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Diffusors are widely used optical components having numerous applications. They are commonly used to
homogenize light beams and to create particular intensity distributions. The angular scattering profile of
bulk scattering diffusing materials is determined by three bulk scattering parameters that are, however,
not commonly available. This hampers an accurate implementation of bulk diffusors in ray tracing
simulations. In this paper, the bulk scattering parameters of a concentration series of milk diluted with
water were determined with the inverse adding—doubling method. Using these values as input, the mac-
roscopic angular scattering profile was simulated using ray tracing software. The simulation results were
compared to experimental data, and a good agreement between measured and simulated data was found.
The method was also proven to be successful when applied to commercial diffusors. © 2013 Optical

Society of America
OCIS codes:

BRDF, and BTDF.
http://dx.doi.org/10.1364/A0.52.004083

1. Introduction

Diffusing materials are used in a lot of applications,
such as luminaire design and display technology
[1-3]. These materials redistribute the light through
surface scattering, volume scattering, or a combina-
tion of both. Surface scattering occurs at the front or
back surface of the material and is caused by geomet-
rical irregularities. Volume or bulk scattering, on
the other hand, occurs inside the material, and is
due to the presence of scattering particles in a
host material. In order to perform accurate optical
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simulations, diffusing materials need to be ade-
quately modeled.

Surface scattering is described using the bidirec-
tional scatter distribution function (BSDF), which
can be subdivided into the bidirectional reflectance
distribution function (BRDF) and the bidirectional
transmittance distribution function (BTDF), respec-
tively, [4,5]. These functions are defined as the ratio
of the surface radiance of the sample in a given view-
ing direction to the irradiance from a particular in-
cident direction. Both the incident and viewing
angles are defined by the spherical coordinates
toward the sample normal, (0;, ¢;) and (d,, ¢,), respec-
tively. The BRDF and BTDF values can be deter-
mined for each wavelength A.
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Bulk scattering is modeled by the use of three bulk
scattering parameters: the absorption coefficient x,,
the scattering coefficient u., and the phase function
p(0). The absorption and scattering coefficients de-
fine the probability of a photon being absorbed and
scattered after travelling a unit path length through
the material, and are usually expressed in mm™.
The phase function determines the probability of a
photon being scattered in a given direction after a
single scatter event [6].

For ray tracing simulations of, e.g., luminaires or
displays, the bulk diffusor is an essential optical com-
ponent, since it redirects the light both angularly and
spatially. In order to model the component accu-
rately, the bulk scattering parameters should be used
as input in the ray tracing software. However, for
commercial diffusors, the values are usually not
available.

The determination of the bulk scattering parame-
ters of materials has been the subject of investigation
in numerous application fields. Among others, these
include the medical field (to study tissue) [7-9],
astronomy (to model light propagation through the
galaxy or the atmosphere) [10], and the biological field
(e.g., to examine food samples) [11]. Two categories of
methods are commonly used: the forward method and
the inverse method. In the forward method, basic
physical properties (such as the refractive index of
both the host material and the particle, the particle
size, the size distribution function, etc.) are used to
infer the bulk scattering parameters. A commonly
employed forward method is the Lorenz—Mie theory,
which can be used for spherical particles [6]. In the
inverse method, measured macroscopic quantities,
such as the reflectance, transmittance, and spatial
reflectance profile of the given sample are taken as
input to determine its bulk scattering parameters.
The inverse method has the advantage that the basic
physical properties of the scattering particles and
host material need not be known. Examples of inverse
methods are inverse adding—doubling (IAD) [12],
inverse Monte Carlo (IMC) [13], and the use of the
diffusion approximation [14].

In this paper, the IAD method was selected for the
determination of the bulk scattering parameters of
two types of material. The IAD method is based on
the adding—doubling (AD) method, which was first de-
scribed by Stokes in 1860 [15]. Stokes developed the
AD method to calculate the reflectance and the trans-
mittance through a pile of plates. In the IAD method,
the bulk scattering parameters are determined via an
iterative procedure, starting from the reflectance,
transmittance, and regular transmittance. The re-
flectance and transmittance are the sums of the
diffuse and regular reflectance and transmittance.
The TAD method has the advantage that it is fast
and that the energy balance of the diffusing material
will be correct, since the method seeks after scattering
parameters which match the measured reflectance
and transmittance. Moreover, the method does not
require information on the basic physical properties

4084 APPLIED OPTICS / Vol. 52, No. 18 / 20 June 2013

(such as shape, size distribution, and refractive index)
of the scattering particles, which is usually not avail-
able for commercial diffusing materials used in
lighting and display technology.

The aim of this paper is to investigate the use of
the IAD method to determine bulk scattering param-
eters and to examine if these parameters perform
well when used as input for optical simulations of
the angular scattering of bulk diffusors.

The method has been applied for two types of dif-
fusing materials: a concentration series of milk
diluted with water and two commercial plastic
diffusors. The experimental angular scattering pro-
file of the samples is compared to the predictions
from ray tracing simulations.

2. Determination of Bulk Scattering Parameters

A. Adding—Doubling

The AD method has been extensively described in
literature by numerous authors [15-17]. The method
can be used to obtain the reflectance and transmit-
tance of a slab of material with thickness d with
known bulk scattering parameters. The procedure
requires three steps.

First, the angular reflection and transmission
characteristics of a “single scatter layer” are deter-
mined. The single scatter layer is a thin layer with
identical scattering properties to the sample in ques-
tion, and a thickness such that a photon will be scat-
tered only once while travelling through the layer.
The reflection and transmission characteristics of
such a layer can be found by solving the radiative
transfer equation, given in Eq. (1):

s.VL(r,s) = —(u, + ps)L(r,s)

+u3[ p(s,s)L(r,s)dQ. (1
4z

Herein s is the direction vector of the incident direc-
tion, s’ the direction vector of the scattered direction,
and r the position vector. L(r, s) is the (spectral) radi-
ance or luminance at position r and in direction s, and
Q' is the solid angle in which the (spectral) radiance or
luminance is considered. p(s, s") is the phase function,
which gives the probability that a photon with inci-
dent direction s will be scattered into direction s’ [16].

Second, the thickness of the layer is doubled, and
the reflection and transmission characteristics of the
double layer are calculated by combining the reflec-
tion and transmission characteristics of the single
scatter layers [15-17]. The thickness of this new
layer is then again doubled, and the new reflection
and transmission characteristics are again calcu-
lated, until the thickness of the sample in question
has been reached.

The third and last step is to take the Fresnel reflec-
tion at the interfaces into account by adding an
additional boundary layer [12].



In this way, the reflectance R and transmittance T’
of a material with known volume scattering proper-
ties can be calculated. Finally, the regular transmit-
tance (T'c,) of a sample with thickness d can be
calculated from Eq. (2):

(1-7)2e"

Tio =—————.
reg = 12,21

(2)
T,y is defined as the fraction of the incident flux
transmitted through the sample without scattering.
In Eq. (2), 7 represents the optical thickness, defined
as 7 = (U + us).d, and r is the Fresnel power reflec-
tion coefficient for unpolarized light.

Note that light travelling in the direction of the
regular transmission (regular direction) consists of
the actual regular transmittance described by T'q
and a contribution of scattered light in the regular
direction.

B. Inverse Adding—Doubling

An iterative procedure is adopted in the IAD method.
First, a guess is made for the bulk scattering param-
eters u,, s, and p(0). Next, the reflectance, transmit-
tance, and regular transmittance are calculated with
the AD method. If there is no match between the
calculated and the measured quantities, the initial
bulk scattering parameters are adjusted until a
match is obtained [12].

Theoretically, any phase function p(6) can be used
in the AD method. However, too many free parame-
ters would decelerate the convergence of the IAD
method. To avoid this problem, a fixed phase function
is commonly used—the Henyey—Greenstein phase
function pyg(0), given by Eq. (3) [18]:

1 1-g2

47 (1 + g% - 2g cos(0))3/2 ®)

puaG(0) =

The only variable in the phase function is the
anisotropy factor g, which is the average cosine of
the scattering angle 0, and which can take values
from -1 to 1. If g equals 0, scattering occurs isotropi-
cally; if g is higher or lower than 0, scattering occurs
preferentially in the forward or backward direction,
respectively.

Since this phase function allows only one param-
eter to vary, the number of free parameters for the
TIAD procedure is limited to three: y,, y;, and g.

If it is not possible to measure the regular trans-
mittance, either due to equipment limitations or be-
cause it is too small to be measured accurately, there
are only two input parameters, and only two output
parameters can be found. Indeed, if the scattering is
strong and dominant over the absorption, the radia-
tive transfer can be classified to be in the diffusion
regime. In this case, the reduced scattering coeffi-
cient u; is the more relevant parameter [19]. The
reduced scattering coefficient can be obtained by
combining u, and g according to the similarity
relation, given by Eq. (4) [19]:

Hs = ps(1-g). 4)

Any combination of y; and g satisfying Eq. (4) will
result in an identical reflectance and transmittance,
as long as the regular transmittance is significantly
small (typically <0.005).

3. Experiments

In order to investigate the usefulness of the IAD
method to determine bulk scattering parameters,
two types of diffusing materials were investigated:
a series of diluted milk in a glass cuvette and two
commercial plastic diffusors. The commercial plastic
diffusors were purchased from Evonik, materials
WHO02 and WN297. The milk series consisted of
ultrahigh-temperature processed semi-skimmed
cow milk, diluted with water. Three concentrations
were chosen (10, 15, and 20 vol. %), high enough
to minimize light propagation to the edge of the
cuvette and low enough to obtain a significant regu-
lar transmittance. The glass cuvette itself exhibited
negligible absorption and scattering, and the Fresnel
reflections from the air—glass and the glass—milk
interfaces were taken into account in the IAD calcu-
lations by adding extra boundary layers [11,12].

Performing correct reflectance and transmittance
measurements of translucent samples by use of stan-
dard spectrophotometers is not evident, due to the
spatial redistribution of the light. The results can
be strongly dependent on the illumination and detec-
tion geometry.

A schematic representation of the setup used in
this study is given in Fig. 1 [5]. The setup provides
information about the angular distribution of the
scattered light, which can be compared with ray trac-
ing simulations. The setup consists of two major
parts: the illumination part and the detection part.
The illumination part comprises a Xe light source
and imaging optics, which create a parallel beam
of light incident on the sample. A set of neutral-
density (ND) filters is introduced into the light beam
to increase the system’s dynamic range. The detec-
tion part consists of a detector head, which is con-
nected to a spectrometer with a CCD detector via
an optical fiber. The detector has a sufficiently large
field of view in order to be sure that all the scattered

D.(0,,9,)

Fig. 1. Schematic representation of the BSDF setup: (1) Xe
source, (2) collimating mirror, (3) ND filter wheel, (4) sample,
and (5) detector head.
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light will be captured. The entire unit is mounted on
a detector bench, which can be rotated into any posi-
tion around a sample holder by the use of two auto-
mated stepper motors. As such, the setup allows for
the measurement of the scattered intensities in both
reflection and transmission mode. A more elaborate
description of the setup can be found in [5].

All measurements were performed under normal
incident light to the sample. The scattered radiant
intensities were measured in one plane in increments
of 10 degrees. Since the scattering particles of both
materials used in the study have no preferential ori-
entation, scattering is assumed to be symmetric with
respect to the azimuth angle. This assumption is also
a prerequisite for the application of the IAD pro-
cedure. The reflectance R and transmittance T can
be calculated from the scattered spectral radiant
intensities I, (0) according to Egs. (5) and (6):

/2
r_2n / 1,(6) Sin(6)d6 + Teq, (5)
D; Jo
2 (7 .
R=2"[" I,(0)sin(0)d0 + R ©)
q)i /2

Herein ®; stands for the incident spectral radiant
flux, which can be measured by removing the sample
from the sample holder and measuring the entire
incident beam. This is very easy because the beam
diameter is smaller than the detector aperture.
R,., represents the regular reflectance.

The regular transmittance 7', which is defined
as the fraction of the total incident light transmitted
through the material without being scattered, can be
measured by performing a measurement at 6, = 0°.
However, as the detector solid angle Q. is not infini-
tesimally small, this measurement also includes a
fraction of light scattered in the regular direction.
In some cases, this contribution can be negligibly
small in comparison with the actual regular trans-
mittance. However, if the regular transmittance is
low, this effect should be accounted for. The fraction
of scattered light in the regular direction can be
estimated by extrapolating the values of I, close to
the normal viewing angle. For a perfect Lambertian
reflecting or transmitting diffuser, the spectral radi-
ant intensity divided by the cosine of the viewing
angle should remain constant across the viewing an-
gle 0,. Since the diffusing materials under testing
exhibit a Lambertian or near-Lambertian angular
scattering profile, the extrapolation has been based
on the spectral radiant intensities divided by the
cosine of the scatter angle, given by Eq. (7):

15(61) (13(91) _ 15(92)) 01

L,(0%) = cos(fy)  \cos(f;) cos(dz)) (61 —63)

(7

The angles 6; and 0, are the smallest scatter direc-
tions next to the regular direction (in this case
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0; = 10° and 6, = 20°). The regular transmittance
T\eq can be calculated from Eq. (8):

_ D,(0°) - I,(0°)Qec

Treg q)i

®

In Eq. (8), ®,(0°) is the spectral radiant flux mea-
sured with the detector head in the regular direction,
@, is the incident flux on the sample, and Q.. is the
solid angle from the sample to the detector aperture.
I,(0°) is calculated with Eq. (7). The regular reflec-
tance R,,, can be calculated in a similar way. The
measurement for I,(180°) was taken at scatter angle
176°, with the incident angle at 2°, since an actual
measurement at 180° with incident angle 0° is not
possible.

The results of the measurements performed on
both types of diffusing materials are presented in
Table 1. All data were obtained at three wavelengths:
480 nm (blue), 550 nm (green), and 630 nm (red). The
thickness of the samples is given in parentheses. For
the diluted milk series, the thickness refers to the
internal thickness of the cuvettes. The regular trans-
mittance is corrected using Egs. (7) and (8). For the
commercial diffusors, the regular transmittance
could not be accurately determined (smaller than
1% of the scattered flux in the forward direction),
and it is therefore not included in the measurement
results.

Table 1. Measured Reflectance, Transmittance, and Regular
Transmittance of the Diffusing Materials

Sample R T Treg
Wavelength: 480 nm

Diffusor WH02 (3 mm) 0.51 0.48 —
Diffusor WN297 (3 mm) 0.94 0.03 —
Milk 10 vol. % (1.1 mm) 0.23 0.74 0.131
Milk 15 vol. % (1.1 mm) 0.31 0.66 0.027
Milk 20 vol. % (1.1 mm) 0.37 0.61 0.0092
Milk 10 vol. % (2 mm) 0.30 0.65 0.032
Milk 15 vol. % (2 mm) 0.41 0.52 0.0016
Milk 20 vol. % (2 mm) 0.45 0.48 0.0003
Wavelength: 550 nm

Diffusor WH02 (3 mm) 0.49 0.49 —
Diffusor WN297 (3 mm) 0.93 0.03 —
Milk 10 vol. % (1.1 mm) 0.20 0.77 0.226
Milk 15 vol. % (1.1 mm) 0.28 0.70 0.072
Milk 20 vol. % (1.1 mm) 0.34 0.65 0.033
Milk 10 vol. % (2 mm) 0.27 0.69 0.081
Milk 15 vol. % (2 mm) 0.37 0.56 0.0088
Milk 20 vol. % (2 mm) 0.42 0.53 0.0024
Wavelength: 630 nm

Diffusor WH02 (3 mm) 0.47 0.50 —
Diffusor WN297 (3 mm) 0.91 0.03 —
Milk 10 vol. % (1.1 mm) 0.17 0.79 0.331
Milk 15 vol. % (1.1 mm) 0.24 0.73 0.145
Milk 20 vol. % (1.1 mm) 0.30 0.68 0.081
Milk 10 vol. % (2 mm) 0.23 0.72 0.158
Milk 15 vol. % (2 mm) 0.33 0.60 0.031
Milk 20 vol. % (2 mm) 0.38 0.56 0.012




The data in Table 1 show that for all samples the
reflectance is slightly larger at short wavelengths,
while the transmittance increases with longer wave-
lengths. This indicates that the scattering is stronger
at shorter wavelengths. The effect is more promi-
nently present for the diluted milk series compared
to the commercial diffusors.

From the measurement results in Table 1, the op-
tical scattering parameters can now be determined.
Since the regular transmittance was measured to be
negligible for the two commercial diffusors, only two
scattering parameters are calculated (4, and u,). For
the milk series, on the contrary, all three scattering
parameters (y,, us, and g) are determined.

In Table 2, the final bulk scattering parameters
are presented, together with the values for the reflec-
tance, transmittance, and the regular transmittance
as obtained with the IAD procedure. The relative
deviation from the experimental values is indicated
between brackets. For all results, the deviation is
smaller than 5%.

For the diluted milk series, the values represented
in Table 2 show an expected course, the scattering
coefficient u, of all three concentrations is very
similar for both cuvette thicknesses at all wave-
lengths. This can be expected, since the scattering
coefficient is independent of the thickness of the
sample. The scattering coefficient decreases with
increasing wavelength, which can be expected from
small scattering fat molecules. For the absorption
coefficient p,, the agreement between the parame-
ters determined for the different thicknesses is less

pronounced. This is due to the fact that the absorp-
tion coefficient is several magnitudes smaller than
the scattering coefficient, which limits the accuracy
that can be reached. The wavelength dependency
of the absorption coefficient is negligible. The
anisotropy factor g is very similar for all six samples
and decreases with increasing wavelength. The scat-
tering occurs preferentially in the forward direction
for all wavelengths (g > 0).

For the commercial diffusors, the highest reduced
scattering coefficient is obtained for the strongest
diffusing sample. Both diffusors exhibit very low
absorption. The diffusors also show a decreasing
reduced scattering coefficient at longer wavelengths,
but the effect is less pronounced than with the
diluted milk series.

4. Verification of Angular Scattering

The values of the bulk scattering parameters as
determined in the previous section were introduced
in ray tracing software to simulate the angular scat-
tering pattern of the bulk diffusor. The commercial
ray tracing software TracePro was used. The soft-
ware uses traditional Monte Carlo ray tracing code.
Bulk scattering is modeled with three bulk scatter-
ing parameters: the absorption coefficient, the scat-
tering coefficient, and the phase function. The ray
tracer allows the use of the Henyey—Greenstein, the
Gegenbauer, or a user defined phase function.

The software allows the creation of polar intensity
distribution maps, which can be compared to the
measured data. In the ray tracing software, the

Table 2. Bulk Scattering Properties of the Diffusing Materials Determined with the IAD Method

Sample Halmm™] ps[mm™'] g pe[mm™'] R(AR) T(AT) Treg(ATreq)
Wavelength: 480 nm

Diffusor WHO02 (3 mm) 0.0012 — — 0.696 0.51 (0.0%) 0.48 (0.2%) —
Diffusor WN297 (3 mm) 0.0025 — — 24.876 0.94 (0.0%) 0.03 (0.5%) —
Milk 10 vol. % (1.1 mm) 0.0071 1.757 0.78 0.387 0.24 (3.7%) 0.74 (0.3%) 0.131 (0.0%)
Milk 15 vol. % (1.1 mm) 0.0010 3.204 0.785 0.689 0.32 (3.7%) 0.64 (1.9%) 0.027 (0.0%)
Milk 20 vol. % (1.1 mm) 0.0042 4.178 0.785 0.898 0.38 (0.8%) 0.61 (0.3%) 0.0092 (0.0%)
Milk 10 vol. % (2 mm) 0.0067 1.676 0.785 0.360 0.31 (3.1%) 0.65 (0.9%) 0.032 (0.0%)
Milk 15 vol. % (2 mm) 0.0095 3.165 0.78 0.696 0.41 (1.7%) 0.52 (0.1%) 0.0016 (0.0%)
Milk 20 vol. % (2 mm) 0.0081 4.045 0.785 0.870 0.46 (0.8%) 0.49 (0.6%) 0.0003 (0.0%)
Wavelength: 550 nm

Diffusor WHO02 (3 mm) 0.0014 — — 0.632 0.49 (0.2%) 0.49 (0.3%) —
Diffusor WN297 (3 mm) 0.0027 — — 23.264 0.93 (0.0%) 0.03 (0.0%) —
Milk 10 vol. % (1.1 mm) 0.0083 1.265 0.755 0.310 0.21 (4.4%) 0.77 (0.6%) 0.226 (0.0%)
Milk 15 vol. % (1.1 mm) 0.0081 2.308 0.760 0.554 0.29 (4.7%) 0.68 (1.8%) 0.072 (0.0%)
Milk 20 vol. % (1.1 mm) 0.0055 3.029 0.750 0.757 0.34 (1.9%) 0.64 (2.1%) 0.033 (0.0%)
Milk 10 vol. % (2 mm) 0.0087 1.204 0.760 0.289 0.27 (2.1%) 0.68 (2.2%) 0.081 (0.0%)
Milk 15 vol. % (2 mm) 0.0086 2.314 0.760 0.555 0.38 (1.4%) 0.57 (0.2%) 0.0088 (0.0%)
Milk 20 vol. % (2 mm) 0.0074 2.964 0.760 0.711 0.42 (0.5%) 0.53 (0.7%) 0.0024 (0.0%)
Wavelength: 630 nm

Diffusor WHO02 (3 mm) 0.0022 — — 0.561 0.47 (0.2%) 0.50 (0.2%) —
Diffusor WN297 (3 mm) 0.0047 — — 19.196 0.91 (0.0%) 0.03 (0.6%) —
Milk 10 vol. % (1.1 mm) 0.0111 0.915 0.735 0.242 0.18 (4.2%) 0.79 (0.5%) 0.331 (0.0%)
Milk 15 vol. % (1.1 mm) 0.0117 1.663 0.74 0.432 0.25 (3.4%) 0.71 (1.8%) 0.145 (0.0%)
Milk 20 vol. % (1.1 mm) 0.0066 2.200 0.735 0.583 0.30 (1.3%) 0.68 (0.8%) 0.081 (0.0%)
Milk 10 vol. % (2 mm) 0.0097 0.868 0.74 0.226 0.23 (2.4%) 0.71 (1.7%) 0.158 (0.0%)
Milk 15 vol. % (2 mm) 0.0118 1.676 0.74 0.436 0.33 (0.3%) 0.60 (0.2%) 0.031 (0.0%)
Milk 20 vol. % (2 mm) 0.0087 2.158 0.74 0.561 0.38 (0.4%) 0.56 (0.1%) 0.012 (0.0%)
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Fig.2. Measured (marks) and simulated (curves) scattered intensities in reflection (left) and transmission (right) of a diluted milk series

in a cuvette with thickness 1.1 mm at 550 nm.
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Fig. 3. Measured (marks) and simulated (curves) scattered intensities in reflection (left) and transmission (right) of a diluted milk series

in a cuvette with thickness 2 mm at 550 nm.

default solid angle Qg used to calculate the scat-
tered intensities is 0.004873 sr. All simulations were
performed at 480 nm (blue), 550 nm (green), and
630 nm (red). The Henyey—Greenstein phase func-
tion was used for all samples.

For the diluted milk series, the scattered intensity
distribution at normal incidence obtained from the
simulation and from the measured data is presented
in Figs. 2 and 3 for the series with the 1.1 and 2 mm
cuvettes, respectively, at 550 nm. The scattered
intensities in the regular direction are omitted be-
cause they are masked by the regular transmission
and the regular reflection. From Figs. 2 and 3, a
good agreement between the scattered intensity
patterns from experiments and simulations can be
observed. Similar results were obtained at 480
and 630 nm.

To quantify the agreement between simulated and
measured angular scattering, the normalized cross
correlation (NCC) for the scattered intensity pattern
was calculated from Eq. (9) [20,21]:

olln©) - L) LO) -1)]
VIR 0 (0) = )2 S0l 0,6) ~ 1))
9)

NCC =

In Eq. 9, 1,,(6) and I,(6) are the measured and si-
mulated scattered intensities for each scatter angle
0, respectively. I, and I, are the average values
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for the measured and simulated intensities,
respectively.

The minimum NCC value for all samples is 0.9970.
The average value for all patterns is 0.9987. For most
applications, a NCC value of at least 0.99 and a maxi-
mum relative deviation of 5% are the target values in
order to quantify the correspondence as very good
[21]. Since both conditions are fulfilled for our data
(see also Table 2), it can be concluded that the deter-
mination of bulk scattering parameters using IAD
indeed allows for an accurate simulation of the
macroscopic angular behavior of the diluted milk

series.

Table 3. Bulk Scattering Parameters Used for the Simulations
of the Two Commercial Diffusers

Sample: WH02 Sample: WN297
ps[mm™'] g ps[mm™'] g
Wavelength: 480 nm
3.865 0.82 24.876 0
4.638 0.85 41.459 0.4
6.957 0.9 82.918 0.7
Wavelength: 550 nm
3.854 0.836 23.264 0
4.213 0.85 38.773 0.4
6.320 0.9 77.545 0.7
Wavelength: 630 nm
3.869 0.855 19.196 0
4.315 0.87 31.993 0.4
5.610 0.9 63.986 0.7
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Fig. 4. Scattered intensities of the two commercial diffusors, blue for WN297 and red for WHO02 at 550 nm. The solid, dashed, and dotted
curves denote the simulated scattered intensities for the three different combinations of u; and g given in Table 3. The marks are the
measured values (A for WHO02 and V for WN297). The deviations between the average simulated values and the individual simulation
results for each combination of p; and g are shown separately below the figure.

For both commercial diffusors, only two scattering
parameters, u, and u,, could be determined. How-
ever, the three parameters y,, u;, and g are required
to perform the ray tracing simulation. As discussed
in the introduction section, parameters u, and g can
be inferred from y; by the use of Eq. (4). In principle,
an infinite number of combinations is possible. The
only restriction on the choice of parameters p, and
g is that the regular transmittance 7', must remain
negligible.

For both diffusors, the three combinations of i, and
g used in the simulations are given in Table 3.

In Fig. 4, the simulation results (¢; = 0°) at 550 nm
for the two commercial diffusors are represented for
three different combinations of i, and g, using solid,
dashed, and dotted lines. It is almost impossible to
distinguish the differences between the angular scat-
tering profiles of the three combinations of x4, and g.
For both samples, all simulated values are in
very good agreement with the measured scattered
intensities. Similar results were obtained at 480
and 630 nm.

The NCC values for all combinations of i, and g for
both samples and all wavelengths are all larger than
0.9980, the average NCC value for all simulations
being 0.9995. The relative deviation for the reflec-
tance and transmittance between measurements
and simulations is lower than 1% (see Table 2).
The results obtained for the commercial diffusors
are thus well suited for simulation of the angular
scattering pattern.

5. Conclusion

In this paper, it has been verified that the bulk scat-
tering parameters for bulk diffusing materials ob-
tained with the IAD method can sufficiently
predict the angular scattering pattern for two kinds
of samples, without knowledge of the basic physical
properties of the scattering particles (such as size
distribution, shape, or refractive index). The param-
eters were determined at three wavelengths: 480 nm
(blue), 550 nm (green), and 630 nm (red).

The first group of samples consists of a series of
milk diluted with water, showing a significant

regular transmittance. For this group of samples,
all three bulk scattering parameters were deter-
mined. A good agreement between measured and si-
mulated scattered intensity patterns was found for
all samples and all wavelengths. In the future, a
more elaborate study will be initiated to investigate
the relationship between the bulk scattering param-
eters and the concentration.

The commercial samples in the second group are
strongly diffusing, have a near-Lambertian scatter-
ing distribution pattern, and show no significant
regular transmittance. As a consequence, only two
scattering parameters (u; and pu,) could be deter-
mined. It was shown that any combination of g
and g can be used, as long as the value of j is main-
tained and the regular transmittance remains negli-
gible. All simulations resulted in the same scattered
intensity distribution. It is, however, beneficial to
choose u, to be as low as possible (but still high
enough to have a negligible regular transmittance)
to reduce computation time, since fewer scattering
events imply faster ray tracing simulations.

For all simulations, a fixed Henyey—Greenstein
phase function with one variable was used, instead
of, e.g., the more accurate Mie phase function. From
our results, it seems that this phase function can ac-
curately describe the scattered intensity pattern for
strong diffusing samples with a near-Lambertian
scattering pattern, as well as samples showing only
moderate scattering and appreciable regular trans-
mission. It is known that for small diffusing par-
ticles, such as fat molecules present in milk, the
Mie phase function is rather smooth. In these
cases, it seems acceptable that the smooth Henyey—
Greenstein phase function is able to describe the
scattering process rather accurately. More research
needs to be done if larger scattering particles are
being used, where patterned Mie phase functions
can be expected. Probably, the use of more sophisti-
cated phase functions will then be necessary.
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