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Abstract. Diffuse reflectance standards of known hemispherical reflectance R,, are widely used in optical and
imaging studies. We have developed a stochastic surface model to investigate light reflection and roughness
dependence. Through Monte Carlo simulations, the angle-resolved distributions of reflected light have been
modeled as the results of local surface reflection with a constant reflectance R representing the overall ability
of a reflectance standard. The surface was modeled by an ensemble of random Gaussian surface profiles para-
meterized by a mean surface height § and transverse correlation length a. By decreasing §/a, the calculated
reflected light distributions were found to transit from Lambertian to specular reflection regime. Reflected light
distributions were measured with three standards by nominal reflectance R, valued at 10%, 80%, and 99%. The
calculated results agree well with the measured data in their angular distributions at different incident angles by
setting Rs = Ry and 6 = a = 3.5 um. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: [T T/ TOE5 19094104
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1 Introduction

Diffuse reflectance standards are very useful devices for
calibrating instrument and sensors designed for light reflec-
tion measurement in, for example, multispectral reflectance
analysis of materials and remote sensingl The rough
surfaces of these devices are essential for hemispherical
dispersion of reflected light intensity. A key challenge is
to understand quantitatively the dependence of reflected
light distribution on the degree of surface roughness.
Extensive literature is available on device construction, spec-
tral calibration, and angular characterization of the reflected
light distribution.H2 In contrast, much remains to be learned
about the effect of surface roughness and its modeling 31
Clear understanding of relations between surface roughness
and light distribution by diffuse reflectance standards is
significant for not only providing essential insight on but
also accurate simulation of objects in machine vision that
carry ubiquitously rough surfaces B In this report, we
present a stochastic rough surface model of diffuse reflec-
tance implemented by Monte Carlo (MC) simulations to
analyze directional-hemispherical light reflection. The
model employs an effective surface treatment of turbid sam-
ples that is simplified from our previous models of biological
tissues with rough surfaces to allow detailed study of sur-
face-roughness dependence of light reflection with signifi-
cantly reduced simulation times®EE The calculated
angular distributions of reflected light are compared to the
measured data obtained with diffuse reflectance standards
of known hemispherical reflectance values. Besides its
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theoretical implications, the ability to understand and simu-
late the angular distribution of the hemispherically reflected
light provides a quantitative and touch-free means to reveal
surface roughness of diffuse reflectance standards and other
devices producing diffuse reflection.

2 Methods

2.1 Diffuse Reflectance Standards and Light
Measurement

Diffuse reflectance standards are made of sintered polytetra-
fluoroethylene (PTFE) resin in powder formBPB With a
rough surface and porous structure, the PTFE layer of a
few millimeters in thickness acts as a strong turbid target,
which scatters incident light into the hemispherical space
diffusely.? By doping with black pigments, the nominal val-
ues of hemispherical reflectance R;, can be adjusted and
remain as a constant approximately in a wide spectral region
from 350 to 1800 nm. To validate the effective surface model
for this study, we have performed angle-resolved measure-
ment of light reflected from each of three standards illumi-
nated by a monochromatic beam of wavelength 4 and
incident angles (6,9, ¢,o). A photodiode (FDS100, Thorlabs)
rotating on a semicircular orbit of radius ry was used to de-
tect reflected light intensity I (6,, ¢,) in the y—z plane with
@, = 90 deg or —90 deg. Both sets of angles, (6,9, ¢,y) and
(0,,¢,), are defined by the Cartesian coordinate system
shown in Fig. that also illustrates the experimental
configuration of reflection measurement.
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(b)

Fig. 1 (a) Schematic of reflection measurement with (6,9, ¢;o) for inci-
dent beam direction and a detector D located at ry for detecting
Ir(6y, ¢;); (b) simulation configuration of light reflected at r = (p, z)
with i,, (m = 1) as unit vector of incident direction, 6,,, as local incident
angle, r,, and r,,; as of reflection directions and Rs as local surface
specular reflectance. The surface profile in (b) is shifted upward for
clear presentation.

2.2 Modeling of Light Reflection by a Diffuse
Reflectance Standard

Turbid materials like PTFE layers with rough surfaces can be
modeled conventionally according to the radiative transfer
theory for treatment of absorption and scattering in the
bulk and the Fresnel equations for accounting of specular
reflections at the surface. The computational cost of such
an implementation, however, is ﬁf_:g high using the statistical
approach of MC simulations. In addition, the hemi-
spherical reflectance R), determined for each diffuse reflec-
tance standard provides the ratio of integrated power of
reflected light to that of incident light. As a result, we intend
to develop an effective surface model that is capable of char-
acterizing surface roughness of turbid objects with known R},
without the time-consuming photon-tracking in the bulk as
shown in our previous studies. A local surface reflec-
tance R is defined for this purpose to quantify the ability
of a turbid object, such as a PTFE layer for light reflection
at surface and by bulk scattering. Furthermore, local surface
reflections are treated as specular ones by a randomly rough
surface across the x-y transverse plane at z = 0. The surface
profile is described by z = {(p), where z represents the sur-
face height at a transverse location given by p = (x, y) based
on a previous model of light interaction with rough surface. &
The simulation method is briefly summarized below in the
context of diffuse reflectance standards.

Since the wavelength of incident light is much smaller
than the transverse dimensions of examined area on the sur-
face of a reflectance standard, one can replace the electro-
magnetic field of the incident beam at r = (p,z) of a
rough surface by a field existing on the plane tangential
to the surface at r.B This plane approximation allows us
to model the rough surface of a diffuse reflectance standard
as a mesh of triangular elements with a local reflectance R;.
As stated above, we further assume that the local surface
reflection is specular in nature with Ry, representing the over-
all ability to reflect light by the standard in order to signifi-
cantly reduce computational time. For comparison to the
measured data, the value of R, is related to the calibrated
reflectance value R;, of the diffuse reflectance standard pro-
vided by the vendor. Under these assumptions, reflection of
incident light by a standard depends on the surface profile in
terms of local incidence angle and R, characterizing the
light-matter interaction for the reflectance standard.
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A rough surface of profile given by z = {(p) is numeri-
cally generated as a stationary stochastic process character-
ized by a Gaussian function of correlation between two
locations of p and p’ and a zero mean. The random numbers
used for z must satisfy

(L(p)(p")) = 6% exp[—(p — p')?/ ] (1)
and
{¢(p)) =0, )

where 6 is the rms value of the surface departure from the
mean surface of x—y plane describing the height fluctuation
and a is the transverse correlation length of the surface
roughness. An MC code has been developed to calculate
reflected light distribution Ix.(0;, ;) that can be compared
to the measured data of Iz (0;, ¢,). To fulfill the stochastic
requirement, MC simulations of light reflection by the
rough surface characterized with a parameter set of (a, )
have been performed on an ensemble of 50 statistically
independent surface profiles z = {(p) satisfying both
Egs. () and (@)). The reflected light distributions calculated
from the 50 profiles were summed to obtain ensemble aver-
aged Ip.(6;,¢,), as indicated by the angular brackets in
Egs. () and (@).

All rough surface profiles were set to the same square
areas of 1 mm side length to reduce memory requirement
and are divided into a grid of 501 X 501 basic units on
the x—y plane with grid points p;; and =250 < i, j < 250.
The incident beam is represented by N, photons injected
over the area of a profile scaled down from the measured
beam profile on x—y plane. The transverse locations p of
injected photons are determined by two random numbers
that were transformed from uniform distributions between
0 and 1 into numerical distributions along x- and y-axis
that are consistent with the measured profile of the incident
beam. Each photon injected on a surface profile hits the sur-
face M times before it exits. The maximum value of M was
truncated to 20 to avoid long loops of tracking in the MC
simulations with negligible loss of accuracy. At each hitting
location, a random number RN uniformly distributed
between 0 and 1 is compared to the predetermined surface
specular reflectance R,. The tracked photon is reflected if
RN < R, or absorbed if RN > R,. A reflected photon is
propagated along the specular reflection direction deter-
mined by a triangle mesh representing one of the 50 profiles.

As detailed in Ref. ], rough surface heights z;; = {(p;;)
at grid points p;; are generated randomly for MC simulations
with distributions satisfying Egs. () and (@). Thus, each
rough surface profile, as viewed in Fig. [(b], is made of a
mesh of triangular elements that can be projected to the
x—y plane as one pair of triangles dividing equally a square
grid unit, as shown in Fig. B(a], by the blue and red colored
zones. The mesh elements also serve as the tangential planes
to the photon hitting location r = (p, z) employed by the
plane approximation discussed above. Figure presents
the projection of an element pair of the surface mesh to
the x—y plane surrounded by eight nearest-neighbor element
pairs with projections shown in faded colors. A photon hit-
ting a surface element can be reflected to hit the other
element supported by the same grid unit or one of the 16 ele-
ments in the nearest-neighbor element pairs. To reduce the
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(a) (b)

Fig. 2 Schematic representation of (a) a pair of triangular elements of
a rough surface profile mesh projected to a square grid unit of the x—y
plane and (b) an element pair projected to a grid unit of the x—y plane
(z = 0) in bright colors and other eight nearest-neighbor element pairs
projected in faded colors.

complexity of modeling, we neglect secondary hits of sur-
face elements beyond the nearest-neighbor pairs, which
were verified to affect little the calculated results. By apply-
ing restrictions on z coordinates of hitting locations and
directional cosine along the z-axis, the number of possible
triangular elements hit by a reflected photon can be reduced
to nine or less on average to reduce simulation time.

Once a photon hits a mesh element at r, the local surface
normal vector n,, is first calculated by

—{ix—{ly+z

n, = SXZEOVEE 3
VEE P+

where m = 1,..., M is the sequence number of reflection,

X,y, and z are the basis vectors, ¢/ and ij’. are partial deriv-
atives of surface profile function {(p). From Eq. (fJ), one can
derive the incident angle 6;,, given the unit vectors of i, for
the incident direction of a tracked photon and r,, for specular
reflection direction. The interception of a reflected photon
along r,, with a neighboring element is determined usin
algorithms widely used in computational geometry.
Photon reflection and tracking among surface elements con-
tinue with (i, r,,) updated until it exits from the surface from
the last reflection site at r,;,. A total of 17 detection bins were
used in the MC code to obtain Ig.(0;, ;) or Iz.(n), which
are arranged on a semicircular orbit of ry4 from the center
of rough surface according to the experimental system.
The bins are marked with a rotation angle # defined by
0, sin @, of the photons exiting from a rough surface. For
comparison to the measured data of Iy, the center angular
position # of the bins ranges from —40 deg to 40 deg in
steps of 5 deg. The detection bins have identical areas scaled
down from that of the photodiode sensor by the same factor
sued for scaling the illuminated area in MC simulations from
the measured one.

3 Results

Three diffuse reflectance standards were used in this study
that are of 50.8 mm in diameter and R}, = 99%, 80%, and
10% in nominal reflectance (SRS-99-020, SRS-80-020,
SRS-10-020, Labsphere Inc.). Distribution of light reflected
from a standard was measured as Iy (6, ¢,) with a photo-
diode of 3.6 x 3.6 mm? in area and rotating on a circular
orbit of 7y =70 mm, as shown in Fig. [[(a]. A monochro-
matic incident beam of 1 in wavelength was obtained
from a xenon light source and a monochromator. The

T T T T T T T T ™]
— —— B
10k 6,.=30deg, R,=99% - ~ ]
s " ; |
=3
-
= : ]
E osf 6,=30deg, R,=99% .
i3 N ]
= N S ——— (5030) (3.0,3.0) ~ N
S , ) T (5050 —— (3535 N
S o6l / (5.0,7.0) (4.0,4.0) 1
X / = — 100 ]
= € — 300
=y / E? 500
\u/: / x o 700 ]
- 04p / 0 2 4 6 8 10 12 14 16 3
/ Yo (mm) ]
1 1 1 1 1 1 1 1 1

-40 -30 -20 -10 0 10 20 30 40
N (deg)

Fig. 3 Normalized intensity of reflected light versus rotation angle
n = 6,sin ¢, with symbols and error bars for Iz(n) measured at
A =880 nm from a diffuse reflectance standard of R, =99% and
solid lines for Ig.(n) calculated with Ry =99% and ensembles
rough surfaces generated using different combinations of (a,é) in
um. Inset: incident beam profile measured in the transverse x—y,
plane with color bars representing photodiode signals in xV.

beam was collimated by spherical mirrors with a divergence
angle of about 2.5 deg before incidence on a standard.
Measurements of angle-resolved distributions of reflected
light have been performed with 4 = 880 nm for the center
wavelength and 3 nm in bandwidth. The incident beam pro-
file was measured in the plane transverse to the incident
direction and displayed as the inset of Fig. . The profile
was found to be rectangular with half-maximum sizes of
about 2.0 mm X 13 mm along, respectively, the x- and y,-
axis in the transverse plane. The measured profile of incident
beam has been used to obtain a numerically normalized
distribution for injection of N, photons in each of the MC
simulations performed on a rough surface profile described
in Eq. (.

The center directions of incident beam and reflected light
acquired by the photodiode are given by (6,9, @;) and
(6;, @.), respectively, with ¢,y = —90 deg and ¢, = 90 deg
or —90 deg. To increase signal-to-noise ratio, the incident
beam was modulated by a mechanical chopper at
fo = 20 Hz and the acquired photodiode signals were ampli-
fied and digitized by a 16-bit A/D convertor. Fourier trans-
form was performed to extract the signal component at f, for
Ir(n7). For each standard, we performed three measurements
of I for calculation of mean values and standard deviations.
Figure [§ presents the normalized intensity of I (r7) measured
with the standard of R, = 99% by symbols and error bars
and examples of normalized calculated curves of Igx.(7)
with R, = Ry, and different combinations of @ and 6 for 8, =
30 deg and ¢;; = —90 deg. The examples of the calculated
curves Ig.(n7) are in two groups: one with a = 5.0 ym by
dash lines and one with a =& by solid lines. One can
observe from the group of dash lines that Iz (1) appears
symmetric when §/a is close to 1 and showing a peak toward
the specular reflection direction of a flat surface when 6/a
decreases from 1. These results demonstrate that the stochas-
tic surface model presented in this report can yield reflection
regimes from Lambertian for significantly rough surfaces
to specular for smoother surfaces by varying 6/a with a con-
stant R,. For a = §, the Ig.(n) curves in the solid-line group
exhibit symmetric and approximate Lambertian shapes,
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Fig. 4 Normalized intensity of reflected light versus rotation angle n
with symbols and error bars for /z(57) measured at A = 880 nm from
three diffuse reflectance standards and solid lines for /. (#7) calculated
with a=5=3.5um and incident angle of (a) 6;, =30 deg;
(b) 8,0 = 50 deg. Inset: Ir.(0) versus R, (symbols) and /r.(0) versus
Rs (lines). The angular dependence of Lambertian reflectance is
represented by blue dash lines.

which is comparable to the measured data of Iy (57). Hence,
we varied values of a under the condition of @ = § to fit
Ix.(n) to Ix(n), as shown in Fig. f§, by the solid lines.
Good agreements between I.(#7) to Ir () can be achieved
when a was set to between 3.0 and 3.5 ym.

Measurements and MC simulations of reflected light dis-
tribution have been carried out with two more diffuse reflec-
tance standards of R;, = 80% and 10% at multiple incident
angles of 6. Figure [ plots the normalized data of Iy (7)
acquired from the three standards at two values of 6;, for
comparison and only the normalized calculated curves of
Irc(n)/1re(0) with Rg = Ry, and surface parameters set to
a =06 =3.5 ym. Again, the calculated curves fit well to
the measured data on their angular dependences, as shown
in Figs. and (b}, and the dependences of intensity at
n = 0 on R or Ry, as shown in the inset. Larger fluctuations
can be observed in Iy (n) calculated with R, = 10%, since
incident photons have much higher probability to be
absorbed or terminated before exit the surface and hit one
of detection bins.

4 Discussion

The diffuse reflectance standards considered here can be
regarded as turbid media for their porous structures in the
sense of irregular orientations of surface elements and granu-
lar constituents of bulk leading to heterogeneity in refractive
index distribution. Without doping, the pressed PTFE pow-
ders exhibit little absorption and strong scattering due to the
large refractive index mismatch between PTFE (~1.35 in
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visible and near-infrared regions)E and air. As a result,
the steady-state distribution of light reflected from such
an object is a consequence of specular reflection at surface
and multiple scattering in bulk. Various analytical and
numerical methods have been developed to consider such
cases of light—matter interaction as random media consisting
simple shaped inclusions and/or 1-D randomly rough surfa-
ces by effective medium theories or extended variants. 28
These existing methods of field theory, however, are very
difficult to be applied here due to complex and unknown
details on surface profile and bulk composition. The multiple
scattering in turbid materials can also be modeled using the
radiative transfer theory and implemented in MC simulation
for treatment of rough surfaces. While feasible, such
endeavors often require multiple optical parameters, such
as absorption and scattering coefficients that are wavelength
dependent and unavailable for many types of turbid samples.
In addition, high cost of code development and computa-
tional resources is needed to perform such numerical studies.

In this study, we developed a different and simplified sur-
face model to examine the effect of surface roughness on the
reflected light distributions by diffuse reflectance standards
with known hemispherical reflectance Rj,. By using a local
surface reflectance R, representing the overall ability of light
reflection, the simplified model allows rapid calculation of
reflected light distribution of a standard, which is represented
as a rough surface profiled as a mesh of stochastically imple-
mented triangular elements, as illustrated in Fig. [} As shown
in Figs. f and [, the calculated results of reflected light dis-
tribution agree well with the measured data of three diffuse
reflectance standards if R, is set as a constant and R, = Ry,.
The modeling of rough surface of a standard as stochastic
mesh of local flats is consistent with the tangential plane
approximation of the field theory that requires local surface
sizes to be much larger than the light wavelength 2.8 which
is satisfied by the sizes of the surface profile parameters a
and 6 around 3 pum derived by curve fitting.

By assuming R, as a constant, the calculated light reflec-
tion can approach approximate Lambertian regime only
for the cases of a ~ 8. We note from Eq. () that a and §
represent statistically and, respectively, the characteristic
lengths of transverse locations and vertical variations of,
for example, peak-to-peak changes in a surface profile {(p).
Consequently, a/5 can be regarded as the average slope
angle of the profile and a ~ § indicates the condition of
slope angle around 45 deg for the ensemble of surface pro-
files. This outcome suggests that objects exhibiting diffuse
reflection appearances that are of approximate Lambertian
type should likely possess the same surface profile feature
of a ~ §, as revealed in this report. It is also interesting to
note from the calculated curves of I, in Fig. [§ that under
the condition of a = §, increasing the value of a or the
size of surface roughness leads to steeper decrease of light
intensity as 7 moves away from 0. These results could be
used to quantify surface roughness indirectly by straight-
forward measurement of Iy (77) in the cases of diffuse reflec-
tance standards or samples with Lambertian or similar types
of diffuse reflection.
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