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Abstract

This paper introduces a novel system for interactive modeling and designing of arbitrary BRDFs. The system is
able to deal with BRDF's defined in a variety of forms, such as analytical models, measured data or data obtained
by simulation. The system also allows designing BRDF's from scratch using a combination of different analytical
lobes. Using the programmable graphics hardware, it then performs interactive display of the designed BRDF;
and its rendering on objects lit by complex illumination. The system also allows the fitting of an input BRDF
defined in any form to our analytical lobe combination, so that it can be efficiently evaluated with GPU based
rendering. The idea behind this work is to make available a general system for designing, fitting and rendering
BRDFss, that is intuitive and interactive in nature. We plan to use this as a tool for simulation and modeling of
complex physically-based BRDFs, and thus provide access to a larger variety of material models to the rendering
community.

Categories and Subject Descriptors (according to ACM CCS):
1.3.3 [Computer Graphics]: Picture/Image Generation—Viewing algorithms 1.3.4 [Computer Graphics]: Graphics

Utilities—Graphics editors

1. Introduction

Realistic material rendering is relevant in many applications
of computer graphics. For this reason, a lot of research has
been carried out for modeling and designing materials. All
this research may be categorized into three different classes:
development of analytical models, measurement of materials
and simulation of materials.

In spite of the extensive research in the field, there still
does not exist a common platform for visualizing and work-
ing with different types of BRDF (Bidirectional reflectance
distribution function), including analytical models, mea-
sured data and simulations. Hence, any one working in
BRDF design usually has to start from scratch to obtain ba-
sic functionalities like displaying, fitting or rendering.

In this paper, we present a novel system that provides all
these functionalities for arbitrary BRDF models that takes
advantage of current programmable graphics hardware. Our
purpose is to provide an open framework that allows users
to easily design and work with different models as well
as to include new models on it. Such a system will also
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be valuable for the rendering community for carrying out
further research in the field, for teaching purposes and for
BRDF modeling in general.

Contributions: The main features of our system are:

e The ability to deal with different types of BRDFs. This
includes analytical models as well as measured or simu-
lated materials. For analytical models, a general represen-
tation based on combining different lobe models is also
proposed.

e Interactive display of BRDF shape as a function of inci-
dent angles and other model specific parameters.

e Fitting from any BRDF type to our general analytical rep-
resentation.

e Interactive rendering of any geometric object with the
chosen BRDF and under different lighting conditions.

e An object-oriented, multi-platform and Open Source tool
that can be easily extended to include new models and
functionalities.
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2. Background

In computer graphics, a lot of research effort has gone into
representing material appearance. An accurate review can be
found in [DRS07].

In the early days of Computer Graphics, analytical mod-
els that mimiced the light behavior over the materials were
first developed [Pho75, B1i77]. Later on, more generalized
models were proposed to better represent the light scattering
over the surfaces [CT82,HTSG91, War92, LFTG97, AS00].

For more complex materials, simulations are usually car-
ried out to measure how light interacts with the surface
and its subsurface structure. From the simulation results, a
BRDF describing the material appearance is then obtained
[WAT92,HK93, APS00,JMLHO1, Ger08].

In the recent years, the improved quality of digital image
capturing devices has allowed faster ways to retrieve infor-
mation of real materials by means of measurements. For this
purpose, different setups have been designed to get the ma-
terial properties efficiently [War92, DVGNK99, MPBMO3,
NDMO05, GCG*05]. Most of these measured data are avail-
able to the rendering community as well.

In order to efficiently render data obtained from measure-
ments or simulations, fitting to analytical models is also de-
sirable. In [NDMO5], a set of measured materials have been
fitted to different analytic models. Fitting to measurements
is also commonly used to demonstrate the strengths of new
analytical models, as shown in [War92, LFTG97].

Interactive display of BRDF shapes is essential to under-
stand the nature of the material. There is no doubt that most
material researchers are developing such tools. However, to
our knowledge BV [Rus98] is the only tool available to pub-
lic. BV is able to display the shape of a few analytical mod-
els using different views, but it is currently outdated, does
not take advantage of GPU techniques, and can not be easily
extended.

There exists some interfaces in order to help defining and
characterizing the behavior of a material as well. BRDF-
Shop [CPKO06], for instance, is an interface to create, model
and render physically correct BRDFs based on defining the
highlights of the desired model onto a spherical canvas. To
modify the material properties in real time, some solutions
have also been proposed in [BAOR06, BAEDROS].

In addition, commercial software like Maya, 3D Studio
Max or LightWave allow to design materials based on some
analytic models. However, only few models are usually sup-
ported and simple lit-sphere views are typically provided.
None of these products support measured or simulated data
nor functionalities such as displaying or fitting BRDFs.

To finally appreciate the appearance of a material, it is
important to allow interactive rendering of the BRDF di-
rectly onto geometric objects. A number of techniques have

been proposed to render some analytical models with com-
plex lighting [MLHO02, CKO7]. Also, some works have pre-
sented solutions for directly render measured or arbitrary
BRDFs [KM99, MAAO1,SM02,Mat03, LRR04, DWd*08].

3. System Overview

We present a modular system that is able to create, display, fit
and render BRDFs given in different forms. Figure 1 shows
the main structure of our system.

Analytic
BRDF
Measured
BRDF

Simulated
BRDF

BRDF
Display

is
Analytic?

Yes

BRDF
Rendering

Fitting to
Analytic

Figura 1: System structure.

The system takes as input a BRDF model defined in a va-
riety of forms. The BRDF model can be displayed directly
to let the user understand how the light interacts with the
surface material. Analytical models can be rendered in real
time as surface materials of complex objects, and for the
other BRDF models; the fitting step is required to convert
them into analytical equivalents before they can be rendered
in real-time.

The system is able to create analytic models as a com-
bination of different lobes, load measured data and perform
material simulations. See Section 4.

Displaying and interacting with all types of supported
BRDFs is also possible with the presented framework. The
displaying of the BRDF allows to see the shape of the di-
rectional distribution of radiance as a function of incident
irradiance due to light interaction with the material. See Sec-
tion 5.

Fitting is another important feature of the presented sys-
tem, allowing to fit from any BRDF model to any analytic
model. See Section 6.

The rendering is also supported by the framework. This
module allows to render geometric objects with complex
lighting using the current BRDF as a material. See Section 7.

These features together gives us a system capable to de-
sign and analyze complex materials that is suited for use in
real time rendering applications.
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Section 8 presents some results obtained with our system,
while conclusions and future work can be seen in Section 9.

4. Input models

As inputs, our system is able to handle different BRDF rep-
resentations including analytic models, measured materials
and simulated materials.

Analytical models tend to be computationally efficient
and are commonly used by the rendering community due
to their easy implementation and fast computation. Our sys-
tem allows to create from scratch a combination of a set
of different analytical models. A simple example will be
a Lambertian lobe defining the diffuse term and a Lafor-
tune lobe defining the specular term. Currently, Lambertian,
Blinn-Phong [Bl1i77], Ward [War92], Lafortune [LFTG97]
and Ashikhmin [ASO0] lobe models are supported by the
framework, although more models can be easily added.

The system is able to handle two different representations
for the analytical models. Both representations can deal with
multiple number of channels (for example, red, green and
blue) and multiple number of lobes. The first representation
is named Linear, as it uses a linear combination of differ-
ent lobes. In this case, all the used channels share the same
lobes but each lobe has channel-specific scale factors. The
other approach, named Fixed, uses a different lobe for each
channel in order to represent a completely different behavior
for each one. In this case, no scale factors are necessary. In
either case, the system guarantees energy conservation.

Measured materials are also supported by the framework.
Our system uses measured data available from the MERL
database [NDMO5], the car paint database [GCG*05] and
the Reflectance and Texture of Real World Surfaces database
[DVGNK99]. The number of supported measured databases
is easily expandable by simply writing the corresponding
data parsing code.

Simulated materials are supported by linking specific li-
braries for material simulation or carrying out the full sim-
ulation on the system. At the moment, our system supports
one external library, Scatmech simulation library [Ger08].
This library allows to perform a variety of material simula-
tions over complex material structures to obtain the resulting
BRDF.

To increase the application usability our system defines
a new XML filetype to load and save the designed BRDFs.
For analytical models, all the lobes and parameters are stored
in the file. For measured data, we store information about
the database used and any material relevant information. The
simulations store information about the library used and the
parameter values. As our system allows to perform as many
fittings as needed for a given material, all of them are also
stored and retrieved from the same file.
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5. Displaying BRDFs

By displaying the shape of the BRDF the user can get a feel-
ing of the kind of BRDF he/she is dealing with and the shape
of the different lobes (for example: a diffuse or specular like
BRDF). The BRDF is a 4-dimensional function of the in-
coming and the outgoing directions. In order to display its
shape, the user interactively modifies the incoming direction
and the surface resulting from the BRDF evaluation for all
possible outgoing directions is shown (see Figure 2).

For BRDF display, the idea is to start with a hemisphere
where each vertex represents the outgoing intensity along di-
rection (Oour, Pour ). Given an incoming direction (8, 0 ), @
vertex shader is then used to evaluate the BRDF value corre-
sponding to each (8our,Pour ). This gives the radial distance
of each vertex with respect to the center of the hemisphere
according to the given model. The position of the vertex, sit-
uated over a geodesic hemisphere of radius 1, is multiplied
by this radial distance to determine the final position of the
vertex in world coordinates.

For analytical models, the BRDF is directly evaluated on
the GPU. This is performed by evaluating on the vertex
shader all the lobes that compose a BRDF. The number of
lobes, the lobe type, and its parameters are encoded in a list,
allowing to parse efficiently this information on the GPU.

Figura 2: Linear combination of a Lambertian lobe and
an isotropic Lafortune lobe. Our system allows to interac-
tively modify the incoming direction and the parameters of
the lobes to see how the shape looks like.

For displaying other models, like measured data, another
approach must be taken. As measured data is not continuous,
we offer the possibility to directly render the set of points
representing the BRDF shape. Another option is to store the
different values onto a texture indexed by (8our, Pour ) and re-
construct a continuous shape by taking advantage of texture
interpolation. For a different incoming direction this texture
must be replaced by the corresponding values in the CPU,
but this is easily done at real time rates.

A similar approach can be used for simulated data, with
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the difference that the texture needs to be recomputed ac-
cording to the change in incoming direction or change in the
input parameters. The simulation result is stored in a texture
indexed by (Bour, 0our ) and the BRDF shape is reconstructed.
By increasing the texture size, the quality of the displayed
BRDF increases. The user can improve the quality of the dis-
played BRDF interactively at the expense of computational
cost incurred due to change in input direction or parameter
modification.

6. Fitting

The purpose of the fitting step is to approximate a complex
BRDF with a set of analytic models. Analytic models are
usually desired for rendering, as they tend to be computa-
tionally efficient and can be importance sampled.

The system implements two strategies commonly used in
the literature to fit a generic BRDF to an analytic model. The
first one, used in [NDMO5], is based on the linear combina-
tion of lobes, where all the BRDF channels share the same
lobes with a different scaling factor for each channel. In this
approach, the scaling factors are computed at each iteration
step by using linear Least Squares optimization and the lobe
parameters are computed by using non-linear optimization.
The other approach used, as in [MWL*99], has a different
lobe for each one of the channels. In this approach, all the
parameters are optimized by non-linear optimization and the
scaling factors are absorbed into the lobe parameters.

Non-linear optimization algorithms do not always con-
verge to optimal solution. As many authors point out
[LFTG97, MPBMO03,NDMOS5], providing right initial param-
eter values is key to finding the best approximation. Our sys-
tem allows the user to set the initial guess values that will be
used on the optimization step. During the editing of these pa-
rameters, both the original and the modified BRDF models
are displayed at the same time so that the user can see in real
time how the parameter modifications approximate the orig-
inal model. This is also used to display the modified model
after the fitting process to evaluate the obtained results (see
Figure 3). This allows the user to see how well a set of pa-
rameters approximate the data to be fitted and also see the
fitting results. Also, the system allows to iterate the fitting
step as many times as needed.

The non-linear optimization algorithm attempts to mini-
mize the Least Square Error, defined by:

N

Error = Z[yi—f(xi)}z €))

i=1

where N is the number of directions, y; is the input BRDF
value for a specific direction, and f(x;) is the BRDF function
evaluated at that given direction.

Generally speaking, what we are doing in the fitting step

Figura 3: The blue metallic paint material of the MERL
database is fitted to a linear combination of a Lambertian
lobe and an isotropic Lafortune lobe.

is to optimize a set of equations in order to find which pa-
rameters better approximate the input data. When analytic
or simulated data is fitted, more precise results can be ob-
tained by evaluating more directions. For example, when we
are fitting from a simulated model to an analytic model, we
can increase the sample density in order to gain fidelity. This
implies having more equations to optimize and consequently
increased computation to find out a good approximation. The
isotropic BRDF models only have to be optimized consider-
ing three dimensions, as rotation around the surface normal
(¢ angle) does not change the model behavior.

The Levenberg-Marquardt non-linear optimization algo-
rithm [Lou04] is currently used in the system. More opti-
mization routines can be easily added to the system.

7. Rendering

The objective of the rendering part is to obtain images of
a 3D objects with the given BRDF. We provide rendering of
complex objects with analytic BRDF models as their surface
material and under different lighting conditions. Only direct
illumination is considered at the moment, but global effects
could also be incorporated as well.

The first lighting model provided by the system is based
on a point light source, with the ability to use either of the
two analytical BRDF representations presented above, Lin-
ear and Fixed. This model consists of evaluating the given
input model for each pixel by using the light direction as in-
coming direction and the eye direction as outgoing direction.
This is computed in a fragment shader, where the light and
eye vectors are transformed to tangent space in order to eval-
uate the BRDFE. After this evaluation, the resulting BRDF
value is multiplied by the intensity of the point light source
and the cosine of the incident angle. A rendering of sphere
using a Linear and a Fixed combination of analytic BRDF
models can be seen in Figure 4 and 5, respectively. Complex
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models can also be interactively rendered using this tech-
nique, as can be seen in Figure 6.

Figura 4: Point light rendering of a sphere. The BRDF uses
a Linear combination of a Lambertian lobe and an isotropic
Lafortune lobe, where all the channels share the same lobe.

Figura 5: Point light rendering of a sphere. The BRDF
uses a Fixed combination of a Lambertian lobe and an
anisotropic Lafortune lobe, where each channel uses a dif-
ferent lobe. The flexibility of this representation is shown.

To render geometric objects with complex lighting, the
system also provides a rendering based on a HDR environ-
ment map. In this case, we use a modification of the real-
time shading with filtered importance sampling proposed by
Colbert and Krivanek [CKO7]. Their approach uses spheri-
cal harmonics for the diffuse term, and importance samples
an analytic lobe to compute the specular term. The specular
term uses the appropriate mipmap level of the environment
map to reduce the sampling rate normally required for noise
free rendering. The samples generated in the low gradient ar-
eas of the PDF (probability density function) access higher
mipmap levels, and samples from high gradient areas access
lower mipmap levels.

Our modification of the rendering method allows to use
more than a single analytical model to compute the BRDF.
The number of samples selected by the user are distributed
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Figura 6: Point light rendering of the Athena model. The
BRDF used is a Linear combination of a Lambertian lobe
and an isotropic Lafortune lobe.

over the different lobe models that compose the BRDF. For
Lambertian lobe, if it exists, instead of using spherical har-
monics as proposed by Colbert and Krivanek [CKO7], we
uniformly sample the hemisphere and access the environ-
ment light from a higher mipmap level. For the other ana-
Iytical lobes, importance sampling and appropriate mipmap
level access are done as described in the previous paragraph.
All the directions are computed on the CPU and passed on
to the GPU. A rendered image using this technique can be
seen in Figure 7.

Figura 7: Real time rendering of a car model with the fit-
ted material in Figure 3, using filtered importance sampling
environment mapping light.

The objective of the material measurements and simula-
tions is to capture the complex behavior of certain materials
and to render objects as close as possible as they look in the
real world. Once the fit is performed on those materials, they
can be efficiently rendered in real time on our system.
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8. Results

The presented system has been developed using OGRE
[StrO1] as the graphics engine and Qt for the GUI interface.
The presented results were obtained using an Intel Core 2
Duo at 2.40 GHz, 4 GB of RAM memory and a NVIDIA
GeForce 8800 GTX graphics card.

Figure 2 and Figure 8 first show two analytic BRDF mod-
els designed with our system. Figure 2 shows a combina-
tion of a Lambertian lobe and an isotropic Lafortune lobe,
while Figure 8 shows a combination of a Lambertian lobe,
an anisotropic Lafortune lobe and a Blinn-Phong lobe. In
the later, the anisotropic Lafortune lobe models the retro-
reflection effect, meaning that light is also reflected in the in-
cident direction. These BRDFs are displayed in real-time at
430 frames per second by using a 328192 triangle geodesic
hemisphere.

Figura 8: Linear combination of a Lambertian lobe, an
anisotropic Lafortune lobe and a Blinn-Phong lobe.

Figure 9 shows a complex BRDF obtained by simulation
using the subsurface particle model from the Scatmech li-
brary. The texture size used to generate the top image is of
32 x 32 and took 0.125 seconds to compute, the bottom one
uses a texture size of 150 x 150 and took 2.5 seconds to
compute. As can be seen, lower texture sizes can be used
to get faster feedback of the model when the user is modi-
fying the parameters. Once the texture is computed, the user
can look over the BRDF shape in real time at 980 frames
per second. As reflectance values are computed on the CPU
during the simulation, the maximum value can be easily de-
termined and a transfer function can then be applied to better
understand those complex models, as shown in the figure. In
Figure 10, another simulation using the same model with
different parameters is shown.

Figure 3 shows the fitting of the blue metallic paint ma-
terial of the MERL database with a linear combination of a
Lambertian lobe and a Lafortune lobe. The least square error
obtained is 24.074 and the optimization step takes 45.2 sec-
onds. Performing the same fitting with a linear combination

Figura 9: Simulation obtained with the Scatmech library us-
ing a subsurface particle model. Top using a 32x32 resolu-
tion texture and bottom 150x150.

of a Lambertian lobe, a Lafortune lobe, and an Ashikhmin
lobe an error of 7.611 is obtained in 94.2 seconds.

Figure 4 shows the rendering of a sphere with a point light
source. The BRDF uses a Linear combination of a Lamber-
tian lobe and an isotropic Lafortune lobe. The framerate ob-
tained on this rendering is 480 frames per second.

Figure 5 also shows a sphere with point light rendering,
but the Fixed representation is used to combine different
Lambertian and anisotropic Lafortune lobes for each chan-
nel. The Fixed representation uses isotropic Lafortune coef-
ficients for the green channel (i.e. Cx = Cy) and anisotropic
coefficients for the red and blue channels. The later, how-
ever, use different anisotropic directions. The framerate ob-
tained on this rendering is 400 frames per second.

Figure 6 shows the rendering of a car with a point light
source. Figure 7 shows the rendering of the blue metallic
paint material, previously fitted, with our implementation
of [CKO07] based on importance sampling. The framerate ob-
tained on this rendering is 490 fps on the point light source
and 85 frames per second on the environment map version.
For the later, 80 samples were used.
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Figura 10: Simulation obtained with the Scatmech library
using a subsurface particle model and a 150x150 resolution
texture.

9. Conclusions & Future Work

We have presented a new system for interactively design-
ing, fitting and rendering a wide set of BRDFs. The system
provides interactive visualization of analytical models, mea-
sured data and simulation. It also provides interactive ren-
dering of complex objects with general analytical models as
the material and different lighting conditions.

This system on completion will be released in the public
domain as an Open Source software. We believe that this tool
will be valuable to the rendering community for teaching,
research and development of reflective materials. We also
foresee its use in other areas of material research such as
Optics and Remote Sensing.

Before releasing the system, we plan to add the following
features to the system.

e Capability to render objects directly with the mea-
sured/simulated BRDF.

e Tools to compare the rendering of the objects with mea-
sured/simulated data vs the rendering with the corre-
sponding fitted analytical models.

e Tools to directly perform simulations in the GPU and
compute BRDFs by varying surface and subsurface prop-
erties.
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