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Abstract

Shadowmapsare a widelyusedmeandfor the generation of shadowslthoughthey exhibit aliasingartifactsand

problemsof numericalprecision.In this paperwe extendthe concepif a singleshadowmapby introducingdual

shadowmaps which are basedon thetwo depthlayers that are closesto thelight souice Our shadowalgorithm

takesinto accountthesetwo depthvaluesand computesn adaptivedepthbiasto achieve a robustdetermination
of shadowedegions. Dual depthmappingonly modi es the constructionof the shadowmap and can therefore

be combinedwith other extensionssud as ltering, perspectiveshadowmaps,or adaptiveshadowmaps.Our

approac canbe mappedo graphicshardware for interactiveapplicationsand canalsobe usedin high-quality

softwae rendeers.

Catagories and SubjectDescriptors(accordingto ACM CCS)

GraphicsandRealism

1.3.7 [Computer Graphics]: Three-Dimensional

1. Intr oduction

Shadaevs areimportantelementsn creatinga realisticim-
ageandin providing theuserwith visualcuesaboutthe spa-
tial structureof the sceneandthe relative positionsof ob-
jects. Studieshave shavn that shadavs are crucial for spa-
tial perceptionand that the use of shadavs as depthcues
enhanceshe accurag of objectpositioning. Classicalal-
gorithmsfor generatingshadevs datebackto the earlydays
of computergraphics.A representate for an object-space
approachs theshadev volumealgorithn®; image-spacal-
gorithmsoriginatefrom shadev depthmapping®.

In this paper we exclusively dealwith this image-space
approachbecauseshadav mapping is an effective and
widely usedshadev determinatiortechniqueand provides
several importantbene ts. Not only doesit allow for ary
classof geometrigorimitiveswithout ary additionalprecau-
tion, it is alsothe only shadev approachthatrequiresstor
agecompleity independenof the numberof objectsin the
scenég. Moreover, thealgorithmicstructureof shadev map-
ping lendsitself to an ef cient implementatioron graphics
hardwareasdepthmapsreadily t into theconcepof textur-
ing. Direct supportfor shadev mappingdatesbackto sgi's
In niteReality? seriesandis includedin consumemarket
graphicscardslikethenVIDIA GeForce3. Thecurrentgen-
erationof GPUs(graphicsprocessinginits) supportshadav
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mappingby providing oating point precisionbothin pro-
grammablefragmentoperationsand texture formats. Not
only is shadev mappingusedin interactve applicationsbut
alsoin high-qualityof ine renderingsystemssuchasRen-
derManor Maya.

Shadev mapping is a two-phase process. First, the
shadav depthmapis lled by renderingthe scenefrom the
perspectie of the light source.Then,the sceneis dravn as
seenfrom the actualeye point. During renderingof each
fragment,the region to be shadeds projectedonto the re-
spectve cell in the shadov depthmap and the fragments
depthis comparedo the value storedin the depthmapin
orderto determineshadavedregions.

Unfortunately shadev mappingis subjectto someun-
pleasantdisadwantagesThe quality of the shadev heavily
depend®ntheresolutionof theshadev map.Aliasing prob-
lems occur due the samplingduring shadev testing,espe-
cially closeto shadev edgesThereasorfor thisis thefact
thata fragmentto be testedcannotbe exactly mappedonto
a texel in the depthmap. A typical artifact is self-shadw
aliasing,in which a polygonis consideredo shadav itself
becausef theinaccuratesamplingmethod.

In orderto reducealiasingartifactsandachieve a robust
depthcomparisonwe extendthe original shadev mapping
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approacho dualshadowmapping which takesinto account
not only the closestsurfaceto the light sourcebut the two
closestsuriaces An adaptve biasis appliedto the depthof
theclosessurfacebeforethedepthcomparisorwith thecur-
rent fragmentis performed.The other partsof the original
shadev mappingapproachtarenotmodi ed.

Therestof this paperis organizedasfollows. First, a re-
view of previouswork on shadav generations given,where
the focusis on methodsto overcomealiasingartifacts.In
Section3, Woo's approach’ to reducingself-shadw alias-
ing is describedn more detail becauset senesasa basis
for dualshadev mapping,which is explainedsubsequently
An implementationof dual shadev mappingon graphics
hardwareis presentedn Section5; resultingimagesaredis-
cussedn Section6. The paperendswith abrief conclusion.

2. Previous Work

Thereis alarge body of literaturedealingwith shadev gen-
eration.We referto thearticleby Woo etal 18 for asuney of
shadev algorithmsin generalandto the book by Akenine-
Moller andEric Haines for apresentatiomf real-timetech-
nigues.

Wefocusourreview of previouswork onissueof shadov
mappingand, in particular reducingaliasing artifacts. A
widely usedsolutionto self-shadw aliasingis the use of
aconstanbias(shift of depthvalues}!. The problemis that
the valuefor an appropriatebiasdependon the sceneand
is quite hardto specify WangandMolnar!® reportthateven
for somesimpletestscenedt isimpossibleto nd anaccept-
ablebias.Thereforethey proposeantechniquethatreduces
the needfor a biasfor the specialcaseof a sceneconsist-
ing of solid objectsonly. Their methodworks by rendering
only backfacesnto theshadev map,relyingonthefactthat
aliasingproblemscannotoccurin the neighborhooaf back
facesbecausehebackfacesof aclosedsurfacearenotillu-
minatedarnyway.

Another approachto reducing self-shadw aliasing is
taken by Woo'7, who averageshe depthsof the two clos-
est surfaces (with respectto the light source)to deter
minethe depthshadav map. This methodworks for closed
and non-closedobjectsalike. Woo's techniqueis the ba-
sis for the shadev generationpart of the original Talis-
man architecturé&*. More recently Everitt et al.> have pre-
senteda GeForce 3-basedimplementationof Woo's tech-
niguebasedn the extractionof thetwo closestsurfacesvia
depthpeeling.

Hourcadeand Nicolas' proposethe priority buffer asa
differentform of shadev mappingwhich solvesthebiasing
issueandlendsitself to a straightforvardimplementatioron
graphicshardware.In thepriority buffer, only objectIDs are
stored,not depths However, if only a singlelD is attached
to eachobject,intendedself-shadwing for concae geome-
triesis nottakeninto accountOntheotherhand,artifactsat

triangleedgescanoccurif a separatdD is issuedfor each
triangle.

Aliasing artifactscanalsobereducedy adaptingheres-
olutionof theshadev map.Fernandetal b replacethe” at”
depthmapby anadaptve, hierarchicarepresentatiothatis
continouslyupdated.This methodrequiresa traversaland
re nementof the hierarchicaldatastructureand cannotbe
completelymappedo graphicshardware. Tadamuraet al.13
use multiple shadev mapswith varying resolutionto re-
ducealiasingfor outdoorscenesTheir techniquecannotbe
mappedto graphicshardware and thereforeis not suitable
for interactize applications Anotherapproactto alleviating
problemsof undersamplings basedon Itering. Reeves!!
introducegercentageloser ltering astheappropriatavay
of ltering shadev maps.As opposedo normaltexture |-
tering,thefragments depthandtheentryin theshadev map
are rst comparecdand afterwardsthe binary resultsare |-
teredto obtainthe proportionof the region in the shadaev.
Deepshadev mapsby Lokovic andVeach extendthe con-
ceptof Itering by storingapproximatettenuatiorfunctions
for eachshadev maptexel.

Finally, Stammingemnd Drettakis? proposeperspectie
shadev mapsto reduceperspectie aliasing.However, their
techniqueaggravatestheproblemof self-shadwing because
objectsare scalednon-uniformly Therefore a robustdepth
comparisonis especiallyuseful in combinationwith per
spectve shadov maps.

3. Midpoint Shadov Maps

Woo!7 introduceda virtual, intermediatadepthmapto avoid
mary biasingandself-shadwing problemsassociatedvith
shadev maps.In the rst partof the shadev mappingalgo-
rithm, not only is the closestdepthvaluewith respecto the
light sourcedeterminedbut thetwo closestaluesarestored
in separatduffers. Afterwardsthe two buffersareaveraged
into a singledepthtexture,which senesasthe shadav map
for the subsequentenderingof the shadevedscene.

For a closedsurfaceof a solid object, this shadev map
representslepthvaluesof a virtual surfacepassinghrough
themiddleof theobject.Thereforewe usethetermmidpoint
shadowmappingfor this approachFigure 1 illustratesthe
midpointshadev mapfor a polygonaltestobject.

On the one hand, this extensionhasthe adwantagethat
almostall potentialprecisionproblemsare solved by shift-
ing the boundsfor depthcomparisonsway from the clos-
est,unshadwedsurface.Ontheotherhand,self-shadwing
and bias remainissuesfor a small numberof cases.Fig-
ure 2 shavs examplesfor the two major classesof prob-
lems.In Figure2 (a), the fragmentmarked by the black dot
might becomeerroneouslyunshadwed becausethe mid-
point shadev map immediatelyto the right is behindthe
blackdot. This self-unshadowingastwo reasonsFirst, the
nite samplingof the shadov map might causea mapping
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L

object
shadow

Figure 1: Midpoint shadowmap.A directionallight source

is above A virtual surface(dashedine) in betweerthetwo

closestiayers of the polygonaltestobject(solid line) serves
asshadowmap.

to aninappropriatedepthvalue.Secondthe distanceof the

secondclosestsurface affects the position of the midpoint
shadev map.Figure2 (b) demonstratethatself-shadwing

canappeain regionscloseto asilhouettdine. If asilhouette
pointis furtheraway from thelight sourcethanneighboring
partsof themidpointshadev map,thesilhouettepointmight

becomeself-shadwed.

4. Dual Shadov Maps

To facilitate the subsequentdiscussions,we formalize
midpoint shadev mapping. The depth of a point—or a
fragment—thabasto be shadwv-testeds denotedz,g; the
depthsof the closestandsecondclosestsurfacesarenamed
z1 andz,, respectrely. The midpoint shadev testcannow
bewrittenas

Zrag< 2+ Zyiad21:22) ()

with thebiasfunction

2 Z

Zpias(Z1;22) = Zbias,midpoint(zl;zz) = %

Generalizingmidpointshadev maps,we adoptthe concep-
tional point of view thatshadev testscanbe consideredsa
depthcomparisorwith avirtual surfacethatis shiftedawvay
from the closestsurfaceby a variableamountz(z;; ).
As thebiasis afunctionof thedepthsof thetwo closessur
faceswe introducethe term dual shadowmappingfor this
moregenericapproach.

In this framework, a widely usedconstantbias'! canbe
written aszpias constZ1; 22) = Zoffsets With the constanbffset
Zoiiset Here, the bias function is independenbf the depth
structureof the scene.The problemof this approachis to
nd anappropriatevaluefor theoffsetin orderto ful Il two
contradictingrequirementsif the valueis too small, self-
shadeving will occur;if the valueis too large, objectsthat
are closeto their occluderwill be erroneouslilluminated
(Figure 3). Typically, the biasis setaccordingto the size
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of the sceneobjectsand can often be adjustedby the user
duringruntime.

We proposeo choosehebiasfunction

2

. Z
Znias(Z1; 20) = mMin Tlizoﬁset ; V3

in order to combine the positve aspectsof midpoint
shadev mapsanda constantoffset. On the one hand,self-
unshadwing dueto the effects of a faraway secondclos-
estsurface(Figure2 (a)) is avoidedby restrictingthe maxi-
mum biasto the constantzysset. On the otherhand,the bias
will bedeterminedy themidpointapproachif occluderand
shadev receverarecloseto eachother Therefore zogset can
be setto alarge valuewithoutloosingthe shadev on close-
by objects.

Midpoint shadev mapsare proneto self-shadwing arti-
factsatsilhouettdines(Figure?2 (b)), andsois dualshadov
mappingwith our choiceof biasfunction. Sincefront faces
andbackfacesarevery closeto eachotherin thevicinity of
asilhouette the samemeandepthvalueis usedfor the dual
shadev mapasfor the midpointshadev map.

For a solid object that is representedy a closedsur
face self-shadwing at silhouettescan be avoided by ap-
plying back face culling. In this way, the secondclosest
surfaceis no longer the back face of the objectbut some
front-facing surface further away; the bias function yields
a larger shift and enableshe illuminated silhouetteregion
to passheshadav test.Backfaceculling is compatiblewith
dualshadev mapswhereast introducesevereartifactsinto
the original midpointapproachFigure 4 demonstratehow
backfaceculling causesanotherclassof self-unshadwing
aliasingfor midpoint shadev mapping.Typically, a region
arounda silhouetteline of a shadav recever is affectedby
self-unshadaing becausan objectin the backgroundbr—
if thereis no backgroundbject—thefar clipping planecan
shift the midpointshadev mapbeyond the depthof the sil-
houetteregion (Figure4 (a)).In Figure4 (b), avariantof this
self-unshadwing aliasingis illustrated.|f the surfaceof a

T

possible self
shadowing
possible self _A
unshadowing
@) (b)

Figure 2: Self-unshadowinga) and self-shadowing(b)
problemsfor midpointshadowmaps.
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occluder

unshadowed
region

constant
bias _-

shadow
receiver

Figure 3: Shadowmappingwith a large constantbias. The
shadowreceiveris closerto the occluderthanthe biasand
thusis erroneouslhilluminated.

shadav recever is almostparallelto the light direction,the
midpoint shadev mapwill changerapidly, i.e., its slopeis

large. Due to samplingproblems partsof the recever may
lie in front of the correspondingsampleddepth.This self-

unshadwing aliasingis unpleasanand—forthe silhouette
artifacts—occursjuite often. Therefore packfaceculling is

notasuitableoptionfor midpointshadev mapping.

In contrast,our dual shadev mapping approachover
comeghesealiasingproblemsandthusallows usto employ
backfaceculling in orderto avoid the self-shadwing arti-
factsat silhouettelines (Figure 2 (b)). Moreover, backface
culling (for solid objects)and no culling (for example,for
in nitesimally thin surfaces)canbe usedin the samescene
without invalidatingdual shadev mapping.Besideshedis-
tinction betweenclosed,one-sidedsurfacesand open,two-
sidedsurfaces,no otherinformation aboutthe sceneis re-
quired. In particular neither connectvity information nor
assignmento object|Ds is neededa “triangle soup” can
beusedasinput.

Dual shadeav mappingonly modi es the constructionof
the shadev map. Therefore,it canbe combinedwith most
otherimprovementsof shadev mappingto further reduce
aliasing and enhanceimage quality. Perspectie shadev
mapping? can be appliedto take into accountthe effects
of the perspectie transformationinto the eye spaceduring
the samplingof the shadev map.Aliasing problemscanbe
reducedby adaptve shadev mapping or Itering 11. If more
informationaboutthe structureof the scends available,the
priority buffer storingobjectIDs could furtherincreasethe
quality of shadev mapping.

5. Implementation on Graphics Hardware

Dual shadev mappinglendsitself to animplementatioron
graphicshardwareandon CPU alike. Therefore bothinter-
active applicationsandhigh-qualityof ine rendererdbene t
from this approachln this section,only animplementation
ongraphicshardwareis describedinceit shouldbestraight-

forwardto includethe modi cations into a CPU-baseden-
deringsystem.

Thefollowing discussioris basedon the functionality of
state-of-the-arGPUs(graphicsprocessinginits). In partic-
ular, we utilize programmableertex andfragmentprocess-
ing with oating pointprecision, oating pointtextures,and
renderto-texture capabilities.Our exampleimplementation
is basedon DirectX 9 and was testedon an ATI Radeon
9700.As we build uponthefunctionalitylaid outin thespec-
i cations of DirectX 9, ourimplementatiorwill runon ary
future graphicshardwarethatis conformto DirectX 9.

The depthcomparisorfor dualshadav mapfrom Eq. (1)
canbere-writtenas

Zrag < ZdualZ1;22) (3)
with thedepthtexture
ZgualZ1;22) = 21+ Zpiad21:22) (4)

Thereforethecompleteshadev mappingalgorithmconsists
of two main phasesThedepthtexture zy,a(z1; 22) in gener

atedin the rst phase.The secondphaseis identicalto the

original shadev mappingalgorithm: the sceneis rendered
from the eye point by takinginto accounthe depthcompar

ison(3).

Themainproblemin phaseoneis to extractthetwo clos-
estsurfacesas seenfrom the light source.This canbe ac-
complishedby a two-passrendering.In the rst pass,the
sceneis renderednto the depthbuffer, with depthtesting
beingenabled Texture coordinatesarespeci edin away to
representhe depthwith respecto thelight sourcej.e., the
positionof averte, (X;y; z, w) is re-usedsits texturecoordi-
nates(s;t; q;r). A vertex program(vertex shadeiin thelan-

w__— back face

TNl ——

back face _— 4

; e \ culling
culling A
\
1
possible self —%, 'l)f\
unshadowing ' region of
' possible self

S

unshadowing

background object

(@) (b)

Figure 4: Self-unshadowingpr midpointshadowmapping

with bad faceculling.

¢ TheEurographic#ssociation2003.



WeislopfandErtl / ShadowMappingBasedon Dual DepthLayers

guageof DirectX) needsonly oneadditionalline of codeto

outputthe vertex coordinatesstexture coordinatesVia in-

terpolatedtexture coordinatesthe fragmentprogram(pixel

shadeiin the notationof DirectX) hasaccesgo thedepthof

thecurrentfragmentandwritesit directly into atexturewith

one oating pointchannelj.e.,suchatextureis usedasren-
dertarget. Unfortunatelythefragmentoperationunit hasno
readaccesdo thefragments depth;therefore the depthhas
to betransmittedrom thetransformandlighting stageto the
fragmentprogranvia texturecoordinates(Thereforeslope-
scalebaseddepthbias,which is supportedn DirectX 9 for

z buffer renderingcannotbe usedfor shadev mapping.)

In the secondpass,the sceneis renderednto the depth
buffer for a secondtime, after having clearedthe depth
buffer. Onceagain, a one-channeloating point texture of
thesamesizeis usedasrendertarget. Exactlythesamescene
asin the rst pass—includinghe aforementionedexture
coordinates—isenderedIn addition,anothertuple of tex-
ture coordinatess speci edto allow a one-to-onemapping
betweerrenderedragmentsandthe texels from the texture
generatedn the rst pass.Thefragmentprogramcompares
thefragments depthz, to thedepthz; storedin thetexture;
if both depthvaluesareequal(up to a very smalltolerance
level e dueto inaccuraciesn the oating point representa-
tion), the fragmentwill be discardedIn this way, the fore-
mostsurfaceis not renderedn this secondpass.Finally, a
third renderingpasscombineghetwo texturesfor z; andz,
evaluatesthe function zy,4(21; 22) by a fragmentprogram,
andwritesthe outcomeinto arendertarget.

Theresultingtextureis usedasshadav mapin phasewo.
Here,the scends renderedrom the eye point, with illumi-
nationcomputation@ndshadev testingbeingenabledTex-
ture coordinatesarecomputedn a vertex programto repre-
sentthepositionof thevertex with respecto thelight source.
A fragmentprogramcompareghe fragments depthin the
coordinatesystemof the light sourcewith the depthstored
in the shadev mapaccordingto Eq. (3). Dependingon the
resultof thecomparisonthefragmentis dravn asshadaved
or unshadwed pixel.

The new functionality introducedby dual shadev map-
ping is completelyrestrictedto phaseone.The renderingof
the scenefrom the eye pointin phasetwo is notmodi ed—
dualshadeov mapsaretransparento the implementatiorof
this renderingstage.Therefore, Itering techniqueswhich
concernonly phasetwo, canbe readily combinedwith dual
shadev maps.We have implementedtwo variantsof per
centagecloser Itering. First, a bilinearinterpolationof the
binary resultsfor the four closestdepthmaptexelsis real-
ized.Sincebilinearpercentageloser ltering is notdirectly
supportedn the speci cationsof DirectX 9, theweightsfor
bilinear interpolationare explicity computedin the frag-
mentprogramby extractingthefractionalcoordinatesvithin
therespectietexturecell. Seconda ltering bya4 4jitter
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matrix is implementedthe codeis basedon anAT| shadav
demg.

6. Results

In thissection someexampleimagesareincludedto demon-
stratethe featuresof dual depthmappingin comparisorto
midpointshadev mapsandthe approactwith constanbias.
All imageswere generateca PC with ATI Radeon9700
graphicsby usingourimplementatiorbasedn DirectX 9.

Figure5 shavsasimple“L"-shapedobjectabore agreen-
ish surface. The sceneis illuminated by directional light
fromrightabove. Figure5 (a)is ahigh-qualityrenderingand
senesasabenchmarkin all otherimagesa heavily under
sampledshadev textureis usedto emphasizg@ossiblealias-
ing artifacts.Midpoint shadev mappingwithout back face
culling, asillustratedin (b), revealsboth self-unshadeing
(at the vertical crease)and self-shadwing artifacts (at the
silhouettesas seenfrom the light source).ln image (c),
dualshadev mappingwithout backfaceculling avoids self-
unshadwing, but shavs the sameself-shadwing artifacts
at the silhouetteslf the constantdepthbiasin the original
shadev mappingapproachs choserntoo large, surfacesly-
ing in the shadev canbecomeerroneoushjilluminatedlike
theregionleft to theverticalcreasén image(d). By enabling
backfaceculling, self-shadwing artifactscan be removed
for midpoint shadev mapping(image (e)); however, addi-
tional self-unshadwing in the neighborhoodf silhouettes
is introducedFinally, thecombinationof dualshadev map-
ping andbackfaceculling for solid objectsgivesquite con-
vincingresultsevenfor heavily undersampledhadov maps,
asit canbeseenin (f).

In Figures6 (d)—(f), bilinear shadev Itering is demon-
stratedfor theoriginal shadav mappingtechniqguemidpoint
shadev mapping,and dual shadev mapping,respectiely.
Correspondingin ltered imagesareshovn in Figures6 (a)—
(c). Filtering helpsto reducethe visibility of artifactsand
generatesnorenaturallylooking soft shadev edgesNever
thelessself-unshadwing artifactsin themidpointapproach
remainclearly noticeablg(on the lower left partof the dou-
ble torusin (b) and(e)).

Figure7 shavsamorerealisticimagetakenfrom afactory
scenePercentageloser ltering with a4 4 jitter matrixis
applied,anda shadev mapof acceptableesolutionis used.
However, midpointshadav mappingin image(c) still shavs
someself-unshadwing artifacts,e.g.,at theleft edgeof the
wall in the backgroundandaroundthetransmissiomolesin
the upperright. This artifactsare avoided by dual shadav
mappingin image(d).

Performanceneasurement®r a Windows XP PC with
ATl Radeon9700GPU and AMD Athlon XP 2200+ CPU
are given in Table 1. The test scenefrom Figure 7 with
13,284 triangles and 13,177 vertices was renderedon a
1100 viewport. Performancenumbersfor a rather small
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(@) (b)

©) (d)

(e) U]

Figure 5: Comparisonof shadowmappingapproades.Directionallight comesfrom right above Image (a) showsa high-
qualityrenderingasa bendmark;all otherimagesare basedon a heavilyundesampledgshadowtexture to emphasizartifacts.
Image (b) illustratesmidpointshadowmappingwithout bad faceculling, (c) showsdual shadowmappingwithoutbad face
culling, (d) presentghe original shadowmappingwith a large constantbias, (e) and (f) showmidpointshadowmappingwith
bad faceculling anddual shadowmappingwith bad faceculling, respectively

depthtexture of 2567 anda large depthtexture of 2048 are differ only minimally. For large depthtextures thesetwo ap-

includedto comparethe ef ciency of the rst phaseof the proacheshav roughly half of the performancef theorigi-
shadev mappingalgorithm.Midpointanddualshadev map- nal shadev mappingtechniquedueto the additionalrender
ping run atthe samespeedbecauseheir fragmentprograms ing costsin phaseone.For smallerdepthtexturesand/ or
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@ (b) (© (d) (e) (f)

Figure 6: Bilinear shadow Itering . Images (a)—(c) are geneited by the original shadowmaptechnique midpointshadow
mapping and dual shadowmapping respectivelyHere, no ltering is applied.Bilinear ltering is combinedwith the same
threetechniquesn (d)—(f).

(@) (b)

(© (d)

Figure 7: Shadowmappingwith 4 4 percentage closer ltering for a factoryscenelmage (a) showsno shadow(b) shadow
mappingwith a constantiias, (¢c) midpointshadowmapping and (d) dual shadowmapping
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Table 1: Renderingperformancen fps.

constanbias  midpoint/ dual

shadw mapsize 256 2048 256 2048
noshadev 167.5

no ltering 106.2 69.1 853 30.6
bilinear Itering 448 36.6 40.6 21.9
4 4 ltering 272 239 255 16.6

more sophisticatedltering during phasetwo, the differ-
encebetweerthe shadev mappingmethodsbecomesnuch
smaller

7. Conclusion

We have presentediual shadev mapping,which computes
an adaptve depthbiasbasedon the two closestdepthlay-
ers.Thebiasfunctiontakestheminimumof aconstanbffset
andthehalf distancebetweerthesewo depthlayersin order
to combinethe advantageof a constantbiasand midpoint
shadev mapping.Dual shadev mappinghandlesa collec-
tion of trianglesanddoesnot requirefurtherinformationon
thestructureof thesceneFurthermorebackfaceculling for
solid objectscanbe mixedwith non-culledopensurfacesin
the samesceneto increasethe renderingperformanceand
the robustnessof the shadev tests.Finally, our approach
lendsitself to ahardware-accelerateidhplementatiorfor in-
teractize applicationsput alsois applicableto high-quality
softwarerenderers.

Althoughtheissueof nding anappropriateeonstanbias
hasnot beenaddressedirectly, this problemis greatly al-
leviatedby dual shadev mapping.In thelimit of anin nite
offset,dual shadev mappingcorvergesto the original mid-
pointapproactand,thus,still providestheacceptableesults
of this state-of-the-artechnique.Therefore the offset can
bechoserby takingavaluesomeavhere(or evenwell) above
thevaluethatwould beusedfor implementationsvith only a
constanbffset. Stateddifferently, the nal resultsaremuch
lessdependentn this value.
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