ThirteenthEurographic&Vorkshopon Rendering2002)
P. DeberecandsS. Gibson(Editors)

Approximate Soft Shadowns on Arbitrary Surfaces
using Penumbra Wedges

TomasAkenine-MollerandUIf Assarsson

Departmenbf ComputerEngineeringChalmerdJniversity of Technology Sweden

Abstract

Shadowgenertion hasbeensubjectto seriousinvestigationin computergraphics,and manyclever algorithms
havebeensuggested However, previousalgorithmscannotrenderhigh quality softshadowsonto arbitrary, ani-
matedobjectsin real time Pursuingthis goal, we presenta new softshadowalgorithmthat extendsthe standad
shadowvolumealgorithm by replacingead shadowquadrilateral with a new primitive, called the penumba
wedge. For eadh silhouetteedge as seenfromthe light source, a penumba wedg is createdthat approximately
modelsthe penumba volumethat this edge givesrise to. Togetherthe penumba wedgscanrenderimagesthat
oftenare remarkablycloseto more preciselyrendeed soft shadowsFurthermole, our new primitive is designed
sothatit canberasterizecefciently. Manyreal-timealgorithmscanonly useplanesas shadowreceives, while
ours canhandlearbitrary shadowreceives. Theproposedalgorithm canbe of greatvalueto, e.g., 3D computer
gamesespeciallysinceit is highly likely thatthis algorithmcanbeimplementean programmablegraphicshard-
ware comingoutwithin the next year and becausegamesoftenprefer perceptuallycorvincingshadows.

CR Categories1.3.7 [ComputerGraphics] Three-DimensionaGraphicsand Realism

Keywords: softshadowsgraphicshardware, shadowolumes.

1. Intr oduction

Shadaevs in computergraphicsare important,both for the
viewer to determinespatialrelationshipsandfor the level

of realism.Whenrenderingshadavs on arbitraryrecevers
in real time usingcommoditygraphicshardware, the only
currentlyfeasiblesolutionis to renderhardshadavs. A hard
shadav consistonly of afully shadevedregion, calledthe
umbm. Therefore,a hard shadev edgecan sometimesbe
misinterpretedor a geometricfeature.However, in thereal
world, thereis no suchthing as a true point light source,
asevery light sourceoccupiesan areaor volume.Areaand
volumelight sourceggeneratesoft shadavs that consistof

an umbra,anda smoothertransition,called the penumba.

Thus,soft shadevs aremorerealisticin comparisorto hard

shadevs, and they also avoid possiblemisinterpretations.

Therefore,it is desirableto be ableto rendersoft shadavs
in real time aswell. However, currently no algorithm can
handleall thefollowing goals:

|. The softnessof the penumbrashouldincreasdinearly
with distancefrom the occluder starting at zero at the
occludert3

Il . The umbraregion shoulddisappeagiven thata light
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sourceis largeenough.

Il . Typical sampling artifacts should be avoided. For
example,often a numberof superpositionedhard shadavs
canbediscerned’ Theresultshouldbevisually smooth?3

IV. The algorithmshouldbe amenablgor hardwareim-
plementatiorgiving real-timeperformancgandinteractve
ratesfor a softwareimplementation).

V. It shouldbe possibleto castsoft shadevs on arbitrary
surfacesandwork for dynamicscenesswell.

Our algorithm,which is an extensionof the shadev vol-
ume (SV) algorithm (seeSection3), achieves thesegoals
with somelimitationsonthetypeof sceneshatcanbeused.

Insteadof creatinga shadev quadrilatera{quad)for each
silhouetteedge(asseenfrom the light source)a penumbra
wedgeis created Eachsuchwedgerepresentshe penum-
bravolumethatasilhouetteedgegivesriseto. SeeFigure?2.
Togethertheseshadav wedgesrepresentin approximation
of thesoft shadev volumewith moreor lesscorrectcharac-
teristics(seeSection7). For example,the resultsoftenlook
remarkablycloseto thoseof HeckbertandHerf.? Someap-
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proximationsareintroduced but still the resultsare plausi-
ble (ascanbeseernin Figurel2).In additionto thenew algo-
rithm, animportantcontritutionis atechniquefor ef ciently
rasterizingwedges Our softwareimplementatiorof the al-
gorithmrunsatinteractve rateson astandard®C.Assuming
thatthe algorithmcanbeimplementedisinggraphicshard-
warethatcomesout within a year which is very likely, the
algorithmwill reachreal-timespeedsOur focushasthere-
fore beenon generatingsoft shadevs thatapproximaterue
soft shadevs well, andthatcanbe renderedapidly, instead
of a slow andaccuratealgorithm. This is a signi cant step
forwardfor shadev generatiorin, e.g.,games.

Next, somerelatedwork is reviewed, followed by a de-
scriptionof the standardshadev volumealgorithm? which
is the foundationof our new algorithm.In Section4, our
algorithmis described Thenfollows optimizations,imple-
mentatiomotes andresults.In Section8, we discusdimita-
tionsof ourwork, and nally we offer someideasfor future
work, andaconclusion.

2. RelatedWork

In this section the mostrelevantwork for soft shadev gen-
erationatinteractve ratesis presentedConsultWoo et al.20
for anexcellentsuney onshadaev algorithmsin generaland
HainesandMoller® for asuney onreal-timeshadavs.

By averaginga numberof hardshadevs, eachgenerated
by a different samplepoint on an extendedlight source,
softshadwvs canbegeneratedspresentedy Heckbertand
Herf? This is mostly suitablefor pre-generatiomf textures
containingsoft shadevs, because high numberof samples
(64—-256)is neededsothata soft shadev edgedoesnotlook
like anumberof superpositionetiardshadavs. Thesetypes
of algorithmscan normally only getn+ 1 differentlevels
of shadav intensitiesfor n samples:! Oncethe soft shadav
textureshave beengeneratedthey canbe renderedn real
time for a staticscene Suchalgorithmsonly applyto planar
shadev recevers. Goochet al 5 also projecthard shadevs
onto planesandcomputethe averageof these Light source
samplesretakenfrom aline parallelto thenormalof there-
ceiver. This createsapproximatelyconcentrichardshadavs,
which in generallook betterthanthe methodby Heckbert
andHerf? andsofewer samplesanbeused.

Haines presents novel techniquefor generatingplanar
shadws. Theideais to usea hardshadev from the center
of alight source Thena coneis “drawn” from eachsilhou-
ette(asseerfrom thepointlight sourceyertex, with shadev
intensitydecreasingrom full (in the center)to zero(atthe
borderof thecone) Betweertwo suchconesjnnerandouter
Coonspatchesaredravn, with similar shadev intensityset-
tings. Thesegeometricalobjectsare then drawvn to the Z-
buffer to generatehesoftshadev. Ouralgorithmcanbeseen
as an extensionof Haines' methodand the SV algorithm.
Haines'algorithmproducesumbraregionsthatareequalto

ahardshadev generatedrom onepointonthelight source,
andthustheumbraregionis too large” Our algorithmover-

comeghislimitation andalsoallows softshadasto becast
onarbitraryreceving geometryTheonly requiremenits that
it shouldbe possibleto renderthereceving geometryto the
Z-buffer.

For real-timework, therearetwo dominatingshadav al-
gorithms that cast shadevs on arbitrary surfaces.One is
the shadav volume algorithm (Section3), andthe otheris
shadev mapping.The shadav mappingalgorithm® renders
animage,calledtheshadev map,from the point of thelight
source.This shadav mapcaptureghe depthof the sceneat
eachpixel from the point of view of the light. Whenren-
deringfrom the eye, eachpixel's depthis testedagainstthe
depthin the shadev map, which determineswhetherthe
pointis in shadav. Reeveset al.l> improve uponthis by in-
troducing percentage closer Itering , which reducesalias-
ing alongshadev edges Segal et al.16 describea hardvare
implementationof shadev mapping.Today shadev map-
pingwith percentageloser ltering isimplementedn com-
modity graphicshardware, suchasthe GeForce3.Heidrich
etal.l! extendthe shadev mappingto dealwith linearlight
sourceswheretwo shadev mapsare created,onefor each
endpointof the line segment.Visibility is theninterpolated
acrossthe light sourceinto a visibility mapusedat render
ing. For dynamicscenesthe procesf creatingthe visibil-
ity mapis quite expensve (may take up to two secondger
frame).All shadev mappingalgorithmshave biasingprob-
lems,which occurdueto numericalimprecisionsin the Z-
buffer, and the problemof choosinga reasonableshadov
map size to avoid aliasing. One notable exceptionis the
adaptve shadev mapalgorithm,whichiteratively re nesthe
shadev mapresolutionwhereneeded.

Parker etal.13 extendsray tracingsothatonly onesample
is usedfor soft shadev generationThis is doneby usinga
“soft-edged”object,andusingtheintersectiorlocationwith
this objectas an indicator of wherein the shadav region
a point is located.This was usedin a real-timeray tracer
In 1998, Soler and Sillion” presentecan algorithm based
on cornvolution. Their ingeniousinsight was that for paral-
lel con gurations(alimited classof scenes)a hardshadev
imagecanbe corvolvedwith animageof thelight sourceto
form thesoftshadav image.They alsopresent hierarchical
errordriven algorithmfor arbitrarycon gurationsby using
approximationsHart et al.2 presenta lazy evaluationalgo-
rithm for accuratelycomputingdirectillumination from ex-
tendedight sourcesThey reportrenderingtimesof several
minutes gvenfor relatively simplescenesStarkandRiesen-
feld 18 presenta shadev algorithmbasedon vertex tracing.
Theiralgorithmcomputesxactilluminationfor scenegon-
sisting of polygons,andis basedon the vertex behaior of
thepolygons.

Therearealsoseveralalgorithmsthatusebackprojection
to computea discontinuitymesh which canbe usedto cap-
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ture soft shadavs. However, theseare often very geomet-
rically comple algorithms.See,for example,the work by
DrettakisandFiume?

3. Shadow Volumes

In 1977, Crow presentedan algorithm for generatinghard
shadevs! By using a stencil buffer, an implementationis
possiblethatusescommoditygraphicshardware0 Thatim-
plementatiorof Crow's algorithmis calledthe shadowol-
ume(SV) algorithm. It will be brie y describechere,asit
is the foundationfor our new algorithm.The SV algorithm
builds volumesthatboundthe shadav. This is doneby tak-
ing eachsilhouetteedge(as seenfrom the light source)of
the shadev castingobject,and creatinga shadev quad.A
shadav quadis formedfrom a silhouetteedge andthenex-
tendinglinesfrom the edgeendpointsin the directionfrom
thelight sourceto the edgeendpoints. The shadev volume
is illustratedin Figurel. In theory the shadav quadis ex-
tendedn nitely . The SV algorithmis amultipassalgorithm.

light sarrce,

shadow castingx"
object

shado
quad

shadov
_~quad

Figure 1: The standad shadowvolumealgorithm. Ray b
is in shadowsincethe stencilbuffer hasbeenincremented
once and the stencil buffer valuesthusis + 1. Raysa and
b are notin shadowbecauseéheir stencilbuffer valuesare
Zeo.

First,thescenasrenderedromthecamerasview, with only

ambientlighting. Thenthe front facing shadev quadsare
rasterizedvithoutwriting to thecolorandZ-buffer. For each
fragmentthat passeghe depthtest,i.e., thatis visible, the

stencilbuffer is incrementedBackfacingshadev quadsare
renderechext, andthe stencilbuffer is decrementefbr vis-

ible fragmentsThis meanghatthe stencilbuffer will holda

mask(afterall shadav quadshave beenrendered)whereze-

roesindicatefragmentsiotin shadaev. The nal passenders
with full shadingwherethe stencilbuffer is zero.

SeeEveritt andKilg ard's paperfor a robustimplementa-
tion of shadav volumes 3

4. New Algorithm

Our new algorithmreplaceghe shadav quadsof the SV al-
gorithmwith penumbravedgesSection4.1), asillustrated
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in Figure2. For therestof this descriptionwe assumehat
thelight sourceis a sphereThe light intensity (L), s, in a
point p, is a numberin [0; 1] thatdescribeshov muchof a
light sourcethe pointp can“see’ A pointis in full shadow
(in theumbra)whens= 0, andfully lit whens= 1, andoth-
erwisein a penumbraegion. The LI variesinsideawedge,
andour goalis to approximatea physically-correctvalueas
well aspossible while at the sametime obtainingfastren-

dering.
light smrcC)
shadow casting .-,
object N
perumbra Wedge\

exit point (p,)

enty point (p,)

Figure 2: Thenew algorithmusespenumba wedgesto cap-
ture thesoftregionin theshadow

Thewedgeghatmodelthepenumbraegionsalsoimplic-
ity modelthe umbravolume. The differencebetweenour
algorithmandthe standardSV algorithmis thatfor our al-
gorithm,oneneedo pasghroughanentirewedge(oracom-
binationof wedgespeforeenteringthe umbravolume.

For avisually appealingesult,thelight intensityinterpo-
lation mustbe continuoushetweenadjacentwedges.Thus,
the idea of our algorithmis to introducea new rendering
primitive, namely the penumbravedgethat canbe raster
izedquickly andthatachievescontinuousight intensity The
detailsof thisinterpolationaregivenin Section4.2.

JustastheSV algorithmrequiresastencilbuffer to rapidly
rendershadavs usinggraphicshardware,so doesour algo-
rithm. However, the presenceof penumbraregions makes
the precisiondemand®n the buffer higher For this, we use
a signed16-bit buffer, which we call the light intensity (LI)
buffer. SothelLl bufferis justastencilbuffer with morepre-
cision.lt is likely thatthe LI buffer canbeimplementecby
renderingto aHILO texture,wherethetwo componentsre
16 bits each.For certainscenesa 12-bit buffer may be suf-

cient, and anotherimplementationcould usethe an 8-bit
stencil buffer, at the costof fewer shadesn the penumbra
region.

By multiplying eachLl valuewith k, it is possibleto get
k differentgrayshaddevelsin the penumbraegion. We use
k = 255sincecolor bufferstypically areeightbits percom-
ponent.Thischoiceallowsfor atleast256 overlapping(e.g.,
in screen-spacglenumbravedgeswhich is morethansuf-
cient for mostapplicationslt is alsoworth notingthatthis
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is similarto commoditygraphicshardwarethatoftenhasa8-

bit stencilbuffer, which thusalsoallows for 256 overlapping
objects,usingthe the SV algorithm.The penumbravedges
addor subtractrom the LI buffer. For example,whenaray

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 outsideshadav. Thenthe
entirescends renderedvith only diffuseandspeculatight-
ing. Penumbravedgesare then renderedndependentlyof
eachotherto theLl buffer usingthe conceptuapseudocode
(notoptimizedfor hardware)below, wheretheentryandexit
pointsareillustratedin Figure2. SeealsoFigure3 for anex-
ampleof thep; valueusedin the codebelow.

1: rasterizeWedge ()

2: foreach visible fragment (x;y)...

3: on front facing triangles of wedge
4: ps = computeEntryPointOnWedge  (xy);

5: pp = computeExitPointOnWedge  (X;y);

6 p = point (X;y;2); —zistheZ-buffer valueat(x;y)
7 pi = choosePointClosestToEye (p; Pb);

8: sf = computeLightintensity (pt);

9: s = computeLightintensity (pi);

10: addToLIBuffer (round (255 (s st)));

11: end

Lines 4 and 5 computethe points on the wedge where

Qlight source

Figure 3: lllustration of the p¢, pp, and p; valuesfor two
rays.

the ray throughthe pixel at (x;y) enters(rst intersection)
andexits (secondntersectionthewedge A pointis formed
from (X;y;2), wherez is the depthat (x;y) in the Z-buffer

(line 6). If this point, transformedo world-spacejs deter

minedto be inside the wedge,then p; is setequalto that
point, asthis is a point thatis in the penumbraegion. Oth-
erwise,pj is setto py. Thisis doneonline 7. Lines8-9 com-
pute the light intensity [0; 1] at the points,p and p;, and
nally , the differencebetweenthesevaluesare scaledwith

255andaddedo thelLl buffer.

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

andusedto modulatethe renderedmage(usingdiffuseand
specularshading).This correctlyavoids highlightsin shad-
ows.In a nal passambientlighting is added.

Theclampingof theLl buffer is neededecausd is pos-
sibleto have overlappingpenumbravedgese.g.,it is possi-
ble to enterthe umbravolume morethanonce.This would
resultin a negative LI value—clampinghis to zerois cor
rect,astheumbravolumecannotedarkerthanzero.Ll| val-
ueslargerthan255impliesthatwe have goneout of shadev
morethanonce—thisis possiblewhenthe viewer is inside
shadev to startwith. Again clampingto 255 just meansit
cannotbelighterthanbeingtotally outsideshadav.

In the following subsectionswe discusshowv penumbra
wedgesareconstructedandhow light intensityinterpolation
is done.

4.1. Constructing Penumbra Wedges

In two dimensionsgcreationof penumbravedgesis trivial.

In threedimensionst is moredif cult. We approximatehe
penumbravolume that a silhouetteedgegivesrise to with

a wedgede ned by four planes:the front, bad, left sideg

andright side planes.As Hainespoint out, a more correct
shapewould be a coneat eachsilhouetteedgevertex, and
two Coonspatchesconnectingthese’ The creationof the
front andbackplanesis illustratedto theright in Figure 4,

wherethe correspondingV quadis showvn theleft.

b

B
parallel to novrnal\,,i:%jf
of shedow qued  /* L7

point light source o

nomal of
SV quad
n

silhouette elge

1
1
'
'
\
\
'
i
i
1

front plane

back plang

Figure 4: Left: shadowolumequad.Right: front and badk
planesof a wedg.

Assuminga sphericalight with centerc andradiusr, two
pointsarecreatedasb = c+ rn andf = ¢ rn, wheren is
the normalof the SV quad.The front planeis thende ned
by f andthesilhouetteedge;andsimilarly for thebackplane.
Two adjacentvedgesshareonesideplane,andit is created
from thesetwo wedges'front andbackplanes SeeFigureb.
More speci cally, a side planeis constructedrom two ad-
jacentwedgesby nding theline of intersectionof the two
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front planes.The sameis donefor the two backplanesand

thesetwo linesde ne the sideplanebetweernthesewedges.

An exampleof awedgeis shavn to theleft in Figure9.

silhouette edges

Figure 5: Two adjacentwedgs in geneal con guration.
Theirfrontandbadk planesde ne their shaedsideplane

For very largelight sourcesor sufciently faraway from
the silhouetteedge the two sideplanesof a wedgemayin-
tersectln suchcasesthewedgeis de ned asshown in Fig-
ure6.

Figure 6: Left: ABDC de nethefrontplane's quadrilatemal,
and ABFE thebad plane's quadrilateral, ACE theleft side
plane andBFD theright sideplane Thewedg ontheright
is usedwhenrenderingsoftshadowin casesvhele theside
planesoverlap.

It shouldbe notedthat by simply settingthe light source
radiusto zero,hardshadavs canberenderedvith our algo-
rithm in the sameway asthe SV algorithm.

In Section4.2, aray directionthatliesin eachsideplane
is neededo male theinterpolationacrossadjacenwedges
continuousThisdirectionis sharedby two adjacentvedges,
andit is computedby takingthe averageof thetwo SV quad
normals(whosecorrespondingsilhouetteedgesshareside
plane) projectingit into thesideplane andthennormalizing
theresultingvector

When two adjacentsilhouetteedgesform an acutean-
gle,thedifferencebetweerouralgorithmandHeckbert/Herf
shadevsis moreokvious.However, thosecasesaneasilybe
detectedandextrawedgesaroundsuchverticescanbeintro-
duced,asin Figure7, to createa betterapproximationThe
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Figure 7: A (partial) soft shadowof a triangle with an
acuteangle Left: one wedge per silhouetteedge. Middle:
onewedg per silhouetteedg plus 6 extra wedgs around
ead vertex. Right: Hedkbert/HerfshadowsAlso,whencom-
paring imageson screen,a steppingeffectof Hedkbert/Herf
shadowss appaent, while our algorithminherently avoids
steppingeffects.

numberof extrawedgesshoulddependntheanglebetween
two adjacentsilhouetteedgesthe smallerangle,the more
extrawedgesareintroducedlt is worth notingthatoftenthe

performancealropfrom usingextrawedgesaroundacutean-

glesonly wasabout20 percentThisis becaus¢hosewedges
often arelong andthin, and do not contritute 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 penumbravedgeis 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 shavn in
Figure8.

Figure8: Thepointp is in thepenumba wedg volume The
rationalefor our interpolation schemeis that s shouldap-
proximatehowmud the pointp “sees” of thelight souice

Clearly the minimal level of continuity of s betweertwo
adjacentwedgesshouldbe c?. our rst attemptcreateda
ray from p with the samedirection as the normal of the
SV quad.Then, the positive intersectiondistancests and
ty, were found by computingthe intersectiondbetweenthe
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ray andthe front andthe backplane,respectiely. Thelight
intensitywasthencomputeds:

s= ty=(lf + tp) (1)

However, this doesnot guarante«® continuity of the light
intensityacrossadjacenwedgesInstead the following ap-
proachis used.Two intermediatdight intensities 5 andst,
arecomputedsimilarly to theabove) usingp astheray ori-
gin, andray directionsthatlie in theleft andright sideplane,
respectiely (seeSectiond.1onhow to constructhesedirec-
tions).SeeFigure9. Thecomputationsre:

Silhouette edge right plane  left plane
direction direction
\ /b(ack )
Ieft/tI T /o t \rlght
~~~~~~~~ y4 Aty . \
== t {, front
\right

Figure 9: Light intensityinterpolation inside a penumba
wede. Left: penumba wedg. Right: cross-sectiorof the
wedg, whe the positiveintersectiondistancest's, from
thepoint (black dot) to the planesare shown.

-t oot @)

Tttty trf + trp

The light intensityis linearly interpolatedas below, where
t, andt; arethe positive intersectiordistancegrom p to the
left andright side planes.The ray directionusedfor this is
parallelto thesilhouetteedge.

tr t
s= +
tr+ 1 tr+ 1

Since the side directions are shared between adjacent
wedges, this equationgives C° light intensity continuity
Also, we avoid ary form of discretization(such as using
a numberof point sampleson a light source)here,so the
penumbrawill alwaysbe smoothinside a wedgeno matter
how closeto the shadav the viewer is. This choiceof light
intensityinterpolationalsohasthe addedadwantagethatre-
ciprocaldot products,usedin ray/planeintersectionto nd
the differentt-values,can be precomputedat setupof the
wedgerasterizationn orderto avoid divisions.Also, by sim-
plifying andusingthe leastcommondenominatoiin Equa-
tion 3, the numberof divisions canbe reducedto one per
evaluationinsteadof four.

©)

Parker et al.13 report that the attenuationfactor is a si-
nusoidalfor sphericallights, and approximateit by s’ =
3¢ 25 This can easily be incorporatednto our model
aswell.

5. Optimizations

In this section severaloptimizationof thealgorithmwill be
presentedAs canbe seenin the pseudocodén Section4, a
valueof s sf is addedto theLl buffer for eachrasterized
fragment.The mostexpensve calculationin computings;
ands; is whenEquation3 needgo beevaluated For points,
(%;y;2), insideawedge this evaluationmustbe done.Here,
wewill presenseveralothercasesvherethis evaluationcan
beavoided.

Whenaray entergexits) asideplane,it will alsoexit (en-
ter) a sideplaneon an adjacentwedge,andtheir LI values,
s, will cancelout, andthustheLl valuesneednot be com-
puted.This is illustratedin Figure 10. Also, whenentering

Figure 10: A cross-sectionview through two adjacent
wedgs. The squae showswhee the ray intersectsthe
shaied side plane of the wedges. The LI valuesfor wedg
1 and2 in theshaedsideplanecancelead other

or exiting pointsareon front or back planesof the wedge,
thenwe cansimply usea value of 0 or 255, dependingon
entering/eiting andfront/backplanes.Using thesetwo op-
timizations we only evaluateEquation3 for pointsinsidethe
penumbravedge thatis, wherethe computationgontritute
to the nal image,whichis minimal. Also, beforerasteriza-
tion of awedgestarts,we precomputeseveralreciprocaldot
productsthat are constanffor the entirewedge,andusedin
Equation3. The above optimizationsgave about50% faster
wedgerasterization.

Visibility culling can also be done on the wedges.For
each8 8 Z-buffer region, the largestz-value, zmax, could
be storedin a cacheas presentedby Morein2 Fragments
on a front facing wedgetriangle canthus be culled if the
z-valuesarelarger than zmax. This type of techniquels im-
plementedn commoditygraphicshardware,suchasATI's
RadeorandNVIDIA's GeForce3.Wedgerasterizatior(both
hardware and software) can gain performancefrom using
thistechnique.

All optimizationswork for dynamicscenesswell, how-
ever, the wedgesand the side direction vectorsneedto be
recomputedvhenlight sourcer shadev castinggeometry
moves.

6. Implementation

The main objective of our currentimplementationwas to
prove that the algorithm generateglausible soft shadavs
reasonablyfast. Since pretty large vertex and pixel shader
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programsareneededn orderto implementhis usinggraph-
ics hardware,we needto await the next-generatiorgraphics
hardwarebeforetruereal-timeperformanceanbeobtained.

Our current implementationworks as follows. First,
the sceneis renderediusing hardware-accelerate@penGL.
Wedgerasterizatioris implementedn software (SW), and
thereforethe Z-buffer is readout beforerasterizatiorstarts.
The front facing trianglesof a wedgeare rasterizedusing
Pinedas edgefunction algorithm1# Sinceit thusis known
which planethe rasterizedwedgetriangle belongsto, the
planeof the entry point is known. The exit point is found
by computingthe intersectionof the ray with all backfac-
ing planesandpicking the closestThe z-valueis read,and
a point in world spaceis formedby applyingthe (precom-
puted) screen-to-wrld transform.Thereafter that point is
insertedinto all planeequationsto determinewhetherthe
point is insidethe wedge.If the point is inside the wedge,
Equation3 is evaluatedby computingintersectiordistances
from the pointto theplanesalongthedirectionsdiscussedh
Section4.2 We alsoimplementthe optimizationspresented
in Section5, exceptfor theculling techniques.

7. Results

In Figures12 and14, the major strengthof our algorithmis
shavn, namelythat soft shadevs canbe caston arbitrarily
complex shadev recevers. Note that only the spheresand
theEGlogo arecastingshadavsfor the rst gure, andonly
the"@” is castingshadev in thesecondgure. In Figurel12,

arathercomplex objectis castingshadevs on a comple re-
ceiver formed from several teapotswhile the light source
sizeis increasedAs canbe seen the renderedmagesex-

hibit typical characteristicsf soft shadevs: theshadavs are
softerthefartheraway the occluderis from therecever, and
they arehardwheretheoccludeiis neartherecever. Further

more,the umbraregion becomessmallerand smallerwith

increasinglight sourcesize.At 512 512,thoserenderat
aboutl:8 framespersecondgfps).

To testthe quality of our algorithm,we have compared
it to both Heckbert/Herf(HH) shadavs® with 128 samples,
andSoler/Sillion(SS)shadevs}” HH shadevsaremorepre-
cisegivensufciently mary samplesandthe ultimategoal
is to renderimagedik e thatin realtime. The SSshadav al-
gorithm is interestingto compareto, becausst is targeted
for real-timesoft shadavs. Someresultsare shovn in Fig-
ure 12. The motivation for choosingsucha simplesceneis
that we know what to expect,andthatit still includesthe
mostimportanteffectsof softshadavs (increasingpenumbra
width, etc).Despitetheapproximationsntroducedoy oural-
gorithm, theresultsarehereremarkablysimilar to Heckbert
andHerf's more preciselygeneratedsoft shadavs. Our al-
gorithmrenderedhoseimagesat about2 fps (in software),
while HH shadavs were renderedat about 20 fps (using
hardware). Note, however, that thereare two reasonswvhy
HH shadavs are not really a feasiblesolutionfor real-time
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applicationswith dynamicobjects.First, shadevs canonly
be caston planarsurfaceslt is worth noting herethata soft
shadav texture (generatean a plane)thatis projectedonto
a curved surfacecannotproducecorrectresults.This is be-
causethe penumbraand umbraregions changein spacein
suchawaythatit doesnotcorrespondo asimpleprojection.
Secondthe renderingof 128 passeper frameconsumes
lot of capacityof a graphicssystemthat could be usedfor
bettertasks.

The SS shadavs fail to producebelievable results.This
is becauset only producescorrectresultsfor parallelcon-
gurations, and sceneq(including this one) are in general
notcon guredlikethat.To theiradvantagebothSSandHH
shadavs areimage-basedndthereforequiteindependenof
shadev generatinggeometryandthey canalsohandlearbi-
trarily shapedight sourcesAlso, the SSshadav algorithm
couldsplituptheobjectinto differentcylindersto bettercap-
ture the soft shadavs, but it is highly likely thatthis would
giveriseto discontinuitiedn theshadavs.

We have alsoimplementedanapproximatiorof our algo-
rithm usingcurrentgraphicshardware.SeeFigure 15. Each
wedgeis discretizedwvith a numberof quadssharingthe sil-
houetteedgeanddividing the spacebetweenthe front and
back planeinto differentconstantL| regions. This imple-
mentationrenderapproximatelyconcentricshadavs, but a
steppingeffect canstill be seenasfor othersamplingmeth-
ods,andalsoa large amountof rasterizationwork is done.
Everitt andKilgard? implementa similar algorithm,but put
sampleson the light sourcein the Heckbert/Herfmanner
andlet eachsamplepoint addin shadev contrikbution with-
outthe needfor anaccumulatiorbuffer.

Two lights are usedin the testsceneof Figure 16. The
only modi cation we madeto our algorithmwasto multiply
thelight intensities,s, by 255=n insteadof 255, wheren is
the numberof lights. All testresultsarefrom our software
implementatiorusinga standard®C with an AMD Athlon
1.5GHz,anda GeForce3graphicscard.

8. Discussion

Herewe will discusghelimitationsandpossibleartifactsof
our algorithm.

In this paper we have restrictedthe light sourceto be a
sphere.Approximationsof arbitrary corvex light sources
arepossiblewhencreatingthefront andbackplanegwhich
mustpasshroughthesilhouetteedge) rotatetheseuntil they
touchoppositesidesof the light source Our choiceof light
sourceshapeestrictsthenumberof applicationsput certain
applicationsge.g.,gameswill mostlikely be satis ed. Also,
theSV algorithmcannothandlenon-polygonakhadev cast-
ing geometrysuchasN-patchesor textureswith alpha,and
neither can our algorithm. It is also worth noting that no
shadav volume-basedlgorithmcanhandletransparensur
facesn apropermanner
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For all shadev volume algorithms,one mustbe careful
whenthevieweris in shadev. For hardshadavs, this canbe
solved with the Z-fail technique.SeeEveritt and Kilgard®
for a presentatioron this. We have very recently solved
this problemfor our algorithm.Brie y, cappingof the soft
shadev volumesis neededtogethemwith the Z-fail method,
andwith arestructuredenderingalgorithm.Thattechnique
will bedescribecklsavheredueto spaceconstraints.

Oneapproximatioris thatwe, asdo Haines andtheclas-
sic SV algorithm,usethe samesilhouettefor the entirevol-
umelight source Sincesoft shadevs aregeneratedy area
or volumelight sourcesthe silhouettecannotin generalbe
thesaméor all pointson suchalight source Errorsarevisi-
ble, but only for verylargelight sourcesandin practice we
have notfoundthisto beaproblem.Thecostof theSV algo-
rithm, Haines',andoursisto rst nd thesilhouetteedgeof
themodel,andthe renderingof the shadavs is proportional
to thenumberof silhouetteedgesandthe areaof the shadov
primitives(e.g.,wedges).

A silhouetteedgeis an edgethatis connectedo two tri-
angleswhereonetriangleis facingtowardthelight, andthe
otherfacingaway. Suchsilhouetteedgesorm closedioops.
Our algorithmcanrendershadaevs of geometrywhosever
ticesin the silhouetteedgelists only connectgo two silhou-
ette edges.However, this is not alwaysthe case.A vertex
may connectto more thantwo silhouetteedges.Currently
we do not handlethis problem,andthis limits the typesof
sceneghat we canrender It may be possibleto construct
thewedgesaroundsuchproblematicverticesin otherways,
or to interpolateshadingdifferently there.We leave this for
futurework.

Theremay alsobe raysthat piercethrougha faceon the
wedge,but thatdo not exit througha wedgeface. This oc-
curs,for example whenthevieweris locatedcloseto thepo-
sition of thelight sourceHowever, suchraysdonotposeary
problem.Thereasorfor this is thatfor ary shadav volume
algorithmto work properly theshadev quadamustpenetrate
the geometryof the sceneto be renderedThe sameholds
for penumbravedgesthey mustalsointersectthe geome-
try of the scene.This implies that raysthat entera wedge,
musteitherhit geometryinsidethewedgeor exit thewedge
throughoneof thefour wedgeplanes.

If asilhouetteedgeis nearlyparallelor parallelto the di-
rection of the incoming light, anotherproblemmay arise:
the sideplaneconstructionwill notberobust. To avoid this,
we remove suchedgesandshorten& connecits neighbors.
This may give shadav artifactsnearthe shadav generating
object.

Whentwo objectsoverlap, as seenfrom a light source,
it is very likely that wedgesfrom thesetwo objectsalso
will overlap.Ouralgorithmautomaticallysubtractghelight
intensitiesfrom both wedges.This is not always correct.
Sometime# maybemorecorrectto multiply their contribu-
tions,andsometimest maybe morecorrectto subtraconly

the contritution from one wedge(whenwedgescoincide).
Theredoesnot seemto be a straightforvard way to solve

this. However, eventhoughit is possibleto seedifferences
in imagesit is oftenvery hardto seewhich is correct.See
Figurell

Figure 11: Overlappingsoft shadows.Top: rendeed with
Hedkbert/Herf s algorithmwith 128samplesBottom:result
producedwith our algorithm.

As canbe seenthereareseveral limitations of our algo-
rithm. However, it shouldbenotedthatit is only recentlythat
the standarcgshadev volume algorithmhasmaturedso that
it canhandleall cases, anda maturingprocesscanbe ex-
pectedor ouralgorithmaswell. Next, someideasfor future
work, andsomeearlyinitial resultsarepresented.

9. Future Work

We are continuingto explore our algorithm, and the most
valuablecontribution to make in the future, would beto in-

creasethe compleity of geometricaimodelsthat can cast
soft shadevs. Currently we areexploring severalnev ways
of interpolatinginsidea wedge andinitial resultsshow that
several of the limitations from Section8 canbe overcome

¢ TheEurographic#ssociation2002.
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usingdifferentlight intensityinterpolationtechniquesit re-
mainsto unify thesean asingletechnigueandmalkeit render
rapidly.

Anotheravenuefor future researchs alsoto make more,
andmoreaccuratecomparisongo morealgorithms,andto
stressall algorithms.Finally, it will beinterestingto imple-
mentthis ongraphicshardwarethatcomesoutwithin ayear
whichis expectedo bemassiely programmable.

10. Conclusions

We have presentedh new soft shadav algorithmthatis an

extensionof the classicalshadav volume algorithm. The

shadav penumbrawedgeis a new primitive that we have

introduced,andthat canbe rasterizedef ciently. The gen-
eratedsoft shadev imageshave beenshavn to often give

similar resultsto the algorithm of Heckbertand Herf,? de-

spite the approximationghat we introduce.lt is important
to note that our algorithm can rendersoft shadevs on ar

bitrary geometry Also, the performances independentf

the receving geometrysincethe contentsof the Z-buffer is

usedasarecever. Thesoftwareimplementatiorof ouralgo-

rithm givesinteractve ratesonastandard®C.Thus,it seems
highly likely thatnext-generatiorhardwarewould give real-

time performancewhich would increasehe quality of real-

time gamesand other applications.Therefore,we believe

thatthis algorithmis a majorleapforwardfor soft shadevs

in realtime.
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Figure 12: Increasinglight source sizefromleft to right. Only the EG logo, and the spheesare castingshadowsNoticethat
theumbra region correctly getssmallerand smallerwith increasinglight source

. ) . . . - Figure 14: A fractal landscape
Figure 13: Comparisorof our algorithm (top), Hedkbert/Herf(middle),and Soler/Sillion with 100ktrianglesis usedasa

(bottqm).Our aIggnthm prowdegtheaccutacyofthe mud more expensiveHedbert/Herf complec shadowreceiverfrom
algorithm.In addition,our algorithmhandlesall surfacesandsocastsa shadowfromthe : . :

. . ) . differentviewpoints.

right cylinderontotheleft, which the othertwo algorithmscannotdo.

Figure 15: Rendeedat 5 fpsona 1.5 GHz PC with a Geforce3.WWe modi ed Figure 16: Two light sources are
n\Midia's shadowolumedemo(left) to rendersoftshadowgright). usedin this simpletestscene
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