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visualcuesabouttheshapeandpositionof objects.Severalrecentalgorithmsproducesoft shadows at interactive rates,
but they do not scalewell with thenumberof polygonsin thesceneor only computetheouterpenumbra.In this paper,
we presenta new algorithmfor computinginteractivesoft shadows on theGPU.Our new approachprovidesbothinner-
andouter-penumbra,andhasaverysmallcomputationalcost,giving interactive frame-ratesfor modelswith hundredsof
thousandsof polygons.

Our techniqueis basedon a sampledimageof theoccluders,asin shadow maptechniques.Theseshadow samples
areusedin a novel manner, computingtheir effect on a secondprojective shadow textureusingfragmentprograms.In
essence,the fraction of the light sourceareahiddenby eachsampleis accumulatedat eachtexel positionof this Soft
ShadowMap. We includeanextensivestudyof theapproximationscausedby ouralgorithm,aswell asits computational
costs.
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Cartesd'ombr esdouces: calcul ef�cace de la visibilité de la sourcelumineuse

Résumé: Lesombres,et enparticulierlesombresdouces,jouentun rôle importantdansla perceptiond'unescène3D.
Ellesfournissentdesinformationsimportantessurla formeet la positiondesobjets.De nombreusesrecherchesrécentes
ont montrécommentproduiredesombresdoucesen tempsinteractif,maissoit cesméthodessontlimitéessoit dansles
scènesqu'elles peuvent traiter, soit dansla qualitévisuelledesrésultats.Dansce rapport,nousprésentonsun nouvel
algorithmepour le calcul en temps-réeldesombresdoucessur le GPU.Notre approchedonneà la fois les pénombres
intérieureset extérieures,consommetrèspeudetempsdecalcul,cequi lui permetdestempsderenducompatiblesavec
le tempsréelpourdesmodèlesdeplusieurscentainesdemilliers depolygones.

Notretechniqueestbaséesurunecartedeprofondeurdesobstacles,commepour la technique« shadow map». Les
pixels de cettecartede profondeursontutilisésd'une façonnouvelle. Nouscalculonsleur contribution à unetexture
d'ombredouceen utilisant desfragmentprograms. La proportionde la sourcelumineusequi estmasquéepar chaque
échantillonestcalculée,puisaccumuléedanscettetexture,la SoftShadowMap. Nousprésentonségalementuneanalyse
détailléedesapproximationsintroduitesparnotrealgorithme,ainsiquedessescoûtsdecalcul.

Mots-clés: Synthèsed'images,simulationdel'éclairage,tempsréel,cartesgraphiques,ombresdouces
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Figure1: Applying our algorithm(200;000polygons,occludermap256� 256,displayedat 32 fps).

1 Intr oduction

Shadowsaddimportantvisualinformationto computer-generatedimages.Theperceptionof spatialrelationshipsbetween
objectscanbe alteredor enhancedsimply by modifying the shadow shape,orientation,or position [WFG92, Wan92,
KMK97]. Soft shadows, in particular, provide robust contactcuesby the hardeningof the shadow due to proximity
resultingin a hardshadow uponcontact.Theadventof powerful graphicshardwareon low-costcomputershasled to the
emergenceof many interactivesoftshadow algorithms(for adetailedstudyof thesealgorithms,pleasereferto [HLHS03]).

In this paper, we introducea novel methodbasedon shadow mapsto interactively rendersoft shadows. Our method
interactively computesa projective shadow texture,theSoftShadowMap, that incorporatessoft shadows basedon light
sourcevisibility from receiverobjects(seeFig. 1). This textureis thenprojectedontothesceneto provide interactivesoft
shadowsof dynamicobjectsanddynamicarealight sources.

Thereareseveraladvantagesto our techniquewhencomparedto existing interactivesoft-shadow algorithms:First, it
is not necessaryto computesilhouetteedges.Second,thealgorithmis not �ll-bound, unlike methodsbasedon shadow
volumes.Thesepropertiesprovide betterscalingfor occludinggeometrythanotherGPUbasedsoft shadow techniques
[WH03, CD03, AAM03]. Third, unlike someothershadow mapbasedsoft shadow techniques,our algorithmdoesnot
dramaticallyoverestimatetheumbraregion [WH03,CD03]. Fourth,while othermethodshave reliedon aninterpolation
from the umbrato the non-shadowedregion to approximatethe penumbrafor soft shadows [WH03, CD03, BS02], our
methodcomputesthevisibility of anarealight sourcefor receiversin thepenumbraregions.

Our algorithmalso hassomelimitations when comparedto existing algorithms. First, our algorithm splits scene
geometryinto occludersandreceiversandself shadowing is not accountedfor. Also, sinceour algorithmusesshadow
mapsto approximateoccludergeometry, it inherits the well known issueswith aliasingfrom shadow maptechniques.
For largearealight sources,thesoft shadows tendto blur theartifactsbut for smallerarealight sources,suchaliasingis
apparent.

We acknowledgethat theselimitations areimportant,andthey mayprevent theuseof our algorithmin somecases.
However, thereare many applicationssuchas video gamesor immersive environmentswherethe advantagesof our
algorithm(a very fast framerate,anda convincing soft shadow) outweighits limitations. We alsothink that this new
algorithmcouldbethestartof promisingnew research.

In thefollowingsection,wereview previousworkoninteractivecomputationof softshadows. In Section3, wepresent
our algorithm. In thenext two sections,we conductanextensive analysisof our algorithm;�rst, in Section4, we study
theapproximationsin oursoftshadows,thenin Section5 westudytherenderingtimesof ouralgorithm.Bothstudiesare
done�rst from a theoreticalpoint of view, thenexperimentally. Finally, in Section6, we concludeandexposepossible
futuredirectionsfor research.

2 Previous Work

Researchershave investigatedshadow algorithmsfor computer-generatedimagesfor nearlythreedecades.Thereaderis
referredto a recentstate-of-theart reportby Hasenfratzet al. [HLHS03], theoverview by Woo et al. [WPF90] andthe
bookby Akenine-MöllerandHaines[AMH02].

The two most commonmethodsfor interactively producingshadows are shadow maps[Wil78] and shadow vol-
umes[Cro77]. Bothof thesetechniqueshavebeenextendedfor soft shadows. In thecaseof shadow volumes,Assarsson
andAkenine-Möller[AAM03] usedpenumbrawedgesin atechniquebasedonshadow volumesto producesoftshadows.

RR n° 5750
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Light source

Occluders

Receivers

(a) Sceneview

Light source

Occluders

Receivers

(b) Discretizingoccluders

Light source

Receivers

P

Shadow of P

(c) Soft shadows from one
micro-patch

Light source

Receivers

Soft Shadow Map

(d) Summingthesoft shadows

Figure2: Themainstepsof ouralgorithm

Their methoddependson locatingsilhouetteedgesto form thepenumbrawedges.While providing goodsoft shadows
without anoverestimateof theumbra,thealgorithmis �ll-limited, particularlywhenzoomedin ona soft shadow region.
Sinceit is necessaryto computethe silhouetteedgesat every frame,the algorithmalsosuffers from scalability issues
whenrenderingoccluderswith largenumbersof polygons.

The �ll-rate limitation is a well known limitation of shadow-volumebasedalgorithms.Recentpublications[CD04,
LWGM04] have focusedon limiting the�ll-rate for shadow-volumealgorithms,thusremoving this limitation.

Onshadow maps,ChanandDurand[CD03] andWymanandHansen[WH03] bothemployeda techniquewhichuses
thestandardshadow mapmethodfor theumbraregionandbuildsamapcontaininganapproximatepenumbraregion that
canbeusedat run-timeto give theappearance,includinghardshadowsat contact,of soft shadows. While thesemethods
provide interactive rendering,bothonly computetheouter-penumbra,thepart of the penumbrathat is outsidethe hard
shadow. In effect, they areoverestimatingtheumbraregion, resultingin incorrectlylooking soft shadows in thecaseof
largearealight sources.Thesemethodsalsodependon computingthesilhouetteedgesin objectspacefor eachframe;
this requirementlimits thescalabilityfor occluderswith largenumbersof polygons.

BrabecandSeidel[BS02] andKirschandDoellner[KD03] useashadow mapto computesoft shadows,by searching
at eachpixel of theshadow mapfor thenearestboundarypixel, theninterpolatingbetweenilluminationandshadow asa
functionof thedistancebetweenthispixel andtheboundarypixel andthedistancesbetweenthelight source,theoccluder
andthereceiver. Theiralgorithmrequiresscanningtheshadow mapto look for boundarypixels,apotentiallycostlystep;
in practicalimplementationsthey limit thesearchradius,thuslimiting theactualsizeof thepenumbraregion.

SolerandSillion [SS98] computea soft shadow mapastheconvolution of two imagesrepresentingthesourceand
blocker. Their techniqueis only accuratefor planarandparallelobjects,althoughit canbe extendedusingan object
hierarchy. Our techniquecan be seenas an extensionof this approach,wherethe convolution is computedfor each
sampleof anocclusionmap,andtheresultsarethencombined.

Finally, McCool [McC00] presentedanalgorithmmerging shadow volumeandshadow mapalgorithmsby detecting
silhouettepixels in the shadow mapandcomputinga shadow volumebasedon thesepixels. Our algorithmis similar
in thatwe arecomputinga shadow volumefor eachpixel in theshadow map. However, we never displaythis shadow
volume,thusavoiding �ll-rate issues.

3 Algorithm

3.1 Presentationof the algorithm

Ouralgorithmassumesarectangularlight sourceandstartsby separatingpotentialoccluders(suchasmoving characters)
from potentialreceivers(suchasthebackgroundin a scene)(Fig. 2(a)). We will computethesoftshadowsonly from the
occludersontothereceivers.

OuralgorithmcomputesaSoftShadowMap, (SSM),for eachlight source:a texturecontainingthetexelwisepercent-
ageof occlusionfrom the light source.This soft shadow mapis thenprojectedonto thescenefrom thepositionof the
light source,to givesoft shadows(seeFig. 1).

Ouralgorithmis anextensionof theshadow mapalgorithm:westartby computingdepthbuffersof thescene.Unlike
thestandardshadow mapmethod,wewill needtwo depthbuffers:onefor theoccluders(theoccludermap) andtheother
for thereceivers.

INRIA
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Computedepthmapof receivers
Computedepthmapof occluders
for all pixelsin occludermap

Retrieve depthof occluderat this pixel
Computemicro-patchassociatedwith this pixel
Computeextentof penumbrafor this micro-patch
for all pixelsin penumbraextentfor micro-patch

Retrieve receiver depthat this pixel
Computepercentageof occlusionfor thispixel
Add to currentpercentageof occlusionin thesoft shadow map

end
end
Projectsoft shadow mapon thescene

Figure3: Ouralgorithm

(a) Theoriginal model (b) Thediscretizedoccluder

Figure4: Discretizingtheoccluders

The occludermapdepthbuffer is usedto discretizethesetof occluders(seeFig. 2(b)): eachpixel in this occluder
mapis convertedinto a micro-patchthatcoversthesameimageareabut is locatedin a planeparallelto thelight source,
at a distancecorrespondingto thepixel depth.Pixelsthatarecloseto thelight sourceareconvertedinto small rectangles
andpixelsthatarefar from thelight sourceareconvertedinto largerrectangles.At theendof thisstep,wehaveadiscrete
representationof theoccluders.

Thereceiver mapdepthbuffer will beusedto provide thereceiver depth,asour algorithmusesthedistancebetween
light sourceandreceiver to computethesoft shadow values.

We computethe soft shadow of eachof the micro-patchesconstitutingthe discreterepresentationof the occluders
(seeFig. 2(c)), andsumtheminto thesoft shadow map(SSM)(seeFig. 2(d)). This stepwould bepotentiallycostly, but
we achieve it in a reasonableamountof time with two key points: 1) themicro-patchesareparallelto the light source,
so computingtheir penumbraextentandtheir percentageof occlusiononly requiresa small numberof operations,and
2) theseoperationsarecomputedon the graphicscard,exploiting the parallelismof the GPU engine. The percentage
of occlusionfrom eachmicro-patchtakesinto accounttherelative distancesbetweentheoccluders,thereceiver andthe
light source.Our algorithmintroducesseveralapproximationson theactualsoft shadow. Theseapproximationswill be
discussedin Section4.

The pseudo-codefor our algorithm is given in Fig. 3. In the following subsections,we will review in detail the
individualstepsof thealgorithm:discretizingtheoccluders(Section3.2), computingthepenumbraextentfor eachmicro-
patch(Section3.3) andcomputingthepercentageof occlusionfor eachpixel in theSoftShadow Map(Section3.4).

RR n° 5750
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Occluding patch

Light source

Penumbra
Umbra

Figure5: Thepenumbraextentof a micro-patchis a rectangularpyramid
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Figure6: Findingtheapex of thepyramidis reducedto a2D problem

3.2 Discretizing the occluders

The �rst stepin our algorithmis a discretizationof theoccluders.We computea depthbuffer of theoccluders,asseen
from thelight source,thenconverteachpixel in this occludermapinto theequivalentpolygonalmicro-patchthat lies in
a planeparallelto thelight source,at theappropriatedepthandoccupiesthesameimageplaneextent(Fig. 4).

Theoccludermapis axis-alignedwith the rectangularlight sourceandhasthesameaspectratio: all micro-patches
createdin this steparealsoaxis-alignedwith thelight sourceandhave thesameaspectratio.

3.3 Computing penumbra extents

Eachmicro-patchin thediscretizedoccluderis potentiallyblockingsomelight betweenthelight sourceandsomeportion
of the receiver. To reducetheamountof computations,we computethepenumbraextentof themicro-patches,andwe
only computeocclusionvaluesinsidetheseextents.

Sincethemicro-patchesareparallel,axis-alignedwith thelight sourceandhave thesameaspectratio, thepenumbra
extentof eachmicro-patchis arectangularpyramid(Fig. 5). Findingthepenumbraextentof thelight sourceis equivalent
to �nding theapex O of thepyramid(Fig. 6(a)). Thisreducesto a2D problem,consideringparalleledges(LL0) and(PP0)
onbothpolygons(Fig. 6(b)). Since(LL0) and(PP0) areparallellines,wehave:

OL
OP

=
OL0

OP0 =
LL0

PP0

This ratio is thesameif weconsiderthecenterof eachline segment:

OCL

OCP
=

LL0

PP0

Sincethemicro-patchandthe light sourcehave thesameaspectratio, theratio r = LL0

PP0 is thesamefor bothsidesof the
micro-patch(thus,thepenumbraextentof themicro-patchis indeeda pyramid).

INRIA
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Occluding patch

Light source

Penumbra extentVirtual plane

Figure7: Theintersectionbetweenthepyramidandthevirtual planeis anaxis-alignedrectangle

L LÕ

R RÕ

O

CL

CR

zR

zO

Figure8: Computingthepositionandextentof thepenumbrarectanglefor eachmicro-patch.

We �nd theapex of thepyramidby applyingascalingto thecenterof themicro-patch(CP), with respectto thecenter
of thelight source(CL):

� � !
CLO =

r
1+ r

�� �!
CLCP

We now usethis pyramidto computeocclusionin thesoft shadow map(seeFig. 7). We usea virtual plane,parallel
to the light source,to representthis map(which will be projectedonto the scene).The intersectionof the penumbra
pyramidwith this virtual planeis anaxis-alignedrectangle.We only have to computethepercentageof occlusioninside
this rectangle.

Computingthepositionandsizeof thepenumbrarectangleusesthesameformulasasfor computingtheapex of the
pyramid(seeFig. 8):

�� �!
CLCR =

zR

zR � zO

� � !
CLO

RR0 = LL0zR � zO

zO

3.4 Computing the soft shadow map

For all the pixels of the SSM lying insidethis penumbraextent, we computethe percentageof the light sourcethat is
occludedby this micro-patch. This percentageof occlusiondependson the relative positionsof the light source,the
occludersandthe receivers. To computeit, for eachpixel on the receiver inside this extent, we project the occluding
micro-facetbackontothelight source[DF94] (Fig. 9). Theresultof this projectionis anaxis-alignedrectangle;we need
to computetheintersectionbetweenthis rectangleandthelight source.

Computingthis intersectionis equivalentto computingthetwo intersectionsbetweentherespective intervalsonboth
axes.This partof thecomputationis doneon theGPU,usinga fragmentprogram:thepenumbraextentis convertedinto
anaxis-alignedquad,whichwedraw in a �oat buffer. For eachpixel insidethisquad,thefragmentprogramcomputesthe
percentageof occlusion.Thesepercentagesaresummedusingtheblendingcapabilityof thegraphicscard.

RR n° 5750
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Occluding patch

Light source

Penumbra extent

A =

A

*

Figure9: We reprojecttheoccludingmicro-patchontothelight sourceandcomputethepercentageof occlusion.

(a) Originalalgorithm (b) Closest,front facesof the oc-
cluderdiscretizedwith their shadow

(c) Furthest,back facesof the oc-
cluderdiscretizedwith their shadow

(d) Combiningthetwo soft shadow
maps

Figure10: Theoriginalalgorithmfails for somegeometry. Thetwo-passmethodgivesthecorrectshadow.

To furtheroptimizethecomputations,weusetheSATinstructionsin thefragmentprogramassemblylanguage:with-
out loss of generality, we can convert the rectanglecorrespondingto the light sourceto [0;1] � [0;1]. Eachinterval
intersectionbecomestheintersectionbetweenone[a;b] interval and[0;1]. Exploiting theSATinstructionandswizzling,
computingtheareaof theintersectionbetweentheprojectionof theoccluder[a;b] � [c;d] andthelight source[0;1] � [0;1]
only requiresthreeinstructions:

MOV_SATrs,{a,b,c,d}
SUBrs, rs, rs.yxwz
MULresult.color, rs.x, rs.z

Computingthe[a;b] � [c;d] intervalsrequiresprojectingthemicro-patchontothelight sourceandscalingtheprojec-
tion. Thisuses11 instructions:9 basicoperations(ADD, MUL, SUB), onereciprocal(RCP) andonetexturelookupto getthe
depthof thereceiver.

3.5 Two-sidedsoft-shadow maps

As with many other soft shadow computationalgorithms[HLHS03], our algorithm exhibits artifactsbecausewe are
computingsoft shadows usinga singleview of theoccluder. Shadow effectslinkedto partsof theoccluderthatarenot
directly visible from the light sourcearenot visible. In Fig. 10(a), our algorithmonly computesthesoft shadow for the
front partof theoccluder, becausethebackpartof theoccluderdoesnot appearin theoccludermap. This limitation is
frequentin real-timesoft-shadow algorithms[HLHS03].

For our algorithm,we have devisedanextensionthat solvesthis limitation: we computetwo occludermaps.In the
�rst, wediscretizetheclosest,front-facingfacesof theoccluders(seeFig. 10(b)). In thesecond,wediscretizethefurthest,
back-facingfacesof theoccluders(seeFig. 10(c)).

We thencomputea soft shadow mapfor eachoccludermap,andmergethem,usingthemaximumof eachoccluder
map.Theresultingocclusionmaphaseliminatedmostartifacts(Fig. 10(d)and11). Empirically, thecostof thetwo-pass
algorithmis between1:6 and1:8 timesthe costof the one-passalgorithm. Dependingon the sizeof a modelandthe

INRIA
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(a) Onepass(148fps) (b) One passwith bottom patches
(142fps)

(c) Two passes(84 fps) (d) Groundtruth

Figure11: Two-passshadow computationsenhanceprecision.

quality requirementsof a givenapplication,thesecondpassmaybeworth this extra cost.For example,for ananimated
modelof lessthan100;000polygons,theone-passalgorithmrendersat approximately60 fps. Adding thesecondpass
dropstheframerateto 35 fps– which is still interactive.

4 Err or Analysisand comparison

In this section,we analyzeour algorithm,its accuracy andhow it compareswith theexactsoft-shadows. We �rst study
potentialsourcesof error from a theoreticalpoint of view, in Section4.1, thenwe conductan experimentalanalysis,
comparingthesoft shadowsproducedwith exactsoft shadows, in Section4.2.

4.1 Theoretical analysis

Our algorithmis replacingtheoccluderwith a discretizedversion.This discretizationensuresinteractive framerates,but
it canalsobea sourceof inaccuracies.Froma givenpoint on thereceiver, we areseparatelyestimatingocclusionfrom
severalmicro-patches,andaddingtheseocclusionvaluestogether. We have identi�ed threepotentialsourcesof error in
our algorithm:

• We areonly computingtheshadow of thediscretizedoccluder, not theshadow of theactualoccluder. This source
of errorwill beanalyzedin Section4.1.1.

• Thereprojectionsof themicro-patcheson thelight sourcemayoverlapor bedisjoined.This causeof errorwill be
analyzedin Section4.1.2.

• We areaddingmany smallvalues(theocclusionfrom eachmicro-patch)to form a largevalue(theocclusionfrom
the entireoccluder). If the micro-patchesare too small, we run into numericalaccuracy issues,especiallywith
�oating-point numbersexpressedon16bits. This causeof errorwill beanalyzedin Section4.1.3.

4.1.1 Discretization error

Our algorithmcomputestheshadow of thediscretizedoccluder, not theshadow of theactualoccluder. Thediscretized
occludercorrespondsto thepartof theoccluderthatis visible from thecamerausedto computethedepthbuffers,usually
the centerof the light source. Although we reprojecteachmicro-patchof the discretizedoccluderonto the arealight
source,wearemissingthepartsof theoccluderthatarenotvisible from theshadow mapcamerabut arestill visible from
somepointsof thearealight source.This is a limitation that is frequentin real-timesoft shadow algorithms[HLHS03],
especiallyalgorithmsrelyingon thesilhouetteof theoccluderascomputedfrom asinglepoint [WH03,CD03,AAM03].

We alsousea discreterepresentationbasedon theshadow map,not a continuousrepresentationof theoccluder. For
eachpixel of theshadow map,we arepotentiallyoverestimatingor underestimatingtheactualoccluderby at mosthalf a
pixel.

If theoccluderhasoneor moreedgesalignedwith theedgesof theshadow map,thesediscretizationerrorsareof the
samesignovertheedge,andaddthemselves;theworstcasescenariois asquarealignedwith theaxisof theshadow map.

For morepracticaloccludersthediscretizationerrorson neighboringmicro-patchescompensate:someof themicro-
patchesoverestimatetheoccluderwhile othersunderestimateit.

RR n° 5750
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Figure12: Thereprojectionof two neighboringmicro-patchesmayoverlap.
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Figure13: Computingtheextentof overlapor gapbetweentwo neighboringmicro-patches.

4.1.2 Overlapping reprojections

At any givenpointonthereceiver, thepartsof thelight sourcethatareoccludedby two neighboringmicro-patchesshould
be joined exactly for our algorithmto computethe exact percentageof occlusionon the light source.This is typically
not the case,and thesepartsmay overlapor theremay be a gapbetweenthem(Fig. 12). The amountof overlap(or
gap)betweenthe occludedpartsof the light sourcedependson the relative positionsof the light source,the occluding
micro-patchesandthereceiver

If we considerthe 2D equivalentof this problem(Fig. 13), with two patchesseparatedby dh andat a distancezO
from the light source,with the receiver beingat a distancezR from the light source,thereis a point P0 on the receiver
wherethereis no overlapbetweenthe occludedparts. As we move away from this point, the overlapincreases.For a
point ata distancex from P0, theboundariesof theoccludingmicro-patchesprojectatabcissax1 andx2; astheoccluding
micro-patchesandthelight sourcelie in parallelplanes,we have:

x1

x
=

zO + dh
zR � zO � dh

x2

x
=

zO

zR � zO

Theamountof overlapis therefore:

x2 � x1 = x
�

zO

zR � zO
�

zO + dh
zR � zO � dh

�

= � x
zRdh

(zR � zO)(zR � zO � dh)
(1)

x itself is limited, sincetheocclusionareamustfall insidethelight source:

jxj <
L
2

zR � zO

zO
(2)

INRIA
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(a) 1282 pixels, FP16blending(66
Hz)

(b) 5122 pixels, FP16blending(20
Hz)

(c) 5122 pixels, FP32 blending
(CPU)

(d) Groundtruth (CPU)

Figure 14: Blending with FP16numbers: if the resolutionof the shadow map is too high, numericalissuesappear,
resultingin wrongshadows. Usinghigheraccuracy for blendingremovesthis issue(here,FP32blendingwasdoneon the
CPU).

Theamountof overlapis thereforelimited by:

jx2 � x1j <
L
2

zRdh
zO(zR � zO � dh)

(3)

Equation3 representstheerrorouralgorithmmakesfor eachpairof micro-patches.Theoverallerrorof ouralgorithm
is thesumof themodulusof all theseerrors,for all themicro-patchesprojectingon thelight sourceatagivenpoint. This
is a conservative estimate,asusuallysomepatchesoverlapwhile otherspresentgaps;the actualsumof the occlusion
valuesfrom all themicro-patchesis closerto therealvaluethanwhatourestimationtells (seeSection4.2).

Thetheoreticalerrorcausedby our algorithmdependsonseveralfactors:

Sizeof the light source: Themaximumamountof overlap(Eq. 3) dependsdirectly on thesizeof the light source.The
largerthelight source,thelargertheerror. Ourpracticalexperimentscon�rm this.

Distancebetweenmicro-patches: Themaximumamountof overlap(Eq.3) alsodependslinearlyondh, thedistancein
z betweenneighboringmicro-patches.Sincedh dependson thediscretizationof theoccluder, theerrorintroduced
by our algorithmis relatedto theresolutionof thebitmap: thesmallertheresolutionof thebitmap,the larger the
error. Our practicalexperimentscon�rm this, but thereis a maximumresolutionafter which the error doesnot
decrease.

Distanceto the light source/thereceiver: If theoccludertoucheseitherthe light sourceor the receiver, theamountof
overlap(Eq.3) goestowardin�nity . Whentheoccluderis touchingthereceiver, theareawheretheoverlapoccurs
(asde�nedbyequation2) goestowards0, thustheerrordoesnotappear. Whentheoccluderis touchingthereceiver,
theactualeffectdependson theshapeof theoccluder. In somecases,overlapsandgapscancompensate,resulting
in anacceptableshadow.

4.1.3 Floating-point blending accuracy

Our algorithmaddstogethermany smallscaleocclusionvalues— theocclusionfrom eachmicro-patch— to computea
largescaleocclusionvalue— theocclusionfrom thecompleteoccluder. This additionis donewith theblendingability
of theGPU,usingblendingof �oating-point buffers. At the time of writing, blendingis only availablein hardwarefor
16-bits�oating-point buffers.As a result,we sometimesencounterproblemsof numericalaccuracy.

Figure14showsanexampleof theseproblems.Unconventionally, increasingtheresolutionof theshadow mapmakes
theseproblemsmorelikely to appear(for acompletestudyof �oating-point blendingaccuracy, seeappendixA). Thebest
workaroundis thereforeto userelatively low resolutionfor the occludermap,suchas128� 128or 256� 256. While
this may seema low resolutioncomparedto othershadow mapalgorithms,our shadow mapis focusedon the moving
occluder(suchasa character),noton theentirescene,so128� 128pixelsis usuallyenoughresolution.

We seethis is only asa temporaryissuethatwill disappearassoonashardwareFP32blendingbecomesavailableon
graphicscards.
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(a) Squareplane (b) Buddha (c) Bunny

Figure15: Thetestsceneswe haveused

4.2 Comparisonwith ground truth

We ran several teststo experimentallycomparethe shadows producedby our algorithmwith the actualshadows. The
referencevalueswerecomputedusingocclusionqueries,giving anaccurateestimationof therealocclusionof the light
source.In this section,wereview thepracticaldifferenceswe observed.

4.2.1 Experimentation method

For eachimage,we computedan error metric as thus: for eachpixel in the soft shadow map,we computethe actual
occlusionvalue(usingocclusionqueries),andthedifferencewith theocclusionvaluecomputedusingouralgorithm.We
summedthemodulusof thedifferences,thendividedtheresultby thetotalnumberof pixelslying eitherin theshadow or
in thepenumbra,averagingtheerrorover theactualsoft shadow. We usedthenumberof pixelsthatareeitherin shadow
or in penumbraandnot thetotal numberof pixelsin theoccluderdepthmapbecausethesoft shadow canoccupy only a
smallpartof thedepthmap.Dividing by thetotalnumberof pixelsin thedepthmapwouldhaveunderestimatedtheerror.

We have used3 differentscenes(a squareplaneparallelto the light source,a Buddhamodelanda Bunny model).
Thesescenesexhibit severalinterestingfeatures.TheBudhaandBunny arecomplex models,with foldsandcreases.The
Bunny alsohasimportantself-occlusion,andin our sceneit is in contactwith theground,providing informationon the
behaviour of our algorithmin thatcase.Thesquareplaneis an illustrationof thespecialcaseof occludersalignedwith
theaxesof theoccluderdepthmap.

We have testedboththeone-passandthetwo-passversionsof our algorithm. We selectedfour separateparameters:
thesizeof thelight source,theresolutionof theshadow mapandmoving theoccluder, eithervertically from thereceiver
to the light sourceor laterally with respectto the light source. For eachparameter, we plot the variationof the error
introducedby ouralgorithmasa functionof theparameterandanalyzetheresults.

4.2.2 Visual comparisonwith ground truth

Fig. 16 shows a sideby sidecomparisonof our algorithmwith groundtruth. Even thoughthereareslight differences
with groundtruth,ouralgorithmexhibitstheproperbehaviour for softshadows: sharpshadowsatplaceswheretheobject
is closeto theground,a largepenumbrazonewheretheobjectis furtheraway from thereceiver. Our algorithmvisibly
computesboththeinnerandtheouterpenumbraof theobject.

Lookingat thepictureof thedifferences(Fig. 16(d)and16(g)) betweentheshadow valuescomputedby ouralgorithm
andthegroundtruthvalues,it appearsthatthedifferenceslie mostlyonthesilhouette:sinceouralgorithmonly computes
thesoft shadow of thediscretizedobject,asseenfrom thecenterof thelight source.Theactualshapeof thesoft shadow
dependsonsubtleeffectshappeningat theboundaryof thesilhouette.

4.2.3 Sizeof the buffer

Figure17 shows theaveragedifferencebetweentheocclusionvaluescomputedwith our algorithmandtheactualocclu-
sionvaluesfor our threetestscenes,whenchangingtheresolutionof theshadow map.In these�gures, theabcissais the
numberof pixelsfor onesideof theshadow map,so128correspondsto a 128� 128shadow map.For this test,we used

INRIA



SoftShadowMaps: Ef�cient Samplingof Light SourceVisibility 13
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Figure16: Visualcomparisonof ouralgorithmwith groundtruth.
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Figure17: Variationof theerrorwith respectto theresolutionof theshadow map

RR n° 5750



14 L. Atty, N. Holzschuch, M. Lapierre, J.M. Hasenfratz,C. Hansen& F. Sillion

 0

 0.04

 0.08

 0.12

 0  0.05  0.1  0.15  0.2

A
ve

ra
ge

 e
rr

or

Light source size

single pass
double pass

(a) Squareplane

 0

 0.04

 0.08

 0.12

 0  0.05  0.1  0.15  0.2

A
ve

ra
ge

 e
rr

or

Light source size

single pass
double pass

(b) Buddha

 0

 0.04

 0.08

 0.12

 0  0.05  0.1  0.15  0.2

A
ve

ra
ge

 e
rr

or

Light source size

Single pass
Double pass

(c) Bunny

Figure18: Variationof theerrorwith respectto thesizeof thelight source

non-power of two textures,in orderto have enoughsamplingdata.We canmake severalobservationsby looking at the
data:

Two-passversion: thetwo-passversionof thealgorithmconsistentlyoutperformsthesingle-passversion,alwaysgiving
moreaccurateresults.Theonly exceptionis of coursethesquareplane:sinceit hasno thickness,thesingle-pass
andtwo-passversiongive thesameresults.

Shadow map Resolution: asexpectedfrom thetheoreticalstudy(seeSection4.1.2), theerrordecreasesastheresolution
of theshadow mapincreases.Whatis interestingis thatthiseffectreachesa limit quiterapidly. Roughly, increasing
theshadow mapresolutionabove200pixelsdoesnotbringanimprovementin quality. Sincethecomputationcosts
arerelatedto thesizeof theshadow map,shadow mapsizesof 200� 200pixelsarecloseto optimal.

Thefact that theerrordoesnot decreasecontinuouslyaswe increasetheresolutionof theoccludermapis a little
surprisingat �rst, but canbeexplained. It is linkedto thesilhouetteeffect. As we have seenin Fig. 16, theerror
introducedby our algorithmcomesfrom theboundaryof thesilhouetteof theoccluder, from partsof theoccluder
thatarenot visible from thecenterof the light source,but visible from otherpartsof the light source.Increasing
theresolutionof theshadow mapdoesnot solve thisproblem.

Theoptimalsizefor theshadow mapis relatedto thesizeof thelight source.As thelight sourcegetslarger, wecan
usesmallerbitmaps.

Discretization error: the error curve for the squareplanepresentsmany importantspikes. Looking at the results,it
appearsthatthesespikescorrespondto discretizationerror(seeSection4.1.1). Sincethesquareoccluderis aligned
with theaxisof theshadow map,it magni�esdiscretizationerror.

4.2.4 Sizeof the light source

Figure18 shows theaveragedifferencebetweentheocclusionvaluescomputedwith our algorithmandtheactualocclu-
sionvalueswhenwechangethesizeof thelight sourcefor our threetestscenes.Theparametervaluesrangefrom apoint
light source(parameter=0:01) to a very large light source,approximatelyaslargeastheoccluder(parameter=0:2). We
useda bitmapof 128� 128pixelsfor all thesetests.We canmakeseveralobservationsby lookingat thedata:

Point light sources: thebeginningof thecurves(parameter=0:01)correspondsto a point light source.In thatcase,the
error is quite large. This correspondsto anerrorof 1, over theentireshadow boundary;aswe arecomputingthe
shadow of the discretizedoccluder, we missthe actualshadow boundary, sometimesby asmuchashalf a pixel.
Theresultis a largeerror, but it occursonly at theshadow boundary.

Light sourcesize: exceptfor thespecialcaseof point light sources,theerrorincreaseswith thesizeof thelight source.
This is consistentwith our theoreticalanalysis(seeSection4.1.2).

4.2.5 Occluder moving laterally

Figure19 shows the averagedifferencebetweenthe occlusionvaluescomputedwith our algorithmandthe actualoc-
clusionvalues,whenwe move theoccluderfrom left to right underthe light source.The parametercorrespondsto the
positionwith respectto thecenterof the light, with 0 meaningthat thecenterof theobjectis alignedwith thecenterof
thelight. We usedabitmapof 128� 128for all thesetests.
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Figure19: Variationof theerrorwith respectto thelateralpositionof theoccluder
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Figure20: Variationof theerrorwith respectto theverticalpositionof theoccluder

Theerroris at its minimumwhentheoccluderis roughlyunderthelight source,andincreasesastheoccludermoves
laterally. TheBuddhaandBunny modelsarenot symmetric,so their curvesareslightly asymmetric,andtheminimum
doesnot correspondexactly to 0.

4.2.6 Occluder moving vertically

Figure20 shows the averagedifferencebetweenthe occlusionvaluescomputedwith our algorithmandthe actualoc-
clusionvalues,whenwe move the occludervertically. The smallestvalueof the parametercorrespondsto an occluder
touchingthe receiver, andthe largestvaluecorrespondsto an occludertouchingthe light source.We useda bitmapof
128� 128for all thesetests.

As predictedby thetheory, theerrorincreasesastheoccluderapproachesthelight source(seeSection4.1.2). For the
Bunny, theerrorbecomesquitelargewhentheuppereartouchesthelight source.

5 Complexity

Themainadvantagesof our algorithmareits renderingspeedandits scalability. With a typical setup(a modernPC,an
occludermapof 128� 128pixels,a scenebetween50;000polygonsand300;000polygons),we getframeratesbetween
30 and150 fps. In this section,we studythe numericalcomplexity of our algorithmandits renderingspeed.We �rst
conducta theoreticalanalysisof the complexity of our algorithm,in Section5.1, thenan experimentalanalysis,where
we testthevariationof the renderingspeedwith respectto severalparameters:thesizeof theshadow map,thenumber
of polygonsandthe sizeof the light source(Section5.2). Finally, in Section5.3, we comparethe complexity of our
algorithmwith a state-of-the-artalgorithm,Soft Shadow Volume[AAM03].

5.1 Theoretical complexity

Our algorithmstartsby renderinga shadow mapanddownloadingit into main memory. This preliminarystephasa
complexity linear with respectto the numberof polygonsin the scene,and linear with the size of the shadow map,
measuredin thetotalnumberof pixels.

Then,for eachpixel of theshadow mapcorrespondingto theoccluder, we computeits extent in theocclusionmap,
andfor eachpixel of this extentwe executea smallfragmentprogramof 11 instructions,includingonetexturelookup.
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Figure21: In�uence of polygoncount

Theoverallcomplexity of thissecondstepof thealgorithmis thenumberof pixelscoveredby theoccluder, multiplied
by the numberof pixels coveredby the extent for eachof them,multiplied by the costof the fragmentprogram. This
secondstepis executedon theGPU,andbene�ts from thehigh-performanceandtheparallelismof thegraphicscard.

Theworstcasesituationwould bea casewhereeachmicro-patchin theshadow mapcoversa largenumberof pixels
in thesoft shadow map. But this situationcorrespondsto anobjectwith a largepenumbrazone,andif we have a large
penumbrazone,we canusea lower resolutionfor theshadow maps.Sowe cancompensatethecostfor thealgorithmby
runningit with bitmapsof lower resolution.

Using our algorithmwith a large resolutionshadow mapin a situationof large penumbraresultsin relatively high
computingcosts,but a low resolutionshadow mapwouldgive thesamevisualresults,for a smallercomputationtime.

5.2 Experimental complexity

All measurementsin this sectionwereconductedon a 2.4 GHz Pentium4PCwith a GeForce6800Ultra graphicscard.
All frameratesandrenderingtimescorrespondto observedframerates,that is the frameratefor a usermanipulatingour
system.We arethereforemeasuringthetime it takesto displaythesceneandto computesoft shadows,not just thetime
it takesto computesoft shadows.

5.2.1 Number of polygons

We studiedthein�uence of thepolygoncount.Fig. 21(a)shows theobservedrenderingtime (in ms)asa functionof the
polygoncount,with aconstantoccludermapsizeof 128� 128pixels.The�rst thingwenoteis thespeedof ouralgorithm:
evenon a largesceneof 340;000polygons,we achieve real-timeframerates(morethan30 framespersecond).Second,
we observe that the renderingtime varieslinearly with respectto thenumberof polygons.That wasto beexpected,as
we mustrenderthescenetwice (oncefor theoccludermapandoncefor theactualdisplay),andthetime it takesfor the
graphicscardto displaya scenevarieslinearly with respectto the numberof polygons. For smallerscenes(lessthan
10,000polygons,renderingtime below 10ms),somefactorsotherthanthepolygoncountplaya moreimportantrole.

Our algorithmexhibits goodscaling,andcanhandlesigni�cantly largesceneswithout incurringa high performance
cost.Themaximumsizeof thescenedependson therequirementsof theuser.

5.2.2 Sizeof occludermap

Fig. 22(a)shows the observedrenderingtimes(in ms) of our algorithm,on a scenewith 24,000polygons(Fig. 22(b)),
whenthesizeof theoccludermapchanges.We plottedthe renderingtime asa functionof thenumberof pixels in the
occludermap(that is, thesquare of thesizeof theoccludermap)to illustratetheobservedlinearvariationof rendering
time with respectto thetotal numberof pixels.

An occludermapof 5122 pixelsgivesa renderingtime of 150ms– or 7 fps, too slow for interactive rendering.An
occludermapof 1282 or 2562 pixelsgivesa renderingtime of 10 to 50 ms,or 20 to 100 fps, fastenoughfor real-time
rendering.For a largepenumbraregion,anoccludermapof 1282 pixelsqualitatively givesa reasonableapproximation,
asin Fig. 22(b). For a small penumbraregion, our algorithmbehaveslike theclassicalshadow mappingalgorithmand
artifactscanappearwith a smalloccludermapof 1282 pixels;in thatcase,it is betterto use2562 pixels.
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Figure22: In�uence of thesizetheoccludermap

 0

 50

 100

 150

 200

 250

 300

 0  0.05  0.1  0.15  0.2  0.25  0.3

re
nd

er
in

g 
tim

e 
(m

s)

Light source size

2562

30 fps
1282

642

(a) Renderingtime

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0.07

 0  0.05  0.1  0.15  0.2  0.25  0.3

A
ve

ra
ge

 e
rr

or

Light source size

642

1282

2562

(b) Averageerror

Figure23: Changingthesizeof thelight source(�oating bunny scene)

5.2.3 Light sourcesize

Anotherimportantparameteris thesizeof thelight source,comparedto thesizeof thesceneitself. A largelight source
resultsin a largepenumbraregion for eachmicro-patch,resultingin morepixelsof thesoft shadow mapcovered,anda
largercomputationalcost. Fig. 23(a)shows theobservedframerateasa functionof thesizeof the light source.We did
thetestswith severalbitmapresolutions(2562, 1282, 642). Fig. 23(b)showstheerrorasa functionof thesizeof thelight
source,for thesamebitmapresolutions.

As youcanseefrom Fig. 23(a), therenderingtimeincreaseswith thesizeof thelight source.Whatis interestingis the
error introducedby our algorithm(seeFig. 23(b)). Theerrorlogically increaseswith thesizeof thelight source,andfor
small light sources,largerbitmapsresultin moreaccurateimages.But for largelight sources,a smallerbitmapwill give
asoftshadow of similarquality. A visualcomparisonof thesoftshadowswith asmallbitmapandgroundtruthshowsthe
smallbitmapgivesa veryacceptablesoft shadow (seeFig. 24).

This effect wasobservedby previousresearchers:asthe light sourcebecomeslarger, thefeaturesin thesoft shadow
becomeblurrier, hencethey canbemodeledaccuratelywith a smallerbitmap.

5.3 Comparisonwith Soft-Shadow Volumes

Finally, we performeda comparisonwith a state-of-theart algorithmfor computingsoft shadows, theSoft-Shadow Vol-
umesby AssarssonandAkenine-Möller[AAM03].

Fig. 25 shows the samescene,with soft shadows, computedby both algorithms. We ran the testswith a varying
numberof jeeps,to testhow bothalgorithmsscalewith respectto thenumberof polygons.Fig. 25(c)showstherendering
timesasa function of the numberof polygonsfor both algorithms. These�gures werecomputedusinga window of
512� 512pixelsfor bothalgorithms.
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(a) Bitmapof 642 (184fps) (b) Groundtruth

Figure24: Largelight sourceswith smallbitmaps
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Ouralgorithmscalesbetterwith respectto thenumberof polygons.On theotherhand,soft shadow volumesprovide
a betterlookingshadow (seeFig. 25(b)), closerto theactualtruth.

6 Conclusionand Futur e Dir ections

In this paper, we have presenteda new algorithm for computingsoft shadows in real-timeon dynamicscenes.Our
algorithmis basedontheshadow mappingalgorithm,andis entirelyimage-based.As such,it bene�tsfrom theadvantages
of image-basedalgorithms,especiallyspeed.

The largestadvantageof our algorithm is its high framerate,hencethereremainsplenty of computationalpower
available for performingother tasks,suchas interactingwith the useror performingnon-graphicsprocessingsuchas
physicscomputationswithin gameengines.Possiblythe largestlimitation of our algorithmis the fact that it doesnot
computeself-occlusionandit requiresa separationbetweenoccludersandreceivers.We know thatthis limitation is very
important,andwe planto removeit in futurework, possiblyby usinglayereddepthimages.

An importantaspectof ouralgorithmis thatwecanuselow-resolutionshadow mapsin placeswith a largepenumbra,
eventhoughwestill needhigherresolutionshadow mapsfor placeswith smallpenumbra,for examplecloseto thecontact
betweentheoccluderandthereceiver. An obviousimprovementto our algorithmwould betheability to usehierarchical
shadow maps,switchingresolutionsdependingon theshadow beingcomputed.This work couldalsobecombinedwith
perspective-correctedshadow maps[SD02,WSP04,MT04,CG04], in orderto havehigherresolutionin placeswith sharp
shadowscloseto theviewpoint.

In its currentform, our algorithmstill requiresa transferof theoccludermapfrom theGPUto themainmemory, and
a loop,on theCPU,over all thepixelsin theoccludermap.We would like to designa GPUonly implementationof our
algorithm,usingthefuturerender-to-vertex capabilities.
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A Floating-point blending accuracy

In this section,we review theissuesbehindthehardwareblendingaccuracy problemswe have encounteredandpropose
a temporary�x for theseissues.

All theaccuracy issuesarelinkedto thefactthathardwareblendingis, at thetimeof writing, only availablefor 16-bits
�oating pointnumbers.NVidia graphicshardwarestoresthese�oating-point numbersusings10e5format:onebit of sign,
10 bits of mantissa,5 bits of exponent,with a biasof 15 for theexponent.The importantpoint for additionis that the
mantissais storedon 10 bits. As a result,addinga largenumberX anda smallnumbere will giveaninaccurateresultif
e < 2� 10X:

X + e = X if e < 2� 10X (inFP16)

For example,2048+ 1= 2048(in FP16format)and0:5+ 1
2049 = 0:5 (alsoin FP16format).

In somecases,theadditionof thecontribution from all micro-patcheswill be1 (meaningcompleteocclusionof the
light source).As a consequence,we canexpectnumericalaccuracy issuesif somemicro-patcheshide lessthan2� 10 of
thelight source.Because322 = 210, it meansthatthewidth of thereprojectionof onemicro-patchshouldbelargerthan
1
32 of thewidth of thelight source.

This translateseasilyinto conditionsfor thepositionof theoccluder:

1
zO

<
1
zR

+
64tana

NL
(4)

whereL is the width of the light source,N is the resolutionof the bitmap,a is the half-angleof the camerausedto
generatetheshadow map,zO is thedistancebetweenthelight sourceandtheoccluderandzR is thedistancebetweenthe
light sourceandthereceiver.

Bitmap resolution: Themostimportantthing is that increasingN makesthis errormore likely to appear. This explains
why usingabitmapof 512� 512pixelsweseeapoorlookingshadow, while the128� 128bitmapgivesthecorrect
shadow (seeFig. 14).

Light sourcesize: In equation4, thesizeof the light sourceappearsin a productwith the resolutionof thebitmap. If
the light sourceis large,thebitmapmustbe low resolutionin orderto avoid FP16blendingerrors.Fortunately, a
largelight sourcemeansalargepenumbrafor mostoccluders,soalow resolutionbitmapmightbeenoughfor these
penumbraeffects.

Occluder position: As theoccludermovescloserto thereceiver, thelikelinessof blendingerrorsgetslower.

Camerahalf-angle: Similarly, increasingthecamerahalf-angleimprovestheFP16blendingaccuracy.

Basically, all theseconditionsamountto thesamething: usinglesspixels to describetheoccluderin theshadow map.
While thisimprovestheFP16blendingaccuracy, it obviouslydegradesthediscretizationof theoccluderandalsoincreases
theoverlappingbetweenreprojectionsof neighboringpixels.

In ourexperiments(seeFig. 14) theblendingaccuracy problemappearsveryoftenwhentheresolutionof theshadow
mapis largerthan512� 512,sometimeswith a shadow mapresolutionof 256� 256andvery rarelywith a shadow map
resolutionof 128� 128.

Theproblemwill disappearwhenhardwareblendingwill becomeavailableonhigheraccuracy �oating pointnumbers.
FP32havea mantissaof 23bits,allowing theuseof micro-patchesthatblock lessthan2� 23 of thelight source,meaning
that the width of the back-projectionof the micro-patchshouldbe at leastlarger that 2� 11 than the width of the light
source(64 timessmallerthanthecurrentthreshold).Comparedwith theactualmethod,it would allow theuseof shadow
mapswith a resolutionabove4096� 4096.

In themeantime,we usethefollowing workaround:sincetheblendinglosesaccuracy whenwe adda smallnumber
(theocclusionfrom a singlemicro-patch)to a potentiallylargernumber(thesumof theocclusionsfrom severalmicro-
patches),we separatetheblendingin severalsteps,usingan intermediatebuffer; assumingwe have M micro-patchesin
thediscretizationof theoccluder, we split theseM micro-patchesinto b

p
Mc batches,thatwill beaddedseparately. The

contributionof eachbatchis a largerscalenumberthanthecontributionof eachmicro-patch.As aconsequence,they can
besafelyaddedtogether. Themodi�ed algorithmis:

• split theM micro-patchesinto b
p

Mc batches.

• for eachbatch:

– sumthecontributionof all themicro-patches,usingFP16blending
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– movetheresultto anintermediatebuffer, addingit to thecontributionsof thepreviousbatches.

• usetheresultingsumfor thesoft shadow.

In this scheme,smallvaluesgetaddedto smallandmediumvalues,andmediumvaluesgetaddedto mediumandlarge
values.We neverencounterthesituationwhereasmallvalueis addedto a largeone,thuswe avoid accuracy issues.

Anotherworkaroundwould beusinga hierarchicalshadow map,resultingin largepatchesin placeswith full occlu-
sion,andsmallerpatchesin thepenumbrazone.We areworkingon this.

Dependingon the sceneandthe relative positionof the occluders,the workaroundmay or may not be necessary;
for occludersthat are not in contactwith the receiver, high resolutionis not necessaryon the shadow map. In that
circumstance,a shadow mapresolutionof 128� 128 or smalleris suf�cient in our experience,andblendingaccuracy
issuesarenotvisible.

INRIA
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