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Figure1: Our algorithmcomputessoftshadowsin real-time(left) by replacingtheoccluderswith a discretizedversion(right), usinginforma-
tion fromtheshadowmap.Thisscenerunsat 84 fps.

Abstract
Shadows,particularly softshadows,playan importantrole in thevisualperceptionof a scenebyprovidingvisual
cuesabouttheshapeandpositionof objects.Several recentalgorithmsproducesoftshadowsat interactiverates,
but they do not scalewell with the numberof polygonsin the sceneor only computethe outer penumbra. In
this paper, we presenta new algorithm for computinginteractivesoft shadowson the GPU. Our new approach
providesbothinner- andouter-penumbra, andhasa verysmallcomputationalcost,giving interactiveframe-rates
for modelswith hundredsof thousandsof polygons.
Our techniqueis basedona sampledimageof theoccluders,asin shadowmaptechniques.Theseshadowsamples
areusedin a novelmanner, computingtheir effectona secondprojectiveshadowtextureusingfragmentprograms.
In essence, the fractionof the light source area hiddenby each sampleis accumulatedat each texel positionof
this Soft Shadow Map. We includean extensivestudyof theapproximationscausedby our algorithm,aswell as
its computationalcosts.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.1 [ComputerGraphics]:GraphicsprocessorsI.3.7
[ComputerGraphics]:Color, shading,shadowing, andtexture

1. Intr oduction

Shadows add important visual information to computer-
generatedimages.Theperceptionof spatialrelationshipsbe-
tweenobjectscan be alteredor enhancedsimply by mod-
ifying the shadow shape,orientation,or position[WFG92,
Wan92,KMK97]. Softshadows,in particular, providerobust
contactcuesby the hardeningof the shadow due to prox-

imity resultingin a hardshadow uponcontact.The advent
of powerful graphicshardware on low-cost computershas
led to theemergenceof many interactive soft shadow algo-
rithms(for a detailedstudyof thesealgorithms,pleaserefer
to [HLHS03]).

In this paper, we introduce a novel method basedon
shadow maps to interactively render soft shadows. Our
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Figure 2: Applyingour algorithm (200;000 polygons,oc-
cludermap256� 256, displayedat 32 fps).

methodinteractively computesa projective shadow texture,
theSoftShadowMap, that incorporatessoft shadows based
on light sourcevisibility from receiver objects(seeFig. 2).
This texture is thenprojectedonto the sceneto provide in-
teractive soft shadows of dynamicobjectsanddynamicarea
light sources.

Thereareseveraladvantagesto our techniquewhencom-
paredto existing interactive soft-shadow algorithms:First,
it is not necessaryto computesilhouetteedges.Second,the
algorithmis not �ll-bound, unlikemethodsbasedonshadow
volumes.Thesepropertiesprovidebetterscalingfor occlud-
ing geometrythanotherGPUbasedsoft shadow techniques
[WH03, CD03, AAM03]. Third, unlike someothershadow
mapbasedsoft shadow techniques,our algorithmdoesnot
dramaticallyoverestimatetheumbraregion [WH03,CD03].
Fourth, while other methodshave relied on an interpola-
tion from theumbrato thenon-shadowedregion to approxi-
matethepenumbrafor softshadows[AHT04,WH03,CD03,
BS02], our methodcomputesthe visibility of an arealight
sourcefor receiversin thepenumbraregions.

Our algorithmalsohassomelimitationswhencompared
to existing algorithms.First, our algorithmsplits scenege-
ometry into occludersand receivers andself shadowing is
not accountedfor. Also, sinceour algorithm usesshadow
mapsto approximateoccludergeometry, it inheritsthewell
known issueswith aliasing from shadow map techniques.
For large arealight sources,the soft shadows tend to blur
theartifactsbut for smallerarealight sources,suchaliasing
is apparent.

We acknowledgethattheselimitationsareimportant,and
they may prevent the useof our algorithm in somecases.
However, therearemany applicationssuchasvideo games
or immersive environmentswhere the advantagesof our
algorithm (a very fast framerate,and a convincing soft
shadow) outweighits limitations.Wealsothink thatthisnew
algorithmcouldbethestartof promisingnew research.

In the following section,we review previous work on
interactive computationof soft shadows. In Section3, we
presentthebasisof our algorithm,andin thefollowing sec-
tion,weprovideimplementationdetails.In thenext two sec-

tions, we conductan extensive analysisof our algorithm;
�rst, in Section5, we studythe approximationsin our soft
shadows, thenin Section6 we studytherenderingtimesof
our algorithm.Both studiesaredone�rst from a theoretical
point of view, thenexperimentally. Finally, in Section7, we
concludeandexposepossiblefuturedirectionsfor research.

2. PreviousWork

Researchershave investigated shadow algorithms for
computer-generatedimagesfor nearly three decades.The
readeris referredto arecentstate-of-theart reportby Hasen-
fratz et al. [HLHS03], theoverview by Woo et al. [WPF90]
andthebookby Akenine-MöllerandHaines[AMH02].

Thetwo mostcommonmethodsfor interactively produc-
ing shadows are shadow maps [Wil78] and shadow vol-
umes[Cro77]. Bothof thesetechniqueshave beenextended
for soft shadows. In thecaseof shadow volumes,Assarsson
andAkenine-Möller[AAM03] usedpenumbrawedgesin a
techniquebasedon shadow volumesto producesoft shad-
ows. Their methoddependson locatingsilhouetteedgesto
form thepenumbrawedges.While providing goodsoftshad-
ows without anoverestimateof theumbra,thealgorithmis
�ll-limited, particularlywhenzoomedin on a soft shadow
region.Sinceit is necessaryto computethesilhouetteedges
atevery frame,thealgorithmalsosuffersfrom scalabilityis-
sueswhenrenderingoccluderswith largenumbersof poly-
gons.

The �ll-rate limitation is a well known limitation
of shadow-volume based algorithms. Recent publica-
tions [CD04, LWGM04] have focusedon limiting the �ll-
ratefor shadow-volumealgorithms,thusremoving this lim-
itation.

On shadow maps,ChanandDurand[CD03] andWyman
andHansen[WH03] bothemployeda techniquewhichuses
thestandardshadow mapmethodfor theumbraregion and
builds a map containingan approximatepenumbraregion
thatcanbeusedat run-timeto give theappearance,includ-
ing hardshadows at contact,of soft shadows. While these
methodsprovide interactive rendering,both only compute
theouter-penumbra,thepartof thepenumbrathatis outside
thehardshadow. In effect,they areoverestimatingtheumbra
region,resultingin theincorrectappearanceof softshadows
in the caseof large arealight sources.Thesemethodsalso
dependon computingthe silhouetteedgesin object space
for eachframe;this requirementlimits thescalabilityfor oc-
cluderswith largenumbersof polygons.

Arvo et al. [AHT04] used an image-space�ood-�ll
methodto produceapproximatesoft shadows. Their algo-
rithm is image-based,like ours,but workson a detectionof
shadow boundarypixels, followed by several passesto re-
placethe boundaryby a soft shadow, graduallyextending
the soft shadow at eachpass.The main drawbackof their
methodis thatthenumberof passesrequiredis proportional
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to theextentof thepenumbraregion,andtherenderingtime
is proportionalto thenumberof shadow-�lling passes.

Guennebaudetal. [GBP06] alsousedthebackprojection
of eachpixel in theshadow mapto computethesoftshadow.
Their methodwasdevelopedindependentlyof ours,yet is
verysimilar. Themaindifferencesbetweenthetwo methods
lie in the order of the computations:we computethe soft
shadow in shadow mapspace,while they computethe soft
shadow in screenspace,requiring a searchin the shadow
map.

Brabec and Seidel [BS02] and Kirsch and Doell-
ner [KD03] usea shadow map to computesoft shadows,
by searchingat eachpixel of the shadow mapfor the near-
estboundarypixel, theninterpolatingbetweenillumination
andshadow asa functionof thedistancebetweenthis pixel
andthe boundarypixel andthe distancesbetweenthe light
source,the occluderand the receiver. Their algorithm re-
quiresscanningtheshadow mapto look for boundarypixels,
a potentiallycostly step;in practicalimplementationsthey
limit the searchradius,thus limiting the actualsizeof the
penumbraregion.

SolerandSillion [SS98] computea soft shadow mapas
the convolution of two imagesrepresentingthe sourceand
blocker. Their techniqueis only accuratefor planarandpar-
allel objects,althoughit canbeextendedusinganobjecthi-
erarchy. Our techniquecanbe seenasan extensionof this
approach,wheretheconvolution is computedfor eachsam-
pleof anocclusionmap,andtheresultsarethencombined.

Finally, McCool [McC00] presentedan algorithmmerg-
ing shadow volumeandshadow mapalgorithmsby detect-
ing silhouettepixels in the shadow map and computinga
shadow volumebasedonthesepixels.Ouralgorithmis sim-
ilar in thatwearecomputingashadow volumefor eachpixel
in theshadow map.However, we never displaythis shadow
volume,thusavoiding �ll-rate issues.

3. Algorithm

3.1. Presentationof the algorithm

Our algorithmassumesa rectangularlight sourceandstarts
by separatingpotentialoccluders(suchas moving charac-
ters) from potentialreceivers(suchasthe backgroundin a
scene)(Fig. 3(a)). We will computethe soft shadowsonly
from theoccludersontothereceivers.

Our algorithmcomputesa SoftShadowMap, (SSM),for
eachlight source:atexturecontainingthetexelwisepercent-
ageof occlusionfrom thelight source.Thissoftshadow map
is thenprojectedontothescenefrom thepositionof thelight
source,to givesoft shadows (seeFig. 2).

Our algorithm is an extensionof the shadow mapalgo-
rithm: we start by computingdepth buffers of the scene.
Unlike thestandardshadow mapmethod,we will needtwo

Computedepthmapof receivers
Computedepthmapof occluders
for all pixelsin occludermap

Retrievedepthof occluderat thispixel
Computemicro-patchassociatedwith thispixel
Computeextentof penumbrafor thismicro-patch
for all pixelsin penumbraextentfor micro-patch

Retrieve receiverdepthat thispixel
Computepercentageof occlusionfor thispixel
Add to currentpercentagein soft shadow map

end
end
Projectsoft shadow mapon thescene

Figure4: Our algorithm

depthbuffers:onefor theoccluders(theoccludermap) and
theotherfor thereceivers.

The occludermap depthbuffer is usedto discretizethe
setof occluders(seeFig. 3(b)): eachpixel in this occluder
map is converted into a micro-patchthat covers the same
imageareabut is is locatedin a planeparallel to the light
source,atadistancecorrespondingto thepixel depth.Pixels
that are closeto the light sourceare converted into small
rectanglesandpixels that are far from the light sourceare
convertedinto larger rectangles.At theendof this step,we
haveadiscreterepresentationof theoccluders.

Thereceiver mapdepthbuffer will beusedto provide the
receiver depth,asour algorithmusesthe distancebetween
light sourceandreceiver to computethesoft shadow values.

Wecomputethesoftshadow of eachof themicro-patches
constitutingthediscreterepresentationof theoccluders(see
Fig. 3(c)), andsumtheminto the soft shadow map(SSM)
(seeFig. 3(d)). This stepwould be potentially costly, but
we achieve it in a reasonableamountof time with two key
points:1) themicro-patchesareparallelto the light source,
socomputingtheir penumbraextentandtheir percentageof
occlusiononly requiresasmallnumberof operations,and2)
theseoperationsarecomputedon thegraphicscard,exploit-
ing the parallelismof the GPU engine.The percentageof
occlusionfrom eachmicro-patchtakesinto accounttherel-
ative distancesbetweenthe occluders,the receiver andthe
light source.Our algorithm introducesseveral approxima-
tions on the actualsoft shadow. Theseapproximationswill
bediscussedin Section5.

The pseudo-codefor our algorithm is given in Fig. 4.
In the following subsections,we will review in detail the
individual stepsof the algorithm: discretizingthe occlud-
ers (Section3.2), computingthe penumbraextent for each
micro-patch(Section3.3) andcomputingthepercentageof
occlusion for each pixel in the Soft Shadow Map (Sec-
tion 3.4). Speci�c implementationdetailswill be given in
Section4.
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Light source

Occluders

Receivers

(a) Sceneview

Light source

Occluders

Receivers

(b) Discretizingoccluders

Light source

Receivers

P

Shadow of P

(c) Soft shadows from one
micro-patch

Light source

Receivers

Soft Shadow Map

(d) Summingthesoft shadows

Figure3: Themainstepsof our algorithm

Occluding patch

Light source

Penumbra
Umbra

Figure5: Thepenumbra extentof a micro-patch is a rectan-
gular pyramid

3.2. Discretizing the occluders

The �rst stepin our algorithmis a discretizationof the oc-
cluders.Wecomputeadepthbuffer of theoccluders,asseen
fromthelight source,thenconverteachpixel in thisoccluder
mapinto theequivalentpolygonalmicro-patchthat lies in a
planeparallel to the light source,at the appropriatedepth
andoccupiesthesameimageplaneextent(seeFig. 1).

The occludermap is axis-alignedwith the rectangular
light sourceandhasthesameaspectratio:all micro-patches
createdin thissteparealsoaxis-alignedwith thelight source
andhave thesameaspectratio.

3.3. Computing penumbra extents

Eachmicro-patchin the discretizedoccluderis potentially
blockingsomelight betweenthelight sourceandsomepor-
tion of thereceiver. To reducetheamountof computations,
we computethepenumbraextentof themicro-patches,and
weonly computeocclusionvaluesinsidetheseextents.

Sincethemicro-patchesareparallel,axis-alignedwith the

L

LÕ

O

P
PÕ

(a)

L L'

P P'

O

CL

CP

(b)

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

light sourceandhave the sameaspectratio, the penumbra
extentof eachmicro-patchis a rectangularpyramid(Fig. 5).
Findingthepenumbraextentof thelight sourceis equivalent
to �nding theapex O of thepyramid(Fig. 6(a)). Thisreduces
to a2D problem,consideringparalleledges(LL0) and(PP0)
onbothpolygons(Fig. 6(b)). Since(LL0) and(PP0) arepar-
allel lines,wehave:

OL
OP

=
OL0

OP0 =
LL0

PP0

This ratio is thesameif we considerthecenterof eachline
segment:

OCL

OCP
=

LL0

PP0

Sincethe micro-patchand the light sourcehave the same
aspectratio,theratior = LL0

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

We �nd theapex of thepyramidby applyinga scalingto
thecenterof themicro-patch(CP), with respectto thecenter
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Occluding patch

Light source

Penumbra extentVirtual plane

Figure7: Theintersectionbetweenthepyramidandthevir-
tual planeis anaxis-alignedrectangle

L L'

R R'

O

CL

CR

zR

zO

Figure 8: Computingthepositionandextentof thepenum-
bra rectanglefor each micro-patch.

of thelight source(CL):

� � !CLO =
r

1+ r
�� �!CLCP

wherer is again theratio r = LL0

PP0 .

We now use this pyramid to computeocclusionin the
soft shadow map(seeFig. 7). We usea virtual plane,par-
allel to thelight source,to representthismap(whichwill be
projectedontothescene).Theintersectionof thepenumbra
pyramidwith this virtual planeis anaxis-alignedrectangle.
Weonly have to computethepercentageof occlusioninside
this rectangle.

Computingthepositionandsizeof thepenumbrarectan-
gle usesthesameformulasasfor computingtheapex of the
pyramid(seeFig. 8):

�� �!CLCR =
zR

zO

� � !CLO

RR0 = LL0zR � zO

zO

Occluding patch

Light source

Penumbra extent

A =

A

*

Figure 9: We reproject the occludingmicro-patch onto the
light sourceandcomputethepercentageof occlusion.

3.4. Computing the soft shadow map

For all thepixelsof theSSMlying insidethis penumbraex-
tent, we computethe percentageof the light sourcethat is
occludedby this micro-patch.This percentageof occlusion
dependson therelative positionsof thelight source,theoc-
cludersandthereceivers.Tocomputeit, for eachpixel onthe
receiver insidethis extent,we projectthe occludingmicro-
facetbackonto the light source[DF94] (Fig. 9). The result
of this projectionis an axis-alignedrectangle;we needto
computetheintersectionbetweenthisrectangleandthelight
source.

Computingthis intersectionis equivalent to computing
the two intersectionsbetweenthe respective intervals on
bothaxes.Thispartof thecomputationis doneon theGPU,
usinga fragmentprogram:thepenumbraextentis converted
into an axis-alignedquad,which we draw in a �oat buffer.
For eachpixel insidethis quad,thefragmentprogramcom-
putesthe percentageof occlusion.Thesepercentagesare
summedusingthe blendingcapabilityof the graphicscard
(seeSection4.2).

3.5. Two-sidedsoft-shadow maps

As with many other soft shadow computation algo-
rithms [HLHS03], our algorithmexhibits artifactsbecause
wearecomputingsoftshadowsusingasingleview of theoc-
cluder. Shadow effectslinkedto partsof theoccluderthatare
not directly visible from the light sourcearenot visible. In
Fig. 10(a), our algorithmonly computesthesoft shadow for
thefront partof theoccluder, becausethebackpartof theoc-
cluderdoesnot appearin theoccludermap.This limitation
is frequentin real-timesoft-shadow algorithms[HLHS03].

For our algorithm, we have devised an extension that
solves this limitation: we computetwo occludermaps.In
the �rst, we discretizethe closest,front-facingfacesof the
occluders(seeFig. 10(b)). In the second,we discretizethe
furthest,back-facingfacesof theoccluders(seeFig. 10(c)).
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(a) Originalalgorithm (b) Closest, front faces of the
occluder discretized with their
shadow

(c) Furthest, back faces of the
occluder discretized with their
shadow

(d) Combining the two soft
shadow maps

Figure10: Theoriginal algorithmfails for somegeometry. Thetwo-passmethodgivesthecorrectshadow.

(a) Onepass(148fps) (b) Onepasswith bottompatches
(142fps)

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

Figure11: Two-passshadowcomputationsenhanceprecision.

We then computea soft shadow map for eachoccluder
map,andmergethem,usingthemaximumof eachoccluder
map.Theresultingocclusionmaphaseliminatedmostarti-
facts(Fig. 10(d) and11). Empirically, the costof the two-
passalgorithmis between1:6 and1:8 timesthecostof the
one-passalgorithm.Dependingon the sizeof a modeland
the quality requirementsof a given application,the second
passmaybeworth this extra cost.For example,for anani-
matedmodelof lessthan100;000polygons,theone-passal-
gorithmrendersatapproximately60 fps.Adding thesecond
passdropsthe framerateto 35 fps — which is still interac-
tive.

4. Implementation details

4.1. Repartition betweenCPU and GPU

Our algorithm (seeFig. 4) startsby renderingtwo depth
maps,onefor theoccludersandonefor thereceivers;these
depthmapsarebothcomputedby theGPU.Then,in order
to generatethepenumbraextentsfor themicro-patches,the
occludersdepthmapis transferredbackto theCPU.

On the CPU, we generatethe penumbraextentsfor the
micro-patchassociatedto eachnon-emptypixel of the oc-
cludersdepthmap.We thenrenderthesepenumbraextents,
and for eachpixel, we executea small fragmentprogram
to computethepercentageof occlusion.Computingtheper-

centageof occlusionateachpixel of thesoft shadow mapis
doneon theGPU(seesection4.2).

Thesecontributionsfrom eachmicro-patchareaddedto-
gether;we usefor this theblendingability of theGPU:oc-
clusionpercentagesarerenderedinto a �oating-point buffer
with blendingenabled,thusthe percentagevaluesfor each
micro-patchareautomaticallyaddedto thepreviously com-
putedpercentagevalues.

4.2. Computing the intersection

For eachpixel of theSSMlying insidethepenumbraextent
of a micro-patch,we computethe percentageof the light
sourcethat is occludedby this micro-patch,by projecting
the occludingmicro-patchback onto the light source(see
Fig. 9). We have to computethe intersectionof two axis-
alignedrectangles,which is theproductof thetwo intersec-
tionsbetweentherespective intervalsonbothaxes.

We have thereforereducedour intersectionproblemfrom
a 2D problemto two separate1D problems.To further op-
timize thecomputations,we usetheSAT instructionsin the
fragmentprogramassemblylanguage:without lossof gen-
erality, we can convert the rectanglecorrespondingto the
light sourceto [0;1] � [0;1]. Eachinterval intersectionbe-
comestheintersectionbetweenone[a;b] interval and[0;1].
ExploitingtheSATinstructionandswizzling,computingthe
areaof the intersectionbetweenthe projectionof the oc-
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cluder [a;b] � [c;d] and the light source[0;1] � [0;1] only
requiresthreeinstructions:

MOV_SATrs,{a,b,c,d}
SUB rs, rs, rs.yxwz
MUL result.color, rs.x, rs.z

Computingthe [a;b] � [c;d] intervals requiresprojecting
themicro-patchontothelight sourceandscalingtheprojec-
tion. Thisuses8 otherinstructions:6 basicoperations(ADD,
MUL, SUB), onereciprocal(RCP) andonetexturelookupto
getthedepthof thereceiver. Thetotal lengthof ourfragment
programis therefore11 instructions,including onetexture
lookup.

4.3. Possibleimpr ovements

As it stands,our algorithmmakesa very light useof GPU
resources:we only executea very small fragmentprogram,
oncefor eachpixel coveredby thepenumbraextent,andwe
exploit theblendingability for �oating pointbuffers.

Themainbottleneckof our algorithmis that thepenum-
braextentshave to becomputedon theCPU.This requires
transferingthe occludersdepthmapto the CPU,andloop-
ing over thepixelsof theoccludersdepthmapon theCPU.
It shouldbepossibleto removethisstepby 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 renderedin a secondpass,generatingthe
soft shadow map.

5. Err or Analysisand comparison

In this section,we analyzeour algorithm,its accuracy and
how it compareswith theexactsoft-shadows.We �rst study
potentialsourcesof errorfrom atheoreticalpointof view, in
Section5.1, thenweconductanexperimentalanalysis,com-
paringthe soft shadows producedwith exact soft shadows,
in Section5.2.

5.1. Theoretical analysis

Our algorithmreplacesthe occluderwith a discretizedver-
sion.This discretizationensuresinteractive framerates,but
it canalsobe a sourceof inaccuracies.From a given point
on thereceiver, weareseparatelyestimatingocclusionfrom
severalmicro-patches,andaddingtheseocclusionvaluesto-
gether. We have identi�ed threepotentialsourcesof errorin
ouralgorithm:

� We areonly computingtheshadow of thediscretizedoc-
cluder, not theshadow of theactualoccluder. Thissource
of errorwill beanalyzedin Section5.1.1.

� Thereprojectionsof themicro-patchesonthelight source
may overlapor be disjoined.This causeof error will be
analyzedin Section5.1.2.

� We are adding many 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 numericalaccuracy issues,especially
with �oating-point numbersexpressedon 16 bits. This
causeof errorwill beanalyzedin Section5.1.3.

5.1.1. Discretization error

Our algorithmcomputesthe shadow of the discretizedoc-
cluder, not the shadow of the actual occluder. The dis-
cretizedoccludercorrespondsto the part of the occluder
that is visible from the camerausedto computethe depth
buffers, usually the center of the light source.Although
we reprojecteachmicro-patchof the discretizedoccluder
onto the arealight source,we aremissingthe partsof the
occluderthat are not visible from the shadow map cam-
era but are still visible from somepoints of the arealight
source.This is a limitation that is frequentin real-timesoft
shadow algorithms[HLHS03], especiallyalgorithmsrelying
on thesilhouetteof theoccluderascomputedfrom a single
point [WH03,CD03,AAM03].

Wealsouseadiscreterepresentationbasedontheshadow
map, not a continuousrepresentationof the occluder. For
eachpixel of the shadow map, we are potentially overes-
timating or underestimatingthe actualoccluderby at most
half apixel.

If the occluderhasone or more edgesalignedwith the
edgesof the shadow map,thesediscretizationerrorsareof
thesamesignover theedge,andaddthemselves;theworst
casescenariois asquarealignedwith theaxisof theshadow
map.

For morepracticaloccludersthe discretizationerrorson
neighboringmicro-patchescompensate:someof themicro-
patchesoverestimatethe occluderwhile othersunderesti-
mateit.

5.1.2. Overlapping reprojections

At any given point on the receiver, the parts of the light
sourcethatareoccludedby two neighboringmicro-patches
shouldbe joined exactly for our algorithmto computethe
exact percentageof occlusionon the light source.This is
typically not thecase,andthesepartsmayoverlapor there
maybea gapbetweenthem(Fig. 12). Theamountof over-
lap (or gap) betweenthe occludedpartsof the light source
dependson therelative positionsof thelight source,theoc-
cludingmicro-patchesandthereceiver

If weconsiderthe2D equivalentof thisproblem(Fig. 13),
with two patchesseparatedby dh andat a distancezO from
thelight source,with thereceiverbeingatadistancezR from
the light source,thereis a point P0 on the receiver where
thereis no overlapbetweentheoccludedparts.As we move
away from this point, theoverlapincreases.For a point at a
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Occluding patches

Light source

Receiver

Overlap

Figure 12: The reprojection of two neighboring micro-
patchesmayoverlap.

R

zR

zO

dh

L

PO

x

x1x2

Figure 13: Computingtheextentof overlapor gapbetween
twoneighboringmicro-patches.

distancex from P0, the boundariesof the occludingmicro-
patchesprojectatabscissax1 andx2; astheoccludingmicro-
patchesandthelight sourcelie in parallelplanes,wehave:

x1

x
=

zO

zR � zO

x2

x
=

zO + dh
zR � zO � dh

Theamountof overlapis therefore:

x2 � x1 = x
�

zO

zR � zO
�

zO + dh
zR � zO � dh

�

= � x
zRdh

(zR � zO)(zR � zO � dh)
(1)

x itself is limited, sincethe occlusionareamust fall inside
thelight source:

jxj <
L
2

zR � zO

zO
(2)

Theamountof overlapis thereforelimited by:

jx2 � x1j <
L
2

zRdh
zO(zR � zO � dh)

(3)

Equation3 representsthe error our algorithmmakesfor
eachpair of micro-patches.The overall error of our algo-
rithm is thesumof themodulusof all theseerrors,for all the
micro-patchesprojectingonthelight sourceatagivenpoint.
This is a conservative estimate,as usually somepatches
overlapwhile otherspresentgaps;theactualsumof theoc-
clusionvaluesfrom all themicro-patchesis closerto thereal
valuethanwhatourestimationtells (seeSection5.2).

Thetheoreticalerrorcausedby our algorithmdependson
severalfactors:

Sizeof the light source: Themaximumamountof overlap
(Eq. 3) dependsdirectly on the sizeof the light source.
Thelargerthelight source,thelargertheerror. Our prac-
tical experimentscon�rm this.

Distancebetweenmicro-patches: The maximumamount
of overlap (Eq. 3) also dependslinearly on dh, the dis-
tancein z betweenneighboringmicro-patches.Sincedh
dependsonthediscretizationof theoccluder, theerrorin-
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 thenumberof pixelsused
for discretizingtheoccluder. If theoccluderoccupiesonly
a small portion of the bitmap,the effective resolutionof
thebitmapis muchsmallerthanits actualresolution.For-
tunately, the cost of the algorithm is also relatedto the
effective resolutionof thebitmap.

Distanceto the light source/thereceiver: If the occluder
toucheseitherthelight sourceor thereceiver, theamount
of overlap(Eq.3) goestowardin�nity . Whentheoccluder
is touchingthereceiver, theareawheretheoverlapoccurs
(as de�ned by equation2) goestowards0, thus the er-
ror doesnot appear. When the occluderis touchingthe
receiver, theactualeffect dependson theshapeof theoc-
cluder. In somecases,overlapsandgapscancompensate,
resultingin anacceptableshadow.

5.1.3. Floating-point blending accuracy

Ouralgorithmaddstogethermany smallscaleocclusionval-
ues— theocclusionfrom eachmicro-patch— to computea
largescaleocclusionvalue— theocclusionfrom thecom-
pleteoccluder. This additionis donewith theblendingabil-
ity of theGPU,usingblendingof �oating-point buffers.At
the time of writing, blendingis only available in hardware
for 16-bits�oating-point buffers.As a result,we sometimes
encounterproblemsof numericalaccuracy.
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(a) 1282 pixels, FP16 blending
(66Hz)

(b) 5122 pixels, FP16 blending
(20Hz)

(c) 5122 pixels, FP32 blending
(CPU)

(d) Groundtruth (CPU)

Figure14: Blendingwith FP16numbers: if theresolutionof theshadowmapis toohigh,numericalissuesappear, resultingin
wrongshadows.Usinghigheraccuracyfor blendingremovesthis issue(here, FP32blendingwasdoneon theCPU).

Figure14 shows an exampleof theseproblems.Uncon-
ventionally, increasingthe resolutionof the shadow map
makestheseproblemsmore likely to appear(for a complete
studyof �oating-point blendingaccuracy, seeappendixA).
Thebestworkaroundis thereforeto userelatively low reso-
lution for theoccludermap,suchas128� 128or 256� 256.
While this may seema low resolutioncomparedto other
shadow mapalgorithms,our shadow mapis focusedon the
moving occluder(such as a character),not on the entire
scene,so128� 128pixelsis usuallyenoughresolution.

Weseethisis only asatemporaryissuethatwill disappear
as soonas hardware FP32blendingbecomesavailable on
graphicscards.

5.2. Comparisonwith ground truth

Weranseveralteststo experimentallycomparetheshadows
producedby ouralgorithmwith theactualshadows.Theref-
erencevalueswerecomputedusingocclusionqueries,giv-
ing anaccurateestimationof the realocclusionof the light
source.In this section,we review the practicaldifferences
weobserved.

5.2.1. Experimentation method

For eachimage,we computedan error metric as thus: for
eachpixel in the soft shadow map,we computethe actual
occlusionvalue(usingocclusionqueries),andthedifference
with theocclusionvaluecomputedusingour algorithm.We
summedthemodulusof thedifferences,thendividedthere-
sult by thetotal numberof pixels lying eitherin theshadow
or in thepenumbra,averagingtheerrorover theactualsoft
shadow. We usedthe numberof pixels that are either in
shadow or in penumbraandnot the total numberof pixels
in theoccludersdepthmapbecausethesoft shadow canoc-
cupy only a small part of the depthmap.Dividing by the
total numberof pixels in thedepthmapwould have under-
estimatedtheerror.

Wehaveused3 differentscenes(asquareplaneparallelto
thelight source,aBuddhamodelandaBunny model).These

scenesexhibit several interestingfeatures.TheBuddhaand
Bunny are complex models,with folds and creases.The
Bunny alsohasimportantself-occlusion,and in our scene
it is in contactwith theground,providing informationonthe
behavior of our algorithmin that case.The squareplaneis
an illustrationof the specialcaseof occludersalignedwith
theaxesof theoccludersdepthmap.

We have testedboth the one-passand the two-passver-
sionsof our algorithm.We selectedfour separateparame-
ters:thesizeof thelight source,theresolutionof theshadow
mapandmoving theoccluder, eithervertically from there-
ceiver to thelight sourceor laterallywith respectto thelight
source.For eachparameter, weplot thevariationof theerror
introducedby our algorithmasa function of the parameter
andanalyzetheresults.

5.2.2. Visual comparisonwith ground truth

Fig. 16 shows a sideby sidecomparisonof our algorithm
with groundtruth. Even thoughthereareslight differences
with groundtruth,ouralgorithmexhibitstheproperbehavior
for soft shadows: sharpshadows at placeswheretheobject
is closeto theground,a largepenumbrazonewheretheob-
ject is furtheraway from thereceiver. Our algorithmvisibly
computesboth the innerandtheouterpenumbraof theob-
ject.

Looking at the picture of the differences(Fig. 16(d)
and16(g)) betweentheshadow valuescomputedby our al-
gorithmandthegroundtruth values,it appearsthat thedif-
ferenceslie mostly on the silhouette:sinceour algorithm
only computesthesoft shadow of thediscretizedobject,as
seenfrom thecenterof thelight source.Theactualshapeof
the soft shadow dependson subtleeffectshappeningat the
boundaryof thesilhouette.

5.2.3. Sizeof the buffer

Figure17 shows the averagedifferencebetweenthe occlu-
sionvaluescomputedwith our algorithmandtheactualoc-
clusionvaluesfor our threetestscenes,whenchangingthe
resolutionof theshadow map.In these�gures, theabscissa
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(a) Squareplane (b) Buddha (c) Bunny

Figure15: Thetestsceneswehaveused

(a) Sceneview (b) Ouralgorithm (c) GroundTruth
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Figure16: Visual comparisonof our algorithmwith groundtruth.

 0

 0.04

 0.08

 0  256  512  768  1024

A
ve

ra
ge

 e
rr

or

Buffer resolution (pixels)

single pass
double pass

(a) Squareplane

 0

 0.04

 0.08

 0  256  512  768  1024

A
ve

ra
ge

 e
rr

or

Buffer resolution (pixels)

single pass
double pass

(b) Buddha

 0

 0.04

 0.08

 0  256  512  768  1024

A
ve

ra
ge

 e
rr

or

Buffer resolution (pixels)

single pass
double pass

(c) Bunny

Figure17: Variation of theerror with respectto theresolutionof theshadowmap
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is thenumberof pixels for onesideof theshadow map,so
128 correspondsto a 128� 128 shadow map.For this test,
weusednon-powerof two textures,in orderto haveenough
samplingdata.Wecanmakeseveralobservationsby looking
at thedata:

Two-passversion: the two-passversion of the algorithm
consistentlyoutperformsthe single-passversion,always
giving more accurateresults.The only exception is of
coursethe squareplane: since it has no thickness,the
single-passandtwo-passversiongive thesameresults.

Shadow map Resolution: asexpectedfrom thetheoretical
study(seeSection5.1.2), the error decreasesasthe res-
olution of theshadow mapincreases.What is interesting
is that this effect reachesa limit quite rapidly. Roughly,
increasingthe shadow map resolutionabove 200 pixels
doesnotbringanimprovementin quality. Sincethecom-
putationcostsarerelatedto the sizeof the shadow map,
shadow mapsizesof 200� 200 pixels arecloseto opti-
mal.
The fact that theerrordoesnot decreasecontinuouslyas
we increasethe resolutionof the occludermapis a little
surprisingat �rst, but canbeexplained.It is linkedto the
silhouetteeffect. As we have seenin Fig. 16, the error
introducedby our algorithmcomesfrom theboundaryof
thesilhouetteof theoccluder, from partsof theoccluder
thatarenotvisible from thecenterof thelight source,but
visible from otherpartsof thelight source.Increasingthe
resolutionof theshadow mapdoesnotsolvethisproblem.
Theoptimalsizefor theshadow mapis relatedto thesize
of thelight source.As thelight sourcegetslarger, wecan
usesmallerbitmaps.

Discretization error: the error curve for the squareplane
presentsmany importantspikes.Looking at the results,
it appearsthat thesespikes correspondto discretization
error (seeSection5.1.1). Since the squareoccluder is
alignedwith theaxisof theshadow map,it magni�esdis-
cretizationerror.

5.2.4. Sizeof the light source

Figure 18 shows the averagedifferencebetweenthe oc-
clusion valuescomputedwith our algorithm and the ac-
tual occlusionvalueswhenwe changethe sizeof the light
source for our three test scenes.The parametervalues
rangefrom a point light source(parameter=0:01) to a very
large light source,approximatelyas large as the occluder
(parameter=0:2). We useda bitmapof 128� 128pixels for
all thesetests.Wecanmakeseveralobservationsby looking
at thedata:

Point light sources: the beginning of the curves
(parameter=0:01) correspondsto a point light source.In
that case,the error is quite large.This correspondsto an
error of 1, over the entire shadow boundary;as we are
computing the shadow of the discretizedoccluder, we
misstheactualshadow boundary, sometimesby asmuch

as half a pixel. The result is a large error, but it occurs
only at theshadow boundary.

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

5.2.5. Occluder moving laterally

Figure19 shows the averagedifferencebetweenthe occlu-
sionvaluescomputedwith our algorithmandtheactualoc-
clusionvalues,whenwemovetheoccluderfrom left to right
underthelight source.Theparametercorrespondsto thepo-
sition with respectto thecenterof thelight, with 0 meaning
thatthecenterof theobjectis alignedwith thecenterof the
light. Weusedabitmapof 128� 128for all thesetests.

Theerror is at its minimumwhentheoccluderis roughly
underthe light source,andincreasesastheoccludermoves
laterally. TheBuddhaandBunny modelsarenotsymmetric,
so their curves are slightly asymmetric,and the minimum
doesnotcorrespondexactly to 0.

5.2.6. Occluder moving vertically

Figure20 shows the averagedifferencebetweenthe occlu-
sionvaluescomputedwith our algorithmandtheactualoc-
clusionvalues,whenwe move the occludervertically. The
smallestvalueof the parametercorrespondsto an occluder
touchingthe receiver, and the largestvaluecorrespondsto
anoccludertouchingthe light source.We useda bitmapof
128� 128for all thesetests.

As predictedby the theory, theerror increasesastheoc-
cluderapproachesthe light source(seeSection5.1.2). For
theBunny, theerrorbecomesquitelargewhentheupperear
touchesthelight source.

6. Complexity

The main advantagesof our algorithm are its rendering
speedand its scalability. With a typical setup(a modern
PC,an occludermapof 128� 128 pixels,a scenebetween
50;000polygonsand300;000polygons),wegetframerates
between30 and150 fps. In this section,we study the nu-
mericalcomplexity of ouralgorithmandits renderingspeed.
We �rst conducta theoreticalanalysisof thecomplexity of
ouralgorithm,in Section6.1, thenanexperimentalanalysis,
wherewe testthe variationof the renderingspeedwith re-
spectto severalparameters:thesizeof theshadow map,the
numberof polygonsand the sizeof the light source(Sec-
tion 6.2). Finally, in Section6.3, we comparethecomplex-
ity of our algorithmwith a state-of-the-artalgorithm,Soft
Shadow Volume[AAM03].

6.1. Theoretical complexity

Our algorithmstartsby renderinga shadow mapanddown-
loading it into main memory. This preliminary stephasa
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Figure18: Variation of theerror with respectto thesizeof thelight source
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Figure19: Variation of theerror with respectto thelateral positionof theoccluder

complexity linearwith respectto thenumberof polygonsin
thescene,andlinearwith thesizeof theshadow map,mea-
suredin thetotal numberof pixels.

Then,for eachpixel of theshadow mapcorrespondingto
the occluder, we computeits extent in the occlusionmap,
andfor eachpixel of thisextentweexecuteasmallfragment
programof 11 instructions,includingonetexturelookup.

The overall complexity of this secondstepof the algo-
rithm is thenumberof pixelscoveredby theoccluder, mul-
tiplied by the numberof pixels coveredby the extent for
eachof them,multiplied by the cost of the fragmentpro-
gram.Thissecondstepis executedontheGPU,andbene�ts
from thehigh-performanceandtheparallelismof thegraph-
icscard.

The worst casesituation would be a casewhere each
micro-patchin the shadow map covers a large numberof
pixelsin thesoftshadow map.But thissituationcorresponds
to an objectwith a large penumbrazone,andif we have a
largepenumbrazone,we canusea lower resolutionfor the
shadow maps.Sowe cancompensatethecostfor thealgo-
rithm by runningit with bitmapsof lower resolution.

Usingour algorithmwith a large resolutionshadow map
in a situationof large penumbraresultsin relatively high
computingcosts,but a low resolutionshadow map would
give thesamevisualresults,for asmallercomputationtime.

6.2. Experimental complexity

All measurementsin this sectionwereconductedon a 2.4
GHzPentium4PCwith aGeForce6800Ultra graphicscard.
All frameratesandrenderingtimescorrespondto observed
framerates,that is theframeratefor a usermanipulatingour
system.We arethereforemeasuringthetime it takesto dis-
playthesceneandto computesoftshadows,notjustthetime
it takesto computesoft shadows.

6.2.1. Number of polygons

We studied the in�uence of the polygon count. Fig. 6.2
shows the observed renderingtime (in ms) as a function
of the polygoncount,with a constantoccludermapsizeof
128� 128pixels.The�rst thing we noteis thespeedof our
algorithm:even on a large sceneof 340;000 polygons,we
achieve real-timeframerates(morethan30 framespersec-
ond).Second,we observe thattherenderingtime varieslin-
early with respectto the numberof polygons.That wasto
be expected,as we must renderthe scenetwice (oncefor
the occludermapandoncefor the actualdisplay),andthe
time it takesfor the graphicscardto displaya scenevaries
linearlywith respectto thenumberof polygons.For smaller
scenes(lessthan10,000polygons,renderingtime below 10
ms),somefactorsotherthanthepolygoncountplay a more
importantrole.

Our algorithmexhibits goodscaling,andcanhandlesig-
ni�cantly largesceneswithout incurringahighperformance

c
 TheEurographicsAssociationandBlackwellPublishing2006.



L. Attyetal. / SoftShadowMaps

 0

 0.05

 0.1

 0.15

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7

A
ve

ra
ge

 e
rr

or

Occluder vertical position

single pass
double pass

(a) Squareplane

 0

 0.05

 0.1

 0.15

 0.15  0.2  0.25  0.3  0.35  0.4  0.45  0.5  0.55  0.6  0.65

A
ve

ra
ge

 e
rr

or

Occluder vertical position

single pass
double pass

(b) Buddha

 0

 0.05

 0.1

 0.15

 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75

A
ve

ra
ge

 e
rr

or

Occluder vertical position

single pass
double pass

(c) Bunny

Figure20: Variation of theerror with respectto theverticalpositionof theoccluder
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Figure21: In�uenceof polygoncount
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(a) Bitmapof 642 (184fps) (b) Groundtruth

Figure23: Large light sourceswith smallbitmaps

cost.Themaximumsizeof thescenedependsontherequire-
mentsof theuser.

6.2.2. Sizeof occludermap

Fig. 6.2.1 shows the observed renderingtimes (in ms) of
ouralgorithm,onascenewith 24,000polygons(Fig. 22(b)),
whenthesizeof theoccludermapchanges.We plottedthe
renderingtime asa function of the numberof pixels in the
occludermap(that is, thesquare of thesizeof theoccluder
map)to illustratetheobserved linearvariationof rendering
timewith respectto thetotal numberof pixels.

An occludermapof 5122 pixelsgivesa renderingtimeof
150 ms — or 7 fps, too slow for interactive rendering.An
occludermapof 1282 or 2562 pixelsgivesa renderingtime
of 10 to 50 ms,or 20 to 100 fps, fastenoughfor real-time
rendering.For a largepenumbraregion,anoccludermapof
1282 pixels qualitatively givesa reasonableapproximation,
asin Fig. 22(b). For asmallpenumbraregion,ouralgorithm
behavesliketheclassicalshadow mappingalgorithmandar-
tifactscanappearwith a smalloccludermapof 1282 pixels;
in thatcase,it is betterto use2562 pixels.

The fact that the renderingtime of our algorithmis pro-
portionalto the numberof pixels in the occludermapcon-
�rms thatthebottleneckof ouralgorithmis its transferto the
CPU.Dueto thecostof this transfer, wefoundthatfor some
scenesit was actually fasterto usetextureswhosedimen-
sionsarenot a power of 2: if thedifferencein pixel countis
suf�cient, thegain in transfertimecompensatesthelossesin
renderingtime.

6.2.3. Light sourcesize

Anotherimportantparameteris thesizeof the light source,
comparedto thesizeof thesceneitself. A largelight source
resultsin a largepenumbraregion for eachmicro-patch,re-
sulting in morepixelsof thesoft shadow mapcovered,and
a larger computationalcost.Fig. 24(a)shows the observed
framerateasafunctionof thesizeof thelight source.Wedid
the testswith several bitmapresolutions(2562, 1282, 642).
Fig. 24(b) shows the error asa function of the sizeof the
light source,for thesamebitmapresolutions.

As you can seefrom Fig. 24(a), the renderingtime in-
creaseswith thesizeof thelight source.What is interesting
is theerrorintroducedby ouralgorithm(seeFig. 24(b)). The
errorlogically increaseswith thesizeof thelight source,and
for small light sources,larger bitmapsresult in moreaccu-
rate images.But for large light sources,a smallerbitmap
will giveasoft shadow of similarquality. A visualcompari-
sonof thesoftshadowswith asmallbitmapandgroundtruth
shows thesmallbitmapgivesa very acceptablesoft shadow
(seeFig. 23).

This effect wasobserved by previous researchers:asthe
light sourcebecomeslarger, the featuresin thesoft shadow
becomeblurrier, hencethey canbemodeledaccuratelywith
asmallerbitmap.

6.3. Comparisonwith Soft-Shadow Volumes

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

Fig. 25 shows the samescene,with soft shadows, com-
putedby both algorithms.We ran the testswith a varying
numberof jeeps,to testhow bothalgorithmsscalewith re-
spectto the numberof polygons.Fig. 25(c) shows the ren-
deringtimesasafunctionof thenumberof polygonsfor both
algorithms.These�gures werecomputedusingawindow of
512� 512pixelsfor bothalgorithms,andwith thetwo-pass
versionof ouralgorithm,with anoccludermapresolutionof
210� 210.

Our algorithmscalesbetterwith respectto thenumberof
polygons.On theotherhand,soft shadow volumesprovide
abetterlookingshadow (seeFig. 25(b)), closerto theactual
truth.

It is importantto rememberthattherenderingtimefor the
Soft- Shadow Volumesalgorithmvarieswith thenumberof
screenpixels coveredby the penumbraregion. If the view-
point is closeto a largepenumbraregion,therenderingtime
becomesmuchlarger. The�gures we usedfor this compari-
soncorrespondto anobserver walking aroundthescene(as
in Fig. 25(b)).

7. Conclusionand Futur eDir ections

In this paper, we have presenteda new algorithmfor com-
putingsoft shadows in real-timeondynamicscenes.Oural-
gorithm is basedon the shadow mappingalgorithm,andis
entirely image-based.As such,it bene�ts from the advan-
tagesof image-basedalgorithms,especiallyspeed.

The largestadvantageof our algorithmis its high fram-
erate,hencethereremainsplenty of computationalpower
available for performing other tasks, such as interacting
with the useror performingnon-graphicsprocessingsuch
asphysicscomputationswithin gameengines.Possiblythe
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largestlimitation of our algorithmis thefactthatit doesnot
computeself-occlusionandit requiresa separationbetween
occludersandreceivers.Weknow thatthis limitation is very
important,andweplanto remove it in futurework, possibly
by usinglayereddepthimages.

An importantaspectof our algorithmis that we canuse
low-resolutionshadow mapsin placeswith a large penum-
bra, even though we still needhigher resolutionshadow
mapsfor placeswith smallpenumbra,for examplecloseto
thecontactbetweentheoccluderandthereceiver. An obvi-
ousimprovementto ouralgorithmwouldbetheability to use
hierarchicalshadow maps,switchingresolutionsdepending
on the shadow being computed.This work could also be
combinedwith perspective-correctedshadow maps[SD02,
WSP04,MT04,CG04], in orderto have higherresolutionin
placeswith sharpshadowscloseto theviewpoint.

In its currentform, our algorithmstill requiresa transfer
of theoccludermapfrom theGPUto themainmemory, and
a loop,on theCPU,over all thepixels in theoccludermap.
We would like to designa GPUonly implementationof our
algorithm,usingthefuturerender-to-vertex-buffer capabili-
ties.
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Appendix A: Floating-pointblendingaccuracy

In this section,we review the issuesbehindthe hardware
blendingaccuracy problemswe have encounteredandpro-
posea temporary�x for theseissues.

All the accuracy 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 numbersusings10e5format:one
bit of sign, 10 bits of mantissa,5 bits of exponent,with a
biasof 15for theexponent.Theimportantpoint for addition
is thatthemantissais storedon10bits.As aresult,addinga
largenumberX andasmallnumberewill giveaninaccurate
resultif e< 2� 10X:

X + e= X if e< 2� 10X (inFP16)

For example,2048+ 1= 2048(in FP16format)and0:5+
1

2049 = 0:5 (alsoin FP16format).

In somecases,the additionof the contribution from all
micro-patcheswill be1 (meaningcompleteocclusionof the
light source).As a consequence,we canexpectnumerical
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accuracy issuesif somemicro-patcheshidelessthan2� 10 of
thelight source.Because322 = 210, it meansthatthewidth
of thereprojectionof onemicro-patchshouldbelargerthan
1
32 of thewidth of thelight source.

This translateseasily into conditionsfor the positionof
theoccluder:

1
zO

<
1
zR

+
64tana

NL
(4)

whereL is thewidth of thelight source,N is theresolutionof
thebitmap,a is thehalf-angleof thecamerausedto generate
theshadow map,zO is thedistancebetweenthelight source
and the occluderand zR is the distancebetweenthe light
sourceandthereceiver.

Bitmap resolution: The most important thing is that in-
creasingN makes this error more likely to appear. This
explainswhy usinga bitmapof 512� 512pixels we see
a poorlookingshadow, while the128� 128bitmapgives
thecorrectshadow (seeFig. 14).

Light sourcesize: In equation4, thesizeof thelight source
appearsin a productwith theresolutionof thebitmap.If
the light sourceis large, the bitmapmustbe low resolu-
tion in orderto avoid FP16blendingerrors.Fortunately,
a largelight sourcemeansa largepenumbrafor mostoc-
cluders,so a low resolutionbitmapmight be enoughfor
thesepenumbraeffects.

Occluder position: As theoccludermovescloserto there-
ceiver, thelikelinessof blendingerrorsgetslower.

Camerahalf-angle: Similarly, increasingthecamerahalf-
angleimprovestheFP16blendingaccuracy.

Basically, all theseconditionsamountto thesamething:us-
ing lesspixels to describetheoccluderin theshadow map.
While this improves the FP16blendingaccuracy, it obvi-
ously degradesthe discretizationof the occluderand also
increasesthe overlappingbetweenreprojectionsof neigh-
boringpixels.

In our experiments(seeFig. 14) the blendingaccuracy
problem appearsvery often when the resolution of the
shadow map is larger than 512� 512, sometimeswith a
shadow map resolutionof 256� 256 and very rarely with
ashadow mapresolutionof 128� 128.

Theproblemwill disappearwhenhardwareblendingwill
becomeavailableonhigheraccuracy �oating pointnumbers.
FP32have a mantissaof 23 bits,allowing theuseof micro-
patchesthatblock lessthan2� 23 of thelight source,mean-
ing that thewidth of theback-projectionof themicro-patch
shouldbeat leastlargerthat2� 11 thanthewidth of thelight
source(64 timessmallerthanthe currentthreshold).Com-
paredwith the currentmethod,it would allow the useof
shadow mapswith a resolutionabove4096� 4096.

With FP16blendingonly, thebestsolutionis to useahier-
archicalshadow mapfor soft-shadow computations,aswas
suggestedby Guennebaudetal. [GBP06]: thelow resolution

shadow mapwouldbeusedfor largepenumbraregions,and
the high-resolutionshadow map for areaswith hard shad-
ows,e.g. whentheoccluderandthereceiverarein contact.
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