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ABSTRACT

The spectral bidirectional re
ectance distribution function (BRDF) of selected arti�cial surfaces (e. g. roof materials) was
measured under natural illumination. Data were obtained with a spectrometer in the wavelength range 600 nm { 900 nm with
a spectral resolution of 5 nm, using 61 spectral bands. The samples were placed on a goniometer, which allowed to set all
the desired angles of incidence and re
ection. A Spectralon panel (made by Labsphere Inc., Boulder, Colorado) was used as a
reference target for determining the incoming irradiance. The BRDF of this Spectralon panel was measured in the laboratory.
The BRDF of the Spectralon panel is not Lambertian, however it obeys Helmholtz's theorem of reciprocity. For the in situ
measurements, an additional measurement was made for each combination of angles with the samples being shadowed, in order
to determine the contribution of sky light. The samples could be �tted to a function which was developed by [Walthall, 1985]
and modi�ed by [Liang, 1994]. In this work, the function was extended by a specular peak, increasing the number of free
parameters to 7. The di�use part of the BRDF of the samples does not vary in a systematic way. The intensity of the specular
peak grows with increasing zenith angles.

KURZFASSUNG

Dieser Beitrag besch�aftigt sich mit der Messung der winkelabh�angigen, spektralen Re
exionsfunktion (BRDF) von einigen
ausgew�ahlten k�unstlichen Ober
�achen (z. B. Dachbedeckungen)bei nat�urlicher Beleuchtung. Als Me�ger�at diente ein Spek-
trometer, welches im Bereich 600 nm { 900 nm Messungen in 61 Kan�alen mit einer spektralen Au
�osung von 5 nm erm�oglicht.
Die Proben wurden auf einem Goniometerme�tisch plaziert, so da� alle gew�unschten Ein{ und Ausfallswinkel eingestellt wer-
den konnten. Zur Bestimmung der einfallenden Strahlungs
u�dichte diente ein Re
ektanznormal (Spectralon, hergestellt duch
Labsphere Inc., Boulder, Colorado) als Referenz
�ache, dessen BRDF zuvor im Labor bestimmt wurde. Es ergibt sich, da� die
BRDF des Spectralons nicht dem Lambertstrahler entspricht, wohl aber dem Helmholtzschen Reziprozit�atstheorem gen�ugt.
Bei den Feldmessungen wurde zus�atzlich f�ur jede Winkelkombination eine Messung bei beschatteter Probe durchgef�uhrt, um
den Ein
u� des Himmelslichts zu bestimmen. An die Proben konnte eine Funktion angepa�t werden, die von [Walthall, 1985]
entwickelt, von [Liang, 1994] modi�ziert und hier um einen Term zur Modellierung des gespiegelten Anteils erweitert wurde,
so da� diese Funktion insgesamt 7 freie Parameter besitzt. W�ahrend die di�use Komponente der BRDF der Proben keine Sys-
tematik erkennen l�a�t, konnte bei der gespiegelten Komponente ein Anstieg der Intensit�at mit gro�en Zenitwinkeln festgestellt
werden.

1 INTRODUCTION

The Bidirectional Re
ectance Distribution Function (BRDF)
as de�ned by [Nicodemus, 1970] describes the radiance emit-
ted by a re
ecting target into the sensor direction, depending
on the incoming radiation, the angles of incidence and re
ec-
tion (�i;�i; �r;�r) (see �g.1) and wavelength �.

The knowledge of the BRDF of surface materials is certainly
crucial for proper analysis and evaluation of remotely sensed
multispectral imagery. Spectral signatures change with view-
ing and illumination geometry, and the BRDF is thus needed
for correct classi�cation and change detection.

However, so far most multispectral image processing and clas-
si�cation is based on the simplifying assumption of Lamber-
tian re
ection, and thus prone to error. One of the rea-
sons for this may be that only relatively few BRDF data are
available, due to the tremendous e�ort necessary for its mea-
surement. The work described here is aimed at measuring

relevant BRDF data, �nding proper BRDF models with few
parameters, and thus �nally improving classi�cation of re-
motely sensed multispectral imagery.

In the line of our research we are interested in the use of
multispectral imagery of high spatial resolution for purposes
of urban planning and treaty veri�cation in the framework
of Open Skies. Most BRDF related e�orts undertaken so far
have been directed at natural surfaces such as vegetation and
soils. In contrast to that we have chosen samples of arti�cial
materials found in urban areas and man made structures
such as tiles, bricks, asphalt, metall, roof materials etc., and
measured their re
ective behavior under natural illumintion.

2 EXPERIMENTAL SETUP

The measurements were done with the spectrometer OVID
(Optical Visible and Infrared Detector) in cooperation with



Figure 1: De�nition of the angles

A denotes the surface of the sample

Max-Planck-Institut f�ur Meteorologie, Hamburg, and Institut
f�ur Meteorologie, Universit�at Hamburg. A description of the
sensor can be found in [Bartsch, 1994]. Each spectrum is
recorded simultaneously for all wavelength bands by means
of a CCD-Array. We used 61 spectral bands in the range
� = 600 � 900nm (�� = 5 nm), with a distance between
sensor and samples of 1 m. The area on the sample covered
by the instantaneous �eld of view (IFOV) of the sensor is
about 10 cm2.

A goniometer was constructed to hold the samples for all pos-
sible combinations of incidence and re
ection angles. The go-
niometer allows to place the surface with arbitrary inclination
towards sensor and light source (see [Meister, 1996]).

The samples were selected with respect to azimuthal symme-
try, so that the BRDF's of the samples depend only on the
azimuth di�erence angle � = j�i � �rj. We determined the
BRDF of six samples: aluminum sprayed with red paint, a
sheet of white smooth plastic, a concrete-type sidewalk cover
block and three roof coverings (a red roo�ng tile, a slate-type
tile and sprinkled roof paper). The values of the BRDF were
measured at grid points of 0�; 25�; 50�; 75� for the zenith
angles �i and �r respectively, and at 0�; 90�; 180� for the az-
imuth di�erence angle � = j�i � �rj,(see �gure 1), making
up a total of ca. 35 measured spectra for each sample.

As a reference target we used a commercially available
Spectralon panel (Labsphere Inc., Boulder, Colorado) with
an albedo of � = 0:5 . Since we were not satis�ed with
the simplifying assumption of Lambertian behavior of
the Spectralon panel, we adopted the following two step
procedure (the second step was proposed by [Jackson, 1993]):

2.1 Step 1: Laboratory Measurement of the BRDF of

the Spectralon Target

In the laboratory measurements, we used a 100 W halogene
bulb as light source. We measured the re
ected radiance
Lr [W m�2sr�1nm�1] from the Spectralon panel at the com-

binations of angles described above. Integrating Lr over the
projected solid angle 
 as de�ned by [Nicodemus, 1970] and
dividing the result by the albedo of the Spectralon yields the
incident irradiance Ei [W m�2nm�1]:
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1
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 =
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2 � Lr(�i; �; �r) cos �r sin �rd�rd� (1)

These quantities allow to calculate the BRDF of the Spec-
tralon :

f
Spectralon

r (�i; �; �r) �
dLr(�i; �; �r)

dEi(�i)
(2)

For small aperture solid angles, the BRDF can be approxi-
mated by

f
Spectralon

r (�i; �; �r) �
Lr(�i; �; �r)

Ei(�i)
(3)

The results agree qualitatively very well with earlier measure-
ments of the BRDF of Spectralon panels with an albedo of
1.0 by [Flasse, 1993] and [Jackson, 1992]. The BRDF values
decrease with large zenith angles. The Spectralon panels with
an albedo of 0.5 have a specular peak, that does not exist for
the Spectralon panels with an albedo of 1.0 . The intensity
of the specular peak increases rapidly with large zenith angles
(see �gures 3 and 4).

Our measurements suggest, that the BRDF of Spectralon
obeys Helmholtz's theorem of reciprocity, i. e. , exchanging
incidence and re
ection angles does not change the BRDF
value:

fr(�i; �; �r) = fr(�r; �; �i) (4)

This equation was con�rmed by the measurement of the
BRDF at 2 � 11 di�erent combinations of angles (�i; �; �r).
The BRDF of the Spectralon panel is presented in �gures 3
and 4.

The wavelength dependence of the di�use component and the
specular component of the BRDF of the Spectralon panel is
linear, see [Meister, 1996].

2.2 Step 2: Outdoor Measurement of the BRDF's of

the selected surfaces

Four measurements of the re
ected radiance Lr(�) are nec-
essary in order to obtain the Bidirectional Re
ectance Factors
(BRF) of the samples for each combination of angles :

1. Lr of the Spectralon panel illuminated by the sun and
skylight

2. Lr of the Spectralon panel illuminated by skylight only.

To this aim, the Spectralon panel was cast in shadow.
The contribution of di�use skylight to the global ir-
radiance was 20% on average, obviously depending
strongly on the angle of incidence �i.

The di�erence between these two measurements yields
the radiance �Lr re
ected by the Spectralon panel
which can be attributed to direct sunlight only. The in-
coming radiance E sun

i from the sun can be calculated
from the BRDF of the Spectralon panel, determined in
step 1:

E
sun

i (�i) =
fSpectralonr (�i; �; �r)

�Lr(�i; �; �r)
(5)



Figure 2: Legend of the 3-dimensional plots
� = j�i��rj mod 180� (planar symmetry is
assumed in �g. 3-10), � = �r (angles greater
than 75� are not shown)

Figure 3: BRDF of the Spectralon panel at
�i = 25� and � = 850 nm

3. Lr of the sample illuminated by the sun and skylight

4. Lr of the sample illuminated by skylight only

Here again, the di�erence between the last two mea-
surements yields the radiance �Lr re
ected by the
sample which can be attributed to direct sunlight only.

Assuming, that the incoming irradiance E sun

i does not
change between the two measurements, the value of
the BRDF of the sample can then be obtained from

f
sample

r (�i; �; �r) =
�Lr(�i; �; �r)

E sun

i
(�i)

(6)

Of course, the incoming irradiance E sun

i did change
between the two measurements. The di�erence (5:4%
on average) was included into the calculation of the
error.

The measurements were performed on the roof of a 20-storied
building in the month of april at clear skies.

Aside from azimuthal symmetry, the samples should meet the
following requirements, if the BRDF of the sample is to be
measured with the above procedure:

� The BRDF of the sample must not change between
the measurements. In our experiment, several days
passed between the measurements, this excludes the
determination of the BRDF of vegetation.

Figure 4: BRDF of the Spectralon panel at
�i = 75� and � = 850 nm

� If the di�use component is very weak, the intensity of
light emitted into a nonspecular direction di�ers hardly
between the measurements 3 and 4 described above.
Thus the di�erence between these measurements will
be small and the relative error of �Lr will increase
strongly. E.g., we did not succeed in �tting a BRDF-
model to the data of a sample of aluminum and a sam-
ple of black roof paper, both of them have a negligible
di�use component.

3 BRDF-MODEL FITTING

Several BRDF-models (e.g. polynomials, spherical har-
monics, and functions proposed by [Oren, 1995] and
[Minnaert, 1941]) were �tted to the measured data points,
using a least-squares-algorithm. The compatibility of the
measured data and the �tted BRDF-models was judged by
means of a �2-test. The best results were obtained with a
model proposed by [Walthall, 1985]. This model was modi-
�ed by [Liang, 1994] to be compatible with Helmholtz's the-
orem of reciprocity. We extended it by an additional Gaussian
peak accounting for specular re
ection:

fr = a0 + a1 � (�
2
i + �

2
r) + a2 � (�

2
i � �

2
r)

+a3 � (�i � �r) � cos � + a4 � e
a5�(�i��r)

2

� e
�a6�r

2

(7)

where the free parameters a0 to a3 describe Walthall's model,
and the last 3 parameters are our extension for specular re-

ection with r being the angle between the re
ected light (di-
rection �r; �) and the specular angle (�i; � = 180�) (direction

of the incident radiation: �i; � = 0�). The term ea5�(�i��r)
2

models the increasing intensity of the specular peak with in-

creasing zenith angles. For �i and �r �xed, the term e�a6�r
2

produces a Gaussian peak.

So the total number of free parameters of this model is 7,
and thus well over-determined by the ca. 35 measured data
points per sample and wavelength.

[Liang, 1994] also modeled the 'hot spot' (a peak re
ected
back into the direction of the light source). We did not in-
clude the 'hot spot' term, because our experimental setup
prevented to measure at angles where the 'hot spot' occurs.



Figure 5: BRDF of the sample 'Sprayed alu-
minium' at �i = 25� and � = 850 nm

Figure 6: BRDF of the sample 'plastic' at
�i = 25� and � = 850 nm

Figure 7: BRDF of the concrete panel at
�i = 25� and � = 850 nm

Figure 8: BRDF of the sample 'slate' at �i =
25� and � = 850 nm

Figure 9: BRDF of the 'sprinkled wall paper'
panel at �i = 25� and � = 850 nm

Figure 10: BRDF of the sample 'Roo�ng tile'
at �i = 25� and � = 850 nm



Neither Walthall's model nor our proposal to account for the
specular peak are based on theoretical assumptions. fr as
de�ned in equation 7 is just an empirical function to describe
the measured data.

4 RESULTS OF THE BRDF-MODEL-FITTING TO

THE SELECTED SURFACE SAMPLES

Fig. 5-10 show the BRDF of the samples as �tted by equation
7. There was no uniform angular dependence of the samples.
The BRDF of some of the samples increased with increasing
zenith angles (e.g. concrete), whereas the BRDF of other
samples decreased with increasing zenith angles (e.g. plastic).
The variation due to the di�use component is usually less
than 15 % (not taking into account zenith angles greater
than 75�). The intensity of the specular peak dominates the
visual impression of �gures 5 to 10.

No simple rules could be deduced from the wavelength depen-
dence of the coe�cients a0 to a3, which describe the di�use
component. The wavelength dependence of the coe�cients
a4 to a6, which describe the specular component, is almost
always linear or even constant.

The coe�cients of the samples are given in tables 11� 13 at
a wavelength of � = 650; 750; 850 nm respectively. The er-
ror was calculated from the corresponding covariance matrix.
The relative error of the �tted BRDF varies between 2 and
7%.

All the selected samples pass the �2 test. We conclude that
the function of [Walthall, 1985] with the modi�cations of
[Liang, 1994], extended by a specular peak, is best suited
for describing the BRDF of the samples studied by us.

5 OUTLOOK

We plan to apply the here discussed experimental results to
multispectral imagery recorded with the DAEDALUS AADS
1268 scanner. The imagery was acquired during several cam-
paigns in cooperation with the German Aerospace Research
Establishment (DLR) and is described in previous communi-
cations [Hepp, 1994].
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a0 a1 a2 a3 a4 a5 a6
[sr�1] [sr�1

� rad�4] [sr�1
� rad�2] [sr�1

� rad�2] [sr�1] [rad�4] [rad�2]

Spectralon 0.153 -0.0260 0.0041 -0.0149 0.0178 1.15 1.11

Sprayed Aluminum 0.165 -0.0232 0.0157 -0.0130 0.42 1.50 21.73

Plastic 0.252 -0.0361 -0.0099 0.0073 0.0708 0.98 8.39

Concrete 0.053 0.0062 -0.0053 0.0094 0.0099 1.39 2.17

Slate 0.0149 0.0029 -0.0043 0.0001 0.0702 1.66 4.84

Sprinkled wall paper 0.0156 0.0053 -0.0018 -0.0054 0.0251 1.12 2.60

Roo�ng tile 0.078 0.0128 -0.0123 -0.0087 0.0364 1.14 2.07

Table 11: Coe�cients of the BRDF of the samples

at � = 650 nm (cf. equation 7)

a0 a1 a2 a3 a4 a5 a6
[sr�1] [sr�1

� rad�4] [sr�1
� rad�2] [sr�1

� rad�2] [sr�1] [rad�4] [rad�2]

Spectralon 0.154 -0.0246 0.0039 -0.0147 0.0184 1.15 1.08

Sprayed Aluminum 0.163 -0.0232 0.0154 -0.0115 0.43 1.55 22.0

Plastic 0.271 -0.0391 -0.0122 0.0146 0.0629 1.01 8.07

Concrete 0.053 0.0065 -0.0060 0.0087 0.0088 1.47 2.17

Slate 0.0164 0.0020 -0.0037 0.0009 0.0708 1.70 4.88

Sprinkled wall paper 0.0176 0.0050 -0.0016 -0.0063 0.0239 1.17 2.93

Roo�ng tile 0.110 0.0109 -0.0213 0.0014 0.0394 1.15 1.81

Table 12: Coe�cients of the BRDF of the samples

at � = 750 nm (cf. equation 7)

a0 a1 a2 a3 a4 a5 a6
[sr�1] [sr�1

� rad�4] [sr�1
� rad�2] [sr�1

� rad�2] [sr�1] [rad�4] [rad�2]

Spectralon 0.154 -0.023 0.0037 -0.0145 0.019 1.15 1.06

Sprayed Aluminum 0.138 -0.0184 0.0158 -0.0136 0.43 1.56 22.1

Plastic 0.273 -0.0389 -0.0121 0.0166 0.0564 1.03 7.98

Concrete 0.052 0.0072 -0.0066 0.0077 0.0087 1.50 2.22

Slate 0.0138 0.0029 -0.0040 0.0001 0.0725 1.67 4.91

Sprinkled wall paper 0.0190 0.0050 -0.0015 -0.0072 0.0241 1.17 3.06

Roo�ng tile 0.104 0.0117 -0.0191 -0.0018 0.0395 1.16 1.88

Table 13: Coe�cients of the BRDF of the samples

at � = 850 nm (cf. equation 7)


