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Abstract
A methodis presentedhatcanrenderglossyre ections
with arbitraryisotropicbidirectionalre ectancedistribu-
tion functions(BRDFs)at interactie ratesusingtexture
mapping. This methodis basedbn the well-known ervi-
ronmentmaptechniquéor speculare ections.

Our approachusesa single- or multilobe represen-
tation of bidirectionalre ectancedistribution functions,
wherethe shapeof eachradially symmetriclobe is also
afunctionof view elevation. This approximataepresen-
tationcanbe computecef ciently usinglocal greedy t-
ting techniquesEachlobeis usedto Iter speculaervi-
ronmentmapsduringa preprocessingtep,resultingin a
three-dimensionagrvironmentmap. For mary BRDFs,
simpli cations usinglower-dimensionabpproximations,
coarsesamplingwith respecto view elevation,andsmall
numbersf lobescanstill resultin a corvincing approxi-
mationto thetrue surfacere ectance.

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

1 Intr oduction

The ervironment map technique[ is widely usedto
approximatee ectionsin real-timerendering.Environ-
mentmapsareanapproximatiortechniquebecausehey
make an assumptiorthat is often not true, namelythat
the ervironmentis far from the re ecting surface. De-
spitethis, they areeffective andef cient, andcanbeused
to build moresophisticatedechniques.

HeidrichandSeidel[[Ld] preblurredervironmentmaps
with the Phongmodel [[L§] to approximateglossy re-
ectancein realtime. However, the techniquewaslim-
ited to Phonglobes. Variation of lobe shapewith inci-
dentanglewas not supported althoughself-shadwing
andFresnebkcalefactorsthatvariedwith theincidentand
view directionhave beendemonstrated.

We have extendedandre ned this ideato supportthe
generationof glossy re ections with a relatively gen-
eral classof isotropic bidirectionalre ectancedistribu-
tionfunctions(BRDFs).For anumberof elevationangles
we approximatehe given BRDF with a sumof radially
symmetriclobes. In our representatioachlobe must
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be symmetricaroundsomeaxis, but neednot bea Phong
lobe: theradialshapdunctionis arbitrary andis derived
from thedata.Furthermorethe axisof eachlobe maybe
offsetfrom there ection direction.

For “glossy” BRDFswith large peaks]obe- tting can
be performedusinga greedytechniquethatis moreef -
cientthanthe global optimizationtechniquegreviously
usedfor multilobe BRDF representationd.5]. While not
optimal,thegreedytting techniquds easyto implement
andproducesisableresultsquickly.

Oncethelobeshave beenobtainedwe pre Iter aspec-
ular ervironmentmap with eachone. This resultsin a
setof pre Itered two-dimensionakrnvironmentmaps for
eachlobeandfor eachsamplecelevationangle.

Lobesarethentracked over multiple elevationangles,
to nd consistentand coherentsequencesf lobesthat
can be interpolated. The resulting stacksof pre Itered
two-dimensionalervironment maps (each stack result-
ing from a sequenceof coherentlobes Itered against
the original ervironment map) can be storedin three-
dimensionaknvironmentmaps.

The new third dimensioncorrespondso the view ele-
vation anglewhile the othertwo dimensionscorrespond
to the incident elevation and azimuth angles. Use of
three-dimensiona¢nvironmentmapspermitsthe repre-
sentationof importantand commoneffects suchasin-
creasede ection sharpnesatglancingangles.

By summingup multiple lobesanarbitraryBRDF can
be approximatedo whatever precisionis desiredfor the
isotropic exampleswe have tested,a small numberof
lobes (lessthan 5, often as few as 1) have beenvisu-
ally satisfctory Furthermorefor machineshatdo not
supportthree-dimensionalltering, we have found that
ignoringthe dependencef the shapeof thelobeon ele-
vationangleis adequatéor someBRDFs.

2 Prior Work

In Heidrich and Seidels technique[@], specularen-
vironmentmapsare pre ltered with view-independent,
radially symmetricPhong(exponentiateccosine)lobes.
During rendering,view-dependentresnelscalefactors
areappliedbut the basicshapeof thelobeis not varied.
Eachentry of the Phong-pre lteredervironmentmap



containsnot only the radiancecomingfrom 1; (like nor-
mal ervironmentmapsdo), but also the radiancefrom
a largerregion integratedagainstthe Phonglobe, asde-
pictedin Figurefl.

The original Phong model was chosen because
(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
becauseheir shapedoesnot change! In particular at
glancinganglesHeidrichand Seidels techniqueactually
includesenegy from below the horizonin there ection.
Normally, thelobe shouldbecomethinnerandsharper

Cabraletal. [E] proposedhtechniquehatusesa setof
pre Itered ervironmentmaps,which they call radiance
ervironmentmaps. An original specularervironment
map is pre ltered with a BRDF using a speci ¢ view-
ing position. This is donefor a numberof viewing po-
sitions, generatinga setof intrinsically view-dependent
pre ltered ervironmentmaps.

In orderto renderare ective objectanew ervironment
mapis generatedor every new viewpoint usingthreeof
the pre Itered ervironmentmaps,which arewarpedand
blendedtogether This new ervironmentmapis thenap-
plied to the re ective object. In orderto computethe
warping the centralre ection direction of the BRDF's
lobehasto beknown, andanassumptions madethatthe
BRDF is radially symmetricaboutthis direction. This
techniquealsoassumesn orthographicviewer. Seethe
conclusionssectionfor acomparisorwith our method.

Other researcherhave looked at deriving multilobe
representationfor BRDFs. Lafortuneet al. [[L5] useda
generalizedPhongobemodelandWalteretal. [R1]] used
multiple Phonglobesto approximatethe re ection of a
globalillumination solutionfrom a surfacewith anarbi-
trary BRDF Fournier[ﬁ] usedPhonglobesto approxi-
matethe distribution of normals. Our work differsfrom
these:wedroptherestrictionto Phongobesentirely, and
uselocal greedy tting techniquesatherthanglobal op-
timization.

Therehave beenothertechniquedor representingn-
teractve glossyre ectionsthatarenotascloselyrelated

environ
map

Figurel: Phongervironmentmaps.

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

Stirzlinger and Bastos [E] used photon maps for
interactive glossy re ections; photonswere “splatted”
and weightedwith an arbitrary BRDF. Diefenbachand
Badler [H] used multi-pass methods(stochasticmulti-
sampling)to generateglossyre ections; this performs
the ltering of the erwvironmentmap (that we do in a
prepassysingMonte Carlointegrationatruntime.Miller
et al. [@] usedsurfacelight elds to storeandrecon-
structglossyre ections. Lischinskiand Rappoport[@]
usedlayereddepthimagesto produceglossyre ections.
Bastosetal. [ useda space-ariantcorvolution lter in
screen-spact produceglossyre ections; we apply our
convolution in ervironment-mapspaceduring a prepro-
cessandsohave fewerimagequality limitations.

Finally, previouswork by KautzandMcCool [E] ad-
dressedhe problemof computinglocal illumination and
re ectancefrom point sourcesn realtime from surfaces
with arbitrary BRDFs, using a separablalecomposition
of theBRDF. Thecurrenttechniqueis complementaryo
thatwork, in thatwe addresghe problemof usingarbi-
trary BRDFsin real-timerenderingbut with ervironment
mapsinsteadof point sourcedor illumination.

The algorithmwe will presentasthreephasesmul-
tilobe BRDF approximation(which is done once per
BRDF), ervironment map pre ltering (which is done
onceperBRDFfor eachnewn speculaernvironmentmap),
andrendering.Thesearepresentedgeparatelyn the fol-
lowing sections,andwill be followed by a samplingof
theresultingimages.

3 BRDF Approximation

A shift-invariantBRDF f ('o; i) canbe approximated
using a sequencef lower-dimensionalapproximations
for a setof sampledviewing directions",. The viewing
direction ', is setto a numberof differentvaluesand
then a two-dimensionalpproximationalgorithmis run
for eachvalue. We will denotea BRDF “slice” with M,
x edasfr, (1), whichwewill callalobe; thisisin fact
atwo-dimensionafunctionof 1;.

For the pre ltering of environmentmapwe mustuse
radially symmetriclobesfor eachapproximation. As-
sumewe aregivena BRDF with a non-radiallysymmet-
ric lobe for a given local viewing direction*,, asseen
on the left sideof Figure]. Assumethere ected view-
ing vectoris usedto index the ervironmentmap. The
ervironmentmapstorestheradiancepre Itered with (in-
tegratedagainstithatBRDF. If we rotatethe surfaceand
look at it from a differentviewpoint so that we get the
samere ectedviewing vector(seeright sideof Figureﬂ),
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Figure2: Radiallysymmetriclobesarenecessary

we will of courseobtainthe samevalue from the ervi-
ronmentmap,aswe areindexing it with the sametexture
coordinates However, the orientationof the actuallobe
(grey) now differs from the orientationof the lobe with
which the ervironmentmapwas ltered. To avoid this
problemwe have to uselobeswhich are radially sym-
metric.

Theuseof only radially symmetricBRDFsmightseem
to limit this approachbput in practicemary BRDFshave
lobesthatarecloseto radially symmetricfor x edview-
ing angles We canusemultiple radially symmetridobes
as basisfunctionsto approximateBRDFs that do not
shaw this symmetry

3.1 Approximation with a SingleLobe
An existing isotropic BRDF f (",; I'y) can be approxi-
matedwith a separatdobe for each*, = ( 5;0), o 2
f 01) 02;:11; oxd where o = A A,; seeFiguref. In
this paperwe only considerisotropicBRDFsto keepthe
dimensionalityof theresultundercontrol.

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

First, we nd the maximumpeakof fn_(";); denote
the directionin which the maximumlies using i- peak -
The offsetelevation anglewill be denotedby -, and
theoffsetazimuthby =, . Theseanglesarethe differ-
encebetweenthe expectedre ection direction (i.e. the
re ectedviewing direction)andtheactualpeakdirection.
For a singlelobe approximatiorandanisotropicBRDF,
theoffsetazimuthangle -, mustin factmustbeO, but
thiswill notbetruefor multilobe approximations.

We assumehat 'i- eax lies in the centerof the lobe
givenbyfr (1), andcreatepro le curvesfor thelobeby
taking samplesn radial directionsaway from the peak;
seeFigureE. Every curve that is generatecy the in-
tersectionof a planegoing through- ,cac @andthe lobe
itself is apro le curwe; seeFigureE. Thenwe average
all the pro le curvesand createa meanpro le. This

meanpro le is usedasthe pro le curve for our radially
symmetricapproximatioriobe. The approximatioriobe
p,#)  fr (M) (Where# = Mopeax M) iscomputed
by rotatingthe meanpro le around!i-peax. This obvi-
ously makesthe lobe radially symmetric; seeFigure E
The approximationis compact:the approximations pa-
rametersconsistof the pro le curve andpeakoffsetan-
gles.Thepro le curvesarestoredusingdiscretesamples.

Becauseof the averagingprocessthe overall enegy
of our approximationlobe might be differentfrom the
original BRDF lobe, which resultsin re ections with
the wrong brightness.To correctthat error we compute
the total hemisphericate ectivity of the approximation,
comparethis with the original BRDF, and scaleour ap-
proximationaccordingly

3.2 Usinga Single2D Lobe
We canfurtherapproximatea givenBRDF to save mem-
ory. SomeglossyBRDFsmaintainroughly the shapeof
their lobe as , changes.When!", varies,only a scale
factor changeis required. So anotherobvious approxi-
mationcalculatesonly oneaveragelobe p(#;), eitherby
averagingall pro le curvesor by choosinga “character
istic” pro le for aspeci c ',. To approximateheactual
lobesf ("o; i) we assignaweightfor eachl*,, to thesin-
glelobep("i), togetf (Mo; i) K( o)p(#i).
Thisrepresentatiohastheadwantagehatit canberen-
deredwith only a single two-dimensionalervironment
map. Theweightscanbe eitherassignediscolorsat the
verticesor putin anextraone-dimensionakxturemap—
muchlik e the Fresnelterm usedby Heidrich [@]. How-
ever, with this approximationwe will notbeableto cap-
ture sucheffectsasincreasedsharpnessr re ections at
glancingangles.

3.3 Using Multiple Lobes
SomeBRDFsmightbedif cult to approximateby a sin-
gle lobe. In thatcasewe canusemultiple lobes. Each
of these"basislobes” hasto be radially symmetric,as
explainedearlier but may be offset by variousamounts
from there ection vector

Therearetwo differentapproacheto t multiplelobes
to aBRDF:globalmethodsandgreedyiterative methods.

We tried two global techniqueqsimulatedannealing
andbranchandbound),which bothfailedto yield a sat-
isfying solution, even when we restrictedoursehes to
Phonglobesﬂ. Thereforewe will only presentan exten-
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
peakathi- peax Of fn, (i) andrepresenthisdirectionus-

1This hasalsobeennotedby Walteretal. [ﬁ] in asimilar situation.
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Figure3: Singlelobe approximation.

ingtheoffsetangles -, and =, , asdescribeckarlier
Then, createpro le curvesaround”i-,ea and choose
the minimum pro le curve for the approximationlobe
p ,(#). A minimumpro le curveis de ned asthe pro-
le curvethatgenerates lobep ,(#i) whichis smaller
thanfn (") for all #. We aregoingto useadditional
lobesthat can pick up the not-yet approximatedparts,
but we do notwantnegative residualf. Thislobeis sub-
tractedfrom the original BRDF (botharerepresenteds-
ing samples).On theremainingunapproximate@nengy,
we rerunthe algorithmto getanotherobe; seeFigureE.
We stopthealgorithmwhenwe reacha givennumberof
lobes.

Figured: Approximationwith multiple lobes.

As explainedearlier approximationis performedfor
eachh, separatelythenwe blur anexisting ervironment
mapandstorestacksof thesemapsin three-dimensional
ervironmentmaps.In the multiple-lobecasewe will get
morethanonelobe andthereforewe will needto create
morethanonethree-dimensionanvironmentmap.Each
of thesethree-dimensionatrvironmentmapsshouldbe
generatedusing a consistentand coherentselectionof
lobes.

What this meansis shavn in Figure]. You cansee
a lobe varying over ,. In our representatioithis vari-
ationin shapeis approximatedy linearly interpolating
approximationgoundfor speci ¢ valuesof ',. We want
thevariationin shapeo begradual andto dothiswe have
to interpolatethe “right” approximations.Pro le lobes
thatareconsistenaindspatiallycoherenaremarkedwith

2|f signedarithmeticis supported,approximationtechniquesthat
generatesignedlobeswould be appropriate. Hardware is startingto
becomeavailablewhich will becapableof this.

the sameletter(L, M, andR). Eachof the threeerviron-
ment mapsshouldbe generatedvith only spatially co-
herentpro le lobes,i.e. ervironmentmaponeonly with
L lobes,environmentmaptwo only with M lobes,andso
on.

This meanghatafter nding differentlobesfor differ-
enth;, weclusterthemby similar -, and -, values.

q,=0 q,= 20
@ @D
<~ < >

g,=40
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Figure5: Spatialcoherencef multiple lobes.

4 Pre ltering

Oncewe have a BRDF approximationan existing high-

dynamicrangespecularervironmentmap E (f\,) needs
to be ltered by it. A specularervironmentmap only

dependson the re ected viewing vector We integrate
theseagainstthe radially symmetriclobesto obtainthe

three-dimensionarvironmentmaprepresentatioof the

glossyre ection:

ngssy(r\v; nn)=

pae (N 1) (0 DED A ()
Z

(n )

@)

pae (f NEMD d (D 2)
All thevectorsaredeplctedm F|gureE n is thesurface
normal,¢ = ", in world coordinates|* = " in world
coordinatesandthe re ection vectorf, = 2(0 nA

¢, d () is the projectedsolid anglemeasure The lobes
Pa r, = P, actuallyonly dependon the anglebetween
there ectedviewing directionandthe incidentdirection
becausehey areby de nition radially symmetricaround
N (we will index the nev mapsby the offsetvectors but
Iter themwith there ection vector).



Asyoucanseein Equatiorﬂ, we neednotonlyto lter
the ervironmentmap with the approximationlobe, but
alsohaveto includethe cosinebetweerthenormalf and
theincidentdirectionf.

Fortunatelywe canapproximated f'with A A, ; oth-
erwise,we would have anotherdependencen n, which
we cannotcapturewith athreedimensionakrnvironment
map. At rst sight, this approximationof n {'seemso
be very crude. We assumehowever, that BRDFsyield-
ing interestingglossyre ections will have a fairly slim
lobein thedirectionof A, . In thecasef interestn f'is
thereforeusuallycloseto the constantaluen f, where
theintegrandis large.

Figure 6: The vectorh is the surfacenormal, ¥ is the
viewing direction, f\, is the re ected viewing direction,
andthef aretheincidentdirections.

5 Rendering

For our three different approximationmethods(single
lobe, single 2D lobe, multiple lobes), we basicallyuse
the samerenderingalgorithm. For eachvertex of there-
ecti ve object, computeappropriatetexture coordinates
to representhe appropriateoffset of the vectorry, and
thevalueof A f,. The actualrepresentationf the off-
setvectorastexture coordinateslependsn the way the
view-independenérvironmentmapwasstored,e.g.asa
parabolicmap [@] on standardhardware, or asa cube
map on hardware which supportsthem. Thenwe ren-
derour objectwith texture mappingturnedon, andsum
multiple lobesusingeitherthe accumulatiorbuffer, mul-
titexturing, or compositingasappropriate.

5.1 SingleLobe Approach

Assumethatwe have already Itered anexisting environ-
mentmapkE (f\,) with ashapedobeapproximatiorof the
BRDF, sowe have athree-dimensionanvironmentmap
Egossy (Av; R 1,); seeEquatior.

This three-dimensionagrvironmentmap consistsof
several two-dimensional ervironment maps, each of
which dependonly onf,. Thevaluen #, is thethird
parameteof thethree-dimensionarnvironmentmap.

To renderan objectwith this approximation,at each
vertex computer, and computethe offset vector by

adding -, . Placethetexture-coordinateepresentation
of A\, in the rst two texture coordinatesthen compute
i A, andplaceit in thethird texturecoordinate Thefac-
torA A, in EquatiorE canbeeitherincorporatednto the
ervironmentmapor assigneasthe color atthevertices.

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

z

EglossyZD (r\v) = p(f\,)E(ﬁ d (ﬁ (3)
As you canseethe weightk( o) = k(A ) is notin-
cludedin the ervironmentmap,andneitheris the factor
f A (whichhasto beusedbecauseve aredealingwith
anarbitraryisotropicBRDF).

At eachvertex, we assigntheweightk( o)(A f) as
the color. This takes careof the weightk( ,) andthe
factorn rf,. Now, we renderthe objectusingthe two-
dimensionakrnvironmentmap. Alternatively we canput
theweightsk( ) in atexturemapanduseatwo-pasgen-
deringmethod,but asthe k( ,) usuallyvary gradually
the rst methodwassufciently accuratefor the BRDFs
we tested.

5.3 Multi-Lobe Approach

For a multilobe approximationwe have several three-
dimensionalen/ironmentmapsE;mSSy(r’\,; f 1), each
of hasbeenblurredwith a differentsetof lobesp' J(#i),
asexplainedin Sectiorfd.

For eachervironmentmapwe basicallyrun the same
renderingalgorithmthatwe describedor the singlelobe
approachandsumthe results(usingcompositingor the
accumulatiorbuffer). The only additionaldifferenceis
that we have to offsetf\, by both -, andanon-zero

i=o -

6 Results

We have validatedour techniquewith several examples,
includingWard's model,theHTSGmodel,andmeasured
carlacquer Our testshave shovn thatour multilobe ap-
proximationsyield RMS errorsequivalentto theRMS er-
rorsfor separable@pproximationsvith a similar number
of terms[fL3]; the RMS errorswere measurecetween
the original BRDF and the approximatedBRDF. How-
ever, sinceonly positive lobeswereused negative resid-
ual error cannotbe correctedandaftersix to eightlobes
theerrorbeginsto increaseaatherthandecrease.
Threetestcasesreshavn in Figuredd-{1§ wherethey
arecomparedvith renderingausingthe actualBRDF |-
teredagainstthe sameenvironmentmap on a perpixel
basis. Note that we are testingthe error of the BRDF



approximationnot the error of the ervironmentmapre-

ectance approximation. In all caseswe useda view-
independentlual parabolicernvironmentmapof anof ce
sceneshavn in Figuref

The rst example appliesour techniqueto the mea-
suredCaymancar lacquerfrom the ComputerGraphics
Groupat Cornell Theresultsfor the singlelobe method
can be seenin Figure E and for the single 2D lobe
methodin Figureﬂ. A renderingwith the true BRDF
(Itering is donefor every pixel) is shavn in FigureE.
Slicesof the pre Itered ervironmentmapfor the single
lobeapproximatiorcanbe seenat differentelevationan-
glesin FigureE. The 3D texture mapusedhada resolu-
tionof 128 128 16slicesin thez (elevationangle)
direction. You canseethatthe sharpnesandthe color of
theernvironmentmapschangesvith elevationangle.This
is visible onthelid of theteapot;there ection in the2D
approximatioris blurrier thanit shouldbe,althoughoth-
erwisetheapproximationis adequate.

ThesecondvavelengthdependenBRDF we tried was
the HTSG modelfor rough copper[ﬂ]. The resultscan
be seenin Figure@ for the single lobe methodandin
Figurell4 for the single 2D lobe method(comparewith
Figure[l2). A few slicesof the pre Itered ervironment
map for the single lobe approximationare depictedin
Figure E whereyou can againseeincreasedsharpness
with decreasinglevation.

Now we  would
the differences
lobe  method,
the single lobe
method, and the
two-dimensional ~ °=
lobe  method.
In Figure 1§ —

you can see
a side-by-side .|
comparisonof a .
teapot rendered
with the same
BRDF (Ward's
model)  using
these methods.
The relatve meansquareerror for this BRDF usingthe
differentapproximatiormethodss depictedn Figure[].

Theseexamplesshowv that while the approximations
arenot exact,they arevisually pleasingandadequatdor
real-timerenderingapplications. Two dimensionalap-
proximationswill in generalshonv moreerror, but in our
testsweresstill visually closeto the re ection generated
by the original BRDF.

The renderingspeedmainly dependson the graphics
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Figure 7: RMS error for Ward's
model.

hardware, since only the texture coordinategeneration
needsto be doneon the host. On an SGI OctaneMXE
we achieve 25 fps with theteapotmodel(4000triangles)
anda singlelobe approximation.Thethree-lobeapprox-
imation is almostexactly threetimesslowver. Theteapot
modelwith a single 2D approximationcanbe rendered
with 33fps.

7 Extensions

The greedyshapedobe tting algorithm may generate
aninef cient approximatiorbecausét assumeshatuse-
ful radially symmetriclobesare centeredaroundpeaks.
Unfortunatelythis assumptioimay befalse.

First of all, measuredBRDF datamight have a peak
somavherethat might be just a noisy datasample,but
we wantto maximizethetotal volume of alobe,not just
its height. Secondly BRDFsmay containradially sym-
metric lobesnot centeredaroundpeaks,i.e. the centers
might be “depressed”.In this casethe greedy tting al-
gorithmmay usea large numberof lobesto build a poor
approximatiorwhena singlelobewould give a goodap-
proximation.

A morerobustgeneral-purposéting algorithmfor ra-
dially symmetriclobeswould be interesting. Thereare
two possibleapproaches.

First, a heuristically-drizen algorithm could be used
that would look in several likely places(peaks,around
the view directionfor retrore ection,aroundthe normal
for generalizedliffusere ection, and nally aroundthe
re ectedview direction),try to nd aradially symmetric
lobe for eachof thesevectors,andthenpick the bestone
(in termsof maximumvolume).

Secondlya multiresolutionsearchtechniquecould be
used. An exhaustive searchcould be madefor the max-
imal volume radially symmetriclobe, but againsta I-
teredanddown-sampledrersionof the BRDFE Onceone
or morecandidatdobeshave beenfound, their positions
andpro le curvescanbere ned by increasingheresolu-
tion. Thisavoidsthecostof exhaustvely searchingdor all
possiblelobesat high resolution,but shouldgive similar
results.

Both theseextensionwould still be greedysequential
algorithms,andsomaynot nd optimalsolutions.How-
ever, both approachesre fastand shouldrobustly pro-
duceusefulpracticalresults.

Finally, the current technique can only handle
anisotropicBRDFs by usingmary lobesanda 4D tex-
ture, which is inef cient. It would be interestingto use
steerablelters [E] or sphericalharmonicso implement
anisotropiclobesto generalizethe techniquepresented
here.
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Figure8: Parabolicervironmentmapsof anof ce scene.

Figure 9: Teapotwith the cay- Figure 10: Teapotwith the cay- Figure11: Teapotwith the cay-
mancarlacquerre ecting theof- mancarlacquerre ecting theof- mancarlacquerre ecting theof-
ce (original). ce (3D). ce (2D).

Figurel2: Copperteapotre ect- Figurel3: Copperteapotre ect- Figurel4: Copperteapotre ect-
ing theof ce (original). ing theof ce (3D). ing theof ce (2D).

Figure 15: Perpixel  Figure 16: Multiple Figure17: Singlelobe  Figure 18: Single 2D
Itering with original  lobes method (three  method. lobemethod.
BRDFE lobes).

Teapotwith Ward's model(kq = 0:0;ks = 0:80; x = y = 0:04) re ecting theof ce.



8 Conclusions

We have presented techniquefor representingrbitrary
BRDFs using multiple radially symmetriclobes. This
representatiortan be usedto pre lter existing specular
ervironmentmapsin orderto renderglossysurfacesat
interactve rateson existing hardware. The straightfor
wardgreedy tting algorithmwe useis mostappropriate
for BRDFswith largepeaksputthesearethe BRDFsthat
producerecognizablee ections.

For severaltestBRDFs,objectsrenderedvith environ-
mentmapsthatwere Itered with our representatioare
visually corvincingandcanberenderedhtreal-timerates
onappropriatéhardware.

Our method is not restrictedto a certain kind of
isotropic BRDFs, sincewe canusea multilobe approx-
imation,but memoryrequirementsareexcessie if mary
lobesareneededmakingit unattractve. Thereforeit is
betterto eitherrestrictthis methodto BRDFswith almost
radially symmetridobes,whichis truefor mary BRDFs,
orto acceptalossin quality anduseasinglelobeor even
a single 2D lobe only. Fortunately our methodenables
theuserto controltheaccurag/memoryratio.

Cabralstechniqueaurnsoutto becloselyrelatedto the
techniquepresentechere;in fact, our techniquecan be
considere@nalternatve (andimproved)implementation
stratgy for Cabrals technique. Cabrals methodbasi-
cally usesa sparserepresentatiorof the pre Itered en-
vironmentmap. However, we do not requireperframe
warping, since we use view-independentervironment
maps,andwe do not make theassumptiorof anorthogo-
nal (constantyiew direction. We have alsogonefarther
in deriving multiloberepresentationsf BRDFs.

Despitethe differenttechniquesisedto storeandre-
constructhe pre Itered ervironmentmapdata,our mul-
tilobe BRDF representationsire compatibleand have
the samelimitation to radially-symmetriclobes and to
isotropicBRDFs.
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