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Figure 1: Four material samples as the subject of the validation. The samples are referred by their location in a building.

Abstract

We discuss the validation of BTF data measurements by means
used for BRDF measurements. First, we show how to apply the
Helmholtz reciprocity and isotropy for a single data set. Second,
we discuss a cross-validation for BRDF measurement data obtained
from two different measurement setups, where the measurements
are not calibrated or the level of accuracy is not known. We show
the practical problems encountered and the solutions we have used
to validate physical setup for four material samples. We describe
a novel coordinate system suitable for resampling the BRDF data
from one data set to another data set. Further, we show how the per-
ceptually uniform color space CIE 1976 L*a*b* is used for cross-
comparison of BRDF data measurements, which were not cali-
brated.

CR Categories: 1.3.7 [Three-Dimensional Graphics and Realism]

Keywords: reflectance function, BRDF data acquisition, BRDF
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1 Introduction

Predictive rendering [Purgathofer 2003] relies on accurate input
data. This includes three components: geometry, the light source
emittance characteristics, and surface reflectance properties. In this
paper we discuss the cross-validation of surface reflectance data,
further referred to as bidirectional reflectance distribution function
(BRDF). Interestingly, the original concept of surface reflectances
(albedo) was established by Lambert in 1760, while the BRDF
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was defined by Nicodemus only in 1977 [Nicodemus et al. 1977].
Since then thanks to the technology progress the research con-
cerning BRDF has been quite active in several fields: computer
graphics, computer vision, lighting engineering, physics of light,
astronomy, metrology, and remote sensing. The communities deal
with the same concept of surface reflectance differently which is
driven mostly by applications. A reader interested in the topic of
BRDF as used in computer graphics is encouraged to read the sur-
vey by [Shirley et al. 2001].

The work is motivated by the necessity to validate bidirectional tex-
ture function (BTF) data coming from a measurement setup devel-
oped within an EU project on predictive rendering [RealReflect ].
However, the validation of BTF data is a completely unsolved prob-
lem, since it includes sensing of visual pattern [Wandell 1995]. For
this reason, we had to resort to the comparison of BRDF data com-
puted by averaging BTF data. The BRDF data from the averaged
BTF was compared with another BRDF data set for the same mate-
rial sample, which had been measured independently at a different
facility by a commercial company [Integra ] in 2001.

The validated BTF measurement setup is technologically very dif-
ferent from the second setup used for reference BRDF measure-
ments, since different technology for light sources and light sen-
sors was used. In addition the measurements were performed for
different sets of sample positions. As a result a direct compari-
son of the two BRDF data sets is impossible. Unfortunately, we
were not given any option to suggest changes in the measurement
and recording procedures or the output data format for either mea-
surement setup and possibly to repeat the data measurement. Both
measurements are subject of various systematic and random errors,
including positioning and radiometric errors. This makes the vali-
dation of BRDF measurements rather difficult.

During studying the literature it has appeared that in the scope of
rich computer graphics literature dealing with BRDF this problem
has not been dealt with properly. Typically analytical BRDF mod-
els are used. Then it is stated that a proposed BRDF model gives
faithful or visually pleasing results, similar to the original surface
appearance.

In this paper we show how it is possible to overcome the difficul-
ties for cross-validation of BRDF data for different measurements
of the same material sample. We show the motivation behind our
proposed methodology using the reciprocity check and perception



based color comparison. The proposed method can also be used
to validate analytical BRDF models against measured BRDF data.
We have used the proposed methodology for four material samples
of different surface reflectance characteristics, all of which were
assumed to be isotropic. Since polarization was not measured on
any setup, possible polarization effects have not been taken into ac-
count.

The paper is further structured as follows. In Section 2 we recall
fundamental concepts of BRDF. In Section 3 we discuss related
work. In Section 4 we describe the two measurement setups used
to acquire the BRDF data. In Section 5 we show the necessary pre-
processing step required for the direct comparison of BRDF mea-
surements. In Section 6.1 we describe how a reciprocity check was
used on a single data set. In Section 6.2 we discuss possibilities
for colorimetric comparison using CIE 1976 L*a*b* color space.
Finally, in Section 7 we conclude our results and discuss possible
future work.

2 Surface Reflectance Function

In this section we briefly recall the formal definition of
BRDF [Nicodemus et al. 1977] and its properties.

Formally, a BRDF is defined as a ratio between reflected radiance
L, in the direction @, and the incident radiance L; coming from the
direction @;.
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The factor cos(¢;) represents the normalization of incoming radi-
ance L; along @; to the direction perpendicular to the surface. This
corresponds to the incident irradiance dE (@;,A).

The incoming and outgoing directions are typically described in the
polar coordinate system by a pair of angles. Hence @; = f(6;,¢;)
and @, = f(6,,9,). For a single point on the surface the BRDF is
then a 5-dimensional function f(6;,¢;,0,,0,,A) = fr(@;, @y, A ).

The BRDF is known to be a reciprocal function for flat sur-
faces [Chandrasekhar 1950]. This means, when we exchange the
incoming and outgoing direction, the value of the BRDF is not
changed:
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This is known as the Helmholtz Reciprocity [Minnaert 1941]. For
structured surfaces this is valid as well, when a BRDF is averaged
over a sufficiently large spatial region on the surface [Snyder 1998;
Snyder 2002]. The area of the region has to be large enough with
respect to the size of structural details, so the BRDF value is inde-
pendent of the location of the region.

An important integral property derived from the BRDF is the
albedo, which describes the amount of incoming light that is re-
flected on average to a given outgoing direction. This is obtained
by integrating the BRDF over the incident hemisphere:
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The albedo is also referred to as the hemispherical-directional re-
flectance. Integrated for all reflected directions uniformly posi-

tioned on the hemisphere, we obtain the so called mean albedo:
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The mean albedo is also referred to as hemispherical-hemispherical
or bi-hemispherical reflectance in the literature.

The BRDF is said to be physically plausible if p(®,,A) < 1. This
corresponds to energy conservation. The energy of the reflected
flux cannot be larger than the energy of the incident flux.

The BRDF as defined by Eq. (1) is a function of 5 variables and it
is called anisotropic. Its value generally depends on the incoming
direction along the tangential plane ¢; and ¢,. If the BRDF value
does depend only on the difference of the angles ¢; — ¢,, it is called
isotropic.

3 Related Work

In this section we discuss the work related to the accuracy of BRDF
measurements for real-world materials. In the physics of light, ap-
plied optics, metrology, and remote sensing, the accuracy of BRDF
measurements is a widely discussed topic. This involves mono-
graphs related to the measurement [Stover 1995] and remote sens-
ing [Rees 1990].

In metrology it was shown that the BRDF can be difficult to
measure if absolute values of high accuracy are required. An
experiment performed in 1988 compared measurements of four
material samples performed at eighteen facilities in the United
States [Leonard and Pantoliano 1988; Leonard 1988]. The results
showed a large range of variation in range up to 250%. This has
led to the recommendation for reflectance measurement [E1392-90
1990].

In computer graphics many BRDF models have been proposed, ei-
ther phenomenological or physically based. Very often purely an-
alytical BRDF models are used due to their low memory require-
ments. The direct use of measured data has been rather uncommon
due to various constraints, although several approaches using mea-
sured data were proposed, some of them only recently [DeYoung
and Fournier 1997; Lalonde 1997; Matusik 2003; Claustres et al.
2003; Lawrence et al. 2004].

If measured data are used for an analytical BRDF model, the pa-
rameters of an analytical model are fit to the measured data, using a
non-linear optimization process for the L, norm between measured
data and analytical BRDF data. However, questions about errors
of the BRDF using an analytical model vs. measured data are of-
ten neglected. Typically, a reader is said to believe the statement
of authors. In a better case, the statement is supported by rendered
images (tone-mapped) and possibly reference photographs (in low
dynamic range). The visual similarity of the results is the main cri-
terion [Marschner et al. 2003]. The first studies on function prop-
erties of the analytical BRDF models (Lafortune, Ward, Askhimin)
were carried out only very recently [Ngan et al. 2004].

An exceptional approach in computer graphics is the description
of the design of a gonioreflectometer by Sing Choong Foo at Cor-
nell University [Foo 1997]. The author describes the setup for
a gonioreflectometer including mechanical parts for rotation and
positioning, the light source, the light detector, sources of errors,
and calibration. The calibration of BRDF measurement setup us-
ing reference material which is highly diffuse and spectrally flat in



reflectance is widely recommended [Clarke et al. 1983; Fairchild
et al. 1990]. An important issue is the temporal stability of mea-
surement equipment: the luminous intensity of used light sources
can drop to 65% of the nominal value at the beginning of the illu-
minant life cycle. This is referred to as maintenance factor. There-
fore it is recommended to perform a calibration before and after
the measurement of every material sample or even repeatedly dur-
ing the measurement, since a single material measurement can take
several hours.

The first measurement of our material samples was performed by
the company Integra in the year 2001. The details of the calibra-
tion used and the possible accuracy of the measured BRDF data
are unknown. The company confirms that the accuracy for highly
specular data can exhibit large errors in the order of several hundred
percent. Therefore, they do separate measurements for the diffuse
and specular components of reflectance, if the material sample is
moderately to highly specular. However, the measurements are car-
ried out for 30 spectral bands in the visible spectrum including some
calibration.

Although calibration was discussed in the original paper about BTF
measurements [Dana et al. 1999], the second physical setup for
BTF data measurement was not calibrated. This does not allow
to acquire the BTF/BRDF data assuring absolute values. The BTF
data are measured with unknown multiplicative factors. Even tem-
poral stability is not completely assured, since the measurement of
a single material takes several hours.

As a result, the cross-validation of the uncalibrated measurements
for BTF data against reference BRDF data obtained with an un-
known level of accuracy is rather difficult. We have found two pos-
sibilities: First, we use the reciprocity that is applied to averaged
BTF data. Second, we carry out cross-comparison using averaged
BTF data and the BRDF data measured independently. We discuss
these possibilities in detail in the paper.

4 Two Measurement Setups

In this section we describe two measurement setups using all avail-
able documentation. We refer to the first one as Infegra setup which
can measure only BRDF. The second one is referred to as UBO
setup, and it is used for BTF data measurements.

4.1 Integra Setup and Data Representation

The text below follows the electronic documentation of the com-
pany Integra [Integra ]. In their setup used in 2001, the BRDF is
possibly measured in two different physical setups. The first one
is designed for diffuse (and moderately glossy) BRDFs, the sec-
ond one is for highly glossy/specular BRDFs. For the four sample
materials used for validation (see Figure 1), the first measurement
setup was used only, since the materials were not considered to be
specular enough.

The main elements of the physical setup are:
e illuminating system forming a narrow parallel beam of light,
e detector which registers the light reflected by the sample, and
e standard diffusor

The diffuse component of a BRDF depends on the incidence and re-
flected directions. Therefore, the equipment must provide measure-

Parallel

light source Light detector

/

] e
] U

Figure 2: Integra setup for the diffuse and moderately glossy BRDF
measurements.
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ments inside the 27 solid angle above/below the material sample
(Figure 2). The three degrees of freedom are achieved by:

1. rotation of the light source in the plane of drawing (incident
angle 6;),

2. rotation of the detector (reception angle 6,), and
3. rotation of the sample (inclination angle o).

Anisotropic materials are measured by remounting the material
sample and rerunning the measurement for several orientation an-
gles. This was not necessary in our case, since the BRDF of all four
material samples were considered to be isotropic.

The measurement for the same lighting and observation conditions
is executed twice: first for the sample, and then for a perfect stan-
dard diffusor. The relation between the luminance of the sample
and the perfect diffusor is the Luminance Factor for specific light-
ing and observation conditions. This corresponds to calibration be-
fore the measurement of every sample as discussed in the previous
section.

BRDF data depend on the wavelength of the illuminating light
source. Different equipment can be applied to provide spectral mea-
surements, e.g., a monochromator with a dispersive element (prism,
diffraction grating, etc.) or a set of lasers emitting light of different
wavelength, or narrow spectral filters for the light detector.

The following parameters are taken into account in the BRDF de-
scription (Figure 3):

e Spectral dimension (wavelength).
e Incoming ray representation:

v the azimuth of incidence, counted in the direction of the
counterclockwise rotation around the normal vector.

o the incident angle.
e QOutgoing ray representation:

6 the angle between the directions of specular reflected and
observation directions.

¢ the angle between the incidence plane and the plane coin-
ciding with the observation and specular reflection di-
rections, counted in the direction of the counterclock-
wise rotation around the specular reflected ray.

The proposed parameterization allows to efficiently specify the
variation of BRDF close to the ideally reflected direction. Further-
more, the various types of BRDF symmetries can be represented
efficiently.

The Integra data format allows to efficiently specify various types of
BRDFs. The four material samples measured exhibit plane symme-
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Figure 3: Parameterization used in Integra data representation.

try formed by isotropic surfaces. This type of BRDF has plane sym-
metry, where the symmetry plane contains incident ray and surface
normal. That is why the range of definition for ¢ is 0° < ¢ < 180°.

The data from BRDF measurements by Integra are provided in
ASCII files for incoming angles 6; € {0,10,20,30,45,60,90} de-
grees and 30 wavelengths in the range from 400 to 690nm. The
set of outgoing directions is formed densely with respect to the re-
flected incoming direction. The data are available at the Atrium
Web site [Drago and Myszkowski 2001].

4.2 UBO Setup and Data Representation

The UBO setup is designed for BTF measurements. It is a fully
automated system which consists of a robotic arm carrying the ma-
terial sample, a digital camera, a lamp, and a personal computer.
The robotic arm has three degrees of freedom. The light source and
digital camera are positioned on an arc having the material sample
in the arc center. The light source position is fixed. The camera is
mounted on a wagon which moves along the arc rail-system, cre-
ating one more degree of freedom. In total the positioning is fully
controlled by a PC, and the setup achieves 4 degrees of freedom.
This allows to measure anisotropic BTFs. The BTF images are
recorded in a roughly uniform density of light source and camera
directions over the hemisphere. For every position the camera takes
several images in SRGB representation which are then combined
into a single HDR image. The size of a material sample is lim-
ited to 100 x 100 mm. The UBO measurement setup is shown in
Figure 4.

Figure 4: A photograph of the UBO measurement setup.

The available directions 6;, 6, were 0, 15, 30, 45, 60 and 75 degrees
with different increments of the respective ¢ (azimuth) directions,
see Table 1. However, where images could not be taken due to
camera-light occlusion, a slightly different 6; was used, which had
to be taken into account for the interpolation of BRDF values. The

0 0 15 30 45 60 75
A¢ 0 60 30 20 18 15

Table 1: Nominal 6 directions and their respective increments of ¢.

total number of HDR images taken for a material sample is 6,561,
which requires a storage space of 40 GB. A single material mea-
surement takes about 13 hours, which can potentially lead to tem-
poral instability of the measurement. More details about the UBO
setup can be found in [Miiller et al. 2004].

The methodology used for UBO measurements and Integra mea-
surements according to the available documentation shows the su-
periority of the Integra measurement setup. Unfortunately, the level
of accuracy and measurement uncertainty for the Integra setup are
not given.

5 Preprocessing for Cross-Validation

Several preprocessing steps are necessary to be carried out prior to
cross-validation between Integra and UBO BRDF data. First, aver-
aging of the BTF data to BRDF has to be performed for the UBO
measurements. Second, a proper color transformation to XY Z space
and CIE 1976 L*a*b* space has to be performed for both Integra
and UBO measurements from the original data. Third, the BRDF
data has to be resampled for sample coordinates given by UBO BTF
data. Note that we could also resample the averaged BTF data in the
coordinates given by the Integra BRDF data. However, the variance
of the BTF data is higher, so a resampling would be less reliable for
comparison.

5.1 BTF averaging to BRDF

The first step to process the BTF samples is to average each image
representing the BTF for some particular @; and @®,. This creates
a single color value. The BTF images come in linear RGB color
space using Radiance HDR format without any gamma correction.
This makes averaging a strictly linear operation.

5.2 Color Transforms

The RGB values for UBO data are transformed from RGB color
space to the CIE XYZ color space, using the transform ma-
trix [Stokes et al. ]:

X 0.4142 0.3576 0.1805 R
Y | =1 02126 0.7152 0.0722 |-| G 5)
z 0.0193 0.1192 0.9505 B

The Integra spectral reflectance data are transformed from a spec-
tral representation to XY Z space using CIE matching functions for
the CIE 1931 Standard Colorimetric Observer [Wyszecki and Stiles
1982].

In order to compare colors and estimate a “color difference”, these
XYZ values have to be transformed into a perceptually uniform
color space, e.g., CIE 1976 L*a*b*. The quite elaborate conversion
from CIEXYZ to CIE 1976 L*a*b* we have used can be found in
[Hun 1991]. We also use the more recent CIE LAB2000 color dif-
ference metric for comparisons.
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Figure 5: (a) Parameterization used for resampling for an outgoing
direction aligned with a point A on the sphere. The square center,
point A, is mapped to the north pole of the sphere. The four edges of
the square are mapped to the south pole of the sphere. (b) Function
for remapping radii. (c) Visualization of BRDF representation for
two incoming 6; directions.

5.3 Parameterization for BRDF Data Resampling

The measurements for isotropic BRDFs represent a function de-
fined geometrically in R? space, f; : R> — R. The function is mea-
sured at a discrete set of sample points. However, the BRDF func-
tion from UBO measurements and from Integra measurements are
defined over different sets of sample points in 3D. In order to com-
pare the two measurements of the same BRDF at the sets of the
discrete points, we have to resample the first function from one set
of points to the reference set of points of the second function.

Sample data as provided by Integra are irregularly distributed over
the hemisphere, whereas the sample data obtained from UBO setup
are more regularly distributed over the hemisphere. Since the
BRDFs in our case are isotropic, the resampling actually occurs in
3D space in general. However, the subset of incoming angles 6; for
direction is covered well in the domains for both Integra and UBO
data: 0, 30, 45, and 60 degrees. For these data the interpolation is
performed only in 2D space. For the other angles represented either
only in UBO or Integra data (angles 6 € {5,15,20,75}) we have to
interpolate isotropic BRDF in 3D space. In this context we propose
the BRDF parameterization described below, since the continuity of
the function support is a highly desirable property for interpolation.

The traditional hemispherical parametrization (6, ¢) is not suitable,
since there is a strong discontinuity for ¢ = 0 and the mapping
from a square is highly non-linear along the pole (6 = 0). A sim-
ilar problem exists for the parameterization used by Integra, de-
scribed in Section 4.1. Also the parameterization introduced by
Rusinkiewicz [Rusinkiewicz 1998] is discontinuous for ¢ = 0.

We describe the parameterization that is bicontinuous and aligns the
data along the ideally reflected direction. The alignment! is neces-
sary since the BRDF function varies fastest for specular BRDFs
along reflected direction, where high accuracy of resampling is re-
quired. We achieve the goal by combination of extended concentric
mapping from a square to the sphere with a single point of discon-

'The BRDF alignment along reflected direction is also well covered by
both Integra and Rusinkiewicz parameterizations.

tinuity and rotating the sphere so that the original north pole of the
sphere is aligned with the ideally reflected direction.

The concentric mapping maps a point from a unit square to the disc
without introducing discontinuity [Shirley and Chiu 1997; Shirley
1992]. A point can be mapped from the disc to the hemisphere by
a mapping which keeps a fractional area around a point from the
2D disk to the 3D hemispherical surface. We extend the mapping
so that we map the point from the 2D unit square to the 3D sphere
with a single point of discontinuity. This mapping is depicted in
Figure 5 (a). Basically, we add one more mapping stage on the unit
disc, that changes the radius on the disc only. The radius before
mapping is r4. We map the radius r4 to the radius rp as follows:

If (r4 < 1/+/2), then we map a point from the disc to the top hemi-
sphere and the radius before mapping to hemisphere is rg = v/2- 4.
Otherwise, we map the point to the bottom hemisphere, where the

\/2-(1=r3).
The function for this mapping stage is depicted in Figure 5 (b).

radius before mapping to the hemisphere is: rp =

For the isotropic function the incoming direction is parameterized
by 6; (isotropic BRDF). The outgoing direction is parameterized by
x,y€[0... 1]2. The parameterization has the following properties:
a point x =y = 1/2 from a 2D square is always mapped to the
reflected direction, namely the point A in Figure 5 (a) and (c).

In our parameterization the main features of BRDF are aligned
along the reflected direction for different 6;. This is important
for glossy and specular BRDFs and makes no difficulty for diffuse
BRDFs. In addition, the BRDF parameterized in R3 space does not
exhibit any important discontinuity. This makes the newly proposed
parameterization particularly suitable for BRDF representation and
interpolation.

5.4 Resampling BRDF Data

There are various interpolation and extrapolation schemes for ir-
regularly placed point data in 2D and 3D, for survey see [Franke
1982; Lodha and Franke 1999]. We have chosen Shepard’s family
of methods [Renka 1988a] for 2D and 3D data, since according to
our experiments they work acceptably. We also tested a few Radial
Basis Function (RBF) interpolation schemes in both global and lo-
cal settings. However, the results of RBF interpolation from highly
irregular (Integra) data were worse than for Shepard’s interpolation
scheme. In particular, we use Renka’s method for 2D data [Renka
1988b; Renka 1999] and also for 3D data [Renka 1988a]. An ex-
ample of resampling BRDF data is shown in Figure 6. Notice that
the measurements by Integra follow the parameterization by Integra
described in Section 4.1. The UBO measurements were isotropised
prior to the resampling.

6 BRDF Validation

6.1 Reciprocity Check

The first validation method, applicable even for a single BRDF
setup, is to check the Helmholtz reciprocity. Given that diffuse sur-
face luminance is largely dependent on the cosine of the angle 6;
between illumination direction and surface normal, a color value for
normal incidence can be reconstructed by dividing each color com-
ponent by cos 6;. Now, for pairs with 6, | = 0;2,0,1 = ¢;2,6;1 =
6,2,0;1 = 9y, a relation like (XYZ);/cos ;1 = (XYZ),/cos6;,
should hold. - ' '



Figure 6: The visualization of measurement and resampling for
BRDF data by Integra and UBO for 6; = 30°, the material floor-
tile and X component of XY Z color space. The BRDF value mul-
tiplied by cosine of the 6; for outgoing direction @, = (6,,9,) is
visualized. The green spheres correspond to the BRDF from UBO
measurement after isotropisation. The white spheres correspond to
the BRDF from Integra measurement. The red spheres correspond
to the interpolated BRDF values from Integra measurements using
query coordinates by UBO data. Blue spheres represent the base
plane of the hemisphere (6, = 90°).

Both HDR RGB input and spectral data acquisition can be con-
verted to CIE XYZ data, and furthermore into CIE 1976 L*a*b*
coordinates which are closer to the human perception, taking also
the above-mentioned cosine recorrection into consideration. Only
the cosine recorrected XY Z values are meaningfully comparable to
each other. These are corresponding to the captured inputs, i.e., to
the perceivable response of the surface in question, and perceived
color difference is closer to our original intent than comparing the
BRDF. In order to have a more meaningful comparison of two such
XYZ values, a cosine correction has been performed on them, using
a common angle, between their original viewing angles. It has been
realized by taking the geometrical mean value of their cosines for
the new cosine correction factor.

Table 2 shows the mean value of the absolute differences of X, Y,
and Z values by the aforementioned meaning. The usual magni-
tude of these values is [0... 100], but some high dynamic input can
exceed it. The shown error values look acceptable. The table con-
tains also the color differences of the CIE Lab values, following the
CIE 1976 L*a*b* definition for DE (total difference), DC (chroma
difference), DH (hue difference), and the newer CIE LAB2000 def-
inition for total difference, DEexp. In these definitions, a value of 1
designates a just noticeable color difference, and these data show
that the reciprocity is largely fulfilled. Note that BTF is in general
not an exact pointwise BRDF, but averaging the BTF texels typi-
cally yields a good approximation of a BRDF, the only deviation
can be introduced by border effects.

Material |X2 7X1 | |Y2 - Y1| |Z: - Z[ | DE DC DH DEEX[)
ceiling 5.40 5.76 520 | 352 0.70 025 253
floortile 221 233 234 | 266 052 020 256
pinkwall 9.81 10.35 10.00 | 7.71 0.79 0.17 6.18
walkway 3.19 3.40 3.61 281 073 023 237

Table 2: Mean color differences occurring for the reciprocity tests.

6.2 Color Comparison

Preprocessing

The BTF data provided by UBO lack absolute albedo values, which
prohibit a direct comparison with the Atrium BRDF data. But,
given that only 3-channel color values (RGB, or CIE XYZ deriv-
able from RGB) are available which can be matched, the following
idea can be applied.

If color values v for the same directions as used in the BTF acqui-
sition can be created from the BRDF in a linear color space, e.g.,
CIE XYZ, there is a linear transformation between each respec-
tive pair v,w of color triplets, where v is the color produced from
the processing of the BRDF data with an assumed white illuminant
like D65, and w is the average color of a BTF photograph.

This transformation can be expressed as 3 x 3 matrix T so that

i fhiz2 h3 Vi wi
by oy by || v2 |=| wm (6)
31 By B3 V3 w3

Theoretically, the same matrix 7 should be found by all i equations
for the i corresponding color samples. In practice, this cannot be
expected, but to find a meaningful solution a common 7' can be
derived from the given 6,561 corresponding pairs i of color values,
which can transform the color values with the smallest error. This
matrix can be found by means of a least-squares fitting method.

We have to minimize the function F = ¥ (7 -v()) —w(D)2, where v(!)
is the i-th entry of set v, which corresponds to the equation system

371; =0 (k=1...3,1=1...3), since the function F is convex
with a single minimum point. In addition, we may want to introduce
weighting factors a, # 0 for the 3 individual color channels k to
emphasize the importance of, say, the Y channel by introducing a
weighted dot product, x ®y =Y a,x,y, which corresponds to the

weighted norm |[x|| = ¥ ayx2. We have:

F=Y (T v —w)yo (T v —w) )
=Y (D) o (T-vD) 4w 0wl —2(T D) 0w

3 . ) . :
:Z Z (uk(T-v(’)),%+akw,({l) 72uk(T~v(’))kw,({l))
k=1

Now, (T-v); =% v =33 tyv; = v + tava + fr3v3, so

9(;;)k =v (k=1...3,1=1...3), and we obtain 9 equations

tosolve (k=1...3,/=1...3):

oF ;
0= % =Z<2ak(T-v())k-

(T v, ATV )
8tk1 ~ 24 8tk1 Mk )

3 . ; . .
:zakz ( Z (tkm . Vl(jz))\/;l) - Vgt) . Wl(cl)) )

m=1

Obviously, the factor 2a; can be omitted from further considera-
tion, which points out that surprisingly the solution is generic for
weights (aj,as,a3), that is, independent from any weighting of the
channels, and we look for a zero point of the derivative:

1 oF 2 () ). (0
: 2z 9 =0: Z tkavm v ZZVI wy &)

m=1

Eqy,

We see that we now have 3 separate equation systems for k=1,2,3
surprisingly with the same 3 x 3 core symmetric matrix A : A;,;,, =



):v,(,?vgo, (I=1...3,m=1...3). Simplifying our notations (k =
1...3):
£
T=|( @ with 1% = (n,10,15)  (10)
+3)

and b0 — (Zv(lowl({i) vZV(zi>W1(f> vZV(3[>W/(<i>)

we can write each 3-variable equation (k = 1...3) with solution,

where e.g. 1) ’ is the transposed (column vector form) of 1®) as
A0 = p” a11)
and, because A is symmetric, R4 = pl >, 1k = pk)4—1
p()
and with B=| »® (12)
»3)
we can write T =BA"! (13)

The matrices T thus obtained are:

3.207 —1.406 —1.144 0.875 1.174 —1.568
( 3.404 —1.486 —1.218 ) ( 0912 1255 —1.659 )
3.461 —1.578 —1.196 0994 1.197 -1.675
Teeiling Tt1o0rtile
—0.357 0954 -0.226 2.671 —0.664 —1.614
( —-0.377 1.007 —0.238 ) ( 2.797 —0.684 —1.699 )
—0.339 0965 —0.245 2324 -0.370 —1.575
Tpinkwa11 Tiaikway

Note that the rows within each matrix are similar, but the matrices
are different for each material. This can be explained by different
vectors v and also vectors w (6), which are both close to gray, so
that small absolute differences result in large differences in the co-
ordinates.

Color Difference Evaluation

Now that we have a best average transformation matrix between the
color sets, we can transform the color values v of the colors com-
puted from the reference BRDF and can then finally compare the
two sets (7 -v), w in a meaningful way. The CIE and other experts
of color science provided numerous functions for color comparison
over the last decades [Hun 1991], which don’t take into account
absolute values of (re)radiation, but also the color sensitivity of the
human visual system, which means that the numerical results repre-
sent validity in terms of detectability with the human visual system.

Results of Color Comparison

In Table 3 we give average and median values of CIE 1976 L*a*b*
Total Color Difference DE and CIE LAB2000 Total Color Differ-
ence DEexp. A color difference value of 1 means “barely de-
tectable”. As it can be seen from the average and median values,
the error is usually very small. The walkway material is rough on
a larger scale, so here self-shadowing of bumps is evident in the
images and apparently leads to greater average differences between
the two data sets.

Investigating the full tables explains the reason for the high maxi-
mum values: These occur exactly for directions where 6, = 6; and

Material Metric max avg median
ceiling DE 34.09 2.58 2.01
DEexp 31.03 222 1.68
floortile DE 65.37 3.95 2.28
DEexp 60.29 3.53 1.98
pinkwall DE 95.67 8.08 6.13
DEexp 68.01 6.97 5.29
walkway DE 10223 6.77 4.88
DEexp 7534 5.70 3.98

Table 3: Color differences occurring during color comparison tests.

¢; = ¢, + 180°, which means looking into the exact direction of
specular reflection. The Integra BRDF data describe only the mea-
surements from diffuse or moderately glossy setups, which exhibit
larger errors for around reflected direction. The BTF images from
the UBO setup include diffuse and specular reflections, large de-
viations had to be expected at these directions, mostly due to the
positioning errors. Also, interpolating color values from the BRDF
at points with extreme specularity will yield greater errors, although
the reparameterization was designed very carefully. All in all, the
resulting differences are well inside the range expected from the
uncertainties present in the original data.

7 Conclusion and Future Work

In this paper, we have described a method for the validation of BTF
data measurements by means of cross-validation used for BRDF
data. Our work was motivated by the necessity to perform this val-
idation for a new physical setup for BTF measurements for which
the calibration is missing. First, we apply the standard method, the
reciprocity check, which can reveal the positioning errors of the
physical setup or principal problems in image processing. Second,
we used the data for four material samples measured by a third party
as reference data. The comparison between the data for the same
material samples measured on two independent and technologically
different physical setups requires additional processing: color con-
version and resampling. In this context we propose an approach
for resampling BRDF data using a novel BRDF coordinate system,
which aligns major features along the reflected direction and does
not exhibit the discontinuity for the interpolated regions of the re-
flectance function. Further, we propose a way how to estimate the
color transform matrix for uncalibrated data. The color compari-
son of BRDF data using CIE 1976 L*a*b* for a particular tested
case show that the error of measurement is perceivable, but quite
acceptable.

As a future work a quite interesting topic is the direct validation
of BTF data, which could be a highly desirable topic for analytical
BTF models. Since the BRDF/BTF concepts basically correspond
to probability distribution functions, the question is if the tools used
in math and information theory, such as mutual entropy, are suitable
for cross-validation of BRDF measurements.
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