On Cross-Validation and Resampling of BRDF Data Measuremen ts

Vlastimil Havran Attila Neumann
MPI Informatik
Saarbriicken, Germany

, » g 7 »

i

- Ly

oortile
granite

ceiling
painted agglomerate

Georg Zottl
Institute of Computer Graphics and Algorithms
Vienna University of Technology, Austria

Hans-Peter Seidel
MPI Informatik
Saarbriicken, Germany

Werner Purgathofér

Walkwa
plastic avglossy varnish

pinkwall
polished ceramic

Figure 1: Four material samples as the subject of the vadidaThe 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 setcdel,

we discuss a cross-validation for BRDF measurement dasarmat
from two different measurement setups, where the measutsme
are not calibrated or the level of accuracy is not known. Wansh
the practical problems encountered and the solutions we sed

to validate physical setup for four material samples. Wecdes

a novel coordinate system suitable for resampling the BRBt& d
from one data set to another data set. Further, we show hquethe
ceptually uniform color spac€lE 1976 La 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: re ectance function, BRDF data acquisition, BRDF
data validation, predictive rendering.

1 Introduction

Predictive rendering [Purgathofer 2003] relies on aceumput
data. This includes three components: geometry, the lighice
emittance characteristics, and surface re ectance ptiggein this
paper we discuss the cross-validation of surface re ectatata,
further referred to abidirectional re ectance distribution function
(BRDF). Interestingly, the original concept of surfaceeetances
(albedo) was established by Lambert in 1760, while the BRDF
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was de ned by Nicodemus only in 1977 [Nicodemus et al. 1977].
Since then thanks to the technology progress the researth co
cerning BRDF has been quite active in several elds: compute
graphics, computer vision, lighting engineering, physitdight,
astronomy, metrology, and remote sensing. The commuiges
with the same concept of surface re ectance differently akihis
driven mostly by applications. A reader interested in th@dmf
BRDF as used in computer graphics is encouraged to read the su
vey by [Shirley et al. 2001].

The work is motivated by the necessity to validbigirectional tex-

ture function(BTF) data coming from a measurement setup devel-
oped within an EU project on predictive rendering [RealRe
However, the validation of BTF data is a completely unsojwexb-

lem, since it includes sensing of visual pattern [Wande@S]9For

this reason, we had to resort to the comparison of BRDF data co
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 atexeiff
facility by a commercial company [Integra ] in 2001.

The validated BTF measurement setup is technologically dir
ferent from the second setup used for reference BRDF measure
ments, since different technology for light sources anttligen-
sors was used. In addition the measurements were perforoned f
different sets of sample positions. As a result a direct cannp
son of the two BRDF data sets is impossible. Unfortunately, w
were not given any option to suggest changes in the measaoteme
and recording procedures or the output data format for eitrea-
surement setup and possibly to repeat the data measureBueht.
measurements are subject of various systematic and randors,e
including positioning and radiometric errors. This makes vali-
dation of BRDF measurements rather dif cult.

During studying the literature it has appeared that in trepeof
rich computer graphics literature dealing with BRDF thisigem

has not been dealt with properly. Typically analytical BRDBd-

els are used. Then it is stated that a proposed BRDF modd give
faithful or visually pleasing results, similar to the origl surface
appearance.

In this paper we show how it is possible to overcome the difcu
ties for cross-validation of BRDF data for different measuents

of the same material sample. We show the motivation behimd ou
proposed methodology using the reciprocity check and péiare



based color comparison. The proposed method can also be usedioned on the hemisphere, we obtain the so caitedn albedop

to validate analytical BRDF models against measured BROE&. da
We have used the proposed methodology for four material ksmp
of different surface re ectance characteristics, all ofiethwere
assumed to be isotropic. Since polarization was not medsure
any setup, possible polarization effects have not beemtalke ac-
count.

The paper is further structured as follows. In Section 2 vealte
fundamental concepts of BRDF. In Section 3 we discuss itlate
work. In Section 4 we describe the two measurement setups use
to acquire the BRDF data. In Section 5 we show the necessary pr
processing step required for the direct comparison of BR2&-m
surements. In Section 6.1 we describe how a reciprocitylcivas
used on a single data set. In Section 6.2 we discuss possibili
for colorimetric comparison usin@IE 1976 La b color space.
Finally, in Section 7 we conclude our results and discussiptes
future work.

2 Surface Re ectance Function

In this section we briey recall the formal de nition of
BRDF [Nicodemus et al. 1977] and its properties.

Formally, a BRDF is de ned as a ratio between re ected rad&an
Lo in the directionw, and the incident radiandg coming from the
directionw;.

dlo(wo; 1) - dlo(wo; 1)
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The factor co§f;) represents the normalization of incoming radi-
ancel; alongw; to the direction perpendicular to the surface. This
corresponds to the incident irradiandB(w;/ ).

fr(Wi o, | ) =

The incoming and outgoing directions are typically desadiim the
polar coordinate system by a pair of angles. Hemce f(q;fi)
andw, = f(qo;fo). For a single point on the surface the BRDF is
then a 5-dimensional functiof(q;; fi; qo;fo;! ) = fr(wi;wo;l ).

The BRDF is known to be a reciprocal function for at sur-
faces [Chandrasekhar 1950]. This means, when we exchaage th
incoming and outgoing direction, the value of the BRDF is not
changed:

fr (i wo; 1 ) = fr(Wo; 1) (2)
This is known as thélelmholtz ReciprocityMinnaert 1941]. For
structured surfaces this is valid as well, when a BRDF is ayed
over a suf ciently large spatial region on the surface [Sery#998;
Snyder 2002]. The area of the region has to be large enough wit
respect to the size of structural details, so the BRDF valuede-
pendent of the location of the region.

An important integral property derived from the BRDF is the
albedq which describes the amount of incoming light that is re-
ected on average to a given outgoing direction. This is otee

by integrating the BRDF over the incident hemisphere:

4

r(wol)= Wfr(W.;wo;l) cosgi dW [ ] (3

The albedo is also referred to as themispherical-directional re-
ectance Integrated for all re ected directions uniformly posi-
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The mean albedo is also referred tdasnispherical-hemispherical
or bi-hemispherical re ectanci the literature.

The BRDF is said to bphysically plausibléf r (wp;/ ) < 1. This
corresponds to energy conservation. The energy of the tedec
ux cannot be larger than the energy of the incident ux.

The BRDF as de ned by Eq. (1) is a function of 5 variables and it
is calledanisotropic Its value generally depends on the incoming
direction along the tangential plafieandf,. If the BRDF value
does depend only on the difference of the angjesf, itis called
isotropic.

3 Related Work

In this section we discuss the work related to the accuraBRIF
measurements for real-world materials. In the physicggbtt)iap-
plied optics, metrology, and remote sensing, the accurBBROF
measurements is a widely discussed topic. This involvesomon
graphs related to the measurement [Stover 1995] and rerapte s
ing [Rees 1990].

In metrology it was shown that the BRDF can be dif cult 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 thetddn
States [Leonard and Pantoliano 1988; Leonard 1988]. Thétses
showed a large range of variation in range up to 250%. This has
led to the recommendation for re ectance measurement [E18D
1990].

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

If measured data are used for an analytical BRDF model, the pa
rameters of an analytical model are tto the measured daiaga
non-linear optimization process for the norm between measured
data and analytical BRDF data. However, questions aboatserr
of the BRDF using an analytical model vs. measured data are of
ten neglected. Typically, a reader is said to believe theestant

of authors. In a better case, the statement is supportechblgrred
images (tone-mapped) and possibly reference photographey
dynamic range). The visual similarity of the results is theimcri-
terion [Marschner et al. 2003]. The rst studies on functjmop-
erties of the analytical BRDF models (Lafortune, Ward, Aigkih)
were carried out only very recently [Ngan et al. 2004].

An exceptional approach in computer graphics is the detsmnip
of the design of a goniore ectometer by Sing Choong Foo at Cor
nell University [Foo 1997]. The author describes the setup f
a goniore ectometer including mechanical parts for ratatiand
positioning, the light source, the light detector, souraksrrors,
and calibration. The calibration of BRDF measurement sep
ing reference material which is highly diffuse and spedbtrait in



re ectance is widely recommended [Clarke et al. 1983; Faidc
et al. 1990]. An important issue is themporal stabilityof mea-
surement equipment: the luminous intensity of used lightrces
can drop to 65% of the nominal value at the beginning of the ill
minant life cycle. This is referred to asaintenance factorThere-
fore it is recommended to perform a calibration before andraf
the measurement of every material sample or even repeatedly
ing the measurement, since a single material measuremeteloa
several hours.

The rst measurement of our material samples was performed b

the company Integra in the year 2001. The details of the r@alib
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Figure 2: Integra setup for the diffuse and moderately gI&RDF
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tion used and the possible accuracy of the measured BRDF datameasurements.

are unknown. The company con rms that the accuracy for lyighl
specular data can exhibit large errors in the order of sékaraired
percent. Therefore, they do separate measurements foiffinged
and specular components of re ectance, if the material ansp
moderately to highly specular. However, the measuremeaisa-
ried out for 30 spectral bandsin the visible spectrum iniclgdome
calibration.

Although calibration was discussed in the original papenaBTF

measurements [Dana et al. 1999], the second physical setup f
BTF data measurement was not calibrated. This does not allow

to acquire the BTF/BRDF data assuring absolute values. Tite B
data are measured with unknown multiplicative factors.rBeen-
poral stability is not completely assured, since the mezmant of
a single material takes several hours.

As a result, the cross-validation of the uncalibrated mesmants

ments inside the /2 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 (ireid
angleq),

2. rotation of the detector (reception anglg, and
3. rotation of the sample (inclination angig.

Anisotropic materials are measured by remounting the riater
sample and rerunning the measurement for several orientati-
gles. This was not necessary in our case, since the BRDFfotall
material samples were considered to be isotropic.

The measurement for the same lighting and observation tonsli

for BTF data against reference BRDF data obtained with an un- IS €xecuted twice: rst for the sample, and then for a perttah-

known level of accuracy is rather dif cult. We have found tpos-
sibilities: First, we use the reciprocity that is appliedaeeraged
BTF data. Second, we carry out cross-comparison using gedra

dard diffusor. The relation between the luminance of thegam
and the perfect diffusor is tHeuminance Factofor speci c light-
ing and observation conditions. This corresponds to catiitm be-

BTF data and the BRDF data measured independently. We discus fore the measurement of every sample as discussed in thepsev

these possibilities in detail in the paper.

4 Two Measurement Setups

In this section we describe two measurement setups usiagailt
able documentation. We refer to the rst onelategra setupvhich
can measure only BRDF. The second one is referred t0BQ
setup and it is used for BTF data measurements.

4.1 Integra Setup and Data Representation

The text below follows the electronic documentation of tioene
pany Integra [Integra ]. In their setup used in 2001, the BRDF
possibly measured in two different physical setups. The aise
is designed for diffuse (and moderately glossy) BRDFs, #he s
ond one is for highly glossy/specular BRDFs. For the fourgiam
materials used for validation (see Figure 1), the rst measent
setup was used only, since the materials were not consitte el
specular enough.

The main elements of the physical setup are:
illuminating system forming a narrow parallel beam of light
detector which registers the light re ected by the samptel a
standard diffusor

The diffuse component of a BRDF depends on the incidencesand r
ected directions. Therefore, the equipment must providssure-

section.

BRDF data depend on the wavelength of the illuminating light
source. Different equipment can be applied to provide spboea-
surements, e.g., a monochromator with a dispersive elefmesin,
diffraction grating, etc.) or a set of lasers emitting ligtidifferent
wavelength, or narrow spectral Iters for the light detecto

The following parameters are taken into account in the BRBF d
scription (Figure 3):

Spectral dimension (wavelength).
Incoming ray representation:

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

s the incident angle.
Outgoing ray representation:

g the angle between the directions of specular re ected and
observation directions.

f the angle between the incidence plane and the plane coin-
ciding with the observation and specular re ection di-
rections, counted in the direction of the counterclock-
wise rotation around the specularre ected ray.

The proposed parameterization allows to ef ciently specte
variation of BRDF close to the ideally re ected directionurher-
more, the various types of BRDF symmetries can be repredente
ef ciently.

The Integra data format allows to ef ciently specify vargtypes of
BRDFs. The four material samples measured exhibit planerssm



q 0 15 30 45 60 75
incoming direction Df 0 60 30 20 18 15

direction of specular . . . . . .
reflection Table 1: Nominaly directions and their respective incrementsg of

outgoing direction

M total number of HDR images taken for a material sample is 8,56
which requires a storage space of 40 GB. A single material mea
surement takes about 13 hours, which can potentially leaente
poral instability of the measurement. More details aboetWBO
setup can be found in [Muller et al. 2004].

predefined direction
in tangent plane

The methodology used for UBO measurements and Integra mea-
surements according to the available documentation shosvsu-
Figure 3: Parameterization used in Integra data reprets@mta periority of the Integra measurement setup. Unfortunateéylevel

of accuracy and measurement uncertainty for the Integtgp see

not given.

try formed by isotropic surfaces. This type of BRDF has plsyre-
metry, where the symmetry plane contains incident ray andce

normal. Thatis why the range of de nition fdris0  f < 180. 5 Preprocessing for Cross-Validation

The data from BRDF measurements by Integra are provided in
ASCII les for incoming anglesg 2 f 0;10;20;30;45;60;90g de-
grees and 30 wavelengths in the range from 400 to 690nm. The
set of outgoing directions is formed densely with respetiéore-
ected incoming direction. The data are available at theiukr
Web site [Drago and Myszkowski 2001].

Several preprocessing steps are necessary to be carripdarub

cross-validation between Integra and UBO BRDF data. Firsdy-

aging of the BTF data to BRDF has to be performed for the UBO

measurements. Second, a proper color transformatX @bspace

andCIE 1976 La 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 B

4.2 UBO Setup and Data Representation data. Note thatwe could also resample the averaged BTFrotia i
coordinates given by the Integra BRDF data. However, thianae

The UBO setup is designed for BTF measurements. It is a fully ofthe BTF data is higher, so a resampling would be less feliai

automated system which consists of a robotic arm carryiagrth- comparison.

terial sample, a digital camera, a lamp, and a personal ctanpu

The robotic arm has three degrees of freedom. The light saurd

_digital camera are posi_tioned onan arc _hav_ing the maten'rabs_!e 5.1 BTF averaging to BRDF

in the arc center. The light source position is xed. The cearie

mounted on a wagon which moves along the arc rail-system, cre ) .

ating one more degree of freedom. In total the positionirfglly The rst step to process the BTF samples is to average eacfieima

controlled by a PC, and the setup achieves 4 degrees of freedo '€Presenting the BTF for some particutsirandw,. This creates

This allows to measure anisotropic BTFs. The BTF images are @ Single color value. The BTF images come in linear RGB color

recorded in a roughly uniform density of light source and eean ~ SPace using Radiance HDR format without any gamma correctio

directions over the hemisphere. For every position the camages This makes averaging a strictly linear operation.

several images in SRGB representation which are then cadbin

into a single HDR image. The size of a material sample is lim-

ited to 100 100 mm. The UBO measurement setup is shown in 5.2 Color Transforms

Figure 4.

The RGB values for UBO data are transformed from RGB color
space to theCIE XY Z color space, using the transform ma-
trix [Stokes et al. :
0 1 0 10 1
0:4142 03576 Q1805 R
@v A=@ 02126 Q7152 Q0722A @ G A 5)
z 0:0193 01192 Q9505 B

The Integra spectral re ectance data are transformed freapes-
tral representation tXY Zspace usin@IE matching functions for

) theCIE 1931 Standard Colorimetric Observer [Wyszeckiand Stiles
Figure 4: A photograph of the UBO measurement setup. 1982].

In order to compare colors and estimate a “color differentteg'se
The available directiong ; g, were 0, 15, 30, 45, 60 and 75 degrees XY Z values have to be transformed into a perceptually uniform
with different increments of the respectife(azimuth) directions, color space, e.gCIE 1976 La b . The quite elaborate conversion
see Table 1. However, where images could not be taken due tofrom CIE XY Zto CIE 1976 La b we have used can be found in
camera-light occlusion, a slightly differegt was used, which had  [Hun 1991]. We also use the more rec€iE LAB200Ccolor dif-
to be taken into account for the interpolation of BRDF valuHse ference metric for comparisons.
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Figure 5: (a) Parameterization used for resampling for dgaing
direction aligned with a point A on the sphere. The squareezen
point A, is mapped to the north pole of the sphere. The fouesd
the square are mapped to the south pole of the sphere. (bji¢iunc
for remapping radii. (c) Visualization of BRDF represeigatfor
two incomingg; directions.
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5.3 Parameterization for BRDF Data Resampling

The measurements for isotropic BRDFs represent a functon d
ned geometrically inR® spacef; : R® 7! R. The function is mea-
sured at a discrete set of sample points. However, the BRBé- fu
tion from UBO measurements and from Integra measuremeats ar
de ned over different sets of sample points in 3D. In ordecdm-

tinuity and rotating the sphere so that the original nortle pd the
sphere is aligned with the ideally re ected direction.

The concentric mapping maps a point from a unit square toigee d
without introducing discontinuity [Shirley and Chiu 199hirley
1992]. A point can be mapped from the disc to the hemisphere by
a mapping which keeps a fractional area around a point fram th
2D disk to the 3D hemispherical surface. We extend the mappin
so that we map the point from the 2D unit square to the 3D sphere
with a single point of discontinuity. This mapping is depitdtin
Figure 5 (a). Basically, we add one more mapping stage onrtite u
disc, that changes the radius on the disc only. The radiusrdef
mapping isra. We map the radiusa to the radiusg as follows:

If(ra< 1=p 2), then we map a point from the disc to th top hemi-

sphere and the radius before mapping to hemisphegedis 2 ra.
Otherwise, we map the point to the bottom hemi&phere, winere t

radius before mapping to the hemisphereiig:= 2 (1 ri).
The function for this mapping stage is depicted in Figure)5 (b

For the isotropic function the incoming direction is paraenezed

by q; (isotropic BRDF). The outgoing direction is parameteribgd
x;y 2 [0:::1]%. The parameterization has the following properties:
a pointx = y = 1=2 from a 2D square is always mapped to the
re ected direction, namely the poidtin Figure 5 (a) and (c).

In our parameterization the main features of BRDF are atigne
along the re ected direction for differeng;. This is important
for glossy and specular BRDFs and makes no dif culty for i
BRDFs. In addition, the BRDF parameterizedRhspace does not
exhibit any important discontinuity. This makes the newlygmosed
parameterization particularly suitable for BRDF repraaton and
interpolation.

pare the two measurements of the same BRDF at the sets of the5 4 Resampling BRDF Data

discrete points, we have to resample the rst function frome set
of points to the reference set of points of the second functio

Sample data as provided by Integra are irregularly diseithover
the hemisphere, whereas the sample data obtained from UB se
are more regularly distributed over the hemisphere. Sihee t
BRDFs in our case are isotropic, the resampling actuallycin
3D space in general. However, the subset of incoming argles
direction is covered well in the domains for both Integra &HRD
data: 0, 30, 45, and 60 degrees. For these data the intéguoist
performed only in 2D space. For the other angles represeittezt
only in UBO or Integra data (angleg2 f 5;15; 20; 75g) we have to
interpolate isotropic BRDF in 3D space. In this context wepase
the BRDF parameterization described below, since the oityiof
the function supportis a highly desirable property foriptdation.

The traditional hemispherical parametrizati@nf ) is not suitable,
since there is a strong discontinuity fér= 0 and the mapping
from a square is highly non-linear along the paje< 0). A sim-
ilar problem exists for the parameterization used by Irgtegie-
scribed in Section 4.1. Also the parameterization intreduby
Rusinkiewicz [Rusinkiewicz 1998] is discontinuous for 0.

We describe the parameterization that is bicontinuous bayukathe
data along the ideally re ected direction. The alignnieistneces-
sary since the BRDF function varies fastest for specular BRD
along re ected direction, where high accuracy of resanpigre-
quired. We achieve the goal by combination of extended autrice
mapping from a square to the sphere with a single point obdisc

1The BRDF alignment along re ected direction is also well eced by
both Integra and Rusinkiewicz parameterizations.

There are various interpolation and extrapolation schefores-
regularly placed point data in 2D and 3D, for survey see [kean
1982; Lodha and Franke 1999]. We have chosen Shepard'syfamil
of methods [Renka 1988a] for 2D and 3D data, since according t
our experiments they work acceptably. We also tested a fediaRa
Basis Function (RBF) interpolation schemes in both gloinal la-

cal settings. However, the results of RBF interpolatiomfrioighly
irregular (Integra) data were worse than for Shepard'sptation
scheme. In particular, we use Renka's method for 2D datak&en
1988b; Renka 1999] and also for 3D data [Renka 1988a]. An ex-
ample of resampling BRDF data is shown in Figure 6. Notice tha
the measurements by Integra follow the parameterizatidntegra
described in Section 4.1. The UBO measurements were iSs#mp
prior to the resampling.

6 BRDF Validation

6.1 Reciprocity Check

The rst validation method, applicable even for a single BRD
setup, is to check the Helmholtz reciprocity. Given thafudié sur-
face luminance is largely dependent on the cosine of theeangl
between illumination direction and surface normal, a ceédue for
normal incidence can be reconstructed by dividing eachr colm-
ponent by cog;. Now, for pairs withgo.1 = Gi.2;fo;1 = fi2;Gi1 =
Qo:2; fi:1 = o2, arelation like(XY 2 1=cosg;.1 = ( XY 2=c0sg;:2
should hold.



Figure 6: The visualization of measurement and resamplimg f
BRDF data by Integra and UBO faf = 30, the material oor-

tile andX component o)XY Z color space. The BRDF value mul-
tiplied by cosine of theg for outgoing directionwy = ( o; o) IS
visualized. The green spheres correspond to the BRDF froi®@ UB
measurement after isotropisation. The white spheressorel to
the BRDF from Integra measurement. The red spheres comdspo
to the interpolated BRDF values from Integra measuremesitgu
query coordinates by UBO data. Blue spheres represent e ba
plane of the hemispherg{ = 90 ).

Both HDR RGB input and spectral data acquisition can be con-
verted toCIE XY Zdata, and furthermore int€IE 1976 La b
coordinates which are closer to the human perception, gakiso

the above-mentioned cosine recorrection into consideratdnly

the cosine recorrectedY Zvalues are meaningfully comparable to
each other. These are corresponding to the captured ingutgo

the perceivable response of the surface in question, aneiged
color difference is closer to our original intent than comipg the
BRDF. In order to have a more meaningful comparison of twdisuc
XY Zvalues, a cosine correction has been performed on theng usin
a common angle, between their original viewing angles. stifeen
realized by taking the geometrical mean value of their casiior

the new cosine correction factor.

Table 2 shows the mean value of the absolute differences ¥f
andZ values by the aforementioned meaning. The usual magni-
tude of these values [8::: 100, but some high dynamic input can
exceed it. The shown error values look acceptable. The tabile
tains also the color differences of ti¢E Labvalues, following the
CIE 1976 La b de nition for DE (total difference)DC (chroma
difference),DH (hue difference), and the newetE LAB2000 def-
inition for total differenceDE exp In these de nitions, a value of 1
designates a just noticeable color difference, and thetsestew
that the reciprocity is largely ful lled. Note that BTF is igeneral
not an exact pointwise BRDF, but averaging the BTF texel$ typ
cally yields a good approximation of a BRDF, the only dewaati
can be introduced by border effects.

Material X Xij Y2 Yi L Zi DE DC DH DEexp
ceiling 5.40 5.76 5.20| 352 0.70 0.25 253
oortile 221 2.33 2.34| 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| 2.81 0.73 0.23 237

Table 2: Mean color differences occurring for the recipiptasts.

6.2 Color Comparison

Preprocessing

The BTF data provided by UBO lack absolute albedo values;hwhi
prohibit a direct comparison with the Atrium BRDF data. But,
given that only 3-channel color values (RGB,©E XY Zderiv-
able from RGB) are available which can be matched, the fatigw
idea can be applied.

If color valuesv for the same directions as used in the BTF acqui-
sition can be created from the BRDF in a linear color spacg, e
CIE XY Z there is a linear transformation between each respec-
tive pairv,w of color triplets, wherer is the color produced from
the processing of the BRDF data with an assumed white illantin
like D65, andw is the average color of a BTF photograph.

This transformation can be expressed asB3matrix T so that

0 10 1 0 1
t1n ti2 i3
1 tr s A @ V2 A=@ W2 (6)
t31 t32 133 V3 W3

Theoretically, the same matrix should be found by allequations

for thei corresponding color samples. In practice, this cannot be
expected, but to nd a meaningful solution a commbrcan be
derived from the given 6,561 corresponding paio$ color values,
which can transform the color values with the smallest erfdris
matrix can be found by means of a least-squares tting method

We have to minimize the functiof = & (T v() w()2 wherev()
is thei-th entry of set, which corresponds to the equation system

ng 0 (k= 1:::3;1 = 1:::3), since the functiorF is convex
with a single minimum point. In addition, we may want to irdte
weighting factorsa, 6 0 for the 3 individual color channelsto

emphasize the importance of, say, the Y channel by introdpai

weighted dot productx y— a a Xy, which corresponds to the
weighted normkxk = & aexg 2. We have:

F=3m v wh) (T v w) @)
=& V) (T v+ w® w21 V) W
=4 & a(T vi)Z+ akw(ki)2 2a, (T v(i))kw(ki)

=~

=1

Now, (T V)k=t® v= a2 tav = tavi + eV + tigva, SO
% =v (k= 1:::3;1 = 1:::3), and we obtain 9 equations
tosolve k= 1:::3;1 = 1:::3):

0= TF _3

Mt

_ 0 T vy
oa(T vy, T V) m( K @
a 2adT v /i T Y

3

o o

2B A o W A0 W)
m=1

®)

Obviously, the factor & can be omitted from further considera-
tion, which points out that surprisingly the solution is gen for
weights(ag; ap;az), that is, independent from any weighting of the
channels, and we look for a zero point of the derivative:

ﬁF
2ak Tt

0] (I)

Eqki a tkma Vi = & ©)

We see that we now have 3 separate equation systerksfar2; 3
surprisingly with the same 3 3 core symmetric matrid : Ay, =



av&?v,“); (I'=1:::3;m= 1:::3). Simplifying our notationgk =
1:::3):
0 ) 1
T= @ t(z) A
t(3)

with t® = (tqitoite)  (10)

.o

and b®= 3 v(li)w(ki);é_ v(zi)w(ki),a vg)w(ki)

we can write each 3-variable equatifin= 1:::3) with solution,
T,
where e.gt(® " is the transposed (column vector form)t6?, as

AT = p T

(11)
and, becaus@is symmetrictW A= bM; K = p0p 1
0 1
(D
andwith B= @ p@ A 12)
b3
wecanwrite T=BA 1! (13)
The matriced thus obtained are:
0 1,0 1
3:207  1:406  1:144 0:875 1174  1:568
@ 3404 1486 1218 A|@ 0912 1255  1:659 A
3461  1:578  1:196 0:994 1197  1:675
Tceiling 1 Tfloonile 1
0:357 Q954  0:226 2:671 0:664 1:614
@ 0377 1007 0238 A|(@ 2797 0684  1:699 A
0:339 Q965  0:245 2:324  0:370  1:575
Tpinkwall Twalkway

Note that the rows within each matrix are similar, but thernas
are different for each material. This can be explained bfgiht
vectorsv and also vectorsy (6), which are both close to gray, so
that small absolute differences result in large differerioghe co-
ordinates.

Color Di erence Evaluation

Now that we have a best average transformation matrix betee
color sets, we can transform the color valwesf the colors com-
puted from the reference BRDF and can then nally compare the
two sety(T v); win a meaningful way. ThE€IE and other experts

of color science provided numerous functions for color carigon
over the last decades [Hun 1991], which don't take into aotou
absolute values of (re)radiation, but also the color s@itgibf the
human visual system, which means that the numerical resqlts-
sentvalidity in terms of detectability with the human vissystem.

Results of Color Comparison

In Table 3 we give average and median value€li 1976 La b
Total Color DifferenceDE andCIE LAB2000 Total Color Differ-
enceDEexp. A color difference value of 1 means “barely de-
tectable”. As it can be seen from the average and mediansalue
the error is usually very small. The walkway material is rowm

a larger scale, so here self-shadowing of bumps is evidetiten
images and apparently leads to greater average differ&etesen
the two data sets.

Investigating the full tables explains the reason for thghhihaxi-
mum values: These occur exactly for directions whigye ¢ and

Material  Metric max avg median
ceiling DE 34.09 258 2.01
DEexp 31.03 222 1.68
oortile 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 102.23 6.77 4.88
DEexp 75.34 5.70 3.98

Table 3: Color differences occurring during color compamigests.

fi = fo+ 180, which means looking into the exact direction of
specular re ection. The Integra BRDF data describe onlyntiea-
surements from diffuse or moderately glossy setups, whiblibé
larger errors for around re ected direction. The BTF imafresn
the UBO setup include diffuse and specular re ections, datig-
viations had to be expected at these directions, mostly altieet
positioning errors. Also, interpolating color values frdine BRDF
at points with extreme specularity will yield greater esialthough
the reparameterization was designed very carefully. Allinthe
resulting differences are well inside the range expectenh fthe
uncertainties present in the original data.

7 Conclusion and Future Work

In this paper, we have described a method for the validafi®@Té&
data measurements by means of cross-validation used fol-BRD
data. Our work was motivated by the necessity to performvlis
idation for a new physical setup for BTF measurements foictvhi
the calibration is missing. First, we apply the standardhoeétthe
reciprocity check, which can reveal the positioning errofshe
physical setup or principal problems in image processirgo8d,
we used the data for four material samples measured by gty

as reference data. The comparison between the data forne sa
material samples measured on two independentand techecallgg
different physical setups requires additional processintpr con-
version and resampling. In this context we propose an approa
for resampling BRDF data using a novel BRDF coordinate syste
which aligns major features along the re ected directiou aloes
not exhibit the discontinuity for the interpolated regiafghe re-
ectance function. Further, we propose a way how to estintiage
color transform matrix for uncalibrated data. The color pami-
son of BRDF data usin@€IE 1976 La b for a particular tested
case show that the error of measurement is perceivable,uitet g
acceptable.

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

Acknowledgements

This work was supported by the European Union within the ecop
of project 1IST-2001-34744, “Realtime Visualization of Cplex
Re ectance Behaviour in Virtual Prototyping” (RealRe éctur-
ther, we would like to thank Karol Myszkowski, Michael Gokse
and Gero Muller for their comments on the previous versibtne

paper.



References

CHANDRASEKHAR, S. 1950Radiative TransferClarendon Press,
Oxford, UK.

CLARKE, F., GARFORTH, F., AND PARRY, D. 1983. Goniopho-
tometric and Polarization Properties of a White Re ectidars
dard Materials Lighting Research and Techn., 1§ 133-149.

CLAUSTRES, L., PAULIN, M., AND BOUCHER, Y. 2003. BRDF
Measurement Modelling using Wavelets for Ef cient Path dra
ing. In Computer Graphics Forunvol. 22, 1-16.

DANA, K. J., VAN GINNEKEN, B., NAYAR, S. K., AND KOEN-
DERINK, J. J. 1999. Re ectance and texture of real-world sur-
faces.ACM Transactions on Graphics 18 (Jan.), 1-34.

DEYOUNG, J.,AND FOURNIER, A. 1997. Properties of Tabulated
Bidirectional Re ectance Distribution Functions. [@raphics
Interface '97 Morgan Kaufmann, San Francisco, CA, 47-55.

DrRAGO, F., AND MyYszkowskl, K., 2001. Atrium Web
Page. Website.http://www.mpi-sb.mpg.de/resources/
atrium/ .

E1392-90, A. S., 1990. Standard Practice for Angle Resolved
Optical Scatter Measurements on Specular or Diffuse Seirfac
American Society of Testing and Material.

FAIRCHILD, M., DAouUsST, D., PETERSON J., AND BERNS, R.
1990. Absolute Re ectance Factor Calibration for Gonicsph
trophotometryColor Research and Application 16, 311-320.

Foo, S.-C. 1997A Goniore ectometerfor Measuring the Bidirec-
tional Re ectance of Material for Use in lllumination Comiau
tion. Master's thesis, Program of Computer Graphics, Cornell
University, Ithaca, NY.

FRANKE, R. 1982. Scattered Data Interpolation: Tests of Some
Methods.Math. Comp. 38181-199.

HUNTERLAB. 1991.EasyMatch Textiles Manual, Ch.28ugust.
visited 02/2004.

INTEGRA. Integra company, custom services. Websitgtp:
/lwww.integra.jp/eng/service/index.htm

LALONDE, P. 1997.Representations and Uses of Light Distribu-
tion Functions PhD thesis, Department of Computer Science,
University of British Columbia, Vancouver, British Colutiab

LAWRENCE, J., RUSINKIEWICZ, S., AND RAMAMOORTHI, R.
2004. Efcient BRDF Importance Sampling Using a Factored
Representation”ACM Trans. Graph. 233, 496-505.

LEONARD, T., AND PANTOLIANO, M. 1988. BRDF Round Robin.
In Stary Light and Contamination in Optical System 9826—
235.

LEONARD, T. 1988. The Art of Optical Scatter Measurementirin
High Power Optical Components Confereniiational Institute
of Standards and Technology.

LODHA, S. K., AND FRANKE, R. 1999. Scattered Data Tech-
niques for Surfaces. IRroceedings of Dagstuhl Conference on
Scienti ¢ Visualization IEEE Computer Society Press, H. Ha-
gen, G. Nielson, and F. Post, Eds., 182-222.

MARSCHNER S., ENSEN, H. W., CAMMARANO, M., WORLEY,
S.,AND HANRAHAN, P. 2003. Light Scattering from Human
Hair Fibers. INSIGGRAPH 2003ACM SIGGRAPH, Associa-
tion for Computing Machinery.

MATUSIK, W. 2003. A Data-Driven Re ectance Model PhD
thesis, Massachusetts Institute of Technology.

MINNAERT, M. 1941. The Reciprocity Principle in Lunar Photom-
etry. Astrophysical Journal 93103—-410.

MULLER, G., MESETH, J., SATTLER, M., SARLETTE, R., AND
KLEIN, R. 2004. Acquisition, synthesis and rendering of bidi-
rectional texture functions. |Burographics 2004, State of the
Art Reports C. Schlick and W. Purgathofer, Eds., 69-94.

NGAN, A., DURAND, F.,AND MATUSIK, W. 2004. Experimental
Validation of Analytical BRDF Models. IPACM SIGGRAPH
2003 Full Conference DVD-ROMCM SIGGRAPH. Sketches
& Applications.

NICODEMUS, F. E., RCHMOND, J. C., Hs1A, J. J., GNSBERG,
I. W., AND LIMPERIS, T. 1977. Geometric Considerations and
Nomenclature for Re ectance. Monograph 160, National Bu-
reau of Standards (US), October.

PURGATHOFER W., 2003. Open Issues in Photo-realistic Render-
ing, September. Invited talk at Eurographics 2003 confegen

REALREFLECT. Realre ect project.
realreflect.org

REES, W. G. 1990.Physical Principles of Remote Sensiftam-
bridge University Press, Cambridge, U.K.

RENKA, R. J. 1988. ALGORITHM 661: QSHEP3D: Quadratic
Shepard Method for Trivariate Interpolation of ScattereatdD
ACM Trans. Math. Softw. 12, 151-152.

RENKA, R. J. 1988. Multivariate Interpolation of Large Sets of
Scattered DataACM Trans. Math. Softw. 12, 139-148.

RENKA, R. J. 1999. Algorithm 790: CSHEP2D: Cubic Shep-
ard Method for Bivariate Interpolation of Scattered Da#CM
Trans. Math. Softw. 281, 70-73.

RUSINKIEWICZ, S. 1998. A New Change of Variables for Ef cient
BRDF Representation. IRendering Techniques '981-22.

Website. http://www.

SHIRLEY, P., AND CHIU, K. 1997. A Low Distortion Map Be-
tween Disk and Squardournal of Graphics Tools,23, 45-52.

SHIRLEY, P., MARSCHNER S., STAM, J.,AND ASHIKHMIN, M.
2001. State of the Art in Modeling and Measuring of Surface
Re ection. In SIGGRAPH 2001 Course Notes,J8CM SIG-
GRAPH.

SHIRLEY, P. 1992. Nonuniform Random Point Sets via Warping.
In Graphics Gems llID. Kirk, Ed. Academic Press, San Diego,
80-83.

SNYDER, W. C. 1998. Reciprocity fo the Bidirectional Re ectance
Distribution Function (BRDF) in Measurements and Models of
Structured SurfacedEEE Transaction on Geoscience and Re-
mote Sensing 3@, 685-691.

SNYDER, W. C. 2002. Structured Surface BRDF Reciprocity:
Theory and Counterexample&pplied Optics 414307-4313.

STOKES, M., ANDERSON, M., CHANDRASEKAR, S., AND
MoTTA, R. A standard default color space for the internet
- srgh. Website, Version 1.10, November 5, 1996ttp:
/lwww.w3.org/Graphics/Color/sRGB

STOVER, J. 1995.0Optical Scattering: Measurement and Analysis
SPIE Optical Engineering Press.

WANDELL, B. 1995. Foundations of vision Sinauer Associates,
Inc., Sunderland, Massachusetts.

WyYszEcCKI, G., AND STILES, W. 1982. Color Science: Con-
cepts and Methods, Quantitative Data and Formulae, 2nd edi-
tion. John Wiley & Sons., New Your, NY.



