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A study on the variation of the spectral bidirectional reflectance distribution function (BRDF) of four
diffuse reflectance standards (matte ceramic, BaSO4, Spectralon, and white Russian opal glass) is
accomplished through this work. Spectral BRDF measurements were carried out and, using principal
components analysis, its spectral and geometrical variation respect to a reference geometry was assessed
from the experimental data. Several descriptors were defined in order to compare the spectral BRDF
variation of the four materials. © 2012 Optical Society of America
OCIS codes: 230.1980, 290.1483.

1. Introduction

The realization of diffuse reflectance and reflectance
factor scales are based on diffuse reflection standards.
Ideally, these standards should reproduce the per-
fectly reflecting diffuser (PRD), but actual standards
only approach to this concept, since they neither
reflect all incoming radiation nor are totally Lamber-
tian. To assess the departure of actual diffuse reflec-
tion standards from PRD is important since different
systematic errors might be related to it [1]. Therefore,
the better the departure is characterized, the lower is
the uncertainty of the measurements that use these
reference standards, or the more accurate it can be
accounted.

Various studies on the spectral reflectance distribu-
tion of the most common diffuse reflection standards
have been published in literature for specific spectral
ranges and illumination/viewing geometries [2–9].
However none has addressed the complete character-
ization within the visible range. Now, the develop-
ment of more complex gonio–spectrophotometers

[10–14] allows for spectral data at any measurement
geometry to be obtained, so a most complete compar-
ison of actual diffuse reflection standards to PRD
can be done. The best way to do it is measuring their
spectral bidirectional reflectance distribution func-
tion (BRDF) [15] because by definition PRD has got
a constant BRDF value (1∕π sr−1). This study has not
completely been realized in previous jobs, so taking
the advantage of the capabilities of a new gonio–
spectrophotometer developed at Instituto de Optica
in CSIC [10], able to carry out fast and accurate
spectral BRDF measurements at any illumination/
viewing geometry, the BRDFof four important diffuse
reflectance standards was measured and analyzed.
Through thiswork, the spectral distribution variation
of their BRDF is presented. The latter task was
accomplished using principal components analysis
(PCA), amultivariatemathematical procedurewhose
good performance on this kind of spectral BRDF
data was proved previously [16,17]. PCA allows the
BRDF to be expressed in a way where the spectral
variation appears separated from geometrical varia-
tion, which simplifies the devising of a model and
the data representation.
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The commercially available standards character-
ized in this work were: polished white Russian opal
glass, used by NIST for its multi-angle white reflec-
tance standards; Spectralon: sintered polytetrafluor-
oethylene (PTFE); matte ceramic reflection standard
from CSS, pressed barium sulphate (BaSO4) powder,
prepared in our laboratory prior to the measurement
(a molding was used, where the previously sieved
BaSO4 was pressed). These materials are of primary
interest since they are commonly used as diffuse
reflection materials to transfer diffuse reflection or
radiance factor [8,9,18,19].

2. Experimental Procedure and Data Analysis

The gonio–spectrophotometer consists of a fixed, uni-
form, and collimated light source and a robot-arm to
reposition the sample, making it possible to change
automatically and simultaneously the illumination
direction (defined by the polar θ and azimuth ϕ sphe-
rical coordinates, with subscripts i) and the viewing
direction (with subscripts s). These spherical coordi-
nates are defined relative to the sample coordinate
system, whose z axis is parallel to the sample’s
normal direction (Fig. 1). For the data acquisition a
CS-2000 Konica Minolta spectroradiometer is used.
This device operates within the visible range (380–
780 nm), performing spectral measurements with a
1 nm spectral sampling interval and a 4 nm band-
width. As a result of the design, absolute and out-
of-incidence-plane spectral BRDF measurements of
samples can be made in a fast and automatic way.

The illumination solid angle on the sample was
almost collimated and defined by the diameter of a
diaphragm (2 cm) and its distance to the sample
(113 cm). Approximately the same solid angle was
chosen for the viewing, using an aperture of 0.7 cm
on front of the spectroradiometer. The illumination
was p-polarized by a polarizer. It is important to spe-
cify the state of polarization, since it exists a depen-
dence of the spectral BRDF on the polarization, the
larger as more dominant are the reflections on the
front surface (large incident angles and at specular
directions). The uncertainty of the variable to be
studied (relative spectral BRDF) is limited by the
repeatability of the spectroradiometer (0.6%) [10].

The spectral BRDFwas sampled at geometries cor-
responding to combinations of θi and θs (which take

the values from 0° to 75° with steps of 5°, ϕi (which
takes only the value 0°, assuming isotropy respect to
the illumination direction) and ϕs (which takes the
values 0° and 180°, that is, the incidence plane).

The BRDF spectra [f r�θi;ϕi; θs;ϕs; λ�] were normal-
ized with respect to the BRDF spectrum at the geo-
metry [θi � 0°, θs � 45°, ϕi � 0°, ϕs � 180°], which
will be hereafter called the reference geometry:

f r;rel�θi;ϕi; θs;ϕs; λ� �
f r�θi;ϕi; θs;ϕs; λ�

f r�0°; 0°; 45°; 180°; λ�
: (1)

As a consequence of this normalization, the mea-
surement systematic errors are considerably reduced
when assessing for the spectral distribution varia-
tion between spectra at different geometries.

For an ideal PRD, f r;rel would be the unity at any
geometry and wavelength. In the case that the
spectral distribution was invariant across the geome-
tries, f r;rel would be independent on the wavelength.
As it will be shown in this work, this is not precisely
the case in common material, being the main aim to
characterize how much is this dependence on the
wavelength. For this purpose, the spectral variation
of f r;rel across the different geometries is studied
by PCA.

According to the procedure described in [17], f r;rel
can be expressed as

f r;rel�θi;ϕi;θs;ϕs;λ� � h f r;rel�θi;ϕi;θs;ϕs;λ�iλh
1�ΣM

j�1cj�θi;ϕi;θs;ϕs�Hj�λ�
i
: (2)

This equation corresponds to the multiplication
of two factors: the spectral average of f r (hf riλ) with
just geometrical dependence, and the sum of M � 1
addends or components (within square brackets),
being the first one the unity. Every addend is factor-
ized in two: one containing the spectral information,
Hj�λ� (with null average value and a standard devia-
tion value of 1), and another factor containing the
geometrical information, cj�θi;ϕi; θs;ϕs�, that can be
regarded as the weight of every spectral distribution
at the different geometrical configuration and,
according to the proposed formalism, as the relative
variation of the spectral distribution from the
reference geometry.

3. Results and Discussion

The results from the spectral BRDF measurement
and the subsequent data processing is shown in Fig. 2
(matte ceramic reflection standard from CSS series),
Fig. 3 (barium sulphate, BaSO4), Fig. 4 (Spectralon),
and Fig. 5 (polished white Russian opal glass). In
these figures, the half-plane containing the incident
direction corresponds to negative θs values and the
half-plane containing the specular direction corre-
sponds to negative θs values. Every curve corresponds
to a different θi value. For the sake of visibility, only
θi � 0° and θi � 75° curves are labeled, the other

Fig. 1. Sample coordinate system showing spherical coordinates
for illumination (θi, ϕi) and viewing directions (θs, ϕs).
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curves corresponding to intermediate 5° intervals θi
values. Specular geometries were not represented.

There are four plots in every figure. In the upper
left plot, the relative variation of the wavelength-
averaged BRDF respect to the reference geometry
(calculated as Δrf r � hf r;reliλ − 1) is presented.

In the upper right plot, the first two eigenspectra
Hj�λ�, which contribute the more to the spectral dis-
tribution variation, are shown (it should be reminded
that the eigenspectra are sorted from the highest to
the lowest contribution to the total variance).

In the bottom plots, the first two weighting
coefficients c1 (left) and c2 (right) are represented,

corresponding to the relative variation of the spectral
distribution due to the components #1�H1�λ�� and
#2�H2�λ��, respectively.

In addition, a set of descriptors are used in this
work to better describe the deviation of BRDF’s white
standards from PRD. These descriptors are defined
in Table 1 and identify variations in BRDF and in
characteristic angles for every standard. Descriptors’
numerical values obtained for every standard are
shown in Table 2.

To facilitate the discussion, a distinction will be
done between variations regarding Lambertian
behavior and those regarding spectral changes.
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Fig. 2. Results on matte ceramic reflection standard from CSS series.
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Fig. 3. Results on barium sulphate, BaSO4.
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A. Lambertian behavior

The graphs of the left upper corner show the BRDF
of the four studied patterns is not flat like the one
of the PRD. But a similar behavior can be observed
for all the standards studied in this work. A curva-
ture change on the BRDFas a function of the viewing
angle is observed. For small angles of incidence cur-
vature is negative, whereas for great angles of inci-
dence, curvature is positive. The change is bigger
in the half-plane containing the specular direction
(positive values of θs in the graphs). This can be more
clearly observed at the upper left plot in Fig. 4, be-
cause of the scale. Although not shown, this behavior
is observed independently of the azimuthal angles
(ϕi, ϕs). Therefore, there may be an incidence angle,

θnu, for which the curvature is null as for the PRD.
This angle has not been accurately determined in this
job, but it is close to 50° in the case of matte ceramic
and Spectralon standards and close to 55° in the case
of BaSO4 and white Russian opal glass standards.
These values are close to the 45° reference geometry.

To quantify the maximum BRDF changes, descrip-
tors δil for low incidence angle, and δih for high
incidence angles are defined (see Table 2). For all
studied standards δil lies between 15% and 20% (see
Table 2), which makes no meaningful difference
among them. However, the relative variation δih at
high illumination angles θi is very different among
the standards (see Table 2). Matte ceramic presents
the highest increase (almost 300%), followed by
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Fig. 4. Results on Spectralon.
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Fig. 5. Results on polished white Russian opal glass.
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white Russian opal glass (around 150%), BaSO4
(86%) and, finally, Spectralon (63%).

The minimum value of the wavelength-averaged
BRDF is usually obtained in the half incident plane
containing the illumination direction (negative an-
gles in the graphs). Again two descriptors are used to
describe this minimum: θs;ret for the direction at
which the minimum is found and δs;ret for the varia-
tion of the wavelength-averaged BRDF at the mini-
mum with respect to the reference BRDF value. Two
different cases were found in the standards studied:

• The minimum value lies in an intermediate
viewing angle, which is the case of BaSO4 and
Spectralon, whose θs;ret are 35° and 45°, respectively.
The subsequent relative increase from θs;ret to
θs � 75°, accounted by the descriptor δs;ret are 6.4%
for BaSO4 and 3.4% for Spectralon. The minimum
values are obtained in both cases for the highest
illumination angle studied in this work (θi;ret � 75°).
• The minimum value lies in the highest viewing

angle studied (θs;ret � 75°). It is the case of matte
ceramic and white Russian opal glass.

B. Spectral behavior

The spectral distribution varies depending on the
measurement geometry. Eigenspectra H1�λ� and
H2�λ� (upper right plots in Figs. 2–5), obtained from
the PCA, modify the geometry-averaged spectral
BRDF as a weighted combination that depends on
the geometry (Eq. 2). SinceH1�λ� andH2�λ�were nor-
malized to their standard deviations, the weighting
coefficients c1 and c2 represent the relative spectral
variation with respect to the reference geometry, and
the difference between the maximum and minimum
weights at a specific illumination/viewing direction
represent the total relative spectral variation at that
direction. Again, using a descriptor for the incidence
direction at which the maximum spectral variation is
obtained (θsp;i;n) and another for the maximum varia-
tion (δsp;i;n), two different cases can be distinguished:
• The contribution of H2�λ� is negligible with

respect to the contribution ofH1�λ�, which is the case
of BaSO4 and Spectralon. In both materials, the
highest spectral variation is produced at the highest
incidence angle θi studied at this work (θsp;i;1 � 75°),
reaching values of 4.6% for BaSO4 and 2.1% for
Spectralon.
• The contribution of H2�λ� is comparable to the

contribution of H1�λ�. In some specific geometries
H1�λ� contribute more than H2�λ� and vice versa.
This is the case of matte ceramic and white Russian
opal glass. In both materials the relative spectral
variation corresponding to H1�λ� is the highest at
θsp;i;1 � 55°, reaching values of 4.8% for matte cera-
mic and 4% for white Russian opal glass. In both
materials, the relative spectral variation correspond-
ing to H2�λ� is the highest at θsp;i;1 � 75°, reaching
values of 3.8% for matte ceramic and 1.5% for white
Russian opal glass. The weighting coefficients of
these eigenframes for every geometry are shown at
the bottom plots of Figs. 2–5, as mentioned before.

4. Conclusions

The variation of spectral BRDF of four common dif-
fuse reflectance standards (matte ceramic, BaSO4,
Spectralon, and white Russian opal glass) was mea-
sured and compared. The variationwas reportedwith
respect to a reference geometry [θi � 0°, θs � 45°,
ϕi � 0°, ϕs � 180°]. Using PCA, this variation can
be expressed a linear combination of just two eigen-
spectra, with weighting coefficients depending on the
geometry.

The four standards studied are not Lambertian
since their BRDF is not a constant value. This result
had already been shown for other authors, but the
systematic study done in this work has shown that
different behaviors can be observed. The curvature
of the BRDF as a function of viewing angle changes
with the angle of incidence. Furthermore the change
is not the same for all the standards.

The matte ceramic reference material showed the
highest spectral variation (5%), but only slightly
higher than the spectral variation of the BaSO4. The
least spectral variation was found in the Spectralon

Table 1. Definition of the Descriptors of the Spectral BRDF Relative
Variation

Symbol Definition

δil Δrf r�10°; 0°; 75°;180°� −Δrf r�10°;0°; 0°;180°�
δih Δrf r�65°; 0°; 75°;180°� −Δrf r�65°;0°; 0°;180°�
δsl Δrf r�75°; 0°; 10°;180°� −Δrf r�0°; 0°; 10°;180°�
δsh Δrf r�75°; 0°; 65°;180°� −Δrf r�0°; 0°; 65°;180°�
�θi;ret; θs;ret� Geometry at ϕi � ϕs where Δrf r is minimum
δret Δrf r�θi;ret;0°; 75°; 0°� −Δrf r�θi;ret; 0°; θs;ret;0°�
θnu Maximum θi where Δrf r�θi;0°; 75°; 180°� <

Δrf r�θi;0°; 45°; 180°�
θsp;i�s�;n Direction of illumination (or viewing) where

maximum spectral variation is produced due to the
component #n.

δsp;i�s�;n Maximum spectral variation at constant θsp;i�s�;n.
Calculated as the difference between the maximum
and minimum weights (cn;max − cn;min) at θsp;i�s�;n.

Table 2. Descriptors of the Spectral BRDF Relative Variation for the
White Reflectance Standards Matte Ceramic, BaSO4, Spectralon, and

White Russian Opal Glass

Matte Ceramic BaSO4 Spectralon Opal Glass

δil −0.18 −0.20 −0.17 −0.15
δih 2.74 0.86 0.63 1.46
δsl −0.14 −0.18 −0.17 −0.14
δsh 2.91 0.91 0.58 1.48
�θi;ret; θs;ret��°� (50,75) (75,35) (75,45) (50,75)
δret 0 0.064 0.034 0
θnu�°� 50 55 50 55
δsp;i;1 0.048 0.046 0.021 0.040
θsp;i;1�°� 55 75 75 55
δsp;i;2 0.038 0.008 0.001 0.015
θsp;i;2�°� 75 75 75 75
δsp;s;1 0.041 0.03 0.012 0.029
θsp;s;1�°� 55 75 75 55
δsp;s;2 0.036 0.007 0.004 0.016
θsp;s;2�°� 75 35 45 75
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(2%). In any case, the spectral variation increases at
the highest illumination angle on the sample studied
in this work.
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