapping.Today, shadow map-
pingwith percentagecloser�ltering is implementedin com-
modity graphicshardware,suchasthe GeForce3.Heidrich
et al.11 extendtheshadow mappingto dealwith linear light
sources,wheretwo shadow mapsarecreated;onefor each
endpointof the line segment.Visibility is theninterpolated
acrossthe light sourceinto a visibility mapusedat render-
ing. For dynamicscenes,theprocessof creatingthevisibil-
ity mapis quiteexpensive (maytake up to two secondsper
frame).All shadow mappingalgorithmshave biasingprob-
lems,which occurdueto numericalimprecisionsin the Z-
buffer, and the problemof choosinga reasonableshadow
map size to avoid aliasing.One notableexception is the
adaptiveshadow mapalgorithm,whichiteratively re�nesthe
shadow mapresolutionwhereneeded.4

Parkeretal.13 extendsray tracingsothatonly onesample
is usedfor soft shadow generation.This is doneby usinga
“soft-edged”object,andusingtheintersectionlocationwith
this object as an indicator of where in the shadow region
a point is located.This wasusedin a real-timeray tracer.
In 1998,Soler and Sillion17 presentedan algorithm based
on convolution. Their ingeniousinsight wasthat for paral-
lel con�gurations(a limited classof scenes),a hardshadow
imagecanbeconvolvedwith animageof thelight sourceto
form thesoftshadow image.They alsopresentahierarchical
error-drivenalgorithmfor arbitrarycon�gurationsby using
approximations.Hart et al.8 presenta lazy evaluationalgo-
rithm for accuratelycomputingdirect illumination from ex-
tendedlight sources.They reportrenderingtimesof several
minutes,evenfor relatively simplescenes.StarkandRiesen-
feld 18 presenta shadow algorithmbasedon vertex tracing.
Theiralgorithmcomputesexactilluminationfor scenescon-
sistingof polygons,andis basedon the vertex behavior of
thepolygons.

Therearealsoseveralalgorithmsthatusebackprojection
to computea discontinuitymesh,which canbeusedto cap-
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ture soft shadows. However, theseare often very geomet-
rically complex algorithms.See,for example,the work by
DrettakisandFiume.2

3. Shadow Volumes

In 1977,Crow presentedan algorithmfor generatinghard
shadows.1 By using a stencil buffer, an implementationis
possiblethatusescommoditygraphicshardware.10 Thatim-
plementationof Crow's algorithmis calledtheshadowvol-
ume(SV) algorithm.It will be brie�y describedhere,as it
is the foundationfor our new algorithm.TheSV algorithm
builds volumesthatboundtheshadow. This is doneby tak-
ing eachsilhouetteedge(asseenfrom the light source)of
the shadow castingobject,andcreatinga shadow quad.A
shadow quadis formedfrom a silhouetteedge,andthenex-
tendinglinesfrom theedgeendpointsin thedirectionfrom
thelight sourceto theedgeendpoints.Theshadow volume
is illustratedin Figure1. In theory, the shadow quadis ex-
tendedin�nitely . TheSV algorithmis amultipassalgorithm.

shadow casting
object

shadow
quad

shadow
quadshadow

volume

a

bc

+1

+1

-1

light source

+10

0

Figure 1: The standard shadowvolumealgorithm. Ray b
is in shadow, sincethe stencilbuffer hasbeenincremented
once, and the stencilbuffer valuesthus is + 1. Raysa and
b are not in shadow, becausetheir stencilbuffer valuesare
zero.

First,thesceneis renderedfromthecamera'sview, with only
ambientlighting. Then the front facing shadow quadsare
rasterizedwithoutwriting to thecolorandZ-buffer. For each
fragmentthat passesthe depthtest, i.e., that is visible, the
stencilbuffer is incremented.Backfacingshadow quadsare
renderednext, andthestencilbuffer is decrementedfor vis-
ible fragments.Thismeansthatthestencilbuffer will holda
mask(afterall shadow quadshavebeenrendered),whereze-
roesindicatefragmentsnot in shadow. The�nal passrenders
with full shadingwherethestencilbuffer is zero.

SeeEveritt andKilgard's paperfor a robust implementa-
tion of shadow volumes.3

4. NewAlgorithm

Our new algorithmreplacestheshadow quadsof theSV al-
gorithmwith penumbrawedges(Section4.1),asillustrated

in Figure2. For therestof this description,we assumethat
the light sourceis a sphere.The light intensity(LI), s, in a
point p, is a numberin [0;1] that describeshow muchof a
light sourcethepoint p can“see.” A point is in full shadow
(in theumbra)whens= 0, andfully lit whens= 1, andoth-
erwisein a penumbraregion. TheLI variesinsidea wedge,
andour goal is to approximatea physically-correctvalueas
well aspossible,while at the sametime obtainingfastren-
dering.

shadow casting
object

penumbra
wedge

umbra
volume

penumbra wedge

light source

exit point (pb)entry point (pf)

Figure2: Thenew algorithmusespenumbra wedgesto cap-
ture thesoftregion in theshadow.

Thewedgesthatmodelthepenumbraregionsalsoimplic-
itly model the umbravolume.The differencebetweenour
algorithmandthe standardSV algorithmis that for our al-
gorithm,oneneedtopassthroughanentirewedge(oracom-
binationof wedges)beforeenteringtheumbravolume.

For avisuallyappealingresult,thelight intensityinterpo-
lation mustbe continuousbetweenadjacentwedges.Thus,
the idea of our algorithm is to introducea new rendering
primitive, namely, the penumbrawedge,that canbe raster-
izedquicklyandthatachievescontinuouslight intensity. The
detailsof this interpolationaregivenin Section4.2.

JustastheSValgorithmrequiresastencilbuffer to rapidly
rendershadows usinggraphicshardware,sodoesour algo-
rithm. However, the presenceof penumbraregions makes
theprecisiondemandson thebuffer higher. For this,we use
a signed16-bit buffer, which we call the light intensity(LI)
buffer. SotheLI buffer is justastencilbuffer with morepre-
cision.It is likely that theLI buffer canbe implementedby
renderingto a HILO texture,wherethetwo componentsare
16 bits each.For certainscenes,a 12-bit buffer maybesuf-
�cient, andanotherimplementationcould usethe an 8-bit
stencilbuffer, at the costof fewer shadesin the penumbra
region.

By multiplying eachLI valuewith k, it is possibleto get
k differentgrayshadelevelsin thepenumbraregion.Weuse
k = 255sincecolor bufferstypically areeightbits percom-
ponent.Thischoiceallowsfor at least256overlapping(e.g.,
in screen-space)penumbrawedges,which is morethansuf-
�cient for mostapplications.It is alsoworth notingthatthis
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is similartocommoditygraphicshardwarethatoftenhasa8-
bit stencilbuffer, whichthusalsoallowsfor 256overlapping
objects,usingthe theSV algorithm.Thepenumbrawedges
addor subtractfrom theLI buffer. For example,whena ray
from througha wedge(from light to umbra),255 will be
subtracted.

The algorithm startsby clearing the LI buffer to 255,
which implies that the viewer is outsideshadow. Thenthe
entiresceneis renderedwith only diffuseandspecularlight-
ing. Penumbrawedgesare thenrenderedindependentlyof
eachotherto theLI buffer usingtheconceptualpseudocode
(notoptimizedfor hardware)below, wheretheentryandexit
pointsareillustratedin Figure2.SeealsoFigure3 for anex-
ampleof thepi valueusedin thecodebelow.

1 : rasterizeWedge ()
2 : foreach visible fragment (x;y)...
3 : ... on front facing triangles of wedge
4 : p f = computeEntryPointOnWedge (x;y);
5 : pb = computeExitPointOnWedge (x;y);
6 : p = point (x;y;z); – z is theZ-buffer valueat (x;y)
7 : pi = choosePointClosestToEye (p;pb);
8 : sf = computeLightIntensity (p f );
9 : si = computeLightIntensity (pi );

10 : addToLIBuffer (round (255� (si � sf ))) ;
11 : end;

Lines 4 and 5 computethe points on the wedgewhere

light source

silhouette edge
penumbra wedge

eye

p
f

p
bp

i

p
i=p

b

Figure 3: Illustration of the p f , pb, and pi valuesfor two
rays.

the ray throughthe pixel at (x;y) enters(�rst intersection)
andexits (secondintersection)thewedge.A point is formed
from (x;y;z), wherez is the depthat (x;y) in the Z-buffer
(line 6). If this point, transformedto world-space,is deter-
mined to be inside the wedge,then pi is set equalto that
point, asthis is a point that is in thepenumbraregion. Oth-
erwise,pi is setto pb. This is doneon line 7. Lines8-9com-
pute the light intensity [0;1] at the points,p f and pi , and
�nally , the differencebetweenthesevaluesarescaledwith
255andaddedto theLI buffer.

After all wedgeshave beenrasterizedto the LI buffer,
the resultingimagein the LI buffer is clampedto [0;255],

andusedto modulatetherenderedimage(usingdiffuseand
specularshading).This correctlyavoidshighlightsin shad-
ows. In a �nal pass,ambientlighting is added.

Theclampingof theLI buffer is neededbecauseit is pos-
sibleto haveoverlappingpenumbrawedges,e.g.,it is possi-
ble to entertheumbravolumemorethanonce.This would
result in a negative LI value—clampingthis to zerois cor-
rect,astheumbravolumecannotbedarkerthanzero.LI val-
ueslargerthan255impliesthatwehavegoneoutof shadow
morethanonce—thisis possiblewhenthe viewer is inside
shadow to startwith. Again clampingto 255 just meansit
cannotbelighter thanbeingtotally outsideshadow.

In the following subsections,we discusshow penumbra
wedgesareconstructed,andhow light intensityinterpolation
is done.

4.1. Constructing Penumbra Wedges

In two dimensions,creationof penumbrawedgesis trivial.
In threedimensionsit is moredif�cult. We approximatethe
penumbravolume that a silhouetteedgegives rise to with
a wedgede�ned by four planes:the front, back, left side,
andright sideplanes.As Hainespoint out, a morecorrect
shapewould be a coneat eachsilhouetteedgevertex, and
two Coonspatchesconnectingthese.7 The creationof the
front andbackplanesis illustratedto the right in Figure4,
wherethecorrespondingSV quadis shown theleft.

front plane

back plane

normal of 
SV quad

parallel to normal
of shadow quad

c
f

b

n
silhouette edge

point light source

Figure 4: Left: shadowvolumequad.Right: front andback
planesof a wedge.

Assumingasphericallight with centerc andradiusr, two
pointsarecreatedasb = c+ rn andf = c� rn, wheren is
the normalof the SV quad.The front planeis thende�ned
by f andthesilhouetteedge;andsimilarly for thebackplane.
Two adjacentwedgesshareonesideplane,andit is created
from thesetwo wedges'front andbackplanes.SeeFigure5.
More speci�cally, a sideplaneis constructedfrom two ad-
jacentwedgesby �nding the line of intersectionof the two
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front planes.Thesameis donefor thetwo backplanes,and
thesetwo linesde�ne thesideplanebetweenthesewedges.
An exampleof awedgeis shown to theleft in Figure9.

silhouette edges

side planeback plane 1
back plane 1

back plane 2

back plane 2
side planeside plane

front plane 1 front plane 2

front plane 2

front plane 2

Figure 5: Two adjacentwedges in general con�guration.
Their frontandback planesde�ne their sharedsideplane.

For very largelight sources,or suf�ciently far away from
thesilhouetteedge,thetwo sideplanesof a wedgemayin-
tersect.In suchcases,thewedgeis de�ned asshown in Fig-
ure6.

back

front

left
right

A

B

C

D

E
F

A

B

C

D

G

H

Figure6: Left: ABDC de�ne thefrontplane'squadrilateral,
andABFE theback plane's quadrilateral, ACE theleft side
plane, andBFD theright sideplane. Thewedgeontheright
is usedwhenrenderingsoftshadow, in caseswhere theside
planesoverlap.

It shouldbenotedthatby simply settingthe light source
radiusto zero,hardshadows canberenderedwith our algo-
rithm in thesamewayastheSV algorithm.

In Section4.2,a ray directionthat lies in eachsideplane
is neededto make the interpolationacrossadjacentwedges
continuous.Thisdirectionis sharedby two adjacentwedges,
andit is computedby takingtheaverageof thetwo SV quad
normals(whosecorrespondingsilhouetteedgesshareside
plane),projectingit into thesideplane,andthennormalizing
theresultingvector.

When two adjacentsilhouetteedgesform an acutean-
gle,thedifferencebetweenouralgorithmandHeckbert/Herf
shadowsis moreobvious.However, thosecasescaneasilybe
detected,andextrawedgesaroundsuchverticescanbeintro-
duced,asin Figure7, to createa betterapproximation.The

Figure 7: A (partial) soft shadowof a triangle with an
acuteangle. Left: one wedge per silhouetteedge. Middle:
onewedge per silhouetteedge plus 6 extra wedgesaround
eachvertex.Right:Heckbert/Herfshadows.Also,whencom-
paring imageson screen,a steppingeffectof Heckbert/Herf
shadowsis apparent,while our algorithminherentlyavoids
steppingeffects.

numberof extrawedgesshoulddependontheanglebetween
two adjacentsilhouetteedges:the smallerangle,the more
extrawedgesareintroduced.It is worthnotingthatoftenthe
performancedropfrom usingextrawedgesaroundacutean-
glesonlywasabout20percent.Thisisbecausethosewedges
often are long andthin, anddo not contribute muchto the
image,andarethereforecheapto render.

4.2. Light Intensity Inter polation

In this section,we describehow the light intensity, s, for a
point, p, insidea penumbrawedgeis computed.Recallthat
p is a point formed from the pixel coordinates,(x;y), and
the depth,z, in the Z-buffer at that pixel. This is shown in
Figure8.

edge

wedge

p

light

Figure8: Thepointp is in thepenumbra wedgevolume. The
rationalefor our interpolationschemeis that s shouldap-
proximatehowmuch thepointp “sees” of thelight source.

Clearly, theminimal level of continuityof s betweentwo
adjacentwedgesshouldbe C0. Our �rst attemptcreateda
ray from p with the samedirection as the normal of the
SV quad.Then, the positive intersectiondistances,t f and
tb, werefound by computingthe intersectionsbetweenthe
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ray andthefront andthebackplane,respectively. Thelight
intensitywasthencomputedas:

s= tb=(t f + tb) (1)

However, this doesnot guaranteeC0 continuityof the light
intensityacrossadjacentwedges.Instead,thefollowing ap-
proachis used.Two intermediatelight intensities,sl andsr ,
arecomputed(similarly to theabove)usingp astherayori-
gin,andraydirectionsthatlie in theleft andright sideplane,
respectively (seeSection4.1onhow to constructthesedirec-
tions).SeeFigure9. Thecomputationsare:

front

back
left righttl trtlb

tlf

trb

trf

left

right

back

front

silhouette edge left plane
direction

right plane
direction

Figure 9: Light intensity interpolation inside a penumbra
wedge. Left: penumbra wedge. Right: cross-sectionof the
wedge, where the positiveintersectiondistances,t's, from
thepoint (black dot) to theplanesareshown.

sl =
tlb

tl f + tlb
; sr =

trb
tr f + trb

(2)

The light intensity is linearly interpolatedasbelow, where
tl andtr arethepositive intersectiondistancesfrom p to the
left andright sideplanes.The ray directionusedfor this is
parallelto thesilhouetteedge.

s=
tr

tr + tl
sl +

tl
tr + tl

sr (3)

Since the side directions are shared between adjacent
wedges,this equationgives C0 light intensity continuity.
Also, we avoid any form of discretization(suchas using
a numberof point sampleson a light source)here,so the
penumbrawill alwaysbe smoothinsidea wedgeno matter
how closeto theshadow theviewer is. This choiceof light
intensityinterpolationalsohastheaddedadvantagethat re-
ciprocaldot products,usedin ray/planeintersectionto �nd
the different t-values,can be precomputedat setupof the
wedgerasterizationin orderto avoid divisions.Also,by sim-
plifying andusingthe leastcommondenominatorin Equa-
tion 3, the numberof divisionscanbe reducedto oneper
evaluationinsteadof four.

Parker et al.13 report that the attenuationfactor is a si-
nusoidal for sphericallights, and approximateit by s0 =
3s2 � 2s3. This can easily be incorporatedinto our model
aswell.

5. Optimizations

In thissection,severaloptimizationsof thealgorithmwill be
presented.As canbeseenin thepseudocodein Section4, a
valueof si � sf is addedto theLI buffer for eachrasterized
fragment.The most expensive calculationin computingsi
andsf is whenEquation3 needsto beevaluated.For points,
(x;y;z), insidea wedge,this evaluationmustbedone.Here,
wewill presentseveralothercaseswherethisevaluationcan
beavoided.

Whenarayenters(exits) asideplane,it will alsoexit (en-
ter) a sideplaneon anadjacentwedge,andtheir LI values,
s, will cancelout, andthusthe LI valuesneednot be com-
puted.This is illustratedin Figure10. Also, whenentering

entry point

exit point
wedge 1

wedge 2
side plane

Figure 10: A cross-sectionview through two adjacent
wedges. The square showswhere the ray intersects the
shared side planeof the wedges.The LI valuesfor wedge
1 and2 in thesharedsideplanecanceleach other.

or exiting pointsareon front or backplanesof the wedge,
thenwe cansimply usea valueof 0 or 255,dependingon
entering/exiting andfront/backplanes.Using thesetwo op-
timizations,weonlyevaluateEquation3 for pointsinsidethe
penumbrawedge,thatis, wherethecomputationscontribute
to the�nal image,which is minimal.Also, beforerasteriza-
tion of awedgestarts,weprecomputeseveralreciprocaldot
productsthatareconstantfor theentirewedge,andusedin
Equation3. Theabove optimizationsgave about50%faster
wedgerasterization.

Visibility culling can also be doneon the wedges.For
each8� 8 Z-buffer region, the largestz-value,zmax, could
be storedin a cacheas presentedby Morein.12 Fragments
on a front facing wedgetriangle can thus be culled if the
z-valuesarelarger thanzmax. This type of techniqueis im-
plementedin commoditygraphicshardware,suchasATI' s
RadeonandNVIDIA'sGeForce3.Wedgerasterization(both
hardware and software) can gain performancefrom using
this technique.

All optimizationswork for dynamicscenesaswell, how-
ever, the wedgesand the sidedirectionvectorsneedto be
recomputedwhenlight sourcesor shadow castinggeometry
moves.

6. Implementation

The main objective of our current implementationwas to
prove that the algorithm generatesplausiblesoft shadows
reasonablyfast.Sincepretty large vertex and pixel shader
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programsareneededin orderto implementthisusinggraph-
ics hardware,we needto await thenext-generationgraphics
hardwarebeforetruereal-timeperformancecanbeobtained.

Our current implementationworks as follows. First,
the sceneis renderedusinghardware-acceleratedOpenGL.
Wedgerasterizationis implementedin software(SW), and
thereforetheZ-buffer is readout beforerasterizationstarts.
The front facing trianglesof a wedgeare rasterizedusing
Pineda's edgefunction algorithm.14 Sinceit thus is known
which plane the rasterizedwedgetriangle belongsto, the
planeof the entry point is known. The exit point is found
by computingthe intersectionof the ray with all backfac-
ing planes,andpicking theclosest.Thez-valueis read,and
a point in world spaceis formedby applyingthe (precom-
puted)screen-to-world transform.Thereafter, that point is
insertedinto all planeequationsto determinewhetherthe
point is insidethe wedge.If the point is insidethe wedge,
Equation3 is evaluatedby computingintersectiondistances
from thepoint to theplanesalongthedirectionsdiscussedin
Section4.2.We alsoimplementtheoptimizationspresented
in Section5, exceptfor theculling techniques.

7. Results

In Figures12 and14, themajorstrengthof our algorithmis
shown, namelythat soft shadows canbe caston arbitrarily
complex shadow receivers.Note that only the spheresand
theEGlogoarecastingshadowsfor the�rst �gure, andonly
the“@” is castingshadow in thesecond�gure. In Figure12,
a rathercomplex objectis castingshadowsonacomplex re-
ceiver formed from several teapots,while the light source
size is increased.As canbe seen,the renderedimagesex-
hibit typicalcharacteristicsof softshadows: theshadowsare
softerthefartheraway theoccluderis from thereceiver, and
they arehardwheretheoccluderisnearthereceiver. Further-
more,the umbraregion becomessmallerandsmallerwith
increasinglight sourcesize.At 512� 512, thoserenderat
about1:8 framesperseconds(fps).

To test the quality of our algorithm,we have compared
it to bothHeckbert/Herf(HH) shadows9 with 128samples,
andSoler/Sillion(SS)shadows.17 HH shadowsaremorepre-
cisegivensuf�ciently many samples,andtheultimategoal
is to renderimageslike thatin realtime.TheSSshadow al-
gorithm is interestingto compareto, becauseit is targeted
for real-timesoft shadows. Someresultsareshown in Fig-
ure12. Themotivation for choosingsucha simplesceneis
that we know what to expect,and that it still includesthe
mostimportanteffectsof softshadows(increasingpenumbra
width,etc).Despitetheapproximationsintroducedbyoural-
gorithm,theresultsarehereremarkablysimilar to Heckbert
andHerf's morepreciselygeneratedsoft shadows. Our al-
gorithmrenderedthoseimagesat about2 fps (in software),
while HH shadows were renderedat about 20 fps (using
hardware).Note, however, that thereare two reasonswhy
HH shadows arenot really a feasiblesolutionfor real-time

applicationswith dynamicobjects.First, shadows canonly
becaston planarsurfaces.It is worth notingherethata soft
shadow texture(generatedon a plane)that is projectedonto
a curvedsurfacecannotproducecorrectresults.This is be-
causethe penumbraandumbraregionschangein spacein
suchawaythatit doesnotcorrespondto asimpleprojection.
Second,the renderingof 128 passesper frameconsumesa
lot of capacityof a graphicssystemthat could be usedfor
bettertasks.

The SSshadows fail to producebelievable results.This
is becauseit only producescorrectresultsfor parallelcon-
�gurations, and scenes(including this one) are in general
notcon�guredlike that.To theiradvantage,bothSSandHH
shadowsareimage-basedandthereforequiteindependentof
shadow generatinggeometry, andthey canalsohandlearbi-
trarily shapedlight sources.Also, theSSshadow algorithm
couldsplit uptheobjectinto differentcylindersto bettercap-
ture thesoft shadows, but it is highly likely that this would
give riseto discontinuitiesin theshadows.

Wehavealsoimplementedanapproximationof ouralgo-
rithm usingcurrentgraphicshardware.SeeFigure15.Each
wedgeis discretizedwith anumberof quadssharingthesil-
houetteedgeanddividing the spacebetweenthe front and
back planeinto different constantLI regions.This imple-
mentationrenderapproximatelyconcentricshadows, but a
steppingeffect canstill beseenasfor othersamplingmeth-
ods,andalsoa large amountof rasterizationwork is done.
Everitt andKilgard3 implementasimilaralgorithm,but put
sampleson the light sourcein the Heckbert/Herfmanner,
andlet eachsamplepoint addin shadow contribution with-
out theneedfor anaccumulationbuffer.

Two lights are usedin the test sceneof Figure 16. The
only modi�cation wemadeto ouralgorithmwasto multiply
the light intensities,s, by 255=n insteadof 255,wheren is
the numberof lights. All testresultsarefrom our software
implementationusinga standardPC with an AMD Athlon
1.5GHz,andaGeForce3graphicscard.

8. Discussion

Herewewill discussthelimitationsandpossibleartifactsof
ouralgorithm.

In this paper, we have restrictedthe light sourceto be a
sphere.Approximationsof arbitrary, convex light sources
arepossible:whencreatingthefront andbackplanes(which
mustpassthroughthesilhouetteedge),rotatetheseuntil they
touchoppositesidesof the light source.Our choiceof light
sourceshaperestrictsthenumberof applications,but certain
applications,e.g.,games,will mostlikely besatis�ed.Also,
theSV algorithmcannothandlenon-polygonalshadow cast-
ing geometry, suchasN-patchesor textureswith alpha,and
neithercan our algorithm. It is also worth noting that no
shadow volume-basedalgorithmcanhandletransparentsur-
facesin apropermanner.
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For all shadow volume algorithms,one must be careful
whentheviewer is in shadow. For hardshadows,thiscanbe
solved with the Z-fail technique.SeeEveritt and Kilgard3

for a presentationon this. We have very recently solved
this problemfor our algorithm.Brie�y , cappingof the soft
shadow volumesis needed,togetherwith theZ-fail method,
andwith a restructuredrenderingalgorithm.Thattechnique
will bedescribedelsewheredueto spaceconstraints.

Oneapproximationis thatwe,asdoHaines7 andtheclas-
sic SV algorithm,usethesamesilhouettefor theentirevol-
umelight source.Sincesoft shadows aregeneratedby area
or volumelight sources,thesilhouettecannotin generalbe
thesamefor all pointsonsuchalight source.Errorsarevisi-
ble,but only for very largelight sources,andin practice,we
havenotfoundthisto beaproblem.Thecostof theSV algo-
rithm,Haines',andoursis to �rst �nd thesilhouetteedgesof
themodel,andtherenderingof theshadows is proportional
to thenumberof silhouetteedgesandtheareaof theshadow
primitives(e.g.,wedges).

A silhouetteedgeis anedgethat is connectedto two tri-
angles,whereonetriangleis facingtowardthelight, andthe
otherfacingaway. Suchsilhouetteedgesform closedloops.
Our algorithmcanrendershadows of geometrywhosever-
ticesin thesilhouetteedgelistsonly connectsto two silhou-
ette edges.However, this is not always the case.A vertex
may connectto morethantwo silhouetteedges.Currently,
we do not handlethis problem,andthis limits the typesof
scenesthat we can render. It may be possibleto construct
thewedgesaroundsuchproblematicverticesin otherways,
or to interpolateshadingdifferently there.We leave this for
futurework.

Theremayalsobe raysthatpiercethrougha faceon the
wedge,but that do not exit througha wedgeface.This oc-
curs,for example,whenthevieweris locatedcloseto thepo-
sitionof thelight source.However, suchraysdonotposeany
problem.Thereasonfor this is that for any shadow volume
algorithmtoworkproperly, theshadow quadsmustpenetrate
the geometryof the sceneto be rendered.The sameholds
for penumbrawedges:they mustalso intersectthe geome-
try of the scene.This implies that raysthat entera wedge,
musteitherhit geometryinsidethewedge,or exit thewedge
throughoneof thefour wedgeplanes.

If a silhouetteedgeis nearlyparallelor parallelto thedi-
rection of the incoming light, anotherproblemmay arise:
thesideplaneconstructionwill not berobust.To avoid this,
weremovesuchedges,andshorten& connectits neighbors.
This maygive shadow artifactsneartheshadow generating
object.

When two objectsoverlap,as seenfrom a light source,
it is very likely that wedgesfrom thesetwo objectsalso
will overlap.Ouralgorithmautomaticallysubtractsthelight
intensitiesfrom both wedges.This is not always correct.
Sometimesit maybemorecorrectto multiply theircontribu-
tions,andsometimesit maybemorecorrectto subtractonly

the contribution from onewedge(whenwedgescoincide).
Theredoesnot seemto be a straightforward way to solve
this. However, even thoughit is possibleto seedifferences
in images,it is oftenvery hardto seewhich is correct.See
Figure11.

Figure 11: Overlappingsoft shadows.Top: rendered with
Heckbert/Herf'salgorithmwith 128samples.Bottom:result
producedwith our algorithm.

As canbeseen,thereareseveral limitationsof our algo-
rithm.However, it shouldbenotedthatit is only recentlythat
the standardshadow volumealgorithmhasmaturedso that
it canhandleall cases,3 anda maturingprocesscanbe ex-
pectedfor ouralgorithmaswell. Next, someideasfor future
work, andsomeearlyinitial resultsarepresented.

9. Futur eWork

We are continuingto explore our algorithm,and the most
valuablecontribution to make in thefuture,would beto in-
creasethe complexity of geometricalmodelsthat cancast
soft shadows.Currently, we areexploring severalnew ways
of interpolatinginsidea wedge,andinitial resultsshow that
several of the limitations from Section8 canbe overcome
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usingdifferentlight intensityinterpolationtechniques.It re-
mainsto unify thesein asingletechnique,andmakeit render
rapidly.

Anotheravenuefor futureresearchis alsoto make more,
andmoreaccurate,comparisonsto morealgorithms,andto
stressall algorithms.Finally, it will be interestingto imple-
mentthisongraphicshardwarethatcomesoutwithin ayear,
which is expectedto bemassively programmable.

10. Conclusions

We have presenteda new soft shadow algorithmthat is an
extensionof the classicalshadow volume algorithm. The
shadow penumbrawedgeis a new primitive that we have
introduced,andthat canbe rasterizedef�ciently . The gen-
eratedsoft shadow imageshave beenshown to often give
similar resultsto the algorithmof HeckbertandHerf,9 de-
spite the approximationsthat we introduce.It is important
to note that our algorithm can rendersoft shadows on ar-
bitrary geometry. Also, the performanceis independentof
thereceiving geometrysincethecontentsof theZ-buffer is
usedasareceiver. Thesoftwareimplementationof ouralgo-
rithm givesinteractiveratesonastandardPC.Thus,it seems
highly likely thatnext-generationhardwarewouldgive real-
time performance,which would increasethequality of real-
time gamesand other applications.Therefore,we believe
that this algorithmis a major leapforwardfor soft shadows
in realtime.
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Figure 12: Increasinglight sourcesizefromleft to right. Only theEG logo, andthespheresare castingshadows.Noticethat
theumbra regioncorrectlygetssmallerandsmallerwith increasinglight source.

Figure 13: Comparisonof our algorithm(top),Heckbert/Herf(middle),andSoler/Sillion
(bottom).Our algorithmprovidestheaccuracyof themuch moreexpensiveHeckbert/Herf
algorithm.In addition,our algorithmhandlesall surfaces,andsocastsa shadowfromthe
right cylinderontotheleft, which theothertwoalgorithmscannotdo.

Figure 14: A fractal landscape
with 100ktrianglesis usedasa
complex shadowreceiverfrom
differentviewpoints.

Figure 15: Renderedat 5 fpson a 1.5GHzPC with a Geforce3.We modi�ed
nVidia's shadowvolumedemo(left) to rendersoftshadows(right).

Figure 16: Two light sources are
usedin thissimpletestscene.
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