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Abstract

Generationandrenderingof realisticthree-dimensionalgraphicsdependonmany
separatetasks- shadows beingoneof themostimportantones.Variousshadowing
techniqueshavebeenuseddependingonthetypeof application.Shadow mapsarean
ef�cient way of producingrealisticshadowswith reasonabletimeandspacerequire-
ments.This paperdiscussesthe traditionalshadow mapalgorithmalongwith other
new shadow mapalgorithmsandimprovementsusedin currentapplications.

1 Intr oduction

Shadows arean essentialpart in the creationof realistic three-dimensionalgraphicsfor
variouspresentdayapplications.A shadow itself canbedescribedasanregionof darkness
in anotherwiseilluminatedregion. Shadows provide muchinformationaboutthesettings
in a picture. This informationincludestheshapes,materialsandlocationsof theobjects
presented,but alsoinformationon the light source- its shape,locationandintensity- is
revealed. They emphasizeandmay clarify the threedimensionalsettingsof the objects
beingdisplayed. Shadows are indeedessentialin creatingvisually realistic images,but
they arealsocomputationallyintensive andhardto generate.

Numerousdifferentmethodsandalgorithmshave beendevelopedfor generatingrealistic
lookingshadows usinganacceptableamountof resources.In thispaper, section2 reviews
sometraditionalmethodsfor implementingshadows. Themainfocusof thepaper, shadow
maps,will bediscussedin detail- section3 presentsthetraditionalshadow maps,section
4 thedeepshadow mapsandsection5 generallycoversothershadow maptechniques.

2 Overview of Shadow Algorithms

Mostof theshadow algorithmsandmethodsusedcanbedividedinto two maincategories,
hardandsoft shadows,dependingon thetypeof shadow thatthey produce.[17]

The shadow region displayedis divided into two differentparts: the main region which
is fully in shadow is calledthe umbra,the region surroundingit andthat is partially in
shadow is calledthepenumbra.Hardshadow algorithmsarebinary, everythingis eitherin
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theshadow (1) or illuminated(0) - they only displaytheumbraareaof theshadow. Soft
shadow algorithmsalsodisplaythepenumbraareaaroundthecentralumbrashadow and
have to handlethe the computationthe fraction of opaqueocclusion(resultingfrom the
irregularintensitydistributionsin thepenumbra).

2.1 Hard Shadow Algorithms

Hardshadow computationis very closeto thenormalvisibility testing,basicallyit is just
a visibility testwith respectto the light source. In practicethe implementationis even
simplersincetheclosestvisibleobjectdoesnotneedto beidenti�ed - �nding theexistence
of anobjectbetweenthethelight sourceandpointof interestis enough.

Someof theshadow algorithmsbelongingto thehardshadow algorithmsinclude[17]:

� fake shadows
� shadow volumes
� depthbuffer (traditionalshadow maps)
� ray tracing

Fakeshadows[13, 17] includesall specializedcasesof producingmathematicallyincorrect
shadows to addto the realismof a view. Thesetechniquesarenormallyquite limited to
speci�c situations(e. shadowsaredrawn only for certainobjectandononeplane),but they
canbeef�cient enoughin addingasenseof realismeasily. Numerousdifferenttechniques
canbe categorizedunderfake shadows, but thesewill not be discussedin detail in this
paper.

Shadow volumes[1, 7] is a techniquetreatingthe shadows castby objectsaspolygonal
volumes.This techniqueusesthestencilbuffer to �nd theintersectionbetweenthepoly-
gonsin thesceneandtheshadow volume.Theshadow volumeis constructedby raysthat
arecastfrom thelight sourceandthatintersecttheverticesof theshadowing object,�nally
continuingoutsidethescene- theseraysform thepolygonalsidesof theshadow volume.
Any point that is within theshadow volumeis consideredto be in shadow. To determine
whethersomeotherpoint is illuminatedor in shadow a shadow countis performed.All
front-facingpolygonsbetweenthe eye andthe point analyzedincrementthe count(+ 1)
andall back-facingpolygonsdecreaseit (- 1). If the�nal countis greaterthanzero,then
thepoint is in shadow. Shadow volumealgorithmsarerestrictedto polygonaldataandare
inef�cient for complex environments.

Thedepthbuffer algorithm[3] is basicallythetraditionalversionof all shadow mapalgo-
rithms andit will be discussedin detail in the next chapter. The basicidealies in using
a depthmapin storingdepthvaluesfrom thepoint of view of the light sourceandusing
this informationin determiningthewhetherpixels in thepictureareilluminatedor in the
shadow.

The ray tracingtechnique[15] is basedon castingrays from the point of view into the
sceneto bedisplayed- thena hugeamountof re�ectionsandrefractionsarecomputedas
theraysbouncearoundin thescene.Shadowsproducedby raytracingtechniquesarevery
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realistic,but they arealsovery expensive to becomputedandcannot thusbeusedwell in
realtimeapplications.

2.2 Soft Shadow Algorithms

Soft shadow algorithmsgeneratemorerealisticlooking shadows thanonesmodeledonly
with hardshadow algorithms.This realismfollows from themodelingof boththeumbra
andpenumbraregionsof the shadow. The shapeof the shadow region dependsboth on
theshadowing objectandthe light sourceandthe relative distancebetweenthem. Some
of thealgorithmsalsotake into accountthetypeof light sourceused- linearandarealight
sourcesandthemostcommontypeswhenmorecomplicatedlight sourcesthanthepoint
light sourceareused.

Someof theshadow algorithmsbelongingto thesoft shadow algorithmsinclude[17]:

� framebuffer algorithm
� distributedandbidirectionalray tracing
� radiosity

The framebuffer algorithm[2] by BrotmanandBadlerwasbasedon generatingshadow
umbrapolygons(simiralto whatis donein theCrow'salgorithm[7]) duringpreprocessing.
Thetwo-dimensionaldepthbuffer usedfor determiningvisiblesurfacesis extendedto hold
cell counterswhich storeinformationof whethera pixel is in theumbraor thepenumbra
region.

Variousextensionsto thetraditionalraytracingalgorithmcanbeusedtogeneratesoftshad-
ows. Distributedray tracing[5] providesa techniquefor generationof gloss,translucency
andmotion blur whereasbidirectionalpathtracing[10] is a fastmethodfor generating
soft shadows (resultingfrom inter-re�ections)usingauniformvoxel structure.

Radiosity[9] is a methodfor soft shadows generationby computingthe diffuse inter-
re�ectionsbetweendifferentsurfacesin ascene.It hasmostlybeenusedonly for polygonal
surfacesbecauseit is quitecomputationallyexpensive.

3 Traditional Shadow Maps

Traditionalshadow mapsarebasedon the Z-buffer visible surfacealgorithm[3] which
buildson theuseof depthmapsasinformationfor shadow computation.Thedepthvalues
(Z) arestoredfor eachpoint in a scenefrom the light source's point of view. Whenob-
jectsarethenrenderedindividually, theirvisibility is determinedby comparingtheirdepth
valuesto thecorrespondingdepthmapvalues.

Figure1. shows a typical shadow map,this time from a light source's point of view over
a chessboard. Figure2. hasbeenrenderedfrom a differentpoint of view utilizing this
shadow map.
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Figure1: typicalshadow map[14] Figure2: renderedwith shadows [14]

3.1 The Algorithm

Thealgorithmgoesthroughthesesteps:

1. Theview of thesceneis constructedfrom thelight source'spointof view. Thedepth
values(Z) for theobjectsclosestto the light sourcearestoredto thedepthmapfor
eachpoint.

2. Theview of thesceneis thenconstructedfrom theview pointsperspective. As each
point is generatedinto the observersview, it is transformedinto the light source's
coordinatesystemandtestedfor visibility. If it is visible in the light source's view
thenthepoint is not in shadow. If thedistanceto thepoint is greaterthanthevalue
in thedepthmap,thereis someobjectin front of thepoint beingtestedandit is in
theshadow.

Thebiggestproblemswith thealgorithmarisefrom aliasingandquantizationissues- both
with thecreationof depthmapsandin samplingthem. Theproblemsin depthmapscre-
ationcanbeminimizedwith theuseof stochasticsampling[4]. Thesamplingproblemhas
variouspossiblesolutionssuchasstoringobjecttagsin additionto of depthvalues.Oneof
theotherwidely usedsolutionsis percentagecloser�ltering [6], which is discussedhere.

3.2 PercentageCloserFiltering

Thenormalway of accessingtexturemapsis to �lter texturevaluesover someregion of
the texture map. The problemwith this approachis that the resultof the calculationis
binary, becauseof thecomparisonbeingthelastoperationperformed.If it would thenbe
appliedto depthmapsit would causetheshadow edgesto besharpandsoft anti-aliasing
wouldnotbepossible- thusthismethodcannotbeusedfor depthmaps.Thesolutionis to
reversetheorderof theseoperations- �rst to compareandthento �lter to getsoft shadow
edges.Thedifferencein theseapproachescanbeseenin Figure3.
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Figure3: Ordinary�ltering versuspercentagecloser�ltering [6]

Usinga reversedorderin theseoperationsmeansthat theresolutionof theshadow infor-
mationis in proportionto theshadow regionin thepicture.Theshadowsthataregenerated
usingthis techniquearethussoft andhave anti-aliasededges.Therearealsodifferences
in the way that the texture canbe stored. With ordinarytexture mapapplicationssome
pre-�ltered storagesolution(suchasresolutionpyramids)canbe usedto avoid the cost
of examiningevery singlepixel - thesestructurescannot beusedwith percentagecloser
�ltering becausethetransformationrequiredun�ltered depthvaluesfor the�rst stepof the
�ltering algorithm.
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Figure4: Differentmethodsfor choosingsamples[6]

Thesizeof thesampleregionusedcorrelatesto theareathattheshadowsedgediffusesin -
a largesampleareausedproducesasoft shadow edge,which resemblesapenumbra(even
thoughit isnotatruepenumbraasthedistancesbetweentheobjectsandthelight sourceare
not takeninto account).Percentagecloser�ltering is heavily basedon strati�ed sampling
[12], bothin thegenerationof theoriginalshadow mapandin selectingtherandomsamples
for �ltering. Strati�ed samplingis usedwhentheareaexaminedis heterogeneous,but can
bedividedintoseparatehomogeneoussubpopulations- thiswayasmallamountof samples
canbe usedto approximatethe propertiesof the whole area. Thereareseveral waysto
performthis,of whichsomecanbeseenin Figure4. Method(c), jitter sampling,produces
shadows thatarelessnoisythanonesproducedwith (a) or (b). Method(d) is potentially
moreaccuratethantheothers,but alsoconsiderablymorecomputationallyexpensive.

3.3 Scalability and Complexity

Theaddedcostof determiningtheshadows associatedwith eachlight sourcefor a certain
sceneis approximatelytwice thecostof basicrenderingof thescenewithout shadows in
additionto a �x edtransformationcostdependingon theimageresolutionused.[16]

ThetraditionalZ-buffer algorithmhastwo majoradvantagesover all othervisible surface
algorithms:it canprocessinde�nitely large environmentandit hasa linearcostgrowth.
The Z-buffer algorithmproducesthe shadow map,the depthinformationneededfor the
decisionof whethertheobjectarein shadow or not.

4 DeepShadow Maps

DeepShadow Mapping[11], proposedby Lokovic andVeachfrom PixarAnimationStu-
dios,is a new moreevolvedshadowing techniquesuitedespeciallyfor producingfastand
high-qualityshadowsof self-shadowing primitivessuchashair, fur andsmoke. Traditional
shadow mapsutilize normaldepthmapswith asingledepthvaluefor eachpixel in thepic-
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ture. Deepshadow mapsstorefractional visibility functionsthat representthe visibility
througha givenpixel atall differentdepthlevels.Figure5. shows well whatdeepshadow
mapsarecapableof, especiallytheshadows castby andonto the fog aresomethingthat
couldnotbeaccomplishedwell with traditionalshadow maps.

Figure5: A cloudwith pipes,renderedusingdeepshadow maps[11]

Theproblemwith renderingprimitivessuchashairor fog is, thattheself-shadowing prop-
ertieseffect the�nal appearanceandrealismof apictureheavily. Traditionalshadow maps
[16] couldbeusedwhentrying to displaysuchprimitives,but therequirementson resolu-
tion (andthusspaceandperformance)areextremelyhigh. Theself-shadowing properties
areimportantin generatingrealisticpictures.A big differencecanbeseenwhencomparing
Figure6.,whichdisplayshair renderedwithoutself-shadowing, whencomparedto Figure
7. which is renderedusingself-shadowing.

Someof the main advantagesthat deepshadow mapshave comparedto the traditional
shadow mapsare:[11]

� semi-transparentsurfacesandvolumetricprimitives(eg. gases)aresupported
� for high detailedpicturesthestoragerequirementaresigni�cantly smallerthanfor

traditionalshadow mapsandtheaccessingthemis faster
� mip-mappingis supported,unlike with traditionalshadow maps,reducinglookup

costswhendifferentscalesareusedin viewing
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Figure6: Without self-shadowing [11] Figure7: With self-shadowing [11]

4.1 The Algorithm

Unlike thetraditionalshadow maps,which storesdepthvaluesfor eachpixel in theview,
deepshadow mapsstorevisibility functionsfor every pixel. This functiondescribeshow
thelight passesfrom theshadow cameraorigin to thedesiredpixel. Thevisibility function
simply providesa way to storethe informationon how the lights intensitydecreasesin
relationto thedepthit reaches.Eachfunctionbeginswith a valueon 1 (100%light) and
decreasesto 0 asvariousobstaclesareencounteredat variousdepths.Thefractionalpart
of thelights intensitythatpenetratesto acertaindepthz is commonlyknown asthetrans-
mittance���������	��

� , and � is referredto asthetransmittancefunctionwhenit is considered
to bethetransmittanceat a �x edpoint ��������� asthefunctionof 
 . Thevisibility function
for every pixel is obtainedby �ltering thenearbytransmittancefunctionsandresampling
at thepixel center.[11]. Consideringa particulardepthz, thetransmittancefor every point
is given by � andthe visibility function ���
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� is thecenterof thepixel examined,
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is thepixel �lter and 7 is the
�lter radius.

Storingvisibility functionsfor everysinglepixel in thesceneis toocostlydueto thestorage
and computationalrequirements.This is why the functionsare compressedand stored
asan arrayof �oating-point pairs,eachcontainingthe depthvalue(z) andthe fractional
visibility (V). Themostimportantrequirementsetfor thecompressionalgorithmusedis,
thatit preservesthedepthvaluesof theimportantfeaturesin thescene- evensmallerrors
will causeundesirableself-shadowing effects. The algorithmproposedby Lokovic and
Veach[11] generatesnew visibility functionswith a fewer amountof control points in
suchaway thattheerroris alwayswithin aprede�nedboundary. Thealgorithmreadsand
writes control pointsin increasingdepthorderandit only needsconstantstoragespace.
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During eachstepthealgorithmdraws the longestpossibleline segment,so that theerror
boundaryis notexceeded,to acontrolpointdeeperin thescene.

Justlike with normaltexturemaps,deepshadow mapsareaccessedby applyinga recon-
structionandresampling�lter to arectangulararrayof pixel valuesatsomeconstantdepth
(z). The following equationis usedto �nd the �ltered shadow valuefor a point (x, y, z)
whena two-dimensional�lter kernelf is used:
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��� is the�lter weightfor pixel (x,y) andthesumis over
all pixelswithin the�lter radius.[11]

4.2 Scalability and Complexity

Deepshadow mapsarecomputationallyde�nitely moreexpensive thantraditionalshadow
mapsof the samepixel resolution- this is causedby the fact that many more samples
aretaken per pixel. But they do have several advantages,suchaspre�ltering, that pro-
videsgainsin computationalandstoragerequirements.Pre�ltering is especiallyimportant
becauseaccurateshadows requirea large amountof depthsamples- it not only makes
shadow lookupsfaster, but also makes it possibleto usephysically smallermapswith
qualityequivalentto biggertraditionaldepthmaps.It is importantto notethatthepre�lter-
ing resultsaredependenton the compressionalgorithmused,if no compressionis used
the storagerequirementswould be signi�cantly bigger. Lokovic and Veachperformed
sometestsshowing thatdeepshadow mapsarefasterandrequirelessstoragethannormal
shadow mapswhenbiggersamplesizesareused. Traditionalshadow mapswerefaster
only whenthesamplesizeswerevery small(4 x 4 or smaller).It is alsoimportantto note
thatthe�ltering timesfor deepshadow mapsarenearlyconstantfor varioussamplesizes,
while boththetimeandspacerequirementsgrow considerablyfor traditionalshadow maps
whenbiggersamplesizesareused.Also thestoragerequirementsof deepshadow maps
grow veryslowly in sizeasthesamplesizeis increased.

5 Other Shadow Map Techniques

Thereare numerousother shadow map techniquesin existencein addition to the ones
coveredalready. Someof thesehave very speci�c uses- othersareextensionsand im-
provementsto themoretraditionalones.

5.1 Adaptive Shadow Maps

Traditionalshadow mapsarean effective way of identifying shadowed and illuminated
areasin pictures,but they haveproblemscausedbyaliasingissues.AdaptiveShadow Maps
[8] areanextensionto thetraditionalshadow mappingtechniquewhich removesaliasing
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problemsby resolvingpixel sizemismatchesbetweentheeyeandlight sourceviews. This
is accomplishedbystoringtheshadow mapin ahierarchicalstructureinsteadof thenormal
�at two-dimensionalview. Thisstructurecanthenbeusedto generatemoredetailedviews
of theshadow mapwhenneededduringtheview transformation.Theobservationbehind
adaptive shadow mapsis that thewholemapdoesnot needto bede�ned with anequally
high resolution,only areawherethe shadow boundariesareneedto be mappedin high
detail- preferablyat leastashighly asthesameregion from theeyespointof view.

The main problemcausingthe aliasingproblemswith shadow mapsis the inadequate
shadow mapresolution.Adaptive shadow mapsusesa hierarchicalgrid structurein stor-
ing theshadow informationandgeneratingadditionalinformationon-the-�y whenneeded.
Removing the aliasing problemsthis way also removes the needof excessively large
shadow maps(effectivememoryusageis alsoaidedby theuseof variousmemorymanage-
mentschemes)andamorerealisticplacementof light sourcesis madepossible(traditional
shadow mapsperformpoorlywhenthelight sourceis far awayor haswide �eld of view).
Othertechniqueshave alsotried to addressthealiasingproblems:percentagecloser�lter -
ing succeedswell, exceptin casesof severealiasingwhenit' sonly ableto blur thealiasing,
anddeepshadow maps,whichutilizespre-�ltered jitteredsample.Noneof thetechniques
beforeadaptive shadow mapshave beenableto dealwith aliasingcausedby insuf�cient
shadow mapresolution.

Themaincharacteristicsof adaptive shadow mapsareits view-drivenproperties(thehier-
archicalgrid structureis updateddependingon theuser's pointof view), ef�cient memory
management(a user-speci�ed upperlimit can be used)and its progressiveness(after a
pointof view hasbeenestablished,thedetaillevel continuesto riseuntil thememorylimit
is reached).

6 Conclusions

Shadows area very importantpart in creatingrealisticlooking three-dimensionalpictures
asthey provide moreinformationon thepropertiesandcharacteristicsof theobjectsand
their surroundings.Variousdifferenttechniqueshave beenusedto generaterealisticshad-
ows within acceptableincreasesin renderingtime. Shadow mapshave beenwidely used
becauseof theirmany advantagesoversomeof theoldertechniques.Especiallythenewer
improvementsin theshadow mappingtechniques,deepandadaptive shadow maps,seem
very promisingbecauseof their economicstoragerequirementsand functionality with
complicatedscenesandvolumetricprimitives.
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