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Abstract

Generatiorandrenderingof realisticthree-dimensionaraphicsdepencn mary
separateasks- shadevs beingone of the mostimportantones. Variousshadeving
techniquedave beenuseddependingnthetypeof application.Shadev mapsarean
ef cient way of producingrealisticshadavs with reasonabléme andspacerequire-
ments. This paperdiscusseshe traditionalshadev mapalgorithmalongwith other
new shadev mapalgorithmsandimprovementsusedin currentapplications.

1 Intr oduction

Shadwvs are an essentiapartin the creationof realisticthree-dimensionagraphicsfor
variouspresentayapplications A shadev itself canbedescribedasanregionof darkness
in anotherwiseilluminatedregion. Shadevs provide muchinformationaboutthe settings
in a picture. This informationincludesthe shapesmaterialsandlocationsof the objects
presentedbut alsoinformationon the light source- its shapeJocationandintensity- is
revealed. They emphasizeand may clarify the threedimensionalkettingsof the objects
beingdisplayed. Shadws areindeedessentiain creatingvisually realisticimages,but
they arealsocomputationallyintensve andhardto generate.

Numeroudifferentmethodsandalgorithmshave beendevelopedfor generatingealistic
looking shadws usinganacceptablemountof resourcesln this papeysection2 reviews

sometraditionalmethoddor implementingshadas. Themainfocusof thepapeyshada

maps,will bediscussedn detail- section3 presentshetraditionalshadev maps,section
4 thedeepshadav mapsandsection5 generallycoversothershadav maptechniques.

2 Overview of Shadowv Algorithms

Mostof theshadwav algorithmsandmethodsisedcanbedividedinto two maincateories,
hardandsoft shadws, dependingn thetypeof shadev thatthey produce [17]

The shadav region displayedis divided into two differentparts: the main region which
is fully in shadv is calledthe umbra,the region surroundingit andthatis partially in
shadwv is calledthepenumbraHardshadev algorithmsarebinary everythingis eitherin
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theshadwv (1) or illuminated(0) - they only displaythe umbraareaof the shada. Soft
shadev algorithmsalsodisplaythe penumbraareaaroundthe centralumbrashada and
have to handlethe the computatiorthe fraction of opaqueocclusion(resultingfrom the
irregularintensitydistributionsin the penumbra).

2.1 Hard Shadav Algorithms

Hard shadw computations very closeto the normalvisibility testing,basicallyit is just
a visibility testwith respectto the light source. In practicethe implementatioris even
simplersincetheclosesvisible objectdoesnotneedto beidenti ed - nding theexistence
of anobjectbetweerthethelight sourceandpointof interestis enough.

Someof theshadev algorithmsbelongingto thehardshadev algorithmsinclude[17]:

fake shadavs

shadav volumes

depthbuffer (traditionalshadav maps)
ray tracing

Fakeshadavs[13, 17] includesall specializedase®f producingmathematicallyncorrect
shadwvs to addto therealismof a view. Thesetechniquesre normally quite limited to
speci c situationge. shadevs aredravn only for certainobjectandononeplane) but they
canbeefcient enoughin addinga senseof realismeasily Numeroudlifferenttechniques
canbe catgorizedunderfake shadavs, but thesewill not be discussedn detail in this
paper

Shadw volumesl[1, 7] is a techniquetreatingthe shadevs castby objectsas polygonal
volumes. This techniqueusesthe stencilbuffer to nd theintersectiorbetweerthe poly-
gonsin thesceneandthe shadev volume. Theshada volumeis constructedy raysthat
arecastfrom thelight sourceandthatintersectheverticesof theshadaing object, nally
continuingoutsidethe scene theseraysform the polygonalsidesof the shadav volume.
Any pointthatis within the shadav volumeis consideredo bein shada. To determine
whethersomeotherpointis illuminatedor in shadev a shadev countis performed. All
front-facing polygonsbetweenthe eye andthe point analyzedncrementthe count(+ 1)
andall back-acingpolygonsdecreasét (- 1). If the nal countis greaterthanzero,then
thepointis in shadev. Shada volumealgorithmsarerestrictedto polygonaldataandare
inef cient for complex ervironments.

Thedepthbuffer algorithm[3] is basicallythe traditionalversionof all shada mapalgo-
rithms andit will be discussedn detailin the next chapter The basicidealies in using
adepthmapin storingdepthvaluesfrom the point of view of thelight sourceandusing
this informationin determiningthe whetherpixelsin the pictureareilluminatedor in the
shadov.

The ray tracingtechnique[15] is basedon castingrays from the point of view into the
scengo bedisplayed thena hugeamountof re ections andrefractionsarecomputedas
theraysbouncearoundin thescene Shadavs producedy ray tracingtechniquesrevery
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realistic,but they arealsovery expensve to be computedandcannotthusbeusedwell in
realtime applications.

2.2 Soft Shadav Algorithms

Soft shadw algorithmsgeneratenorerealisticlooking shadavs thanonesmodeledonly
with hardshadev algorithms. This realismfollows from the modelingof boththe umbra
and penumbraregionsof the shadw. The shapeof the shadav region dependdoth on
the shadwing objectandthe light sourceandthe relative distancebetweerthem. Some
of thealgorithmsalsotake into accounthetypeof light sourceused- linearandarealight
sourcesandthe mostcommontypeswhenmorecomplicatedight sourceghanthe point
light sourceareused.

Someof the shadav algorithmsbelongingto the soft shadev algorithmsinclude[17]:

framebuffer algorithm
distrinutedandbidirectionalray tracing
radiosity

The framebuffer algorithm[2] by BrotmanandBadlerwasbasedon generatingshadev
umbrapolygons(simiralto whatis donein theCrow's algorithm([7]) duringpreprocessing.
Thetwo-dimensionatlepthbuffer usedfor determiningvisible surfacess extendedo hold
cell counterswhich storeinformationof whethera pixel is in theumbraor the penumbra
region.

Variousextensiongo thetraditionalraytracingalgorithmcanbeusedo generatsoftshad-
ows. Distributedray tracing[5] providesatechniquédor generatiorof gloss,transluceng
and motion blur whereas bidirectionalpathtracing[10] is a fastmethodfor generating
soft shadws (resultingfrom interre ections) usinga uniformvoxel structure.

Radiosity[9] is a methodfor soft shadavs generationby computingthe diffuse inter
re ectionsbetweerdifferentsurfacesn ascenelt hasmostlybeenusedonly for polygonal
surfacesbecausét is quitecomputationallyexpensve.

3 Traditional Shadav Maps

Traditional shadev mapsare basedon the Z-buffer visible suriacealgorithm[3] which
builds onthe useof depthmapsasinformationfor shadev computation.Thedepthvalues
(2) arestoredfor eachpointin a scenefrom the light sources point of view. Whenob-
jectsarethenrenderedndividually, their visibility is determinedy comparingheirdepth
valuesto the correspondinglepthmapvalues.

Figurel. shavs atypical shadev map,this time from alight sources point of view over
a chesshoard. Figure2. hasbeenrenderedrom a differentpoint of view utilizing this
shadev map.
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Figurel: typical shadev map[14] Figure2: renderedvith shadevs [14]

3.1 The Algorithm
Thealgorithmgoesthroughthesesteps:

1. Theview of thescends constructedrom thelight sources pointof view. Thedepth
values(Z) for the objectsclosestto the light sourcearestoredto the depthmapfor
eachpoint.

2. Theview of thescends thenconstructedrom theview pointsperspectie. As each
pointis generatednto the obserersview, it is transformednto the light sources
coordinatesystemandtestedfor visibility. If it is visible in thelight sources view
thenthe pointis notin shadwv. If thedistanceo the pointis greaterthanthevalue
in thedepthmap,thereis someobjectin front of the point beingtestedandit is in
theshade.

Thebiggestproblemswith thealgorithmarisefrom aliasingandquantizatiorissues both
with the creationof depthmapsandin samplingthem. The problemsin depthmapscre-
ationcanbeminimizedwith theuseof stochasticsampling[4]. Thesamplingproblemhas
variouspossiblesolutionssuchasstoringobjecttagsin additionto of depthvalues.Oneof
theotherwidely usedsolutionsis percentageloser Itering [6], whichis discussedhere.

3.2 PercentageCloser Filtering

The normalway of accessingexture mapsis to lter texture valuesover someregion of

the texture map. The problemwith this approachs that the resultof the calculationis

binary becausef the comparisorbeingthe lastoperationperformed.If it would thenbe
appliedto depthmapsit would causethe shadav edgeso be sharpandsoft anti-aliasing
wouldnotbepossible thusthis methodcannotbeusedfor depthmaps.Thesolutionisto

reversetheorderof theseoperations rst to compareandthento Iter to getsoftshada

edgesThedifferencein theseapproachesanbeseenn Figure3.
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Figure3: Ordinary Itering versuspercentageloser ltering [6]

Using a reversedorderin theseoperationgmeanghatthe resolutionof the shadev infor-
mationis in proportionto theshadav regionin thepicture. Theshadws thataregenerated
usingthis techniquearethussoft andhave anti-aliasededges.Thereare alsodifferences
in the way that the texture can be stored. With ordinarytexture map applicationssome
pre- Itered storagesolution (suchasresolutionpyramids)canbe usedto avoid the cost
of examiningevery singlepixel - thesestructuresannot be usedwith percentageloser
Itering because¢hetransformatiomequiredun ltered depthvaluesfor the rst stepof the

ltering algorithm.
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¢ Bounding box sampled with jitter. d Geometric boundary samplod with jliter.

Figure4: Differentmethoddor choosingsampleg6]

Thesizeof thesampleregion usedcorrelatedo theareathatthe shadavs edgediffusesin -
alarge sampleareausedproducesa soft shada edge whichresembles penumbrgeven
thoughit is notatruepenumbrasthedistance®etweertheobjectsandthelight sourceare
nottakeninto account).Percentageloser ltering is heaily basedon strati ed sampling
[12], bothin thegeneratiorf theoriginalshadev mapandin selectingherandomsamples
for Itering. Strati ed samplingis usedwhenthe areaexaminedis heterogeneousut can
bedividedinto separatbtlomogeneousubpopulationsthiswayasmallamounbof samples
canbe usedto approximatehe propertiesof the whole area. Thereare several waysto
performthis, of which somecanbeseenin Figure4. Method(c), jitter samplingproduces
shadwvs thatarelessnoisy thanonesproducedwith (a) or (b). Method(d) is potentially
moreaccuratd¢hanthe others but alsoconsiderablynorecomputationallyexpensve.

3.3 Scalability and Complexity

Theaddedcostof determininghe shadavs associateavith eachlight sourcefor acertain
scends approximatehtwice the costof basicrenderingof the scenewithout shadas in
additionto a x edtransformatiorcostdependingn theimageresolutionused.[16]

ThetraditionalZ-buffer algorithmhastwo majoradwantagesver all othervisible surface
algorithms:it canprocessnde nitely large ervironmentandit hasa linear costgrowth.
The Z-buffer algorithmproduceghe shadav map, the depthinformationneededor the
decisionof whetherthe objectarein shadav or not.

4 DeepShadav Maps

DeepShadav Mapping[11], proposeddy Lokovic andVeachfrom Pixar Animation Stu-
dios,is anew moreevolved shadaing techniquesuitedespeciallyfor producingfastand
high-qualityshadwvs of self-shadwing primitivessuchashair, fur andsmole. Traditional
shadeov mapsutilize normaldepthmapswith asingledepthvaluefor eachpixel in thepic-
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ture. Deepshadawv mapsstorefractional visibility functionsthat representhe visibility
througha givenpixel atall differentdepthlevels. Figure5. shavs well whatdeepshadev
mapsare capableof, especiallythe shadavs castby andonto the fog are somethinghat
couldnotbeaccomplishedvell with traditionalshadev maps.

Figure5: A cloudwith pipes,renderedisingdeepshadev maps[11]

Theproblemwith renderingprimitivessuchashair or fog is, thatthe self-shadaing prop-
ertieseffectthe nal appearancandrealismof apictureheaily. Traditionalshadav maps
[16] couldbe usedwhentrying to displaysuchprimitives,but therequirementsn resolu-
tion (andthusspaceandperformancepreextremelyhigh. The self-shadwing properties
areimportantin generatingealisticpictures.A big differencecanbeseernwhencomparing
Figure6., which displayshairrenderedvithoutself-shadwing, whencomparedo Figure
7. whichis renderedisingself-shadwing.

Someof the main advantageghat deepshadav mapshave comparedo the traditional
shadeov mapsare:[11]

semi-transparersuriacesandvolumetricprimitives(eg. gasesparesupported

for high detailedpicturesthe storagerequirementresigni cantly smallerthanfor
traditionalshada mapsandtheaccessinghemis faster

mip-mappingis supportedunlike with traditionalshadev maps,reducinglookup
costswhendifferentscalesareusedin viewing
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Figure6: Without self-shadaing [11] Figure7: With self-shadwing [11]

4.1 The Algorithm

Unlike the traditionalshadev maps,which storesdepthvaluesfor eachpixel in the view,
deepshadav mapsstorevisibility functionsfor every pixel. This functiondescribesown
thelight passe$rom theshadev camereorigin to the desiredbixel. Thevisibility function
simply providesa way to storethe informationon how the lights intensity decreasem
relationto the depthit reaches Eachfunctionbeginswith a valueon 1 (100%light) and
decreasew® 0 asvariousobstaclesireencountereat variousdepths.The fractionalpart
of thelights intensitythat penetrate$o a certaindepthz is commonlyknowvn asthetrans-
mittance ,and isreferredto asthetransmittancdunctionwhenit is considered
to bethetransmittanceta x edpoint asthefunctionof . Thevisibility function
for every pixel is obtainedby Itering the nearbytransmittancéunctionsandresampling
atthepixel centef11]. Consideringa particulardepthz, thetransmittancdor every point

is givenby andthe visibility function canthenbe obtainedby ltering these
values:

where - - is the centerof the pixel examined, is thepixel lter and isthe
Iter radius.

Storingvisibility functionsfor everysinglepixelin thescends toocostlydueto thestorage
and computationakequirements.This is why the functionsare compresseénd stored
asanarrayof oating-point pairs,eachcontainingthe depthvalue (2 andthe fractional
visibility (V). The mostimportantrequiremensetfor the compressioralgorithmusedis,

thatit preseresthe depthvaluesof theimportantfeaturesn the scene- evensmallerrors
will causeundesirableself-shadwing effects. The algorithm proposedby Lokovic and
Veach[11] generatesew visibility functionswith a fewer amountof control pointsin

suchaway thattheerroris alwayswithin a prede nedboundary Thealgorithmreadsand
writes control pointsin increasingdepthorderandit only needsconstantstoragespace.

8
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During eachstepthe algorithmdraws the longestpossibleline sggment,so thatthe error
boundanyis not exceededto a controlpointdeepein thescene.

Justlike with normaltexture maps,deepshadev mapsareaccessethy applyinga recon-
structionandresamplinglter to arectangulaarrayof pixel valuesat someconstantiepth
(2. Thefollowing equationis usedto nd the ltered shadw valuefor a point (X, y, z)
whenatwo-dimensionallter kernelf is used:

where - - isthe Iter weightfor pixel (x,y) andthesumis over
all pixelswithin the Iter radius.[11]

4.2 Scalability and Complexity

Deepshadav mapsarecomputationallyde nitely moreexpensve thantraditionalshadev
mapsof the samepixel resolution- this is causedoy the fact that mary more samples
aretaken per pixel. But they do have several advantagessuchaspre ltering, that pro-
videsgainsin computationahndstorageequirementsPre Itering is especiallyimportant
becauseccurateshadas requirea large amountof depthsamples- it not only makes
shadev lookupsfastey but also makesit possibleto use physically smallermapswith
quality equivalentto biggertraditionaldepthmaps.It is importantto notethatthepre Iter-
ing resultsare dependenobn the compressioralgorithmused,if no compressions used
the storagerequirementavould be signi cantly bigger Lokovic and Veachperformed
sometestsshawing thatdeepshadev mapsarefasterandrequirelessstorageghannormal
shadav mapswhenbiggersamplesizesare used. Traditionalshadev mapswerefaster
only whenthe samplesizeswerevery small(4 x 4 or smaller).lt is alsoimportantto note
thatthe ltering timesfor deepshad@ev mapsarenearlyconstanfor varioussamplesizes,
while boththetime andspaceequirementgrow considerablyor traditionalshada maps
whenbiggersamplesizesare used. Also the storagerequirement®f deepshadw maps
grow very slowly in sizeasthesamplesizeis increased.

5 Other Shadov Map Techniques

Thereare numerousother shada map techniquesn existencein additionto the ones
coveredalready Someof thesehave very speci ¢ uses- othersare extensionsandim-
provementgo the moretraditionalones.

5.1 Adaptive Shadov Maps

Traditional shadev mapsare an effective way of identifying shadwed andilluminated
areasn picturesputthey have problemscausedy aliasingissues Adaptive Shadev Maps
[8] areanextensionto thetraditionalshada mappingtechniquewhich removesaliasing
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problemsby resolvingpixel sizemismatchedetweerthe eye andlight sourceviews. This
is accomplishedby storingtheshade mapin a hierarchicabktructuransteadf thenormal
at two-dimensionaliew. This structurecanthenbeusedto generatenoredetailedviews
of the shadev mapwhenneedediuringtheview transformationThe obseration behind
adaptve shadav mapsis thatthe whole mapdoesnot needto be de ned with anequally
high resolution,only areawherethe shadev boundariesare needto be mappedin high
detail- preferablyat leastashighly asthe sameregion from the eyespoint of view.

The main problem causingthe aliasing problemswith shadav mapsis the inadequate
shadav mapresolution. Adaptive shadav mapsusesa hierarchicalgrid structurein stor
ing theshadev informationandgeneratingadditionalinformationon-the- y whenneeded.
Remawing the aliasing problemsthis way also removes the needof excessrely large
shadav mapg(effective memoryusageés alsoaidedby the useof variousmemorymanage-
mentschemesandamorerealisticplacemenof light sourcess madepossiblgtraditional
shadav mapsperformpoorly whenthelight sourcels far awvay or haswide eld of view).
Othertechnique$ave alsotried to addresshealiasingproblems:percentageloser Iter -
ing succeedwell, exceptin case®f seserealiasingwhenit' s only ableto blur thealiasing,
anddeepshadav mapswhich utilizespre- Itered jitteredsample Noneof thetechniques
beforeadaptve shadav mapshave beenableto dealwith aliasingcausedoy insufcient
shadev mapresolution.

Themaincharacteristicef adaptve shadev mapsareits view-driven propertieqthe hier
archicalgrid structurds updateddependingon the users point of view), ef cient memory
managemen(a userspeci ed upperlimit canbe used)andits progressieness(after a
pointof view hasbeenestablishedthe detaillevel continuego riseuntil thememorylimit
is reached).

6 Conclusions

Shadwvs areavery importantpartin creatingrealisticlooking three-dimensionglictures
asthey provide moreinformationon the propertiesandcharacteristicef the objectsand
their surroundingsVariousdifferenttechnique$ave beenusedto generateealisticshad-
ows within acceptabléncreasesn renderingtime. Shadev mapshave beenwidely used
becausef theirmary advantage®ver someof the oldertechniquesEspeciallythe never
improvementsin the shadw mappingtechniquesdeepandadaptve shadav maps,seem
very promising becauseof their economicstoragerequirementsand functionality with

complicatedscenesindvolumetricprimitives.
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