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Abstract

This paper proposesa new shadowmap technique termedtrapezoidalshadowmapsto calculate high quality
shadowsn real-timeapplications.To addressthe resolutionproblemof the standad shadowmapapproacd, our
techniqueapproximateshe eye's frustumas seenfromthe light with a trapezoidto warp it ontoa shadowmap.
Sud a trapezoidabpproximation,which may r stseenstraightforwaid, is carefully designedo achievethe goal
of good shadowquality for objectsfrom nearto far, and to addressthe continuity problemthat is foundin all
existing shadowmap appmoacdes.The continuity problemoccurts mainly whenthe shadowmap quality changes
signi cantly fromframeto framedueto the motionof theeyeor thelight. Thisresultsin ic kering of shadowsOn
thewhole our proposedapproad is simpleto implementwithoutusingcomplex datastructuresandit mapswell
to graphicshardware as shownin our experimentsawith large virtual sceneof hundedsof thousandgo over a

million of triangles.

Cateories and Subject Descriptors (accordingto ACM CCS}

1.3.3 [Computer Graphics]: Picture/Image

Generation—Anti-aliasinghitmap and frameluffer operations;l.3.7 [Computer Graphics]: Three-Dimensional
GraphicsandRealism—Colgrshading shadeving, andtexture

1. Intr oduction

Realtime shadev generatiorhasbeengainingalot of atten-
tion recentlydueto the growing supportof programmable
graphicsprocessingunits in PCs and game consoles.In
mary applicationsshadas areimportantbecausehey add
furtherrealismto scenesandprovide additionaldepthcues.
Finding ways to calculateshadwovs starteda few decades
ago; seethe suney by [WPF90]. We notethat in most of
thesetechniquesthereis a tradeof betweershadov quality
andrenderingtime. Recentapproachesncluding our work
here,arebasedn the standardshadev mapalgorithmorig-
inally proposedn [Wil78]. This two-passalgorithmis neat
and easyto understandin the rst pass,the sceneis ren-
deredfrom the viewpoint of the light with depthbuffer en-
abled.Thisbuffer is thenstoredinto animagecalledshadav
map.In thesecondpassthescends renderedrom theview-
pointof theeyeincorporatingshadev determinatiorfor each
pixel. A pixel is in shadav if the z-valueof its correspond-
ing surface point when transformedinto the light's view
is greaterthanits correspondinglepthvalue storedin the
shadaev map.

Thestandaragshadev mapalgorithmis easyto implement
andis alsofastin its calculation.It is well-suited for all
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kindsof geometrigprimitivesaswell ascomplex andcurved
objects.Additionally, its operationscan be mappedwell to
graphicshardwarewherethedepthbuffer andprojective tex-
turemappingareusedto calculateshadavs [SKvW 92].

On the other hand, the approachhas two well-known
dravbacks. Its rst drawback is the resolution problem
whereit works well when the light is closeto the scene
andto theviewpoint of the eye, but producesliasesaround
shadav boundariesvhenthelight is faraway. Thisis caused
by low shadev mapresolution(i.e. anundersampling)in ar
easwherea higherresolutionis neededBesideshe practi-
calscenariovhereonly asmalltextureis availableto capture
theshadev map,this problemcanalsoarisewhenthevisible
region of the eye's frustumoccupiesonly a smallfractionin
the shadav map. Thereareapproacheshataddresghis is-
sue(see[BAS02], [FFBGO01],[SD02] asdiscussedaterin
Section2). However, for real-timeinteractive applications
(with little or no restrictionon the motion of the eye, lights
andobjects),thereis no satishctoryshadev mapapproach
that addressethe resolutionproblemwhile alsobearingin
mind the polygonoffsetproblemandthe continuity problem
discussedubsequently

Its seconddrawbackis the polygonoffsetproblem Dueto
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theimage-basedature shadav determinatioris performed
with nite precisionwhich can causesurfaceacneeffects.
This canbe addressedby nding an offsetwhich is added
to the depthvaluesof the shadev mapto move the z-values
andhencetheshadavs slightly avay from thelight [Wil78].
Additionally, in [WM94], the depthvaluesof surfacesthat
aresecondhearesto thelight sourcearesampledo address
this problem.

The rst contritution of this paperis a new approactof
calculatingshadavs usingtrapezoidakhadov mapswhich
are derived from trapezoidalapproximationsof the eye's
frustaasseerfromthelight. It addressetheresolutionprob-
lem of the standardshadav map approachto resultin en-
hancedshadev mapresolutionfor both staticanddynamic
objectsfrom nearto farandwith no constrainbntherelative
positionsandmotionsof the eye andthelight. At the same
time, it doesnotworsenthepolygonoffsetproblemasit uses
the programmablegraphicspipelineto con ne the problem
to be asmanageablasthatin standardshadev maps.The
approachis ef cient asonly the eight cornersof the eye's
frustumplusthe centersof the nearandthefar plane,rather
thanthe scene,are neededio computea good trapezoidal
approximationlt thusscaleswell to large scenesFigure 1
shawvs anexampleof our approach.

light's post-perspective space trapezoidal space

@) (b)

Figure 1: (a) The shadowmap of the scenewith 225 reg-

ularly spacedplant modelsis computeddirectly from the

light's view. As the light is far away shadowaliasing ap-

peaisin theview of theeye (b) Theshadowmapis computed
fromthelight's view after applyingtrapezoidaltransforma-
tion to focusontheregion (of only 15 plantmodels)which is

potentiallyvisibleto the eye Asa result,high quality shad-
owsare obtained.

The secondcontritution of this paperis the recognition
andatreatmenbf the continuityproblemwherethe shadev
map quality changessigni cantly from frameto framere-
sulting in the ick ering of shadavs. This occursin all ex-
isting shadev map approacheshat generateshadev maps

of signi cantly differentquality for small differencesn the
views of theeye or thelight. Ourapproacttomputestrape-
zoidalapproximatiorsothatthereis a continuouschangean

theshapeandsizeof trapezoidrom frameto framein order
to control the transitionin the shadev mapresolution.See
Figure2 for anillustration.

Frame i Frame i +1
Bounding Box Approximation
A

ye ro

Trapezoidal Approximation

AN AN

Figure 2: (a) Flickering of shadowsfrom one frame to
the next geneiated by a boundingbox approximation. (b)
A smoothshadowtransition geneated with the useof our
trapezoidalapproximation.In ead of thefour pictures,the
post-pespectivespaceof thelight is onthetop left, thegen-
erated shadowmap on the top right, and the shadowof a
plant (asin the sceneof Figure 1) onthe bottom.

The paperis organizedasfollows: Section2 presentpre-
vious work; Section3 discusseur reasonsin choosing
trapezoidio approximatehe eye's frustumasseenfrom the
light; Section4 addressethe polygonoffset problem;Sec-
tion 5 describeghe continuity problem; Section6 details
the computationof our trapezoidalapproximation;Section
7 shavs our results;andSection8 concludeghe paperwith
possiblefutureworksandlimitationsof our approachWith-
outlossof generality our descriptionrassumeshatthereis a
singlelight in the sceneandthe eye's frustumis completely
within thelight's frustum.lt is straightforvardto apply our
approacho multiple lights (asusedin Figure7); Section6.4
discusseshe extensionof our approacho the generalcase
of eye andlight.

2. Previous Work

In the following, we review works thataremostrelevantto
oursin improving standarcgshadev maps.

The adaptve shadev mapapproaclfFFBGO0] addresses
theresolutionproblemby usinga hierarchicalrid structure
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insteadof thestandard at” shadev map.A greatimprove-
mentto the shadov quality is gained,but it is currentlynot
possibleto mapthis approachto graphicshardware. There-
fore, this approaclhis slov andnot suitablefor real-timeap-
plications.

The perspectie shadev map approach(PSM) [SD0Z
tacklesthe problemof insufcient shadev map resolution
in regions nearto the eye by a non-uniformparameteriza-
tion: A single(perspectie) shadev mapis generatedo pro-
vide high resolutionfor objectsnearbyand low resolution
for objectsfar away. To achieve this, the shadev map is
calculatedn the post-perspecte spaceof the eye. This ap-
proachfundamentallyimprovesshadav quality for somere-
strictedcasegdependingn therelative positionsof theeye
andthe light) but meetsa numberof technicaldif culties
thathinderits applicationgo interactive anddynamicervi-
ronments First, the implementationof PSMis rathernon-
trivial with mary tradeofs to considerFor instanceijt needs
a robustimplementatiorof a 3D corvex hull algorithmto-
getherwith union andintersectionoperationsSecondthe
polygon offset problemis worsenedas depthvaluesin the
post-perspecte spaceof the eye aredistributed differently
for variouscon gurationsbetweerthe eye andthelight. As
a result,a constantpolygon offset may not be sufcient to
avoid surfaceacneeffects while maintaininggood shadav
quality.

Thework of [BAS02] addressethe polygonoffset prob-
lem with thelineardistribution of depthvalues.In addition,
it addressetheresolutionproblemby usingthesmallestox
to boundobjectsin the eye's frustumasseenfrom thelight.
We arguein thenext sectionthatthis parameterizatiois not
necessarilydeal.

Therecentwork termedshadaev silhouettemapgSCHO3]
attemptsto combine the strengthsof shadev volumes
[Cro77 and shadev maps.It, however, also inherits the
weaknessegf bothtechniqueslts reportedrameratesdoes
notseemto begoodfor interactive applicationsvith moder
atesizesof overtensof thousandsriangles.

3. IncreasingShadonv Map Resolution

A shadev mapcanbe viewed simply to consistof two por-
tions: one within and the other outsidethe eye's frustum.
It is clearthat only the former is usefulin the determina-
tion of whetherpixels arein shadev. Thus,to increasethe
shadev map resolutionin oneway is to minimize the en-
tries, collectively termedaswastaye, occupiedby the latter
In otherwords,a goodway to addresghe resolutionprob-
lemis to betterutilize theshadev mapfor theareawithin the
eye'sfrustumasseenfrom thelight, denotedasE; Figure3,
left. Thisrequireshecalculationof anadditionalnormaliza-
tion matrix N to transformthe post-perspeocte spaceof the
light to an N-spacen general;seeFigure3, right, whereN
refersto the trapezoidakpaceandthe boundingbox space,
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respectiely. Then,the shadav mapis constructedrom this

N-spaceWith this,we needaminormodi cation to thestan-
dardshadev mapalgorithm: during shadev determination,
a pixel is transformednto the N-spaceratherthaninto the

post-perspeoie spaceof thelight, for thedepthcomparison.
Exceptfor the calculationof N which may be computation-
ally expensve for someapproachesthe shadev mapgen-

erationandshadev determinatiorstill mapwell to graphics
hardware.

Naiwely, thetighterthe boundof theapproximatiorto the
areaof interestthe betterthe resolutionof the shadev map.
The smallestsuchareais the 2D cornvex hull C of E. How-
ever, it is notclearhow to transformef ciently C (whichisa
polygonof upto six edges}o someN-spacevhile minimiz-
ing wastageThe next naturalchoiceis to usethe smallest
boundingbox B of C for the purposgFigure3, middle, bot-
tom). A variantof this ideais presentedy [BAS02] where
C is thecorvex hull of thosepixelsin E occupiedby objects
in the sceneThis approaclttradesthe slow procesf read-
ing backpixelsfrom theframebuffer for the high utilization
of theshadaev mapmemory Ontheotherhand,suchbound-
ing box approximatiomrmay not alwaysresultin minimizing
wastageasshavn in Figure3, right.

trapezoidal space

trapezoid

light's
post-perspective spa7 —
\ bounding box

Figure 3: An example of the trapezoidal approximation
(middle top) and the smallestboundingbox approximation
(middle bottom)of the eye's frustumas seenfromthe light
(left). Thewastaye in the shadowmapgenertedby the for-
mer is mud smaller than that by the latter in this case

(right).

bounding box spac

In view of this, the next plausiblechoiceis thento con-
sidera generalquadrilateralQ to approximateC. Low and
llie [LI03] shav a heuristicto computeQ deriving from the
edgesof the corvex hull of C andhaving the smallestarea
boundingC. Sucha Q is an approximationof the smallest
areaquadrilateraboundingC. The paperindicatesbut does
notexplicitly presenanddemonstratasolutionto theconti-
nuity problem.lt doesnot seemstraightforvardto adaptthe
substantiakalculation(from computervision) of Low and
llie to mapspeci c regionsin Q to a speci ¢ portionof the
shadev mapto controlthe continuouschangen the shadav
map resolutionfrom frameto frame.In contrast,our pro-
posedtrapezoidalapproximationof C discussechext uses
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simplecalculationsandit hasa powerful controlto address
the continuity problem.

A trapezoids recognizedo be the mostsimilar shapeto
E. Ourwork shawvs thatthetwo parallellinescontainingthe
topandthebase=dgeof atrapezoidorm asurprisinglypow-
erful mechanismo controlthe shadev mapresolutionfrom
frameto frame. This successfullyaddresseshe continuity
problem(seeSection6.1). Equally importantand interest-
ing for our choiceof trapezoidareits two sideedgesin ad-
dressinganothekind of “implicit” wastagerotmentionedn
the above discussionSuchwastages the over-samplingof
nearobjectsin theshadev mapwherealower samplingrate
would sufce. We developanef cient mechanisnio decide
on the two side edgesto spreadthe available resolutionto
objectswithin a speci ed focusregion (seeSection6.2). In
comparisonthe transformatiorusedin the smallestoound-
ing box doesnot have such e xibility in stretchinga shape.
As aresult,thesmallesboundingbox hasadeterioratingef-
fect on the shadav mapresolutionwhenthe depthof view
increases.

Therestof this sectionformalizesthe useof trapezoidal
approximationin our approachConsidera vertex v in the
objectspace.Then,the vertex of v in the post-perspecte
spacel. of thelightisv. = B C. W v whereP_ andC_
aretheprojectionandcameramatricesof thelight andW is
the world matrix of the vertex. The eight cornerverticesof
E areobtainedfrom thosecornerverticesof the eye's frus-
tum in the objectspacemultiplied by P C. C¢ ! where
Ce ! is theinversecameramatrix of the eye. We treatE asa
attened 2D objecton thefront faceof thelight's unit cube.
We usea trapezoidT to approximate(and contain)E; see
Figure 3, middle,top. The normalizationmatrix Nt is con-
structedsuchthatthefour cornersof T (ascomputedn Sec-
tion 6) are mappedto a unit square By applyingNr to L,
we transformthe sceneto the trapezoidalspaceT . We call
vr = Nt v avertexin T, Ny atrapezoidatransformation
andthe shadev mapderived from T atrapezoidalshadow
map

4. Handling Polygon Offset Problem

Theintentof Ny is to transformonly the x andy valuesof
thoseverticesof objectswithin T. Thistransformationhow-
ever, alsoaffectsthe z valueof eachvertex dependingnits
x andy values.As such,a good offset for eachvertex de-
pendson its x andy values,andthusthe usualsingle offset
for all vertices(asin the standarcshadev mapapproach)s
notadequat¢o remedysurfaceacneeffects.

This problemcanbe solvedwith theideaof transforming
only thex;y andw valuesof eachvertex by Nt to T, while
maintainingthez valuein L. In this way, the polygonoffset
problemis notworsenedindcanbehandledasin the caseof
a standardshadev map.As discussedn the next two para-
graphs,this can be ef ciently mappedto currentgraphics
hardwaresupportinga programmabléragmentstage.

In the rst pasgshadev mapgeneration)thevertex stage
transformseachvertex vto vt = (XT;y1;z1; W) andassigns
VL = (X_;YL;Z ;W) asits texture coordinate Note thattex-
ture coordinatesover a triangleare obtainedby linearly in-
terpolatingthe v =wy valuesof the verticesof the triangle.
Next, the fragmentstagereplaceghe depthof the fragment
with z. =w; andaddsto it anoffset.In effect, we have setthe
zvalueof thevertex in T asz_with the necessarypolygon
offset.

In the secondpass(shadav determination),the vertex
stagetransformseachvertex to the post-perspecte space
of theeye astheoutputvertex. It alsocomputesfor thever
tex, two texture coordinates/. = (X_;yL;z ;w.) andvr =
(x7;y1:27;W7). Then, the fragmentstageprocessesach
fragmentto determineshadev by comparingz. =w_ to the
valuein the shadav mapindexed by (X1 =wr; yr=wr).

We have two notes First,asimplerandmoreef cient ap-
proach(to implementthe idea of maintainingthe z value
in L) to only keepvr as (xr;yr; %5 wr) in the vertex
stage(in both passesypoesnot alwayswork. This problem
is prominentin caseswhere,for example,the eye or light
frustacontainlargetriangles.Thereasoris thatsuchzis not
correctlyinterpolatecbver eachtriangleaszis nolongerex-
pressibleas someafne mappingof verticesin the world
space.Second,the abore vertex and fragment stagesdo
slightly morework thanthatneededn the standarcshadav
map.Our experiencewith themfor over 100K trianglesre-
mainhighly interactve.

5. The Continuity Problem

As mentionedthe continuity problemis a consequencef a
signi cant changen theshadev mapqualityfrom oneframe
to thenext, resultingin ick eringof shadavs. For thesmall-
estboundingboxapproachtheshadav mapquality changes
if thereis asudderchangen theapproximatiorof theeye's
frustumasseerfrom thelight. Figure2(a)shavsfrom frame
i to framei + 1 thattheorientationof theapproximatiorof E
with thesmallesboundingboxis changedAs aresult,there
is a drasticchangeto the resolutionin differentpartsof the
shadav map.In generalthe problemcanoften occurwhen
E transitsfrom oneshapeto anotherdifferentshapg(where
the numberof sideplanesof the eye's frustumvisible from
the light's view is different). Additionally, the problemex-
istsin [BAS02] asthe smallestboundingbox, enclosingall
thosepixelsin E occupiedby objectsin the scenechanges
drasticallywhensomevisible objectis addedor removed.

The continuity problemoccursin the perspectie shadov
mapapproachiSD0Z asit reliesonthecorvex hull of all ob-
jectsthatcancastshadavs. This corvex hull andtheresult-
ing shadev quality canchangesuddenlyln onecasethisoc-
curswhenobjectsmove into or out of thelight's frustumin
adynamicernvironment.In anothercasejt canbe obsened
whenthe algorithmvirtually movesthe positionof the eye
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to avoid, for example theinvertedorderof objectsdueto the
perspectie projection.The continuity problemcanoccurin
our trapezoidabpproximatiorof E, too. However, we shav
in the next sectionthat thereexists an ef cient and effec-
tive way to controlthe changesn trapezoidgo addresghe
problem.

6. Constructing Trapezoidal Approximation

Our aim is to constructa trapezoidto approximateE with
the constraintthat eachsuchconsecutie approximatiorre-
sultsin a smoothtransitionof the shadev map resolution.
Our strat@y is to rely on a smoothtransitionin the shape
andsizeof trapezoidto resultin a smoothtransitionof the
shadev mapresolution.Section6.1 discusseshe computa-
tion to obtainthebaseandthetop line. Fromthesethebase
andthe top edgeof the trapezoidarede ned whenthe two
sidelinesarecomputedasdiscussedn Section6.2. Section
6.3 analyseghe coverageof the focusregion in the shadev
map,andSection6.4 extendsour approacho handlescenar
ios wherenot all the eight verticesof the eye's frustumare
insidethelight's frustum.

6.1. Baseand Top Lines

Thisstepisto nd two parallellinesin L to containthebase
and the top edgeof the requiredtrapezoid.The aim is to
choosethe parallellines suchthat thereis a smoothtransi-
tion whenthe eye moves (relative to the light) from frame
to frame.We rst presenthealgorithmandthendiscussts
rationale.

Stepl Transform the eye's frustum into the post-
perspectie spacel of thelight to obtainE.

Step2 Computethe centerline |, which passeshroughthe
centersof thenearandthefar planeof E.

Step3 Calculatethe 2D corvex hull of E (with at mostsix
verticesonits boundary).

Step4 Calculatethe top line It thatis orthogonalto | and
touchegheboundaryof thecorvex hull of E. It intersects
| ata point closerto the centerof the nearplanethanthat
of thefar planeof E.

Step5 Calculatethe baseline I which is parallelto (and
differentfrom) the top line It (i.e., orthogonalto | too)
andtouchegheboundaryof the corvex hull of E.

Theabove algorithmis suchthatthecenterine | governs
thechoicesof It andly, with theexceptionfor thecasewhen
the centersof the far and nearplanes(almost)are coinci-
dent. The algorithmhandlesthat separatelyto resultin the
smallesboxboundingthefar planeasthedesiredrapezoid.

Imaginethe eye's frustumis dravn within a spherewith
the centerof the sphereat the eye's positionandthe radius
equalto the distancefrom the eye to eachcornerof the far
plane.Supposehe eye's locationdoesnot change Pitching
and headingof the eye from oneframeto the next canbe
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encodedas a point (which is the intersectionof | with the
sphere)on the sphereto anothemearbypoint, while rolling
of theeye doesnot changehe encodeointbut resultsin a
rotationof theeye's frustumalongl. Moreimportantly with
a smootheye motion from frameto frame, the four corners
of thefar planeof the eye's frustumlying onthe spherealso
have a smoothtransitionon the sphere As the positionsof |
andthementionedour cornersuniquelydetermindy,, it also
transitssmoothlyfrom frameto frame.Similarly, It transits
smoothlyfrom frameto frame,too.

Next, supposehe eye's location doeschangerelative to
thelight from oneframeto the next but maintainsits orien-
tation. In this case,it is only a matterof scalingE andthe
Ip andlt computecareparallelto thepreviousones.In other
words, both I, andlt again transitsmoothlyfrom frameto
frameundera smoothtranslationof the eye's frustum.

6.2. SideLines

Beforedescribinghe computatiorof thesideedgeswe rst
analyzeheeffectof transformingagiventrapezoidn Figure
4(a)byits Ny to T . NotethatNt hasthe effect of stretching
the top edgeinto a unit length.In this case the top edgeis
relatively shortcomparedo thebaseedge andthereforethe
stretchingresultsin pushingall the shavn trianglestowards
the bottomof the unit squareasin Figure4(b). This means
that the region nearto the top edge(i.e., closeto the near
plane)eventuallyoccupiesa major partof the shadav map.
This resultsin anover-samplingin the shadev mapfor ob-
jectsvery nearto the eye while sacri cing resolutionof the
otherobjects(suchasthe secondo the fourth trianglefrom
thetop). Thisis thekind of wastagedueto over-samplingas
mentionedn Section3.

4 A A

P -
— -~
(a) trapezoidal
approximation ir

0%

80% line

(b) trapezoidal space (c) trapezoidal space
due to the 80% rule

Figure 4: For the trapezoidin (a), its correspondingT is
shownin (b). In this case we obtain an over-samplingfor
a smallregion of E. (c) For a differenttrapezoidcomputed
with the 80%rule (havingthe sametop and baselines), its
trapezoidatransformatiormapsthefocusregion (the upper
part of the trapezoid)to within the r st80%in the shadow
map.

Corversely a small part of the shadav mapis occupied
by nearobjectswhena “fat” trapezoidhaving top andbase
edgesof almostequallength)is transformedby its trape-
zoidal transformationAs our approachaimsto achieve ef-
fective useof availableshadev mapmemoryby “important”
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objectsin the eye's frustum,we have designedur rst ver
sionof the algorithmto computethe sidelines andthusthe
requiredtrapezoidasfollows.

Assumethe eye is more interestedin objectsand their
shadevs within the rst d distancefrom thenearplane.That
is, theregion of focus,or simply thefocusregion, of theeye
is the eye's frustum truncatedat d distancefrom the near
plane.Let p be a point of d distanceawvay from the near
planewith its correspondingoint p_ lying onl in L; see
Figure5. Let thedistanceof p. from thetop line be d® we
designatrapezoido containE, sothatNt mapsp, to some
pointontheline of 80%or whatwe referto asthe 80%line
in T (seeFigure4(c)). Suchanapproachs termedthe 80%
rule.

To dothis, we formulatea perspectie projectionproblem
to computethe positionof a pointq on| with q asthe cen-
ter of projectionto mapp, to apointonthe80%liney = x
(i.,e.x= 0:6), andthebaseandthetoplinetoy= 1and
y= +1,respectiely. Let| bethedistancebetweerthebase
andthetopline. Then,thedistanceof g fromthetopline, de-
notedash, is computedhroughthe following 1D homoge-
nousperspectie projection:

0 (Il+2h) 2(I4|rh)h 10 &+ h 10 ;(1
@ A @ A-@ A
1 0 1 w
X o 1d %+ 1d %
and X— V_V. SO, h—m.

Next, two linespassinghroughg andtouchingthecornvex
hull of E areconstructedo be the sidelines containingthe
sideedgesf therequiredtrapezoid.

Figure5: A 1D homaenousperspectiveprojectionproblem
to computey.

For somesituations(suchasE of a duelingfrustacase),
the 80% rule can also resultin a signi cant wastageof

shadev mapmemory We thus modify the above algorithm
to an iterative process Supposehe shadev mapis a map
with x horizontallines of entries.(In our experimentsx is
1024 or 2048.)In the rst iteration, p_ is mappedto the
80% line (or 0:8x), andin eachsubsequeniteration, p_ is
mappedo anentryoneline beforethatof thelastiterationto
computeg. With eachcomputedy, we have a corresponding
trapezoidandits trapezoidatransformatiorNt computedas
before.Fromall the iterations,we adoptthe trapezoidwith
its Nt thattransformsthe focusregion to cover the largest
area(thoughothermetricsarepossible)in the shadev map.
Note that the abose computationis not expensve asit in-
volvessimple arithmeticand only a small numberof itera-
tions. In fact, for a given up vector of the eye anda given
anglebetweertheeye's andthelight'sline of sight,thebest
x to wherep,_ is mappeds independentf thesceneandcan
thusbe pre-computedTherefore all thesebestx (andthus
h) canbe storedin atablewith the parameteof the angle
betweerthe eye's andthelight's line of sight,for eachpos-
sible up vector of the eye. Thus,a simpletablelookup can
alsoreplacetheabove iterative process.

6.3. FocusRegionin the Shadav Maps

To understandur 80% rule, we generatea plot (asshavn

in Figure6) of thetotal areacoveredby the focusregion in

theshadev mapby varyingthe angle(representedsa data
point on the xy-plane)betweerthe eye's andthelight's line

of sightwhile keepingthe up vectorconstantWe have also
experimentedwith a seriesof the samekind of plots with

differentup vectors.We obsenre that consecutie plots of

slightly differentup vectorsare surfacesof very closeval-

ues. Theseplots indicate that thereis a smoothtransition
ontheareaoccupiedby the focusregion (thoughonecould
possiblyattemptto prove it formally). This is a strongin-

dicationthatour approachtaddressethe continuity problem
well. Fromour experiencewe notedthatthe80%ruleis ef-

fective. Neverthelesspnecanadjustthis percentagaccord-
ing to the needof theapplication.

6.4. General Caseof Eye and Light

The above discussionassumeghat the eye's frustum lies
completelywithin thelight's frustum,suchasin anoutdoor
scenavherethesunis themainlight sourcelf thisis notthe
case,one naie adaptations to enlage the light's view to
includethe eye's frustum.This is not an effective useof the
shadav map.Also, this canbe delicateto handleand may
not always be feasible:thereare situationswherethe ver
ticesof the eye's frustumlie behindor on the planepassing
throughthe centerof projectionof the light and parallelto
thenearplaneof thelight. Suchverticeshave invertedorder
or aremappedto in nity in L. Instead the next two para-
graphsdiscussa simple extensionwithout suchundesirable
situations.

Speci cally, it sufces to only transformthe portion of
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area

Figure 6: A plot of the areasoccupiedby the focusregions
in theshadowmapwith a constanup vectorof theeyewhile
varying the angle betweerthe eye's and the light's line of
sight. Thefocusregionsoccupysmall areasfor the dueling
frustacase but large areaswhen for example onesideface
of E is visiblein thelight's view.

the eye's frustum that is inside the light's frustumto L.
The remainingportion which is not inside the light's frus-
tum is clearly notilluminatedand hencecannothave shad-
ows. Therefore our approactonly needsto procesghe in-
tersectionl betweenthe light's frustumandthe eye's frus-
tum (with nomorethanl6intersectionssits vertices).This
corveniently avoids the above problemdueto the perspec-
tive transformation Our algorithmis also adaptedaccord-
ingly to take careof the following issueswhile maintaining
agoodcontrolof the continuity problem.

First,theline | passinghroughthecentersof thenearand
thefar planeof the eye's frustummayno longerbethe cen-
terline for thecomputatiorof thebaseandthetopline. One
approachs to computethe centerpoint e of theverticesof |,
andusetheline passinghroughthe positionof the eye and
eto bethenew centerline | for the computationSeconda
new focusregion hasto bede ned, becaus¢hefocusregion
maynotbecompletelywithin |. Oneapproachs to geomet-
rically pushthe nearandthe far planeof the eye (closerto
eachother)to tightly boundl in theworld spacégo obtain £0
asthe distancebetweerthoseplanes.Let f bethe distance
betweenthe original far and nearplanesof the eye in the
world spaceThen,the new focusregion lies within the new
nearplaneandits parallelplane wherethedistancebetween
theplaness (d fozf). Notethatd is the distanceoriginally
choserto setthefocusregion (asde nedin Section6.2).

With the abore, our approachis now suitedfor a wider
rangeof applicationsnearto far lights, andbothindoorand
outdoorscenesThe accompaying video (available at our
project webpage: www.comp.nus.edu.sgtants/tsm.html)
shavs an animationof such caseswith two lights illumi-
natinga fantasycharactel(Figure 7). The video shavs that
our approactcanachieve high shadev quality for the close
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Figure7: Ontheleft, thecharacteris lit bytwonearbylights
as viewed from outsidethe lights' frusta. On theright, the
characterislit by a nearbylight (left shadow)anda far light
(right shadow).

light situationsuitablefor the standardshadev mapaswell
asfor thetransitionto the far light situationunfavorableto
thestandardshadev map.

7. Implementation and Results

We have implementedthe proposedtrapezoidalshadev
mapsusing GNU C++ and OpenGLunderLinux erviron-
ment on an Intel Pentium4 1.8GHz CPU with a nVidia
GeForceFX5900ultragraphicscontroller We useARB ver
tex/fragmentprogramsto addresghe polygon offset prob-
lem. The shadev mapsare renderedinto a pbuffer using
GLX_SGIX_phuffer. Note that our approachusesvarious
geometricyet simple operationssuchas corvex hulls, line
operationsetc.in 2D. Rolustnesdssuesareeasyto handle
in our 2D casesThestandarcgshadev maps(SSM)[Wil78],
aversionof the smallestboundingbox approximationBB)
(see[BAS0Z), and the perspectie shadev maps (PSM)
[SD02] are implementedfor purposesof comparisonDe-
tails of our PSMimplementatiorareprovidedin our project
webpageg(see[K0z04] for possibleimprovementsto PSM,
andalso[WSP04]).

7.1. FantasyWorld

Our rst experimentis on a fantasyworld with over 100K
triangles,and usesa shadav map size of 1024x1024 All
objectscancastshadevs wherethe only light sourceis set
at a far distancefrom the scene Figure 8 (asshawn in the
color plates)shavs snapshot®f our scenerenderedoy the
variousapproacheslThe objectsin the scendncludea static
tree,threemushroomsa pegola, dynamicobjectsinclusive
of adragonandafew charactersandalotus.

The accompaying video contains ythroughs of the
sceneby the various approachesAll the approachesun
smoothlywith an averageof 28 framesper secondwithout
ary specialculling and optimization.With SSM, shadavs
of static objectsdo not ick er while shadavs of dynamic
objectsoften ick er. With BB, the ick eringoccursfor both
staticanddynamicobjects.Thequality of theshadevsis not
goodin generalandthe ythrough experiencds notaccept-
able.With PSM, it producesettershadev quality thanthat
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of BB for its favorablecaseslt, however, corvergesto the
SSMfor thoseunfavorablecasessuchaswhenthe position
of the eye needsto be moved backso thatall objectscast-
ing shadavs into the eye's frustumareincludedin the new
“virtual” eye's frustum.With TSM, theanimationis smooth
with only occasionalick ering of shadevs. The experience
of the ythrough is very pleasant.

7.2. Urban Model

Our secondexperimentis on an urbanmodelwith approxi-
matelyl.4million trianglesfrom 79 objectsof buildings,ve-

hiclesetc.wheretheonly light sourcels setatafar distance
from the scene We usea shadev map size of 2048x2048
pixels with the eye having a large depthof view to testthe

quality of shadavs of objectsfrom nearto far. Sucha setting
is unfavorableto BB (asmentionedn Section3), andcom-

parisonwith BB is thusnot necessargndnotshavn here.

The accompaning video shavs ythroughs of the scene
and comparisondetweenPSM and TSM. Seealso Figure
9 (asshawn in the color plates)for comparisonf shad-
ows betweerPSMandTSM. We obsere thatbothfar avay
and nearbyshadavs generatedy TSM are of betterqual-
ity than thoseby PSM. Our programfor this sceneuses
ARB_occlusion_queryor a simpleocclusionculling in the
shadev mapgeneratiorstep.On the average, TSM renders
only about56 objectsduringthe shadev mapgenerationin
contrast,SSM hasto renderall of the 79 objects,and BB
and PSM about61 and 72 objectson the average,respec-
tively. The frame ratesfor all approachesire small dueto
the large numberof trianglesin the scenewhile thereis no
sophisticatedptimizationin ourimplementation.

8. Concluding Remarks and Limitations

We proposdahenovel trapezoidathadav mapsfor real-time
interactize applicationsOurimplementatiorshavs thatit is
practicalandmapswell to graphicshardware.We notethat
our approachs only oneway to addresghe resolutionand
the continuity problem.It is areasonabléeuristicto gener
ateshadov mapsof goodresolution but theissueson over-
andundersamplingremainfor varioussituationssuchasin
the duelingfrustacasewherethe trapezoidahpproximation
doesnot have ary particularadwantageover other approx-
imations.The possibility to computean optimal resolution
by using only one shadev map remainsan openquestion.
Also, the approactaddressethe continuity problemdueto
the motionsof the eye andthe light but not that of objects
perse.Neverthelessye take comfortin agoodoverall con-
trol of the shadav mapresolutionandits smoothtransition,
sothatshadavs blendwell into the scenesvithoutattracting
special(undesirablegttention!
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(@) (b) (©)
Figure 8: FantasyWorld. (a) showsan overview of the scenausingSSM.(b) and(c) are comparison®f shadowgieneatedby
BB (left), PSM(center),and TSM(right). (b) A knightriding on a dragonandcarrying a lance (c) Top view of shadowsf tree
brancheson theterrain andon oneof thethreemushooms.

(@ (b) (©)
Figure 9: Urban Model. The eye hasa large depthof view. (a) showsan overviev of the sceneusing TSM. (b) and (c) are
comparison®f shadowgeneatedby PSM(left) and TSM(right). (b) Shadowf a truck and streetlampsfromnearto far. (c)
A zoomfroma distantpositionto the shadowsf a car port onthe Mercedes.
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