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Abstract

In this paper we presentsereral optimizationsto our previously presentedsoft shadowvolumealgorithm. Our
optimizationgncludetighter wedges,heavilyoptimizedpixel shadercodefor bothrectangularandsphericallight
sources,a framebuffer blendingtechniqueto overcomethe limitation of 8-bit framebuffers, anda simpleculling
algorithm. Thesetogethergive real-timeperformanceandfor simplemodelswe get frameratesof over 150fps.
For more complex models50 fpsis normal.In additionto optimizationstwo simpletechniquesfor improving the

visualquality are alsopresented.

Categories and Subject Descriptors(accordingto ACM CCS) 1.3.7 [Computer Graphics]: Three-Dimensional
GraphicsandRealism—ColorShading Shadaving, and Texture

1. Intr oduction

In the 1990, mostreal-timecomputegeneratedmagesdid
not containshadavs. However, this startedto changein the
late 1990, andgamesbegunto useshadevs asanimportant
ingredientin their gameplay. For example,shadavs were
often usedto help the player orient herself. Furthermore,
shadevs alsonaturallyincreasehe level of realism.Today
the majority of gameshave dynamichard shadevs imple-
mentedasa standarccomponentlf onewereto remove the
shadaevs from an applicationthat usedto have shadaevs, it
would immediatelybe muchharderto determinespatialre-
lationshipsandtheimageswould geta more* at” feeling.
After working ondynamicsoftshadwovs for afew years? 45
it is our experiencethat removing the softnessof shadavs
causesalmostas greatdecreasen image quality as when
oneremoveshardshadavs. Thereforewe concludethatdy-
namic soft shadevs are very importantfor real-timecom-
putergraphics.

Our work here focusseson substantially increasing
the performanceof our previous soft shadev volume
algorithms? 45 In thatwork, we lackedthehardwareneeded
to fully accelerateour algorithm. However, after obtaining
graphicshardvare wefoundthatseveraloptimizationswere
neededn orderto getreal-timeperformanceandthoseare
describedin this paper More speci cally, we now create
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tighterwedgesaroundthe penumbrasolumegeneratedy a

silhouetteedge Furthermorethepixel shadecodehasbeen
madesigni cantly shorterfor bothsphericabndrectangular
light sourcesTo overcomethe 8-bit limitation of the frame

buffer, we presenta techniquethat allows for higherpreci-

sionin theframebuffer, wherewe generateahe soft shadav

mask.Finally, a simple culling techniqueis presentedhat

furtherimprovesperformanceBesidesheseoptimizations,
we alsopresentwo methoddor decreasingheartifactsthat

canappear

The paperis organizedasfollows. First, someprevious
work is reviewed, a brief presentatiorof the soft shadev
volumealgorithm,andthenfollows a sectiorwith all ourop-
timizationsdescribedSection5 describesiow two artifacts
canbe suppressedlhenfollows results,conclusionandfu-
turework.

2. Previous Work

Shadev generationhas becomea well-documentedopic
within computergraphics,and the amountof literatureis
vast. Therefore we will only cover the paperghataremost
relevant to our work. For an overview, consult Woo's et
al's surwey,18 andfor real-timealgorithms consultAkenine-
Moller andHaines!
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The two mostwidely usedreal-timeshadav algorithms
are shadov mapping and shadeov volumes. The shadw
mappingalgorithm by Williams,2° rendersa depthimage,
called the shadov map, as seenfrom the light source.To
createshadavs, the scenes renderedrom the eye, andfor
eachpixel, its correspondinglepthwith respecto thelight
sourceis comparedo theshadev mapdepthvalue.Thisde-
termineswhetherthe point is in shadav. To alleviate res-
olution problemsin the shadev maps, Fernanadcet al.11
presentedn algorithmthatincreasedhe shadav mapres-
olution whereit wasneededhe most,and Stammingemland
Drettakispresentegerspectie shadev mapsfor the same
reason® Heidrich et al.1° presentech soft version of the
shadav mapalgorithm.It could handlelinear light sources
by interpolatingvisibility usingmorethanoneshadev map.
Recently Brabecand Seidelpresentedh more generalsoft
shadev mapalgorithm?” Theirwork wasinspiredby Parker
etal's'® soft shadov generatiortechniquefor ray tracing.In
thatwork, “soft-edged”objectswereray tracedat only one
sampleperpixel usingaparallelraytracer Thus,Brabecand
Seidelpresented hardware-acceleratedersionof Parker et
al'salgorithm.

The shadav volume algorithm by Crow? is often im-
plementedusing a stencil buffer on commaodity graphics
hardware? The algorithm rst rendersthe sceneusingam-
bientlighting. In asecondbassgachsilhouetteedgeasseen
from thelight sourcecreatesa shadev volumequadrilateral
whichis renderedrom theeye. Notethatall thatis required
for thesesilhouetteedgesis that two polygonssharethat
edge,andone of the polygonsis frontfacing,andthe other
is backBcingas seenfrom the light source.The generated
guadsarerenderedasseenfrom the eye. Frontfacingquads
that passthe depthtest add one to the stencil buffer, and
backfcingquadssubtractone. Therefore at the end of this
pass,the stencil buffer containsa maskwherea zeroindi-
cateno shadev, andarything elseindicatesthatthe pixel is
in shadav. Thethird passs renderedvith full lighting where
the stencilbuffer is zero.Everitt andKilg ard have presented
technigueso make theshadaev volumerobust,especiallyfor
casewhentheeyeis insideshadav.12

Ourwork hasfocusedon extendingthe hardshadav vol-
ume algorithm so that area and/or volume light sources
can be used?45 Qur rst paperpresentedan algorithm
that could rendershadev at interactve rateson arbitrary
surfaces? However, the setof shadwv castingobjectswas
severely limited. Recently we have presenteca muchim-
provedalgorithn? thatovercomeghelimitationsof our rst
attempt.Arbitrary shadev castercanbe used,andwe pre-
sentedanimplementatiorusinggraphicshardware.To speed
up computationsa 4D texture lookup was usedto quickly
computethe coverageof silhouetteedgesntolight sources.
We have also presenteda versionthat can handlethe eye-
in-shadev problem,and a speed-upechniquetargetedfor
hardware# After we obtainedgraphicshardware that was
neededor animplementatiorof ourmostrecentalgorithm?

we realizedthat several optimizationswereneededn order
to getreal-timeperformance.

There are also several algorithmsthat only can handle
planarsoft shadavs. For example,Hainespresentshadov
plateauswherea hardshadav, which is usedto modelthe
umbra,is drawn from the centerof the light sourcet® The
penumbrais renderedby letting eachsilhouettevertex, as
seenfrom the light source generatea cone,which is dravn
into the Z-buffer. The light intensityin a conevariesfrom
1.0, in the center to 0.0, at the border A Coonspatchis
drawvn betweertwo neighboringcones andsimilar light in-
tensitiesareused.HeckbertandHerf usethe averageof 64—
256 hardshadavs into an accumulatiorbuffer.14 Theseim-
agescanthenbeusedastexturesonthe planarsurfacesRa-
diancetransfercan be precomputedas proposedby Sloan
etall8, andthenusedto renderseveral dif cult light trans-
port situationsin low-frequeny ernvironments.Real-time
softshadevs areincludedthere.

3. Soft Shadow Volume Algorithm

In this section,a brief recapof the soft shadev algorithn?
will bepresentedThe rst passendergheentirescenewith
specularmanddiffuselighting into the framebuffer. The sec-
ond passcomputesa visibility maskinto a visibility-buffer
(V-buffer), which is usedto modulatetheimageof the rst
pass Finally, ambientlighting is addedin athird pass.The
computatiorof the visibility maskrendergshe hardshadav
qguadsfor silhouetteedgesinto the V-buffer. This is done
usingan ordinaryshadev volumealgorithmfor hardshad-
ows, and that passensureghat the umbraregions receve
full shadev. Eachsilhouetteedgeis then usedto createa
penumbravedge which containghepenumbraolumegen-
eratedby thatedge.Thefrontfacingtrianglesof eachwedge
is thenrenderedwith depthwriting disabled.For eachras-
terizedpixel (x;y) with z asa depthvalueobtainedfrom the
rst renderingpassa pixel shadeiis executedNotethatzis
madeavailableby creatinga texture that containsthe depth

buffer of the rst renderingpass.

The hard shadev quadfrom a silhouetteedgesplits the
wedgecorrespondingo thesameedge jn aninnerandouter
half (seeFigure2). For pointsp = (X;y; 2) locatedin thein-
ner half of thewedge the pixel shadercomputeshow much
of the light sourcep can“see” with respectto the silhou-
etteedgeof thewedge.This percentage@aluewill beadded
to the V-buffer and compensatefor the full shadev given
in the umbrapassby the hard shadev quad.For pixelsin
the outer half of the wedge,the pixel shademwill compute
how muchof thelight sourcethatis coveredwith respecto
thesilhouetteedge andthis percentagealuewill insteadbe
subtractedrom the V-buffer. For pixels outsidethe wedge,
thelight sourcewill befully visible or covered,andthemod-
i cation valuewill be zeroin both casesThe accumulated
effectof all this, is thatavisibility maskwhichrepresenthe
softshadav, is computed.
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4. Optimizations

In this section,several optimizationsare presentedn order
to obtainreal-timerenderingusingthe soft shadav volume
algorithm.

4.1. Tighter Wedgesfor Rectangular Light Sources

Our previously presentedmethod created wedges from
boundingspheresurroundinghelight source® Thepenum-
bra volume correspondingo an edgeand a sphericallight
sourceis the sweptvolume of the circular conecreatedby
re ecting the light sourcethroughthe sweepingpoint that
movesfrom oneedgeendpointto the other(seeFigurela).
To handlerobustnessssuesandavoid the hyperbolic3 front
andbackwedgesurfacesalongtheedge theedgevertex fur-
thestfrom the light centeris temporarilymoved straightto-
wardsthelight centerto a new locationat the samedistance
from thelight centerasthe otheredgevertex. Then,this nev
edgeis usedfor sweepinghewedgevolume.Thiswill make
the front andbackwedgesurfacesplanar andthe resulting
wedgewill completelyenclosethe true penumbravolume
(Figurelc). This processalsosimpli es the computatiorof
thewedgepolygons.

@ <=

Figure 1: a) andb) showthe penumba volumefor an edge

for a sphericaland a rectangularlight source respectively
¢) andd) showthecorrespondingvedgs,which enclosehe

penumba volumes.n c) and d) the inner left coneis the

re ected conethroughthe left silhouettevertex. The outer

left coneis geneatedfromtherelocatededge vertex.

Tighter wedgescanbe constructedf we exploit thatthe
light sourceis rectangularThe penumbravolumeis created
asdescribedabore, with the exceptionthat the conesnow
have arectangulabaseasshavn in Figurelh

For a sphericallight source,a left anda right planewas
usedto closethe wedgeon the sides.Now instead,we use
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thetwo leftmostandtwo rightmosttrianglesrespectiely of

the two end pyramidsthat are formed by the re ection of

the light sourcethroughthe edgeend points. This will re-

sult in a moretight tting wedgeat the sides.Along the
edge,this wedgewill typically be thinnerthanonecreated
from asphericalight sourcg(seeFigureld).A bottomplane
may be addedfor the z-fail algorithmandculling (seesec-
tion 4.4).

If an edgeintersectsthe light source,that edgeshould
be clipped againstthe light source.In this case,all wedge
planesare coplanar andthe wedgewill encloseeverything
on onesideof the plane.This is correctbehaior, but is in-
corvenientfor real-timeapplications sincerasterizatiorof
suchawedgemaybevery expensve.

4.2. Optimized Pixel Shaders

We have implementedwo optimizedpixel shadershathan-
dle bothsphericalndrectangulaftight sources.

The shaderswere testedon an ATl 9700 Pro. The test
programrst generateshadev volumesandwedgegeome-
try on the CPU. The planefor the hardshadev quadsepa-
ratesthewedgein aninnerandouterhalf. It is worth noting
thaton the ATl 9700Pro, this polygonneededo matchthe
shadav volume polygonusedto determinethe shadav ap-
proximationexactly (including culling order)for the stencil
operationsexplainedbelow to align correctly The shadav
volume quaditself doesnot extend all the way out to the
wedgesides.Therefore onemorepolygonon eithersideof
the hard shadev quadis addedthat lies in the separating
planeandcloseshewedgehalves(seeFigure?).

The testprogramthenrendersthe world spaceperpixel
positionsof shadav receving objectsto a 16 bit perchannel
oat texturethatis usedby thewedgepixel shadersThisis
to avoid computingthe screenspaceto world spacetrans-
formationof the pixel positionin the pixel shaderwhichis
more expensve. It shouldbe notedthatif the screenspace
positionwereused thez-coordinatesvould have to beavail-
able through a depth texture, which meansthat a texture
lookupis necessararnyhow. Next, the shadev volumesare
renderedandthe V-buffer is incrementecand decremented
in theusualfashionto determingheshadav approximation.
Then,thewedgesarerenderedo producethe soft shadavs
in the V-buffer. Eachwedgesideis renderedseparatelyand
stenciloperationsaareusedin orderto separateositive and
negative V-buffer contributionsandto avoid renderingpix-
elsthat do not intersecta wedge.This is doneby applying
theculling method describedn Sectiond4.4,on eachwedge
half. A nal passusesthe resultingV-buffer in a perpixel
diffuseandspeculatighting calculation.

Also, hardware userde ned clipping planeswere used
sincethe default guardbandclipping on the ATI 9700Pro
introducedenougherror in the clipped texture coordinates
to causevisualartifacts.
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light source
“— — Q

Figure 2: Thewedg is split by the hard shadowquad in

an outer and inner half. Sincethe hard shadowquaddoes
not extendall theway out to the left and right wedg sides,
two triangles are usedon either side to achieve the split.

Together thesethree polygonsconstitutethe wedge center
polygons a) showsan examplefor a sphericallight souice,

andb) for a rectangularight source

4.2.1. Spherical Light Source Shader

The sphericallight sourceshaderusesthe conede ned by
the point to be shadedand the sphericallight sourceas
shavn in Figure 3 to clip the silhouetteedge.The clipped
silhouetteedgeis thenprojectedto the planede ned by the
light sourcecenterandthe ray from the light sourcecenter
to the point to be shadedThe projectedpoints are usedto
determinethe coverage.

Theshaderrst transformghesilhouetteedgefrom world
spaceinto light spacewherethe light centeris locatedon
the z-axisat z= 1, thelight radiusis one,andthe point to
be shadeds at the origin. The line describedby the trans-
formedpointsis thenclippedagainstthelight conewhichis
now describecby the coneequationx® + y? = 72 (seeFig-
ure4). Solving the quadraticresultingfrom the equationof
theintersectiorof theline andcone with intersectiorpoints
belov the xy planebeing rejected,doesthe clipping. The
clippedpointscy andc; areprojectedonthez= 1 planeby
asimpledivision by z.

Theresulting2D pointvalues(pg andp in Figure5) are
usedin two separatdexture lookupsinto a cube-mapthat
implementsatan2(y; x) to obtaingg andqz. atan2(y; x) re-
turnsthe arctangenof ¥ in therange-p to p radians.The
two anglescharacterizeéhe minor arc de ned by the inter-
sectionsof the raysfrom the light centerto pg andp; and
theunit circle.gp andq; arethenusedin another2D texture
lookup (Figure 5b) to obtainthe areade ned by the circle
centerand the minor arc. The areaderived from the cross
productof pg andp; is subtractedrom this value and di-
videdby theareaof the unit circle to give the nal coverage
(shadedn grayon Figure5a).

4.2.2. Rectangular Light Source Shader

To computecoverageit is necessarto projectthe edgeonto
thelight sourceandclip it to the borderof thelight source.

-~ Projection Plane

Light Cente -~

SilhouetteEdge

Pant to be Shaded

Figure 3: Thesphericallight source clipping coneand pro-
jectionplaneshownin world space

- Py Light?Center >
A ! SilhouetteEdge /-
: C1”

N
Pant to be Shaded

Figure 4: Theclipping of the silhouetteedge with the light
conein light space Theclippededg endpointscy and ¢,
are thenprojectedontothe planez = 1, which givespg and

P1.

For rohustnessit is betterto clip the edge rst and then
projectit; otherwisepointsbehindthe origin of the projec-
tion will be inverted.Both clipping and projectioncan be
done ef ciently using homogenousoordinatesThe end-
pointsof the edgeareinitially transformedsothatthe point
to beshadeds attheorigin andthenormalto thelight source
planeis parallelto the z-axis. The matrix for the projection
is computedwith the pointto be shadedasthe origin of the
projectionandthe nearplaneastherectangulatight source.

(b)

Figure 5: a) The coverage is computedrom the projected
2D pointspg andp; in projectedspace b) Arealookuptex-
ture.
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The endpointsof the edgeare then transformedinto clip

spaceusingthe projectiontransform,followed by homoge-
nousclipping to eachside of the rectangulaidight source.
After clipping, the endpointsare projectedby dividing by

the homogenousv-coordinate.The endpointscan then be
usedto look up theareain a4D coveragetexture or beused
for analyticcomputatiorof thearea.

For non-textured rectangulaidight sourcesthe coverage
of the projectedsilhouetteedgequadrilateralcan be com-
puted analytically insteadof being computedusing a 4D
coveragetexture. The advantageof computingthe coverage
analyticallyis thathigheraccuray is possibleusinglesstex-
turespaceTheareacoveredby the projectededgequadrilat-
eralis equalto thelight sourceareabetweerthetwo vectors
of in nite lengthfrom the centerof thelight sourcethrough
the projectedclipped endpointsof the edgeminusthe area
of thetrianglede ned by the centerof thelight sourceand
the projectedclippedendpointof theedge(Figure6a). The
areaof thetrianglede ned by the centerof the light source
andthe projectedclippedendpointds computedusinga 2D
crossproduct.Thelight sourceareabetweerthetwo vectors
of in nite lengthis looked up in a 2D texture (Figure 6b)
basedon the anglesof elevationfor the two vectors(go and
g1)- A cube-mapghatimplementsatan2(y; X) is usedto look
uptheanglesto thetwo vectors.

7

@ (b)

Figure 6: a) Theareacoveredby thesilhouetteedee (p1po)
projectedonto the light source is equalto the area of the
light source covered by thetriangle de ned by thelight cen-
ter c andthetwo vectoss (c; pg) and(c; p1) extendedo in n-

ity minusthe area of thetriangle (c; po; p1). b) Arealookup
texture.

4.3. Frame Buffer Blending

Current generation consumer graphics hardware
(GeForceFXandRadeond700) canonly blendto 8-bit per
componenframe buffers. The previous implementationof
the soft shadev algorithmeither1) used32-bit oat buffers
and circumentedthe blendingby renderinga wedgeto a
temporarybuffer, usingthe framebuffer asa texture,anda
following copy-backpassto the framebuffer, or 2) usedthe
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lower 6 bits of single 8-bit componentwvhile reservingthe
upper?2 bits for over ow. It is desirableto have at least8
bits of precisionwhenthe nal resultsare displayedusing
8-bit RGB-componentto avoid precisionartifacts.Additive
frame buffer blending can be accomplishedwith greater
than 8-bit precision by splitting values across multiple
8-bit componentsof the frame buffer. A number of the
most signi cant bits of each componentare resered to
allow for over ow. The numberof bits resered is based
on the expectedmaximum numberof overlappingwedge
polygons.n bits allows for upto 2" levels of overlap.

In ourimplementationtwo ordinary8-bit percomponent
rgba buffers are usedfor the V-buffer. One of the buffers
containgheadditive contribution andoneof thebufferscon-
tainsthe subtractve contritution. The additive contritutions
are computedby drawing the back half of all wedgesinto
theadditive buffer andthesubtracte contritutionsarecom-
putedby drawing the front half of all wedgesinto the sub-
tractive buffer. An alternatve implementatiorcould usethe
multiple rendertarget supportof currentgeneratiorgraph-
ics hardwareto draw into both buffers simultaneouslyWe
have found thaton complex modelsmorethan16 levels of
overlapoccur requiringthat5 bitsbereseredfor carry, soa
12-bit coveragevalueis split acrosghe four componentof
eachbuffer. For eachof thefour 8-bit componentsheupper
5 bits arereseredfor over ow andthe lower 3 bits contain
3 bits of the 12-bit value.

Futuregeneration®f graphicshardware may be ableto
blendto 16-bit per componentframe buffers making split-
ting up valuesunnecessary

4.4. Culling

A consequencef the soft shadev volumealgorithmis that
therenderingof the wedgesonly affectsthosepixelswhose
correspondingoints(formedas(x;y; z), where(x;y) arethe
pixel coordinatesand z is the depthat (x;y)) are located
insidethewedgesPutdifferently, the renderingof a wedge
canonly affect a pointiif it is inside the penumbraregion.
Still, the wedgesnormally cover mary more pixels whose
correspondingointsarenotinsidewedgesFor thesepoints,
it isunnecessanp executetheratherexpensve pixel shader

Therefore,ideally, the pixel shadershouldonly be exe-
cutedfor pointsinsidethe wedge,andculling shouldreject
all otherpixels whosecorrespondingpointsare outsidethe
wedgesThis culling canbedoneusingtwo passesndcom-
bining the depth-tesandthe stenciltest.

Theculling is alsousedasthe mechanisnio separatehe
inner and outer wedgehalf contritutions from eachother
sincepointsin aninnerwedgehalf shouldgive positive V-
buffer contritution and pointsin an outer half shouldgive
negative contrikution. In our rst approachwhen render
ing a wedge,the planeequationfor the hard shadev quad
was usedin the pixel shaderto classifya point asbeingin
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the inner or outerwedgehalf. However, that approachcan
leadto precisionerrorsfor pointsthatlie in or very close
to the hardshadev quadplane,resultingin visual artifacts.
Instead,eachwedgehalf (depictedin Figure?2) is rendered
separatelyasfollows.

First, the frontfacingtrianglesof the wedgehalf areren-
deredinto the stencilbuffer, while settingthe stencilbuffer
elementdo onefor eachfragmentthatpasseshe depthtest.
Thedepthtestis setto GL_GREATER.e., only passingor
fragmentswith pointsfartheraway thanthe frontfacingtri-
angles.Then,the backfcingwedgehalf trianglesare ren-
deredinto the V-buffer usingthe pixel shaderandwith both
the stenciltestandthe depthtestenabledThe stenciltestis
setto only pasgor stencilvaluesequalto one,andthedepth
testis setto GL_LESS i.e.,only passingor fragmentswith
pointscloserto the eye thanthe backicingtriangleplanes.
If eitherof thesetestsfail, the point at that pixel is located
outsidethewedgehalf, andthe fragmentis culledfrom ren-
dering.Early rejectionin the hardware canthenavoid exe-
cutingtheshadeffor culledfragments.

It shouldbenotedthatfor thisculling to besuccessfult is
requiredthatthehardwareis capableof doingearlydepthre-
jectionandearly stencilrejection.In generala pixel shader
may affect the depthvaluewhich will affect the outcomeof
the depthtest,which in turn may affect the outcomeof the
stenciltest,dependingon whatstencilfunctionthatis used.
In our case the pixel shaderdoesnot affect the depthval-
ues,andthus,the depthandstenciltestscanbe donebefore
executingthe shader

5. Impr oving the Visual Results

We havereportedhatthesoftshadav volumealgorithmcan
suffer from two typesof artifacts® The rst is thatthe soft
shadaevs are createdincorrectly for overlappinggeometry
andthe seconds dueto thatonly a singlesilhouettels used
for theshadav castingobjects.n this section two very sim-
pletechniqueswhichcanimprovethevisualresults arepre-
sented.

5.1. Overlap Approximation

The soft shadev volume algorithm can accuratelyrender
soft shadevs for a single closedloop. However, the combi-
nationof soft shadavs from severalobjectsis moredif cult,
ascanbeseenin Figure7.

The left part shavs two piecesof gray-shadedjeometry
projectedontoa squardight source The geometrydoesnot
overlapon the light source Our algorithmhandleshis case
correctly However, it alwaysassumeshatthe geometryis
non-overlapping sofor the situationin theright partof Fig-
ure7,thesamegeometrywith differentpositionsshouldcre-
ateanothercoverage Unfortunately our algorithmtreatsthe
situationto theright in the sameway asto theleft, i.e., the
resultis thesame.

light sourct — light sourc: —

Figure 7: Overlap problemsdue incorrect combinationof
coverage. Thelight gray shadowcastercovers 16 percentof
thelight souice while the darker gray shadowcastercover
4 percent.To theleft, the shadowcastes togethercovers 20
percent,while to theright they cover 16 percent.

To amelioratehis, a probabilisticapproachs taken.Each
silhouetteloop is renderedseparatelyso that a visibility
maskis createdfor eachsilhouetteloop. Next, thesetwo
visibility maskimagesshouldbe combinedper pixel. Now
assumethat A coversca percentof the light source,andB
coverscg percent.Sinceno informationon how the geom-
etry overlapsis available,it appeardo be advantageouso
producearesultthatis in betweerthetwo extremes.There-
fore, thefollowing combinedresultis usedperpixel:

c= max(ca;ca) + 3 min(ca;ce); @)

which implies that a resultin betweenthe two extremes
shavn in Figure7? is obtained.

Splittingthesilhouettesnto singlesilhouettdoopsis easy
to doin realtime. It is worth mentioningthat a vertex of a
silhouetteedgealwaysis connectedo anevennumberof sil-
houetteedges, whichsimpli es thetask. Thealgorithmwill
have to rendereachsilhouettdoop separatelandmergethe
visibility resultwith theresultfrom theotherrenderedoops.
To avoid usingseveral buffers, the soft shadaev contribution
of a silhouetteloop canbe renderednto, for instance the
r- andg-componenbf the framebuffer. Thenthe resultfor
theaffectedpixelscouldbemerged,accordingo Equationt,
with thetotalresultresidingin theb- anda-componentThis
meiging canbe doneby anintermediatepassbetweenren-
dering eachsilhouetteloop. The passshouldalsoclearthe
valuesin ther- andg-components.

5.2. SingleSilhouette Approximation

The silhouetteedgesare generatedrom only one sample
locationonthelight source Thisis obviously not physically
accuratesincethesilhouetteedgesasseenfrom thesample
location,mayvary for differentsamplesonthelight source.

It is possibleto reducethe effect of both the single sil-
houetteartifact and the overlap approximationby splitting
a large arealight sourceinto somesmaller The rationale
for this is that the quality of the soft shadevs are goodfor
smalllight sourcesbut getsworsefor larger. For alargelight
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sourcetheprobabilityis higherthatseveralindependensil-

houettdoopscontrituteto the soft shadaev at pixel, thanfor

asmalllight source Sincemoresamplepointsfor thesilhou-
ettesareaddedthesinglesilhouetteartifactwill bereduced
aswell.

It is possibleto achiese a correctresultby increasinghe
numberof splitsto in nity or to a point wherethereis no
longerary visualchangean theresult.Thisis closelyrelated
to the techniquethat usesmultisamplingof hard shadevs
to geta soft result. However, for a visually pleasingresult,
our penumbravedgemethodtypically requirestwo orders
of magnituddewersampldocations Figure8 shavsaworst
casescenaridor thesinglesilhouetteartifact,now improved
by splitting onelarge arealight sourceinto four smallerof
equalsize,togethercoveringthe sameareaasthelarger The
referencamageto theright shavs the resultof using1024
samplegointsandblendinghardshadaevs.

It shouldbe emphasizedhatusingn smalllight sources,
coveringthe sameareaasonelargerlight sourcejs not nec-
essarilyn times as expensve than using the single larger
light source.The costof the soft shadev algorithmis pro-
portionalto the numberof pixelswith pointslocatedinside
the wedges,and the wedgesgeneratedrom eachsmaller
light sourcewill be signi cantly thinnerthanthosegener
atedfrom thelargerlight source.

Figure 9 shavs an example of a more comple scene.
Nearthecenterof theshadav in theleftmostimagetheover-
lap artifactis pronouncedTherearealot of silhouetteedges
thatarein shadev andfalselygive shadev contritution. This
resultsin an overly dark shadev, which canbe seenwhen
comparingto the morecorrectresultin the rightmostrefer
enceimage.Here, it canclearly be seenthat, typically, very
goodquality is achieved by splitting the larger light source
into only afew smallerones.

6. Results

Thepixel shadefor sphericalight sourcesequiresb9arith-

meticaland4 texture loadinstructions.The optimizedpixel

shaderprogramfor a textured light source,using the 4D

coveragetexture lookup, consistsof 61 arithmeticinstruc-
tions and 2 texture load instructions.The optimizedshader
for anon-texturedlight, usingthe analyticcoveragetexture,

consistsof 60 arithmeticinstructionsand5 texture load in-

structions Codefor all thethreeshadersreavailableonline

at http://wwwce chalmes.se/stdfuffe/NonExturedRect.txt
http://wwwce chalmess.se/stdfuffe/TexturedRect.txt  and
http://wwwcechalmess.se/stdfuffe/Sphee.txt

Note that our original codefor rectangulatight sources
consistedof 250 instructions? Figure 10 and Figure 11
shavs two sceneswith a comparisorof imagequality and
frameratebetweenusinghardshadaevs, soft shadevs from
asphericalight, squardight andlargerectangulalight. Our
originalimplementatiorrendersthe cylinder scenen about
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8-10fps andthe alien scenein 3—4 fps for both spherical
andrectangulatight sourcesWith our optimizedalgorithm,
the framerateis 15-20timeshigher ascanbe seenin the
two gures.

The optimized wedge generationmethodfor rectangu-
lar light sourcescreatestighter wedgesthat typically im-
prove the overall frame rate with 1.2-2 times, which, for
Figure9a) givesanoverall speedupf 1:5 times.Regarding
the culling optimization(seeSection4.4), we have only ob-
seneda small performanceéncreaseof about5%, but since
thisis sceneandhardware dependentwe believe thatthere
aresituationswvhenit canperformbetter Worthnotingis that
culling comesfor free sinceit is the mechanisnto separate
the contritutionsfrom theinnerandouterwedgehalves.

Theoptimizedshadeffor the non-tecturedsphericalight
sourceusesabout324KB of texture memoryin total. A six-
facecube-mapof 128 128 16 bit valuesper faceis used
for theanglelookups.A 256 256singlechannell6-bittex-
tureis usedfor the arealookup. A 1024 1D texture of four
8-bit channelss usedto convert the coveragevalueinto a
subtractve or additive visibility value split over ther,b,g,a
components.

For the non-tectured rectangularlight source shader
about270KB of texture memoryis used.A six-facedcube-
mapof 128 12816-bitvaluesperfaceis usedfor theangle
lookup.A 256 256singlechanneB-bit pertexel textureis
usedfor areaookup,andthesamel024entriestextureasfor
thesphericalight is usedfor splitting thevisibility contrilu-
tion over the rgba-components\ texturedrectangulatight
sourcerequireslMB of texturememoryfor the4D coverage
texturefor asingle-coloredight sourceand3MB if thelight
sourceis rgb-colored asbefore®

7. Conclusions

We have presentedeveral optimizationsto our original soft
shadev algorithm that greatly improves the performance.
The old algorithmtypically renderedthe scenesshavn in
this paperin 1-10 fps. With the optimizationspresented
here, frame ratesof up to 150 fps are achieved (seeFig-
ure 10). The main improvementsconsistof threemodi ed
fragmentshaderspne for sphericaland two for rectangu-
lar light sourcesthatlowersthe numberof shaderinstruc-
tionsfrom 250to 63, 63 and65 respectiely. The fragment
shadersalso utilize an ordinary frame buffer with 8 bits
per rgba-componento get 12 bits of precisionfor the soft
shadev contribution. This circumentsthe problemthat,on
current hardware, blending typically cannotbe doneto a
frame buffer with 16 or 32 bits per rgba-componentThe
old algorithmhadto useextrarenderingpasse®r lower the
precisionto 5 bits for the soft shadavs.

Furthermore a methodis presentedor creatingtighter
wedgeswhichtypicallyimprovestheoverallframeratewith
1.2 to 2 times. A culling techniqueis also describedthat



Assassonetal. / OptimizedSoftShadows

canincreaseerformance bit. Finally, we shov how to im-

prove the visual quality by reducingthe effectsof the over-

lap andsinglesilhouetteapproximationsWith theimprove-

mentspresentedn this paper real-timesoft shadevs with

very good quality cannow be usedin, for instance games
andvirtual reality applications.

8. Future Work

The wedgegeneratedor a small silhouetteedgeis often
quitelarge.A silhouetteedgesimpli cation algorithmcould
beimplementedo save asigni cant amountof wedgeover-
drav. Oneeasywin would beto collapsetwo connectedil-
houetteedgeswhich areroughly parallelinto a singleedge.

By using vertex shadersfor the wedge generationthe
CPU will be of oaded so thatit cando other more useful
work (gamelogic, collision detection etc). We will imple-
mentthis shortly.
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Figure 8: Onearealight soulce 2 2 arealight sources,1024pointlight sources.

Figure9: Onearealight souce 2 2 arealight sources,3 3 arealight sources,1024pointlight sources.

Figure 10: Comparisonof appeaanceand framerate for a cylinder with hard shadow soft shadowfrom a sphericallight
source, softshadowfroma squae light source andsoftshadowfroma wide rectangularight source.

Figure 11: Samesituationsasfor Figure 10, but for a more complex shadowcaster
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