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The macroscopic spread function describes the extent to which radiation is spread in a semitransparent
material due to surface and subsurface scattering. The objective of this article is to investigate the effects of
optical and geometrical parameters on the macroscopic spread function of plastic reference samples. Experi-
mental measurements showed that least spreading was associated with the off-white plastic samples using a
wavelength of 700 nm and a reflected angle of 55 deg. A flexible Monte Carlo (MC) model developed to predict
the spatial distribution of reflected energy incorporated the complete scattering distribution as well as the
scattering and absorption processes. The simulation results revealed that least spreading occurred for the oft-
white samples at 700 nm and with a 45-deg reflected angle. When the experimental and MC results were
compared, it was found that most spreading was associated with the forward scattering distribution, while least
spreading developed when using the backward distribution. In addition, the experimental data best matched
the simulations using the backward scattering distribution.

Nomenclature

B = isotropic scattering in the backward direction with
no forward scattering

D = sample width, mm

d = illumination diameter, mm

F = isotropic scattering in the forward direction with no
backward scattering

I = directional incident intensity, W/m?*/pum

L = path length traveled by photon

n = refractive index relative to that of air

P = scattering phase function

R = random number

S = spreading factor

¥ = spread function

t = sample thickness, mm

U = uniform or isotropic scattering distribution

x = distance along the surface

Ax = scale of output grid

6 = angle from normal

k = absorption coefficient, mm ™!

A = wavelength

¢ = dummy variable for x* axis

T = 3.14159

o = scattering coefficient, mm !

Subscripts

e = exitent

i = incident

L = pertaining to path length

m = Monte Carlo
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r = refracted; reflectometric
k = pertaining to the absorption coefficient
Superscripts

* = normalized; dummy variable

Introduction

CATTERING is a redirection of energy in which not all

of the incoming energy is lost.* A comprehension of the
effects of optical and geometrical parameters on subsurface
scattering, along with a sufficient knowledge of the underlying
mechanisms that influence subsurface scattering, is required
for developing correct models to predict scattering behavior
and for making accurate engincering decisions concerning
scattering problems. Applications for which subsurface scat-
tering plays an important role are myriad and range from the
atmospheric sciences®® to biological studies.* The particular
area of interest here deals with subsurface scattering in semi-
transparent materials for reflectometric applications, but the
principles and tools presented in this article are applicable to
other situations as well.

Most of the semitransparent scattering studies to date have
been done in one dimension and deal with apparent properties
of the whole media.®* Recently, some studies dealing with
two and three dimensions have emerged. Early experimental
works by some Russian authors were the first to publish any
type of spreading data,”~'! but these studies dealt only with
paper products. Two-dimensional Monte Carlo (MC) simu-
lations that have been performed include the works of Jentink
et al.'? and Trankle and Greenler.!* Analytical techniques for
the solution of the radiative transfer equation have been used
to model the spatial distribution of reflected intensities from
a material. Among these are the studies of Crosbie and
Koewing'* and Kim and Lee." Thus, much of the literature
on spread functions has been focused on thin layers and has
assumed isotropic scattering in transparent media, such as
biological fluids, and has not treated anisotropic scattering in
semitransparent materials, such as plastics.

Background
Consider a uniform, collimated beam incident on a semi-
transparent sample as shown in Fig. 1. The vertical dashed
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Fig. 2 The macroscopic spread function.

line represents the centerline from which the radial distance
r is measured. The two labeled directional intensity distri-
butions I, and [; describe the front surface and are positive
upwards as shown. When this sample is irradiated by an in-
cident intensity distribution /;(x), radiation is scattered in two
ways. First, radiation will be reflected from the surface ir-
regularities according to Fresnel reflection. Second, the in-
cident radiation which penetrates the surface will be scattered
from different depths beneath the surface, some of which will
leave the surface from which it entered. The macroscopic
spread function is then the spatial distribution of the intensity
I(x) that exits the surface due to surface and subsurface scat-
tering. This function, which from now on will be called the
spread function, can be defined as the ratio of the intensity
of exitent radiation at a surface point x, to the irradiance at
an incident surface point x; (see Fig. 2). In symbolic form,
the function can be written as

P x) = L(x)I(x) M

The assumption of a homogeneous medium allows the spread
function to be expressed as

Fx) = L&)/, @)

Knowledge of the spread function is important to the design
of reflectometers, where the ratio of reflected radiance for a
sample to that for a reference is measured. The percentage
of energy collected using a particular field of view can be
calculated from a spread function. The error in reflectometric
measurements can result from the field of view being narrower
than the spread function. Incorrect reflection values can result
if the reflectometer is sensitive to target size or to the spread
function of the sample. Broad spread functions may result in
low systematic reflection values, while differences in the spread
function from sample to sample will result in random errors
in the reflection values.

Experimental Study

Two types of 0.381-mm-thick molded acrylonitrile buta-
diene styrene (ABS) plastic samples'® (74% reflectance off-
white, 92% reflectance white) were measured with an illu-
mination diameter of 0.4 mm at two wavelengths (700 and
800 nm) and three exitent angles (45, 55, and 65 deg as mea-
sured from the normal).

Setup and Procedure

The spread function was measured by the fast raster area
scattering instrument (FRASI) (Fig. 3). The plastic samples
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Fig. 3 FRASI setup for measuring the MSF (dimensions in milli-
meters).

were irradiated with broadband light, passed through an aux-
iliary aperture, a primary aperture, and transfer optics. After
reflecting off the samples, the light was passed through Corion®
interference filters (700 = 12.5 nm, 800 = 12.5 nm) before
reaching the charge-coupled device (CCD) detector array (512
by 480 pixels in a 60 X 80-mm area). A data acquisition
program, embodied in the FRASI software, captured and
stored the data.

Samples were placed in a consistent orientation onto a ver-
tical platform, and care was exercised to place samples such
that the illumination beam was centered on the sample (except
for uniformity measurements as will be explained later). Be-
fore each combination of incident beam diameter and filter
color, the reference signal was obtained by measuring a Spec-
tralon®™ sample using a large 5-mm-diam incident beam. The
images in two orthogonal directions (512 data points in the
vertical direction and 480 data points in the horizontal direc-
tion) were recorded by the detector and transmitted through
a camera controller to the microcomputer for numerical cal-
culations. The images were also displayed on a black and
white monitor. Observations for both the reference and the
sample readings were captured by the data acquisition system
only after careful steps were made to assure adequate and
proper detector power levels.'®

Five repeatability measurements separated by 1-min inter-
vals were made on the same sample with the same experi-
mental conditions (geometrical and optical properties). Five
uniformity measurements were made with the incident beam
placed at different locations on the sample surface. Ten sam-
ples were involved in each sample-to-sample variability study.

Results

All data sets have been smoothed with a low-pass digital
filtering technique, called the Parks-McClellan algorithm. The
abscissa for all of the spreading graphs are normalized by

x* = (cos 0,/d)(2x — D) 3)

A spreading factor defined by

s=1- | soa/[ sow]

describes how much of the incoming energy has been lost to
the region outside the illumination diameter.

The variability parameters [as indicated by the standard-
deviation-to-mean (SDTM), ratio at x* = 0] for instrument
repeatability, sample uniformity, and sample variability are
about +£8.3%, +8.7%, and +34.4%, respectively. Param-
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eters for instrument reproducibility and sample uniformity of
the off-white plastic sample indicate lower spreading factor
SDTM ratios than the sample variability parameter.

Although the influence of wavelength on FRASI measure-
ments is expected to be small due to the little difference
between the scattering and absorption coefficients at 700 and
800 nm, the slight difference does affect the amount of spread-
ing. In the results of Fig. 4 for the off-white sample, the
bidirectional scattering distribution function (BSDF) spreads
slightly more at the longer wavelength. The scattering-to-
absorption ratio is slightly higher at 800 nm, and thus is con-
sistent with the data. The reverse effect of a lower scattering-
to-absorption ratio at the longer wavelength for the white
sample is shown in Fig. 5. In this plot, it is shown that more
spreading occurs at the shorter wavelength. This is in agree-
ment with the higher scattering-to-absorption ratios at the
shorter wavelength for the white sample.’®

Concerning reflected angles, the level of spreading from
highest to lowest occurs in this order: 6, = 45, 65, and 55 deg
(see Fig. 6). There appears to be an optimum angle in the
range from 45-65 deg in which minimum spreading can be
achieved. The reason for least spreading at the intermediate
reflected angle, 55 deg, is due to a combination of effects that
produce least spreading at 45-deg reflected angle, and those
that produce least spreading at 65-deg reflected angle. For
example, least energy would be spread to the wings and then
to the detector with the 45-deg reflected angle due to the
smaller solid angles, but most energy would be spread to the
wings and to the detector with the 45-deg reflected angle due
to a reflectance distribution that obeys neither the lambertian
distribution nor the Fresnel relationships.

The white plastic material spreads more than the off-white
material (see Fig. 7). This is to be expected, since the scat-
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Fig. 4 Influence of wavelength for off-white samples at 45-deg re-
flected angle.
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Fig. 5 Influence of wavelength for white samples at 55-deg reflected
angle.
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Fig. 6 Influence of reflected angle for off-white samples measured at
800 nm.
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Table 1 Average spreading factors, %

Off-white plastic

700 nm 800 nm Total
Experimental 5.1 52 5.1
Monte Carlo 8.10 8.23 8.17
White plastic
Experimental 8.7 8.0 8.3
Monte Carlo 7.63 9.86 8.75
Angle
45 Deg 55 Deg , 65 Deg
Experimental 8.7 4.1 7.4
Monte Carlo 8.43 8.42 8.53
035 :
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Fig. 7 Influence of material for 45-deg reflected angle measured at
700 nm.

tering-to-absorption is an order of magnitude larger in the
white samples than in the off-white samples.!¢ The results of
average spreading factors in Table 1 are consistent with the
observations described in the previous three paragraphs. (To-
tal means the average for all of the measurements of one
material.)

Monte Carlo Modeling

A major thrust of this study was the development of a MC
ray tracing program capable of simulating experimental spread
function and BSDF data. The influences of subsurface scat-
tering and absorption, as well as front and back surface re-
flection and transmission phenomena, were incorporated into
the MC scheme. A Fortran code was first written and tested
on mainframe computers at Purdue University before it was
converted into the final QuickBASIC version for utility in
industrial situations. Verification of the code was achieved by
comparison with the results available in the literature.

Model

The basic assumptions employed in the MC code are a
homogeneous material, Snell’s Law of refraction, and an
isothermal, cold medium. The flexibility of this MC model
allows for inputs of geometrical dimensions, optical param-
eters, and choice of various options. The outputs from the
MC code are the spread function and the following statistics:
a breakdown of what happened to the rays, the number of
scattering events, number of interactions per trace, and the
cpu and real time required to run the program.

Each trace begins by generating a random position on the
aperture and directing the ray to the front surface (Fig. 8).
The ray is reflected and traced to the detector plane if R, =
p. Otherwise, it is transmitted into the sample. It then travels
a path length defined by

L= —R)(k + o) 5)

Then the ray is absorbed if R, = «. If not, it is scattered in
a new direction as modified by

R, = U: P(6%) dB*/J:ﬂ P(6%) de*] 6)
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Fig. 8 Monte Carlo ray tracing setup.
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Fig. 9 Two-dimensional Monte Carlo validation.

A ray reaching the front or back surface can be reflected back
into the sample or transmitted out of the sample. Once a ray
reaches a detector, it is counted as a successful ray. If the ray
is absorbed, is transmitted through the back surface, or missed
the detector, then the ray is counted lost, and the trace is
restarted. This process is repeated until the number of suc-
cessful rays or total rays sent has been reached.

Validation

The MC model has been validated by comparison with the
two-dimensional plane-layer results of Crosbie and Koew-
ing.'* The comparison indicates that more disparity occurs at
high scattering. The results in Fig. 9 for a scattering albedo
of unity and an optical thickness of 0.2 show that the MC
model is reasonable.

Results

A suite of 12 simulations implementing uniform scattering
distributions was performed to match the experimental con-
ditions. The set consists of two types of plastic materials (off-
white and white) using two wavelengths (700 and 800 nm,
chosen to match the optical characteristics of the reagent strips
used) and three exitent angles (45, 55, and 65 deg). Appro-
priate scattering and absorption coefficients as predicted from
the Kubelka-Munk equations’” and an assumed scattering phase
function composed the input set describing the material. The
wavelength was incorporated into the model by using spectral
absorption and scattering coefficients that are functions of
wavelength. The exitent angle, of course, along with the in-
cident angle, was a direct input into the program.

Simulation variability was assessed by running the same
simulation 10 times and calculating the centerline SDTM ratio
and the spreading factor SDTM ratio. The result was a SDTM
ratio of about +1.0%. Although this is about twice that of
the sample-to-sample variability (+0.34%) reported in the
experimental results, it is a tolerably small ratio when com-
pared with the sample-to-sample variability of the plastic sam-
ple (=3.2%). The centerline SDTM ratio represents the er-
rors associated with the computing process itself, such as
roundoff error, transcendental function approximation, n-bit
accuracy, error propagation, and random number generation.
The spreading factor SDTM ratio, +0.6%, indicates the pre-
cision to which the spreading factor may be predicted.

The influence of wavelength was first investigated. As ex-
pected, the effect of wavelength was almost insignificant. From
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Fig. 10 Influence of wavelength for off-white samples predicted at
45-deg reflected angle.
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Fig. 11 Influence of reflected angle for off-white samples predicted
at 700 nm.
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Fig. 12 Influence of material for 45-deg reflected angle predicted at
700 nm.

the graphs, it was difficult to ascertain the wavelength at which
more spreading was present. For example, in Fig. 10, it ap-
pears that the graph for 700 nm loses slightly more energy
through the wings of the plot, but, in fact, it loses slightly less
energy through the sides.

The effect of reflected angle is shown in Fig. 11 for simu-
lation of off-white plastic samples measured at 700 nm. The
results predict more energy collected at the lower reflected
angle. It is difficult to distinguish the spreading factors among
the different reflected angles.

Plastic material effects were as expected. The white plastic
reflects more energy and spreads slightly more than the off-
white sample. This is in agreement with the fact that the white
material has a higher scattering-to-absorption ratio than the
off-white material (see Fig. 12).

It is evident from the MC results in Table 1 that more
spreading occurs at A = 800 nm for both materials. A reason
for the absence of the material effect as observed in the ex-
perimental results is the insufficient knowledge of the scat-
tering distribution. It could be suggested from Table 1 that
the highest reflected angle (6, = 65 deg) provides the most
spreading, but the spreading factors are too close to determine
which of the two reflected angles provides the least spreading.
The disparity between this result and the experimental results
can be attributed to incorrect MC assumptions, such as uni-
form, collimated incident radiation and a Fresnel reflectance
distribution. The spreading factors indicate slightly higher
spreading for the white samples. In general, these results
confirm those of the experimental data.

Comparison

For the purpose of comparison, the results for both the
experimental and the numerical studies were normalized such
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that the maximum value was unity. The results are given in
Figs. 13-16.

For 6, = 45 deg and 6, = 65 deg, the MC results exhibit
greater spreading than the experimental data for the off-white
sample, but the reverse result is true for the white sample.
This behavior is evident for the off-white sample in Fig. 13,
where the MC results show more spreading than the exper-
imental results, and for the white sample in Fig. 14 where the
opposite is apparent. For 6, = 55 deg, the MC results display
less spreading than the experimental results (see Fig. 15).

As can be seen from Fig. 16, among the three basic scat-
tering distributions, the forward scattering distribution pro-
duced the highest spreading, and the backward scattering dis-
tribution produced the least spreading. Most spreading would
be expected from the forward scattering distribution because
the tendency for the photon to continue in a forward direction
away from the light source causes in general a beam broad-
ening effect. On the other hand, beam broadening is sup-
pressed when using the backward scattering distribution be-
cause the photons tend to deflect back towards the front surface
upon reaching the first scattering center. A uniform distri-
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Fig. 13 Comparison of MC and EXP results for an off-white plastic
sample measured with 45-deg incident angle and at 700 nm.
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Fig. 14 Comparison of MC and EXP results for a white plastic sample
measured with 45-deg incident angle and at 800 nm.
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Fig. 15 Comparison of MC and EXP results for an off-white plastic
sample measured with 55-deg incident angle and at 700 nm.

1

Fig. 16 Comparison of Monte Carlo and experimental results for an
off-white plastic sample measured with 45-deg incident angle and at
800 nm.
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Table 2 Comparison of average spreading factors for different
scattering distributions

Experi-
Variable mental U F B
700 nm, off-white 5.1 8.1 20.8 5.2
700 nm, white 5.2 7.6 21.2 53
800 nm, off-white 8.7 8.2 17.7 5.0
800 nm, white 8.0 9.9 221 6.5
45 Deg 9.6 8.43 20.43 5.48
55 Deg 5.5 8.42 20.46 5.52
65 Deg 7.5 8.53 20.38 5.53
Off-white 5.7 8.2 21.0 5.3
White 8.3 8.7 19.9 5.8
Total 6.7 8.5 20.4 5.5

bution maintains a balance of these effects. This trend is clearly
seen in Table 2. (Total means the average for all of the mea-
surements for the particular scattering distribution.)

For 6, = 55 deg, the MC results demonstrate less spreading
than the experimental results, while the converse is true for
the other two reflected angles. Overall, the order of spreading
from highest to lowest as'measured by the spreading factor
is as follows: forward, uniform, experimental, backward. The
results suggest that the experimental scattering distribution
can be best approximated by a uniform or backward scattering
distribution, and that the forward scattering distribution can
be excluded from the set of possible scattering distribution
approximations. The backward scattering distribution is ap-
propriate for estimating the area outside the illumination spot,
but still can be improved to approximate the main body of
the BSDF.

Conclusions and Recommendations

The spread function is key to describing the reflective prop-
erties of semitransparent materials. New contributions in this
study are the use of BSDF data as a measure of the spreading
in a semitransparent material and the flexible MC model,
which can be utilized to simulate the spreading behavior in a
material. At present, spread function data is sparse, especially
for bulk materials such as plastics.

Filter wavelengths, reflected angles, and plastic material
affect the spread function. Least spreading occurred with the
off-white sample using the 700-nm filter. Experimental results
indicate least spreading with 55-deg reflected angle, while the
MC results reveal least spreading with 45-deg angle. The dif-
ference is due to incorrect assumptions employed in the MC
model.

Two issues of interest for future research are recommended.
First, an optimization study can be conducted to determine
if indeed reflected angles exist for which spreading is mini-
mized and what those angles are. Second, a study of surface
characteristics (such as roughness, power spectral density,
etc.) can be performed to discover their influence on the
spread function.
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