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Abstract
A methodis presentedthatcanrenderglossyre�ections
with arbitraryisotropicbidirectionalre�ectancedistribu-
tion functions(BRDFs)at interactive ratesusingtexture
mapping.This methodis basedon thewell-known envi-
ronmentmaptechniquefor specularre�ections.

Our approachusesa single- or multilobe represen-
tation of bidirectionalre�ectancedistribution functions,
wherethe shapeof eachradially symmetriclobe is also
a functionof view elevation.This approximaterepresen-
tationcanbecomputedef�ciently usinglocal greedy�t-
ting techniques.Eachlobeis usedto �lter specularenvi-
ronmentmapsduringa preprocessingstep,resultingin a
three-dimensionalenvironmentmap. For many BRDFs,
simpli�cations usinglower-dimensionalapproximations,
coarsesamplingwith respectto view elevation,andsmall
numbersof lobescanstill resultin a convincingapproxi-
mationto thetruesurfacere�ectance.

Key words: Environmentmap,glossyre�ection, texture
mapping, bidirectionalre�ectancedistribution function.

1 Intr oduction

The environmentmap technique[2] is widely usedto
approximatere�ections in real-timerendering.Environ-
mentmapsareanapproximationtechniquebecausethey
make an assumptionthat is often not true, namelythat
the environmentis far from the re�ecting surface. De-
spitethis,they areeffectiveandef�cient, andcanbeused
to build moresophisticatedtechniques.

HeidrichandSeidel[12] preblurredenvironmentmaps
with the Phongmodel [18] to approximateglossy re-
�ectancein real time. However, the techniquewaslim-
ited to Phonglobes. Variationof lobe shapewith inci-
dent anglewas not supported,althoughself-shadowing
andFresnelscalefactorsthatvariedwith theincidentand
view directionhavebeendemonstrated.

We have extendedandre�ned this ideato supportthe
generationof glossy re�ections with a relatively gen-
eral classof isotropic bidirectionalre�ectancedistribu-
tion functions(BRDFs).For anumberof elevationangles
we approximatethegivenBRDF with a sumof radially
symmetriclobes. In our representationeachlobe must

besymmetricaroundsomeaxis,but neednotbeaPhong
lobe: theradialshapefunctionis arbitrary, andis derived
from thedata.Furthermore,theaxisof eachlobemaybe
offsetfrom there�ection direction.

For “glossy” BRDFswith largepeaks,lobe-�tting can
beperformedusinga greedytechniquethat is moreef�-
cient thantheglobaloptimizationtechniquespreviously
usedfor multilobeBRDFrepresentations[15]. While not
optimal,thegreedy�tting techniqueis easyto implement
andproducesusableresultsquickly.

Oncethelobeshavebeenobtainedwe pre�lter a spec-
ular environmentmapwith eachone. This resultsin a
setof pre�ltered two-dimensionalenvironmentmaps,for
eachlobeandfor eachsampledelevationangle.

Lobesarethentrackedover multiple elevationangles,
to �nd consistentand coherentsequencesof lobesthat
can be interpolated. The resultingstacksof pre�ltered
two-dimensionalenvironmentmaps(eachstack result-
ing from a sequenceof coherentlobes �ltered against
the original environment map) can be storedin three-
dimensionalenvironmentmaps.

Thenew third dimensioncorrespondsto theview ele-
vationanglewhile theothertwo dimensionscorrespond
to the incident elevation and azimuth angles. Use of
three-dimensionalenvironmentmapspermitsthe repre-
sentationof importantand commoneffects suchas in-
creasedre�ection sharpnessat glancingangles.

By summingupmultiple lobesanarbitraryBRDF can
beapproximatedto whateverprecisionis desired;for the
isotropic exampleswe have tested,a small numberof
lobes (less than 5, often as few as 1) have beenvisu-
ally satisfactory. Furthermore,for machinesthat do not
supportthree-dimensional�ltering, we have found that
ignoringthedependenceof theshapeof the lobeon ele-
vationangleis adequatefor someBRDFs.

2 Prior Work

In Heidrich and Seidel's technique[12], specularen-
vironmentmapsare pre�ltered with view-independent,
radially symmetricPhong(exponentiatedcosine)lobes.
During rendering,view-dependentFresnelscalefactors
areappliedbut thebasicshapeof thelobeis not varied.

Eachentry of the Phong-pre�lteredenvironmentmap



containsnot only theradiancecomingfrom !̂ i (like nor-
mal environmentmapsdo), but also the radiancefrom
a larger region integratedagainstthePhonglobe,asde-
pictedin Figure1.

The original Phong model was chosen because
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Figure1: Phongenvironmentmaps.

(after weighting
by the cosine
of the incident
angle) Phong
lobes are sym-
metric around
there�ectedview
direction and
the shape does
not change with
view elevation.
However, Phong
lobes are not
realistic exactly
becausetheir shapedoesnot change! In particular, at
glancinganglesHeidrichandSeidel's techniqueactually
includesenergy from below thehorizonin there�ection.
Normally, thelobeshouldbecomethinnerandsharper.

Cabraletal. [3] proposeda techniquethatusesasetof
pre�ltered environmentmaps,which they call radiance
environment maps. An original specularenvironment
map is pre�ltered with a BRDF using a speci�c view-
ing position. This is donefor a numberof viewing po-
sitions,generatinga setof intrinsically view-dependent
pre�ltered environmentmaps.

In orderto renderare�ectiveobjectanew environment
mapis generatedfor every new viewpoint usingthreeof
thepre�ltered environmentmaps,which arewarpedand
blendedtogether. This new environmentmapis thenap-
plied to the re�ective object. In order to computethe
warping the central re�ection direction of the BRDF's
lobehasto beknown,andanassumptionis madethatthe
BRDF is radially symmetricaboutthis direction. This
techniquealsoassumesan orthographicviewer. Seethe
conclusionssectionfor acomparisonwith ourmethod.

Other researchershave looked at deriving multilobe
representationsfor BRDFs. Lafortuneet al. [15] useda
generalizedPhonglobemodelandWalteretal. [21] used
multiple Phonglobesto approximatethe re�ection of a
global illumination solutionfrom a surfacewith anarbi-
trary BRDF. Fournier [5] usedPhonglobesto approxi-
matethedistribution of normals.Our work differs from
these:wedroptherestrictionto Phonglobesentirely, and
uselocal greedy�tting techniquesratherthanglobalop-
timization.

Therehave beenothertechniquesfor representingin-
teractive glossyre�ections thatarenot ascloselyrelated

to our work as the previous methods. We will brie�y
mention and commenton a few that attemptto target
high-performancerendering.

Stürzlinger and Bastos [19] used photon maps for
interactive glossy re�ections; photonswere “splatted”
and weightedwith an arbitrary BRDF. Diefenbachand
Badler [4] usedmulti-passmethods(stochasticmulti-
sampling)to generateglossy re�ections; this performs
the �ltering of the environment map (that we do in a
prepass)usingMonteCarlointegrationatruntime.Miller
et al. [17] usedsurfacelight �elds to storeand recon-
structglossyre�ections. Lischinski andRappoport[16]
usedlayereddepthimagesto produceglossyre�ections.
Bastoset al. [1] useda space-variantconvolution �lter in
screen-spaceto produceglossyre�ections; we applyour
convolution in environment-mapspaceduring a prepro-
cess,andsohave fewer imagequality limitations.

Finally, previouswork by KautzandMcCool [14] ad-
dressedtheproblemof computinglocal illuminationand
re�ectancefrom point sourcesin real time from surfaces
with arbitraryBRDFs,usinga separabledecomposition
of theBRDF. Thecurrenttechniqueis complementaryto
thatwork, in thatwe addresstheproblemof usingarbi-
traryBRDFsin real-timerendering,butwith environment
mapsinsteadof point sourcesfor illumination.

The algorithmwe will presenthasthreephases:mul-
tilobe BRDF approximation(which is done once per
BRDF), environment map pre�ltering (which is done
onceperBRDFfor eachnew specularenvironmentmap),
andrendering.Thesearepresentedseparatelyin thefol-
lowing sections,andwill be followed by a samplingof
theresultingimages.

3 BRDF Approximation

A shift-invariantBRDF f (!̂ o; !̂ i ) canbe approximated
using a sequenceof lower-dimensionalapproximations
for a setof sampledviewing directions!̂ o. Theviewing
direction !̂ o is set to a numberof different valuesand
thena two-dimensionalapproximationalgorithm is run
for eachvalue. We will denotea BRDF “slice” with !̂ o

�x edasf !̂ o (!̂ i ), whichwe will call a lobe; this is in fact
a two-dimensionalfunctionof !̂ i .

For the pre�ltering of environmentmapwe mustuse
radially symmetriclobes for eachapproximation. As-
sumewe aregivena BRDF with a non-radiallysymmet-
ric lobe for a given local viewing direction !̂ o, asseen
on the left sideof Figure2. Assumethe re�ected view-
ing vector is usedto index the environmentmap. The
environmentmapstorestheradiancepre�ltered with (in-
tegratedagainst)thatBRDF. If we rotatethesurfaceand
look at it from a differentviewpoint so that we get the
samere�ectedviewing vector(seeright sideof Figure2),
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Figure2: Radiallysymmetriclobesarenecessary.

we will of courseobtain the samevalue from the envi-
ronmentmap,asweareindexing it with thesametexture
coordinates.However, the orientationof theactuallobe
(grey) now differs from the orientationof the lobe with
which the environmentmapwas �ltered. To avoid this
problemwe have to uselobeswhich are radially sym-
metric.

Theuseof only radiallysymmetricBRDFsmightseem
to limit this approach,but in practicemany BRDFshave
lobesthatarecloseto radially symmetricfor �x edview-
ing angles.Wecanusemultiple radiallysymmetriclobes
as basis functions to approximateBRDFs that do not
show this symmetry.

3.1 Approximation with a SingleLobe
An existing isotropic BRDF f (!̂ o; !̂ i ) can be approxi-
matedwith a separatelobe for each!̂ o = (� o; 0), � o 2
f � o;1; � o;2; : : : ; � o;k g, where� o = n̂ � r̂ v ; seeFigure6. In
this paperwe only considerisotropicBRDFsto keepthe
dimensionalityof theresultundercontrol.

The actual �tting usesa greedy, heuristically-driven
algorithm. This approachworks in this casebecause
“glossy” surfacesthat give a recognizablere�ection of
the environmentwill be likely to have a peaknearthe
directionof there�ection vector.

First, we �nd the maximumpeakof f !̂ o (!̂ i ); denote
the direction in which the maximumlies using !̂ i= peak .
The offset elevation anglewill be denotedby � i= o� and
theoffsetazimuthby � i= o� . Theseanglesarethediffer-
encebetweenthe expectedre�ection direction (i.e. the
re�ectedviewing direction)andtheactualpeakdirection.
For a singlelobeapproximationandan isotropicBRDF,
theoffsetazimuthangle� i= o� mustin factmustbe0, but
thiswill notbetruefor multilobeapproximations.

We assumethat !̂ i= peak lies in the centerof the lobe
givenby f !̂ o (!̂ i ), andcreatepro�le curvesfor thelobeby
taking samplesin radial directionsaway from the peak;
seeFigure 3. Every curve that is generatedby the in-
tersectionof a planegoing through!̂ i= peak andthe lobe
itself is a pro�le curve; seeFigure3. Thenwe average
all the pro�le curves and createa meanpro�le. This

meanpro�le is usedasthepro�le curve for our radially
symmetricapproximationlobe. Theapproximationlobe
p� o (#i ) � f !̂ o (!̂ i ) (where#i = !̂ i= peak � !̂ i ) is computed
by rotatingthe meanpro�le around!̂ i= peak . This obvi-
ously makes the lobe radially symmetric;seeFigure3.
The approximationis compact:the approximation's pa-
rametersconsistof thepro�le curve andpeakoffsetan-
gles.Thepro�le curvesarestoredusingdiscretesamples.

Becauseof the averagingprocessthe overall energy
of our approximationlobe might be different from the
original BRDF lobe, which results in re�ections with
the wrong brightness.To correctthat error we compute
thetotal hemisphericalre�ectivity of theapproximation,
comparethis with the original BRDF, andscaleour ap-
proximationaccordingly.

3.2 Using a Single2D Lobe
We canfurtherapproximatea givenBRDF to save mem-
ory. SomeglossyBRDFsmaintainroughly theshapeof
their lobe as� o changes.When!̂ o varies,only a scale
factor changeis required. So anotherobvious approxi-
mationcalculatesonly oneaveragelobep(# i ), eitherby
averagingall pro�le curvesor by choosinga “character-
istic” pro�le for a speci�c !̂ o. To approximatetheactual
lobesf (!̂ o; !̂ i ) weassignaweightfor each!̂ o to thesin-
gle lobep(!̂ i ), to getf (!̂ o; !̂ i ) � k(� o)p(#i ).

Thisrepresentationhastheadvantagethatit canberen-
deredwith only a single two-dimensionalenvironment
map.Theweightscanbeeitherassignedascolorsat the
verticesor put in anextraone-dimensionaltexturemap—
muchlike theFresneltermusedby Heidrich[12]. How-
ever, with this approximationwe will not beableto cap-
ture sucheffectsasincreasedsharpnessor re�ections at
glancingangles.

3.3 Using Multiple Lobes
SomeBRDFsmight bedif�cult to approximateby a sin-
gle lobe. In that casewe canusemultiple lobes. Each
of these“basis lobes” hasto be radially symmetric,as
explainedearlier, but may be offset by variousamounts
from there�ection vector.

Therearetwo differentapproachesto �t multiple lobes
to aBRDF:globalmethodsandgreedyiterativemethods.

We tried two global techniques(simulatedannealing
andbranchandbound),which both failedto yield a sat-
isfying solution, even when we restrictedourselves to
Phonglobes1. Therefore,we will only presentanexten-
sion to the greedytechniquethat we have found works
well in practice.

Our iterative greedy�tting schemeworks almostlike
the single shapelobe �tting. First, �nd the maximum
peakat!̂ i= peak of f !̂ o (!̂ i ) andrepresentthisdirectionus-

1Thishasalsobeennotedby Walteretal. [21] in asimilar situation.
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Figure3: Singlelobeapproximation.

ing theoffsetangles� i= o� and� i= o� , asdescribedearlier.
Then, createpro�le curves around!̂ i= peak and choose
the minimum pro�le curve for the approximationlobe
p� o (#i ). A minimumpro�le curve is de�ned asthepro-
�le curve thatgeneratesa lobe p� o (#i ) which is smaller
thanf !̂ o (!̂ i ) for all #i . We aregoing to useadditional
lobes that can pick up the not-yet approximatedparts,
but we do not wantnegativeresiduals2. This lobeis sub-
tractedfrom theoriginalBRDF (botharerepresentedus-
ing samples).On theremainingunapproximatedenergy,
we rerunthealgorithmto getanotherlobe;seeFigure4.
We stopthealgorithmwhenwe reacha givennumberof
lobes.
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^ŵo

Figure4: Approximationwith multiple lobes.

As explainedearlier, approximationis performedfor
each!̂ o separately, thenweblur anexistingenvironment
mapandstorestacksof thesemapsin three-dimensional
environmentmaps.In themultiple-lobecasewe will get
morethanonelobeandthereforewe will needto create
morethanonethree-dimensionalenvironmentmap.Each
of thesethree-dimensionalenvironmentmapsshouldbe
generatedusing a consistentand coherentselectionof
lobes.

What this meansis shown in Figure5. You cansee
a lobe varying over � o. In our representationthis vari-
ation in shapeis approximatedby linearly interpolating
approximationsfoundfor speci�c valuesof !̂ o. We want
thevariationin shapetobegradual,andtodothiswehave
to interpolatethe “right” approximations.Pro�le lobes
thatareconsistentandspatiallycoherentaremarkedwith

2If signedarithmetic is supported,approximationtechniquesthat
generatesignedlobeswould be appropriate. Hardware is startingto
becomeavailablewhichwill becapableof this.

thesameletter(L, M, andR). Eachof thethreeenviron-
ment mapsshouldbe generatedwith only spatially co-
herentpro�le lobes,i.e. environmentmaponeonly with
L lobes,environmentmaptwo only with M lobes,andso
on.

This meansthatafter�nding differentlobesfor differ-
ent!̂ i , weclusterthemby similar � i= o� and� i= o� values.
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Figure5: Spatialcoherenceof multiple lobes.

4 Pre�ltering

Oncewe have a BRDF approximationan existing high-
dynamicrangespecularenvironmentmap E(r̂ v ) needs
to be �ltered by it. A specularenvironmentmap only
dependson the re�ected viewing vector. We integrate
theseagainstthe radially symmetriclobesto obtain the
three-dimensionalenvironmentmaprepresentationof the
glossyre�ection:

E glossy (r̂ v ; n̂ � r̂ v ) =
Z



pn̂ � r̂ v (r̂ v � l̂ ) (n̂ � l̂ )E (l̂ ) d� (l̂ ) � (1)

(n̂ � r̂ v )
Z



pn̂ � r̂ v (r̂ v � l̂ )E (l̂ ) d� (l̂ ) (2)

All thevectorsaredepictedin Figure6; n̂ is thesurface
normal, v̂ = !̂ o in world coordinates,̂l = !̂ i in world
coordinates,andthe re�ection vector r̂ v = 2(v̂ � n̂)n̂ �
v̂, d� (l̂ ) is theprojectedsolid anglemeasure.The lobes
pn̂ � r̂ v = p� o actuallyonly dependon the anglebetween
there�ectedviewing directionandtheincidentdirection
becausethey areby de�nition radially symmetricaround
r̂ v (we will index thenew mapsby theoffsetvectors,but
�lter themwith there�ection vector).



As youcanseein Equation1, weneednotonly to �lter
the environmentmap with the approximationlobe, but
alsohaveto includethecosinebetweenthenormaln̂ and
theincidentdirectionl̂ .

Fortunately, we canapproximatên � l̂ with n̂ � r̂ v ; oth-
erwise,we would have anotherdependenceon n̂, which
we cannotcapturewith a threedimensionalenvironment
map. At �rst sight, this approximationof n̂ � l̂ seemsto
bevery crude. We assume,however, thatBRDFsyield-
ing interestingglossyre�ections will have a fairly slim
lobein thedirectionof r̂ v . In thecasesof interest,̂n � l̂ is
thereforeusuallycloseto theconstantvaluen̂ � r̂ v where
theintegrandis large.
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Figure 6: The vector n̂ is the surfacenormal, v̂ is the
viewing direction, r̂ v is the re�ected viewing direction,
andthel̂ aretheincidentdirections.

5 Rendering

For our three different approximationmethods(single
lobe, single 2D lobe, multiple lobes),we basicallyuse
thesamerenderingalgorithm. For eachvertex of there-
�ecti ve object,computeappropriatetexture coordinates
to representthe appropriateoffset of the vector r̂ v and
thevalueof n̂ � r̂ v . Theactualrepresentationof theoff-
setvectorastexturecoordinatesdependson theway the
view-independentenvironmentmapwasstored,e.g.asa
parabolicmap [11] on standardhardware,or asa cube
map on hardware which supportsthem. Then we ren-
derour objectwith texturemappingturnedon, andsum
multiple lobesusingeithertheaccumulationbuffer, mul-
titexturing,or compositing,asappropriate.

5.1 SingleLobe Approach
Assumethatwehavealready�ltered anexistingenviron-
mentmapE(r̂ v ) with ashapedlobeapproximationof the
BRDF, sowehavea three-dimensionalenvironmentmap
Eglossy (r̂ v ; ~n � r̂ v ); seeEquation2.

This three-dimensionalenvironmentmap consistsof
several two-dimensionalenvironment maps, each of
which dependsonly on r̂ v . The valuen̂ � r̂ v is the third
parameterof thethree-dimensionalenvironmentmap.

To renderan objectwith this approximation,at each
vertex compute r̂ v and compute the offset vector by

adding� i= o� . Placethetexture-coordinaterepresentation
of r̂ v in the �rst two texture coordinates,thencompute
n̂ � r̂ v andplaceit in thethird texturecoordinate.Thefac-
tor n̂ � r̂ v in Equation2 canbeeitherincorporatedinto the
environmentmapor assignedasthecolorat thevertices.

5.2 Single2D Lobe Approach
In this approximationwe only have a single�ltered two-
dimensionalenvironmentmap,which wascomputedus-
ing thefollowing �lter:

Eglossy2D (r̂ v ) =
Z



p(r̂ v )E (l̂ ) d� (l̂ ): (3)

As you canseethe weight k(� o) = k(n̂ � r̂ v ) is not in-
cludedin theenvironmentmap,andneitheris the factor
n̂ � r̂ v (which hasto beusedbecausewe aredealingwith
anarbitraryisotropicBRDF).

At eachvertex, we assigntheweightk(� o)( n̂ � r̂ v ) as
the color. This takes careof the weight k(� o) and the
factorn̂ � r̂ v . Now, we renderthe objectusingthe two-
dimensionalenvironmentmap. Alternatively we canput
theweightsk(� o) in atexturemapanduseatwo-passren-
deringmethod,but as the k(� o) usuallyvary gradually,
the �rst methodwassuf�ciently accuratefor theBRDFs
we tested.

5.3 Multi-Lobe Approach
For a multilobe approximationwe have several three-
dimensionalenvironmentmapsE l

glossy (r̂ v ; n̂ � r̂ v ), each
of hasbeenblurredwith a differentsetof lobespl

� o
(#i ),

asexplainedin Section3.
For eachenvironmentmapwe basicallyrun the same

renderingalgorithmthatwe describedfor thesinglelobe
approach,andsumtheresults(usingcompositingor the
accumulationbuffer). The only additionaldifferenceis
that we have to offset r̂ v by both � i= o� anda non-zero
� i= o� .

6 Results

We have validatedour techniquewith severalexamples,
includingWard'smodel,theHTSGmodel,andmeasured
car lacquer. Our testshave shown thatour multilobeap-
proximationsyield RMSerrorsequivalentto theRMSer-
rors for separableapproximationswith a similar number
of terms[13]; the RMS errorswere measuredbetween
the original BRDF and the approximatedBRDF. How-
ever, sinceonly positive lobeswereused,negative resid-
ual errorcannotbecorrectedandaftersix to eight lobes
theerrorbeginsto increaseratherthandecrease.

Threetestcasesareshown in Figures9–18, wherethey
arecomparedwith renderingsusingtheactualBRDF �l-
teredagainstthe sameenvironmentmapon a per-pixel
basis. Note that we are testingthe error of the BRDF



approximation,not theerrorof theenvironmentmapre-
�ectance approximation. In all caseswe useda view-
independentdualparabolicenvironmentmapof anof�ce
sceneshown in Figure8.

The �rst exampleappliesour techniqueto the mea-
suredCaymancar lacquerfrom the ComputerGraphics
Groupat Cornell. Theresultsfor thesinglelobemethod
can be seenin Figure 10 and for the single 2D lobe
methodin Figure11. A renderingwith the true BRDF
(�ltering is donefor every pixel) is shown in Figure9.
Slicesof the pre�ltered environmentmapfor the single
lobeapproximationcanbeseenat differentelevationan-
glesin Figure8. The3D texturemapusedhada resolu-
tion of 128� 128� 16 slicesin the z (elevationangle)
direction.Youcanseethatthesharpnessandthecolorof
theenvironmentmapschangeswith elevationangle.This
is visible on thelid of theteapot;there�ection in the2D
approximationis blurrier thanit shouldbe,althoughoth-
erwisetheapproximationis adequate.

ThesecondwavelengthdependentBRDFwetriedwas
the HTSG model for roughcopper[9]. The resultscan
be seenin Figure13 for the single lobe methodand in
Figure14 for the single2D lobe method(comparewith
Figure12). A few slicesof the pre�ltered environment
map for the single lobe approximationare depictedin
Figure8, whereyou can againseeincreasedsharpness
with decreasingelevation.

Now we would like to demonstrate
the differences between the multiple
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Figure 7: RMS error for Ward's
model.

lobe method,
the single lobe
method, and the
two-dimensional
lobe method.
In Figure 15 –
18 you can see
a side-by-side
comparisonof a
teapot rendered
with the same
BRDF (Ward's
model) using
these methods.
The relative meansquareerror for this BRDF usingthe
differentapproximationmethodsis depictedin Figure7.

Theseexamplesshow that while the approximations
arenot exact,they arevisually pleasingandadequatefor
real-timerenderingapplications. Two dimensionalap-
proximationswill in generalshow moreerror, but in our
testswerestill visually closeto the re�ection generated
by theoriginalBRDF.

The renderingspeedmainly dependson the graphics

hardware, sinceonly the texture coordinategeneration
needsto be doneon the host. On an SGI OctaneMXE
we achieve25 fps with theteapotmodel(4000triangles)
anda singlelobeapproximation.Thethree-lobeapprox-
imation is almostexactly threetimesslower. Theteapot
modelwith a single2D approximationcanbe rendered
with 33 fps.

7 Extensions

The greedyshapedlobe �tting algorithmmay generate
aninef�cient approximationbecauseit assumesthatuse-
ful radially symmetriclobesarecenteredaroundpeaks.
Unfortunately, this assumptionmaybefalse.

First of all, measuredBRDF datamight have a peak
somewherethat might be just a noisy datasample,but
we wantto maximizethetotal volume, of a lobe,not just
its height. Secondly, BRDFsmay containradially sym-
metric lobesnot centeredaroundpeaks,i.e. the centers
might be “depressed”.In this casethegreedy�tting al-
gorithmmayusea largenumberof lobesto build a poor
approximationwhena singlelobewould givea goodap-
proximation.

A morerobustgeneral-purpose�tting algorithmfor ra-
dially symmetriclobeswould be interesting. Thereare
two possibleapproaches.

First, a heuristically-driven algorithm could be used
that would look in several likely places(peaks,around
theview directionfor retrore�ection,aroundthenormal
for generalizeddiffusere�ection, and�nally aroundthe
re�ectedview direction),try to �nd a radially symmetric
lobefor eachof thesevectors,andthenpick thebestone
(in termsof maximumvolume).

Secondly, a multiresolutionsearchtechniquecouldbe
used.An exhaustive searchcouldbe madefor themax-
imal volume radially symmetriclobe, but againsta �l-
teredanddown-sampledversionof theBRDF. Onceone
or morecandidatelobeshave beenfound,their positions
andpro�le curvescanbere�ned by increasingtheresolu-
tion. Thisavoidsthecostof exhaustivelysearchingfor all
possiblelobesat high resolution,but shouldgive similar
results.

Both theseextensionwould still be greedysequential
algorithms,andsomaynot �nd optimalsolutions.How-
ever, both approachesare fastandshouldrobustly pro-
duceusefulpracticalresults.

Finally, the current technique can only handle
anisotropicBRDFsby usingmany lobesanda 4D tex-
ture, which is inef�cient. It would be interestingto use
steerable�lters [6] or sphericalharmonicsto implement
anisotropiclobesto generalizethe techniquepresented
here.

http://www.graphics.cornell.edu/online/measurements


Figure8: Parabolicenvironmentmapsof anof�ce scene.

Figure 9: Teapotwith the cay-
mancarlacquerre�ecting theof-
�ce (original).

Figure10: Teapotwith thecay-
mancarlacquerre�ecting theof-
�ce (3D).

Figure11: Teapotwith the cay-
mancarlacquerre�ecting theof-
�ce (2D).

Figure12: Copperteapotre�ect-
ing theof�ce (original).

Figure13: Copperteapotre�ect-
ing theof�ce (3D).

Figure14: Copperteapotre�ect-
ing theof�ce (2D).

Figure 15: Per-pixel
�ltering with original
BRDF.

Figure 16: Multiple
lobes method (three
lobes).

Figure17: Single lobe
method.

Figure 18: Single 2D
lobemethod.

Teapotwith Ward'smodel(kd = 0:0; ks = 0:80; � x = � y = 0:04) re�ecting theof�ce.



8 Conclusions

We have presenteda techniquefor representingarbitrary
BRDFs using multiple radially symmetriclobes. This
representationcanbe usedto pre�lter existing specular
environmentmapsin order to renderglossysurfacesat
interactive rateson existing hardware. The straightfor-
wardgreedy�tting algorithmwe useis mostappropriate
for BRDFswith largepeaks,but thesearetheBRDFsthat
producerecognizablere�ections.

For severaltestBRDFs,objectsrenderedwith environ-
mentmapsthatwere�ltered with our representationare
visuallyconvincingandcanberenderedatreal-timerates
onappropriatehardware.

Our method is not restricted to a certain kind of
isotropicBRDFs,sincewe canusea multilobe approx-
imation,but memoryrequirementsareexcessive if many
lobesareneeded,makingit unattractive. Thereforeit is
betterto eitherrestrictthismethodto BRDFswith almost
radiallysymmetriclobes,which is truefor many BRDFs,
or to accepta lossin qualityanduseasinglelobeor even
a single2D lobe only. Fortunately, our methodenables
theuserto controltheaccuracy/memoryratio.

Cabral's techniqueturnsout to becloselyrelatedto the
techniquepresentedhere; in fact, our techniquecanbe
consideredanalternative(andimproved)implementation
strategy for Cabral's technique. Cabral's methodbasi-
cally usesa sparserepresentationof the pre�ltered en-
vironmentmap. However, we do not requireper-frame
warping, since we use view-independentenvironment
maps,andwedonotmaketheassumptionof anorthogo-
nal (constant)view direction. We have alsogonefarther
in deriving multiloberepresentationsof BRDFs.

Despitethe different techniquesusedto storeandre-
constructthepre�ltered environmentmapdata,our mul-
tilobe BRDF representationsare compatibleand have
the samelimitation to radially-symmetriclobesand to
isotropicBRDFs.
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