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Abstract. Differentmethodsfor pre Itered ervironmentmapshave beenpro-
posed eachof which hasdifferentadvantagesand disadwantages.We presenta
generahotationfor pre Itered environmentmapswhichwill be usedto classify
and comparethe existing methods. Basedon that knovledgewe develop three
new algorithms: 1. A fasthierarchicalpre Itering methodthat can be utilized
for all previously proposedpre Itered ervironmentmaps. 2. A techniquefor
hardware-acceleratedre Itering of ervironmentmapsthat achievesinteractve
rateseven on low-endworkstations.3. Anisotropicervironmentmapsusingthe
Banksmodel.

1 Intr oduction

Environmentmaps[3] areawidely usedtechniqueto approximatere ectionsin inter-
active rendering. Although environmentmapsmake the assumptiorthat the re ected
ervironmentis far avay — thus being an approximation— they often nevertheless
achieve corvincingre ections.

Recentlyervironmentmapshave beenintroducedasa meanso renderglossyre-
ections [5, 7, 8,9, 11]. All of thesemethodspre lter a givenenvironmentmapwith
eithera x edre ection model[7, 8, 9] or a certainclassof BRDFs (bidirectionalre-
ectancedistribution functions)[5, 11]. Althoughthesemethodsaresimilar, they have
differentstrengthsand weaknessesyhich are worthwhile to discuss. In orderto be
ableto comparethesemethodswe presenta generalnotationof pre Itered erviron-
ment maps,which allows us to classify and contrastall the well-known pre Itering
techniques.

Basedntheinsightswe have gainedrom thiscomparisorwe havedevelopedthree
new techniques:

1. A generalfasthierarchicalpre Itering methodthat canbe usedto computeall
known typesof pre ltered ervironmentmaps,and which is much fasterthan
bruteforcepre ltering.

2. A hardvare-accelerategre Itering methodthat pre lters ervironmentmapsat
interactve ratesevenonlow-endworkstationsIt worksfor all re ectancemodels
that translateto constantand radially symmetric Iter kernels(like the Phong
model[18] or approximationvith the saidpropertied11]).

3. An anisotropicervironmentmap We usethe Banks model [1] to createan
anisotropigre Itered ernvironmentmap.



After a brief discussiorof relatedwork, we introduceour generalnotationof pre-
ltered environmentmapsandclassifythe previously proposedre Itered ervironment
maptechniquesvith regardto thatgenerahotationin Sectiond. This leadsto our nev
ernvironmentmapalgorithmspresentedh Sections. Section6 concludeshepaperwith
adiscussiorof thenew techniques.

2 RelatedWork

The ervironmentmapstechniqueto producemirror-like re ections on curved objects
was rst introducedby Blinn andNewell [3]. Thisis the basison which mostenviron-
mentmapmethods— includingours— arebasedon [5, 7, 8, 9, 11]. We will discuss
thesetechniguesn greatdetailin Sectiord.

Sinceernvironmentmapsarede ned overthesphereaway hasto befoundto repre-
sentthemin two dimensionatextures.A commonlyusedformatin softwarerenderers
are cubemaps,which now also start becomingsupportedby graphicshardware. A
sphericalparameterizationwhich is directly supportedby OpenGL,was introduced
by Blinn and Newell [3]. Heidrich and Seidel[10] proposeddual paraboloidmap-
ping which usestwo texture maps,onefor the front facinghemisphereandonefor the
backfacing. This parameterizatiois now alsosupportedy a variety of newer graphic
boards.

Othertechniqueshave beenproposedfor the interactve renderingof glossyre-
ections, which arenot basedon ervironmentmaps. Diefenbachand Badler[6] used
multi-passmethods(Monte Carlo integration) to generateglossyre ections. Photon
mapswereusedby StirzlingerandBastog20]; photonswere“splatted”andweighted
with anarbitraryBRDF Miller etal. [15] storedprecomputedjlossyre ectionsin sur
facelight elds. Bastoset al. [2] useda corvolution Iter in screen-space produce
glossyre ections. LischinskiandRappopor{13] useda large collectionof low resolu-
tion layereddepthimagesto storeview-dependenillumination.

3 General Pre Iter ed Environment Maps

Generallyspeakingpre ltered ervironmentmapscaptureall there ected exitant radi-
ancetowardsall directionsy from a x ed positionx:
z

L glossy(X; ¥ /; 1) = fr(b(wvm ) R ))Li(GT) < /> d (D)

wherev is theviewing directionandris thelight directionin world-spacefn; R tg
is thelocal coordinatdframeof there ective surface * (v; r; t) representsheviewing

directionand*(T; 1; ) thelight directionrelative to thatframe,f . istheBRDF, whichis
usuallyparameterizedia alocal viewing andlight direction. A pre Itered ervironment
map storesthe radianceof light re ected towardsthe viewing direction¥, which is
computedby weightingtheincominglight L; from all directionsl"with the BRDFf ;.
Note, that L; canbe viewed asthe un ltered original ervironmentmap. This map
shouldusehigh-dynamicrangeradiancevaluesto be physically correct. As you can
see,in the generalcasewe have a dependencen the viewing directionaswell ason
theorientationof there ective surface,i.e. thelocal coordinatdramef n; t; n  tg.
This generalkind of ervironmentmapis ve dimensional. Two dimensionsare
neededo representhe viewing direction¥ (a unit vectorin world coordinatesjyand



threedimensionarenecessarjo representhecoordinatdramef n; t; . tg; e.g.three
anglescanbeusedto specifythe orientationof anarbitrarycoordinateframe.
Thepre ltered ervironmentmapswhichwewill examineusuallydropsomedepen-

dencieqe.g.onthetangentt) andareoftenreparameterize(e.g.indexing is notdone
with theviewing directionv, but there ected viewing direction).

4 Classi cation of Known Techniques

In thissectionwewill classifydiffuseernvironmentmapg14], Phongernvironmentmaps
[9, 14], andenvironmentmapspre Itered with isotropicBRDFs[5, 11]. Notethatwe
will de ne the BRDFsusingglobalviewing andlight directions.

Diffuse EnvironmentMaps. Miller [14] hasproposedo usea purely diffuseBRDF
to pre lter environmentmaps.A diffuseBRDF canbewritten as:

fr(V;T) = kd;

whereky 2 [0; 1] describeshe absorptiorof the surface.Moving this into Equationl,
we get:

z
Laifuse(X; ¥, /1) = kel OGT) < m:T> dF

We candropall dependenciesxcepttheoneonthenormaln andwe getthefollowing
two dimensionakrvironmentmap:

Z
Lafuse(X;R) = kg Li(x;D) < n;T> dr

This ervironmentmapaccuratelystoreshe diffuseillumination atthe pointx. It is
only two-dimensionahndit is indexedby the surfacenormal.

Phong Environment Maps. Heidrich [9] and Miller [14] usedthe original Phong
model[18] to pre lter ervironmentmaps.The PhongBRDF is givenby:

< w(R)T>N

el =k < n;T>

wherefy, (R) = 2(r w)A v is there ected viewing-directionin world-space.The
parameter&s andN areusedto controltheshapeandsizeof thelobe. UsingthePhong
model,the Equationl becomes

< g (n); >N

Li(x;T) < n;T> dr
<A tT>

L phond X; ¥, 8;1) = Ks
z

ks < &(R);T>N Lij(x;T) dr



Obviously the tangentt is not usedandcanbe discarded.Insteadof indexing the en-
vironmentmapwith ¥ andn, it canbereparameterizedothatit is directlyindexedby
there ection vectort, :

z

LonhondX;ifv) = ks < ;T>N Li(x;1) dr:

Although the Phongmodelis not physicallybasedthe re ections make a surface
look metallic,only atglancinganglesoneexpectssharpere ections. Thisindexing via
there ection vectorfy, is the oneusedto accesernvironmentmapswithout pre lter-
ing andis thereforesupportedn OpenGLyvia the spherical,parabolicand cubemap
parameterizations.

Miller [14] and Heidrich [9] proposedo usea weightedsum of a diffuseanda
Phongervironmentmapto geta completeillumination model. They alsoproposeto
adda Fresnetermsothatthe ratio betweerthe diffuseandglossyre ections canvary
with differentviewing angles:

Lo(fv;R) = Fa(< ;8 >)Ldiffuset Fp(< fv;8 >)Lphong (2)

Thisway awider rangeof materialscanbe created.

Environment Maps with Isotropic BRDFs —I. Kautz and McCool [11] extended
the Phongenvironmentmapsideato otherisotropicBRDFsby approximatingt with a
specialclassof BRDFs:

fr(wv;D) = p(< R (R) > < /(R)T>);

wherep is anapproximatiorto agivenisotropicBRDF, whichis notonly isotropic,but
alsoradially symmetricaboutt, (r) = 2(r w)A v, andthereforeonly dependsn
two parameters.
Now considerEquationl usingthis re ectancefunction:
Z

LisotropidX; ¥; ;1) = p(< /1 (R) > < /y(R); T>)Li(xT) < /;T> dt

Thenthe authorsmalke the assumptiorthat the usedBRDF is fairly speculari.e. the
BRDF is almostzeroeverywhere gxceptwhens, (r)  T. Usingthis assumptionthey

reasonthat< n;f,(R) > < nA;T>. Now theequationcanbe reparameterizednd
rewritten thefollowing way:
z

LisowopidX; fv; < R fy >) = < mfy > p(< ;yfy > </ T>)Li(x;1) df;

which is only threedimensional.They alsoproposedo usethe following approxima-
tion to agivenisotropicBRDF:

fr(w;) = F(<a;r(R)>)p(< r(R);T>):

Thisapproximates BRDF with aconstantobe (de ned by p) thatis scaledby afactor
whichdepend®ntheanglebetweem andr, (/). An ervironmentmappre ltered with
this modelis only two dimensional:

Z

Lisotropid X; Fv; < 8y >) = < Ay > F(<S ARy >)  p(< & T>)Li(x;T) dt



It is two dimensionabnly, becaus¢hedependencen< f; +, > canbemovedoutside
theintegral. It is sufcient to multiply thetwo factorsontothe pre Itered ernvironment
mapduringrendering.

This techniquehasthe big adwvantagethat it can useapproximationsof arbitrary
isotropicBRDFsandachiesesinteractve framerates. Off-speculampeakscanalsobe
incorporatednto this technique An additionalFresnefactorlike Miller [14] andHei-
drich[9] proposeds notneededecauseealphysicallypasedBBRDFscanbeused.The
2D approximationis directly equivalentto Phongpre ltered ervironmentmapswith a
separatd-resnelfactor, but a moregenerallyshapedobe is usedandthe Fresnelfac-
tor was computedfrom a real BRDF. In contrastto that, the 3D approximationdoes
notcomputea separatéresnefactor insteadt is incorporatednto theapproximation,
which allows to vary the shapeof thelobenot only with a scalefactor

Dependingon the BRDF, the quality of the approximatiorvaries.For higherqual-
ity approximationsautzandMcCool alsoproposeo usea multilobe approximation,
whichbasicallyresultsin severalpre Itered ernvironmentmapswhich haveto beadded.

For instancejf a BRDF is to be used,which is basedon several separatesurface
phenomende.g. hasretro-re ections,diffusere ections, andglossyre ections) each
parthasto be approximatedeparatelysinceno radially symmetricapproximatiorcan
be found for the whole BRDF. This againcorrespondso the techniqueby Miller or
Heidrich,justthatit is basedon areal BRDF, seeEquation2.

Environment Maps with Isotropic BRDFs—1I. Cabraletal. [5] usea similartech-
nique, which alsoassumesn isotropicandradially symmetricBRDF. They pre Iter
anernvironmentmapfor different x edviewing directions resultingin view-dependent
ervironmentmaps. In contrastto the previous approachthey actually usea four di-
mensionakrvironmentmap:

z
LisotropicAX; ¥; R) = p(< A/ fy > < 1 T>)Li(GT) < AjT> dF

This four dimensionakervironmentmapis sparselysampledn ¥. A two dimensional
sphericalmapis extractedfrom this four dimensionalmap for every new viewpoint.
Thismapcorrespondso onespeci ¢ viewing directionandis generatedisingwarping.
This new view-dependenérvironmentmapis thenappliedto an object. The warping
compensatefor the undersamplegiewing directions,andno visible artefactsoccur
This methodcan also useapproximationof arbitraryisotropic BRDFs. Using a
sparsefour dimensionalernvironmentmap makes it unnecessaryo approximatethe

factor< f;T>. Thenecessaryarpingrequireshigh-endgraphicshardwareto achieve
interactize framerates.

Warpingis donebasedn anassumptiorwhatthecentralre ection directionof the
BRDF is (there ected viewing directionandthe surfacenormalare mentioned).This
assumptioriails for BRDFsthathave off-speculare ections.

Sinceradially symmetricBRDFs are used,this methodhasthe samedif culties
with complex BRDFsasthe previous method. Differentcontributionswhich addto a
BRDF have to be decomposethto their componentge.g.diffusecontribution, glossy
contritution, ...), otherwisethis techniquéfails (justlik e the previousone).

As mentionedbefore the generatedwo dimensionalernvironmentmap is view-
dependentsothere ective objectneedgo beviewedwith anorthographigrojection
or otherwisethe re ections areincorrect,sincethe re ection directionsare computed
basednanin nite viewer.



5 NewAlgorithms

5.1 FastHierarchical Pre ltering

All the methodswe discussedn Section4 needa way to pre Iter ervironmentmaps.
Bruteforcemethodsareeffective but prohibitively slow. We proposeafasthierarchical
methodwhichcanbeusedto Iter all typesof pre Itered environmentmaptechniques.

target environment map source environment on sphere  source environment map

pixel to be computed

. @i::j‘k dual paraboloid

environment map

filter kernel

Fig. 1. Filtering of an ervironmentmap. A pixel in the target environmentmapis computed
by applyinga Iter to the sourceervironmentmap. Both areusuallygivenin a representation
like thedual paraboloidmap. The Iter whichis de ned onthe spherehasto be projectedto the
ernvironmentmapspace.

Pre Itering of environmentmapscanbeseerastheapplicationof aspacevariant I-
ter. Everypixel (p1; p2; :::) in the(possiblymorethantwo dimensionallargeternviron-
mentmapE (x; p1; p2; :::) — i.e.theonethatwe arecreating— is aweightedsumof
all thepixelsof thegivenspeculaervironmentmaplL ; (x;T); seeFigurel. Thisweight-
ing is givenby thetwo-dimensionaFilter F (py; p2;:::) == fr(pr;pz;::i:N) < />,
Note,thatthe supportof the lter F is usuallyoverthe hemisphereynlikein Figurel,
wherewe useda smaller Iter sizefor demonstratiopurposes.

The Iter F is space-ariantbecauset usuallyvariesfor every pixel in the target
ervironmentmapfor two possiblereasonsFirst, the Iter is alreadyspace-arianton
the sphere,i.e. for different(py; p2;:::) we geta differently shapedlter. Second,
ary mappingof the sphereto a rectangulatexture domainmapsa Iter thatis space-
invariantoverthespherdo aspace-ariant lter in theenvironmentmaprepresentation.

Pre Itering is oftendonewith a bruteforcetechnique For every pixel in thetarget
ervironmentmap,the Iter is appliedto every single pixel in the sourceenvironment
map. This makesthe pre Itering processvery slow, sincee.g.evenfor atwo dimen-
sionaltarget ervironmentmap (width  height)? pixels have to be touchedandthe
samenumberof BRDF evaluationshasto be performed.

Sincethe Iter kernelis basicallya two dimensionalslice of a re ection model,
whichis usuallya smoothfunction,we canusea hierarchicaimethodinstead.

Our hierarchicalpre ltering method rst generates mip-mapof the sourceenvi-
ronmentmapusinga2 2 box lter. Thecorrespondingwo-dimensionallter kernel
is generatedor every target pixel anda mip-mapis built alsousinga2 2 box Iter
(it is actually not necessaryo computethe full mip-map, seenext paragraph).The
computatiorof onetargetpixel works asfollows. Both, the Iter andthe environment
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Fig. 2. Hierarchical Itering of anervironmentmap. The left side shavs the mip-mapsfor the
Iter andfor theernvironmentmap. Theright sideshavs how the hierarchicalltering works (for

onetarmgetpixel). For every valuein a mip-maplevel of the Iter (doneseparatelyfor the upper
andlower paraboloid) the differenceto the four valuesin the next higherlevel is checled. If it

is belav somethresholdthe valueis usedandmultiplied with the correspondingaluefrom the
ervironmentmip-map. All thesecontritutionsare addedup andresultin a singlevaluefor the
targetpixel.

maparesampledandmip-mappedn environmentmapspaceseeleft sideof Figure?2.
Insteadof directly applyingthe Iter kernelto the sourceervironmentmap,we rst
checkif it is sufcient to applythecoarsestevel of the Iter kernel(i.e.onesample}o
the coarsestevel of the sourceervironmentmap (alsoonesample).We do this check
by computingthe differencedo the four corresponding/aluesin the next highermip-
maplevel. If this differenceis greaterthan somethresholdvalue, we go to the next
ner level in the mip-maphierarchyandcheckfor eachof the four ner-grainedparts
of themip-mappediter kernel(eachis onesamplewhetherthedifferenceto the next
highermip-maplevel is above or below thethreshold.If it is abore we go againto the
next ner level. If notwe applythatpartof the mip-mappediter to the corresponding
valuefrom the mip-mappedernvironmentmapandaddit to our target pixel value; see
right side of Figure2. We do this until all partsof the Iter have beenappliedto the
ervironmentmap.

Themainspeedupis dueto thefactthatthe Iter is usuallyvery smoothandfades
out quickly from its peak (BRDFstendto have a slim lobe). Furthermoreit is not
necessaryo computethe nest mip-maplevel(s)of the Iter, sinceit is hardlyused.If
it is neededjt caneitherbe evaluatedonthe y or interpolatedrom the next coarser
level.

In Figure 2 you can seean examplefor this algorithm. We have useda dual
paraboloidervironmentmap, which usestwo faces,onefor the front-facing part of
theernvironmentmapandonefor the back-facingpart.

The right side of Figure 2 shavs two stepsin the Itering procesgfor the upper
paraboloid). The differencesdetweerthe pixel in level 0 andthe pixelsin level 1 are
too big, sowe cannotmultiply the pixel of level 0 with the correspondingpixel of the
environmentmip-mapandusethatvalue,but we have to goto the next level. In level 1
we computethe differencedor all four pixelsto the pixelsfrom level 2 and nd out
thatthe differencedor thetwo white pixelsto next level arebelow thegiventhreshold,
sowe canmultiply themwith the correspondingixelsfrom the ervironmentmip-map
andwe getthe contritutionfor thatregion of the ervironmentmap. For the otherpixels
we haveto gothenext ner levelsof the Iter mip-map.

It shouldbe notedthatthis algorithmis biased sincea givensampleis useddeter
minewhatit will beusedfor [12]. For theapplicationof pre Itering environmentmaps
theintroducedbiasis not crucialthough.



Results. We have validatedour algorithmwith the Phongmodel[18] usingdifferent
exponents. Filtering a parabolicervironmentmapwith 128 256 pixels yields the
following results(Pentiumll with 350Mhz):

| exponent] bruteforce | hierarchical| speedip ]

10 413 98 4.2
50 442 83 5.3
100 474 61 7.7
250 545 55 9.9
500 552 39 141

The table shavs the timings in seconddor the bruteforce methodand our new hier-
archicalmethod. We useda threshold(differencein BRDF values)of 0:001 for the
hierarchicalmethod,which yields the samevisual quality asthe brute force method,
seeFigure4 (color plates).

We have alsotesteddifferentsizesof ervironmentmaps. Theresultsindicatethat
the bruteforce methodhaslinearcompleity in the numberof touchedpixels,whereas
our hierarchicaimethodis sublinear

5.2 HardwareacceleratedPre ltering

Forinteractiveapplicationst wouldbeinterestingf ervironmentmappre Itering could
bedoneonthe y, for exampleusinggraphicshardware. This meanghatif the scene
changesglossyre ectionschangeaccordingly In this paperwewill only dealwith the
acceleratedtering of a givenernvironmentmap. It hasbeenshavn in [19] thatervi-
ronmentmapscanbegeneratednthe y . Live videocapturingof anenvironmentmap
is alsoconcevable. For examplethe Omnicam[16] directly capturesan ervironment
asparabolicmap.

As seenin the previous section,environmentmap pre ltering always usesa two
dimensional lter kernel,which is shift-variantin general,but dependwon the repre-
sentationof the ernvironmentmap. The OpenGLimaging subsetonly supportsshift-
invarianttwo dimensionallters of certainsizes[17]. Hence for hardwareaccelerated
pre Itering we haveto chooseanervironmentmaptechniquehatusesonly two dimen-
sionalenvironmentmapswith a BRDF which resultsin a shift-invariant lter overthe
hemisphereandanervironmentmaprepresentatiothatkeepshe Iter shift-invariant.

ThePhongmodelhasashift-invariant Iter kerneloverthehemispheresinceits co-
sinelobeis constanfor all re ectedviewing directionsr, . It is alsoradially symmetric
aboutry,. The lter sizecanalsobedecreased smallerBRDF valuesareclampedto
zero(will be necessarglueto therestricted Iter sizeof the graphicshardware). The
Iter shapes obviously circular, sinceit is radially symmetric. ThereforePhongervi-
ronmentmapsful Il the necessaryequirementgor hardwareaccelerategbre Itering.
We still needto nd an environmentmap representatiomhat mapsthe shift-invariant
circular Iter kernelfrom the hemispherdo a shift-invariantcircular Iter kernelin
texturespace.

It turnsout thatthe dual paraboloidmappingproposedy HeidrichandSeidel[10]
comescloseto this desiredproperty A circular Iter kernelwhich is mappedfrom
the parabolicervironmentmap back to the hemispheras also (almost)circular. A
distortionoccursdependingn theradiusandthe positionof the Iter . To visualizethe
distortion,we projecta circular lter kernelwith aradiusofr (r = 1 is half the width
of theparabolicmap)from the parabolicmapbackto the sphereandmeasuréheerror;
seeright sideof Figure3. We measuréhow muchthe distancegrom the centerof the
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Fig. 3. Distortionof a circle whenprojectedfrom a paraboloidnapbackto the sphere.

projectedcircle to its borderdeviate from a constantradius. The maximumdeviation
is usedasthe error, shavn on the left side of the same gure. The distortiondepends
on theradiusof the Iter kernelandalsoon the distanced of the Iter' s centerfrom
the parabolicmap’s center(i.e. the centerof the front- or backfacingparaboloid).The
distortiongoesup to 25%for largeradii, but in thesecasedhe pre ltered ernvironment
mapwill beveryblurry, sothatthedistortionwill notleadto visible errors.For smaller
radii thedistortionremainsfairly smallandagainno visible artefactsoccur
Althoughthe shapeof the Iter almostremainsthesamein theparabolicspacethe
radiusof the lter kernelvarieswith the distanced. The ratio betweenthe smallest
Iter radiusand largest lter radiusis about2. We will overcomethis problemby
generatingwo pre Itered ervironmentmaps,onewith the smallestyieldsmap$S) and
onewith thelargestnecessanyter size(yieldsmapL). Thenwe blendbetweerboth
pre Itered environmentmaps. The valuewith which we needto blend betweenboth
mapsis differentfor differentpixelsin the parabolicervironmentmap,but it depends
only on thedistanced andis alwaysd?. For apixel in the centerof the paraboloicthis
meanghatwe use0% of mapL anda 100%of maps§; for a pixel with distanced = 0:5
to the centerof the parabolicmap,we use25%of mapL and75%of mapS, andsoon.

Algorithm. The actualalgorithmis fairly simple. First we createa mip-mapof the
parabolicervironmentmap,thenwe loadthe ernvironmentmap(plusthemip-map)into
texturememory Theuserhasto specifythePhongexponento beusedandalimit when
BRDF valuesfrom the Phongmodelcanbe clampedto zero,which is usedto restrict
thekernelsizein the rst place.Thenwe computethetwo necessanyter radii, rs for
thesmall Iter andr, for thelarge Iter. If a kernelsizeis largerthenthe maximum
supporteddpenGLkernelsize,we scaletheervironmentmapandthe Iter by 0:5 until
it is within the supportedkernelsize.Now we getto theactual ltering part:

1. Setthe camerato an orthographigrojection(so thatwe candraw the environ-
mentmapseenfrom thetop).

2. Draw alphatexturewith d? to alphachannel

3. For bothradiirs andr:

Whilers (resp.r;) < hardwaresupportediter size:
Dividerg (resp.r;) by 2. Doublethe shrinkfactor

Draw environmentmapshrunkby the shrinkfactor(usesmip-mapping).

SamplePhongmodelinto the Iter.

Filter theervironmentmapwith it (OpenGLcorvolution).

©No oA



9. Storeit againastexturemap(RGB texture).
10. Draw ervironmentmapS.
11. BlendernvironmentmapL with it (usingd?).
12. Storeagainasatexturemap.
13. Setuprealcamera.
14. Draw re ective objectwith generate@nvironmentmap.

One problemariseswhenthe centerof the lter kernelis closeto the borderof
the ervironmentmap. Part of the Iter kernelwill be outsidethe actualenvironment
map, thusincluding valuesfrom outsidethe ervironmentmap. This canbe solved by
includingalargeborderin the ervironmentmap.

It should also be mentioned,that the graphicshardware clampsall numbersto
the [0; 1] range,and thereforethe original environmentmap cannothave a high dy-
namicrange.

Results. We have testedour algorithmon an SGI O2 whereit achievesinteractve
rates.All thetestsweredonewith parabolicervironmentmapswith 512 1024pixels.
Theborderwas64 pixelsin eachdirection(for eachface). The maximumkernelsize
we usedwas7 (larger kernelsizesconsiderablydegradethe corvolution speedon an
02). We measuredhefollowing timings (re ective sphere2592triangles):

exponent lter size shrinkfactor | fps2-pass| fps1-pass
small | large | small | large
10| 174 | 260 | 32 64 25 33
50| 78 136 | 16 32 20 33
100 | 56 100 8 16 16 25
250 | 36 66 8 16 16 25
500 | 26 48 4 8 9 11

Pleasenotethat Itering wasperformedor everyframe,eventhoughthe Phongex-
ponentdid notchange We have includedtimingsfor the two-passcorvolution (i.e. us-
ing the smallandthelarge Iter) andfor a one-pasgonvolution (usingonly the small

Iter). Furthermorewe have includedthe lter sizesin pixels that would have been
required(the BRDF clampvaluewassetto 0.1) andthe necessarghrink factorto get
Iter sizeswithin a maximumsizeof 7 pixels. You canseethatfor smallPhongexpo-
nentshardwarepre Itering is veryinteractive. For largerPhongexponentsherendering
speeds slower, becauseltering cannotbe donewith a shrunkervironmentmap. For
a visual comparisorpleaseseeFigure4 (color plates). You canseethatthe hardware
methodgenerateslarkborderswhich doesnot posea problemsincethesearenotused
for rendering Figure5 shavsrenderingwith differentervironmentmapsanddifferent

Phongexponentsthey all run atinteractve rates.

It should be mentionedthat the two dimensionalapproximationto an isotropic
BRDF proposedy KautzandMcCool [11] canalsobe used,sinceit alsoful lls the
necessaryequirementgseebeginning of this section).Hencetheir approximatiorcan
beusedto pre Iter ernvironmentmapswith arbitraryisotropicBRDFsin real-time.

5.3 Anisotropic EnvironmentMaps

So far, therehasnot beenan ervironmentmaptechniquethat canalso be appliedto
anisotropicBRDF models.GenerallyananisotropicBRDF depend®n mary parame-
ters,whichthenresultsin a ve dimensionakrnvironmentmap,seeSection4.



We needto look for a modelwhich allows to createa lower dimensionaknviron-
mentmap. The Banksmodel[1], which is simpleanddependsnly on dot products,
yieldsathreedimensionaknvironmentmapif self shadaving is excluded. The BRDF
is givenby:

q g
' 1
(v = 1 <Tit>2 1 <w¥t>2 <Tit>< ¥ t> —_—
r(w;1) : ¥, ; ¥; S T 92
wherewe have extendedthe original Banksmodelwith a new parametes 2 [0; 1),
which allows to have sharpemighlights. The ervironmentmapequationbecomes:
Z q q
LpankdX; ¥, /;1) = 1 <Tt>2 1 <wt>2 <Tt>< ¥t> s

ﬁLi(x;T) < n; > do
To decreas¢he dimensionalityof this ervironmentmap,we discardthe self-shadwing
term< n;T >, andthenreparameterizatiogivesus the following threedimensional
ervironmentmap:

Z q q
LoankdX; 6 < w;t>) = 1 <Tt>2 1 <wt>2 <Tt>< wt> s

1
a S)ZL.(X,T‘) ar:

Now we have ananisotropicpre Itered ervironmentmap. In orderto renderan object
usingthis ervironmentmapit is necessaryo computethe 3D texture coordinatesat
everyvertex by hand,.e.thetwo coordinate®f theunitvectort-andthethird coordinate
correspondingo < ¥;t >. This anisotropicernvironmentmap canthenbe rendered
at interactive ratesif the hardware supportsthreedimensionaltexturing. In Figure 6
we showv a teapotwith an anisotropicmaterial, which was donewith an anisotropic
pre Itered ervironment.

Sincethe self-shadwing term is omitted, an object using this ervironmentmap
doesre ect light from behindit. This is usually not noticeableunlessa bright light
sourceshines‘through”.

6 Conclusions

We have proposeda generalnotationof pre Itered environmentmaps,accordingto
whichwe have classi ed previously proposedre Itered ervironmentmaptechniques.
We have developedthreenew techniques First, we have useda new hierarchicalpre-
Itering methodwhichis onaverageaboutlOtimesfasterthanabruteforcepre Itering
method.Secondwe have proposed hardwareaccelerategbre Itering method which
canpre Iter ervironmentmapsin real-time,if the usedre ectancemodeltranslatego
aconstan@andradially symmetric Iter kernel. Third, we have proposedananisotropic
pre ltered ervironmentmapusingthe Banksmodel.
Futureresearchshouldinvestigatethe possibility to usedifferencepyramids rst
introducedby Burt and Adelson[4] to further speed-ughe hierarchicalpre Itering.
Anisotropicernvironmentmapsusinga constantshapedanisotropiclobe (a la Phong)
shouldberesearchedsa possiblealternatie to the Banksmodel.
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Unfiltered original Classic Hierarchical Hardware 2-pass Hardware 1-pas

Fig. 4. Comparisorof the different Itering methods.Filtering wasdonewith the Phongmodel
andanexponentof 100. Fromleft to right: Un Itered, the classicmethod,our new hierarchical
method,the hardvare accelerateanethodwith two andonepass(es).The original ervironment
mapis 128 256 pixelsin sizewith a borderof 16 pixels.

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

Fig. 5. Two scenegenderedvith a glossyre ective torus(SGI O2). Filtering is donewith the
Phongmodel (exponentof 50 and500) for every frame, but interactie ratesare still achieved.
Theoriginal ervironmentmapsare512 1024 pixelsin sizewith a borderof 64 pixels.

Fig. 6. Thetwo imageson the left, shav a teapotwith an anisotropicernvironmentmap using
the Banksmodel (s = 0:99). The imageson the right shav slices of the threedimensional

ernvironmentmap(for™ (v;t) = 44 ;39 ;35 ).



