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1 Introduction

In this part of the tutorial we are going to discussen-
vironmentmaps[1] andtheir applicationsto interac-
tive rendering. Ervironmentmapsare particulartex-
turesthat describefor all directionsthe incoming or
outgoinglight at onepointin space.The main useof
thesemapsis to simulatere ectionsin curved objects,
but they cando muchmorethanthat. In particularin
hardware-acceleratecenderersernvironmentmapsare
oftenusedo storeprecomputediirectionalinformation
thatis too expensie to computeonthe y .

The basicideaof ervironmentmapsis that, if are-
ecting objectis small comparedo its distancefrom
the ervironment,theincomingillumination on the sur
facereally only dependsnthedirectionof there ected
ray. Its origin, thatis theactualpositiononthesurface,
canbe ngylected. Therefore,the incomingillumina-
tion at the objectcanbe precomputedind storedin a
2-dimensionatexture map.

If the parameterizatioffior this texture mapis clev-
erly chosentheillumination for re ections off the sur
facecanbe looked up very efciently. Of coursethe
assumptiorof a small objectcomparedo the environ-
ment often doesnot hold, but environmentmapsare
a goodcompromisébetweerrenderingguality andthe
needto storethe full 4-dimensionakradianceeld on
thesurface.

Bothof ine [8] andinteractve, hardware-baseden-
dererg[17] have usedthis approacho simulatemirror
re ections, oftenwith amazingresults.

In this part, we rst discussthe issueof parame-
terizations(or representationsfor environment map-
ping. In particular we describesphericalmaps,cube
maps,and parabolicmaps,all of which are supported
in themostrecenthardware. Following this discussion,
we discussand comparetechniquedor usingerviron-
mentmapsfor mattere ectionsanddifferentre ection
models. Finally, we will shav someother examples

for environmentmapsincluding applicationsfor non-
photorealistidendering.

2 Parameterizations for
Environment Maps

Sinceenvironmentmapsrepresentlirectionalinforma-
tion asa 2D texture, it is necessaryo decidefor amap-
ping from directionsto texture coordinatesn orderto
de ne aconcretaepresentationT his mapping,which
is alsocalledthe parameterizatiorof the ervironment
map,shouldful Il acoupleof propertiesn orderto be
usefulfor hardware-accelerategbndering:

the methodfor computingthe texture coordinates
should be simple and ef cient, andit shouldbe

easyto implementin hardware. This meansthat

complicatedand expensve mathematicalfunc-

tions line trigonometricfunctions should not be

necessary

for walkthroughsof staticervironments;t should
notbenecessaryo createa nen ervironmentmap
every frame. This meanghat

— thecomputatiorof thetexture coordinatess
possiblefor all viewing directions.

— all light directionsneedto be represented
equally well in the ervironmentmap. Al-
though somelight directionsare more im-
portantthanothersfor a certainviewing di-
rection, all directionsare equallyimportant
for awalkthrough wherethe viewing direc-
tion is not previously known. This property
is calledthe uniformity of the parameteriza-
tion.

for interaction with dynamic environments, it
should be easyand inexpensie to createa new



Figurel: Left: A sphericakervironmentmapfrom the centerof a coloredcube.Note the badsamplingof the cube
facedirectly in front of the obserer (black). Right: a sphericaimapof arealscene.

ervironmentmapfrom perspectie imagesof the
scengbecausehis is whatthe hardwarecangen-
erate).

In thefollowing, we will discusghethreeparameter
izationsfor environmentmapsthat have gainedsome
importancen hardwarerendering.

2.1 Spherical Maps

The parameterizationtraditionally used in com-
puter graphicshardware is the spherical ervironment
map[7]. It is basedntheanalogyof a small,perfectly
mirroring metal ball centeredaroundthe object. The
imagethatan orthographiccameraseeswhenlooking
at sucha ball from a certainviewing directionis the
ervironmentmap. An exampleenvironmentmapfrom
the centerof a coloredcubeis shavn ontheleft of Fig-
urel, amapof arealscends shavn ontheright.

The major reasonwhy sphericalmapsare usedis
thatthe lookup canbe computedef ciently with sim-
ple operationsn hardware (seeFigure2 for thegeom-
etry): for eachvertex computethe re ection vector+
of the pervertex viewing directiony. A sphericakenvi-
ronmentmap which hasbeengeneratedor an ortho-
graphic camerapointing into direction vy, storesthe
correspondingadianceinformation for this direction
at the point wherethere ective spherehasthe normal
h = (¥ + 1)Tjv, + 1j. If % is the negative z-axis
in viewing coordinatesthenthe 2D texturecoordinates

aresimply the x andy component®f the normalized
halfway vectorti. For ervironmentmappingon a per

vertex basisanda referenceviewing directionv, iden-
tical to the negative z-axis in eye space thesetexture
coordinatesare automaticallycomputedby the texture
coordinategeneratiormechanisnof OpenGL.

Figure 2: The lookup processin a sphericalerviron-
mentmap.

Thesamplingrateof sphericamapsreachedts max-
imum for directions opposingthe viewing direction
(thatis, objectsbehindthe viewer), and goestowards
zerofor directionscloseto the viewing direction, be-
causethesecorrespondo the tangentialareasof the
virtual metalball usedto generatehe map. Because
of this singularity in the viewing direction, it is clear
that this parameterizationis not suitablefor viewing



directionsotherthanthe original one, especiallysince
theautomatidexturecoordinatanodedoesnotsupport
this case.Thus,mapsusingthis parameterizatiohave
to be regeneratedor eachchangeof the view point,
even if the ervironmentis otherwisestatic. The cre-
ationof asphericamaprequiresatexturemappingstep
in which perspectie imagesarewarpedinto the spher
ical form.

Despite thesedisadwantages,the sphericalmap is
very usefulif the only interactionwith the scends ro-
tating an objectin front of the screen.This is the case,
for example,in designand CAD applicationsandalso
for somenon-photorealisticenderingapplicationgsee
Sectiord).

2.2 Cube Maps

The second parameterization,cubical ervironment
mapsor cubemaps[6, 18 consistof six independent
perspectie imagesfrom the centerof a cubethrough
eachof its faces. Fromthis descriptionit is clearthat
the generationof sucha map simply consistsof ren-
deringthe six perspectie images. A warping stepas
requiredfor sphericaimapsis not necessaryThe sam-
pling of thesemapsis fairly good. It canbe shavn that
trﬁe_samplingratesfor all directionsdiffer by afactorof
3 3 52

The calculationof the texture coordinategproceeds
asfollows:

computeeye-spacee ection vectort.

transforme, to object space,yielding +, (cube
facesarealignedwith mainaxesin objectspace).

the componentof =, with the largest absolute
value and the sign of this componentdetermine
the cubeface. The othertwo componentslivided
by the largestonearethe texture coordinatesFor

example,if y = :7is thelargestabsolutevalue,
thenthecubefaceaty = lisusedands .= x=y

andt := z=y arethe texture coordinateswithin

thatface.

Obviously, this parameterizatiors suitablefor arbi-
trary viewing directions,andseveralcurrentPC graph-
ics boardssupportit via a speci ¢ OpenGLextension.
Oneproblemhereis theuseof six independentextures,
which requiressomespecialmechanism thetexture
speci cation.Also, theseparatiorinto six texturesmay

produceseamshetweenthe cubefaces. In particular
this is the caseif mip-mappingis used,becausehen
eachfaceis dovnsampledindividually. It would be
possibleto overcometheseproblemsby addinga bor
derof severalpixelsto eachof thefacesandto replicate
someinformationfrom neighboringfacesthere.

2.3 Parabolic Maps

Parabolic maps[9, 10], sometimesalso called dual
paraboloid maps are basedon an analogysimilar to
the one usedto describesphericalervironmentmaps.
Assumethatthere ecting objectlies atthe origin, and
thatthe viewing directionis alongthe negative z axis.
Theimageseerby anorthographiccameravhenlook-
ing atametallic,re ecting paraboloid

11
foay) =5 S0+ xXE+y? 1 (1)

containsthe information about the hemispherefac-
ing towardsthe viewer. The completeervironmentis
storedin two separatdextures,eachcontainingthein-
formationof onehemisphereThegeometnyis depicted
in Figure3.

e

Figure3: Theraysof anorthographiaccamerare ected
off a paraboloidsamplea completehemispheref di-
rections.

This parameterizatiomasrecentlybeenintroduced
in [15] in a different context. Nayar actually built a
lensandcamerasystenthatis capableof capturingthis
sortof imagefrom therealworld. Besidesray-tracing
andwarpingof cubical ervironmentmaps,this is ac-
tually oneway of acquiringmapsin the proposedor-
mat. Sincetwo of thesecameraganbe attachedack
to back,it is possibleto createfull 360 imagesof real
world scenes.

The geometrydescribedabore hassomeinteresting
propertiesFirstly, there ectedraysin eachpointof the



paraboloidall originatefrom a single point, the focal
point of the paraboloidwhich is alsothe origin of the
coordinatesystem(seedashedinesin Figure3). This
meanghattheresultingimagecanindeedbe usedasan
ervironmentmapfor anobjectin the origin. Spherical
environmentmapsdo not have this property;the metal
spheresisedtherehave to beassumedmall.
Secondlythesamplingrateof aparabolionapvaries
by a factor of 4 over the completeimage. This can

be shavn easilythroughthe following considerations.

Firstly, a point on the paraboloidis given as f~ =

(Y3 3(x2+ y?))T. Thisis alsothe vectorfrom
theorigin to the pointonthe paraboloid andthere ec-

tion vector+ for a ray arriving in this point from the
viewing direction(seeFigure3). If thecrosssectionof
theviewing ray hasadifferentialareadA (whichcorre-
spondgo thepixel area) thenthere ectedray alsohas
this area. The solid anglecoveredby the pixel is thus
theprojectionof dA ontotheunit sphere:

Ly = —A e @
ifes yij?

Sinceall pixelshavethesameareadA, andf7(0; 0) =
1=2, the samplingratefor x = 0 andy = 0, thatis,
for re ection raysr = (0;0;1)" pointingbackinto the
directionof theviewer, is ! ; = 4sr=m? dA. Thus,
thechangen samplingrateoverthehemisphereanbe
expresseds

Lxy) _ 1
Ly 45 T(x; y)ji?
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Pixels in the outer regions of the map (i.e. with
x? + y2 = 1) cover only 1=4 of the solid anglecov-
eredby centerpixels. This meansthat directionsper
pendicularto the viewing direction are sampledat a
higher rate than directionsparallel to the viewing di-
rection. Dependingon how we selectmip-maplevels,
thefactorof 4 in the samplingratecorrespondso one
or two levels difference which is quite acceptableln
particularthis is somevhat betterthanthe samplingof
cubicalervironmentmaps.The samplingratesfor dif-
ferentparameterizationarecomparedn Figure4.

Figure 5 shavs the two images comprising a
parabolicernvironmentmap for the simple sceneused

in Figurel. Theleft imagerepresentshe hemisphere
facingtowardsthe camerawhile therightimagerepre-
sentghehemispherdacingaway from it.

2.3.1 Lookups from Arbitrar y
Viewing Positions

In the following, we describethe math behind the
lookup processof a re ection value for an arbitrary
viewing positionand -direction. We assumethat en-
vironmentmapsare speci ed relative to a coordinate
systemin which the re ecting objectlies at the ori-
gin, andthe mapis generatedor a viewing direction
(i.e. vectorfrom the objectpoint to the eye point) of
do = (0;0;1)". It is not necessaryhat this coordi-
natesystenrepresenttheobjectspaceof there ecting
object,althoughthiswould beanobviouschoice.How-
ever, it isimportantthatthetransformatiorbetweerthis
spaceandeye spaceis a rigid body transformationas
thismeanghatvectorsdo nothave to benormalizedaf-
ter transformation.To simplify the notation,we will in
thefollowing usetheterm“objectspace’for thisspace.

In the following, ¥, denotesthe normalizedvector
from the point on the surfaceto the eye point in eye
spacewhile the vectorfng = (ne;x;ne;y;ne;z)T is the
normalof the surfacepointin eye space.Furthermore,
the (afne) model/viev matrix is givenas M . This
means,that the normal in eye spacefe is really the
transformatioM T n, of somenormalvectorin ob-
jectspacelf M is arigid bodytransformationandnfg
is normalized,thensois rRe. There ection vectorin
eye spaces thengivenas

fe =2 < Ae;¥e > He Vel (4)

Transformingthis vectorwith the inverseof M yields
there ection vectorin objectspace:

o= M 1 re (5)

The illumination for this vectorin object spaceis
storedsomeavhere in one of the two images. More
speci cally, if the z componentof this vectoris pos-
itive, the vectoris facingtowardsthe viewer, andthus
thevalueisin the rst textureimage,otherwisdt canbe
foundin the second.Let us, for the moment,consider
the rst case.

t, is the re ection of the constantvector d, =
(0;0;1)™ atsomepoint(x; y; z) ontheparaboloid:



Sampling Rates of di erent Environment Map Parameterizations

1.4 T E T T T T T
' Parabolic Map —

12 L SphereMap - - - |
' Cube Map —

0 ! ! ! ! ! !
15
[rad]

Figure4: The changeof solid angle! =! ; coveredby a single pixel versusthe angle betweenthe negative z-
axisandthere ectedray. ! ; is the solid anglecoveredby pixels shaving objectsdirectly behindthe viewer. The
parabolicparameterizatioproposecheregivesthe mostuniform sampling.

Figure5: Thetwo texturescomprisinganenvironmentmapfor anobjectin the centerof a coloredcube.
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wheren is thenormalatthatpoint of the paraboloid. The simplicity of this formulais the majorreasornthat
Dueto the formulaof the paraboloidfrom Equationi, the parabolic parameterizatiorcan be easily imple-
this normalhappengo be mentedin hardware. It meansthat an unambiguous



representate for thenormaldirectioncanbecomputed
by dividing a (not necessarilynormalized)normalvec-
tor by its z componentwhich canbe implementedas
a perspectie division. Anotherway to disambiguate
the normal direction would be to normalizethe vec-
tor, which involvesthe moreexpensve computatiorof
aninversesquareroot. This is the approachtaken by
sphericaimaps.The combinationof Equationss and7
yields

0 1
k x

Go+to=2<nmyv>n=Q@k yA: (8
k

for somevaluek.

In summarythis meanshatx andy, which canbe
directly mappedto texture coordinates,can be com-
putedby calculatingthe re ection vectorin eye space
(Equation4), transformingit back into object space
(Equation5), addingit to the (constant)vector @,
(Equation8), and nally dividing by the z component
of theresultingvector

The secondcase wherethe z componenbf there-
ection vectorin objectspaceis nggative, canbe han-
dled similarly, exceptthat & hasto be usedin Equa-
tion 8, andthattheresultingvaluesare x and .

2.3.2 Implementation Using

Graphics Hardware

An interestingobsenrationin theabove equationgs that
almostall therequiredoperationsarelinear Thereare
two exceptions.The rst isthecalculationof there ec-
tion vectorin eye spacgEquatiord), whichis quadratic
in thecomponentsf thenormalvectorne. Thesecond
exceptionis the division at the end, which can, how-
ever, beimplementedasa perspectie divide.

Giventhere ection vectort in eye coordinatesthe
transformationgor the frontfacingpartof the erviron-
mentcanbewrittenin homogeneousoordinategsfol-
lows:

2 3 2 3
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is aprojective transformatiorthatdividesby thez com-
ponent,

2 3
1 0 0 dox
_ 0 1 0 do;yé
S‘g 0 O 1 do; (1)
0O 0 0 1

computesl, fq, andM  isthelinearpartof theaf ne

transformatiorM . Anothermatrixis requiredfor map-
pingx andy into theintenal [O; 1] for theuseastexture
coordinates:

£-§

Similar transformationganbe derived for the back-
facingpartsof the environment. Thesematricescanbe
usedastexture matrices|f . is speci ed astheinitial
texture coordinatefor the vertex. Notethattr. changes
from vertex to vertex, while the matricesremaincon-
stant.

Due to non-linearity the re ection vector+, either
hasto becomputedn software,or usingaspeciaimode
for automatidexturecoordinategenerationThismode
is currently available on almostall contemporary°PC
boards.

Whatremainsto be doneis to combinefrontfacing
andbackfcingregionsof theernvironmentinto asingle
image. Using multiple textures, this can be achieved
in a single renderingpass. To this end, the backfc-
ing partof theenvironmentmapis speci edasanRGB
texture with the appropriatematrix for the backfcing
hemisphere.Then, the frontfacing partis speci ed as
a secondtexture in RGBA format. The alphais used
to mark pixels insidethe circle x2 + y? 1 with an
alphavalueof 1, pixelsoutsidethecircle with analpha
valueof 0. The blendingbetweerthe two mapsis set
up in sucha way thatthe colorsof thetwo texturesare
blendedtogetherusingthe alphachannelof the front-
facingmap.
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The importantpoint hereis that backfcing vectors
fo will resultin texture coordinatex? + y? > 1 while
the matrix for the frontfacing part is actve. These
regions fall outsidethe circular region marked in the
frontfacingmap,andarethuscoveredby the backfc-
ing ervironmentmap.

Alphavaluesbetweer0 and 1 canbe usedto blend
betweenthe two mapsif seamsare visible dueto in-
consistentatafor thetwo hemispherege.g.if thetwo
hemispheresre recovered from photographs). This
would requirethe pixelsoutsidethecirclex? + y2 1
to bevalid asin Figure6. Thesemapshave beengener
atedby extendingthe domainof the paraboloid Equa-
tion1)to[ 1;1J.

If thehardwaredoesnot supportmultiple simultane-
oustextures,the parameterizatioan still be applied
usingamulti-passmethodandalphatesting.As abore,
the pixels of the frontfacingmaparemarkedin the al-
phachannel.n pseudo-coddahealgorithmthenworks
asfollows:

glAlphaFunc(

glEnable(
glMatrixMode(

GL_EQUAL, 1.0 );
GL_ALPHA_TEST);
GL_TEXTURE);
glBindTexture( GL_TEXTURE_2D,
frontFacingMap );
glLoadMatrix( frontFacingMat  ri x );
draw object with

as texture  coordinate
glBindTexture( GL_TEXTURE_2D,
backFacingMap );
glLoadMatrix( backFacingMatr ix );
draw object with g

as texture coordinate

Figure7 shavs are ective sphereandtorusviewed
from differentangleswith the ervironmentmapsfrom
Figure6.

2.4 Mip-map Level Generation

Anti-aliasing is of particularimportancefor environ-
mentmaps,since,dependingn the surfacegeometry
re ections canoccurbothmagni ed andmini ed, and
thereforenave alarge rangeof possiblescales.

In hardware, anti-aliasingof texturesis done with
mip-mapping[19], or, morerecently with anisotropic
Itering methoddike footprintassembly16]. If avail-

ablewith thespeci c hardwarein use anisotropiclter -
ing is highly recommendabldyecausenostof thetime
somepartsof objectswill beseenatgrazingangles.

Both for mip-mappingand footprint assemblyit is
necessarto computeahierarchyof texturemapsatdif-
ferentresolutions. For normaltexture mapping,these
aremostoften generatedy simply averaginga2 2
block of pixels to obtain one pixel value for the next
level. For ervironment maps, however, this is not
theright way. Ratherthanthat, eachpixel shouldbe
weightedby the solid angleit coversto accountfor the
non-uniformity of the usedenvironmentmap parame-
terization(e.g. Equation2 for parabolicmaps).

Furthermorein orderto avoid seamdor representa-
tionsthatusemultiple 2D texturesfor oneervironment
map,thereshouldbeaborderthatis severalpixelswide
for eachof the textures. This bordershouldreplicate
informationfrom the othertexturesin the environment
map,sothatthe mip-mappingusescross-t&ture infor-
mation.

3 Complex Re ection Models and
Environment Map Pre ltering

Oncean ervironmentmapis available,it canbe used
to add a mirror re ection term to an object. Using
multi-passenderingandalphablending this mirror re-
ection term canbe addedto local illumination terms
that are generatedusing hardware lighting. In order
to incorporateglobalillumination with otherre ection

modelsthana perfectmetallic mirror, we needto per

form someprecomputationssince real-time calcula-
tionsaretypically not possibledueto the high compu-
tationalcost. Thetwo fundamentalechniquegor using
ervironmentmapswith moregenerake ection models
are

Decomposition. The re ection modelis decom-
posedinto simpler contritutions, which can be

treatedseparatelyFor example,are ection model

may be separatednto a diffuse and a specular
term,wherethe speculatermis additionallymul-

tiplied with an angulardependenterm (Fresnel
term).

Pre Itering. For certainre ection models,there-
ection of anenvironmentmapcanbeanalytically
precomputedndstorednto anew map. Thelatter



Figure6: Left/Center:two texturescomprisingthe ervironmentmapfor anobjectin the centerof anof ce scene.
Right: A resampledmagefrom [7]. Theoriginalimagewastakenwith a180 sheyelensshaving onehemisphere.
Thena cubicalmapwasgeneratedby replicatingtheimagefor the seconchemisphereFromthis cubicalmap,we
resampledhe mapfor our parameterizationThe mapfor the seconchemispheravould beidenticalto this one.

is calledpre Itered ervironmentmapor re ection
map

In the following we will describethesetwo tech-
niguesanddemonstratsomeapplicationdor them.

3.1 Decomposition

As statedabove, decompositiorof a re ection model
meansseparatingts termsinto simplerexpressionshat
canbehandledndividually. Themostfundamentakx-
ampleis aseparatiointo diffuseandspeculacontritu-
tions. Wewill shaw in Section3.2thatthediffuseterm
aswell ascertainspeculatermscanbetreatedvith pre-
Itering. Anothertermcouldbeif we hadare ection
modelwith a termfor retro-re ection (light thatis re-
ected backinto the directionof incominglight). Also
a very interestingexampleis the factorizationof the
specularcomponeninto a standardervironmentmap
and an angulardependenterm (Fresnelterm), as de-
scribedin thefollowing.

3.1.1 Generalized Mirror Re ections
Fresnel Term

using a

The Fresneltermis a physicalterm describingthe re-

ectivity of a materialdependingon its optical den-
sity n (“index of refraction”)andtheangleof incoming
light. It is givenas

@ 9?2 . (g+9 1?2
F=2gv0? (g 9r1p ¢ W3

withc=< f;¥> andg? = n?+ ¢ 1.

A regular ervironmentmap without pre Itering de-
scribesthe incomingillumination at a point in space.
If this informationis directly usedasthe outgoingil-
lumination, asis describedabore, andasit is stateof
the art for interactve applications,only metallic sur
facescanbemodeled.Thisis becausdor metallicsur
faces(surfaceswith a high optical density)the Fresnel
termis almostconstantone, independenof the angle
betweenlight directionand surfacenormal. Thus, for
a perfectly smooth(i.e. mirroring) surface,incoming
light is re ectedin the mirror directionwith a constant
re ectance.

For non-metallicmaterials(materialswith a small
optical density),however, the re ectancestrongly de-
pendson the angleof the incoming light. Mirror re-
ections on thesematerialsshouldbe weightedby the
Fresneltermfor the anglebetweerthe normalandthe
re ectedviewing directiont,, which is, of course the
sameasthe anglebetweennormalandviewing direc-
tion v.

For ary givenmaterial the FresnetermF (cos ) for
themirror directiont, canbestoredin al-dimensional
texture map, and renderedto the framehuffer's alpha
channelin a separateenderingpass. The mirror part
is then multiplied with this Fresneltermin a second
passandathird passis usedto addthe diffusepart. If
we have are ection modelconsistingof a mirror com-
ponentL ,, anda diffusecomponent 4, thisyieldsan
outgoingradianceof Lo = F L + Lg.

In additionto simply addingthe diffuse part to the



Figure7: Theernvironmentmapsfrom Figure6 appliedto asphereandatorus,andseenfrom differentviewpoints.

Fresnel-weightedirror re ection, we canalsousethe

Fresnetermfor blendingbetweerdiffuseandspecular:
Lo=F Lmn+ (1 F)Lg. Thisallowsustosimulate
diffuse surfaceswith a transparentoating: the mirror

termdescribeshere ection off thecoating.Only light

notre ected by the coatinghits the underlyingsurface
andis therere ecteddiffusely

Figure8 shavsimagesgeneratedisingthesewo ap-
proaches.In the top row, the Fresnel-weightednirror
term is shavn for indicesof refractionof 1.5, 5, and
200. In the centerrow, a diffusetermis added.andin
the bottom row, mirror and diffuse termsare blended
usingthe Fresnelterm. Note thatfor low indicesof re-
fraction,the objectis only speculafor grazingviewing
angleswhile for ahighindicesof refractionwe getthe

metal-like re ection known from Figure?.

3.2 Preltered Environment Maps

Generallyspeakingpre Itered ervironmentmapscap-
tureall there ected exitant radianceowardsall direc-
tionsv from a x edpositionx:

I—o(X;\'Qﬂ;t) = (14)
friw(v, /D), w(lin, ))Li(x;T) < n;T> d,
wherev is theviewing directionandT is thelight direc-

tionin world-spacefi; t; R tgisthelocal coordinate
frameof there ective surface,w(¥; /; t) representthe



Figure8: Top row: Fresnelweightedmirror term. Centerrow: Fresnelweightedmirror term plus diffuseillumi-
nation. Bottomrow: Fresneblendingbetweemmirror anddiffuseterm. The indicesof refractionare (from left to

right) 1.5,5, and200.

viewing directionandw(T; r; t) thelight directionrel-
ative to that frame, f; is the BRDF, which is usually
parameterizegtia alocal viewing andlight direction.

A pre Itered ervironmentmapstoresheradianceof
light re ected towardsthe viewing directionv, which
is computedby weightingthe incominglight L; from
all directionst with the BRDF f,. Note, thatL; is
storedin the un ltered original ervironmentmap. As
you cansee,in the generalcasewe have a dependence
on the viewing directionaswell ason the orientation
of there ective surface,i.e. thelocal coordinatgdrame
fR;tR to.

10

This general kind of ervironment map is ve-
dimensional. Two dimensionsare neededo represent
the viewing direction¥ (a unit vectorin world coordi-
nates)andthreedimensionsare necessaryo represent
thecoordinatdramef r; t;n  tg; e.g.threeanglescan
be usedto specifythe orientationof an arbitrary coor
dinateframe.

Of course, ve-dimensionatextureshave enormous
memoryrequirementsywhichis why the pre ltered en-
vironment maps which we will examine drop some
dependenciege.g. the tangentt) and are often repa-
rameterizede.g. indexing is not donewith the view-



ing direction ¥, but the re ected viewing direction).
Becausehis reductionin dimensionalityalsoremoves
someto the generalityof the approachthe decompo-
sition methodis often requiredto combineseveral of

thesesimpli ed models.

If the original ervironmentmapis givenin a high-
dynamicrangeformat suchas [4], thenthe pre lter-
ing techniqueallows for effectssimilar to the onesde-
scribedin [3].

3.2.1 Diffusel y Pre ltered Maps

As we have seen,we cancombinea mirror re ection

termusinganervironmentmapwith localillumination
termsthat aregeneratedising hardwarelighting. It is
alsopossibleto adda diffuse global illumination term
throughthe useof a precomputedexture. For the gen-
erationof suchatexture,therearetwo methods.n the
rst approacha globalillumination algorithmsuchas
Radiosityis usedto computethe diffuseglobalillumi-

nationof every surfacepoint.

The secondapproachis purely image-basedand
usesa pre ltered ernvironmentmap [14, 6]. The en-
vironmentmap usedfor the mirror term containsin-
formationabouttheincomingradiance.  (x;T), where
x is the point for which the environmentmapis valid,
andTr thedirectionof theincominglight. The outgoing
radiancefor a diffuseBRDF is then:

z

Lo(x;R) = Kkq Li(x;T) cogn;Dd! (1): (15)
(m)

Dueto the constanBRDF of diffusesurfaces|  is
only afunctionof thesurfacenormaln andtheillumi-
nationlL; storedin the ervironmentmap,but not of the
outgoingdirectiony. Thus,it is possibleio precompute
a map containingthe diffuseillumination for all pos-
sible surfacenormals. For this map, like for the mir-
ror map, ary parameterizatiofirom Section2 canbe
used. The only differenceis that diffusely pre Itered
mapsare alwaysreferencedria the normalof a vertex
in ervironmentmapspacejnsteadof via there ection
vector Figure9 shaws sucha pre Itered map,atorus
with diffuseillumination only aswell asa toruswith
diffuseandmirror illumination.
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3.2.2 Glossy Pre ltering
of Environment Maps

A simpli cation similar to the one usedfor diffuse
materialsis also possiblefor certain specularre ec-
tion models[10, 14], mostnotablythe Phongmodel.
Voorhieset al. [18] useda similar approactto imple-
mentPhongshadingfor directionallight sources.

As shavn in [13], the PhongBRDF is given by

<tpw>T <>

cos s ’

fr(x;T!
cos
(16)

¥) = Ks

whererq, andt, arethe re ected light- and viewing
directions,respectiely, andcos =< f;T >. Thus,
thespeculaglobalillumination usingthe Phongmodel
is
z
Lo(X: ) = ks < T LoD dl (0
(m)
17)

for someroughneswsaluer. Thisis only afunctionof
there ection vectorr, andthe ervironmentmapcon-
taining the incomingradiancel  (x;T). As for diffuse
illumination, it is thereforepossibleto take amapcon-
tainingL;(x;T), andgenerata Itered mapcontaining
theoutgoingradiance. (X ; &) for aglossyPhongma-
terial.

Figure10shavs suchamapgeneratedrom theorig-
inal cafe ervironmentin Figure 6, aswell asa glossy
sphereandtorustexturedwith this map.

A Fresnelweightingof thesepre Itered ervironment
mapsalongthe lines of Section3.1.1is only possible
with approximations. The exact Fresnelterm for the
glossyre ection cannotbe used,sincethis termwould
have to appeainsidetheintegral of Equationl7. How-
ever, for glossysuriaceswith alow roughnessheFres-
neltermcanbeassumedaonstanbver thewholespec-
ular peak(whichis very narraw in this case).Thenthe
Fresnelterm canbe moved out of theintegral, andthe
sametechniqueasfor mirror re ectionsapplies.

The use of a Phong model for the pre Itering is
somevhat unsatiséctory sincethis is not a physically
valid model. However, this methodworks for all re-
ection modelshaving lobesthatarerotationallysym-
metricaboutthere ectedviewing direction,andwhose
shapedoesnot dependon the angleto the surfacenor
mal.



Figure9: Left: diffuselypre ltered ervironmentmapof the cafescene.Center:diffuselyilluminatedtorus. Right:
sametorusilluminatedwith bothadiffuseanda mirror term.

Figure 10: A pre ltered versionof the mapwith a roughnes®of 0.01, and applicationof this mapto are ective

sphereandtorus.

3.2.3 Approximations of General

BRDFs

Isotr opic

Basedon this concept,Kautz and McCool [11] ex-
tended the Phong ervironment maps idea to other
isotropicBRDFsby approximatinghemwith a special
classof BRDFs:

fr(w;T)

p(< A fy(R) > < & (R);T>);

wherep is anapproximatiorto agivenisotropicBRDF,
whichis notonly isotropic,but alsoradially symmetric
about,(R) = 2(R ¥)R ¥, andthereforeonly depends
ontwo parameters.

Now consider Equation 14 using this re ectance
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function:

Lo(x;v;ﬂ'zt) = (18)
p(< 7y 1y (R) > < F/y(R);T>)
(n)

Li(x;D) < n;T> d (D:

The authorsthen make the assumptiorthat the used
BRDF is fairly speculari.e. the BRDF closeto zero
almosteverywhere,exceptfor +,(r)  T. Using this
assumptionthey reasorthat< n;,(R) > < A;T>.
Now theequationcanbereparameterizedndrewritten
thefollowing way:

Lo(X; fy; < ﬁi*’vi) = (19)

p(< A1y > < 1y T>)
(nm)

Li(x;T) d! (1);

< AR >



whichis threedimensional Thethird dimensions used
to vary the diameternof thelobewith theanglebetween
re ection vector and surface normal. This way; it is

possibleto have materialsghatarealmostmirror-like at

grazingviewing angleswhile they arematteif looked

at perpendicularly This is a behaior thatcanbe seen
quite oftenwith realmaterials.

In additionto this, KautzandMcCool alsoproposed
an approximationtechniguethat generatesa BRDF
with rotationally symmetric lobes from an arbitrary
BRDF Thisis doneby averagingthelobesfor different
viewing directions.

This techniquehas the adwantagethat it can use
approximationsof arbitrary isotropic BRDFs and
achievesinteractve framerates.Off-speculapeakscan
alsobeincorporatednto this technique An additional
Fresnelfactorlike Miller [14] and Heidrich [10] pro-
poseds notneededecausé canbeincorporatednto
the dependencon the viewing angle,i.e. the third di-
mensionof themap.Onthedown side,3D texturesare
quite spaceconsumingand are not supportecby most
currentlow-endhardwvare.

Dependingon the BRDF, the quality of the approxi-
mationvaries.For higherqualityapproximation&autz
and McCool also proposeto usea multilobe approx-
imation, which basicallyresultsin several pre Itered
environmentmapswhich have to beadded.

Forinstanceijf aBRDFis to beusedwhichis based
on several separatesuriace phenomende.g. hasretro-
re ections, diffuse re ections, and glossyre ections)
eachpart hasto be approximatedseparatelysinceno
radially symmetricapproximatiorcanbe foundfor the
whole BRDF. Thisagainmeansa decompositiorof the
re ection modelinto severalparts.

3.2.4 Warping for Environment
Isotr opic BRDFs

Maps with

A different techniquewhich makes similar assump-
tions(isotropicandradially symmetricBRDF)waspre-

sentedby Cabralet al. [2]. They pre Iter anenviron-

mentmapfor different x edviewing directions result-
ing in view-dependentsphericalervironment maps.
An alternatve to the pre ltering processs to take pho-
tographsrom differentviewing directionsof a sphere
madeof the samematerialonewould like to represent.

In contrastto the previous approachthis is actually
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afour-dimensionakrnvironmentmap

Lo(X;V;?) = (20)

p(< A1y > < 1y T>)
(n)

Li(x;T) < m;T> d! (1);

but the two dimensiongepresentinghe viewing direc-
tion ¥ areonly sampledvery coarsely A differenttwo

dimensionakphericalmapis extractedfrom this four-

dimensionalmap for every new viewpoint. This map
correspondg4o one speci ¢ viewing direction and is

generatedisingwarping. The new view-dependengén-
vironmentmapis thenappliedto anobject. The warp-
ing compensatefor the undersamplediewing direc-
tions, and minimizes the visible artifacts. Although
the warping requireshigh-end graphicshardware to

achieve interactve framerates,the nal renderingcan
be donewith standardspheremapping,which is ma-
jor thereasorfor generatingheintermediatespherical
map.

Warpingis donebasedon an assumptiorwhat the
centralre ection directionof theBRDFis (there ected
viewing directionandthesurfacenormalarementioned
asexamplesn [2]). Forexample,if aspeculahighlight
is assumedthenthewarpingis performedsuchthatthe
location of the highlights arelocatedin the samepo-
sition after warping to the destinationdirection. The
assumptiorof a single, predominantre ection direc-
tion fails for BRDFsthat have off-specularre ections
like strongdiffusecomponentsr retro-re ection.Sim-
ilarly, sinceradially symmetricBRDFs are used,this
methodhasthe samedif culties with complex BRDFs
asthe previous method. To overcometheseproblems,
the methodcanbe combinedwith a decompositiorap-
proach.

As mentionedeforethe generatedwo dimensional
environmentmap is view-dependentso the re ective
objectneeddo beviewedwith anorthographigrojec-
tion or otherwisethere ections areincorrect,sincethe
re ection directionsare computedbasedon anin nite
viewer. For example,if thematerialcontainsa strongly
varying Fresnelterm, it cannotbe representedn this
form, becausehe sphericalmap doesnot dependon
theanglebetweemormalandlight direction.

3.2.5 Hardware Accelerated Pre ltering

For interactve applicationsit would be nice if ervi-
ronmentmap pre ltering could be done on the y.



Figurell: Warpingof theenvironmentmapsis doneby takingthreesourcemapscorrespondingo close-byviewing
directiongtoprow). Eachsourcemapis thenwarpedo thedesiredviewing directionby assumingamirror re ection
for thefeaturecorrespondencdge. matchingthe highlights,centerow). Finally, all warpedmapsareweightedby
consideringhow similar the viewing directionof the correspondingourcemapis to the desiredviewing direction
(bottomrow). After summingup the contritutions,a new sphericaimapis obtainedhatcanbeappliedto anobject.

Figurecourtesyof Marc Olano.

This meanghatif thescenechangesglossyre ections
changeaccordingly Here,wewill describeamethocdto
performhardware-accelerateBhong Itering [12] of a
givenervironmentmapsimilarto Section3.2.2.

In a pre ltered ervironmentmap, every texel is a
weightedsum of all pixels in a sourceervironment
map. This means,we canthink of the ltering pro-
cessas applying a (BRDF-dependent)iter kernelto
someun ltered sourcemap. We would like to map
this Itering operationto the operationgprovided by a
graphicshardwarepipeline. TheOpenGLimagingsub-
setonly supportsshift-invarianttwo dimensionallters
of certainsizes,andwe would like to usethis feature
to performthe ltering. Hence,for hardware acceler
atedpre ltering we have to chooseanervironmentmap
techniquethatusesonly two dimensionaknvironment
mapswith aBRDFwhichresultsin ashift-invariant |-
ter over the hemisphereandan ervironmentmaprep-
resentatiothatkeepsthe lter shift-invariant.

The Phongmodel hasa shift-invariant Iter kernel
over the hemispheresinceits cosinelobe is constant
for all re ected viewing directionsf,. It is alsoradi-
ally symmetricaboutr,. The Iter size canalsobe
decreasedf smallervaluesare clampedto zero (this
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will be necessarglueto therestricted Iter sizeof the
graphicshardware). The lter shapeis olviously cir-
cular, sinceit is radially symmetric. ThereforePhong
environmentmapsful Il thenecessaryequirementsor
hardwareaccelerategbre ltering. We still needto nd

anervironmentmaprepresentatiothatmapsthe shift-
invariantcircular lter kernelon the hemispherdo a
shift-invariantcircular lter kernelin texture space.

It turns out that the parabolicmapscomecloseto
this desiredproperty A circular lter kernelwhich is
mappedfrom the parabolicenvironmentmap backto
the hemispherds also (almost)circular A distortion
occursdependingon theradiusandthe positionof the
Iter. To visualizethe distortion,we projecta circular
Iter kernelwith aradiusof r (r = 1is half thewidth
of the parabolicmap)from the parabolicmapbackto
the sphereandmeasurdhe error; seeright sideof Fig-
urel12. Theresultingdistortionof thecircleis givenon
the left side of the same gure. It dependon the ra-
diusof the Iter kernelandalsoonthedistanced of the
Iter' s centerfrom the parabolicmap's center(i.e. the
centerof thefront- or backfcingparaboloid).Thedis-
tortiongoesupto 25%for largeradii, but in thesecases
the pre Itered environmentmapwill bevery blurry, so



N
X
o

Sesette
)\

98
X

S
N
e

“\‘ {
0

R
S

SRS
S

g
“““

N
=

Seks!

_ d: distance from center
of paraboloid to center
of filter kernel

r: radius of filter kernel

Q filter kernel

dual paraboloid
environment map

Figure12: Distortionof a circle whenprojectedrom a paraboloidnapbackto the sphere.

that the distortionwill not leadto visible errors. For
smallerradii the distortionremaingfairly small.

Unfortunatelya shift-invariant Iter kernel on the
spheredoesstill notcompletelymapto a shift-invariant
Iter in the parabolicspace.Besidesthe slight distor
tion, thesizeof the lter kernelvarieswith thedistance
d to thecenterof themap. Theratio betweerthe small-
est lter radiusandlargest Iter radiusis 1 : 2, since
the ratio for the areasis 1:4, asshavn in Section2.3.
To adjustfor this, we generatdwo pre Itered erviron-
mentmaps,onewith the smallest(yields map S) and
onewith thelargestnecessanyter size(yieldsmaplL).
Thenwe blendbetweerboth pre Itered ervironments.
The valuewith which we needto blendbetweenboth
mapsis different for different pixels in the parabolic
environmentmap, but it dependsnly on the distance
d andis always d?. For a pixel in the centerof the
paraboloidthis meansthatwe use0% of mapL anda
100%o0f maps, for a pixel with distanced = 0:5to the
centerof the parabolicmap,we use25% of mapL and
75%o0f map$S, andsoon.

The actualalgorithmis fairly simple. First we cre-
atea mipmapof the parabolicervironmentmap, then
we load the ervironmentmap (plus the mipmap)into
texturememory Theuserhasto specifythe Phongex-
ponentto be usedandalimit whenBRDF valuesfrom
thePhongmodelcanbeclampedo zero,whichis used
to restrictthe kernel sizein the rst place. Thenwe
computethe two necessanyter radii, r 5 for the small

Iter andr, for thelarge Iter. Now we getto theactual
renderingpart:

1. Setthe camerato an orthographicprojection(so
thatwe candraw the ervironmentmapseenfrom
thetop).
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2. Draw alphatexturewith d? to alphachannel

3. Forbothradiirg andr:
4. Whilerg (resp.r|) < hardwaresupportedlter
size:
5. Dividerg (resp.r;) by 2. Doublethe shrink
factor
6. Draw ernvironmentmapshrinked by the shrink
factor(usesmip-mapping).
7. SamplePhongmodelinto the lter.
8.  Filter the environment map with it (OpenGL
convolution).
9. Storeit againastexturemap(RGB texture).
10. Draw ervironmentmapS.
11. BlendervironmentmapL with it (usingd?).
12. Storeagainasatexturemap.
13. Setuprealcamera.
14. Draw re ective objectwith generate@nvironment

map.

Oneproblemariseswhenthe centerof the Iter ker
nelis closeto the borderof the ervironmentmap. Part
of the Iter kernelwill be outsidethe actualerviron-
mentmap,thusincludingvaluesfrom outsidethe ervi-
ronmentmap. This canbe solved by includinga large
borderin theervironmentmap.

Somerenderingsthat were done using an SGI 02
at interactve rates,aredepictedin Figure14. All the
renderingsveredonewith parabolicervironmentmaps



Unfiltered original Software Hardware

Figure13: Comparisorof thedifferent Itering methods Filteringwasdonewith thePhongmodelandanexponent
of 100. Fromleft to right: Un Itered, the classicmethod,our new hierarchicaimethod,the hardware accelerated
method.Theoriginal ervironmentmapis 128 256 pixelsin sizewith aborderof 16 pixels.

N =50. 20 Hz. N =500. 9 Hz. N =50. 20 Hz. N =500. 9 Hz.

Figure 14: Two scenegenderedwith a glossyre ective torus(SGI O2). Filtering is donewith the Phongmodel
(exponentof 50 and500)for every frame,but interactie ratesarestill achieved. Theoriginal ervironmentmapsare
512 1024pixelsin sizewith aborderof 64 pixels.

with 512 1024 pixels. The borderwas 64 pixelsin exponent| lter size | shrinkfactor | fps HW

eachdirection(for eachface). Themaximum lter size small | large | small | large

we usedwas? (larger lter sizesconsiderablydegrade 10| 174 | 260 32 64 25

the convolution speedon an O2). The following tim- 50| 78 136 | 16 32 20

ingsweredonewith thesamesetting(re ective sphere, 100]| 56 100 8 16 16

2592triangles): 250 36 | 66 8 16 16
500| 26 48 4 8 9

16



Pleasenote that Itering was performedfor every
frame,eventhoughthe Phongexponentdid notchange.
We have includedtimings for the hardware convolu-
tion, the lter sizesthatwould have beenrequired(the
BRDF clampvalue was setto 0.1) andthe necessary
shrinkfactorto get Iter sizeswith a maximumsizeof
7. Youcanseethatfor smallPhongexponentdardware
pre ltering is veryfast.For largerPhongexponentghe
renderingspeeds slower, becausdtering thenis done
with alarger ervironmentmap. For a visual compari-
sonpleaseseeFigure13. Dueto theway cornvolutions
work in OpenGL,the hardware methodgenerateslark
borders,but this doesnot posea problemsincethese
are not usedfor rendering(they replicateinformation
presenin the otherhemisphere)Figure14 shawvs ren-
deringswith differentervironmentmapsanddifferent
Phongexponentsthey all run atinteractve rates.

Using the sameamgumentsas in Section3.2.2, we
cannotonly usePhongmaterialsfor this hardwarepre-

Itering, but any BRDF with radially symmetriclobes.

4 Non-Photorealistic Rendering

In addition to photorealisticrenderingof re ections
with variousrealisticmaterials environmentmapscan
alsobe usedto achieze non-photorealistieffectsthat
canbeusefulfor illustrationpurposesFigurel5shavs
someexamplesfor this. Sincein mary applications
of non-photorealistidendering,the sceneconsistsof
asingleobjectthatis rotatedrelative to the viewer and
theervironment,sphericakervironmentmapsaresuf-
cient. Thetop row of Figure15 shavs thesemaps,and
examplesfor renderingresultsareshavn in the bottom
row.

The rst exampleis simply a sketch of a window
frame and is inspired by a RenderManshader Al-
thoughthe image only consistsof two colors, black
andwhite, the shapeof the objectcanbe gatheredjuite
well, especiallywheninteractingwith the program.

The secondexample shaws a cold-warm shading
with avery simple,hand-dravn ervironmentmap. This
methodhasbeendescribedy Goochetal [5]. Theen-
vironmentmap merely consistsof two triangles,one
blue, oneyellow, and one white circle. The resulting
imagehasbeenblurredwith fairly largeblur Iter. The
cold color bluelookslike a shadavedregion, while the
warmcoloryellow, includingthewhite"highlight" look
like partslit by thesun.
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The third column shavs an ervironment mapping
technique,which is also from Goochet al [5], and
is designedo rendersilhouettesblack and everything
elsewhite. This is achiered by having a thin ring of
black pixels in the outer regions of the ervironment
map. Silhouetteareaswith a small curvaturewill have
afairly wide blackstripe,while areaswith a strongcur
vaturehave a very narrav one. In this caseit is par
ticularly importantto usea mip-mappedervironment
map,becausetherwisethe high-cunatureregionswill
not have a continuoudine. In orderto geta silhouette
thatis independenbf cunature,we canalso provide
a hand-craftechierarchyof mip-maplevels, wherethe
surroundingblack borderhasthe samepixel width in
all levels. Sincethe mip-maplevel is chosersuchthat
thepixel areain thelevel approximatelycorrespondo
thepixel areain the nal image thiswill produceabor
derof approximatelyconstanwidth (this worksbestif
the hardwaresupportsanisotropicltering).

The nal exampleshavs a simpleervironmentmap
that simulateshatchingin regions closeto the silhou-
ettes. Obviously, muchmore artistic versionsof such
mapsarepossible.
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