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Abstract: Measuring and representing light reflection and
transmission accurately are core to high fidelity visual simulation
of materials. In this paper, we analyze state-of-the-art
Bidirectional  Scattering  Distribution  Function (BSDF)
measurements and models. We show that the most of the state-of-
the-art BSDF models do not suggest a general solution for any
surface class, from glasses to metals, isotropic to anisotropic
materials, and daylight redirecting films. Furthermore, it's shown
that an accurate and dense BSDF acquisition is not a trivial task at
especially some specific measurement angles, such as normal
incidence and grazing angles. In this paper, we address the
problem of finding a general solution for efficient BSDF
measurement and representation. We also outline the main issues
that do not allow the effective use of current BSDF
representations. Finally, we suggest open research issues that
need to be investigated in BSDF literature.

BSDF Olciimlemelerinin ve Sunumlarinin incelenmesi

Anahtar Kelimeler (zet: Isik yansimasi ve iletiminin dogru bir sekilde 6l¢iimlenip

Goriiniim modeli,

GOrinim
Olglimlemesi,

iki yénlii sacihm

dagilim
fonksiyonu,
BSDF,
Goriintiileme.

sunulmas1 malzemelerin yliksek dogrulukta gorsel simiilasyonu
icin ¢cok 6nemlidir. Bu makalede, literatiirdeki en son Iki Yonli
Sacilim Dagilim Fonksiyonu (BSDF) o6l¢iimlemeleri ve modelleri
incelenmektedir. Literatiirdeki en son BSDF modellerinin
camlardan metallere, izotropikden anizotropige ve 15181 yeniden
yonlendiren filmlere kadar bir ¢ok ylizey tipi icin genel bir ¢6ziim
onermedikleri gosterilmistir. Bunun disinda, 6zellikle normal gelis
yonii ve siiplirme agilar1 gibi spesifik 6l¢iimleme acilarinda dogru
ve yogun BSDF ol¢iimlemesinin kolay olmadig1 gosterilmistir. Bu
makalede, etkin BSDF o6l¢iimlemesi ve sunumu i¢in genel bir
¢6ziim bulma problemine yonelinmistir. Ayrica, mevcut BSDF
sunumlarinin etkin olarak kullanimina miisaade etmeyen ana
konular belirtilmistir. Son olarak, BSDF literatiiriinde incelenmesi
gereken acik arastirma konulari énerilmistir.

*Corresponding author: murat.kurt@ege.edu.tr
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1. Introduction

Rendering complex scenes requires
precise  descriptions of materials
involved. Some materials, such as papers,
glasses, metals and daylight redirecting
films, have wunique appearances. To
measure the reflectance/transmittance
of these materials accurately, various
measurement devices are used [2-4].
These measured datasets are
represented by various material models,
such as  Bidirectional  Scattering
Distribution = Function (BSDF), or
Bidirectional Reflectance Distribution
Function (BRDF) or Bidirectional
Transmittance Distribution Function
(BTDF) models [5-6].

Data acquisition process often yields
noisy, irregular and sparse
measurements, especially when higher
dimensional data needs to be measured
(ie., anisotropic measurements).
Furthermore, some data acquisition
systems [4] do not allow measurements
at some specific measurement angles,
such as normal incidence and grazing
angles. This is another reason for
sparsely measured data. Therefore,
representing sparse, irregular and noisy
measurements with a material model
accurately is an open challenge.

Analytical BRDF models [7-17], BTDF
models [1,6,18] and BSDF models
[1,6,18-19] try to represent
measurements with a few parameters.
But, analytical models fail to fit some
material types (i.e., structured glasses).
Data-driven based representations [2,20-
23] are more successful to represent
real-world materials. However, data-
driven based representations pose some
difficulties when measurements are
sparse, irregular and noisy.

In this work, we investigate state-of-the-
art BSDF measurements and models. We
expose advantages and disadvantages of
the investigated BSDF measurements

and models. We also summarize the main
challenges that do not permit the
effective use of the most of the state-of-
the-art BSDF representations. We focus
on the problem of finding a general
framework for an accurate and efficient
BSDF acquisition and representation.
Finally, we propose open research issues
that need to be investigated in BSDF
literature.

2. An Analysis of BSDF

This section can be decomposed to the
following two subdomains: an analysis of
BSDF acquisition systems and an analysis
of BSDF representations.
2.1. An analysis of BSDF
measurements

One of the most popular BRDF database
is the MERL MIT database. BRDFs in the
MERL MIT database have been acquired
by Matusik et al. [2]. This database was
constructed by using an image-based
BRDF measurement setup, which can be
seen in Figure 2(a). Matusik et al’s
measurement setup captures isotropic
BRDF data by a series of photographs
taken from a surface of a sphere. These
photographs include light reflection data
from various view and light orientations
[24]. The MERL MIT database consists of
100 different isotropic BRDF
measurements which include highly
dense and regular samples. In the MERL
MIT database, each material is
represented by Rusinkiewicz coordinate
system [25], which is known to represent
highly specular peaks more effectively
than the standard coordinate system.
There are 1.458.000 measurements for
each material and these measurements
are suitable for direct rendering.
Therefore, this database has been used
by many researchers [16,22-23,26-27]
for validation, experimental analysis and
comparison purposes.

Ngan et al. [26] measured 4 different
anisotropic BRDFs by using an image
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(d)

(e)

0

Figure 1. Isotropic translucent paper materials are measured and represented by Papas et al.
[1]. (a), (d) Matte paper. (b), (e) Glossy paper. (c), (f) Luster paper. While images in the first row
are real photographs, images in the second row are rendered by Papas et al.’s BSDF model

(images from [1])

(@

(L? = 0.0104)
Figure 3. (a) Brushed aluminum, (b) Purple satin, (c) Red velvet and (d) Yellow satin materials
are represented by Kurt et al.’s anisotropic BRDF model [16]. The L? errors of Kurt et al.’s BRDF
model are also reported (images from [16])

(b)
(L2 = 0.0006)

-based BRDF acquisition setup, which is
suitable for flat and flexible samples. To
make anisotropic measurements, strips
of materials at different orientations are
wrapped around a cylinder, which can be
rotated by a high precision motor. A
series of photographs is taken by a fixed
camera through rotating a light source
and the cylinder. To form an HDR image,
a set of 8 pictures with different
exposures is taken for each light and
target position [24]. The renderings of
the measured anisotropic materials using
Kurt et al.’s [16] BRDF model can be seen
in Figure 3. Since anisotropic BRDF
domain is four dimensional (4D) and it’s
very time consuming to measure whole
4D domain, this data set includes noisy,

(@
(L2 = 0.0003)

(d)
(L2 = 0.0014)

irregular and sparse measurements.
Therefore, Ngan et al.’s anisotropic BRDF
data set is not suitable for data-driven
based representations and it must be
preprocessed  before it can be
represented by a suitable BRDF model. In
addition, both Matusik et al. [2] and Ngan
et al. [26] did not address the light
transmission to describe BTDFs which
are required to render translucent
surfaces.

Walter et al. [6] measured 4 different
isotropic BTDFs from different types of
rough glass surfaces, namely ground
glass, etched glass, frosted glass and
antiglare glass. Walter et al’s image-
based measurement setup includes a
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@

(b)
Figure 2. (a) A photograph of Matusik et al.’s

BRDF measurement device
overview of pgll
(images from [2,4])

(2],

gonio-photometer

(b) An
(4]

Optical

R
¥

Plano-convex
lens
Planar sample
surface
Figure 4. An overview of Walter et al’s [6]

image-based measurement setup

(@ (b)

Figure 5. (a) A photograph of Gu et al.’s BSDF
measurement device [28] which was used to
capture the optical thickness parameter of
their proposed BSDF model, (b) A photograph
of Gu et al.’s BSDF measurement device [28]
which was used to capture the scattering
parameter of their proposed BSDF model
(images from [28])

Figure

(@
isotropic
translucent materials, which were measured
by Apian-Bennewitz [4]. (a) L02 - 148, (b)
vk_op10, (c) vk rms220 materials (images
from [4])

(b)

6. Photographs of

plano-convex lens, which is a nearly
hemisphere, and it's cemented to the
back of the sample (see Figure 4). This
setup provides the scattered light to

leave from the surface with minimal loss
due to Fresnel reflection. The sample is
illuminated from the rough side by a DC
regulated  fiber  illuminator.  The
transmitted light is sensed from the
hemispherical side by a charge coupled
device (CCD) camera. The measurement
is done by taking photographs and
averaging the pixel values in a fixed
rectangle in the image. However, this
process produces measurements
proportional to the BTDF times the
cosine of the incident angle. Walter et
al’s goal was to validate their proposed
analytical BTDF model and compare
various microfacet distributions, such as
Beckmann and GGX distributions.
Therefore, they did not focus on making
regular and non-sparse measurements.
Additionally, Walter et al. [6] did not
address the light reflection to describe
BRDFs which are required to represent
whole BSDFs of translucent materials.

Gu et al. [28] made some measurements
from 30 different transparent materials
which include contaminants, such as
dust, dirt and lipids. In this image-based
measurement process, Gu et al. [28]
estimated the optical thickness and the
scattering parameters of their proposed
BSDF model. To measure these
parameters, Gu et al. used two different
measurement setups, which can be seen
in Figure 5. To capture the spatially
varying optical thickness t(x,y), Gu et al.
used a shadow map generated by
attenuation from the contaminant layer.
As it can be seen in Figure 5(a), the
projector illuminates a thin transparent
material which includes a contaminant
layer. There are a Lambertian board
behind the material and a camera on the
side. The intensity of each point in the
shadow map and the intensity in the
clean regions of the transparent
materials were used to estimate the
spatially varying optical thickness
parameter 7(x,y), which can be
formalized as follows:
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Figure 7. An overview of Papé's‘et al’s [1]
image-based  measurement  setup. A
checkerboard material is measured for

testing purposes

where I(x, y) is the image intensity of the
point (x,y), I jeqn is the image intensity
in the clean regions of the measured
glass. To capture the scattering
parameter g, Gu et al. used a similar
measurement setup to the previous one,
except in two places (see Figure 5(b)).
Firstly, they used a laser beam instead of
a projector. Secondly, they wused a
transparent material with a uniform
contaminant layer. When the laser beam
hits the contaminants, it scatters towards
the Lambertian board and generates a
lobe pattern on the board. Gu et al. used
the lobe pattern to estimate the
scattering parameter g of their proposed
BSDF model. This estimation is based on
the following formulation:

1(x,y)

Iclean

t(x,y) = —ln< (1)

I(x,y)
-T __ ,—T/cosf

e
A e

(2)

cos*9,

where B is a scale factor, p(8, g) is the
Henyey-Greenstein phase function, 6 is
the angle of the scattered ray from the
normal, g is the scattering parameter, T
is the optical thickness parameter (see
Eq. (1)), I(x,y) is the average intensity in
the measured lobe pattern on the board.
An important advantage of Gu et al’s
measurement process is that it requires
only a single image for parameter
estimation.

Dai et al. [18] made 3 different Spatially

Varying  Bidirectional = Transmission
Distribution Function (SVBTDF)
measurements from optically thin,

transparent materials, namely grid sheet,
leaf glass (See Figure 11) and rice paper.
In this process, Dai et al. used a camera-
CRT monitor system to capture 2D BTDF
slices at each surface point. At each
surface point, 2D BTDF slices are
acquired by illuminating the material
samples from back with CRT monitor and
capturing the images from one view. A
white dot on a black background on the
CRT monitor is displayed at different
screen positions to produce a point light
source at different locations. Dai et al.
[18] selected CRT monitor instead of LCD
monitor, because its radiance is more
uniform with changing the viewing angle.
The camera’s position and orientation
(an angle of & = 45" from vertical axis)
are fixed, and they are calibrated before
data capturing. The captured 2D BTDF
slices are interpolated to a regularly-
sampled hemispherical function and the
dual microfacet model is fitted at each
surface point. In the fitting process, the
weighting factor and the Microfacet
Normal Distribution Function (NDF)
terms of the dual-microfacet model are
estimated. However, this camera-CRT
monitor system and the dual-microfacet
model cannot be used to represent whole
BSDFs of transparent materials.

Apian-Bennewitz [4] made BRDF, BTDF
and BSDF measurements by using pgll
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gonio-photometer, and he constructed an
open source BME database from these
measurements. Images of some
measured isotropic translucent materials
can be seen in Figure 6. As it can be seen
in Figure 2(b), pgll gonio-photometer
consists of a sample holder, a light source
and a detector. A variety of sample
holders can be used depending on the
material. Light sources are mounted on a
standard optical bench, including
collimating optics and custom baffles.
The detector is mounted at the end of a
linkage consisting of two light weight
arms, and it's moved fast at a constant
distance around the sample center. While
pgll gonio-photometer allows many
outgoing angle measurements, it allows
only a few number of incoming angle
measurements. Because of this reason,
measurements from BME database are
irregular and sparse, and they must be
preprocessed before representing and
rendering measured translucent
materials.

Papas et al. [1] measured 3 different
isotropic BSDFs from homogeneous
translucent paper materials by using an
image based measurement setup, which
can be seen in Figure 7. The renderings
of these isotropic materials using Papas
et al’s [1] BSDF model and the real
photographs of these materials can be
seen in Figure 1. Papas et al. used the
same parameterization (0°<9; <
90°,0°<6,<90° and 0°< ¢girr <
180°) as Matusik et al. [2] in their
measurements. Papas et al. performed
full hemispherical BRDF measurements
and in-plane BTDF measurements in 10
degree increments and 5 degree
increments, respectively. The measured
paper materials are illuminated from
their front surfaces with a 150-watt
quartz halogen bulb with DC regulated
output. A CCD camera is positioned to
front surface and back surface of paper
materials for acquiring BRDFs and
BTDFs, respectively. A set of 5 images are

acquired and averaged to remove
random noise for each shutter speed
stop. The resulting image is then

subtracted from a black image which
visualizes a fixed pattern noise for that
shutter speed. Papas et al.’s BSDF dataset
is sparsely measured, and these BSDF
measurements are not suitable for data-
driven based BSDF representations. They
must be preprocessed before they can be
represented by a suitable BSDF
representation.

2.2. An analysis of BSDF models

Noisy, irregular and sparse reflectance
and transmittance measurements can be
represented by analytical BRDF models
[7-17], BTDF models [1,6,18] or BSDF
models [1,6,18]. However, this kind of
irregular and sparse measurements
cannot be represented by any data-
driven material models.

Ngan et al. [26] have experimentally
validated that BRDF models, which
include Fresnel term [29], can represent
the measurements at grazing angles and
normal incidence more accurately than
its competitors. To compute Fresnel
term, Ngan et al. [26] used Schlick’s
approximation, which is formulized as:

F(wit Wp, fOr) = fOr + (3)
(1= for) (@ = (w; - wn))®,

where w; is incoming light vector, w, is
outgoing view vector, wp = (w; +
wo)/llw; + well is halfway reflection
vector, fy, is the Fresnel coefficient for
the incident side of the surface. For
example, Ashikhmin-Shirley [11], Cook-
Torrance [7] and Kurt et al. [16] BRDF
models include Fresnel term. Therefore,
these BRDF models generally give better
fitting results than Ward [9] and Ward-
Duer [12] BRDF models which do not
include any Fresnel terms. This result
can also be seen in Figure 8. In Figure 8,
the Peak Signal-to-Noise Ratio (PSNR)
values [30] and difference images are
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- S| L D]

(a) Reference (b) Ashikhmin-Shirley (c) Cook-Torrance (d) Edwards
(PSNR = 31.8419)  (PSNR = 31.1835)  (PSNR = 26.4502)
y ™™ A o A o

| S

(e) Lawrence (f) Ward (g) Ward-Duer (h) Kurt et al.
(PSNR = 30.3722) (PSNR =22.2599) (PSNR = 31.7116) (PNSR =32.1210)
Figure 8. A visual comparisons of various well-known BRDF representations on the Princeton
scene. While (e) was rendered at 4096 samples/pixel, others were rendered at 262144
samples/pixel. Insets depict differences between the reference image and the rendered images
and darker portions in these difference images imply to higher imparity. Below each image we

also report PSNR values (higher is better) (images from [16])

(a) (6:00 am) (b) (14:00 pm) () (1:00 am)
Figure 10. A contaminated window is represented by Gu et al.’s [28] BSDF model at different
times of a day (images from [28])

also reported to see differences between works extremely well when it’s
the BRDF representations. Although, compared to Beckmann distribution for
analytical BRDF models can represent a  representing rough translucent materials
large number of materials, they cannot [1]. Walter et al. also proposed
represent all materials quite well [26,27], importance sampling techniques for their
e.g., translucent materials. BSDF model, which is essential to Monte
Carlo rendering algorithms. The
Walter et al.’s [6] analytical BSDF model reflection part of Walter et al. BSDF
is based on microfacet theory and it's for = model is similar to Cook-Torrance BRDF
representing rough glass material. In  model [7]. In this work, we fitted Walter
their work, Walter et al. introduced GGX et al. BTDF model to some of the BTDF
microfacet normal distribution which  measurements from BME database [4].
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Walter et al. BTDF model is formalized
as:

f (@, o)

|w; - wpellw, - whel

st |wi ) wn”wo ) wnl
n2(1-=F()GOD()
(n:(@; * @e) + Mo (@ W)™

(4)

where  wp = —(w; + Now,)/lINiw; +
1oW, || is halfway transmission vector, w,,
is surface normal vector, F(+) is Fresnel
term (see Eq. (3)), G(-) is shadowing-
masking term, D(+) is microfacet normal
distribution function, kg is specular
transmission coefficient, n; is index of
refraction for the incident side of the
surface, 7, is index of refraction for the
transmitted side of the surface. To
compute Fresnel term, we use Schlick
approximation as F(w;, Wnt, for) = for +
(1= fo)(1 = (w; - wp))® where fo, is
Fresnel coefficient for the transmitted
side of the surface. To compute G (-) term,
we use Smith approximation [6] as:

G (wi' Wy, Whpt, at) (5)

~ Gy (W;, Whe, ) Gy (Wo, Whe, Ar)-
To compute G;(-) and D(*), we use the
following GGX distribution:

D(wpe, ;)
_ ac’ x* (wpe - wp) (6)
mcos*0p (a2 + tan?6y,)%
G1(w, wpe, ;)
+ (W Wht
(o) ™

2

1+ 1+ atztanze’

where y*(a) is the positive function,
which equals to one if a > 1 and zero if
a <0, and a, is width parameter for the
transmitted side of the surface. In this
process, we followed Ngan et al’s [26]
fitting procedure. We apply a constrained
nonlinear optimization technique,
estimate a¢, 1, i, for terms nonlinearly

(a) Photograph (b) Walter et al.
Figure 9. Walter et al’s analytical BTDF
model [6] (b) represents the transmission of
isotropic translucent materials (a) visually
plausibly. While first row is L02 - 148
material, second row is vk opl0 material
from the BME database [4]

(c)

@
Figure 11. The leaf glass with rough pattern

in the front of the checker board is
represented by various material models. (a)
Real image, (b) Dai et al’s [18] SVBTDF
model, (c) Walter et al.’s [6] BTDF model, (d)
Gu et al.’s [28] dirty glass model (images from

(18])

by using a constrained minimization
algorithm. kg term is  computed
analytically as a subprocedure based on a
linear least square optimization. To
optimize fitting results for finding a
global minimum, we restart the
optimization with a different set of initial
guesses and we take a set of parameters
which leads the minimum L? error. As it
can be seen in Figure 9, Walter et al.
BTDF model can be used to represent
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transmission of isotropic rough glass
materials.

Gu et al. [28] extended Hanrahan and
Krueger’s [31] multilayered surface
model to represent BSDFs of transparent
materials, which include contaminants,
such as dust, dirt and lipids. Gu et al. [28]
tried to represent a thin transparent slab
with a contamination layer. Therefore,
Gu et al.’s [28] BSDF model includes the
following components: mirror reflection
at the surface of the contaminant layer
(BRDF), mirror reflection at the surface
of the transparent layer (BRDF), single
scattering of the contaminant layer
(BRDF), single scattering of the light
reflected from the transparent layer
(BRDF), transmission of the incident light
at both layers (BTDF) and scattering into
the transparent layer (BTDF). Gu et al.’s
BSDF model has 4 parameters, namely,
the optical thickness of the contaminant
layer, which is parameterized by the
surface location (see Eq. (1)), the mean
cosine of the scattering angle (see Eq.
(2)), the albedo of the contaminant layer,
the refractive index of the contaminant
layer. As it can be seen in Figure 10, Gu et
al’s BSDF model can be wused to
represent transparent surfaces that
include contamination. However, Gu et
al’s BSDF model cannot be used to
represent spatial variation of blurring
and anisotropy, which can be seen in
Figure 11.

Dai et al. [18] proposed a microfacet-
based Spatially Varying Bidirectional
Transmission  Distribution  Function
(SVBTDF) model for representing thin,
transparent materials. Their proposed
SVBTDF model is called as the dual
microfacet model, since Dai et al
assumed that thin, transparent materials
are composed of two independent rough
surfaces with two different refractive
indexes. Dai et al. [18] tabulated the
Microfacet Normal Distribution Function
(NDF) as a function of surface location

and they used this spatially varying NDF
for both surfaces. In the final SVBTDF
model, Dai et al. combined
approximations of these two surfaces by
using linear interpolation in logarithm
space. As it can be seen in Figure 11, Dai
et al’s SVBTDF model can be used for
representing anisotropic transparent
materials. However, Dai et al’s SVBTDF
model is not suitable for representing
reflection part of translucent materials.

Jakob et al. [32] presented a general
framework for rendering isotropic BSDFs
of layered materials. This framework
allows layered structures. It can be used
to render BSDFs efficiently and
accurately. This framework includes a
precomputation step that expands
measured BRDFs, microfacet models for
transmission and reflection, media with
Henyey-Greenstein and von Mises-Fisher
phase functions into a Fourier basis.
Fourier basis allows arbitrary
composition and efficient importance
sampling. In the precomputation process,
the plane-parallel multiple scattering
problem is solved by using
adding/doubling and adding equations.
The resulting BSDF is tabulated and
stored to be used for rendering at the
end of this process. Jakob et al. also used
a multiple scattering term for microfacet
BSDFs that solves energy loss issue of
these BSDF models. A complete open-
source implementation of  this
framework can be found as a part of
Mitsuba renderer [33].

Papas et al. [1] introduced an analytical
BSDF model for representing several
types of paper material. Papas et al.’s
physically-based BSDF representation
includes absorption and scattering
parameters and accounts for single
scattering, multiple scattering, surface
reflection and surface transmission. For
the surface reflection, Papas et al. used
the BRDF component introduced by
Walter et al. [6]. Papas et al. used the GGX
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Figure 12. Left: a microsurface single scattering render, which is computed by a traditional
BSDF model. Middle: a microsurface single and multiple scattering render, which is computed
by Heitz et al.’s [19] BSDF model. Right: 1x difference image between left and middle images. In
this scene, Heitz et al.’s BSDF model introduces 87% render time overhead, but it provides more
accurate and more energy conserving representations (images from [19])

(d) (e) ®
Figure 13. (a),(d) Matrix-based representation. (b), (e) Reference image. (c), (f) Tensor tree
representation. Insets show color-coded differences between reference and rendered images
[34] (images from [35])

distribution for representing rough of paper materials, which can be seen in
surfaces, such as matte paper and they Figure 1. However, both Jakob et al'’s
used the Beckmann distribution for general framework and Papas et al. BSDF
representing smooth surfaces, such as model are not suitable for representing
luster and glossy papers (see Figure 1). custom-designed translucent materials
Since Papas et al. use single and multiple  that have unusual scattering properties
scattering terms in their BSDF model, and/or highly anisotropic structures,
their BSDF model can be considered as a  such as daylight redirecting films.
method for converting a multi-layer

Bidirectional Scattering Surface  Heitz et al. [19] proposed an analytical
Reflectance Distribution Function microfacet-based BSDF model, which
(BSSRDF) model [5, 36] into a BSDF. All  accounts for microsurface single and
of these terms in Papas et al’s BSDF multiple scattering terms. Heitz et al’s
model allows a plausible representation = BSDF model is the first analytical
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microfacet-based BSDF model that
incorporates the multiple scattering
component. Both single and multiple
scattering terms are represented by
Smith microsurface model. Heitz et al.
formulated scattering from microfacets
as a volumetric scattering process using
a new variant of microflake theory.
According to that theory, Heitz et al.
derived free-path distributions and
phase functions for the volume that
corresponds to the Smith microsurface.
Heitz et al. also introduced a random-
walk approach to microsurface scattering
based on the volumetric free paths and
phase functions. The random-walk
approach makes heavy use of the
distribution of visible normals (VNDF)
importance sampling technique, which
was proposed by Heitz and d’Eon [37].
Heitz et al’s BSDF model can be
considered as the expectation of all of the
paths that can be traced on the
microsurface. Heitz et al.’s BSDF model is
energy conserving, reciprocal and able to
represent anisotropic translucent
materials. Heitz al.’s BSDF model also has
an efficient importance sampling
procedure which is based on the
random-walk approach. As it can be seen
in Figure 12, Heitz et al.’s BSDF model
can be used to represent translucent
materials more accurately than classical
BSDF models that only include single
scattering term, for the sake of
introducing additional computational
overhead. While Jakob et al.’s [32] BSDF
framework  handles the multiple
scattering between different layers, Heitz
et al’s BSDF model focuses on the
multiple scattering inside one layer.
Therefore, both works can be combined
to represent multilayered translucent
materials accurately.

Lawrence et al.’s [20] data-driven BRDF
representation uses a Non-negative
Matrix Factorization (NMF)-based
algorithm and it’s also suitable for
efficient BRDF importance sampling.

Oztiirk et al.’s [21] BRDF model is based
on Rusinkiewicz coordinate system [25]
and wuses Copula distributions for
representing measured reflectance data.
Bilgili et al’s [22] factored BRDF
representation uses a Tucker-based
factorization algorithm to compactly
represent measured BRDF data and it
allows to an efficient BRDF importance
sampling. Pacanowski et al. [23] uses
rational functions to compactly represent
measured reflectance data. Pacanowski
et al’s [23] data-driven BRDF
representation is based on Rusinkiewicz
coordinate system [25] as this coordinate
system helps to represent specular
highlights more accurately. However,
none of these data-driven BRDF
representations can represent noisy,
sparse and irregular measurements.
Therefore, noisy, sparse and irregular
measurements need to be preprocessed
before they can be represented with a
data-driven based representation.
Additionally, these data-driven BRDF
representations cannot be used for
modeling transmission measurements.

3. Results and Suggestions

We found several key issues as a result of
our investigation in BSDF literature. In
this section, we’ll discuss these key
issues. Then, we’ll suggest some research
topics, which could be important
contributions to BSDF literature.

One of the key issues is filling noisy,
sparse and irregular measurements, as
many data-driven based BSDF
representations, such as Matrix-based
BSDF representation and Tensor tree
BSDF representation [35], require noise-
free, continuous and regular BSDF
measurements. Recently, Ward et al. [38]
proposed an interpolation technique for
filling a sparse set of incident angle BSDF
measurements. The proposed
interpolation technique is based on a
Lagrangian mass-transport solution [39]
and it fits a set of radial basis functions to
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each measured distribution, which
allows to interpolate between sparse
incident directions. The proposed
interpolation technique is especially
suited for anisotropic BSDFs, because
anisotropic BSDF measurements
generally include many holes and noise.
As it can be seen in Figure 14, Ward et
al.’s [38] interpolation technique is better
than a naive linear interpolation. For
efficient rendering and simulation,
interpolated data can be converted to a
standard BSDF representation, such as
Tensor tree representation, and it can be
used in a model free framework [35].
However, both Ward et al.’s data-driven
BSDF framework [35] and interpolation
technique [38] must be properly
validated and compared with existing
techniques in order to become common
standards in  computer  graphics
community.

Another key issue is creating a general
framework for sharing and rendering
measured BSDFs. Accordingly, Ward et
al. [35] proposed an XML representation
and an Open Source C library to support
BSDFs in rendering applications. The
proposed library allows for the efficient
representation, query and Monte Carlo
sampling of real-world BSDFs in a model-
free framework. The proposed library
includes two data-driven based BSDF
representations: Matrix-based = BSDF
representation and Tensor tree BSDF
representation. Matrix based BSDF
representation has advantages for
certain matrix operations. On the other
hand, Tensor tree BSDF representation
has an adaptive density which helps to
represent highly peaked data more
accurately. As it can be seen in Figure 13,
Tensor tree BSDF representation
provides a more accurate representation
of measured BSDF data than Matrix-
based BSDF representation.
Furthermore, Ward et al.’s [35] proposed
library helps to handle advanced
schemes such as Complex Fenestration

Systems (CFSs) which have been
designed to convey daylight in
specialized ways, such as prismatic
glazings, holographic films, daylight
redirecting films and specular louvers.
Simulating CFSs correctly is especially
important to modern building designers.
As it can be seen in Figure 15, CFSs can
be simulated more correctly when the
data-driven BSDF representation is used
as a proxy for detailed geometry. In this
setting, the geometry is used for direct
views and shadow testing and the data-
driven BSDF representation is used for
characterizing light reflected and
transmitted by the CFS.

Although, a popular database for BRDF
measurements is presented by Matusik
et al. [2], there is a need of a similar
database for BSDF measurements, which
can be used for validation, comparison
and simulation purposes. Some BSDF
representations [19] are only validated
on simulated data in the absence of such
a well-known BSDF database. A similar
situation is valid for existing data fitting
and visualization tools. There are a few
available data fitting and visualization
tools for BRDFs, such as BRDFLab [40],
BRDF Explorer [41], and ALTA Library
[42]. BRDFLab [40] allows to display
analytical, measured and simulated
BRDFs, fit any measured BRDF to a
combination of analytical models, real-
time rendering with point light or
environment map light sources. BRDF
Explorer [41] allows to compare
analytical BRDF models with measured
BRDF data, real-time editing of
parameters, and visualizations in
Rusinkiewicz coordinate system [25].
ALTA library [42] allows rational [23]
fitting of measured BRDFs, non-linear
fitting of measured BRDFs to an
analytical BRDF model, and statistical
analysis of BRDF data. We think that such
similar data fitting and visualization tools
are needed for BSDFs as well. There are
only some implementations for data
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(@
Figure 14. (a) Measured reflectance distribution at one incident direction. (b) Distribution at
another incidence direction. (c) Linear interpolation of three distributions. (d) Lagrangian mass
transport based interpolation (images from [38])

(b)

(@)

(b)

() (d)

)

Figure 15. (a) A venetian blind system was rendered using a 145 X 145 Klems matrix
representation. (b) was rendered using a tensor tree representation with 3 X the resolution of
the Klems matrix data. (c¢) was rendered using a BSDF surface as a proxy for detailed blinds
geometry. We can now see all details and the striped shadows (images from [35])

fitting and visualization of BSDFs in
RADIANCE [43]. RADIANCE [43] allows
to interpolate measured BSDF data,
represent measured BSDF data with
data-driven BSDF representations [35],
and compare fitting results with BSDF
measurements. We believe that much
more data fitting, editing and
visualization tools are still needed for
BSDF models and measurements.

4. Conclusions

In this paper, an analysis of the state-of-
the art BSDF measurements and
representations has been presented.
The strengths and the weaknesses of the
investigated BSDF measurements and
representations have been discussed.
We have showed that the most of the
state-of-the-art BSDF models do not
suggest a general solution for any
surface class, from glasses to metals,
isotropic to anisotropic materials, and
daylight redirecting films. Furthermore,
we have summarized grand challenges
and key issues in BSDF measurement

and representation. We hope that this
short outline of the key issues
encourages researchers to focus on
these issues, and helps to advance BSDF
measurement and representation.

Indeed, there is a need for a huge
database that includes variety of BSDF
measurements. We think that both
researchers and designers will use such
a database for comparison, validation
and simulation purposes. In the future,
we're planning to help this process by
measuring various translucent
materials and providing them with a
suitable BSDF library. In BSDF
representation side, there is a need for
an accurate interpolation technique and
an efficient BSDF representation.
Extrapolating BSDF data at grazing
angles and modeling backlit appearance
are other big challenges and they should
be carefully handled. In the future, we're
also planning to investigate an accurate
BSDF representation that handles these
challenges quite well.
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