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Abstract
Shadowmapsare a widelyusedmeansfor thegeneration of shadowsalthoughthey exhibit aliasingartifactsand
problemsof numericalprecision.In thispaperweextendtheconceptof a singleshadowmapby introducingdual
shadowmaps,which arebasedon thetwodepthlayers thatareclosestto thelight source. Our shadowalgorithm
takesinto accountthesetwodepthvaluesandcomputesanadaptivedepthbiasto achievea robustdetermination
of shadowedregions.Dual depthmappingonly modi�es the constructionof the shadowmapand can therefore
be combinedwith other extensionssuch as �ltering , perspectiveshadowmaps,or adaptiveshadowmaps.Our
approach canbemappedto graphicshardware for interactiveapplicationsandcanalsobeusedin high-quality
software renderers.

Categories and SubjectDescriptors(accordingto ACM CCS): I.3.7 [ComputerGraphics]:Three-Dimensional
GraphicsandRealism

1. Intr oduction

Shadows are importantelementsin creatinga realistic im-
ageandin providing theuserwith visualcuesaboutthespa-
tial structureof the sceneand the relative positionsof ob-
jects.Studieshave shown that shadows arecrucial for spa-
tial perceptionand that the useof shadows as depthcues
enhancesthe accuracy of objectpositioning8. Classicalal-
gorithmsfor generatingshadowsdatebackto theearlydays
of computergraphics.A representative for an object-space
approachis theshadow volumealgorithm3; image-spaceal-
gorithmsoriginatefrom shadow depthmapping16.

In this paper, we exclusively dealwith this image-space
approachbecauseshadow mapping is an effective and
widely usedshadow determinationtechniqueandprovides
several importantbene�ts. Not only doesit allow for any
classof geometricprimitiveswithoutany additionalprecau-
tion, it is alsothe only shadow approachthat requiresstor-
agecomplexity independentof thenumberof objectsin the
scene18. Moreover, thealgorithmicstructureof shadow map-
ping lendsitself to an ef�cient implementationon graphics
hardwareasdepthmapsreadily�t into theconceptof textur-
ing. Direct supportfor shadow mappingdatesbackto sgi's
In�niteReality10 seriesandis includedin consumermarket
graphicscardslike thenVIDIA GeForce3. Thecurrentgen-
erationof GPUs(graphicsprocessingunits)supportshadow

mappingby providing �oating point precisionboth in pro-
grammablefragmentoperationsand texture formats. Not
only is shadow mappingusedin interactive applicationsbut
alsoin high-qualityof�ine renderingsystemssuchasRen-
derManor Maya.

Shadow mapping is a two-phaseprocess.First, the
shadow depthmapis �lled by renderingthescenefrom the
perspective of the light source.Then,thesceneis drawn as
seenfrom the actualeye point. During renderingof each
fragment,the region to be shadedis projectedonto the re-
spective cell in the shadow depthmap and the fragment's
depthis comparedto the valuestoredin the depthmap in
orderto determineshadowedregions.

Unfortunately, shadow mappingis subjectto someun-
pleasantdisadvantages.The quality of the shadow heavily
dependsontheresolutionof theshadow map.Aliasingprob-
lemsoccurdue the samplingduring shadow testing,espe-
cially closeto shadow edges.Thereasonfor this is the fact
thata fragmentto be testedcannotbeexactly mappedonto
a texel in the depthmap.A typical artifact is self-shadow
aliasing,in which a polygonis consideredto shadow itself
becauseof theinaccuratesamplingmethod.

In orderto reducealiasingartifactsandachieve a robust
depthcomparison,we extendthe original shadow mapping

c
 TheEurographicsAssociation2003.



WeiskopfandErtl / ShadowMappingBasedonDual DepthLayers

approachto dualshadowmapping, whichtakesinto account
not only the closestsurfaceto the light sourcebut the two
closestsurfaces.An adaptive biasis appliedto thedepthof
theclosestsurfacebeforethedepthcomparisonwith thecur-
rent fragmentis performed.The otherpartsof the original
shadow mappingapproacharenotmodi�ed.

Therestof this paperis organizedasfollows. First, a re-
view of previouswork onshadow generationis given,where
the focus is on methodsto overcomealiasingartifacts.In
Section3, Woo's approach17 to reducingself-shadow alias-
ing is describedin moredetail becauseit servesasa basis
for dualshadow mapping,which is explainedsubsequently.
An implementationof dual shadow mappingon graphics
hardwareis presentedin Section5; resultingimagesaredis-
cussedin Section6. Thepaperendswith abrief conclusion.

2. PreviousWork

Thereis a largebodyof literaturedealingwith shadow gen-
eration.Wereferto thearticleby Wooetal.18 for asurvey of
shadow algorithmsin general,andto thebookby Akenine-
Möller andEric Haines1 for apresentationof real-timetech-
niques.

Wefocusourreview of previousworkonissuesof shadow
mappingand, in particular, reducingaliasing artifacts. A
widely usedsolution to self-shadow aliasingis the useof
a constantbias(shift of depthvalues)11. Theproblemis that
the valuefor an appropriatebiasdependson the sceneand
is quitehardto specify. WangandMolnar15 reportthateven
for somesimpletestscenesit is impossibleto �nd anaccept-
ablebias.Therefore,they proposeantechniquethatreduces
the needfor a bias for the specialcaseof a sceneconsist-
ing of solid objectsonly. Their methodworksby rendering
only backfacesinto theshadow map,relyingonthefactthat
aliasingproblemscannotoccurin theneighborhoodof back
facesbecausethebackfacesof aclosedsurfacearenot illu-
minatedanyway.

Another approachto reducing self-shadow aliasing is
taken by Woo17, who averagesthe depthsof the two clos-
est surfaces (with respectto the light source) to deter-
mine thedepthshadow map.This methodworks for closed
and non-closedobjectsalike. Woo's techniqueis the ba-
sis for the shadow generationpart of the original Talis-
manarchitecture14. More recently, Everitt et al.5 have pre-
senteda GeForce 3-basedimplementationof Woo's tech-
niquebasedon theextractionof thetwo closestsurfacesvia
depthpeeling4.

Hourcadeand Nicolas7 proposethe priority buffer as a
differentform of shadow mapping,whichsolvesthebiasing
issueandlendsitself to astraightforwardimplementationon
graphicshardware.In thepriority buffer, only objectIDs are
stored,not depths.However, if only a singleID is attached
to eachobject,intendedself-shadowing for concave geome-
triesis not takeninto account.On theotherhand,artifactsat

triangleedgescanoccurif a separateID is issuedfor each
triangle.

Aliasingartifactscanalsobereducedby adaptingtheres-
olutionof theshadow map.Fernandoetal.6 replacethe“�at”
depthmapby anadaptive,hierarchicalrepresentationthatis
continouslyupdated.This methodrequiresa traversaland
re�nement of the hierarchicaldatastructureandcannotbe
completelymappedto graphicshardware.Tadamuraet al.13

use multiple shadow mapswith varying resolutionto re-
ducealiasingfor outdoorscenes.Their techniquecannotbe
mappedto graphicshardwareand thereforeis not suitable
for interactive applications.Anotherapproachto alleviating
problemsof undersamplingis basedon �ltering. Reeves11

introducespercentagecloser�ltering astheappropriateway
of �ltering shadow maps.As opposedto normaltexture �l-
tering,thefragment'sdepthandtheentryin theshadow map
are�rst comparedandafterwardsthe binary resultsare�l-
teredto obtain the proportionof the region in the shadow.
Deepshadow mapsby Lokovic andVeach9 extendthecon-
ceptof �ltering by storingapproximateattenuationfunctions
for eachshadow maptexel.

Finally, StammingerandDrettakis12 proposeperspective
shadow mapsto reduceperspective aliasing.However, their
techniqueaggravatestheproblemof self-shadowing because
objectsarescalednon-uniformly. Therefore,a robustdepth
comparisonis especiallyuseful in combinationwith per-
spectiveshadow maps.

3. Midpoint Shadow Maps

Woo17 introducedavirtual, intermediatedepthmapto avoid
many biasingandself-shadowing problemsassociatedwith
shadow maps.In the�rst partof theshadow mappingalgo-
rithm, not only is theclosestdepthvaluewith respectto the
light sourcedetermined,but thetwo closestvaluesarestored
in separatebuffers.Afterwardsthetwo buffersareaveraged
into a singledepthtexture,which servesastheshadow map
for thesubsequentrenderingof theshadowedscene.

For a closedsurfaceof a solid object, this shadow map
representsdepthvaluesof a virtual surfacepassingthrough
themiddleof theobject.Therefore,weusethetermmidpoint
shadowmappingfor this approach.Figure1 illustratesthe
midpointshadow mapfor apolygonaltestobject.

On the one hand,this extensionhasthe advantagethat
almostall potentialprecisionproblemsaresolved by shift-
ing the boundsfor depthcomparisonsaway from the clos-
est,unshadowedsurface.On theotherhand,self-shadowing
and bias remain issuesfor a small numberof cases.Fig-
ure 2 shows examplesfor the two major classesof prob-
lems.In Figure2 (a), thefragmentmarkedby theblackdot
might becomeerroneouslyunshadowed becausethe mid-
point shadow map immediatelyto the right is behind the
blackdot.This self-unshadowinghastwo reasons.First, the
�nite samplingof the shadow mapmight causea mapping
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Figure 1: Midpoint shadowmap.A directionallight source
is above. A virtual surface(dashedline) in betweenthetwo
closestlayers of thepolygonaltestobject(solid line) serves
asshadowmap.

to an inappropriatedepthvalue.Second,thedistanceof the
secondclosestsurfaceaffects the positionof the midpoint
shadow map.Figure2 (b) demonstratesthatself-shadowing
canappearin regionscloseto asilhouetteline. If asilhouette
point is furtheraway from thelight sourcethanneighboring
partsof themidpointshadow map,thesilhouettepointmight
becomeself-shadowed.

4. Dual Shadow Maps

To facilitate the subsequentdiscussions,we formalize
midpoint shadow mapping. The depth of a point—or a
fragment—thathasto beshadow-testedis denotedzfrag; the
depthsof theclosestandsecondclosestsurfacesarenamed
z1 andz2, respectively. The midpoint shadow testcannow
bewrittenas

zfrag < z1 + zbias(z1;z2) ; (1)

with thebiasfunction

zbias(z1;z2) = zbias,midpoint(z1;z2) =
z2 � z1

2
:

Generalizingmidpointshadow maps,we adopttheconcep-
tionalpointof view thatshadow testscanbeconsideredasa
depthcomparisonwith a virtual surfacethat is shiftedaway
from the closestsurfaceby a variableamountzbias(z1;z2).
As thebiasis a functionof thedepthsof thetwo closestsur-
faces,we introducethe termdual shadowmappingfor this
moregenericapproach.

In this framework, a widely usedconstantbias11 canbe
written aszbias,const(z1;z2) = zoffset, with theconstantoffset
zoffset. Here, the bias function is independentof the depth
structureof the scene.The problemof this approachis to
�nd anappropriatevaluefor theoffsetin orderto ful�ll two
contradictingrequirements:if the value is too small, self-
shadowing will occur; if the valueis too large,objectsthat
arecloseto their occluderwill be erroneouslyilluminated
(Figure 3). Typically, the bias is set accordingto the size

of the sceneobjectsandcanoften be adjustedby the user
duringruntime.

Weproposeto choosethebiasfunction

zbias(z1;z2) = min
� z2 � z1

2
;zoffset

�
; (2)

in order to combine the positive aspectsof midpoint
shadow mapsanda constantoffset.On the onehand,self-
unshadowing dueto the effectsof a far-away secondclos-
estsurface(Figure2 (a)) is avoidedby restrictingthemaxi-
mumbiasto theconstantzoffset. On theotherhand,thebias
will bedeterminedby themidpointapproachif occluderand
shadow receiverarecloseto eachother. Therefore,zoffset can
besetto a largevaluewithout loosingtheshadow on close-
by objects.

Midpoint shadow mapsareproneto self-shadowing arti-
factsatsilhouettelines(Figure2 (b)), andsois dualshadow
mappingwith our choiceof biasfunction.Sincefront faces
andbackfacesareverycloseto eachotherin thevicinity of
a silhouette,thesamemeandepthvalueis usedfor thedual
shadow mapasfor themidpointshadow map.

For a solid object that is representedby a closedsur-
face self-shadowing at silhouettescan be avoided by ap-
plying back face culling. In this way, the secondclosest
surfaceis no longer the back faceof the object but some
front-facing surfacefurther away; the bias function yields
a larger shift andenablesthe illuminatedsilhouetteregion
to passtheshadow test.Backfaceculling is compatiblewith
dualshadow maps,whereasit introducessevereartifactsinto
theoriginal midpointapproach.Figure4 demonstrateshow
backfaceculling causesanotherclassof self-unshadowing
aliasingfor midpoint shadow mapping.Typically, a region
arounda silhouetteline of a shadow receiver is affectedby
self-unshadowing becauseanobjectin thebackgroundor—
if thereis no backgroundobject—thefar clipping planecan
shift themidpointshadow mapbeyondthedepthof thesil-
houetteregion(Figure4 (a)).In Figure4 (b),avariantof this
self-unshadowing aliasingis illustrated.If the surfaceof a

possible self
unshadowing

possible self
shadowing

(a) (b)

Figure 2: Self-unshadowing(a) and self-shadowing(b)
problemsfor midpointshadowmaps.
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shadow
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constant
bias region

unshadowed
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Figure 3: Shadowmappingwith a large constantbias.The
shadowreceiveris closerto theoccluderthan thebiasand
thusis erroneouslyilluminated.

shadow receiver is almostparallelto the light direction,the
midpoint shadow mapwill changerapidly, i.e., its slopeis
large.Due to samplingproblems,partsof the receiver may
lie in front of the correspondingsampleddepth.This self-
unshadowing aliasingis unpleasantand—forthe silhouette
artifacts—occursquiteoften.Therefore,backfaceculling is
notasuitableoptionfor midpointshadow mapping.

In contrast,our dual shadow mapping approachover-
comesthesealiasingproblemsandthusallowsusto employ
backfaceculling in orderto avoid the self-shadowing arti-
factsat silhouettelines (Figure2 (b)). Moreover, backface
culling (for solid objects)andno culling (for example,for
in�nitesimally thin surfaces)canbeusedin thesamescene
without invalidatingdualshadow mapping.Besidesthedis-
tinction betweenclosed,one-sidedsurfacesandopen,two-
sidedsurfaces,no other informationaboutthe sceneis re-
quired. In particular, neither connectivity information nor
assignmentto object IDs is needed;a “triangle soup” can
beusedasinput.

Dual shadow mappingonly modi�es the constructionof
the shadow map.Therefore,it canbe combinedwith most
other improvementsof shadow mappingto further reduce
aliasing and enhanceimage quality. Perspective shadow
mapping12 can be appliedto take into accountthe effects
of the perspective transformationinto the eye spaceduring
thesamplingof theshadow map.Aliasing problemscanbe
reducedby adaptiveshadow mapping6 or �ltering 11. If more
informationaboutthestructureof thesceneis available,the
priority buffer storingobjectIDs could further increasethe
qualityof shadow mapping.

5. Implementation on Graphics Hardware

Dual shadow mappinglendsitself to an implementationon
graphicshardwareandon CPUalike.Therefore,both inter-
activeapplicationsandhigh-qualityof�ine renderersbene�t
from this approach.In this section,only an implementation
ongraphicshardwareis describedsinceit shouldbestraight-

forward to includethemodi�cations into a CPU-basedren-
deringsystem.

Thefollowing discussionis basedon thefunctionalityof
state-of-the-artGPUs(graphicsprocessingunits).In partic-
ular, we utilize programmablevertex andfragmentprocess-
ing with �oating pointprecision,�oating point textures,and
render-to-texture capabilities.Our exampleimplementation
is basedon DirectX 9 and was testedon an ATI Radeon
9700.As webuild uponthefunctionalitylaid outin thespec-
i�cations of DirectX 9, our implementationwill run on any
futuregraphicshardwarethatis conformto DirectX 9.

Thedepthcomparisonfor dualshadow mapfrom Eq. (1)
canbere-writtenas

zfrag < zdual(z1;z2) ; (3)

with thedepthtexture

zdual(z1;z2) = z1 + zbias(z1;z2) : (4)

Therefore,thecompleteshadow mappingalgorithmconsists
of two mainphases.Thedepthtexturezdual(z1;z2) in gener-
atedin the �rst phase.The secondphaseis identicalto the
original shadow mappingalgorithm: the sceneis rendered
from theeyepointby takinginto accountthedepthcompar-
ison(3).

Themainproblemin phaseoneis to extractthetwo clos-
estsurfacesasseenfrom the light source.This canbe ac-
complishedby a two-passrendering.In the �rst pass,the
sceneis renderedinto the depthbuffer, with depthtesting
beingenabled.Texturecoordinatesarespeci�ed in a way to
representthedepthwith respectto the light source,i.e., the
positionof avertex, (x;y;z;w) is re-usedasits texturecoordi-
nates,(s;t;q; r). A vertex program(vertex shaderin thelan-

possible self
unshadowing

back face
culling

unshadowing
possible self
region of

back face
culling

background object

(a) (b)

Figure 4: Self-unshadowingfor midpointshadowmapping
with back faceculling.
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guageof DirectX) needsonly oneadditionalline of codeto
outputthevertex coordinatesastexturecoordinates.Via in-
terpolatedtexturecoordinates,the fragmentprogram(pixel
shaderin thenotationof DirectX) hasaccessto thedepthof
thecurrentfragmentandwritesit directly into atexturewith
one�oating pointchannel,i.e.,sucha textureis usedasren-
dertarget.Unfortunately, thefragmentoperationunit hasno
readaccessto thefragment's depth;therefore,thedepthhas
to betransmittedfrom thetransformandlighting stageto the
fragmentprogramvia texturecoordinates.(Therefore,slope-
scalebaseddepthbias,which is supportedin DirectX 9 for
zbuffer rendering,cannotbeusedfor shadow mapping.)

In the secondpass,the sceneis renderedinto the depth
buffer for a secondtime, after having clearedthe depth
buffer. Onceagain, a one-channel�oating point texture of
thesamesizeis usedasrendertarget.Exactlythesamescene
as in the �rst pass—includingthe aforementionedtexture
coordinates—isrendered.In addition,anothertuple of tex-
turecoordinatesis speci�ed to allow a one-to-onemapping
betweenrenderedfragmentsandthetexels from thetexture
generatedin the�rst pass.Thefragmentprogramcompares
thefragment's depthz2 to thedepthz1 storedin thetexture;
if bothdepthvaluesareequal(up to a very small tolerance
level e dueto inaccuraciesin the �oating point representa-
tion), the fragmentwill be discarded.In this way, the fore-
mostsurfaceis not renderedin this secondpass.Finally, a
third renderingpasscombinesthetwo texturesfor z1 andz2,
evaluatesthe function zdual(z1;z2) by a fragmentprogram,
andwritestheoutcomeinto a rendertarget.

Theresultingtextureis usedasshadow mapin phasetwo.
Here,thesceneis renderedfrom theeye point, with illumi-
nationcomputationsandshadow testingbeingenabled.Tex-
turecoordinatesarecomputedin a vertex programto repre-
sentthepositionof thevertex with respectto thelight source.
A fragmentprogramcomparesthe fragment's depthin the
coordinatesystemof the light sourcewith the depthstored
in the shadow mapaccordingto Eq. (3). Dependingon the
resultof thecomparison,thefragmentis drawn asshadowed
or unshadowedpixel.

The new functionality introducedby dual shadow map-
ping is completelyrestrictedto phaseone.Therenderingof
thescenefrom theeye point in phasetwo is not modi�ed—
dualshadow mapsaretransparentto the implementationof
this renderingstage.Therefore,�ltering techniques,which
concernonly phasetwo, canbereadilycombinedwith dual
shadow maps.We have implementedtwo variantsof per-
centagecloser�ltering. First, a bilinear interpolationof the
binary resultsfor the four closestdepthmaptexels is real-
ized.Sincebilinearpercentagecloser�ltering is notdirectly
supportedin thespeci�cationsof DirectX 9, theweightsfor
bilinear interpolationare explicitly computedin the frag-
mentprogramby extractingthefractionalcoordinateswithin
therespectivetexturecell.Second,a�ltering by a4� 4 jitter

matrix is implemented;thecodeis basedon anATI shadow
demo2.

6. Results

In thissection,someexampleimagesareincludedto demon-
stratethe featuresof dual depthmappingin comparisonto
midpointshadow mapsandtheapproachwith constantbias.
All imageswere generateda PC with ATI Radeon9700
graphicsby usingour implementationbasedonDirectX 9.

Figure5 showsasimple“L”-shapedobjectaboveagreen-
ish surface.The sceneis illuminated by directional light
from right above.Figure5 (a)is ahigh-qualityrenderingand
servesasa benchmark.In all otherimages,a heavily under-
sampledshadow textureis usedto emphasizepossiblealias-
ing artifacts.Midpoint shadow mappingwithout backface
culling, asillustratedin (b), revealsboth self-unshadowing
(at the vertical crease)andself-shadowing artifacts(at the
silhouettesas seenfrom the light source).In image (c),
dualshadow mappingwithoutbackfaceculling avoidsself-
unshadowing, but shows the sameself-shadowing artifacts
at the silhouettes.If the constantdepthbias in the original
shadow mappingapproachis chosentoo large,surfacesly-
ing in theshadow canbecomeerroneouslyilluminatedlike
theregionleft to theverticalcreasein image(d).By enabling
backfaceculling, self-shadowing artifactscanbe removed
for midpoint shadow mapping(image(e)); however, addi-
tional self-unshadowing in the neighborhoodof silhouettes
is introduced.Finally, thecombinationof dualshadow map-
ping andbackfaceculling for solid objectsgivesquitecon-
vincingresultsevenfor heavily undersampledshadow maps,
asit canbeseenin (f).

In Figures6 (d)–(f), bilinear shadow �ltering is demon-
stratedfor theoriginalshadow mappingtechnique,midpoint
shadow mapping,and dual shadow mapping,respectively.
Correspondingun�ltered imagesareshown in Figures6 (a)–
(c). Filtering helpsto reducethe visibility of artifactsand
generatesmorenaturallylookingsoft shadow edges.Never-
theless,self-unshadowing artifactsin themidpointapproach
remainclearlynoticeable(on the lower left partof thedou-
ble torusin (b) and(e)).

Figure7showsamorerealisticimagetakenfromafactory
scene.Percentagecloser�ltering with a4� 4 jitter matrix is
applied,anda shadow mapof acceptableresolutionis used.
However, midpointshadow mappingin image(c) still shows
someself-unshadowing artifacts,e.g.,at theleft edgeof the
wall in thebackgroundandaroundthetransmissionrolesin
the upperright. This artifactsareavoidedby dual shadow
mappingin image(d).

Performancemeasurementsfor a Windows XP PC with
ATI Radeon9700GPU andAMD 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
11002 viewport. Performancenumbersfor a rather small
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(a) (b)

(c) (d)

(e) (f)

Figure 5: Comparisonof shadowmappingapproaches.Directional light comesfrom right above. Image (a) showsa high-
qualityrenderingasa benchmark;all otherimagesarebasedona heavilyundersampledshadowtextureto emphasizeartifacts.
Image (b) illustratesmidpointshadowmappingwithoutback faceculling, (c) showsdual shadowmappingwithoutback face
culling, (d) presentstheoriginal shadowmappingwith a large constantbias,(e) and(f) showmidpointshadowmappingwith
back faceculling anddual shadowmappingwith back faceculling, respectively.

depthtextureof 2562 anda largedepthtextureof 20482 are
includedto comparethe ef�ciency of the �rst phaseof the
shadow mappingalgorithm.Midpointanddualshadow map-
ping runat thesamespeedbecausetheir fragmentprograms

differ only minimally. For largedepthtextures,thesetwo ap-
proachesshow roughlyhalf of theperformanceof theorigi-
nal shadow mappingtechniquedueto theadditionalrender-
ing costsin phaseone.For smallerdepthtexturesand/ or
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(a) (b) (c) (d) (e) (f)

Figure 6: Bilinear shadow�ltering . Images(a)–(c) are generatedby the original shadowmaptechnique, midpointshadow
mapping, and dual shadowmapping, respectively. Here, no �ltering is applied.Bilinear �ltering is combinedwith the same
threetechniquesin (d)–(f).

(a) (b)

(c) (d)

Figure 7: Shadowmappingwith 4� 4 percentage closer�ltering for a factoryscene. Image (a) showsno shadow, (b) shadow
mappingwith a constantbias,(c) midpointshadowmapping, and(d) dual shadowmapping.
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Table1: Renderingperformancein fps.

constantbias midpoint/ dual

shadow mapsize 2562 20482 2562 20482

noshadow 167.5
no �ltering 106.2 69.1 85.3 30.6
bilinear�ltering 44.8 36.6 40.6 21.9
4� 4 �ltering 27.2 23.9 25.5 16.6

more sophisticated�ltering during phasetwo, the differ-
encebetweentheshadow mappingmethodsbecomesmuch
smaller.

7. Conclusion

We have presenteddual shadow mapping,which computes
an adaptive depthbiasbasedon the two closestdepthlay-
ers.Thebiasfunctiontakestheminimumof aconstantoffset
andthehalf distancebetweenthesetwo depthlayersin order
to combinethe advantagesof a constantbiasandmidpoint
shadow mapping.Dual shadow mappinghandlesa collec-
tion of trianglesanddoesnot requirefurtherinformationon
thestructureof thescene.Furthermore,backfaceculling for
solid objectscanbemixedwith non-culledopensurfacesin
the samesceneto increasethe renderingperformanceand
the robustnessof the shadow tests.Finally, our approach
lendsitself to ahardware-acceleratedimplementationfor in-
teractive applications,but alsois applicableto high-quality
softwarerenderers.

Althoughtheissueof �nding anappropriateconstantbias
hasnot beenaddresseddirectly, this problemis greatlyal-
leviatedby dualshadow mapping.In the limit of an in�nite
offset,dualshadow mappingconvergesto theoriginal mid-
pointapproachand,thus,still providestheacceptableresults
of this state-of-the-arttechnique.Therefore,the offset can
bechosenby takingavaluesomewhere(or evenwell) above
thevaluethatwouldbeusedfor implementationswith only a
constantoffset.Stateddifferently, the�nal resultsaremuch
lessdependenton thisvalue.
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