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Abstract: Shadavs, particularly soft shadevs, play animportantrole in the visual perceptionof a sceneby providing
visual cuesaboutthe shapeandpositionof objects. Several recentalgorithmsproducesoft shadevs at interactive rates,
but they do not scalewell with the numberof polygonsin the sceneor only computethe outerpenumbraln this paper
we presenta new algorithmfor computinginteractive soft shadavs on the GPU. Our new approactprovidesbothinner
andouterpenumbraandhasa very smallcomputationatost,giving interactve frame-rategor modelswith hundredof
thousandsf polygons.

Our techniques basedon a sampledmageof the occludersasin shadev maptechniques.Theseshadev samples
areusedin a novel manner computingtheir effect on a secondprojective shadav texture usingfragmentprograms.in
essencethe fraction of the light sourceareahiddenby eachsampleis accumulatedat eachtexel position of this Soft

ShadowMap. We includean extensie studyof theapproximationsausedy our algorithm,aswell asits computational
costs.
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Cartesd'ombr esdouces: calcul ef cace dela visibilité dela sourcelumineuse

Résumé: Lesombresetenparticulierlesombresdoucesjouentun rdle importantdansla perceptiond'une scéne3D.
Ellesfournissentdesinformationsimportantesurla formeetla positiondesobjets.De nombreusesecherchesécentes
ont montrécommentproduiredesombresdoucesen tempsinteractif, maissoit cesméthodesontlimitées soit dansles
scenegju'elles peuenttraiter, soit dansla qualité visuelle desrésultats. Dansce rapport,nousprésentonsin nouel
algorithmepour le calcul entemps-réeddesombresdoucessurle GPU. Notre approchedonnea la fois les pénombres
intérieureset extérieuresconsommeréspeudetempsde calcul, ce qui lui permetdestempsde renducompatiblesavec
le tempsréelpourdesmodélesde plusieurscentainesle milliers de polygones.
Notretechniqueestbaséesurunecartede profondeurdesobstaclescommepourla technique« shadev map». Les
pixels de cettecartede profondeursont utilisés d'une fagconnouwelle. Nous calculonsleur contribution a une texture
d'ombre douceen utilisant desfragmentprograms La proportionde la sourcelumineusequi estmasquégpar chaque
échantillonestcalculée puisaccumuléalanscettetexture,la SoftShadowMap. Nousprésentonggalementineanalyse
détailléedesapproximationsntroduitespar notrealgorithme ainsiquedessescodtsde calcul.

Mots-clés: Synthéseal'images,simulationdel'éclairage,tempsréel,cartesgraphiquespmbresdouces
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Figurel: Applying our algorithm(200; 000polygons,occludemmap256 256,displayedat 32 fps).

1 Intr oduction

Shadaevs addimportantvisualinformationto computergeneratedimages.Theperceptiorof spatialrelationshipbetween
objectscan be alteredor enhancedsimply by modifying the shadev shape,orientation,or position [WEG92 Wan92
KMK9/]]. Soft shadevs, in particular provide robust contactcuesby the hardeningof the shadev dueto proximity
resultingin ahardshadev uponcontact.The adwentof powerful graphicshardwareon low-costcomputershasledto the
emegenceof mary interactve softshadev algorithmg(for adetailedstudyof thesealgorithms pleaseeferto [HLHSOJ).

In this paper we introducea novel methodbasedon shadev mapsto interactively rendersoft shadevs. Our method
interactively computes projective shadav texture, the Soft ShadowMap, thatincorporatesoft shadevs basedon light
sourcevisibility from recever objects(seeFig.[). Thistextureis thenprojectedontothesceneo provide interactve soft
shadavs of dynamicobjectsanddynamicarealight sources.

Therearesereraladvantagedo our techniquevhencomparedo existing interactie soft-shadw algorithms:First, it
is not necessaryo computesilhouetteedges.Secondthe algorithmis not Il-bound, unlike methodshasedon shadav
volumes. Thesepropertiesprovide betterscalingfor occludinggeometrythanother GPU basedsoft shadav techniques
[WHOZ ICDO3IAAMO3]. Third, unlike someothershadev map basedsoft shadev techniquespur algorithmdoesnot
dramaticallyoverestimatéhe umbraregion [WHO3[CDO3J. Fourth,while othermethodshave reliedon aninterpolation
from the umbrato the non-shadwedregion to approximatethe penumbraor soft shadevs [WHO3|ICD03,BS0Z, our
methodcomputeghevisibility of anarealight sourcefor receversin the penumbraegions.

Our algorithm also has somelimitations when comparedo existing algorithms. First, our algorithm splits scene
geometryinto occludersandreceversandself shadeving is not accountedor. Also, sinceour algorithmusesshadav
mapsto approximateoccludergeometry it inheritsthe well known issueswith aliasingfrom shadev maptechniques.
For largearealight sourcesthe soft shadavs tendto blur the artifactsbut for smallerarealight sourcessuchaliasingis
apparent.

We acknavledgethattheselimitations areimportant,andthey may preventthe useof our algorithmin somecases.
However, thereare mary applicationssuchas video gamesor immersive ervironmentswhere the advantagesof our
algorithm (a very fastframerate,and a corvincing soft shadev) outweighits limitations. We alsothink that this new
algorithmcouldbethe startof promisingnew research.

In thefollowing sectionwe review previouswork oninteractive computatiorof softshadaevs. In Sectiorid, we present
our algorithm. In the next two sectionswe conductan extensive analysisof our algorithm; rst, in Sectiord, we study
the approximationsn our soft shadavs, thenin SectiorHwe studytherenderingimesof our algorithm.Both studiesare
done rst from atheoreticalpoint of view, thenexperimentally Finally, in Sectiond, we concludeand exposepossible
futuredirectionsfor research.

2 Previous Work

Researcherbave investigatedshadev algorithmsfor computergeneratednagesfor nearlythreedecadesThereadelis
referredto a recentstate-of-theart reportby Hasenfratzt al. [HLHSO0J, the overview by Woo et al. [WPES(}) andthe
bookby Akenine-MdollerandHaines[AMHOZ].

The two most commonmethodsfor interactively producingshadaevs are shadev maps[Wil/78] and shadev vol-
umes[Cra/i]. Both of thesetechniquedave beenextendedfor softshadavs. In the caseof shadev volumes Assarsson
andAkenine-MollerJAAMO3] usedpenumbravedgesn atechniquebasedn shadaev volumesto producesoftshadaevs.
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Figure2: Themainstepsof ouralgorithm

Their methoddependsn locating silhouetteedgesto form the penumbravedges.While providing good soft shadavs
without an overestimatef the umbra,thealgorithmis ll-limited, particularlywhenzoomedn ona soft shadav region.
Sinceit is necessaryo computethe silhouetteedgesat every frame, the algorithmalso suffers from scalability issues
whenrenderingoccluderswith large numbersof polygons.

The llI-rate limitation is a well known limitation of shadev-volumebasedalgorithms. Recentpublications[[CD04,
LWGMO4] have focusedon limiting the ll-rate for shadev-volumealgorithms thusremoving this limitation.

Onshadev maps,ChanandDurand[[CD0 andWymanandHanseqWHO3J] bothemployedatechniquevhich uses
the standardshadev mapmethodfor the umbraregion andbuilds a mapcontaininganapproximatgpenumbraegion that
canbeusedatrun-timeto give theappearancencludinghardshadaevs at contact,of soft shadavs. While thesemethods
provide interactive rendering both only computethe outerpenumbrathe part of the penumbrahatis outsidethe hard
shadav. In effect, they areoverestimatinghe umbraregion, resultingin incorrectlylooking soft shadevs in the caseof
large arealight sources.Thesemethodsalsodependon computingthe silhouetteedgesn objectspacefor eachframe;
this requirementimits the scalabilityfor occluderswith large numbersof polygons.

BrabecandSeidel[BS04 andKirschandDoellner[[KDO3J] usea shadev mapto computesoft shadavs, by searching
at eachpixel of the shadev mapfor the nearesboundarypixel, theninterpolatingbetweerillumination andshadev asa
functionof thedistancebetweerthis pixel andtheboundarypixel andthedistancedetweerthelight sourcetheoccluder
andtherecever. Theiralgorithmrequiresscanninghe shadev mapto look for boundarypixels,a potentiallycostly step;
in practicalimplementationshey limit the searctradius,thuslimiting theactualsizeof the penumbraegion.

SolerandSillion [SS98 computea soft shadev mapasthe cornvolution of two imagesrepresentinghe sourceand
blocker. Their techniqueis only accuratefor planarand parallel objects,althoughit canbe extendedusing an object
hierarchy Our techniquecan be seenas an extensionof this approachwherethe corvolution is computedfor each
sampleof anocclusionmap,andtheresultsarethencombined.

Finally, McCool [[McCO(] presentednalgorithmmeming shadev volumeandshadev mapalgorithmsby detecting
silhouettepixelsin the shadev map and computinga shadav volume basedon thesepixels. Our algorithmis similar
in thatwe are computinga shadev volumefor eachpixel in the shadev map. However, we never displaythis shadev
volume,thusavoiding llI-rate issues.

3 Algorithm

3.1 Presentationof the algorithm

Ouralgorithmassumesarectangulatight sourceandstartsby separatingotentialoccludergsuchasmoving characters)
from potentialreceizers(suchasthe backgroundn ascene)Fig.2(@)). We will computethe softshadowsnly from the
occludersontotherecevers.

Ouralgorithmcomputes SoftShadowMap, (SSM),for eachlight source:atexture containingthetexelwise percent-
ageof occlusionfrom the light source. This soft shadev mapis then projectedonto the scenefrom the positionof the
light sourceto give soft shadavs (seeFig. ).

Our algorithmis anextensionof the shadev mapalgorithm: we startby computingdepthbuffersof thesceneUnlike
thestandardshadev mapmethodwe will needtwo depthbuffers: onefor the occludergtheoccludermap andtheother
for therecevers.



SoftShadowMaps: Ef cient Samplingof Light Source Visibility 5

Computedepthmapof recevers
Computedepthmapof occluders
for all pixelsin occludemap
Retrieve depthof occluderatthis pixel
Computemicro-patchassociategvith this pixel
Computeextentof penumbrédor this micro-patch
for all pixelsin penumbraextentfor micro-patch
Retrieve recever depthatthis pixel
Computepercentagef occlusionfor this pixel
Add to currentpercentagef occlusionin the soft shada map
end
end
Projectsoft shadav maponthescene

Figure3: Ouralgorithm

(a) Theoriginalmodel (b) Thediscretizedbccluder

Figure4: Discretizingthe occluders

The occludermap depthbuffer is usedto discretizethe setof occluders(seeFig. Z(B)): eachpixel in this occluder
mapis corvertedinto a micro-patchthatcoversthe sameimageareabut is locatedin a planeparallelto thelight source,
atadistancecorrespondingdo the pixel depth.Pixelsthatarecloseto thelight sourcearecorvertedinto smallrectangles
andpixelsthatarefar from thelight sourcearecorvertedinto largerrectanglesAt theendof this step,we have adiscrete
representationf theoccluders.

Therecever mapdepthbuffer will be usedto provide therecever depth,asour algorithmusesthe distancebetween
light sourceandreceverto computethe soft shadev values.

We computethe soft shadev of eachof the micro-patcheonstitutingthe discreterepresentationf the occluders
(seeFig.2{c), andsumtheminto the soft shadev map(SSM) (seeFig.[2{d)). This stepwould be potentiallycostly, but
we achiere it in a reasonabl@amountof time with two key points: 1) the micro-patchesre parallelto thelight source,
so computingtheir penumbraextentandtheir percentagef occlusiononly requiresa small numberof operationsand
2) theseoperationsare computedon the graphicscard, exploiting the parallelismof the GPU engine. The percentage
of occlusionfrom eachmicro-patchtakesinto accounthe relative distancesetweerthe occluderstherecever andthe
light source.Our algorithmintroducesseveral approximationson the actualsoft shadev. Theseapproximationswill be
discussedn Sectiord

The pseudo-coddor our algorithmis givenin Fig. @ In the following subsectionswe will review in detail the
individual stepsof thealgorithm:discretizingthe occluder{Sectiori3d), computingthe penumbraextentfor eachmicro-
patch(Sectiori3.3d) andcomputingthe percentagef occlusionfor eachpixel in the Soft Shadev Map (Sectiori3.4).
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Figure5: Thepenumbraxtentof a micro-patchs arectangulapyramid
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Figure6: Findingthe apex of the pyramidis reducedo a 2D problem

3.2 Discretizing the occluders

The rst stepin our algorithmis a discretizationof the occluders.We computea depthbuffer of the occludersasseen
from the light source thencorverteachpixel in this occludermapinto the equivalentpolygonalmicro-patchthatliesin
aplaneparallelto thelight source atthe appropriatedepthandoccupieghe sameimageplaneextent (Fig. ).

The occludermapis axis-alignedwith the rectangulatight sourceandhasthe sameaspectratio: all micro-patches
createdn this steparealsoaxis-alignedwith thelight sourceandhave the sameaspectatio.

3.3 Computing penumbra extents

Eachmicro-patchin thediscretizedbccluderis potentiallyblockingsomelight betweerthelight sourceandsomeportion
of therecever. To reducethe amountof computationsywe computethe penumbraextent of the micro-patchesandwe
only computeocclusionvaluesinsidetheseextents.

Sincethe micro-patchesreparallel,axis-alignedwith the light sourceandhave the sameaspectratio, the penumbra
extentof eachmicro-patchs arectangulapyramid(Fig.B). Findingthe penumbraextentof thelight sourceis equivalent
to nding theapex O of the pyramid(Fig.[6(@). Thisreducego a 2D problem,consideringaralleledgegLL% and(PP%
on bothpolygons(Fig.[(B). Since(LLY and(PPY areparallellines,we have:

Thisratiois the samef we considerthe centerof eachline segment:
oc, _ LL®
OCp PP
— Lo

Sincethe micro-patchandthe light sourcehave the sameaspectatio, theratior = g is the samefor both sidesof the
micro-patch(thus,the penumbraextentof the micro-patchis indeeda pyramid).
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Light source

Figure7: Theintersectiorbetweerthe pyramidandthe virtual planeis anaxis-alignedectangle
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Figure8: Computingthe positionandextentof the penumbraectanglgor eachmicro-patch.

We nd theapex of the pyramidby applyinga scalingto the centerof the micro-patch(Cp), with respecto the center

of thelight source(Cy): | r I
CLO = mCLCP

We now usethis pyramidto computeocclusionin the soft shadev map(seeFig.[d). We usea virtual plane,parallel
to the light source,to representhis map (which will be projectedonto the scene). The intersectionof the penumbra
pyramidwith this virtual planeis anaxis-alignedrectangle We only have to computethe percentagef occlusioninside
thisrectangle.

Computingthe positionandsizeof the penumbraectangleusesthe sameformulasasfor computingthe apex of the
pyramid (seeFig.B):

! ZR

|
C —C0
LCr = ZOCL

RRE = LLOM
7

3.4 Computing the soft shadav map

For all the pixels of the SSM lying insidethis penumbraextent, we computethe percentagef the light sourcethatis
occludedby this micro-patch. This percentagef occlusiondependson the relative positionsof the light source,the
occludersandthe recevers. To computeit, for eachpixel on the recever inside this extent, we projectthe occluding
micro-facetbackontothelight source][DE94 (Fig.B). Theresultof this projectionis anaxis-alignedectanglewe need
to computetheintersectiorbetweerthis rectangleandthelight source.

Computingthis intersectioris equivalentto computingthe two intersectiondetweertherespectie intervalson both
axes. This partof thecomputatioris doneon the GPU, usinga fragmentprogram:the penumbraextentis corvertedinto
anaxis-alignedquad whichwedraw in a oat buffer. For eachpixel insidethis quad thefragmentprogramcomputeghe
percentag®f occlusion.Thesepercentagearesummedisingthe blendingcapabilityof the graphicscard.
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Figure9: We reprojectthe occludingmicro-patchontothelight sourceandcomputethe percentagef occlusion.

Ve

(a) Original algorithm (b) Closest,front facesof the oc- (c) Furthest,back facesof the oc- (d) Combiningthe two soft shadav
cluderdiscretizedwith their shadev cluderdiscretizedwith their shadav maps

Figure10: Theoriginal algorithmfails for somegeometry The two-passmethodgivesthe correctshadov.

To furtheroptimizethe computationswe usethe SATinstructionsin the fragmentprogramassemblyanguagewith-
out loss of generality we can corvert the rectanglecorrespondingo the light sourceto [0;1] [0;1]. Eachinterval
intersectiorbecomeghe intersectiorbetweerone[a; b] interval and[0; 1]. Exploiting the SATinstructionandswizzling,
computingtheareaof theintersectiorbetweerthe projectionof theoccluderfa;b] [c;d] andthelight sourcg0;1] [0;1]
only requiregthreeinstructions:

MOV_SATs,{a,b,c,d}
SUBTrs, rs, rs.yxwz
MULresult.color, rs.x, rs.z

Computingthe[a;b] [c;d] intervalsrequiresprojectingthe micro-patchontothelight sourceandscalingthe projec-
tion. Thisusesl1instructions:9 basicoperationADDMULSUB, onereciprocalRCPandonetexturelookupto getthe
depthof therecever.

3.5 Two-sidedsoft-shadav maps

As with mary other soft shadev computationalgorithms[[HLHSOJ, our algorithm exhibits artifactsbecauseve are
computingsoft shadevs usinga singleview of the occluder Shadaev effectslinkedto partsof the occluderthatarenot
directly visible from thelight sourcearenot visible. In Fig.[L0{@)} our algorithmonly computeghe soft shadev for the
front partof the occluder becausehe backpart of the occluderdoesnot appeaiin the occludermap. This limitation is
frequentin real-timesoft-shadw algorithms[[HLHSOJ.

For our algorithm,we have devisedan extensionthat solvesthis limitation: we computetwo occludermaps.In the
rst, we discretizetheclosestfront-facingfacesof theoccludergseeFig.[L0(B). In thesecondwediscretizethefurthest,
back-fcingfacesof the occludergseeFig.[I0(C).

We thencomputea soft shadev mapfor eachoccludermap,andmemge them,usingthe maximumof eachoccluder
map. Theresultingocclusionmaphaseliminatedmostartifacts(Fig. [L0{d} andd). Empirically, the costof thetwo-pass
algorithmis betweenl:6 and 1:8 timesthe costof the one-passalgorithm. Dependingon the size of a modelandthe
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(a) Onepasy148fps) (b) One passwith bottom patches (c) Two passeg84fps) (d) Groundtruth
(142fps)

Figurell: Two-passshadev computationgnhanceprecision.

quality requirement®f a givenapplication the secondpassmay be worth this extra cost. For example,for ananimated
modelof lessthan100; 000 polygons,the one-pasalgorithmrendersat approximately60 fps. Adding the secondpass
dropstheframerateo 35 fps—whichis still interactive.

4 Error Analysisand comparison

In this section,we analyzeour algorithm,its accurag andhow it compareswith the exactsoft-shadws. We rst study
potentialsourcesof error from a theoreticalpoint of view, in Section4.1, thenwe conductan experimentalanalysis,
comparingthe soft shadevs producedwith exactsoft shadavs,in Section4.2.

4.1 Theoretical analysis

Our algorithmis replacingthe occluderwith a discretizedversion. This discretizatiorensuresnteractve frameratesbut
it canalsobe a sourceof inaccuraciesFroma givenpoint on the recever, we are separatelyestimatingocclusionfrom
severalmicro-patchesandaddingtheseocclusionvaluestogether We have identi ed threepotentialsourcef errorin
our algorithm:

» We areonly computingthe shadev of the discretizedoccluder not the shadev of the actualoccluder This source
of errorwill beanalyzedn Section4.1.1

» Thereprojection®of the micro-patche®n thelight sourcemay overlapor be disjoined. This causeof errorwill be
analyzedn Section4.1.2

» We areaddingmary smallvalues(the occlusionfrom eachmicro-patch}o form alarge value(the occlusionfrom
the entire occluder). If the micro-patchesretoo small, we run into numericalaccurag issues,especiallywith
oating-point numbersexpressen 16 bits. This causeof errorwill beanalyzedn Section4.1.3

4.1.1 Discretization error

Our algorithmcomputeghe shadaev of the discretizedoccluder not the shadev of the actualoccluder The discretized
occludercorrespondso the partof theoccluderthatis visible from thecamerausedto computethedepthbuffers,usually
the centerof the light source. Although we reprojecteachmicro-patchof the discretizedoccluderonto the arealight
sourcewe aremissingthe partsof the occluderthatarenotvisible from the shadev mapcamerabut arestill visible from
somepointsof the arealight source.This is a limitation thatis frequentin real-timesoft shadav algorithms[HLHS03],
especiallyalgorithmsrelying on the silhouetteof the occluderascomputedrom a singlepoint[ WH03, CD03 AAMO3].

We alsousea discreterepresentatiobasedon the shadev map,not a continuousrepresentationf the occluder For
eachpixel of the shadev map,we arepotentiallyoverestimatingyr underestimatinghe actualoccluderby at mosthalf a
pixel.

If theoccluderhasoneor moreedgeslignedwith the edgesf the shadev map,thesediscretizatiorerrorsareof the
samesignovertheedge andaddthemseles;theworstcasescenarids a squarealignedwith the axisof theshadev map.

For morepracticaloccludergsthe discretizationerrorson neighboringmicro-patchegompensatesomeof the micro-
patcheoverestimatehe occludemwhile othersunderestimatd.
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Figure13: Computingthe extentof overlapor gapbetweertwo neighboringmicro-patches.

4.1.2 Overlapping reprojections

At ary givenpointontherecever, the partsof thelight sourcethatareoccludedoy two neighboringmicro-patcheshould
be joined exactly for our algorithmto computethe exact percentag®f occlusionon the light source. This is typically
not the case,andthesepartsmay overlap or theremay be a gap betweenthem (Fig. 12). The amountof overlap (or
gap) betweenrthe occludedpartsof the light sourcedependsn the relative positionsof the light source the occluding
micro-patchesndtherecever

If we considerthe 2D equialentof this problem(Fig. 13), with two patchesseparatedyy dh andat a distancezg
from the light source with the recever beingat a distancezgr from the light source thereis a point Py on the recever
wherethereis no overlapbetweenthe occludedparts. As we move away from this point, the overlapincreases.For a
pointatadistancex from P, the boundarie®f the occludingmicro-patchegrojectatabcissa; andxy; astheoccluding
micro-patchesndthelight sourcelie in parallelplaneswe have:

X1 Zo+ dh
X  zm zo dh
X _ _®
X R o
Theamountof overlapis therefore:
70 Zo+ dh
X2 X3 =
2 " 20 =R 2 dh
zrdh

" o) 2o dn) @)

x itself is limited, sincethe occlusionareamustfall insidethe light source:
Lz 2
X< =—— 2
W< 57 (2)
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(a) 128 pixels, FP16blending (66 (b) 512 pixels, FP16blending(20 (c) 512 pixels, FP32 blending (d) Groundtruth (CPU)
Hz) Hz) (CPL)

Figure 14: Blendingwith FP16numbers:if the resolutionof the shadev mapis too high, numericalissuesappear
resultingin wrongshadaevs. Using higheraccurag for blendingremovesthisissue(here,FP32blendingwasdoneonthe
CPU).

Theamountof overlapis therefordimited by:

Zzrdh

S 2% 2 dh) )

X2 xij
Equation3 representtheerrorour algorithmmakesfor eachpair of micro-patchesTheoverallerrorof ouralgorithm
is thesumof the modulusof all theseerrors for all themicro-patchegrojectingonthelight sourceatagivenpoint. This
is a consenative estimate as usually somepatchesoverlapwhile otherspresentgaps;the actualsumof the occlusion
valuesfrom all themicro-patchess closerto therealvaluethanwhatour estimationtells (seeSection4.2).
Thetheoreticakrrorcausedy our algorithmdependsn severalfactors:

Sizeof the light source: The maximumamountof overlap(Eg. 3) dependsglirectly on the sizeof the light source.The
largerthelight sourcethelargertheerror. Our practicalexperimentscon rm this.

Distancebetweenmicro-patches: The maximumamountof overlap(Eg. 3) alsodependdinearly on dh, thedistancen
z betweemeighboringmicro-patchesSincedh depend®n the discretizatiorof the occluder the errorintroduced
by our algorithmis relatedto the resolutionof the bitmap: the smallerthe resolutionof the bitmap,the largerthe
error. Our practicalexperimentscon rm this, but thereis a maximumresolutionafter which the error doesnot
decrease.

Distanceto the light source/therecever: If the occludertoucheseitherthe light sourceor the recever, the amountof
overlap(Eq. 3) goestowardin nity . Whenthe occluderis touchingtherecever, theareawherethe overlapoccurs
(asde ned by equatior?) goestowards0, thustheerrordoesnotappearWhentheoccludeiis touchingtherecever,
theactualeffect depend®on the shapeof theoccluder In somecasespverlapsandgapscancompensatagesulting
in anacceptableshadov.

4.1.3 Floating-point blending accuracy

Our algorithmaddstogethemary smallscaleocclusionvalues— the occlusionfrom eachmicro-patch— to computea
large scaleocclusionvalue— the occlusionfrom the completeoccluder This additionis donewith the blendingability
of the GPU, usingblendingof oating-point buffers. At the time of writing, blendingis only availablein hardwarefor
16-bits oating-point buffers. As aresult,we sometimegncounteproblemsof numericalaccurag.

Figure1l4 shovsanexampleof theseproblems.Unconventionally increasingthe resolutionof theshadev mapmakes
theseproblemamorelik ely to appealfor acompletestudyof oating-point blendingaccurag, seeappendixA). Thebest
workaroundis thereforeto userelatively low resolutionfor the occludermap,suchas128 128or 256 256. While
this may seema low resolutioncomparedo othershadev mapalgorithms,our shadev mapis focusedon the moving
occluder(suchasa character)notontheentiresceneso128 128pixelsis usuallyenoughresolution.

We seethisis only asatemporaryissuethatwill disappeaassoonashardwareFP32blendingbecomesvailableon
graphicscards.
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(a) Squareplane (b) Buddha (c) Bunry

Figurel5: Thetestscenesve have used

4.2 Comparisonwith ground truth

We ran several teststo experimentallycomparethe shadavs producedby our algorithmwith the actualshadevs. The
referencevalueswere computedusingocclusionqueries giving an accuratesstimationof the real occlusionof thelight
source.In this sectionwe review the practicaldifferencesve obsened.

4.2.1 Experimentation method

For eachimage,we computedan error metric asthus: for eachpixel in the soft shadav map, we computethe actual
occlusionvalue(usingocclusionqueries) andthedifferencewith the occlusionvaluecomputedisingour algorithm.We
summedhe modulusof thedifferencesthendividedtheresultby thetotal numberof pixelslying eitherin theshadev or
in the penumbragaveragingthe errorover the actualsoft shadav. We usedthe numberof pixelsthatareeitherin shadav
or in penumbraandnot the total numberof pixelsin the occluderdepthmapbecause¢he soft shadev canoccupy only a
smallpartof thedepthmap. Dividing by thetotal numberof pixelsin the depthmapwould have underestimatetheerror.

We have used3 differentsceneqa squareplaneparallelto the light source,a Buddhamodelanda Bunny model).
Thesescene®xhibit severalinterestingfeatures.The BudhaandBunry arecomplex models with foldsandcreasesThe
Bunry alsohasimportantself-occlusionandin our sceneit is in contactwith the ground,providing informationon the
behaiour of our algorithmin thatcase.The squareplaneis anillustration of the specialcaseof occludersalignedwith
theaxesof the occluderdepthmap.

We have testedboththe one-pas&ndthe two-passversionsof our algorithm. We selectedour separatgparameters:
thesizeof thelight sourcetheresolutionof the shadev mapandmoving the occluder eithervertically from therecever
to the light sourceor laterally with respectto the light source. For eachparameterwe plot the variation of the error
introducedby our algorithmasa functionof the parameteandanalyzetheresults.

4.2.2 Visual comparisonwith ground truth

Fig. 16 shavs a side by side comparisorof our algorithmwith groundtruth. Eventhoughthereareslight differences
with groundtruth, ouralgorithmexhibits the properbehaiour for softshadevs: sharpshadevs at placesvheretheobject
is closeto the ground,a large penumbrazonewherethe objectis further away from the recever. Our algorithmvisibly
computedoththeinnerandthe outerpenumbraof the object.

Looking atthe pictureof thedifferencegFig. 16(d)and16(g) betweertheshadaev valuescomputedy ouralgorithm
andthegroundtruthvalues,it appearshatthedifferencedie mostlyonthesilhouette:sinceour algorithmonly computes
thesoft shadev of thediscretizedbbject,asseenfrom the centerof thelight source.The actualshapeof the soft shadev
depend®n subtleeffectshappeningat the boundaryof the silhouette.

4.2.3 Sizeof the buffer

Figure17 showvs the averagedifferencebetweenthe occlusionvaluescomputedwith our algorithmandthe actualocclu-
sionvaluesfor our threetestsceneswhenchangingtheresolutionof the shadev map. In these gures, theabcissas the
numberof pixelsfor onesideof the shadev map,so128correspondso al28 128shadov map.For thistest,we used
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Figure18: Variationof the errorwith respecto the sizeof thelight source

non-paver of two textures,in orderto have enoughsamplingdata. We canmale several obsenationsby looking at the
data:

Two-passversion: thetwo-passversionof thealgorithmconsistentlyoutperformghesingle-passersion,alwaysgiving
moreaccurateaesults. The only exceptionis of coursethe squareplane: sinceit hasno thicknessthe single-pass
andtwo-passversiongive the sameresults.

Shadov map Resolution: asexpectedrom thetheoreticaktudy(seeSectiond.1.2), theerrordecreaseastheresolution
of theshadav mapincreasesWhatis interestings thatthis effectreacheslimit quiterapidly. Roughly increasing
theshadev mapresolutionabove 200 pixelsdoesnot bringanimprovementn quality. Sincethe computatiorcosts
arerelatedto the sizeof theshadev map,shadev mapsizesof 200 200pixelsarecloseto optimal.

The factthatthe error doesnot decreaseontinuouslyaswe increasethe resolutionof the occludermapis alittle
surprisingat rst, but canbe explained. It 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
thatarenot visible from the centerof the light source but visible from otherpartsof the light source.Increasing
theresolutionof the shadev mapdoesnot solve this problem.

Theoptimalsizefor theshadev mapis relatedto the sizeof thelight source As thelight sourcegetslarger, we can
usesmallerbitmaps.

Discretization error: the error curve for the squareplane presentanary importantspikes. Looking at the results, it
appearshatthesespikescorrespondo discretizatiorerror(seeSection4.1.1). Sincethe squareoccluderis aligned
with the axis of the shadav map,it magni esdiscretizatiorerror.

4.2.4 Sizeof the light source

Figure 18 shawvs the averagedifferencebetweenthe occlusionvaluescomputedwith our algorithmandthe actualocclu-
sionvalueswhenwe changehesizeof thelight sourcefor ourthreetestscenesThe parametevaluesrangefrom apoint
light source(parameter=M1)to a very large light source approximatelyaslarge asthe occluder(parameter=2). We
usedabitmapof 128 128pixelsfor all thesetests.We canmalke several obsenationsby looking atthedata:

Point light sources: the beginning of the curves(parameter=M1) corresponds$o a point light source.In thatcase the
erroris quitelarge. This correspondso an error of 1, over the entireshadev boundary;aswe are computingthe
shadav of the discretizedoccluder we missthe actualshadev boundary sometimesy as muchashalf a pixel.
Theresultis alargeerror, but it occursonly attheshadev boundary

Light sourcesize: exceptfor the specialcaseof pointlight sourcesthe errorincreasesvith the sizeof thelight source.
Thisis consistentvith ourtheoreticabnalysigseeSection4.1.2).

4.2.5 Occluder moving laterally

Figure 19 shaws the averagedifferencebetweenthe occlusionvaluescomputedwith our algorithmandthe actualoc-
clusionvalues,whenwe move the occluderfrom left to right underthe light source. The parametecorrespondso the
positionwith respecto the centerof thelight, with 0 meaningthatthe centerof the objectis alignedwith the centerof
thelight. We usedabitmapof 128 128for all thesetests.
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Figure20: Variationof the errorwith respecto thevertical positionof the occluder

Theerroris atits minimumwhenthe occluderis roughlyunderthelight source andincreasessthe occludemoves
laterally. The BuddhaandBunny modelsare not symmetric,sotheir curvesareslightly asymmetricandthe minimum
doesnot corresponaxactlyto 0.

4.2.6 Occluder moving vertically

Figure 20 shaws the averagedifferencebetweenthe occlusionvaluescomputedwith our algorithmandthe actualoc-
clusionvalues,whenwe move the occludervertically. The smallestvalue of the parametercorrespondso anoccluder
touchingthe recever, andthe largestvalue correspondso an occludertouchingthe light source. We useda bitmap of
128 128for all thesetests.

As predictedby thetheory the errorincreasessthe occluderapproachethelight source(seeSection4.1.9. For the
Bunry, theerrorbecomeguite largewhenthe uppereartoucheghelight source.

5 Complexity

The mainadwantage®f our algorithmareits renderingspeedandits scalability With atypical setup(amodernPC,an
occludemrmapof 128 128pixels,a scenebetweerb0; 000polygonsand300, 000 polygons) we getframeratebetween
30 and 150fps. In this section,we studythe numericalcompleity of our algorithmandits renderingspeed.We rst
conducta theoreticalanalysisof the complexity of our algorithm,in Section5.1, thenan experimentalanalysis,where
we testthe variationof the renderingspeedwith respecto seseral parametersthe sizeof the shadev map,the number
of polygonsandthe size of the light source(Section5.2). Finally, in Section5.3, we comparethe complexity of our
algorithmwith a state-of-the-aralgorithm,Soft Shadev Volume[ AAMO3].

5.1 Theoretical complexity

Our algorithm startsby renderinga shadev map and downloadingit into main memory This preliminary stephasa
compleity linear with respectto the numberof polygonsin the scene,and linear with the size of the shadaev map,
measuredh thetotal numberof pixels.

Then,for eachpixel of the shadev mapcorrespondingo the occluder we computeits extentin the occlusionmap,
andfor eachpixel of this extentwe executea smallfragmentprogramof 11 instructionsjncludingonetexturelookup.
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Figure21: In uence of polygoncount

Theoverallcompleity of this secondstepof thealgorithmis thenumberof pixelscoveredby theoccludermultiplied
by the numberof pixels coveredby the extent for eachof them, multiplied by the costof the fragmentprogram. This
secondstepis executedon the GPU,andbene tsfrom the high-performancandthe parallelismof thegraphicscard.

Theworstcasesituationwould be a casewhereeachmicro-patchin the shadev mapcoversa large numberof pixels
in the soft shadev map. But this situationcorrespondso an objectwith alarge penumbrazone,andif we have a large
penumbraone,we canusea lower resolutionfor the shadev maps.Sowe cancompensatéhe costfor the algorithmby
runningit with bitmapsof lower resolution.

Using our algorithmwith a large resolutionshadev mapin a situationof large penumbraresultsin relatively high
computingcostsbut alow resolutionshadev mapwould give the samevisualresults for a smallercomputatiortime.

5.2 Experimental complexity

All measurement# this sectionwereconductedn a 2.4 GHz Pentium4PC with a GeForce6800Ultra graphicscard.
All frameratesandrenderingtimescorrespondo observedrameratesthatis the frameratefor a usermanipulatingour
system.We arethereforemeasuringhetime it takesto displaythe sceneandto computesoft shadaevs, not justthetime
it takesto computesoft shadaevs.

5.2.1 Number of polygons

We studiedthein uence of the polygoncount. Fig. 21(a)shavs the obsenedrenderingtime (in ms)asa function of the
polygoncount,with aconstanbccludemapsizeof 128 128pixels. The rst thingwe noteis thespeedf ouralgorithm:
evenon a large sceneof 340,000 polygons,we achieve real-timeframerategmorethan30 framesper second).Second,
we obserne that the renderingtime varieslinearly with respecto the numberof polygons. Thatwasto be expected,as
we mustrenderthe scengwice (oncefor the occludemrmapandoncefor the actualdisplay),andthetime it takesfor the
graphicscardto display a scenevarieslinearly with respectto the numberof polygons. For smallersceneglessthan
10,000polygons renderingime belov 10 ms),somefactorsotherthanthe polygoncountplay a moreimportantrole.

Our algorithmexhibits goodscaling,andcanhandlesigni cantly large scenesithout incurringa high performance
cost. Themaximumsizeof the scenadepend®n therequirementsf theuser

5.2.2 Sizeof occludermap

Fig. 22(a)shows the obsenedrenderingtimes (in ms) of our algorithm,on a scenewith 24,000polygons(Fig. 22(b)),
whenthe size of the occludermap changes.We plottedthe renderingtime asa function of the numberof pixelsin the
occludermap (thatis, the squae of the size of the occludermap)to illustratethe obsenedlinear variationof rendering
time with respecto thetotal numberof pixels.

An occludermapof 5122 pixelsgivesa renderingtime of 150 ms— or 7 fps, too slow for interactize rendering.An
occludermapof 128 or 256 pixels givesa renderingtime of 10 to 50 ms, or 20 to 100 fps, fastenoughfor real-time
rendering.For a large penumbraegion, an occludermapof 128° pixels qualitatively givesa reasonablapproximation,
asin Fig. 22(b). For a smallpenumbraegion, our algorithmbehaveslik e the classicalshadev mappingalgorithmand
artifactscanappeamwith a smalloccludermapof 1282 pixels;in thatcaseijt is betterto use256? pixels.
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5.2.3 Light sourcesize

Anotherimportantparameters the sizeof thelight source comparedo the sizeof the scendtself. A largelight source
resultsin a large penumbraegion for eachmicro-patch resultingin more pixels of the soft shadev mapcovered,anda

larger computationatost. Fig. 23(a)shaws the obsened framerateasa function of the size of thelight source.We did

thetestswith severalbitmapresolutiong256?, 128, 64). Fig. 23(b)shavs theerrorasa functionof the sizeof thelight

source for the samebitmapresolutions.

As youcanseefrom Fig. 23(a) therenderingime increasesvith the sizeof thelight source Whatis interestings the
errorintroducedby our algorithm(seeFig. 23(b)). Theerrorlogically increasesvith the sizeof thelight source andfor
smalllight sourcesl|argerbitmapsresultin moreaccuratémages.But for largelight sourcesa smallerbitmapwill give
asoftshadev of similar quality. A visualcomparisorof thesoftshadavs with a smallbitmapandgroundtruth shovsthe
smallbitmapgivesa very acceptablsoft shadav (seeFig. 24).

This effect wasobsenedby previousresearchersasthe light sourcebecomedarger, the featuresn the soft shadav
becomeblurrier, hencethey canbe modeledaccuratelywith a smallerbitmap.

5.3 Comparisonwith Soft-Shadav Volumes

Finally, we performeda comparisorwith a state-of-theart algorithmfor computingsoft shadavs, the Soft-Shadw Vol-
umesby AssarssorandAkenine-Méller] AAMO3].

Fig. 25 shawvs the samescene with soft shadavs, computedby both algorithms. We ran the testswith a varying
numberof jeepsto testhow bothalgorithmsscalewith respecto thenumberof polygons.Fig. 25(c)shavstherendering
timesasa function of the numberof polygonsfor both algorithms. These gures were computedusinga window of
512 512pixelsfor bothalgorithms.
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Ouralgorithmscaleshetterwith respecto the numberof polygons.On the otherhand,soft shadev volumesprovide
abetterlooking shadav (seeFig. 25(b)), closerto the actualtruth.

6 Conclusionand Future Dir ections

In this paper we have presentech new algorithm for computingsoft shadevs in real-time on dynamicscenes. Our
algorithmis basedntheshadev mappingalgorithm,andis entirelyimage-basedAs suchit bene tsfrom theadvantages
of image-basedlgorithms especiallyspeed.

The largestadwantageof our algorithmis its high framerate hencethereremainsplenty of computationalpower
available for performingothertasks,suchasinteractingwith the useror performingnon-graphicgrocessingsuchas
physicscomputationsvithin gameengines. Possiblythe largestlimitation of our algorithmis the factthatit doesnot
computeself-occlusiorandit requiresa separatiorbetweeroccludersandrecevers. We know thatthis limitation is very
important,andwe planto removeit in futurework, possiblyby usinglayereddepthimages.

An importantaspecbf our algorithmis thatwe canuselow-resolutionshadev mapsin placeswith alargepenumbra,
eventhoughwe still needhigherresolutionshadev mapsfor placeswith smallpenumbrafor examplecloseto thecontact
betweerthe occluderandtherecever. An obviousimprovemento our algorithmwould bethe ability to usehierarchical
shadav maps,switchingresolutionsdependingn the shadav beingcomputed.This work could alsobe combinedwith
perspectie-correctedhadev maps[SD02 WSP04MT04,CG04, in orderto have higherresolutionin placeswith sharp
shadavs closeto theviewpoint.

In its currentform, our algorithmstill requiresa transferof the occludemapfrom the GPUto themainmemory and
aloop, onthe CPU,over all the pixelsin the occludermap. We would lik e to designa GPU only implementatiorof our
algorithm,usingthe futurerenderto-vertex capabilities.

7 Acknowledgments

Theauthorswish to thankUIf Assarssoffior doingthetestsfor the comparisorwith soft-shada volumes.



20 L. Atty, N. Holzsdudh, M. Lapierre, J.M. Hasenfatz,C. Hansen& F. Sillion

References

[AAMO3] ASSARSSON U., AKENINE-MOLLER T.: A geometry-basesdoft shadev volumealgorithmusinggraphics
hardware. ACM Transaction®n Graphics(Proceeding®f SIGGRAPH2003)22, 3 (July 2003),511-520.

[AMHO2] AKENINE-MOLLERT., HAINES E.: Real-TmeRendering2nded. A K Peters2002.

[BS02] BRABEC S., SEIDEL H.-P.: Singlesamplesoftshadavs usingdepthmaps.In Graphicsinterface(2002).

[CDO03] CHAN E., DURAND F.: Renderingfake soft shadevs with smoothies. In RenderingTechniques2003
(Proceeding®f the EurographicsSymposiunon RenderingJune2003),pp. 208-218.

[CDO04] CHAN E., DURAND F.: An efcient hybrid shadev renderingalgorithm. In RenderingTechniques2004
(Proceeding®f the EurographicsSymposiunon Rendering)2004),pp. 185-195.

[CGO04] CHONG H., GORTLER S. J.: A lixel for every pixel. In RenderingTechniques2004 (Proceedingof the
EurographicsSymposiunon Rendering)2004).

[Cro77] Crow F. C.: Shadev algorithmsfor computergraphics.ComputerGraphics(Proceedingof SIGGRAPH
77)11, 2 (July 1977),242-248.

[DF94] DRETTAKIS G., FIUME E.: A fastshadev algorithmfor arealight sourcesusingbackprojection.In Com-
puter Graphics(SIGGRAPHL994)(1994),Annual ConferenceSeriesACM SIGGRAPH pp. 223-230.

[HLHS03] HASENFRATZ J.-M., LAPIERRE M., HOLZSCHUCH N., SILLION F.: A suney of real-timesoft shadevs
algorithms.ComputerGraphicsForum22, 4 (Dec.2003),753-774.

[KDO3] KIRSCH F., DOELLNER J.: Real-timesoft shadevs usinga singlelight sample.Journal of WSCG(Winter
Sdoolon ComputerGraphics2003)11, 1 (2003).

[KMK97] KERSTEN D., MAMASSIAN P., KNILL D. C.: Moving castshadavs andthe perceptiorof relative depth.
Perception26, 2 (1997),171-192.

[LWGMO4] LLoyD B., WENDT J., GOVINDARAJU N., MANOCHA D.: Ccshadav volumes.In Renderinglechniques
2004 (Proceeding®f the EurographicsSymposiunon Rendering)2004),pp. 197-205.

[McC00] McCooL M. D.: Shadav volumereconstructiorfrom depthmaps. ACM Transactionson Graphics19, 1
(2000),1-26.

[MTO04] MARTIN T., TAN T.-S.: Anti-aliasingandcontinuity with trapezoidakshadev maps. In RenderingTech-
niques2004(Proceeding®f the EurographicsSymposiunon Rendering)2004).

[SD02] STAMMINGER M., DRETTAKIS G.: Perspectie shadev maps.ACM Transactionn Graphics(Proceed-
ingsof SIGGRAPH2002)(2002),557-562.

[SS98] SOLER C., SILLION F. X.: Fastcalculationof soft shadev texturesusing cornvolution. In Computer
Graphics(SIGGRAPHL998)(1998),Annual ConferenceSeriesACM SIGGRAPH pp.321-332.

[Wan92] WANGER L.: Theeffectof shadav quality onthe perceptiorof spatialrelationshipsn computermgenerated
imagery In 1992 Symposiunon Interactive3D Graphics(Mar. 1992),vol. 25, pp. 39-42.

[WFG92] WANGER L., FERWERDA J. A., GREENBERG D. P.: Perceving spatialrelationshipsn computefgenerated
images.IEEE ComputerGraphicsand Applications12, 3 (1992),44-58.

[WHO3] WYMAN C., HANSEN C.: Penumbramaps: Approximatesoft shadevs in real-time. In RenderingTed-
nigues2003(Proceeding®f the EurographicsSymposiunon RenderingYJune2003),pp. 202—-207.

[Wil78] WiLLIAMS L.: Castingcurved shadavs on curved surfaces. ComputerGraphics (Proceedingsf SIG-
GRAPH78) 12, 3 (Aug. 1978),270-274.

[WPF90] Woo0 A., POULIN P.,, FOURNIER A.: A suney of shadev algorithms.|[EEE ComputerGraphics& Appli-
cations10, 6 (Nov. 1990),13-32.

[WSP04] WIMMER M., SCHERZER D., PURGATHOFER W.: Light spaceperspeciie shadev maps. In Rendering

Techniques2004(Proceeding®f the EurographicsSymposiunon Rendering)2004).



SoftShadowMaps: Ef cient Samplingof Light Source Misibility 21

A Floating-point blending accuracy

In this section,we review theissuesbehindthe hardwareblendingaccurag problemswe have encountere@ndpropose
atemporaryx for theseissues.

All theaccurag issuesarelinkedto thefactthathardwareblendingis, atthetime of writing, only availablefor 16-bits
oating pointnumbersNVidia graphicshardwarestoresghese oating-point numbersisings10eSormat: onebit of sign,
10 bits of mantissap bits of exponent,with a biasof 15 for the exponent. The importantpoint for additionis thatthe
mantissds storedon 10 bits. As aresult,addinga largenumberX anda smallnumbere will give aninaccurateesultif
e< 2 10x:

X+e=X if e<2 % (inFP1§

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

In somecasesthe additionof the contribution from all micro-patchesvill be 1 (meaningcompleteocclusionof the
light source).As a consequencaye canexpectnumericalaccuray issuesf somemicro-patchesiide lessthan2 10 of
thelight source.Because32? = 210, it meanshatthe width of the reprojectionof onemicro-patchshouldbe largerthan
2 of thewidth of thelight source.

Thistranslategasilyinto conditionsfor the positionof theoccluder:

1 1 64tana
—< —+
o R NL

(4)

wherelL is the width of the light source,N is the resolutionof the bitmap, a is the half-angleof the camerausedto
generatehe shadov map,zg is the distancebetweerthe light sourceandthe occluderandzy is the distancebetweerthe
light sourceandtherecever.

Bitmap resolution: The mostimportantthing is thatincreasing\ makesthis errormore likely to appear This explains
why usingabitmapof 512 512pixelswe seeapoorlookingshadev, while the128 128bitmapgivesthecorrect
shadav (seeFig. 14).

Light sourcesize: In equatiord, the sizeof the light sourceappearsn a productwith the resolutionof the bitmap. If
thelight sourceis large, the bitmapmustbe low resolutionin orderto avoid FP16blendingerrors. Fortunately a
largelight sourcemeansalargepenumbrdor mostoccluderssoalow resolutionbitmapmightbeenoughfor these
penumbraeffects.

Occluder position: As theoccludemrmovescloserto therecever, thelik elinessof blendingerrorsgetslower.

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

Basically all theseconditionsamountto the samething: usinglesspixelsto describethe occluderin the shadev map.
While thisimprovesthe FP16blendingaccurag, it obviously degradeghediscretizatiorof theoccluderandalsoincreases
the overlappingbetweerreprojection®f neighboringpixels.

In our experimentqseeFig. 14) theblendingaccurag problemappearwvery oftenwhentheresolutionof the shadaev
mapis largerthan512 512,sometimesvith ashadev mapresolutionof 256 256andvery rarelywith a shadev map
resolutionof 128 128.

Theproblemwill disappeawhenhardwareblendingwill becomeavailableonhigheraccurag oating pointnumbers.
FP32have a mantissaf 23 bits, allowing the useof micro-patcheshatblock lessthan2 23 of thelight sourcemeaning
that the width of the back-projectiorof the micro-patchshouldbe at leastlargerthat 2 1! thanthe width of the light
source(64 timessmallerthanthe currentthreshold).Comparedvith theactualmethod,it would allow the useof shadev
mapswith aresolutionabore 4096 4096.

In the meantime we usethe following workaround:sincethe blendinglosesaccurag whenwe adda smallnumber
(the occlusionfrom a single micro-patch)to a potentiallylarger number(the sumof the occlusionsfrom several micro-
patches)we separatehe blendingin several stepsusinganintermedigtebuffer; assumingve have M micro-patchesn
thediscretizatiorof the occluder we split theseM micro-patchesnto b Mc batchesthatwill be addedseparatelyThe
contribution of eachbatchis alargerscalenumberthanthe contribution of eachmicro-patch As aconsequencéehey can
be safelyaddedogether Themodi ed algorithmis:

* splittheM micro-patchednto bIO Mc batches.
» for eachbatch:

— sumthecontribution of all the micro-patchesisingFP16blending
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— movetheresultto anintermediatebuffer, addingit to the contributionsof the previousbatches.
« usetheresultingsumfor the soft shadov.

In this schemesmallvaluesgetaddedto smalland mediumvalues,andmediumvaluesgetaddedto mediumandlarge
values.We never encountethe situationwherea smallvalueis addedo alarge one,thuswe avoid accurag issues.

Anotherworkaroundwould be usinga hierarchicalshadav map,resultingin large patchesn placeswith full occlu-
sion,andsmallerpatchesn the penumbrazone.We areworking on this.

Dependingon the sceneandthe relative position of the occluders the workaroundmay or may not be necessary;
for occludersthat are not in contactwith the recever, high resolutionis not necessaryon the shadev map. In that
circumstancea shadev mapresolutionof 128 128 or smalleris sufcient in our experienceandblendingaccurag
issuesarenotvisible.
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