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Abstract

®

CrossMark

The bidirectional scattering-surface reflectance distribution function (BSSRDF) describes the

radiance originated by the volume scattering and the surface reflectance of any position on the
surface of a sample, when it is directionally irradiated at any other position. The present state of
the technology for appearance rendering requires a more detailed physical description of
translucent objects by traceable measurements of the BSSRDF. This work presents two primary
facilities developed for traceable BSSRDF measurements by different measuring approaches.
Their results on the same translucent samples have been compared and the achieved BSSRDF
scale has been transferred to a commercial measuring system. This study highlights the
problems of the different measuring instrument designs and provides the scientific community

with more knowledge on the measurement of the BSSRDF, which will be crucial for future

works on material appearance.

Keywords: BSSRDF, primary, scattering, comparison, metrology

1. Introduction

The bidirectional scattering-surface reflectance distribution
function (BSSRDF) describes the radiance originated by the
volume scattering and the surface reflectance of any position
on the surface of a sample, when it is directionally irradiated at
any other position. Therefore, this quantity is closely related to
the scattering properties below the surface and the translucent
appearance of the sample [1, 2].

* Author to whom any correspondence should be addressed.
Original Content from this work may be used under the

terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

In recent years, the need for traceable BSSRDF measure-
ments has increased [3]. In some domains, such as computer
graphics, BSSRDF measuring systems have been developed
[4-8] to meet the needs for BSSRDF data to evaluate empir-
ical models for reproducing appearance and obtaining the
optical properties of materials [9]. However, none of these
systems provide traceable measurements of BSSRDF to the
International System of Units (SI) and no comparison nor
pilot study between different measuring systems has been per-
formed to date.

The BSSRDF was introduced by Nicodemus et al [10] in
1977, and it is a particular example of the more general scat-
tering function, S(rj, X;, Ai, #i; Ty, X;, Ar, &5 Li) [11]. It is defined
as follows:

dLssr (rru Xr)

dq)i (l‘i,Xi) ’ (1)

fﬂsr (rivxi;rr»xr) =

© 2024 The Author(s). Published by IOP Publishing Ltd
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collection
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Figure 1. Scheme of the spherical coordinates that define the
directions of the irradiation beam and the collection of the reflected
radiance on a surface.

where f; denotes the BSSRDF, dLg (1, X;) is the differential
element of the radiance on a surface from a specific position,
x;, and in a specific direction, r;, and d®;(r;,x; ) is the differen-
tial element of the incident radiant flux on a specific position
of the same surface, x;, and in a specific direction, r;. In this
equation the dependence on the wavelength has been omitted
for simplicity, since it is not addressed in this work.

BSSRDF is therefore an 8D function; it depends on rj,
defined by the spherical coordinates 6; and ¢;, on x;, defined by
the coordinates x; and y; in the sample surface reference sys-
tem (SSRS), on r;, defined by the spherical coordinates 6, and
¢r, and on X;, defined by the coordinates x; and y; also in the
SSRS. A scheme of the spherical coordinates is represented in
figure 1.

Due to the many variables involved, the measurement of
the BSSRDF of a sample is a complicated procedure which
requires a complex measuring system. The diagram on figure 2
shows the geometrical variables involved in the measurement
of the BSSRDF. In this diagram, there are no differential ele-
ments since infinitesimal quantities cannot be measured in the
laboratory. Instead, the incident radiant flux that hits the sur-
face of the sample inside the irradiated area A; flows within
a narrow enough’ irradiation solid angle wj, and the emer-
ging radiance from the collection area A; is measured in a
‘narrow enough’ collection solid angle w;. The term ‘nar-
row enough’ means, in this case, that the measurement of the
BSSRDF is not affected by making the finite solid angles smal-
ler. Furthermore, when homogeneous samples are measured,
the irradiation and the collection positions on the sample sur-
face can be reduced to the relative position of the collection
with respect to the irradiation. Thus, reducing the dimensions
of the function to six.

The geometrical parameters achieved by a BSSRDF meas-
uring system depend on the design of the system, with tech-
nical choices made to satisfy as many constraints as possible,
both scientific (e.g. measurement parameters, traceability) and
practical (e.g. measurement time, cost, size of the facility),
with limitations caused by the complexity of the measure-
ment. In this work, two primary facilities developed to provide
traceable BSSRDF measurements are compared. One has been
developed at the Instituto de Optica ‘Daza de Valdés’ of the

Lssr(rrJ Xr)

@;(r;, x;)

Wy Iy

Figure 2. Diagram of the geometrical variables involved in the
measurement of the BSSRDF.

Spanish National Research Council (I0-CSIC), the designated
institute in charge of the primary references for radiometry,
photometry and spectrophotometry in Spain (CSIC from now
on). This system is a modification of the automatic gonio-
spectrophotometer designed and built in 2012 for absolute
spectral bidirectional reflectance distribution function (BRDF)
measurements [12, 13]. The other one has been developed
at the Conservatoire National des Arts et Métiers (CNAM),
the designated institute in charge of the primary references
for radiometry, photometry and spectrophotometry in France.
It shares part of the uBRDF goniospectrophotometer setup
designed for BRDF measurements on tiny surfaces [14]. The
main difference between these two facilities is the detection
system: the goniospectrophotometer developed at CSIC uses a
complementary metal-oxide—semiconductor (CMOS) sensor
camera, while the detection system of the goniospectropho-
tometer developed at CNAM is a luminance meter. A third
facility, developed at the Light & Lighting Laboratory of KU
Leuven (KUL), consisting of a modified commercial near-field
goniophotometer (NFG), is also involved in the study presen-
ted in this article.

The objective of this study is to demonstrate that these
BSSRDF measurements have traceability to the SI and to
establish a preliminary BSSRDF scale to be transferred to the
measuring system developed at KUL. The work presented in
this article also gives us the opportunity to better understand
the impact of the parameters of our facilities on the BSSRDF
measurement according to the translucency and surface prop-
erties of the measured samples.

2. Measuring systems

2.1. CSIC goniospectrophotometer

2.1.1 Measuring setup. =~ The BSSRDF measuring system
of the CSIC was well described in [15], although some



J. Opt. 26 (2024) 035601

P Santafé-Gabarda et al

) FW
Sam .- P2 12 PL L1 pyyrME
. Mas [ A 4 = L3
T
-------------- R6J- | 9 op
= i Al | view

: : BS: o I-l i A !
: : i fi : P o P
: ; & 5 | B
| ! . b : I
: : - a : P
| CMos: | TN O A
i i o FW | S
pr | {5 PLIf1 S
i : N\, A I PWl' 3. Side
L I
5 i S view
; i 1

I

|

BS: Beam Splitter

FW: Filter Wheel
L3: Lens 3 (35 mm)

CMOS: CMOS camera M45: Mirror at -45°

L1: Lens 1 (250 mm)

PW: Pinhole Wheel
R6: 6-axis robot
Sam: Sample

S: Source

L2: Lens 2 (1 m)

Mc: Monochromator
P1: Diaphragm 1
P2: Diaphragm 2

Figure 3. Diagram of the setup used in the CSIC goniospectrophotometer. P and P’ represent the object and image principal planes,

respectively, of the irradiation optical system.

modifications have been carried out since then. The incan-
descent light source has been replaced by a laser driven light
source (LDLS) (EQ-99X, Hamamatsu), the optical system
has been optimized to obtain the maximum amount of light
in the minimum feasible irradiated area, and the detection
system, the charged-coupled device (CCD) camera, has been
replaced by a high sensitivity CMOS camera (Orca-Flash4.0
V3, Hamamatsu). A scheme of the setup used for these meas-
urements is shown in figure 3.

The emitting plasma of the light source (S), which has a
full width at half maximum (FWHM) of around 200 pm, is
imaged by the lens L3 on the entrance slit of the monochro-
mator (Mc), thus also obtaining the image at the exit slit of the
Mc. Next to the Mc, a pinhole wheel (PW) has been placed.
This PW contains 16 different pinhole sizes, with diameters
from 20 pym to 2 mm, which allows the irradiated area on the
sample surface to be modified, although in this case only one
specific position of the PW has been selected for all the meas-
urements, the smallest one (20 pm-diameter). Lenses L1 and
L2 form an optical imaging system between the PW plane (P)
and the sample surface plane (P’) with a magnification factor
B’ ~ —4. This means that the irradiated area on the sample
is approximately four times larger than the selected pinhole,
without taking into account aberrations and a possible small
soft focus of the image which lead to an actual irradiated area
of around 140 pm in diameter. There is also a filter wheel (FW)
between L1 and L2 with five different positions: clear posi-
tion (no-filter), dark position (opaque filter) and three neutral
density filters with nominal transmittances of 10%, 1% and
0.01%. For positioning the sample, a six-axis robot arm (R6)
(Staubli TX-40) has been used, with a mechanical holder that
has a black background to minimize reflections of the light

going through the samples. Lastly, for the detection, a high
sensitivity CMOS camera provides a spatial resolution on the
sample surface of 20 um x 20 um per pixel, approximately,
and it is placed on a platform that can move around the sample
on a cog-wheel ring.

2.1.2. Measurement model. The BSSRDF is defined theor-
etically in equation (1). As mentioned in the previous section,
it is not possible to measure differential quantities, so dif-
ferential elements are replaced by the radiance, Ly (x,1;),
and the incident radiant flux, ®;(x;,r;). The radiance can be
expressed in terms of the reflected radiant flux, ®,(x,,r;), as it
follows [16]:

(pr (Xr7 rr) _ ér (errr)
" A,cosbw,’

@

Ly, (Xh rr) = ApWr
where A, is the apparent area of the surface element under
evaluation, A; is the actual area of this surface element, w; is
the collection solid angle of the detection system and 6, is the
collection polar angle.

When the collection is made at 6, = 0°, A; corresponds to
area of the field of view (FOV) of a pixel of the camera, A¢oy.
Nevertheless, when the collection is made at an arbitrary 6,, A,
is defined as follows:

Ay = Agoy/ cos b 3)

Thus, the radiance Ly (X;,r;) is expressed in terms of the
geometrical parameters of the detection system:

(I)r (Xr7 rr)
Afovwr .

“

Lssr (Xr7 rr) =
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The BSSRDF can then be expressed as a radiant flux quo-
tient multiplied by a geometrical factor:

L d(x,1y)
Aoy @5 (xi,1)

&)

fssr (Xia ri;er rr)

The radiant flux is directly related with the dark-subtracted
response of a pixel of the CMOS camera, N (in units of
counts), as follows:

N= %K’Tnetexp(ba (6)
where the factor A/hc (with & the Planck constant and ¢ the
speed of light in vacuum) represents the inverse of the energy
of a photon with wavelength A, K is the conversion factor
between photoelectrons and counts (K =2.1 counts per pho-
toelectron for this camera), 7 is the transmittance of the cam-
era lens, 7. is the external quantum efficiency of the pixels of
the CMOS sensor and %, is the exposure time. The acquis-
itions taken with the CMOS camera are high-dynamic-range
(HDR) acquisitions. This means that the exposure time of each
pixel has been adjusted to avoid low signal-to-noise ratios
(SNR). Additionally, to reduce the spatial noise, a 10 x 10
pixels binning was done. This means that each pixel of the
binned images represents the signal of 100 pixels of the ori-
ginal sensor. Therefore, Ag,, represents the area of the FOV
of 100 pixels and the spatial resolution of the detection sys-
tem is reduced, which is taken into account in the calcula-
tion of the BSSRDF values and its uncertainty. The obtained
binned images are then projected to the SSRS through the cor-
responding collection polar angle, 6;, in each case, as it is
explained in [15].

The transmittance of the camera lens and the external
quantum efficiency of the pixels may vary when measuring
the incident radiant flux and the reflected radiant flux, because
of the way how the light reaches the camera. In the first case,
the measuring solid angle is determined by the irradiation solid
angle, wj, while in the second case, it is determined by the col-
lection solid angle of the camera, w;. Thus, it is necessary to
introduce a responsivity correction factor, Cy., which is defined
as [15]:

_ Tile,r

Cr = ) (7
TiTle i

where indexes ‘r’ and ‘i’ refer to reflected and incident radiant
flux measurements, respectively. Furthermore, for the meas-
urement of the incident radiant flux, the neutral density filter
of the FW with a nominal transmittance of 0.01% had to be
used to avoid the saturation of the pixels of the CMOS sensor.
Therefore, the measurement equation of the BSSRDF in the
goniospectrophotometer at CSIC becomes:

N, fexp i 1 1
f;srﬁk _ Tnd ( r,k ) ( P, 7k> o ’ (8)
Afovr ZkNi,k Texp,r.k Cr CnLk

where fi « represents the BSSRDF value of the binned pixel
‘k’, Taa 18 the transmittance of the neutral density filter used

for the incident radiant flux acquisition, N, ; and N; ; are the
response in counts of the binned pixel ‘k’ for the reflected radi-
ant flux acquisition and the incident radiant flux acquisition,
respectively, and feyp r x and fexp ; x are the exposure times used
by the binned pixel ‘k’ in the reflected radiant flux acquisition
and in the incident radiant flux acquisition, respectively. Cy x
is a correction factor accounting for the non-linearity of the
response of the pixel ‘k’.

The square of the relative standard uncertainty of the
BSSRDF can be expressed as the quadrature sum of the
relative standard uncertainties of all variables involved in
equation (8):

2 () = o) +12 (V) 412 (Zm)
k
+ “f (Tnd) + M% (wr)

l .
n uf (texp,h’;) + ur2 (Crr) + urz (Cnl,k) . )
exp,r,

This equation is fulfilled since the errors on the values of
the variables involved in the measurement equation are not
correlated, except for the term of the sum of the response
of the binned pixels in the incident radiant flux acquisition,
which is fully correlated. Nevertheless, as the response of
the reflected radiant flux acquisition is divided by the incid-
ence radiant flux acquisition with the same camera, this cor-
relation is canceled. On the other hand, it is true that the
errors of the BSSRDF values at different geometries are cor-
related, which should be taken into account when integrating
these values to obtain another magnitude from the BSSRDF,
but it does not affect the uncertainty of each BSSRDF value
to be compared. The estimation of the uncertainty of integ-
rated magnitudes is out of the scope of our current research,
but it should be address in the future, likely through the
Monte Carlo method [17] due to the complexity of the
measurement.

Strictly speaking, the uncertainties introduced by the angu-
lar and spatial resolutions of the measuring system should also
be accounted in equation (9). Nevertheless, they depend on the
specific characteristics of the sample being measured, mak-
ing necessary to have a prior characterization of the BSSRDF
of the sample. The samples that have been measured in this
work present a very smooth angular distribution far from the
specular direction and a smooth spatial distribution outside
the irradiated area, and both conditions are fulfilled for the
compared BSSRDF values. Furthermore, the robot arm and
the detection platform are very precise, so the error in the
angle is supposed to be very small, as the error in the X, posi-
tion on the sample surface, since the detection system has a
very high spatial resolution. These effects can be neglected
because their contribution is supposed to be much smaller than
other main uncertainty sources present in the current measure-
ments of the BSSRDF as the noise due to the response of the
pixels.
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2.1.3. Uncertainty sources

2.1.3.1. Area of the detection FOV on the sample plane,
Aryv.  To measure Agy a calibrated 10 mm stage micrometer
with 50 um divisions was used. It was placed on the sample
plane and it was irradiated with a broadband uniform beam.
Then, an horizontal and a vertical image of the micrometer
were taken with the CMOS camera in transmittance, using
the same acquisition configuration as in the measurements.
The horizontal and vertical dimensions of the pixels in mm
on the sample surface were obtained from the number of pixels
between the first and the last division of the micrometer, result-
ing the multiplication of both dimensions in Ag,y. Thus, the rel-
ative standard uncertainty of Ag,, is determined by the stand-
ard deviation of the number of pixels of four repetitions and
the uncertainty on the calibration of the stage micrometer, and
it was estimated at 0.1% by applying the uncertainty propaga-
tion law.

2.1.3.2. Dark-subtracted binned pixel response, N.  The
analysis of the uncertainty due to the response of the pixels of
the CMOS camera is essentially the same as explained in [15],
but now the noise parameters of the camera are different, since
the CMOS camera has replaced the previous CCD camera.
The readout noise, o, of the new detection system was estim-
ated at 0.86 e~ rms, the conversion factor, K, at 2.1 counts per
e, and the mean thermal electrons rate of the CMOS sensor,
si, at 0.011 e~ s~ ! per pixel. The method used for the estima-
tion of the correction factor is described in the literature [18].
The standard uncertainty of the dark-subtracted response of
the pixel ‘j’, u(N;), becomes:

u(N) = K202 + texp 250+ 25+ K-IN], - (10)

where s, is the rate of the electrons generated per pixel by the
stray light in the laboratory in the moment of the measurement
and the factor 2 comes from the two acquisitions needed for
subtracting the dark signal.

The dark-subtracted binned pixel response is the result of
summing the dark-subtracted response of 100 pixels, thus
its uncertainty is the square root of the quadrature sum of
the uncertainty of each single pixel. The relative standard
uncertainty of the dark-subtracted binned pixel response is
therefore:

25w (Nj,)
ij ij’f 7

ur (Ni) = 1D

where u(N;, ) is calculated from equation (10) and the additions
include the 100 pixels that are being accounted for the binned
pixel ‘k’. Since u(N;,) and N;, are almost constant for a given
bin ‘k’, the impact of the noise in the relative uncertainty is
reduced approximately by a factor of 10.

2.1.3.3. Transmittance of the neutral density filter, 7,. ~ The
transmittance of neutral density filters was measured with a
calibrated spectrophotometer in the past (see [12]). A relative
standard uncertainty of 0.48% was obtained for the filter with
a nominal transmittance of 0.01%, the one used for measuring
the incident radiant flux.

2.1.3.4. Collection solid angle, w.. The calculation of the
collection solid angle and its uncertainty analysis was carried
out following the same procedure as explained in [15] but now
with the CMOS camera. In this case, the angular steps were
reduced from 1° to 0.5°, and the resulting relative standard
uncertainty became 0.23%.

2.1.3.5. Exposure time, t.px.  The uncertainty of the expos-
ure time used by each pixel of the CMOS sensor is very small
compared to the minimum integration time used in the acquisi-
tions. So, the relative standard uncertainty of the exposure time
ratio can be considered negligible.

2.1.3.6. Responsivity correction factor, C...  The responsivity
correction factor is obtained from the measurement data of the
collection solid angle, and its calculation is also explained in
[15]. Its relative standard uncertainty for the CMOS camera is
0.19%.

2.1.8.7 Non-linearity correction factor, C. The non-
linearity of the CMOS sensor was corrected using the methods
described in [19]. Nevertheless, the applied correction factors
have a relative standard uncertainty estimated at 0.6%.

2.2. CNAM goniospectrophotometer

2.2.1. Measuring setup.  The goniospectrophotometer setup
for BSSRDF measurements at CNAM, shown in figure 4,
has been designed to perform an absolute measurement of
BSSRDF and is described in [20]. The sample, held on a robot
arm, is illuminated by a narrow and directional light beam. The
reflected radiance is measured over a small area in the collec-
tion direction using a luminance meter as a detection system.
Contrary to a camera-based detection, the luminance meter
provides a single value of luminance for the area within the
FOV. It is therefore combined with a spatial scanning system
(i.e. translation stages) to measure luminance at any location
on the sample.

The source of this setup has been designed to illuminate
the sample with a very bright and thin beam. It comprises an
LDLS (EQ-99X, Hamamatsu) and an optical system optim-
ized to obtain a light spot with a diameter of about 50 ym
on the sample. This source is shared with CNAM’s ‘uBRDF’
setup and is described in detail in [ 14]. The source is located on
a breadboard and can be rotated around the sample in the hori-
zontal plane using the rotation ring. The incident flux on the
sample is measured by placing the source directly in front of
the detection system. The source aperture is adjusted to 1.5° to
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Figure 4. The CNAM goniospectrophotometer for BSSRDF
measurement (top view).

ensure no vignetting on the detection system for the source dir-
ect measurement while maximizing optical power. The detec-
tion system is a luminance meter (Pritchard) equipped with
a photomultiplier tube. This allows to measure luminance as
low as 1 x 1073 cdm~2. The diameter of the detection FOV
on the sample plane, which limits the spatial resolution of the
measurements, is about 1 mm. The sample is held at the center
of the goniospectrophotometer by a six-axis robot arm (RV-
12S, Mitsubishi). For BSSRDF measurements, the robot has
its wrist oriented upward and the sample is held vertically by
a clamp. In this way, light can be freely transmitted through
the sample with no risk of back reflection. Using the robot
rotations and the rotation ring, sample and source are oriented
to meet the chosen geometry of measurement for the incident
beam and collection directions (r; and r;). The location of the
incident beam (x;) can be controlled by using the translation
tools of the robot arm.

The X and Y translations to be applied to the detection sys-
tem for observing the reflected radiance from the position x; on
the sample surface are determined by the geometry of meas-
urement. The location of the collection point in the coordin-
ate system of the detection can be obtained by applying to the
vector (x;, yr, 0) three consecutive rotations of angle 5 around
the x-axis, o around the y-axis and ~ around the z-axis, with
(a, B,7y) angles that describe the orientation of the sample and
that are linked to the angular geometry of measurement (6;,
¢i, 0r, ¢r) using formulas given in [21]. In the study presen-
ted in this paper, only in-plane measurements were performed,
which simplifies the calculation of the detection position:

X = x.cos (6;),
Y=y,

12)
13)

2.2.2. Measurement model. The BSSRDF, f (Xi, Ii; X;, I'y),
is defined as the ratio of the reflected radiance Ly (X;,r;) to
the incident radiant flux ®;(x;,r;). The incident radiant flux
is measured by placing the source directly in front of the
detection system. In this configuration, the detection system
measures the luminance Lgoyce and the associated dark signal

Lgource,dark- The incident radiance flux is then calculated using
the following equation:

(bi = (Lsource - Lsource,dark)Afovwra (14)
with Ay, being the area of the detection FOV on the sample
plane and w; the collection solid angle.

The reflected radiance is measured after placing the source,
the detection system and the sample in the chosen geometry
of measurement. The luminance meter directly measures the
luminance L.(X,r;) and the associated dark signal L. gark.
Finally, the measurement equation for BSSRDF is:

1 - Lr T
< L, dark ) a5
Afovwr \ Lsource — Lsource,dark

The relative standard uncertainty of the BSSRDEF, u;(f,).
can be related to the uncertainties on each variable of
equation (15) as follows:

fssr (thi;xryrr) -

u? (Lr) + u? (Lr,dark)
(Lr - Lr,dark)z
g (Arov) + 15 (wr) -

u? (Lsource) + u? (Lsource,dark)
2
(Lsource - Lsource,dark)
(16)

ul% (f‘SSI‘) =

In this first study, the uncertainties induced by angular and
spatial positioning errors are only partially accounted for from
the repeatability measurement. As light becomes increasingly
diffuse with subsurface scattering, negligible uncertainties are
expected to be induced by errors on the angular positioning
of the sample. Errors on the spatial x; position of the sample
have a higher impact, especially close to the center, and will
be thoroughly evaluated in future works.

2.2.3. Uncertainty sources

2.2.3.1. Luminance meter response, L.  The luminance L,
was independently measured three times for each sample. The
uncertainty on L; is given by the standard deviation on the
measurement divided by v/3. The value of the uncertainty
u(L,) is strongly impacted by sensor noise and gets high when
the signal is very low: it is inferior to 5% (and as low as 1%)
when the measured luminance is superior to 0.2 cd m~—2, and
as high as 50% when the measured luminance is lower than
0.001 cdm—2.

The uncertainty on Ly has been evaluated at 2.4%. This
uncertainty accounts for the reproducibility of the measure-
ment, evaluated by asking the operator to realign the instru-
ment in front of the source for 10 independent measurements.
This uncertainty also accounts for the instrument resolution
and the non-linearity of the luminance meter, which is used in
a high-dynamic mode for measurements on the sample, but in
alow-dynamic mode for the direct measurement of the source.

The uncertainty on Lgak and Lgource,dark has also been stat-
istically evaluated at 1.4%. This value accounts for stray light,
sensor noise and instrument resolution.
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2.2.3.2. Area of the detection FOV on the sample plane, Asoy.

The area A,y Was measured by taking a photograph of a ruler
placed on the sample plane with the viewfinder of the lumin-
ance meter. The relative standard uncertainty for this meas-
urement is 6.7%, limited by the poor accuracy that can be
achieved in measuring the FOV diameter. When the measured
luminance signal is not too noisy, this component constitutes
the largest contribution to the total uncertainty.

2.2.3.3. Collection solid angle, w;.  The luminance meter
comprises a lens that creates some vignetting and yields a
non-uniform luminance measurement over the collection solid
angle. Consequently, the solid angle can be expressed as:

!/
o Adiaph

wr— dz )

where A, is the equivalent aperture area that accounts for
the luminance distribution within the solid angle, and d is the
distance between the sample and the detection’s entrance aper-
ture. The equivalent aperture area is 1.41 x 1073 m? (43.2 mm
for the equivalent diameter) and the sample to aperture dis-
tance is 1.931 m.

The luminance distribution over the collection solid angle
can be estimated by placing an iris diaphragm just in front of
the lens (which corresponds to the position of the detection’s
entrance aperture), and by measuring the luminance of a uni-
formly illuminated sample for various apertures of the iris dia-
phragm. To compute the equivalent aperture area Ag,,, tWo
luminance measurements were performed on an uniformly
illuminated Spectralon sample. First, the iris diaphragm dia-
meter was chosen small enough (24 mm) to ensure that the
light going through the luminance meter lens was not vignet-
ted and the luminance Lgeqeer Was measured with a diaphragm
of area Acenter- Then, the iris diaphragm was removed, and the
luminance L, was measured. Assuming that the luminance
distribution is uniform at the center of the FOV of the lumin-
ance meter, the equivalent aperture area is given by:

a7

center

Aéiaph = Liota1 X (18)

Lcenter

The relative uncertainty on the equivalent aperture area
(2.6%) and on the sample to aperture distance (0.5%) yields
the relative uncertainty on the collection solid angle, which is
2.8%.

2.3. KUL goniophotometer

2.3.1. Measuring setup. The BSSRDF measurement facil-
ity at KUL (Light & Lighting Laboratory) is a modified com-
mercial NFG, type Rigo 801-300 (TechnoTeam GmbH). This
is the system to which the BSSRDF scale was transferred.
Typically, an NFG is used to measure ray files and radiation
patterns from light sources. However, as the measurement
device is equipped with a calibrated imaging luminance meas-
urement device (ILMD), it can be modified to also measure
BSSRDF. The modifications to the NFG include a customized
laser illumination setup and sample holder.

Figure 5. Illumination system attached to NFG consisting of a
4.5 mW laser diode (a), a rotating diffuser (b), a 1 mm diameter
aperture (c) and a lens with a focal length of 33 cm (d).

Figure 6. Sample holder (a) mounted within the NFG holding a
polycarbonate translucent sample (b), and the ILMD system (c).

The illumination part, shown in figure 5, consists of a laser
diode (532 nm, type CPS532 - 4.5 mW) followed by an aper-
ture of 1 mm in diameter. This aperture is imaged toward the
center of the NFG using a lens with a focal length of 33 cm.
The resulting illumination spot at the center of the NFG has
a diameter of 2.6 mm. In order to minimize laser speckle, a
rotating front surface diffuser, which has a bidirectional trans-
mittance distribution function with FWHM of 8°, is positioned
between the laser and the aperture. The collimated laser beam
is enclosed by a hollow metal tube onto which the sample
holder at the center of the NFG is attached.

During normal NFG operation, this hollow metal tube is
used to provide electrical connections to the light source to be
measured. During BSSRDF measurements, a sample holder is
positioned at the center of the NFG, as is shown in figure 6. The
sample holder, which was custom designed and 3D printed,
allows for various angles of incidence within a single plane
(i.e. only the polar incident angle can be manually altered,
while the azimuthal incident direction is fixed).

Alignment of the sample is done using the same alignment
procedure as when measuring light sources with the NFG.
During this procedure a live view of the ILMD is shown with
an overlay of the internal coordinate system of the NFG. This
allows the front surface of the sample to be positioned exactly
at the center. Next, the incident angle is set manually by rotat-
ing the sample holder, reading the spatial offsets of the edges
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Table 1. Geometrical measurement parameters of each BSSRDF
measuring system.

Partner Ai/mm2 Ar/mm2 wj/sr wr/ST

CSIC 1.5x1072 42x1072 60x107* 50x1073
CNAM 20x107%2 1.1 21x107%  3.8x107*
KUL 5.3 60x1073 44x107* 3.0x1073

of the sample from the ILMD live view, and calculating the
corresponding angle of incidence.

Once the sample is aligned, the rotating arm onto which the
ILMD is mounted is rotated to capture multiple HDR lumin-
ance images from different viewing directions. The FOV of
the ILMD can be adjusted by changing the ILMDs lens. For
the BSSRDF measurements in this article, a lens with an FOV
of 80 mm was chosen.

2.3.2. Measurement model.  Although this is not a primary
facility developed for traceable BSSRDF measurements, it
provides BSSRDF measurements with SI units through the
comparison with a Spectralon calibration tile whose spectral
radiance factor [22] for a geometry of 0°:45°, 3., is known.
The BSSRDF measurement equation for this measuring setup
is the following:

Ls,k B cosb;
9
Lt,k '/TAfov

Jssre = (19)

where L and L denote the luminance of the pixel ‘k* of
the HDR luminance image of the measured sample and the
calibration tile, respectively, 6, is the collection polar angle
and Ay, the area of the FOV of a pixel of the ILMD.

2.4. Comparison of geometrical parameters

The three measuring systems described above show different
technical choices, which yield slightly different geometrical
parameters for the measurement of the BSSRDF (namely, the
size of the irradiation beam, the collection area and the irra-
diation and collection solid angles). An overview of the geo-
metrical parameters of each measurement facility is shown in
table 1.

As mentioned earlier, the BSSRDF is theoretically defined
for infinitesimal quantities, but realized in practice by measur-
ing light from areas of finite size and within finite solid angles
(see figure 2). The BSSRDF measured on a sample should
describe the intrinsic properties of the sample, i.e. without
any influence from the geometrical parameters of the measur-
ing system. Nevertheless, this influence is sample-dependent,
since it depends on the shape of the BSSRDF to be meas-
ured, and therefore depends on the scattering properties of
the material as well as the surface properties of the sample.
A sample with a smooth BSSRDF distribution, both angularly
and spatially, will be less influenced by the geometric para-
meters compared to a sample with a highly variable BSSRDF
distribution. For instance, it has been shown that measurement
parameters are critical for collection positions that are inside

or at the border of the irradiated area [23], since in these pos-
itions both surface-reflected light and volume-scattered light
are being accounted in the detection and the BSSRDF actually
depends on the irradiated area. Therefore, in these positions
the measured BSSRDF value may significantly vary between
the three measurement facilities presented in this work.

3. Comparison between CSIC and CNAM
measurements

The measurand of this comparison is the BSSRDF of three
translucent samples with different levels of translucency
(samples A, B and C, from more opaque to more transpar-
ent, see figure 7) at three different in-plane measurement geo-
metries and at different positions on the sample surface from
x=—6mm to x=6mm with y=0mm with respect to the
center of the irradiated area (see figure 2). The three differ-
ent measurement geometries are specified in table 2 by their
corresponding spherical coordinates (see figure 1).

The more challenging geometries in the measurement
are those with larger incidence and collection angles, as
in the case of BRDF measurements. Technically, the real-
ization of out-of-plane geometries is complex, although it
recently has been proved that it is well solved for traceable
BRDF measurements [24]. These issues will be addressed
in future works once the traceability of the BSSRDF meas-
urement has been consolidated at these more simple selected
geometries.

The BSSRDF values reported by CNAM do not corres-
pond to an spectral illumination, as is the case of CSIC at
550 nm, but to an effective spectral value at 555 nm, obtained
by weighting with the spectral distribution of the luminous
efficiency curve [25]. However, since the samples present a
white or gray color and are illuminated with a rather neutral
spectral distribution in the case of CNAM, it has been assumed
that the difference between the values due to the spectrum is
negligible with respect to the sources of measurement uncer-
tainty considered in this work. Of course, strictly speaking,
these differences have to be taken into account in the uncer-
tainty budget of the comparison itself, which has not been con-
sidered in this work, together with other sources of uncertainty
such as temperature.

The samples were custom manufactured by the company
Covestro Deutschland AG. They consist of a polymer mat-
rix (polycarbonate) with n=1.585 at A =589.3 nm in which
scattering particles with controlled mean diameter sizes have
been added at controlled mass concentrations. The specific-
ations of the added scattering particles for each sample are
given in table 3. All the samples have the same dimensions:
150 mm x 105 mm x 6.4 mm. The samples are very flat in all
cases, leading to limited surface scattering at non-specular dir-
ections (the maximum difference in height on their surfaces
is less than 1 um). Thus, the translucent properties of these
samples should be dominated by the volume scattering inside
the sample matrix. However, in the overlap region between the
illuminated and collected area, even a limited amount of sur-
face scattering can have a large impact on the BSSRDF.
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Figure 7. Translucent samples manufactured by Covestro
Deutschland AG for BSSRDF comparison.

Table 2. Measurement geometries of the comparison.

Geometry 0:/° 0./° &il° dl°
0°:45° 0 45 0 180
45°:0° 45 0 0 180
60°:15° 60 15 0 180

Table 3. Specifications of the samples given by the manufacturer.

Samples A B C

Mean diameter of scattering 0.3 2.2 8-10
particles/pm

% Mass of scattering particles 3.0 0.65 3.0
Refractive index at A = 589.3 nm — 1.420 1.535

The BSSRDF measurements from CSIC and CNAM are
shown in figure 8 [26], where each row of plots corresponds
to each sample and the columns of plots correspond to the
measurement geometries. The y-axis of the plots is in log-
arithmic scale and represents the BSSRDF value, while the
x-axis represents the x-position of the collection area with
respect to the center of the irradiated area (see figure 2). Its
absolute value thus corresponds to the distance between col-
lection and irradiation positions, since the y-coordinate equals
zero (y=0) in the presented plots. Analogously, the corres-
ponding relative expanded uncertainties, U;(f,,), are repres-
ented in figure 9. Since the detection system used at CNAM
uses a spatial scanning system, its measured relative positions
on the sample surface do not precisely agree with the relat-
ive positions corresponding to the binned pixels of the images
taken with the detection system used at CSIC. Therefore, as the
detection system used at CSIC spatially provides more data,
the BSSRDF values and uncertainties reported by CSIC have
been spatially interpolated to match the positions measured at
CNAM. CNAM was not able to measure the most transpar-
ent sample (sample C) due to the very low SNR, so no res-
ults are shown for this sample from CNAM measurements.
Additionally, the uncertainty budget of CSIC and CNAM facil-
ities for three specific positions (pl, p2 and p3) located at
x=1.1mm, x = —1.0 mm and x = —2.4 mm, respectively, of
the surface of sample B measured at 45°:0° geometry is shown
in table A1 and table A2, respectively, of the appendix.

As seen in figure 8(a), the comparison between CSIC and
CNAM is not good for sample A. For this sample, the BSSRDF
decreases really fast outside the irradiated area. As the detec-
tion system used by CNAM averages all the reflected radiant
flux inside a collection disk of 1 mm diameter approximately,
the values measured by CNAM do not represent the rapid spa-
tial variation of the BSSRDF. This explains why CNAM’s res-
ults differ significantly from the measured values at CSIC for
this sample. The same effect can be observed in the compar-
ison for sample B (figure 8(b)). However, in this case, the
effect of the collection disk is not appreciable outside the irra-
diated area because the volume-scattered light is more spa-
tially distributed, and the BSSRDF distribution is thus much
smoother. The measurements agree well outside the irradi-
ated area, where all the light comes from volume scattering
events inside the sample. This good agreement is quantified in
figure 10 by the relative difference, RD, between the BSSRDF
values measured at CSIC and at CNAM, calculated as:

RD — Jsse,cs1C — fosr,oNAM

20
Sssr,csic (20)

where fircsic and fir,cnam represent the BSSRDF value
measured at CSIC and CNAM, respectively.

Figure 10 shows the RD between CSIC and CNAM meas-
urements for samples A and B at each measurement geometry.
For the sake of clarity, the values at the positions in which
the reflected radiant flux measured by CNAM may account
surface-reflected light have been omitted. For sample A, the
RD is high in absolute value and it is outside the combined
expanded uncertainty bounds. This means that the measure-
ments from both systems are not compatible for this sample,
but this incompatibility has been explained in the previous
paragraph. For sample B, however, the values of the RD
are inside the combined expanded uncertainty bounds; there-
fore, the measurements from both systems are compatible.
Nevertheless, compatibility can be assessed more explicitly by
calculating the compatibility coefficient, according to the fol-
lowing equation:

Jose,cSIC — fesr,oNAM

\/ U2 (fssr,CSIC) + U2 (fssr,CNAM)

where fgr csic(cnam) represents the BSSRDF value measured
at CSIC (or CNAM) and U(fy csic(onamy) is the corres-
ponding expanded uncertainty (k=2). Typically, two meas-
urements are regarded as compatible when the absolute value
of C is lower than 1. The results are represented in figure 11,
where the values at the positions with surface-reflected light
contribution have been omitted too.

The low compatibility coefficient values for sample B are
due to the high noise of the detection in CNAM measurements.
In sample A, measurements at positions close to the irradiated
area present incompatibility for all geometries. This incompat-
ibility is explained by the effect of the large collection area of
the CNAM facility.

C:

; 2y
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Figure 8. Measured BSSRDF values of the samples (a) A, (b) B and (c) C at CSIC (red line with ‘o’ markers) and CNAM (blue line with
‘e’ markers). See online version for colored plots.
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Figure 10. Relative difference of the BSSRDF values measured at CSIC and at CNAM, normalized to the values from CSIC, for samples A
(left) and B (right) and for each measurement geometry (red e for 0°:45°, blue A for 45°:0° and black B for 60°:15°). The lines represent
the combined expanded uncertainty bounds of the measures for each geometry (‘- - - - for 0°:45°, ‘——" for 45°:0° and ‘— for 60°:15°).

Colored plots are available in the online version.
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Figure 11. Compatibility coefficient between the BSSRDF measurements of CSIC and CNAM for samples A (left) and B (right) and for
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4. BSSRDF scale transfer to KUL

One important objective of this research was to study the trans-
fer of the BSSRDF scale from a primary facility to a non-
primary facility, which needs an external calibration sample
to provide traceability to its BSSRDF measurements. The
sample B is the most adequate as transfer standard, because
the BSSRDF values can be assessed for more limited instru-
ments, with lower resolution or sensitivities, as demonstrated
in the results shown in figure 8(b). The other samples, how-
ever, could be included in a set of transfer standards which
would allow the instrument to be calibrated for three types
of samples with very different scattering behavior. The trans-
fer of the BSSRDF scale is done by comparing the BSSRDF
measurements of the transfer standard by the system to be cal-
ibrated with the better estimations of the BSSRDF, previously
determined for a number of measuring conditions (geometries,
positions and wavelengths, in this case) by SI-traceable meth-
ods and primary facilities, as described before. This compar-
ison allows the calibration factor of the instrument to be cal-
culated, and systematic errors to be identified.

The transfer of the BSSRDF scale was studied for the KUL
measuring system, using the sample B as transfer standard.
Given the high relative uncertainty obtained at CNAM, it was

decided to consider the measurements at CSIC as the better
estimation of the BSSRDF. The illumination wavelength used
at KUL is 532 nm, slightly different to the one used at CSIC.
The results obtained at KUL, in comparison with those from
CSIC, are shown in figure 12 [26]. The correction factor, Cky,
for this facility was obtained by dividing the BSSRDF values
from CSIC (better estimation) by the measurements at KUL,
and the results of this calculation are shown in figure 13.
Figure 12 shows a good agreement between both measure-
ments regarding the shape of the BSSRDF profile in the posi-
tions that are outside the KUL irradiated area, although there
is a small systematic difference in the values higher than the
expanded uncertainty of KUL measurements. In figure 13, the
values that correspond to positions inside the KUL irradiated
area have been omitted. It is seen that this ratio is approxim-
ately constant regarding the distance to the irradiated area, but
it seems to depend on the measurement geometry, since it is
higher for the 0°:45° geometry than for the other two geomet-
ries, 45°:0° and 60°:15°, where the collection direction is nor-
mal or almost normal to the sample surface, respectively. This
could be related to a bad compensation of the collection angle.
However, this behavior does not persist in the positions that are
on the incidence semi-plane (x; > 0). There, the ratio is lower
and does not seem to depend on the measurement geometry.
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Figure 12. Measured BSSRDF values of the sample B at CSIC (red line with ‘o’ markers) and KUL (black line with error bars). The error
bars of the KUL values represent the expanded uncertainty (k = 2) of their measurements. See online version for colored plots.
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Figure 13. Ratio between BSSRDF measurements at CSIC and
BSSRDF measurements at KUL of sample B for each measurement
geometry (red e for 0°:45°, blue A for 45°:0° and black B for
60°:15°). The error bars represent the expanded uncertainty (k = 2)
of the ratio. Colored plot available in the online version.

This could be conditioned by some misalignment of the cen-
ter of the irradiated area at KUL measuring system, since it is
much bigger than the irradiated area of CSIC measuring sys-
tem and its center is located with lower accuracy. Also, other
uncertainty sources not considered in this work, such as the
illumination wavelength, can be affecting in a lesser extent.

5. Discussion

The obtained results of this study show that there are two prin-
cipal issues that must be taken into account when measuring
the BSSRDF and, although their effect on the results may seem
very similar, their origin is completely different. These are the
lack of spatial resolution in the detection and the use of a large
irradiated area on the sample surface.

On one hand, in the comparison between CSIC and CNAM
measurements, the results presented in figure 8 show that a
low spatial resolution of the detection system can lead to a
loss of information of the spatial distribution of the BSSRDF.
For some samples this can occur only in certain regions of

the surface where the BSSRDF present a rapid spatial vari-
ation, e.g. sample B (see figure 8(b)), but for others it can pre-
vent the correct characterization of the BSSRDF of the sample
at all, e.g. sample A (see figure 8(a)). As a demonstration,
the BSSRDF values measured at CSIC have been convoluted
within an area as large as the collection area of the system
developed at CNAM. This procedure clearly reduces the dif-
ferences between CSIC and CNAM measurements on sample
A, as shown in figure 14. These large observed differences in
the comparison between CSIC and CNAM measurements are
thus mainly due to the larger measurement area of the system
developed at CNAM.

On the other hand, in figure 12 the main difference in the
values seems to be due to the KUL irradiated area, which is
more than ten times larger than the irradiated area used at
CSIC. In this case, the main difference is only at the posi-
tions that are inside the irradiated area of the KUL setup. As
a demonstration of this effect, a Monte-Carlo ray-tracing sim-
ulation (with 25 million rays) is performed for a translucent
sample with similar volume and surface scattering properties
as sample B (see modeling parameters in table 4). The res-
ulting BSSRDF is simulated for two setups with a different
irradiated area: in one case equal to the irradiated area for
the CSIC setup and in the other case equal to the irradiated
area for the KUL setup. The results are shown in figure 15,
and it is observed a similar deviation of the results as in the
experimental comparison of the CSIC and KUL setup for
sample B.

As mentioned before, the dependence of the BSSRDF on
the irradiated area at those positions was already shown in the
literature [23], and it is due to the co-existence of two differ-
ent phenomenon’s: surface scattering and volume scattering.
While the radiance from the second one is proportional to the
total incident radiant flux on the material and is characterized
by the BSSRDF, the radiance from the first one is proportional
to the irradiance on the surface and, therefore, is not well char-
acterized by the BSSRDF. Thus, it is better to use a smaller
area to irradiate the sample (always keeping the SNR accept-
able) to evaluate the correct BSSRDF in a wider range of the
sample surface.

This study also allowed us to compare several instrument
designs and observe the impact of the geometrical measure-
ment parameters on the BSSRDF. The results show that a
camera-based system like the one developed at CSIC yields
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Figure 14. Convoluted BSSRDF values from CSIC (red lines with ‘o’ markers) of sample A compared with the BSSRDF values measured

at CNAM (blue lines with ‘e’ markers). See online version for colored plots.

Table 4. Modeling parameters of the simulated BSSRDF values of figure 15.

Mie scattering assumption

Particle size: 1100 nm

Particle refractive index: 1.42

Matrix refractive index: 1.589

% Mass of scattering particles: 0.65%

Volume scattering

Harvey—Shack scattering assumption

Intercept (bo): 706 st !
Shoulder angle: 2°

Slope: -3

Surface roughness RMS: 100 nm

Surface scattering

Setup 1 Setup 2
A= 1.5 x 1072 mm? Aj = 5.3mm?
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Figure 15. Simulated BSSRDF values for sample B, for the case with an irradiated area equal to the CSIC (setup 1, red lines with ‘o’
markers) and KUL setup (setup 2, black lines with ‘e’ markers). See online version for colored plots.

better results on a wider range of translucent samples thanks
to its higher spatial resolution and lower noise. This kind of
system should be more adequate for industrial applications,
as it can provide BSSRDF measurements faster than using a
detector without spatial resolution. Furthermore, the measure-
ment results obtained with the facility developed at CNAM
illustrates that using a luminance meter for detection is not
adapted to almost transparent samples or to samples with high
reflectance due to its low sensitivity and the difficulties to
provide a comparatively high spatial resolution by scanning,
since its FOV is much more limited that the FOV of the pixels

of typical cameras. Nevertheless, for targeted measurements,
this kind of design might provide a conventional route for
traceability. Also, systems based on commercial NFGs, as the
one used at KUL, seem to be a good simple solution to perform
BSSRDF measurements.

6. Conclusions

The BSSRDF scale realized by two different primary
measurement facilities (developed at CSIC and CNAM) has
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been compared through the measurement of three samples
with different levels of translucency specifically produced
for this study. The measurements on sample A (the most
opaque) and sample C (the most transparent) allowed the
complexity of the measurement to be understood for such
extreme cases. Besides, the consequence of using a poor
spatial resolution on the BSSRDF measurements has been
demonstrated. For a more intermediate case, as the translucent
sample B, the BSSRDF measurements showed a good agree-
ment between the two facilities, being possible to establish a
primary BSSRDF measurement scale.

In addition, the transfer of the achieved BSSRDF meas-
urement scale has been studied for the measuring system at
KUL. The relative values of the BSSRDF measurements at
KUL agree well with the previously obtained values from
the comparison between CSIC and CNAM, and a calibra-
tion factor for this facility was obtained. We observed some
dependence of this calibration factor on the geometry and on
the position on the sample, which might be a consequence of
the different realization of the bidirectional geometry and the
size of the irradiated area. These effects should be carefully
studied in future works. From these results, also the impact
of the irradiation area on the BSSRDF measurements was
demonstrated.

In summary, the present work shows the high complexity
of the BSSRDF measurements and provides some import-
ant guidelines for future developments of BSSRDF measuring
systems
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Appendix

Table A1. Uncertainty budget of CSIC goniospectrophotometer for three specific positions (p1, p2 and p3) located at x = 1.1 mm,
x = —1.0mm and x = —2.4 mm, respectively, of the surface of sample B measured at 45°:0° geometry.

Relative uncertainty (k=1)

Source of uncertainty Variable pl p2 p3
Dark-subtracted pixel response Nik 0.88% 0.54% 0.63%
>Nk 0.033% 0.033% 0.033%

Area of the detection FOV Asoy 0.10% 0.10% 0.10%
Transmittance of the ND filter Tnd 0.48% 0.48% 0.48%
Collection solid angle Wr 0.23% 0.23% 0.23%
Responsivity correction factor Cy 0.19% 0.19% 0.19%
Non-linearity correction factor Cul 0.60% 0.60% 0.60%

Table A2. Uncertainty budget of CNAM goniospectrophotometer for three specific positions (p1, p2 and p3) located at x = 1.1 mm,
x = —1.0mm and x = —2.4 mm, respectively, of the surface of sample B measured at 45°:0° geometry.

Relative uncertainty (k=1)

Source of uncertainty Variable pl p2 p3
Luminance meter response L: 25% 20% 29%
Lsource 2.4% 2.4% 2.4%
Lgark 1.4% 1.4% 1.4%
Lsource,dark 1.4% 1.4% 1.4%
Area of the detection FOV Afoy 6.7% 6.7% 6.7%
Collection solid angle Wr 2.8% 2.8% 2.8%
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