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Figure 1: Our algorithmcohputesoﬂshadowén real-time(left) by replacingthe occludes with a discretizedversion (right), usinginforma-

tion fromthe shadowmap.Thisscenaunsat 84 fps.

Abstract

Shadowsparticularly softshadowsplay animportantrole in thevisual perceptionof a sceneby providing visual
cuesaboutthe shapeand positionof objects.Several recentalgorithmsproducesoftshadowsat interactiverates,
but they do not scalewell with the numberof polygonsin the sceneor only computethe outer penumba. In
this paper we presenta new algorithm for computinginteractive soft shadowson the GPU. Our new approach
providesbothinner- andouterpenumba, andhasa verysmallcomputationatost,giving interactiveframe-ates

for modelswith hundedsof thousand®f polygons.

Ourtedhniqueis basedn a sampledmage of theoccludes, asin shadowmaptediniquesTheseshadowsamples
areusedn anovelmannercomputingheir effectona secondrojectiveshadowtexture usingfragmentprograms.
In essencethe fraction of the light source area hiddenby each sampleis accumulatedat ead texel position of
this Soft Shadav Map. We includean extensivestudyof the approximationscausedby our algorithm,aswell as

its computationatosts.

CatagyoriesandSubjectDescriptorgaccordingo ACM CCS) |.3.1[ComputerGraphics]:Graphicsprocessor.3.7
[ComputerGraphics]:Color, shadingshadaving, andtexture

1. Intr oduction

Shadavs add important visual information to computer
generatedmagesTheperceptiorof spatialrelationshipde-
tweenobjectscan be alteredor enhancedsimply by mod-
ifying the shadav shape orientation,or position[ WFG92
Wan92KMK97]. Softshadavs, in particular provide robust
contactcuesby the hardeningof the shadev dueto prox-
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imity resultingin a hardshadev uponcontact.The adwent
of pawerful graphicshardware on low-cost computershas
led to the emegenceof mary interactve soft shadev algo-
rithms (for a detailedstudyof thesealgorithms pleaserefer
to [HLHS03).

In this paper we introduce a novel method basedon
shadev mapsto interactvely render soft shadevs. Our
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Figure 2: Applyingour algorithm (200,000 polygons,oc-
cludermap256 256 displayedat 32fps).

methodinteractively computesa projective shadev texture,
the SoftShadowMap, thatincorporatesoft shadavs based
on light sourcevisibility from recever objects(seeFig. 2).

This texture is then projectedonto the sceneto provide in-

teractize soft shadavs of dynamicobjectsanddynamicarea
light sources.

Thereareseveraladvantagedo our techniqguevhencom-
paredto existing interactve soft-shadw algorithms:First,
it is not necessaryo computesilhouetteedges Secondthe
algorithmis not Il-bound, unlike methodsasedn shadav
volumes.Thesepropertiegprovide betterscalingfor occlud-
ing geometrythanotherGPU basedsoft shadav techniques
[WHO03, CD03 AAMO3]. Third, unlike someothershadaov
map basedsoft shadev techniquespur algorithm doesnot
dramaticallyoverestimatehe umbraregion [WH03,CDO03].
Fourth, while other methodshave relied on an interpola-
tion from the umbrato the non-shadwedregion to approxi-
matethepenumbrdor softshadevs[AHT04,WHO03,CD03
BS02, our methodcomputeghe visibility of an arealight
sourcefor receversin the penumbraegions.

Our algorithmalsohassomelimitations whencompared
to existing algorithms.First, our algorithm splits scenege-
ometryinto occludersand recevers and self shadaving is
not accountedor. Also, sinceour algorithm usesshadov
mapsto approximateoccludergeometryit inheritsthe well
known issueswith aliasingfrom shadev map techniques.
For large arealight sourcesthe soft shadevs tendto blur
the artifactsbut for smallerarealight sourcessuchaliasing
is apparent.

We acknavledgethatthesedimitationsareimportant,and
they may prevent the useof our algorithmin somecases.
However, therearemary applicationssuchasvideo games
or immersve ervironmentswhere the advantagesof our
algorithm (a very fast framerate,and a corvincing soft
shadev) outweighits limitations.We alsothink thatthis new
algorithmcouldbethestartof promisingnew research.

In the following section,we review previous work on
interactve computationof soft shadavs. In Section3, we
presenthe basisof our algorithm,andin the following sec-
tion, we provide implementatiordetails.In thenext two sec-

tions, we conductan extensive analysisof our algorithm;
rst, in Section5, we studythe approximationsn our soft
shadavs, thenin Section6 we studythe renderingtimes of
our algorithm.Both studiesaredone rst from atheoretical
point of view, thenexperimentally Finally, in Section7, we
concludeandexposepossiblefuture directionsfor research.

2. Previous Work

Researchershave investicated shadav algorithms for
computergeneratedmagesfor nearly three decadesThe
readeiis referredto arecentstate-of-theartreportby Hasen-
fratzetal. [HLHSO03, the overview by Woo etal. [WPF9Q
andthebookby Akenine-MéllerandHaines] AMHO02].

Thetwo mostcommonmethodsdor interactiely produc-
ing shadevs are shadev maps[Wil78] and shadev vol-
umes[Cro77. Both of thesetechnique$iave beenextended
for soft shadwvs. In the caseof shadav volumes, Assarsson
andAkenine-Moéller[AAMO03] usedpenumbravedgesn a
techniquebasedon shadev volumesto producesoft shad-
ows. Their methoddependon locating silhouetteedgesto
form thepenumbravedgesWhile providing goodsoftshad-
ows without an overestimateof the umbra,the algorithmis
II-limited, particularlywhenzoomedin on a soft shadav
region. Sinceit is necessaryo computethe silhouetteedges
ateveryframe,thealgorithmalsosuffersfrom scalabilityis-
sueswhenrenderingoccluderswith large numbersof poly-
gons.

The ll-rate limitation is a well known limitation
of shadwev-volume based algorithms. Recent publica-
tions [CD04, LWGMO04] have focusedon limiting the II-
ratefor shadev-volumealgorithms thusremaoving this lim-
itation.

On shadeov maps,ChanandDurand[CD03 andWyman
andHanserfWHO03] bothemployedatechniquewhich uses
the standardshadev map methodfor the umbraregion and
builds a map containingan approximatepenumbraregion
thatcanbe usedat run-timeto give the appearancenclud-
ing hard shadavs at contact,of soft shadevs. While these
methodsprovide interactive rendering,both only compute
theouterpenumbrathe partof the penumbrahatis outside
thehardshadav. In effect,they areoverestimatingheumbra
region, resultingin theincorrectappearancef soft shadavs
in the caseof large arealight sourcesThesemethodsalso
dependon computingthe silhouetteedgesin objectspace
for eachframe;this requirementimits the scalabilityfor oc-
cluderswith large numbersf polygons.

Arvo et al. [AHT04] used an image-space ood- Il
methodto produceapproximatesoft shadavs. Their algo-
rithm is image-basedik e ours,but works on a detectionof
shadev boundarypixels, followed by several passego re-
placethe boundaryby a soft shadav, gradually extending
the soft shadev at eachpass.The main dravback of their
methodis thatthe numberof passesequiredis proportional
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to the extentof thepenumbraegion, andtherenderingime
is proportionalto the numberof shadev- lling passes.

Guennebaudtal. [GBP04 alsousedthe backprojection
of eachpixel in theshadev mapto computethesoftshadev.
Their methodwas developedindependentlyof ours, yet is
very similar. Themaindifferencesdetweerthetwo methods
lie in the order of the computationswe computethe soft
shadav in shadav map spacewhile they computethe soft
shadev in screenspace requiring a searchin the shadav
map.

Brabec and Seidel [BS0J and Kirsch and Doell-
ner [KDO3] usea shadav map to computesoft shadavs,
by searchingat eachpixel of the shadev mapfor the near
estboundarypixel, theninterpolatingbetweenillumination
andshadaov asa function of the distancebetweerthis pixel
andthe boundarypixel andthe distancesdetweerthe light
source,the occluderand the recever. Their algorithm re-
quiresscanningheshadev mapto look for boundarypixels,
a potentially costly step;in practicalimplementationghey
limit the searchradius,thuslimiting the actualsize of the
penumbraegion.

SolerandSillion [SS98 computea soft shadev mapas
the corvolution of two imagesrepresentinghe sourceand
blocker. Theirtechniques only accuratdor planarandpar
allel objects,althoughit canbe extendedusinganobjecthi-
erarcly. Our techniquecan be seenas an extensionof this
approachwherethe convolution is computedor eachsam-
ple of anocclusionmap,andtheresultsarethencombined.

Finally, McCool [McCO( presentedn algorithmmeig-
ing shadev volumeandshadev mapalgorithmsby detect-
ing silhouettepixels in the shadev map and computinga
shadev volumebasedn thesepixels.Our algorithmis sim-
ilar in thatwe arecomputingashadev volumefor eachpixel
in the shadev map.However, we never displaythis shadev
volume,thusavoiding ll-rate issues.

3. Algorithm
3.1. Presentationof the algorithm

Our algorithmassumes rectangulatight sourceandstarts
by separatingpotentialoccluders(suchas moving charac-
ters)from potentialrecevers (suchasthe backgroundn a

scene)(Fig. 3(a)). We will computethe soft shadowsonly

from theoccludersontotherecevers.

Our algorithmcomputesa Soft ShadowMap, (SSM), for
eachlight sourceatexturecontainingthetexelwisepercent-
ageof occlusionfrom thelight sourceThis softshadev map
is thenprojectedontothe scendrom the positionof thelight
sourceto give soft shadavs (seeFig. 2).

Our algorithmis an extensionof the shadev map algo-
rithm: we start by computingdepth buffers of the scene.
Unlike the standarcshadev mapmethod,we will heedtwo
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Computedepthmapof recevers
Computedepthmapof occluders
for all pixelsin occludemmap
Retrieve depthof occluderat this pixel
Computemicro-patchassociateavith this pixel
Computeextentof penumbrdor this micro-patch
for all pixelsin penumbraextentfor micro-patch
Retrieve recever depthat this pixel
Computepercentagef occlusionfor this pixel
Add to currentpercentagén soft shadev map
end
end
Projectsoft shadev maponthescene

Figure 4: Our algorithm

depthbuffers: onefor the occludergthe occludermap and
theotherfor therecevers.

The occludermap depthbuffer is usedto discretizethe
setof occluders(seeFig. 3(b)): eachpixel in this occluder
mapis corvertedinto a micro-patchthat covers the same
imageareabut is is locatedin a planeparallelto the light
sourceatadistancecorrespondingo thepixel depth.Pixels
that are closeto the light sourceare convertedinto small
rectanglesand pixels that are far from the light sourceare
corvertedinto larger rectanglesAt the endof this step,we
have adiscreterepresentatioof theoccluders.

Therecever mapdepthbuffer will be usedto provide the
recever depth,as our algorithmusesthe distancebetween
light sourceandreceverto computethe soft shadev values.

We computethe softshadav of eachof themicro-patches
constitutingthe discreterepresentationf the occludergsee
Fig. 3(c)), and sumtheminto the soft shadav map (SSM)
(seeFig. 3(d)). This stepwould be potentially costly, but
we achie/e it in a reasonabl@mountof time with two key
points: 1) the micro-patchesre parallelto the light source,
socomputingtheir penumbrasxtentandtheir percentagef
occlusiononly requiresasmallnumberof operationsand?)
theseoperationsarecomputedn thegraphicscard,exploit-
ing the parallelismof the GPU engine.The percentagef
occlusionfrom eachmicro-patchtakesinto accountherel-
ative distancedetweenthe occludersthe recever andthe
light source.Our algorithm introducesseveral approxima-
tions on the actualsoft shadev. Theseapproximationswill
bediscussedh Sectionb.

The pseudo-coddor our algorithmis given in Fig. 4.
In the following subsectionswe will review in detail the
individual stepsof the algorithm: discretizingthe occlud-
ers(Section3.2), computingthe penumbraextent for each
micro-patch(Section3.3) and computingthe percentagef
occlusionfor each pixel in the Soft Shadaw Map (Sec-
tion 3.4). Speci ¢ implementationdetailswill be givenin
Sectiord.
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Figure 3: Themainstepsof our algorithm
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Figure 5: Thepenumba extentof a micro-patd is a rectan-
gular pyramid

3.2. Discretizing the occluders

The rst stepin our algorithmis a discretizationof the oc-
cluders We computea depthbuffer of theoccludersasseen
fromthelight sourcethenconverteachpixelin thisoccluder
mapinto the equivalentpolygonalmicro-patchthatliesin a
plane parallelto the light source,at the appropriatedepth
andoccupieghesameimageplaneextent(seeFig. 1).

The occludermap is axis-alignedwith the rectangular
light sourceandhasthe sameaspectatio: all micro-patches
createdn this steparealsoaxis-alignedvith thelight source
andhave the sameaspectatio.

3.3. Computing penumbra extents

Eachmicro-patchin the discretizedoccluderis potentially
blockingsomelight betweerthelight sourceandsomepor-
tion of therecever. To reducethe amountof computations,
we computethe penumbraextent of the micro-patchesand
we only computeocclusionvaluesinsidetheseextents.

Sincethemicro-patchesreparallel,axis-alignedvith the

o o)

P P
P Cp

@ (b)

Figure 6: Finding the apex of the pyramid is reducedto a
2D problem

light sourceand have the sameaspectratio, the penumbra
extentof eachmicro-patchis arectangulapyramid (Fig. 5).
Findingthepenumbraxtentof thelight sourceis equivalent
to nding theapex O of thepyramid(Fig. 6(a)). Thisreduces
to a2D problem,consideringaralleledgegLL% and(PP)
onbothpolygons(Fig. 6(b)). Since(LLY) and(PP% arepar
allel lines,we have:

oL_or_ L’
OP~ OF~ PP
Thisratio is the sameif we considerthe centerof eachline
sement:
oc. _ LL°

OCp_ﬁo

Sincethe micro-patchand the light sourcehave the same

aspectatio, theratior = %f, is thesamefor bothsidesof the
micro-patch(thus,thepenumbraextentof themicro-patchs
indeeda pyramid).

We nd theape of the pyramid by applyinga scalingto
thecenterof themicro-patch(Cp), with respecto thecenter
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Light source

Figure 7: Theintersectionbetweerthe pyramidandthevir-
tual planeis an axis-alignedrectangle

CL

Cr

Figure 8: Computingthe positionand extentof the penum-
bra rectanglefor each micro-patc.

of thelight source(Cy):
. |
CO= 1+7 rCLCP

wherer is againtheratior = %.

We now use this pyramid to computeocclusionin the
soft shadav map (seeFig. 7). We usea virtual plane,par
allel to thelight sourceto representhis map(whichwill be
projectedontothe scene)Theintersectiorof the penumbra
pyramidwith this virtual planeis an axis-alignedectangle.
We only have to computethe percentagef occlusioninside
thisrectangle.

Computingthe positionandsizeof the penumbrarectan-
gle useshe sameformulasasfor computingthe apex of the
pyramid (seeFig. 8):

CL'CR

RF\Q = LLOM
20

Reolo
Z
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Figure 9: We repioject the occludingmicro-patd onto the
light source and computethe percentaye of occlusion.

3.4. Computing the soft shadov map

For all the pixels of the SSMying insidethis penumbraex-

tent, we computethe percentagef the light sourcethatis

occludedby this micro-patch.This percentagef occlusion
depend®n therelative positionsof thelight source theoc-
cludersandtherecevers.To computet, for eachpixel onthe
recever insidethis extent, we projectthe occludingmicro-
facetbackontothelight sourcel DF94 (Fig. 9). Theresult
of this projectionis an axis-alignedrectangle;we needto

computetheintersectiorbetweerthisrectangleandthelight

source.

Computingthis intersectionis equialentto computing
the two intersectionsbetweenthe respectie intervals on
bothaxes.This partof thecomputatioris doneonthe GPU,
usinga fragmentprogram:the penumbraextentis corverted
into an axis-alignedquad,which we draw in a oat buffer.
For eachpixel insidethis quad,the fragmentprogramcom-
putesthe percentageof occlusion. Thesepercentagesire
summedusingthe blendingcapability of the graphicscard
(seeSectiord.2).

3.5. Two-sidedsoft-shadav maps

As with mary other soft shadev computation algo-
rithms [HLHSO03, our algorithm exhibits artifactsbecause
we arecomputingsoftshadevs usingasingleview of theoc-
cluder Shadov effectslinkedto partsof theoccluderthatare
not directly visible from the light sourcearenot visible. In
Fig. 10(a) our algorithmonly computeghe soft shadev for
thefront partof theoccluderbecaus¢hebackpartof theoc-
cluderdoesnot appeatin the occludermap.This limitation
is frequentin real-timesoft-shadw algorithms[HLHS03.

For our algorithm, we have devised an extensionthat
solves this limitation: we computetwo occludermaps.In
the rst, we discretizethe closest front-facingfacesof the
occluders(seeFig. 10(b). In the secondwe discretizethe
furthest,back-ficingfacesof the occluderqseeFig. 10(c)).
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(a) Original algorithm

(b) Closest, front faces of the(c) Furthest, back faces of the(d) Combining the two soft

occluder discretized with their occluder discretized with their shadev maps

shadev

shadov

Figure 10: Theoriginal algorithmfails for somegeometry Thetwo-pasamethodgivesthe correctshadow

(a) Onepasy148fps)
(142fps)

(b) Onepasswith bottompatches

(c) Two passeg84fps) (d) Groundtruth

Figure 11: Two-passshadowcomputationgnhanceprecision.

We then computea soft shadev map for eachoccluder
map,andmeigethem,usingthe maximumof eachoccluder
map.Theresultingocclusionmaphaseliminatedmostarti-
facts(Fig. 10(d) and 11). Empirically, the costof the two-
passalgorithmis betweenl:6 and 1:8 timesthe costof the
one-passlgorithm. Dependingon the size of a modeland
the quality requirement®f a given application,the second
passmay be worth this extra cost.For example,for an ani-
matedmodelof lessthan100, 000polygonstheone-passil-
gorithmrendersatapproximately60 fps. Adding thesecond
passdropsthe framerateto 35 fps — whichis still interac-
tive.

4. Implementation details
4.1. Repartition betweenCPU and GPU

Our algorithm (seeFig. 4) startsby renderingtwo depth
maps,onefor the occludersandonefor therecevers;these
depthmapsare both computedby the GPU. Then,in order
to generateghe penumbraextentsfor the micro-patchesthe
occluderdepthmapis transferrecbackto the CPU.

On the CPU, we generatethe penumbraextentsfor the
micro-patchassociatedo eachnon-emptypixel of the oc-
cludersdepthmap.We thenrenderthesepenumbraextents,
and for eachpixel, we executea small fragmentprogram
to computethe percentagef occlusion.Computingthe per

centageof occlusionat eachpixel of the soft shadev mapis
doneonthe GPU (seesection4.2).

Thesecontrikutionsfrom eachmicro-patchareaddedto-
gether;we usefor this the blendingability of the GPU: oc-
clusionpercentagearerenderednto a oating-point buffer
with blendingenabledthusthe percentagealuesfor each
micro-patchareautomaticallyaddecdto the previously com-
putedpercentagealues.

4.2. Computing the intersection

For eachpixel of the SSMlying insidethe penumbraextent
of a micro-patch,we computethe percentageof the light
sourcethat is occludedby this micro-patch,by projecting
the occluding micro-patchback onto the light source(see
Fig. 9). We have to computethe intersectionof two axis-
alignedrectangleswhich is the productof thetwo intersec-
tionsbetweertherespectie intenalson bothaxes.

We have thereforereducedur intersectiorproblemfrom
a 2D problemto two separatelD problems.To further op-
timize the computationsye usethe SAT instructionsin the
fragmentprogramassemblylanguagewithout lossof gen-
erality, we can corvert the rectanglecorrespondingo the
light sourceto [0;1] [0;1]. Eachinterval intersectionbe-
comestheintersectiorbetweerone(a; b] interval and[0; 1].
Exploitingthe SATinstructionandswizzling,computingthe
areaof the intersectionbetweenthe projection of the oc-
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cluder[a;b] [c;d] andthe light source[0;1]
requiresthreeinstructions:
MOV_SATrs,{a,b,c,d}

SUBrs, rs, rs.yxwz
MUL result.color, rs.x, rs.z

[0; 1] only

Computingthe[a;b] [c;d] intervals requiresprojecting
themicro-patchontothelight sourceandscalingtheprojec-
tion. This usesB otherinstructions6 basicoperationgADD
MUL SUB), onereciprocal(RCB andonetexture lookupto
getthedepthof therecever. Thetotal lengthof ourfragment
programis thereforell instructions,including one texture
lookup.

4.3. Possibleimpr ovements

As it standspour algorithmmalesa very light useof GPU
resourceswe only executea very small fragmentprogram,
oncefor eachpixel coveredby the penumbraextent,andwe
exploit theblendingability for oating pointbuffers.

The main bottleneckof our algorithmis thatthe penum-
bra extentshave to be computedon the CPU. This requires
transferingthe occludersdepthmapto the CPU, andloop-
ing over the pixels of the occludersdepthmapon the CPU.
It shouldbepossibleto remove this stepby usingtherender
to-vertex- buffer function: insteadof renderingthe occlud-
ersdepthmap,we would directly renderthe penumbraex-
tentsfor eachmicro-patchinto a vertex buffer. This vertex
buffer would be renderedn a secondpass,generatinghe
softshadev map.

5. Err or Analysisand comparison

In this section,we analyzeour algorithm,its accurag and
how it comparewith the exactsoft-shadws. We rst study
potentialsourcef errorfrom atheoreticapoint of view, in
Section5.1, thenwe conductanexperimentabnalysiscom-
paringthe soft shadevs producedwith exact soft shadavs,
in Section5.2

5.1. Theoretical analysis

Our algorithmreplaceghe occluderwith a discretizedver
sion. This discretizationensuresnteractize frameratesput
it canalsobe a sourceof inaccuraciesFrom a given point
ontherecever, we areseparatelyestimatingocclusionfrom
severalmicro-patchesandaddingtheseocclusionvaluesto-
getherWe have identi ed threepotentialsourcesf errorin
our algorithm:

We areonly computingthe shadev of the discretizedoc-
cluder nottheshadev of theactualoccluder This source
of errorwill beanalyzedn Section5.1.1
Thereprojection®f themicro-patchesnthelight source
may overlap or be disjoined.This causeof errorwill be
analyzedn Section5.1.2
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We are addingmary small values (the occlusionfrom

eachmicro-patch)to form a large value (the occlusion
from the entire occluder).If the micro-patchesare too

small, we run into numericalaccurag issuesgspecially
with oating-point numbersexpressedon 16 bits. This

causeof errorwill beanalyzedn Section5.1.3

5.1.1. Discretization error

Our algorithm computesthe shadev of the discretizedoc-
cluder not the shadav of the actual occluder The dis-
cretizedoccluder corresponddo the part of the occluder
thatis visible from the camerausedto computethe depth
buffers, usually the centerof the light source.Although
we reprojecteachmicro-patchof the discretizedoccluder
onto the arealight source we are missingthe partsof the
occluderthat are not visible from the shadev map cam-
erabut are still visible from somepoints of the arealight
source.This is alimitation thatis frequentin real-timesoft
shadaev algorithmgHLHSO03, especiallyalgorithmsrelying
on the silhouetteof the occluderascomputedrom a single
point[WHO03,CD03 AAMO3].

We alsouseadiscreterepresentatiobasedntheshadov
map, not a continuousrepresentatiorof the occluder For
eachpixel of the shadev map, we are potentially overes-
timating or underestimatinghe actualoccluderby at most
half a pixel.

If the occluderhasone or more edgesalignedwith the
edgesof the shadev map, thesediscretizationerrorsare of
the samesign over the edge,andaddthemseles;the worst
casescenarias asquarealignedwith theaxisof theshadaev
map.

For more practicaloccludersthe discretizationerrorson
neighboringmicro-patchesompensatesomeof the micro-
patchesoverestimatethe occluderwhile othersunderesti-
mateit.

5.1.2. Overlapping reprojections

At ary given point on the recever, the partsof the light
sourcethatare occludedby two neighboringmicro-patches
shouldbe joined exactly for our algorithmto computethe
exact percentageof occlusionon the light source.This is
typically not the case,andthesepartsmay overlapor there
may be a gap betweerthem(Fig. 12). The amountof over-
lap (or gap) betweenthe occludedpartsof the light source
depend®n therelative positionsof thelight source the oc-
cludingmicro-patchesndtherecever

If we considetthe2D equivalentof this problem(Fig. 13),
with two patchesseparatedyy dh andat a distancezg from
thelight sourcewith thereceverbeingatadistancezr from
the light source thereis a point Py on the recever where
thereis no overlapbetweerthe occludedparts.As we move
away from this point, the overlapincreaseskor a pointata
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Figure 12: The repmjection of two neighboring micro-
patchesmayoverlap.

Figure 13: Computingthe extentof overlapor gapbetween
two neighboringmicro-patdes.

distancex from Py, the boundarieof the occludingmicro-
patchegrojectatabscissa; andxy; astheoccludingmicro-
patchesaandthelight sourcdlie in parallelplaneswe have:

Theamountof overlapis therefordimited by:

zrdh

X Xj< =———M@M@8
P2 S oo 0 dn)

@)

Equation3 representshe error our algorithm makes for
eachpair of micro-patchesThe overall error of our algo-
rithm is the sumof themodulusof all theseerrors for all the
micro-patchegrojectingonthelight sourceatagivenpoint.
This is a conserative estimate,as usually some patches
overlapwhile otherspresengaps;the actualsumof the oc-
clusionvaluesfrom all themicro-patchess closerto thereal
valuethanwhatour estimationtells (seeSection5.2).

Thetheoreticakerrorcausedy our algorithmdependsn
severalfactors:

Sizeof the light source: The maximumamountof overlap
(Eq. 3) dependdirectly on the size of the light source.
Thelargerthelight source thelargertheerror Our prac-
tical experimentscon rm this.

Distancebetweenmicro-patches: The maximum amount
of overlap (Eq. 3) alsodependdinearly on dh, the dis-
tancein z betweenneighboringmicro-patchesSincedh
depend®nthediscretizatiorof theoccludertheerrorin-
troducedby our algorithmis relatedto the resolutionof
the bitmap: the smallerthe resolutionof the bitmap, the
larger the error Our practicalexperimentscon rm this,
but thereis a maximumresolutionafter which the error
doesnotdecrease.

Note that this sourceof error is relatedto the effective
resolutionof thebitmap,thatis the numberof pixelsused
for discretizingtheoccluderlf theoccluderoccupiesonly
a small portion of the bitmap, the effective resolutionof

thebitmapis muchsmallerthanits actualresolution For-

tunately the costof the algorithmis alsorelatedto the
effective resolutionof the bitmap.

Distanceto the light source/therecever: If the occluder
toucheseitherthelight sourceor therecever, theamount
of overlap(Eq. 3) goestowardin nity . Whentheoccluder
is touchingtherecever, theareawheretheoverlapoccurs

X _ 2
X R 2o
X2 _ Zo+ dh
X zm zo dnh

(asde ned by equation2) goestowardsO, thusthe er-
ror doesnot appear When the occluderis touchingthe
recever, the actualeffect depend®n the shapeof theoc-
cluder In somecasespverlapsandgapscancompensate,

Theamountof overlapis therefore:

Jo) zo0+ dh
R o R Zo dh
X zrdh
(R 20)(zr 20 dh)

x itself is limited, sincethe occlusionareamustfall inside
thelight source:

X2 X3 = X

@)

. Lzm 2o
<3 % (2

resultingin anacceptableshadaev.

5.1.3. Floating-point blending accuracy

Ouralgorithmaddstogethemary smallscaleocclusiorval-
ues— theocclusionfrom eachmicro-patch— to computea
large scaleocclusionvalue— the occlusionfrom the com-
pleteoccluder This additionis donewith the blendingabil-
ity of the GPU, usingblendingof oating-point buffers. At
the time of writing, blendingis only availablein hardware
for 16-bits oating-point buffers. As aresult,we sometimes
encounteproblemsof numericalaccurag.
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(@) 12& pixels, FP16 blending(b) 512 pixels, FP16 blending(c) 512 pixels, FP32 blending
(CPU)

(66 Hz) (20Hz)

(d) Groundtruth (CPU)

Figure 14: Blendingwith FP16 numbes: if the resolutionof the shadowmapis too high, numericalissuesappear resultingin
wrongshadowsUsinghigheraccuracyfor blendingremaesthisissue(here, FP32blendingwasdoneonthe CPU).

Figure 14 shavs an exampleof theseproblems.Uncon-
ventionally increasingthe resolutionof the shadev map
malestheseproblemsmote likely to appearfor acomplete
studyof oating-point blendingaccurag, seeappendixA).
Thebestworkaroundss thereforeto userelatively low reso-
lution for theoccludemap,suchas128 128o0r256 256.
While this may seema low resolutioncomparedto other
shadev mapalgorithms,our shadev mapis focusedon the
moving occluder (such as a character),not on the entire
sceneso0128 128pixelsis usuallyenoughresolution.

We sseethisis only asatemporanjissuethatwill disappear
as soonas hardware FP32blendingbecomesavailable on
graphicscards.

5.2. Comparisonwith ground truth

We ranseveralteststo experimentallycomparehe shadevs
produceddy our algorithmwith theactualshadevs. Theref-
erencevalueswere computedusing occlusionqueries giv-
ing anaccurateestimationof the real occlusionof the light
source.In this section,we review the practicaldifferences
we obsenred.

5.2.1. Experimentation method

For eachimage,we computedan error metric asthus: for

eachpixel in the soft shadev map, we computethe actual
occlusionvalue(usingocclusionqueries) andthedifference
with the occlusionvaluecomputedusingour algorithm.We

summedhe modulusof thedifferencesthendividedthere-

sult by thetotal numberof pixelslying eitherin the shadav

or in the penumbragaveragingthe error over the actualsoft
shadav. We usedthe numberof pixels that are either in

shadev or in penumbraand not the total numberof pixels
in the occludergdepthmapbecausé¢he soft shadev canoc-

cupy only a small part of the depthmap. Dividing by the
total numberof pixelsin the depthmapwould have under

estimatedheerror.

We have used3 differentscenega squareplaneparallelto
thelight sourceaBuddhamodelandaBunry model).These
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scenesxhibit severalinterestingfeaturesThe Buddhaand
Bunry are complex models,with folds and creasesThe
Bunry also hasimportantself-occlusionandin our scene
it is in contactwith theground providing informationonthe
behaior of our algorithmin that case.The squareplaneis

anillustration of the specialcaseof occludersalignedwith

theaxesof the occludersdepthmap.

We have testedboth the one-passandthe two-passver
sionsof our algorithm. We selectedfour separatgparame-
ters:thesizeof thelight sourcetheresolutionof theshadav
mapandmoving the occluder eithervertically from there-
ceiverto thelight sourceor laterallywith respecto thelight
source For eachparametewe plot thevariationof theerror
introducedby our algorithmasa function of the parameter
andanalyzetheresults.

5.2.2. Visual comparisonwith ground truth

Fig. 16 shaws a side by side comparisornof our algorithm
with groundtruth. Eventhoughthereareslight differences
with groundtruth,ouralgorithmexhibitstheproperbehaior
for soft shadevs: sharpshadevs at placeswherethe object
is closeto theground,alarge penumbraonewherethe ob-
jectis furtheraway from therecever. Our algorithmuvisibly
computeshoth the innerandthe outerpenumbreof the ob-
ject.

Looking at the picture of the differences(Fig. 16(d)
and16(g) betweerthe shadav valuescomputedoy our al-
gorithmandthe groundtruth values,it appearghatthe dif-
ferenceslie mostly on the silhouette:since our algorithm
only computeghe soft shadaev of the discretizedobject,as
seenfrom the centerof thelight source Theactualshapeof
the soft shadev dependon subtleeffectshappeningat the
boundaryof the silhouette.

5.2.3. Sizeof the buffer

Figure 17 shows the averagedifferencebetweenthe occlu-
sionvaluescomputedwith our algorithmandthe actualoc-
clusionvaluesfor our threetestsceneswhenchangingthe
resolutionof the shadev map.In these gures, the abscissa
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Figure 15: Thetestscenewe haveused
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Figure 16: Visual comparisorof our algorithmwith groundtruth.
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Figure 17: Variation of the error with respecto theresolutionof the shadowmap
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is the numberof pixels for oneside of the shadav map,so

128 corresponds$o a 128 128 shadev map.For this test,
we usednon-paver of two textures,in orderto have enough
samplingdata.We canmake severalobsenationsby looking

atthedata:

Two-passversion: the two-passversion of the algorithm
consistentlyoutperformsthe single-paswersion,always
giving more accurateresults. The only exceptionis of
coursethe squareplane: sinceit hasno thickness,the
single-passindtwo-passversiongive the sameresults.

Shadov map Resolution: asexpectedirom thetheoretical
study (seeSection5.1.2), the error decreasesasthe res-
olution of the shadev mapincreasesWhatis interesting
is that this effect reachesa limit quite rapidly. Roughly
increasingthe shadav map resolutionabove 200 pixels
doesnotbring animprovementin quality. Sincethecom-
putationcostsarerelatedto the size of the shadev map,
shadav mapsizesof 200 200 pixels are closeto opti-
mal.

The factthatthe error doesnot decreaseontinuouslyas
we increasethe resolutionof the occludermapis a little

surprisingat rst, but canbe explained.lt is linkedto the
silhouetteeffect. As we have seenin Fig. 16, the error
introducedby our algorithmcomesfrom the boundaryof

the silhouetteof the occluder from partsof the occluder
thatarenotvisible from the centerof thelight source put

visible from otherpartsof thelight sourcelncreasinghe
resolutionof theshadev mapdoesnotsolve this problem.
Theoptimalsizefor the shadav mapis relatedto the size
of thelight source As thelight sourcegetslarger, we can
usesmallerbitmaps.

Discretization error: the error curve for the squareplane
presentamary importantspikes. Looking at the results,
it appeargthat thesespikes correspondo discretization
error (see Section5.1.7). Since the squareoccluderis
alignedwith theaxisof the shadev map,it magni esdis-
cretizationerror.

5.2.4. Sizeof the light source

Figure 18 shavs the averagedifferencebetweenthe oc-
clusion values computedwith our algorithm and the ac-
tual occlusionvalueswhenwe changethe size of the light
source for our three test scenes.The parametervalues
rangefrom a point light source(parameter=M1) to a very
large light source,approximatelyas large as the occluder
(parameter=@2). We useda bitmapof 128 128 pixelsfor
all thesetests We canmale severalobsenationsby looking
atthedata:

Point light sources: the beginning of the curwes
(parameter=@1) correspondso a point light source.In
that case the erroris quite large. This corresponds$o an
error of 1, over the entire shadev boundary;aswe are
computingthe shadev of the discretizedoccluder we
missthe actualshadev boundarysometimesy asmuch
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as half a pixel. The resultis a large error, but it occurs
only attheshadev boundary

Light sourcesize: exceptfor the specialcaseof pointlight
sources,the error increaseswith the size of the light
source.This is consistentwith our theoreticalanalysis
(seeSection5.1.2).

5.2.5. Occluder moving laterally

Figure 19 shaws the averagedifferencebetweenthe occlu-
sionvaluescomputedwith our algorithmandthe actualoc-
clusionvalues whenwe move theoccluderfrom left to right
underthelight sourceThe parametecorrespondso thepo-
sition with respecto the centerof thelight, with 0 meaning
thatthe centerof the objectis alignedwith the centerof the
light. We useda bitmapof 128 128for all thesetests.

Theerroris atits minimumwhenthe occluderis roughly
underthelight source andincreasessthe occludermoves
laterally The BuddhaandBunry modelsarenotsymmetric,
so their curves are slightly asymmetric,and the minimum
doesnot corresponaxactly to 0.

5.2.6. Occluder moving vertically

Figure 20 shaws the averagedifferencebetweenthe occlu-
sionvaluescomputedwith our algorithmandthe actualoc-

clusionvalues,whenwe move the occludervertically. The
smallestvalue of the parametercorrespondso an occluder
touchingthe recever, andthe largestvalue correspondso

an occludertouchingthe light source We useda bitmap of

128 128for all thesetests.

As predictedby the theory the errorincreasessthe oc-
cluderapproacheshe light source(seeSection5.1.2. For
theBunry, theerrorbecomegjuitelargewhentheupperear
toucheghelight source.

6. Complexity

The main adwantagesof our algorithm are its rendering
speedand its scalability With a typical setup(a modern
PC,anoccludermapof 128 128 pixels, a scenebetween
50; 000 polygonsand300, 000 polygons) we getframerates
between30 and 150 fps. In this section,we study the nu-
mericalcompleity of ouralgorithmandits renderingspeed.
We rst conducta theoreticalanalysisof the complexity of
ouralgorithm,in Section6.1, thenanexperimentaknalysis,
wherewe testthe variation of the renderingspeedwith re-
spectto several parametersthe sizeof theshadev map,the
numberof polygonsandthe size of the light source(Sec-
tion 6.2). Finally, in Section6.3, we comparethe comple-
ity of our algorithmwith a state-of-the-artalgorithm, Soft
Shadev Volume[AAMO3].

6.1. Theoretical complexity

Our algorithmstartsby renderinga shadev mapanddown-
loading it into main memory This preliminary stephasa
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Figure 18: Variation of the error with respecto the sizeof thelight source
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Figure 19: Variation of the error with respecto thelateral positionof the occluder

compleity linearwith respecto the numberof polygonsin
thesceneandlinearwith the sizeof the shadev map,mea-
suredin thetotal numberof pixels.

Then,for eachpixel of the shadev mapcorrespondingo
the occluder we computeits extentin the occlusionmap,
andfor eachpixel of this extentwe executea smallfragment
programof 11 instructionsjncludingonetexturelookup.

The overall compleity of this secondstepof the algo-
rithm is the numberof pixels coveredby the occluder mul-
tiplied by the numberof pixels covered by the extent for
eachof them, multiplied by the costof the fragmentpro-
gram.This secondstepis executedonthe GPU,andbene ts
from the high-performancandthe parallelismof thegraph-
icscard.

The worst casesituation would be a casewhere each
micro-patchin the shadev map covers a large numberof
pixelsin thesoftshadev map.But this situationcorresponds
to an objectwith a large penumbrazone,andif we have a
large penumbrazone,we canusea lower resolutionfor the
shadev maps.Sowe cancompensatéhe costfor the algo-
rithm by runningit with bitmapsof lower resolution.

Using our algorithmwith a large resolutionshadev map
in a situation of large penumbraresultsin relatively high
computingcosts,but a low resolutionshadev map would
give thesamevisualresults for asmallercomputatiortime.

6.2. Experimental complexity

All measurementm this sectionwere conductedon a 2.4

GHz Pentium4PCwith a GeForce6800Ultra graphicscard.

All frameratesandrenderingtimes correspondo observed
frameratesthatis the frameratefor a usermanipulatingour

systemWe arethereforemeasuringhetime it takesto dis-

playthesceneandto computesoftshadavs, notjustthetime

it takesto computesoft shadavs.

6.2.1. Number of polygons

We studiedthe in uence of the polygon count. Fig. 6.2
shavs the obsered renderingtime (in ms) as a function
of the polygoncount,with a constanioccludermapsize of
128 128pixels.The rst thing we noteis the speedof our
algorithm: even on a large sceneof 340,000 polygons,we
achieve real-timeframerategmorethan 30 framesper sec-
ond).Secondwe obsere thatthe renderingtime varieslin-

early with respectto the numberof polygons.Thatwasto
be expected,as we mustrenderthe scenetwice (oncefor

the occludermap and oncefor the actualdisplay),andthe
time it takesfor the graphicscardto displaya scenevaries
linearly with respecto the numberof polygons.For smaller
sceneglessthan10,000polygons,renderingtime belov 10
ms), somefactorsotherthanthe polygoncountplay a more
importantrole.

Our algorithmexhibits goodscaling,andcanhandlesig-
ni cantly largescenesvithoutincurringa high performance
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Figure 20: Variation of the error with respecto the vertical positionof the occluder
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(a) Bitmapof 642 (184fps) (b) Groundtruth

Figure 23: Large light sourceswith smallbitmaps

cost.Themaximumsizeof thescenaedepend®ntherequire-
mentsof theuser

6.2.2. Sizeof occluder map

Fig. 6.2.1 shaws the obsened renderingtimes (in ms) of

our algorithm,on ascenewith 24,000polygons(Fig. 22(b)),

whenthe size of the occludermapchangesWe plottedthe
renderingtime asa function of the numberof pixelsin the
occludermap(thatis, the squae of the sizeof the occluder
map)to illustratethe obsered linear variationof rendering
time with respecto thetotal numberof pixels.

An occludemapof 512 pixelsgivesarenderingtime of
150 ms — or 7 fps, too slow for interactve rendering.An
occludermapof 128 or 256 pixels givesa renderingtime
of 10 to 50 ms, or 20 to 100 fps, fastenoughfor real-time
rendering For alarge penumbraegion, anoccludemrmapof
128 pixels qualitatively givesa reasonablepproximation,
asin Fig. 22(b). For asmallpenumbraegion, our algorithm
behaeslik etheclassicashadev mappingalgorithmandar
tifactscanappeamwith a smalloccludemapof 128 pixels;
in thatcasejt is betterto use2562 pixels.

The factthat the renderingtime of our algorithmis pro-
portionalto the numberof pixelsin the occludermapcon-
rms thatthebottleneckof ouralgorithmis its transferto the
CPU.Dueto thecostof thistransferwe foundthatfor some
scenest was actually fasterto usetextureswhosedimen-
sionsarenot a power of 2: if thedifferencein pixel countis
sufcient, thegainin transfertime compensatethelossesn
renderingtime.

6.2.3. Light sourcesize

Anotherimportantparameteris the size of the light source,
comparedo the sizeof the scendtself. A largelight source
resultsin alarge penumbraegion for eachmicro-patchyre-

sultingin more pixels of the soft shadev mapcovered,and
a larger computationakost. Fig. 24(a) shavs the obsened
framerateasafunctionof thesizeof thelight source We did

the testswith several bitmapresolutions(256°, 1287, 642).

Fig. 24(b) shaws the error as a function of the size of the
light sourcefor the samebitmapresolutions.

As you canseefrom Fig. 24(a) the renderingtime in-
creasewith the sizeof thelight source Whatis interesting
is theerrorintroducedby our algorithm(seeFig. 24(b). The
errorlogically increasesvith thesizeof thelight sourceand
for smalllight sourcesjarger bitmapsresultin moreaccu-
rate images.But for large light sourcesa smallerbitmap
will give asoftshadev of similarquality. A visualcompari-
sonof thesoftshadavs with asmallbitmapandgroundtruth
shavs thesmallbitmapgivesa very acceptableoft shadev
(seeFig. 23).

This effect was obsenred by previous researchersasthe
light sourcebecomedarger, the featuresin the soft shadav
becomeblurrier, hencethey canbe modeledaccuratelywith
asmallerbitmap.

6.3. Comparisonwith Soft-Shadav Volumes

Finally, we performeda comparisornwith a state-of-theart
algorithmfor computingsoftshadas, the Soft-Shadw Vol-
umesby AssarssomndAkenine-Mollerf AAMO3].

Fig. 25 showvs the samescene with soft shadavs, com-
putedby both algorithms.We ran the testswith a varying
numberof jeeps,to testhow both algorithmsscalewith re-
spectto the numberof polygons.Fig. 25(c) shavs the ren-
deringtimesasafunctionof thenumberof polygonsfor both
algorithms.These gures werecomputecusingawindow of
512 512pixelsfor bothalgorithms,andwith thetwo-pass
versionof our algorithm,with anoccludemapresolutionof
210 210.

Our algorithmscalesetterwith respecto the numberof
polygons.On the otherhand,soft shadev volumesprovide
abetterlooking shadav (seeFig. 25(b)), closerto theactual
truth.

It isimportantto remembethattherenderingime for the
Soft- Shadav Volumesalgorithmvarieswith the numberof
screenpixels coveredby the penumbraregion. If the view-
pointis closeto alargepenumbraegion, therenderingiime
becomesnuchlarger The gures we usedfor this compari-
soncorrespondo anobserer walking aroundthe scengas
in Fig. 25(b)).

7. Conclusionand Futur e Dir ections

In this paper we have presentedh new algorithmfor com-
putingsoft shadavsin real-timeon dynamicscenesOur al-
gorithmis basedon the shadeav mappingalgorithm,andis
entirely image-basedAs such,it bene ts from the advan-
tagesof image-basedlgorithms especiallyspeed.

The largestadwantageof our algorithmis its high fram-
erate,hencethere remainsplenty of computationalpowver
available for performing other tasks, such as interacting
with the useror performing non-graphicgrocessingsuch
asphysics computationsvithin gameenginesPossiblythe
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Figure 25: Comparisorwith Soft-Shadowblumes

largestlimitation of our algorithmis thefactthatit doesnot
computeself-occlusiorandit requiresa separatiorbetween
occludersandrecevers.We know thatthis limitation is very
important,andwe planto remore it in futurework, possibly
by usinglayereddepthimages.

An importantaspectof our algorithmis thatwe canuse
low-resolutionshadev mapsin placeswith a large penum-
bra, even though we still need higher resolution shada
mapsfor placeswith small penumbrafor examplecloseto
the contactbetweerthe occluderandthe recever. An obvi-
ousimpravementto our algorithmwould betheability to use
hierarchicalshadev maps,switchingresolutionsdepending
on the shadav being computed.This work could also be
combinedwith perspectie-correctedshadav maps[SD02
WSP04MTO04,CGO04, in orderto have higherresolutionin
placeswith sharpshadevs closeto the viewpoint.

In its currentform, our algorithmstill requiresa transfer
of theoccludemmapfrom the GPUto the mainmemory and
aloop, onthe CPU, over all the pixelsin the occludermap.
We would like to designa GPU only implementatiorof our
algorithm,usingthe future renderto-vertex-buffer capabili-
ties.
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Appendix A: Floating-pointblendingaccurag

In this section,we review the issuesbehindthe hardware
blendingaccurag problemswe have encountereénd pro-
poseatemporaryx for theseissues.

All the accurag issuesare linked to the fact that hard-
wareblendingis, at the time of writing, only available for
16-bits oating point numbers.NVidia graphicshardware
storesthese oating-point numberausings10eSformat: one
bit of sign, 10 bits of mantissa5 bits of exponent,with a
biasof 15 for theexponent.Theimportantpointfor addition
is thatthemantissas storedon 10 bits. As aresult,addinga
largenumberX andasmallnumberewill give aninaccurate
resultif e< 2 10x:

X+e= X if e<2 19 (inFP1§
For example, 2048+ 1= 2048(in FP16format)and0:5+
a5 = 0:5 (alsoin FP16format).

In somecasesthe addition of the contribution from all
micro-patchesvill be1l (meaningcompleteocclusionof the
light source).As a consequenceaye can expectnumerical
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accuray issuesf somemicro-patchesidelessthan2 10 o

the light source Because&2? = 210, it meanshatthe width
of thereprojectionof onemicro-patchshouldbelargerthan
2, of thewidth of thelight source.

This translatesasily into conditionsfor the position of

theoccluder:

1 1 64tana

—< —+

2 NL
whereL is thewidth of thelight sourceN is theresolutionof
thebitmap,a is thehalf-angleof thecamerausedo generate
theshadav map,z5 is the distancebetweerthelight source

and the occluderand z is the distancebetweenthe light
sourceandtherecever.

4)

Bitmap resolution: The most important thing is that in-
creasingN malesthis error more likely to appearThis
explainswhy usinga bitmapof 512 512 pixelswe see
apoorlooking shadav, while the128 128bitmapgives
thecorrectshadev (seeFig. 14).

Light sourcesize: In equatiord, thesizeof thelight source
appearsn a productwith the resolutionof the bitmap. If
the light sourceis large, the bitmap mustbe low resolu-
tion in orderto avoid FP16blendingerrors.Fortunately
alargelight sourcemeansa large penumbr&or mostoc-
cluders,so a low resolutionbitmap might be enoughfor
thesepenumbraeffects.

Occluder position: As the occludemovescloserto there-
ceiver, thelikelinessof blendingerrorsgetslower.

Camerahalf-angle: Similarly, increasinghe camerahalf-
angleimprovesthe FP16blendingaccurag.

Basically all theseconditionsamountto the samething: us-
ing lesspixelsto describethe occluderin the shadav map.
While this improves the FP16 blendingaccurag, it obvi-
ously degradesthe discretizationof the occluderand also
increaseghe overlappingbetweenreprojectionsof neigh-
boringpixels.

In our experiments(seeFig. 14) the blendingaccurag
problem appearsvery often when the resolution of the
shadev map is larger than 512 512, sometimeswith a
shadev mapresolutionof 256 256 and very rarely with
ashadev mapresolutionof 128 128.

Theproblemwill disappeawhenhardwareblendingwill
becomeavailableonhigheraccurag oating pointnumbers.
FP32have a mantissaof 23 bits, allowing the useof micro-
patcheghatblock lessthan2 22 of the light source mean-
ing thatthe width of the back-projectiorof the micro-patch
shouldbeatleastlargerthat2 ** thanthewidth of thelight
source(64 timessmallerthanthe currentthreshold).Com-
paredwith the currentmethod,it would allow the use of
shadev mapswith aresolutionabore 4096 4096.

With FP16blendingonly, thebestsolutionis to useahier
archicalshadev mapfor soft-shadw computationsaswas
suggestetly Guennebaudtal. [GBP04G: thelow resolution
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shadev mapwould beusedfor large penumbraegions,and
the high-resolutionshadev map for areaswith hard shad-
ows, e.g. whentheoccluderandtherecever arein contact.



