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Abstract

We propose a new technique for ef ciently rendering bidirectional texfumetions (BTFs). A 6D BTF describes
the appearance of a material as a texture that depends on the lightingiawihg directions. As such, a BTF
accommodates self-shadowing, interre ection, and masking effectscofrplex material without needing an
explicit representation of the small scale geometry. Our method refiesiee BTF as a set of spatially varying
apparent BRDFs, that each encode the re ectance eld of a singlel pixéhe BTF. Each apparent BRDF is
decomposed into a product of three or more two-dimensional positit@réagsing a novel factorization technique,

which we call chained matrix factorization (CMF). The

proposed factoripatézhnique is fully automatic and

suitable for both BRDFs and apparent BRDFs (which typically exhibit afsfar peaks and non-reciprocity).
The main benet of CMF is that it delivers factors well suited for the limited dyicarange of conventional
texture maps. After factorization, an ef cient representation of the BTbiained by clustering the factors into
a compact set of 2D textures. With this compact representation, BTFbeeendered on recent consumer level
hardware with arbitrary viewing and lighting directions at interactive rates.

Categories and Subject Descript@egcording to ACM CCS) 1.3.7 [Computer Graphics]: Three-Dimensional

Graphics and Realism

1. Introduction

Complex material models are essential for the realistic ap-
pearance of rendered objects. Material models are closely
related to geometry and can be described at three levels
of increasing scale. The macrostructure relates to the large
scale geometry of objects. At the microstructure level, light-
surface interaction can be represented by a bidirectional re-
ection distribution function (BRDF). The mesostructure is
situated in between and exhibits a rich variety of subtle
lighting effects, such as self-shadowing, interre ection, and
masking. It can be described byalirectional texture func-
tion (BTF), which makes abstraction of the detailed geome-
try of the mesostructure.

A BTF is a 6D function which depends on position, but
also on the lighting and viewing direction. As such, the BTF
can be seen as a setagfparent BRDF$ABRDFsY?, one for
each position in the BTF. An ABRDF encodes the re ection
in a single point given a lighting and viewing direction; it
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is calledapparentbecause the underlying geometry is of a
much larger scale compared to normal BRDFs. Therefore,
ABRDFs are usually not symmetric.

As opposed to a regular 2D texture, a BTF is high-
dimensional and involves large amounts of data. To render
BTFs on graphics hardware, a compact representation of
the BTF is needed. To that end, we have developed a new
(A)BRDF factorization method, which we calhained ma-
trix factorization (CMF). CMF scales well, requires little
manual tuning, and produces factors well suited for the lim-
ited dynamic range of regular texture maps.

Our technique consists out of four steps: BTF acquisi-
tion, factorization, clustering, and hardware rendering. First
we construct a synthetic BTF by modeling the mesostruc-
ture, from which a global illumination renderer computes
a set of ABRDFs (8). This results in a discretized BTF.
Next, we factor this set of ABRDFs using CMF4§ Each
ABRDEF is approximated by a three factor decomposition.
Many ABRDFs have similar factors, allowing us to cluster
them into a more compact representatioB)(&inally, this
representation is rendered at interactive frame rates using
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graphics hardware @. Results are presented in sectign
conclusions in sectiof.

2. Related work

BTFs have been investigated in both computer vision and
computer graphics. Seminal work by Dana et ah BTFs

aims to capture appearance data for natural materials. By

acquiring images of material samples using a gantry and
a video-camera, a (very sparse) sampling of the BTF is
obtained. In computer vision, several models exist for

BTF analysis and ef cient material recognition. Recently, a

model based on 3D textons was presented by Leung'ét al.

Inspired by this idea, Tong et #l.combine 3D textons with

an ef cient search strategy to synthesize continuous BTFs
on arbitrary surfaces from a discrete set of samples.

The technique presented in this paper relates to work
done on nding ef cient representations for rendering com-
plex materials. Early work by Westin et &l explicitly mod-
els surface microgeometry to synthesize BRDFs. Our tech-
nigue of generating synthetic BTFs closely resembles the
mesostructure sampling techniques used by Disthier
ef ciently raytrace BTFs. A similar technique is used by
Daubert et af, where a hybrid hardware-software method
for ef cient cloth modeling and rendering is presented. Both

extentions have been presented that support illumination by
environment maps. A good overview can be found in Kautz
etal? and Latta et al™.

3. BTF acquisition

The rst step towards hardware rendering of BTFs is ac-
quiring the BTF data. In this work we synthesize our own
BTFs by passing a modeled mesostructure through Render-
Park, our global illumination renderer.

The mesostructures used in this paper are shown in g-
urel. The rst BTF (checker) is a height eld created from
a smoothed checker pattern. The pink, raised areas have a
more specular BRDF than the blue, lower parts. The second
BTF (rings) consists of concentric gold-like rings laid out on
a blue, glossy base plane. The third BTF (tissue) is a cloth
like structure created by intertwining bers.

Each red box in gurel de nes a BTF tile that is dis-
cretized into a 2D array of ABRDFs. The BTF is denoted by
for £ (6 Wi; Wo) wherew; is the incident or lighting direction
andwg the exitant or viewing direction. An ABRDF forms a
4D subset of the BTF by xing the positiox it is denoted

methods also use mip-mapping to obtain smooth transitions by f(w;; wo). The BTF sampling process discretizes the BTF

during rendering. Heidrich et alpresent an ef cient sam-
pling technique and illuminates microgeometry using pre-
computed visibility. A variation on the idea of mesostruc-
ture sampling is a method for rendering trees by Meyer et

tile in a number of pixels. For each pixel an ABRDF is sam-
pled, as shown schematically in gui(a). For a certain
pointx on the BTF tile (red), a viewing directiomg is gener-
ated. By tracing a ray towards the mesostructure model, the

al® Tree geometry is sampled and represented by a sparse |ocation visible from the viewing direction is found. By com-

hierarchical BTF representation which can be rendered at in-
teractive speeds.

With the recent advent of sophisticated commodity graph-

ics hardware, a lot of research focuses on interactive render-

ing methods for complex materials. Finding space-ef cient

representations for these materials, suitable for hardware

rendering, is an essential part in many papers. Kautz ét. al.
and McCool et al’ propose techniques based on factoriza-
tion to render arbitrary BRDFs at interactive rates. These
methods will be discussed in detail in sectiénLensch et
al.13 developed an image-based technique to automatically
measure objects with spatially varying BRDFs. Measured
BRDFs are tted with generalized cosine lob&svhich are
then clustered. McAllister et &f. store Lafortune BRDF
parameters in textures to allow ef cient hardware render-
ing of spatially varying materials. Because the Lafortune
model enforces reciprocity, their technique is not directly
applicable to ABRDFs. A similar technique, also based on
BRDF parameter variation was introduced earlier by Kautz
et al® Polynomial texture mapguse biquadratic polynomi-

als to represent the appearance of surfaces, including self-

shadowing and interre ections, under varying illumination.
Itis important to note that many representations for complex
surfaces only support illumination by point lights. Recently,

puting the (global) illumination in this intersection point, due
to a directional light source with directios;, a single sam-
ple in the ABRDF is obtained. Repeating this for a large
number of lighting and viewing directions results in a sam-
pled representation of the ABRDF.

Figures2 (b) and (c) show a 2D slice of a single ABRDF
f(wj;wp) on top of the checker BTF. In (b) the viewing
directionwp is xed (blue line), and the ABRDF value is
shown for all possible lighting directions; (red mesh). In
(c) the viewing and lighting directions are exchanged. Note
that the resulting 2D slices differ greatly, which indicates the
non-reciprocity of the ABRDFs. For a symmetric BRDF the
two slices would be the same.

The result of BTF sampling is a set of ABRDFs, regularly
sampled over the BTF tile. We commonly use a 64 by 64
sampling, resulting in 4096 ABRDFs.

In the following sections these ABRDFs will be factored
and clustered into a suitable representation for hardware ren-
dering. It is important to note that, although we use syn-
thetic BTFs, none of the subsequent steps rely in any way
on the geometry of the mesostructure. Therefore our tech-
niques should be equally applicable to measured BTFs
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Figure 1: The mesostructures of the synthesized BTFs used in this paper. Fraarigfit: checker, rings, and tissue.

h\\ ABRDF f(w;; wo)

o~ w
w\‘

Actual illumination

@ (b) ©

Figure 2: Sampling of a single ABRDRfv;; wo) at position X. (a) shows how the ABRDF in x includes the global illumination
in the mesostructure; (b) and (c) show a 2D slice with respectiwelgndw; xed. Note the non-reciprocity.

4. BTF factorization pi(Wi;Wo) = mapg(w;): this projection simply retains the in-

cident direction and projects it to an appropriate 2D mapping
of the hemisphere (e.g. azimuth-elevatiopf(), parabolic, o
cube mapping; we usej(f ) for factorization and resample gf
terwards to parabolic maps).

An approximation of the sampled BTF suitable for hard-

ware rendering will be computed by factoring each of the

ABRDFs into a small number of texture maps. We have tried
homomorphic factorization (HF) and have also developed a
novel factorization method, called chained matrix factoriza- |, (wi;wo) = mag(Wo): retain the exitant (viewing) direction.
tion (CMF). CMF turns out to be well suited for factoring
(A)BRDFs individually and also for factoring a large set of Ph(Wi;Wo) = mag(norm(w; + Wo)): compute the halfwa
(A)BRDFs. vector and map it to 2D.

First, we will discuss BRDF factorization in general and
establish notation @1). CMF, which is based on matrix de-
composition, is explained in sectidn2, followed by a brief
overview of HF (&.3). Application of these factorization
techniques to BTFs is discussed in sectioh Table 1: Common projection functions, mappifg;;wo)

onto a 2D space.

pg(Wi; Wo) = map(d): compute and map the difference vector
according to the Gram-Schmidt halfangle-difference (GSHD)
parameterization proposed by Kautz and McCool

4.1. BRDF factorization 2D functions:

Factorization refers to the decomposition of a multi-
dimensional function into a product of lower dimensional
factors. This has been used to approximate 4D BRDFs by a ] o ) ]
number of 2D (or 1D) functiorfs® 7817, which can then be The functiong; andp, are projection functions which map

discretized into texture maps. Common graphics hardware the 4D space determined by the incident and exitant direc-
is limited to 8-bit textures with positive values. This poses 1ons to @ 2D space. The factoPg and Qi are eventually
some constraints on the factorization. stored in texture maps (each texel corresponding to a speci c

p1 or p2 value) from which the BRDF is easily reconstructed
Kautz and McCodl have used matrix decomposition in graphics hardware. Commonly used projection functions
techniques, such as the singular value decomposition (SVD), are given in tabld.. The more terms used, the better the ap-
to approximate general BRDFs as a sum of products of two proximation becomes.

K
f (Wi; Wo) kéPk(pl(wi;vvo))Qk(pz(wi;wO)) 1)
=1
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McCool et al'” introduced homomorphic factorization. It
lifts the restriction of only two factorB andQ, but is limited
to single term approximations:

3
f(wi; wo) _Ol Pj (P (Wi; Wo)) @
=

Chained matrix factorization also lifts the 2 factor restric-
tion, but it also allows multiple term approximations as it
is still based on matrix decomposition. CMF accommodates
the following general form of BRDF approximation:

2 K
f(wi;wo) O a Pjx(Pj;1(Wi:Wo)) Qjk(pj:2(Wi; Wo))

j=1k=1

(3
This form encompasses both the factorizations possible with
HF (Kj = 1,Qjx = 1) and matrix decompositiod & 1).

In the next sections we will explain how tieandQ fac-
tors are computed by the different methods. Note that the
symbolf is used for both BRDFs and ABRDFs.

4.2. Chained matrix factorization (CMF)

Chained matrix factorization computes a sequence of ma-
trix decompositions to obtain the individual factors. We will
rst indicate how a sampled BRDF can be written in ma-
trix form (84.2.7), then explain standard matrix decomposi-
tion (84.2.2 and nally show how to chain several decom-
positions together @&2.3.

4.2.1. Matrix representation of a BRDF

Suppose we have a discrete BRDF given as a 4D table of
values sampled according to a certain parameterization. The

parameterization is determined by two projection functions
p1;p2 (e.g. an in-out parameterization ugego). Each pro-
jection function accounts for two of the four dimensions and

is discretized into a number of sample positi(pfsn) and
p(zn) respectively, wittm2 1:M andn 2 1:N.

The 4D BRDF table can be reshaped into a 2D mdiix
so that each row corresponds to a speci ¢ sann&i@ and

each column to a sam n):

(D). (1))
Fio= g
f12(p f12(p

f12(p1 75 p3
wherefy, denotes the BRDF given in the parameterization
de ned byp; andpa.

3
f1o(p; p0Y)

: é 4)

M- plDy M), Ny

4.2.2. Matrix decomposition

Decomposing the matrif¥q,, using for instance SVD, re-
sults in the following approximation:
& UkVi
k

Fio

®)

whereUy andVy are linearized versions of the desired fac-
tors P andQy in the approximation given by equatioh)(

Note that SVD guarantees that all valuesum; V1 will
be positive wherf1, is positive. Multiple term approxima-
tions, however, usually contain negative values in the tex-
tures B and Qy, which is not directly supported by many
graphics cards. Non-negative matrix factorizatforan pro-
vide an interesting alternative for this problem.

4.2.3. Chaining matrix decompositions

The idea behind chained matrix factorization is to use a se-
guence of matrix decompositions, but each time in a differ-
ent parameterization, allowing us to obtain a multiple fac-
tor approximation. We will demonstrate the technique using
a four factor approximation, and we will indicate how this
can be adapted to a three factor approximation. Extension to
other and/or more factors is straightforward.

Suppose a BRDF is approximated using four factors de-
pendent on the incident, exitant, halfway, and difference vec-
tor respectively (see also tally

f(wi;wo)  P(pi(Wi; Wo)) Po(Po(Wi; Wo))

Ph(pn(wWi; Wo)) Pa(pa(wi; wo))  (6)

Suppose that the discrete BRDF is given in an in-out parame-
terization using the projection functiops po. This sampled
BRDF can be represented by a maffiy (equation 4§)).

First, we will resample the BRDF to a GSHD parameter-
ization using the projection functions, andpq. This yields
a matrix Frg which forms a discrete approximation of the
BRDF in the GSHD parameterization.

The matrixFhq is decomposed using SVD into a single
term approximation:
¢(hd)
Fhd
The product of the (positive) vectotd, andVy forms the
best rank 1 approximation d¥,yq. From these vectors the
factorsh, andPy in equation 6) are derived.

Fha UnVg =

The main idea of CMF is to resample the approximation

Iifﬂ,d), which is the approximation of the BRDF usiRgand
Py factors, and represented in the GSHD parameterization,
to the original in-out parameterization. This results in the

matrix Iii(:d), an approximation of the BRDF usify andPy
factors but now represented in the in-out parameterization.

De ne the residue matrix as the component-wise division
of the original sampled BRDF by the approximation using
the rst two factors,R, andPy:

(res) £(hd)
Fio

[m;n] = Fio[mn]=F;y " [m; n]

()

Since the residue matrix is given in the in-out parameteriza-
tion, for which we have not computed any factors yet, we
can apply SVD for a second time (but now on the residue
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matrix). This gives &J; andV, vector and the correspond-
ing P andP, factors:

(res) \/> _ p(resjio)
Fio UiVo = Fio

The 4 factord?, Po, P, andPy, computed by a chained sin-
gular value decomposition, approximate the BRDF as given
in equation 6). This can be seen by looking at a single ele-
ment inFj, (from equatior?):

Fi((:esio) [mn] Fi(gd) [m; n]
P (pi (W™ ;w8 ) Po(po(w™; wi¥y)
Ph(pn(w™ ;ws?)) Py(pa(w™; wh"))

This example shows that by a chain of matrix decomposi-
tions, each one in a different parameterization, four, six, or
more factors can be computed in the BRDF approximation.
In each matrix decomposition step, a multiple term approxi-
mation can be used to obtain a higher accuracy.

Fio[m; n]

The method above is also easily adapted to a 3 factor ap-
proximation. For example, a common 3 factor approxima-
tion, used by McCool et &f, uses factors dependent on in-
cident, halfway, and exitant direction81{p;) P (pn) Po(Po)-

This can be interpreted as a 4 factor approximation where
Py = 1 for all combinations of incident and exitant di-
rections. Given the BRDF in the GSHD parameterization
(Fha), B, is obtained by averaging all the columns Ry
component-wise. This corresponds to a projection of the
sampled BRDF byy, onto the 2D functior?,. In this case
the factorPy will be 1, and can be left out of the approxima-
tion. As such, any approximation in a form corresponding to
equation 8) can be computed using CMF.

Note that resampling a discrete BRDF into another pa-
rameterization may introduce some error. Also, the approx-
imation depends on the order in which the different matrix
decompositions are applied (and hence the order of resam-
pling operations). We apply the nal matrix decomposition
in the original parameterization of the discrete BRDF, be-
cause then the nal residue is computed with respect to the
original data without resampling errors. The resampling er-
ror can also be reduced by using a higher sampling resolu-
tion for intermediate parameterizations.

4.3. Homomorphic factorization (HF)

McCool et all” presented homomorphic factorization which
is able to approximate a BRDF using more than 2 factors, in
a form given by equatior?j,

M)
f(wi; Wo) O Pj(pj(wi;wo)) (8)
=1

Homomorphic factorization does not try to nd the factors
P; directly, but takes the logarithm on both sides 8f (o
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convert the product to a sum:
J
fwi;wo) & Bj(pj(wiswo)) ©)
=1
wherexX'denotes the logarithm of

Each factorP;j is represented by a 2D texture map. The
goal of the factorization is to nd a suitable value for each
texel. Given a set dfl BRDF samples, a linear equation con-
straining the texel values is obtained for each sample

(n)

Wo (" ;

J
)= a P pjw
=1

Fwd™; wY) (10)

This system can be written compactly as:
f= Mx

where the target textures are linearized into the solution vec-
tor X. Each row in the matri?M contains bilinear interpola-
tion coef cients into each of the textures for a single BRDF
samplen. For more information we refer to McCool etdl.

The matrixM is usually rank de cient, meaning that the
system is under-constrained: some texels may not map to
valid directions, for example the unused texels in a parabolic
map, while other texels might not be constrained due to the
sparse sampling of the BRDF. One solution is to perform a
regularization on the system: new equations are introduced
so that each texel is constrained by at least one equation. In
HF each texel is constrained by an additional equation that
sets the (discrete) second derivative (the Laplacian) to zero.
This will smooth the resulting textures. A regularization pa-
rameter is used to control the smoothness of the solution
(choosing a good value fdr is, however, not straightfor-
ward). This leads to the following set of equations:

f Mo

0 . x
wherelL is a block diagonal matrix, with one block for each
textureP;.

This linear system can be solved using a least squares
solver. The solutiork contains the target textures in loga-
rithmicjorm. The texturd®; is obtained by simply exponen-
tiating P;.

A practical comparison between HF and CMF is made in
the next section, when they are applied to a set of ABRDFs.

4.4. BTF factorization

This section gives details on how all the ABRDFs in a full
BTF can be factored, which parameterizations are used, and
how HF and CMF compare.

We have used the following factorization form:
P(pi (Wi; Wo)) Q(Pn(Wi; Wo)) R(Po(Wi; Wo))
Note that we used?, Q;R instead ofR; P,;Po to simplify

f(wi; Wo)
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Sampled
ABRDF

HF (FP)

CMF (FP) HF (quant) CMF (quan

Figure 3: Software rendering of the checker BTF using a top view with a differentdigidttion in each row. From left to right:
schematic lighting con guration, rendering using the sampled BTF datmdmorphic factorization (HF) in full oating point
(FP), chained matrix factorization (CMF) in FP, HF quantized to 8-bit, andE§iantized to 8-bit. Note that HF looses much

precision by quantization, while CMF does not.

notation. This form is similar to the BRDF approximations
used by McCool et a7, except that they use the same factor
for the incident and exitant direction, to ensure a symmetric
BRDF approximation. ABRDFs are usually not symmetric,
which is why we use separakeandR factors. This factor-
ization form works quite well on our ABRDFs and allows a
comparison with homomorphic factorization.

use of the available dynamic range in the textures, and quan-
tisation does not lead to a signi cant loss of precision. This
is the largest bene t of CMF with respect to the hardware
rendering of BTFs.

Additional bene ts of CMF compared to HF are that it is
somewhat easier to implement, allows multiple term approx-
imations, and that it does not need a (dif cult to choose)

To evaluate the results, we wrote a small software renderer smoothing parametdr. For factoring the ABRDFs using

that renders a single BTF tile with a user-de ned viewing
and lighting direction. Images of the checker BTF are com-
puted using the full, unfactored ABRDF data, using HF and
CMF approximations with full oating point textures and
with textures quantized to 256 values (since we want to store
them in 8-bit textures). The results of the software renderer
are shown in gure3. Each row corresponds to a different
lighting direction.

In full oating point, both HF and CMF give a good ap-
proximation of the full BTF on the left. The quantized re-
sults, however, show a much bigger difference. Homomor-
phic factorization of the ABRDFs results in factors with a
very high dynamic range. The large maximum value of a
factor causes a signi cant loss of detail in the smaller values
when quantizing, even to the extent that much of the data is
lost’. The quantized HF results are only usable on the top
regions of the checker BTF, where the BTF sampling plane
coincides with the actual geometry and the ABRDF corre-
sponds to a regular BRDF. When using our new factoriza-
tion method, CMF, the factors obtained make much better

Y Note that we have tried to use oating point textures on thé AT
Radeon 9700, in order to render the BTF using homomorphicrfacto
ization. Bilinear interpolation of oating point texturebowever, is
not supported on current graphics hardware, which resulisvere
banding effects due to the large difference in values ofirtEging
texels.

HF, we have tested sevelalvalues on a few ABRDFs and
used a good value for all (one could optimikzefor each
ABRDF, but this would take a lot of time).

Timings: For a factorization of an ABRDF with 4096 sam-
ples, the homomorphic factorization i Q, andR factors

took about 33 seconds per color channel (using a direct least
squares solver), while CMF required 8 seconds. Of course,
when all ABRDFs use the same sampling pattern, the co-
ef cient matrix M does not change and the pseudo-inverse
could be used to ef ciently solve the least squares system for
all the ABRDFs. We did not do that in our implementation.

Error analysis: We computed the average absolute and rel-
ative error of both the ( oating point) HF and CMF approx-
imations for the checker BTF. Both the absolute and relative
error of the HF and CMF approximations were similar. The
average relative error was large (up to 100%), due to some
very small values in the sampled ABRDF which blew up
the relative errors. Overall, the approximations have about
the same accuracy, but CMF has the advantage that it makes
better use of the dynamic range available in 8-bit textures.

5. BTF clustering

Using normalization and clustering, the factored BTF is
compressed into a more compact representation which can
be used for ef cient hardware rendering.

¢ The Eurographics Association and Blackwell Publishers 2003
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Normalization: BTF factorization produces three factors mapping, the texture coordinates determine how the BTF is
P, Q, andR for each ABRDF. Each of these factors is scaled mapped onto the geometry. The tangeny, (binormal @),
to the 0::1 range. This produces three scale factors, which and normal Kl) form an orthonormal local framgT; B;N).
can be combined into one scale factor for each ABRDF. As This local frame is aligned with the texture coordinates
such a single scale m&gfor the BTF is obtained. (u;v): the tangent is the derivative of the surface position
with respect tal. The binormal is given b= T N.
Clustering: For many BTFs, both synthetic and measured,
the underlying mesostructure is repetitive in nature. Many Vertex program: A vertex program calculates the normal-
ABRDFs at different locations on the mesostructure are sim- ized light, halfway, and view vector in model space. Using
ilar, and so are their factors. We exploit this fact by com- the local frame these vectors are transformed to local space.
pressing the factored ABRDFs into a more compact repre- Next, the parabolic mapping is applied, yielding three sets of
sentation. The BTF is compressed by performing a separate 2D texture coordinates, one for each fad®Q, andR. The
cluster analysis on each of the normalized factor sets. The original set of texture coordinates mapping the BTF onto the
cluster analysis generates a codebook of a given size for eachsurface is not altered. Finally, the vertex program calculates
factor set. This codebook contains a prototype for each clus- the cosine falloff factor, which is simply trecomponent of
ter. For each factor set an index map is generated, relating the light vector in local space. Negative values of this factor,
each location on the BTF with the corresponding prototype. representing a light behind a primitive, are clamped to zero.
This prototype will later be used to reconstruct the ABRDF
at that location. Fragment program: During rasterization, the four coordi-
nate sets and the falloff factor are interpolated across the
primitives. A fragment program is used for the per pixel re-
construction of the BTF ( gurel). First, the index and scale
textures are sampled using the original texture coordinates.
Next, the 3D texture coordinates for tReQ, andR stacked
parabolic maps are constructed by adding eomponent
to the 2D texture coordinates calculated by the vertex pro-
gram. Thiszcomponent indexes a single slice in the stacked
parabolic map®, Q, andRand is obtained from respectively
the R, G, and B component from the texel fetched from the
index texture. With these coordinates, the BPQ, andR
textures are sampled. Finally, the BTF is reconstructed by
multiplying texels from theP, Q, R, and scale texture to-
gether with the cosine falloff and global scale factor.

We tested both k-means clustering and several tree clus-
tering schemes with different distance metrics. K-means
clustering produces better error statistics than tree clustering,
but seems to introduce slightly more visible artifacts. Also,
different tree clustering schemes tend to produce a simi-
lar result. We believe that a more intelligent normalization
must be performed before clustering to further enhance the
visual quality of the results. We noticed, for example, that
many factors are very similar apart from a rotation. Given
this observation, one could improve the clustering results by
rotating all ABRDFs (e.g. into their direction of maximal
anisotropy).

6. Hardware rendering of BTFs The index texture must not be bilinearly interpolated be-

Using the proposed data representation, surfaces with BTFscause there is no coherence between neighboring indices.
can be rendered at interactive rates on current hardware The same holds for the scale texture. TheQ, andR tex-
supporting dependent texture access, such as the NVIDIA tures are bilinearly Itered but the component of their tex-
Geforce FX and the ATI Radeon 9700. This section provides ture coordinates must be chosen carefully to avoid interpo-
the details of our hardware implementation. lation between neighboring parabolic maps. This is because
the 3D texture$, Q andR are only continuous in th¥ and

Y dimension. Hardware support to specify texture ltering
modes per dimension would be useful.

The index maps are stored in a single texture with three
channels. The R, G, and B components of a pixel in this tex-
ture store the indices of the clusteredQ, andR factor of
the ABRDF for the corresponding position on the BTF. The Storing the index map in a three channel 8-bit format lim-
2D parabolic maps representing tRefactors are stacked its the number of addressabie Q, andR factors to 256
together in a single 3D texture. Two more 3D textures are and thus restricts the maximal codebook size for each factor
needed to store th®@ andR factors. The scale mapis nor- to 256. If larger codebooks are necessary, more index maps
malized by dividing the R, G, and B channel by the maxi- could be used.
mum value in that channel. The scale map can now be stored
into a regular texture. The maxima are stored in a global
RGB scale factor. The ve textures all use the traditional
8-bit format.

For a single light source, a scene with objects using dif-
ferent BTFs can be rendered in a single pass. Because the
number of instructions of our vertex and fragment program
is relatively low, and three more texture units are available on
current boards, our technique can easily be combined with

Rendering: Next to regular vertex attributes (position and others, such as shadow mapping.

normal), 2D texture coordinates, a tangent, and a binormal
are speci ed for each vertex. Similar to traditional texture We have implemented and tested our technique us-
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Figure 4: Per fragment reconstruction of an ABRDF. Reg-
ular texture mapping associates a position on a primitive
with a texel from the index map | and scale map S. The R, G,
and B component of the index map texel determines which
parabolic map of respectively the P, Q, and R texture is se-
lected. The ABRDF is reconstructed by multiplying the scale
map texel with texels from the P, Q, and R texture and the
cosine falloff factor.

ing an ATl Radeon 9700 and OpenGL. Next to stan-
dard OpenGL, we used theARB_multitexture ,
ARB_vertex_program , ARB_fragment_program

and EXT_texture3D  extensions. No proprietary exten-
sions were used.

7. Results

Figure5 shows the result of our technique applied to three
different BTFs. Table2 gives the resolution of each BTF
(in number of ABRDFs), the regular sampling resolution for
each ABRDF, factorization and clustering timings, and BTF
data size.

Each of the examples exhibits masking and shadowing ef-
fects in the BTF. For example, only the heights are visible at
grazing light directions for the checker BTF in guke For
the rings BTF, the blue color of the top face of the cube is not
visible due to masking by the rings. Also note the intricate
highlights on the golden rings. Figuéeshows how shadow-

ing increases as the light approaches the plane. These effects

would not be possible using traditional texture mapping.

checker rings tissue

unclustered clustered clustered
BTF resolution 16 16 64 64 64 64
ABRDF sampling rate 105 10 5 16 8
Fact. time / ABRDF 6 sec. 6 sec. 37 sec.
Clustering time N/A 35 min. 35 min.
BTF data size 7.4 Mb 117.4Mb  768.4 Mb
Factored data size 2.25 Mb 38 Mb 38 Mb
Clustered data size 2.25 Mb 2.25 Mb 2.25 Mb

Table 2: BTF resolution in number of ABRDF&j; ) sam-
pling rate of a single ABRDF, timings and data sizes for the
checker, rings, and tissue BTF.

The rendering performance for the given examples is in
the range of about 50 to 150 frames per second, at a res-
olution of 800 800. All performance measurements were
obtained on an AMD XP 2000+ using an ATI Radeon 9700.

As said before, the parabolic maps associated with neigh-
boring pixels in the index mapwill usually not be adjacent
in the 3D texturesP, Q, andR. This precludes traditional
bilinear texture ltering onl, as the interpolation during the
texture lookup would result in an invalid index. To obtain a
correct interpolation, the four index pixels surrounding the
sample poin{u; V) must be used separately to indexQ, R
and to compute the ABRDF values. These four resulting col-
ors can now be interpolated using the bilinear weights from
the index map. This corresponds to applying a function or
'texel program' before bilinear interpolation on each of the
texels. This is currently not supported directly in hardware,
but could be simulated using a longer fragment program
(given enough available instructions and texture lookups), or
using multi-pass rendering. This approach might also be ex-
tended to trilinearly Itered mip-mapping. We have not yet
experimented with this approach, and it is to be seen what
performance penalty such an interpolation will impose, but
it certainly would improve the smoothness of BTF close-ups.

8. Conclusion

In this paper we have introduced a new technique to render
complex materials at interactive rates, without assumptions
on the underlying geometry. A general bidirectional texture
function, represented by a number of apparent BRDFs, is
approximated using a novel factorization technique called
chained matrix factorization. By clustering the resulting fac-
tors, the BTF can be represented by a relatively small set
of textures suitable for hardware rendering. The BTF factor-
ization process requires very little manual intervention. The
hardware rendering is simple, ef cient, and requires only a
single rendering pass.

Although good results are obtained using our approach,
there are still many interesting directions for future work:

We would like to try the BTF factorization on measured
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Figure 5: A cube, a seashell, and a torus with the checker, rings, and tissue BpFoXimate frame rates are 75 FPS for the
cubes, 65 FPS for the seashells and 50 FPS for the tori. Note the many dstlaxsng and masking effects.

Figure 6: As the light approaches the plane, shadowing effects increase. The fadenis about 115 FPS. Note the highlights
on the rings.
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BTFs, for example from the Curet database, to see if we
can handle the very sparse sampling.

Fairly standard texture synthesis techniques could be used
on the clustered representation of the BTF (i.e., using the
index map and scale map instead of a simple texture map).
This could lead to an interesting method for BTF synthe-
sis on arbitrary surfaces.

It would be interesting to also record and approximate
transparency at grazing viewing directions, in order to bet-
ter approximate contours of objects.

We are investigating possible interpolation and mip-
mapping solutions.

The technique might be extended to support illumination
by environment maps.

Due to the ease of use of the chained matrix factorization,
we believe BTF factorization will become a valuable tool
for complex material rendering.
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