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Abstract. The gloss scale is a set of coated paper samples with different surface
roughness allowing for appearance variation from high gloss to mat. Nowadays, the
gloss scale is widely used as a reference on visual appearance of glossy and mat
surfaces. This work provides for angle resolved analysis of light scattering from
gloss scales as well as the analysis of the surface topography parameters relevant
for the analysis of light-scattering experiments: RMS-roughness o, auto-correlation
function and power spectrum density, correlation length ¢, and surface slopes. The
angle-resolved measurements of light scattered in reflection within the half-space are
performed at 4 angles of incidence, while measurements within the incidence plane
are made at 17 angles of incidence and under non—polarized, s— and p—polarized
illumination. The polarization of incident light has a significant impact on both the
specular and the diffused components of scattered light. Brewster scattering angle is
especially well observed for black mat surfaces. Qualitative and quantitative analysis
of measured scattered light is made with Rayleigh-Rice and Kirchhoff models applied
to statistically representative analysis of surface topography.

1. Introduction

Light incident on an object of any size can be partially reflected or transmitted, diffusely
scattered due to the surface roughness or the sub-surface inhomogeneities and partially
absorbed. The visual appearance of the object depends strongly on the interplay be-
tween these phenomena as well as on the resulting angular distribution of scattered light.
For instance, the glossy appearance is related to the amount of light reflected along the
direction of specular reflection, i.e. along the direction predicted by Snell-Descartes law.
Major pioneering works on light scattering were done by no one else but Lord Rayleigh
first in 1871 on sub-wavelength particles and then in 1895 and 1907 on periodically
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corrugated reflection grating [1]. This latter work, known as vector-perturbation the-
ory for light scattering from rough surfaces, represents the scattered field as an infinite
sum of plane waves. The surface needs to be rather smooth for solution to converge,
it is valid for moderate scattering angles but otherwise the theory is valid for both
non-conductive and conductive samples [1]. Based on more recent interpretations from
Rice in 1951 [1,2], the theory is often referred to as Rayleigh-Rice vector perturbation
theory. Meanwhile, physical optics allows for a different approach for phenomenological
description of light scattering from rough surfaces: light diffraction caused by random
phase variations in reflected wavefront from surface topography. It is precisely the mean-
ing of Kirchhoff approximation introduced in 1952 by Brekhovskikh [2] but commonly
known in the form published in the notorious book by Beckmann and Spizzichino [3]
and therefore referred to as Beckmann-Kirchhoff model. Unlike Rayleigh-Rice theory,
Beckmann-Kirchhoff model can address not only optical quality but rough surfaces, yet
it is more restrictive in surface statistics (see Appendix 5 for details), and valid for mod-
erate angles of incidence and non-conductive surfaces. Interesting improvements for this
model were suggested by J. Harvey [2], but they are computationally more demanding
than original expressions.

In spite of more than a century long advancements in physical optics on the analysis
of light scattering from the rough surfaces and light scattering from volume inhomo-
geneities, it remains impossible to analytically address a complex case of rough surfaces
with sub-surface inclusions of arbitrary size and concentration. Moreover, in what con-
cerns the light scattering from rough surface the analytic descriptions exist for very
smooth surfaces (Rayleigh-Rice theory) or rather rough surfaces (Beckmann-Kirchhoff
model) [1]. Meanwhile, optical properties of arbitrary rough surface with roughness
comparable to the wavelength of the incident light can only be correctly addressed
with numerical simulations based on resolution of Maxwell equations. Such calculations
have to be done for several realizations of surface topography with common statisti-
cal properties, at all the wavelength and angles of incidence of interest etc. From the
computational point of view this task is extremely demanding. Therefore, the physical
optics mainly focuses on the link between the surface topography and its optical prop-
erties for rather smooth surfaces, which can be addressed with approximated methods
(Rayleigh-Rice theory, reduced Rayleigh equations [4] etc.).

The parametric description of the half-space distribution of light scattered by surfaces
of different nature [5] is necessary to produce virtual reality images. Due to above
described tremendous complexity of this problem from the optical point of view, since
about 1990s the computer graphics community was investing substantial efforts into
the experimental study of angular distribution of light intensity scattered from real-life
objects [6]. The goal was to explore the link between the angular distribution of light
scattered by the object and its appearance. Such angle-resolved measurements were per-
formed on large panel of materials including automotive, spray and house paints, gems,
wood, plastics, metals, ceramics, fabrics and human skin; and are accessible through
databases such as Cornell [7], MERL from Disney [8], NIST, CERRET from Columbia-
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Ultrecht, RGL from EPFL and others.

Such empiric approach has allowed for a great evolution in computer graphics. Yet,
its utility for physically-realistic rendering as well as for the field of light scattering is
limited by two obstacles. First, the vast majority of the angle-resolved data on light
scattering available online are devoted to samples with unique appearance, while rather
scarce information is given on the sample structure (surface topography, concentration
of subsurface inclusions etc.). Naturally, quite a few modern surfaces can be identified
as 'white plastics’, yet their optical properties and appearance might differ significantly.
For the appearance classification to be reproducible and predictable, the angle-resolved
analysis must be done either on samples with known topography [9,10] and subsurface
structure, or on standard or reference samples [11] for which the sample structure is
known and samples are freely accessible. Secondly, not all such measurements contain
information on the state of polarization of the incident light used to obtain them. Yet,
both specular [12] and scattered [13,14] components of reflection and transmission can
exhibit polarization-dependent features. And in fact physically-realistic appearance can
only be achieved if such effects are taken into account.

Despite the rich information the angle-resolved measurements can bring in, the setups
providing for such measurements are still rare within both academic and industrial com-
munities due to their high cost and the time investment such measurements require. In
fact, measurements of integral properties related to light scattering, such as reflectance,
diffuse reflection, gloss and haze etc., remain the key tools used in the academia and on
the production lines. It is thereby very important to study the impact of the angular
distribution of the scattered light on its integral properties.

In summary, study of the impact of surface topography on its optical properties is
one of the core activities of physical optics. This approach requires a detailed knowledge
of surface topography and can be computationally very demanding, which limits its
application to real-life surfaces. In the mean time, during last decades there was a
tremendous progress in measurement of the angle-resolved optical properties of real
life rough surfaces and understanding how they impact the object appearance. But
to the very large extend, the surface topography is not regarded in such studies. In
this paper an alternative approach to the problem is proposed. We focus on the set
of samples produced by the same fabrication process and having different appearance,
known as the gloss scale. These samples are accessible to very large community and are
already widely used as a visual reference for surfaces with glossy and mat appearance,
for example for visual quality check or as a reference for design. This work provides
an extensive experimental study of the surface topography of these samples as well as
their angle-resolved and integral optical properties. The textbook optical models such
as Rayleigh and Kirchhoff are used for the analysis of different features of angle-resolved
scattering distributions under non-polarized, s- and p-polarized illumination.

The paper is organized as follows. First, section 2 samples studied in this work
are described, including the analysis of their topography and integral optical properties
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such as gloss and specular and diffused reflectivity spectra. The angle-resolved optical
properties under non-polarized illumination are described within section 3, while the
polarization-induced effects on specular and scattered light are shown and discussed in
section 4. If the reader is not familiar with basic notions on light scattering from rough
surfaces, such as statistical estimators of surface topography relevant for light scattering
problem, definitions on reflectivity, gloss and angle-resolved scattering and theoretical
models for their prediction, it is recommended to start with Appendix 5 which provides
the basic notions on these phenomena.

2. Description of the samples

This study focuses on the gloss scale samples commercialized by NCS, which are widely
used in the industry and in the metrology related to gloss. NCS gloss scale samples are
made of opaque paper, covered with mixture of pigments and porous varnish. This sec-
tion presents the samples examined in this work, their surface topography and integral
optical properties.

NCS gloss scale contains 28 samples representing 7 levels of gloss from 2 to 95 GU
in 4 colors each: white, light gray, dark gray and black. Figure 1 shows the optical
photographs of full gloss (a) and full mat (b) samples at grazing angles of incidence.
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Figure 1. NCS gloss scale samples: optical photographs of (a) full gloss and (b) full
mat NCS samples, 2 GU and 95 GU gloss respectively, taken in the photo booth with
D65 illumination; (c) measured vs nominal gloss. In (a,b) samples are black, dark gray,
clear gray and white from left to right correspondingly.

Nominal gloss values of NCS gloss scale are calculated with respect to ISO 2813
standard [15] at 60°: full mat (2 GU), mat (6 GU), semi-mat (12 GU), satin (30 GU),
semi-glossy (50 GU), glossy (75 GU) and full gloss (95 GU). Figure 1.(c) provides a
comparison of nominal gloss and gloss measured white NCS samples with glossmeter
device Pico Glossemaster Model 500 commercialized by Enrichsen. This apparatus
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measures gloss in reflection at 20° and 60° angles of incidence. Note that for samples with
<10 GU (i.e. full mat and mat samples) additional measurement at 85° is recommended,
but the authors did not have means to perform it at a time of study.

Figure 2 provides the optical microscopy photographs of the sample surface for
black (top) and white (bottom) samples of different GU values. As is witnessed by
Figure 2, the decrease of the gloss level (from right to left) is achieved by the increase of
the amount and size of diffusers and absorbers in the coatings. Moreover, the coatings
seem to be macro-porous in full mat, mat and semi-mat samples.

black

white

Figure 2. Optical microscopy photographs of NCS black (top line) and white (bottom
line) samples with gloss varying from 2 GU(left) to 95 GU (right).

The surface topography was measured by the stylus profilometer (Dektak XT,
Bruker) with the tip diameter D = 2 pm. Obtained 1D surface profiles h(z), i.e.
the interface between the sample and the ambient medium, were defined in such a way
that the sample was below the profile, i.e. at z < h(x). The scan length was L = 6 mm,
which resulted from measurement at N = 12001 points with equidistant measurement
step A=0.5um. Albeit rather large scan length and number of measurement points,
at least 5 profiles per sample were measured to guarantee statistically-representative
analysis [16,17]. Results of the statistical analysis of surface topography, including
deduced parameters of mounded surfaces (see Appendix 5 for details), is given in Table 1.
Figure 3 shows autocorrelation function (a), Power Spectrum Density (b) and standard
deviation of slope distribution (c) for samples with different gloss. These figures, as
well as related statistical estimators gathered in Table 1, show that the mat surfaces
(GU2, GU6 and GU12) exhibit different statistics compared to semi-glossy (GU30 and
GU50) and glossy surfaces (GU75 and GU95). Auto-correlation functions (Figure 3(a))
of the mat surfaces (GU2, GU6 and GU12) show a rapid decay at small values of shift
which we speculate to be related to the surface microstructure induced by the coating
porosity. Power Spectrum Density functions normalized by mo?¢? (Figure 3(b)) exhibit
a pic at ¢, = 2 for semi-glossy (GU30 and GU50) and glossy surfaces (GU75 and
GU95). Finally, the standard deviation of slope distribution depicted on Figure 3(c)
is different for examined samples and strongly scale-dependent. The RMS roughness
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and other characteristic length are shown in Figure 4(a) and Table 1. Interestingly, the
RMS roughness as well as /., A do not exhibit constant decay or augmentation with the
sample gloss. However, o/{. decays with gloss as shown by Figure 4(b). In summary,
the analysis of surface topography based on roughness only allows to discern the full mat
(2 GU) and mat (6 GU) samples from others. In order to properly recognize all samples
from the set it is necessary to analyze the in-plane correlations. Moreover, these samples
are excellent candidates for a thorough comparison of gloss and the angle-resolved light

scattering.
Sample o e A « lo/A
(GU) (um) (pm) (mm) (arb. units) (arb. units)
2 1.57 32 0.8 0.7 0.25
6 1.22  27.5 1.6 0.26 0.25
12 0.73 24.1 0.6 0.39 0.24
30 0.75 110 2.9 0.11 0.04
50 0.56 130 2.0 0.31 0.09
75 0.45 340 2.0 0.18 0.85
95 0.42 370 2.3 0.70 0.74
Table 1. Statistical estimators of surface topography of examined white NCS samples.
RMS roughness (o) and correlation length ¢. deduced from measured 1D height
profiles. Parameters A, £, and « describing the ACF of mounded surface as deduced
from fit of ACFs with eq.10.
a) b) c)
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Figure 3. Statistical estimators of surface topography of white NCS samples: (a)
ACF, (b) PSD and (c) standard deviation of slope distribution. For the sake of
comparison the axes are rendered dimensionless. (b) represents a 2D PSD plotted
for g, = 0. These PSDs were obtained with eq.3,4 from the fit of experimental ACFs

(see Tablel). Here o = "T\C/i.

Optical reflectance spectra were obtained with Lambda 950 spectrometer
commercialized by Perkin Elmer. Reflectance measurements R" were performed with
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Figure 4. Statistics on the topography of NCS samples (a) characteristic length and
(b) /€. obtained from surface topography measurements on white NCS samples and
from the analysis with Kirchhoff model of the angle-resolved BRDF averaged over 4
shades of NCS samples.

non-polarized illumination (within the visible spectral range) at the 6;=8° and with the
integrating sphere, while during the measurements of diffused reflectance R* the cone
of 4° around the specular direction was left out from the integrated sphere. Finally,
R was deduced from these two measurements following eq.16. Figure 5(a) depicts the
specular and diffused reflection from white NCS samples of different gloss at 589 nm.
The measured specular reflectivity follows a linear rise with gloss, at the exception
of low reflectivity points where the measured value is comparable with measurement
uncertainty. Based on 17, one can link the reflectivity of the measured and reference
sample R = Gloss - R,.5. Yet the reference sample is not perfectly flat, meaning that
it’s reflectivity R,.; is actually smaller than Ry ,.s the reflectivity of the perfectly flat
surface made of the same material as the reference sample. In fact, Ry,.; = can be
deduced from eq.13-14 with n=1.51 (see Appendix 5 for details). Interestingly, we find
an empiric relation R = 0.7Gloss - Ry .y for examined samples. This empiric relation
is depicted by dashed olive line on Figure 5(a).

As shown by Figure 5(a) for white samples, the diffused reflection can be assumed
constant with gloss. Figure 5(b) shows diffused reflectivity of gloss samples of differ-
ent color and their deduced Lambertian BRDF. If one assumes that all the diffused
reflection is Lambertian, the fX component of BRDF can be estimated from eq.(18)
(see Appendix 5 for details), as shown on Figure 5(b), and is of about 2.7.107'sr=! for
white, 1.6.1071sr~! for clear gray, 8.3.10~2sr~! for dark gray and 1.4.102sr~! for black
sample. In what follows these values will be used for comparison with magnitudes of
diffused components obtained through the angle-resolved measurements.
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Figure 5. (a) measured specular and diffused reflection vs measured gloss for white
samples, (b) deduced Lambertian-like BRDF for samples of different shades. Specular
reflection R at 8° obtained with the illumination wavelength of 589 nm of all white NCS
samples. Blue dashed line depicts the average diffused reflectivity of NCS white samples
of different shades, while olive dashed line depicts empiric relation R = 0.7-Gloss R rcf
as described in the paper. (b) The Lambertian BRDF is deduced from diffused
reflectivity with eq.20. For the sake of comparison, colored regions depict Lambertian
BRDF values reported [1] for black (red color), gray (blue color) and white (blue
color) spectralon samples.

3. Impact of the surface roughness on the angle-resolved light scattering

This section is devoted to the angle-resolved analysis of light scattering in reflection from
NCS samples under non-polarized illumination. It is of the common knowledge, that
in the case of the small surface roughness, typically described in the literature through
the ratio of RMS roughness and the illumination wavelength o << A [1,18], the angle-
resolved intensity of scattered light contains two main features: the specular spike and
the comparatively broad lobe, centered at the direction of the specular reflection. In
the case of large surface roughness, o oc A [3], specular spike is not observed anymore,
while the lobe centered around specular direction becomes even broader. Finally, in
the case of very rough surfaces, ¢ > A, due to the masking and shadowing of surface
elements, at non-normal incidence the center of this lobe shifts towards the angles of
scattering larger than the one of specular reflection [19,20]. Although examined samples
have RMS roughness comparable or larger compared to the illumination wavelength (as
shown in Tablel), they exhibit all three above-described BRDF types. In this section,
the general features of measured BRDF such as Lambertian-like background scattering
and the forward scattering lobe are discussed.

This section starts with the description of the setup used in this work and its
different measurement configurations. Then it focuses on the general overview on the
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angle-resolved scattering of all NCS gloss scale samples. The specular BRDF at dif-
ferent angles of incidence is analyzed with Kirchhoff BRDF model, while the angular
distributions are analyzed with Rayleigh-Rice BRDF model.

3.1. Measurement setup

Angle-resolved measurements of optical intensity in far field were made with OMS4
goniospectrophotometer commercialized by OPTIS, schematically shown in Fig. 6(a)
and described in details elsewhere [21]. Due to the sample opacity, only angle-resolved
optical intensity scattered in reflection was measured. If not explicitly mentioned
otherwise, the incident light source was incoherent Xenon lamp light filtered around
the center wavelength A = 535 nm by a window of width 10 nm. This light source
is non-polarized, yet in some experiments presented in this work linear polarizers were
used resulting in s- and p-polarized illumination. In the measurements performed in
this study the dimension of luminous spot on the sample was 8 mm, beam divergence
was 0.17°, and thereby the maximum measurable BRDF [1] was 4300 sr—1.

Angle-resolved intensity of reflected light was collected either within the plane of
incidence, referred hereafter as in-plane scan, or within the half-space. All the reflected
light, independent of polarization, was detected. The half-space measurements were
performed with non-equidistant angular sampling, with a minimum measurement step
of 0.5° around the specular direction and maximum step of 2.5° far from the specular
direction. Such measurements were performed at 4 polar angles of incidence ¢; = 15°,
30°, 45° and 60°. The contour plots of the half-space BRDF, as the one shown on the
polar plot on Fig. 6(b) for NCS white 12 GU sample illuminated at (6;, ¢;) = (30°,180°),
were plotted with the home-made python code. Such representation allows one to grasp
all the features of the scattering diagram in the whole half space, for instance specular
peak and diffused lobes. The specular direction of reflection in Fig. 6(b), and in the
experimental results to be presented, is at (0,,¢,) = (6;,¢; — 180°) = (0;,0°). The
black color on Fig. 6(b) represents the angular regions where no measurements were
performed. In particular, the region in the vicinity of ¢, = 270° and 6, >= 60° is
inaccessible to the detector (due to the physical dimensions of the support on which the
setup is mounted), while in the region around ¢, = 180° and 6, = 6; the detector arm
covers for the source.

Slightly different notations are used for in-plane measurements: 6, € [0°,90°) for
the forward scattering (i.e. ¢, = 0°), while 6, € (—90°,0°] for backward scattering (i.e.
¢, = 180°).The in-plane measurements were performed with a measurement step 0.5°.
Measurements were performed at 17 polar angles of incidence 6; = 0°, 4°, 6° and [10°,
75°] with 5° step. Fig. 6(c) compares the in-plane BRDF distributions measured at
several #;. Such plots allow for quantitative comparison between different samples and
illumination conditions.
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Figure 6. Scheme of OMS4 goniospectrophotometer (a) and angular distribution of
the BRDF measured with it of NCS white semi-mat (12 GU) sample illuminated with
non-polarized light: (b) the full half-space distribution of BRDF for ;= 30°; (c) the
BRDF within the incidence plane measured at ;= 15°, 30°, 45° and 60°. In (c) all the
reflected light, independent of polarization, was detected. The Lambertian scattering
component with BRDF=0.26sr~! shown in black dash line was calculated from R*°
measurement with eq.20.

Angular distributions of the BRDF plotted in Figure 6 for white semi-mat (12
GU) sample present 3 distinguished features: i) the Lambertian-like scattering with
fr (0:,0r, ¢r) = const (precisely 0.26 sr—'), ii) forward-scattering lobe centered at
(0, ¢) = (0;,0°) and iii) back-scattering lobe centered at (6,,¢,) = (6;,180°) with its
central part being in the non-measurable area (the source obscured by detector arm).
Note that Fig. 6 shows no specular spike, which is expected to be the case for a semi-mat
sample.

In order to analyze how each of these features varies with 6;, the average of 5
measurements within the plane of incidence are compared for different samples or mea-
surement conditions, as depicted on Fig. 6b. In what follows there is no analysis of
back-scattering lobe, since the data are incomplete due to the fact that the source is
obscured by the detector arm.

3.2. Angle-resolved scattering for all NCS samples

Now we will more closely inspect the intensities and positions of the three lobes (diffuse,
specular and back-scattering) on the example of NCS samples with different GU. Figure
7 depicts BRDF measured within the plane of incidence at 6; = 20°,45°,60° and 75°
(columns from the left to the right respectively) of all NCS white, clear gray, dark
gray and black samples and GU values from 2 to 95 (rows from the top to the bottom
respectively).
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Figure 7. BRDF in the plane of incidence of NCS white, clear gray, dark gray and
black samples at 6; = 20° (first column from the left), 45° (second column), 60° (third
column) and 75° (forth column). Each line corresponds to samples of the same GU.
Lambertian components are shown in dash line for each sample and are independent
of 6;. The absence of data in vicinity of 8 = —0; is related to the fact that the source
is obscured by detector in this area.

3.2.1. Lambertian-like component All plots on Figure 7 contain a flat Lambertian-like
component fX which for painted paper is known to originate from light scattering in
the material below the surface [1]. The magnitude of fZ can be read at a flat part of
BRDF curve for 6, in range [—30°,0°] at §;=45° and 60°, as in the definition of contrast
gloss [22-24]. In fact, f! depends on the amount and size of diffusers and absorbers
in the paint, and thereby varies with sample shade but is independent on the GU as
witnessed by Figures 7 and 8(a). Based on the angle-resolved measurements depicted
in Figure 7, f¥is about 2.6.10 'sr~! for white, 1.5.10"'sr! for clear gray, 7.8.10 2sr~!
for dark gray and 7.7.103sr~* for black samples. For non-black samples these values are
in good agreement with theoretical values of fZ deduced from the diffused reflectivity
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measurements in section 2. The experimental fI value for black sample lays within
the range [5.5 — 8.0]10 3sr~! reported for black spectralon [1]. Yet, the value deduced
from the diffused reflectivity measurements is about 2 times higher. The overestimation
of the BRDF of diffused lobe from diffused reflectivity measurement is caused by the
assumption, that all the light scattered outside the specular peak contributes to the
Lambertian scattering. But in black samples the subsurface scattering is so low, that
the integral over the broad forward scattering lobe represents about a half of all scattered
light.

a) b)
B S S Snan e Loy 3| o White
10
------------------------------ Clear gray v
107t 2
N ____0______'___'____‘__’_“____ . 10 + Dark gray . §
~ White — +  Black °
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______________________ I
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Figure 8. BRDF features under non-polarized illumination. (a) Lambertian-like
BRDF and (b) specular BRDF at 6; = 60° for all NCS samples.

3.2.2.  Forward scattering BRDF values at specular reflection for illumination at
0; = 60° are depicted on Fig. 8(b) for all samples. Samples of different shades do
not have exactly the same BRDF, but nevertheless measured values are in good agree-
ment with previously reported ones for painted paper: 200 sr—t, 30 sr—! and 2.5 sr—!
for high, medium gloss and mat samples respectively [1]. Figure 8(b) also shows rather
satisfactory comparison of measured specular reflection components and those predicted

from Kirchhoff model.

As shown by Figure 7, the forward scattering lobe is clearly distinguishable in
the data for black samples regardless the 6; or GU. At the incidence angles 6; > 45°
the forward scattering lobe becomes asymmetric with respect to the specular reflection
direction. For 12 GU and higher gloss samples the forward scattering lobe is centered
around the direction of specular reflection. In samples with lower GU the forward
scattering lobe is seen for samples of all colors at large ; only, while the maximum of
this lobe happens at angles larger than the angle of specular reflection. For 75 GU and
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higher the specular spike is observed. Note that if surface roughness is evaluated as a
ratio of RMS to wavelength, then according to Tablel our examined samples exhibit
rather large and very large roughness, meaning no specular spike should be observed
for any of these samples. Meanwhile, as shown by Table 2, the ratio of RMS roughness
to correlation length in examined surfaces seems to be a better indicator of surface
roughness. As will be shown in next section, the angular distribution of BRDF for
small GU is shaped by the difference in BRDF under s- and p-polarized illumination.

Sample /¢, o/l
Surface topography Kirchhoff model

2 GU 49.1073 12.1072
6 GU  44.1073 36.1073
12GU  30.10°3 28.1073
30 GU 68.1074 11.1073
50 GU 43.1074 71.107*
75 GU  13.1074 69.1074
95GU  11.1074 24.10~4

Table 2. o/{. as obtained from surface topography of white gloss samples and from
the analysis with Kirchhoff model eq.25 (see Appendix 5 for details) of the specular
BRDF as averaged over 4 sample colors. £} indicates the assumption of Gaussian ACF.

4. Impact of the polarization of incident light

This section focuses on the angle-resolved scattering of all NCS gloss scale samples un-
der s- or p-polarized illumination. The impact of light polarization on specular BRDF
at different angles of incidence is analyzed with Kirchhoff BRDF model. The BRDF
within the whole hemisphere under p-polarized illumination is analyzed with Rayleigh-
Rice BRDF model.

Figure 9 has a similar structure compared to Figure 7, but depicts BRDF of all
NCS white and black samples measured within the plane of incidence under s- and p-
polarized illumination. Figure 9 shows that polarization of incident light impacts not
only the amplitude of the specular component but also the diffused component of light
scattered by sample surface.

Figure 10 summarizes how the main features of Figure 9, namely the amplitude of
BRDF at specular reflection direction (Fig. 10(a)-(b)) and 03 (Fig. 10(c), see Appendix 5
for details), vary with the sample gloss (Fig. 10(a)) or the angle of incidence (Fig. 10(b)-
(c)). The surface-induced component of BRDF can be distinguished only in the case
when measured BRDF at a given incidence and scattering angle is larger as compared to
the Lambertian-like component related to the sub-surface scattering. At 60° incidence
specular components of BRDF under s-polarized illumination are larger than their
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Figure 9. BRDF in the plane of incidence of NCS white and black samples at 6; = 20°
(first column from the left), 45° (second column), 60° (third column) and 75° (forth
column) obtained with s- or p-polarized illumination. Each line corresponds to samples
of the same GU. Lambertian components as measured with non-polarized illumination
are shown in dash line for comparison for white, clear gray, dark gray and black
sample.The absence of data in vicinity of fgr = —0; is related to the fact that the
source is obscured by detector in this area.

Lambertian counterpart for samples of all GU and all shades. As shown by Fig. 10(b),
the Kirchhoff model allows to reproduce rather well the angle-resolved variation of

specular component under s-polarized illumination. The surface topography values o /¢,

deduced from such angle-resolved analysis for samples with different GU are summarized
in Figure 4(b) and Table 2. The BRDF values predicted for such surfaces with Kirchhoff
model at specular direction under s-polarized and p-polarized illumination at 6; = 60°

are superposed with experimental data on Figure 9(a).
Let us now focus on light scattered by sample surface away from specular direction

and the analysis of Brewster scattering angle in examined samples. Indeed, in Figure
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Figure 10. Main features of BRDF curves shown on Fig. 9: (a) BRDF at specular
reflection direction at §; = 60° for black and white samples of different GU; (b) BRDF
at specular reflection direction of GU 95 white and black samples under s- and p-
polarized illumination as a function of the angle of incidence; (¢) specular BRDF
component at small incidence (6; = 4°) calculated from eq.26 while varying o /¢, for
surface with refractive index n=1.37 (blue curve) and n=1.57 (yellow curve). Data
points represent measured specular BRDF's on black samples (under assumption that
n=1.37 or n=1.57). Solid lines in (b) depict the estimations based on Kirchhoff model
(eq.25) with n=1.51 (GU95).

9 a clear dip is seen at 6; = 45° and 60° under p-polarized illumination in all black
samples of gloss < 30 GU. In white and gray samples this effect is not observed since
the subsurface scattering is larger than the surface-induced scattering under p-polarized
illumination. Fig. 10(c) shows Brewster scattering angles for black 2 and 6 GU samples
and at different angles of incidence.

Figure 11 shows the full half-space angular distributions of BRDF measured (a-c)
and calculated @, factor. Bright spots seen on Figure 11.(a-c) at ¢ € (40°;60°) and
¢ € (90°;130°) are parasitic reflections related to the linear polarizor introduced into
the illumination bench. Note that there is a small sample tilt which will be impossible
to see if not for half-space measurements.

The minima of the half-space distributions of experimental BRDF Figure 11.(a-c)
and the calculated @, factors shown in Figure 11.(d-f) do not perfectly coincide. The
comparison of measured BRDF and calculated BRDF and accounting for the sample
tilt might provide for a more precise result. Yet our primary intention was to show that
based on measurements at several AOI and without complex calculations the refractive
index can be identified rather well.
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Figure 11. Full half-space angular distribution of (a-c) measured BRDF of NCS
black mat (2 GU) sample and (d-f) calculated @, factor. Incident illumination was
p-polarized, while the angle of incidence was (a,d) 6;= 30°, (b,e) §;= 45° and (c,f) 6;,=
60°. In (a-c) the source of the incident light was a Xenon lamp filtered around the
center wavelength A = 535nm by a window of width 10 nm. All the reflected light,
independent of polarization, was detected. Figures (d-f) were calculated for material
with refractive index n=1.37 as deduced from Figurel0O(c).

5. Conclusions

This work is dedicated to thorough experimental study of surface topography and angle-
resolved light-scattering of a set of gloss samples as well as their qualitative analysis
based on classic physical optics models, such as Rayleigh-Rice and Kirchhoff models.
Examined samples are made of opaque paper with a pigment-containing coating on a
top of it, and are widely used for visual assessment of gloss. This set of samples provides
for a rare opportunity to study angle-resolved optical scattering from samples with dif-
ferent appearance and obtained with the same fabrication process.

Thorough analysis of surface topography reveals rather large surface roughness
(RMS roughness varying from 0.4um to 1.6um for white NCS samples) in mat and
glossy samples. This suggests that surface roughness can not be correctly evaluated
based on RMS roughness alone. In examined samples the RMS roughness decays with
sample GU, while correlation length £, increases with sample GU. The ratio o /¢, decays
from about 5.1072 (in low gloss samples) to about 1.5.107% (in high gloss samples). In
the case of mounded surfaces, to which examined samples belong, the auto-correlation
function exhibits a complex oscillating behavior which can not be described by a single
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¢, parameter. Nevertheless the ratio o/, used for the analysis of light scattering from
rough surfaces in Kirchhoff model, can be used for qualitative assessment of the impact
of surface roughness on gloss. It is of a common practice in BRDF community to de-
scribe surface topography through the distribution of surface slopes. It is however a
scale-dependent parameter, and thereby particular attention should be put to the scale
at which it is estimated. Yet, the local slopes at the scale of /. are relatively small even
for samples with lowest gloss.

Angle-resolved light scattering of these gloss samples exhibit Lambertian-like com-
ponent, related to subsurface scattering, and a surface induced scattering component,
the angular width of which decreases with sample gloss. The Lambertian-like compo-
nent does not depend on the angle of incidence and the sample gloss, but on the sample
shade. It is about 2.6.107'sr~! for white, 1.5.107'sr~! for clear gray, 7.8.10~2sr~! for
dark gray and 7.7.1073sr~! for black NCS samples. These values are comparable with
previously reported for spectralon samples [1]. Angle-resolved scattering related to
surface scattering is much more complex, since it varies with the angle of incidence, the
sample gloss and also the polarization of incident light. In order to perform a meaningful
analysis of all experimentally-obtained data, including surface topography and optical
scattering data, two different physical optics models, Rayleigh-Rice and Kirchhoff mod-
els, were used to analyze the surface-induced light scattering.

Kirchhoff model, as described by Beckmann and Spizzichino [1,3], was deduced for
surfaces with Gaussian auto-correlation function. Yet, it provides rather good predic-
tion of the specular component of BRDF based on the known ratio /¢, and refractive
index, as well as the variation of this specular component with the angle of incidence.
The Rayleigh-Rice model provides for relevant information regarding the normalized
angle-resolved scattering. In particular, it allows for prediction of Brewster scattering
angle based on the refractive index of sample surface. In the case when subsurface
scattering is low compared to surface scattering under p-polarized illumination, such
angle-resolved measurements at several angles of incidence can be actually used for the
identification of the refractive index of the surface.

In summary, NCS gloss samples exhibit polarization-sensitive BRDF properties:
Fresnel-like variation of specular component with clear Brewster angle under p-
polarized illumination in high gloss samples, but also Brewster scattering angle in mat
samples with small sub-surface scattering. The combination of Kirchhoff and Rayleigh-
Rice models for light scattering from rough surfaces allows for both qualitative and
quantitative analysis of the BRDF of glossy and mat samples.
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Appendix: Light scattering from rough surfaces

In this work we focus on the light scattering in reflection upon the illumination from
a rough surface of height profile h(7), with the ambient medium, air, being above the
surface, i.e. z > h(7), and scattering pigments present below the surface.

This section starts with the description of statistical estimators of surface
topography used in different optical models on light scattering from rough surfaces.
Then integral and angle-resolved optical properties of light scattering objects are
introduced, including the description of two optical physics models on angle-resolved
light scattering from rough surfaces.

5.1. Surface topography

Let us briefly discuss several statistical estimators of the surface topography of randomly
rough surfaces (see [16] for details), relevant for light-scattering experiments, namely
RMS roughness, lateral correlations and slopes.

In what follows we consider a height profile (7). This profile is assumed to be a single-
valued function of 7= (z,y) and differential with respect to both z and y. The height
profile is also assumed to be a stationary, ergodic and zero-mean random process. The
probability distribution function of the height values of this randomly rough surface is
assumed to be Gaussian [16].

In such a case the vertical fluctuations of surface height are described by the root-mean-
square (RMS) height, also referred to as the height standard deviation o:

o = (h*(7)"* (1)
The spatial organization of surface roughness can be deduced from the surface

—

height auto-covariance Z(Ar)

Z(A7T) = (h(r'+ AT)A(1)); (2)

—

and its normalized version, the auto-correlation function (ACF) A(AF)
1
A(AF) = ;I(AF). (3)

The power spectrum density (PSD) function Z(q) is a counterpart of the auto-covariance
in the Fourier space:

() = / PrI(F) exp (—ig - 7). (@)

where ¢ = (qs, qy) is the wave vector parallel to the mean surface. Note that in case of
isotropic surfaces both ACFs and PSDs can be calculated from 1D profiles. However,
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the normalisation of PSD differs in case of 1D scan since the integral of the PSD equals
the variance of the height distribution ¢? (Parseval’s theorem [3,16]).

Finally, in the case of a surface with Gaussian distribution of heights, the
distribution of local slopes s, over the length-scale ¢ is also Gaussian:

82
ps) = o=z (—2;2) , (5)

while the standard deviation of local slopes o, can be estimated based on the surface
ACF [16]:

Oyp = "T/ﬁm — A(0). (6)

In this work we focus on three functional forms of ACF: the exponential, the Gaussian,
and the ACF of mounded surfaces. In theoretical models, due to mathematical
convenience, the preference is given to the Gaussian ACF:

A(Ar) = exp | — (?rf

, (7)

and in some cases to exponential ACF:

A(Ar) = exp —%—:q : (8)

Here a correlation length /. is an estimate of the lateral length scale above which

correlation is significant. Its conventional definition was developed for exponential and
Gaussian ACF's:

A(L) = 1/e. 9)

In the fabricated real-life rough surfaces several characteristic length scales can
coexist, representing the material micro-structure and the signature of the forming
process. For example, the ACF of mounded surfaces exhibit a decay over length-scale
ly with an oscillatory behavior of length-scale A [18,25]:

(@) ](2)

where « stands for the roughness exponent (0 < o < 1). Figure 12.(a) illustrates these

A(Ar) = exp

three functional forms of ACF, namely exponential, Gaussian and the ACF of mounded
surface with o = 0.75, A = {y and A = 2{,. It is clear from Figure 12.(a) that the
correlation length is linked in a complex way to the parameters £y, A and « of mounded
surface. Meanwhile, the period A of mounded surface can be easily determined from
the first zero crossover of ACF: A (%) =0. 0! = %ﬁ

The 2D-PSD of surface with Gaussian ACF is as follows:

Ton(q) = w2 exp (— (%)2) , (11)
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Figure 12. ACF (a), PSD (b) and standard deviation of surface slopes (c) of surfaces
with exponential ACF, Gaussian ACF and mounded surfaces with o = 0.75, A = ¢
(Le/ly = 0.19) and A = 24y (£./ly = 0.35). For the sake of comparison the axes are
rendered dimensionless. (b) represents a 2D PSD plotted for ¢, = 0.

while the 2D-PSD of surface with exponential ACF is:
To2(?
(1+ (qﬁc)z)

Note that at q=0 Z(7 = 0) = mo2¢2 for surfaces with both Gaussian and exponential
ACF (see low frequency tail for exponential and Gaussian ACF on Figure 12.(b)).
Unfortunately, there is no analytical expression for PSD of mounded surfaces with an

Ton(9) = (12)

3/2°

arbitrary « and it must be calculated from known ACF as a Fourier transform of auto-
covariance function (eq.2,4). For the sake of illustration, Figure 12.(b) plots the PSDs
of all the ACFs from Figure 12.(a). In mounded surfaces Z(7 = 0) is not equal to wo2(2
(low frequency tail of the PSD of the mounded surfaces on Figure 12.(b) differs from
the one for the surfaces with exponential or Gaussian ACF).

Figure 12.(c) shows how the functional form of ACF impacts the slope distribution.
In the case of Gaussian ACF, if ¢ is sufficiently smaller than /. the statistics of local
slopes is independent of the length-scale ¢ over which the slopes are defined [16]. Prob-
ably for this reason the notion of the length-scale over which the slopes are calculated
is absent in geometrical optics models, which were developed for surfaces with Gaussian

ACF.

Yet this is no longer true in the case of surfaces with exponential ACF. Even more,
for such surfaces at ¢ < ¢./2 the mean surface slope decays drastically with ¢. In
mounded surfaces depending on the value of the roughness exponent o and ratio A /¢y,
slope statistics may exhibit rather strong dependence on the length scale € over which
the slopes are defined [16]. For instance, as depicted by Figure 12.(c) the standard
deviation of the distribution of slopes in mounded surface with A = ¢y (red curve)
exhibits non-monotonous decay with ¢. This implies, that in order to be meaningful,
the analysis of local slopes must be based on the statistics of the rough surface (RMS
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roughness and ACF).

As will be shown below, the physical optics models account for surface roughness at
different scales and thereby are capable to predict some features of the optical properties
of real-life surfaces based on the surface topography. In contrast, the geometrical optics
models rely on the distribution of slopes at a single length scale. This means that
geometrical optics models may be useful for the deduction of the information on surface
topography at a scale relevant for experimental conditions, based on the experimental
optical data. They are however likely to fail in solving the direct problem: the prediction
of the optical properties based on surface statistics.

5.2. Integral optical properties

This section focuses on the reflectivity, hemispherical reflection and gloss, while the
angle-resolved optical properties are addressed in the next section. Throughout a paper
the polar angle of incident illumination is 6;, while the azimuthal angle of incidence
is set to ¢; = 180°. The polar and azimuthal angles of scattered light are (0, ;)
respectively, and the specular direction of reflection corresponds to (6,,¢,) = (6;,0°)
with 6, € [0°,90°) and ¢, € [0°,360°).

The reflectivity, i.e. the fraction of incident flux reflected along the specular
direction, varies with the polar angle of incidence 6;. For a perfectly flat surface the
reflectivity coefficients R, and R, for s- and p-polarized incident light respectively are
described by Fresnel coefficients, which for material with refractive index n and with air

as the ambient medium reduce to:
2

R, (0) aspcost; —/n? — sin® 6, 7 (13)
aspcosb; +\/n? — sin® 6,
where a; = 1 and a, = n?. The reflectivity upon non-polarized illumination is:
R+ R
R= % (14)

Figure 13(a) illustrates how Rs, R, and R would vary with the #; in the case of
reflection from a perfectly flat surface of black glass (n=1.567 [22]), silicon nitride
(n=2.046 [26]) and gold (n=0.273 [27]) in air illuminated with monochromatic light
source of a wavelength 589.3 nm. This allows to compare the metallic and dielectric
surfaces, as well as understand the impact of the refractive index of dielectric material
on reflectivity and BRDF. The Brewster angle, i.e. the 6;, at which the reflectivity of
p-polarized light equals zero, is given by expression:

tanfp = n. (15)

In glass and polymers g is about 56°, while the increase of refractive index with respect
to the one of glass results in the decay of 05 (see Figurel3(a)).
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Figure 13. Impact of the refractive index surface material on its reflectivity (a) and
specular BRDF of rough surface (b,c). (a) Reflectivity coefficients of s- (dotted line)
and p-polarized (dashed line) and non-polarized (solid line) monochromatic incident
light (@589.3 nm) as a function of 6; calculated with eq.13-14 for perfectly flat
surfaces made of different materials as described below. (b) Specular BRDF under
non-polarized illumination as modeled by Kirchhoff model eq.25 for rough surface
with Gaussian ACF with o/f, = 0.001 (dotted line), o/¢. = 0.01 (dashed line) and
/€. = 0.1 (solid line).(c) Specular BRDF under non-polarized illumination incident
at 60° as modeled by Kirchhoff model eq.25 for rough surface with Gaussian ACF and
varied o/f.. Horizontal dashed lines correspond to the Lambertian BRDF deduced
from eq.20. Surface materials are black glass (green line, n=1.567 [22]), silicon nitride
(gray line, n=2.046 [26]) and gold (blue line, n=0.273 [27]).

Even at a small surface roughness the fraction R*¢ of the incident flux is inevitably
scattered away from the specular direction at the expense of the specular component R.
The hemispherical reflectance R" is defined as follows:

R"=R+ R*, (16)

The gloss is aimed to represent the flux of light scattered around the direction of
specular reflection. The most common technique for experimental evaluation of gloss is
the specular gloss measurement, done by integration of light intensity scattered in the
close vicinity of specular direction. Such measurement is generally done with glossmeter
device and the gloss value in gloss units (GU) is obtained. In the most commonly used
configuration of glossmeter the gloss is defined as the total flux scattered inside a small
angular region around the specular direction, normalized by the flux that is scattered
by a standard reference sample, typically black glass with refractive index n=1.567 at
589.3 nm [22]; this ratio defines the “gloss unit” (GU) scale:

Gloss(6;) = % x 100(GU), (17)

where P and P,y are light flux values reflected from the sample and from the standard
reference sample respectively and integrated within a solid angle of measurement around
the specular direction. Specular gloss is at first measured at 6; = 60°. In the case of
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high gloss samples,i.e. >60 GU, additional measurement is necessary at #; = 20°. And
in the case of low gloss samples, i.e. <10 GU, additional measurement is necessary at
85° [15,22].

5.3. Angular distribution of light scattered in reflection

The bi-directional reflectance distribution function, BRDF or f,.(0;, ¢;,0,,®.), is the
main parameter used in experimentalists community to describe the angular distribution
of scattered light. The BRDF is defined as a ratio of radiance of the surface to its
irradiance and is the experimentally accessible quantity:
P/,
fr(0i; 01y 0r, 6r) = P oost.’ (18)
where P; stands for incident flux and P, for flux scattered along the solid angle

Qr = (97”7 ¢7’)

Meanwhile, the hemispherical reflectance R" can be defined through the cosine-
corrected BRDF, namely f,(0;, ¢;,0,, ¢,.) cosb,, also known as angle-resolved scatter,
ARS, or differential scattering coefficient, DSC [1]:

w/2 2w
R (6,) = / / frm(0i, 63, 0., ¢, cos 0, sin 0,.d6,dé,, (19)
0 0

where index m = s, p indicates the polarization of the incident light.

If the object scatters light equally in all directions, so-called Lambertian diffuser,
the link between the BRDF and reflectance is straightforward:
h
PO 00,00 = ) (20)
Yet, wide-angle scattering is generally a signature of the sub-surface scattering rather
than the signature of surface roughness.

There are several analytical approximated models for light scattering from rough
surfaces (see for instance [1-3,28]). We will focus on two oldest and widely known
models which provide for rather simple analytic expressions linking surface topography
and angle-resolved light scattering: the Rayleigh-Rice vector perturbation theory for
smooth surfaces and Kirchhoff tangent model for rough surfaces.

The most commonly used form of Kirchhoff BRDF model was derived by Beckmann
and Spizzichino [1,3] and accounts for the reflectivity coefficient R(6;) (see eq.(13-14)),
for the masking-shadowing factor F' and for the surface topography:

A
They define the masking-shadowing factor F' as follows:
1+ cos6; cos b, — sinb; sin b, cos (¢, + ™ — ¢;)

F(6;,0 = / >
(17 ra¢7") COSei (COSQ@‘FCOSQr) , ( )

2 2
Fo(81s 60,6r.6,) = TR(6.)F* (61, 65,0, 6,) (L ) () (21)
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while the topography and illumination conditions are defined jointly by the factor L
and spatial frequency ¢:

e\
L= 2
270 (cos 0; + cosb,.)’ (23)
1
[(sin 0, cos ¢, — sin 902 + sin? 6, sin? qbr} 2
q=2m ) (24)

This model was developed for surface with Gaussian ACF and therefore can not
properly predict the angular distribution of light scattered from surface with other
functional forms of ACF. However the specular reflection is defined by low-frequency
region of PSD, which is generally constant with frequency (see Figure 12.(b)). This
model can be useful for the analysis of the magnitude of BRDF at specular direction of
reflection (¢, =0, 0, = 6; — 7):

fr(0:,7,6;,0) = TR(0;) <L)2 (25)

4mo cos b;

Figure 13(b) shows the angular distribution of the BRDF at the direction of
specular reflection given by eq.25 for three different materials. It is clear that the
angular distribution of the BRDF follows the same trend with the angle of incidence as
the reflectivity, depicted in Figurel3(a). Meanwhile, as illustrated in Figurel3(c), the
increase of the surface slopes results in the decay of BRDF, as one would logically expect.
This figure also shows that when o > ¢./10 the BRDF at specular direction approaches
the value of the Lambertian BRDF of such surface. Finally, according to Kirchhoff
BRDF model at small angles of incidence f, simplifies to a following expression:

£, (9Z~—>O,O,0i—>0,0):7rR(0)( b ) , (26)

Ao

which can be useful for quick assessment the experimental studies of rough surfaces.

In the Rayleigh-Rice model, the surface roughness is considered to be a small
perturbation of flat surface. The model is often said to be limited to the case of small
surface roughness. However some authors suggest that Rayleigh-Rice model can describe
surfaces with small surface slopes, i.e. to some extent small o/¢. [3]. According to the
Rayleigh-Rice model the BRDF is proportional to 2D PSD of examined surface and to
the reflectivity polarization factor Q:

2
fr (0i, 63,0, 0r) = 16)\—2 cos B; cos0,Q1 <§—;, g—;) ) (27)
In the case of non-polarized source and polarization insensitive detector Q is as follows:

Q=323 Qs (28)
g v
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where 5 and v in @, stand for polarization (s,p) of incident or scattered light
respectively [1]. In the case of [ state of incident polarization and polarization
insensitive detector ()g is:

Qs =) Qs (29)

while (3, are given by:

Qu = (n* — 1) cos ¢ (30)

(COSQ ++/n? — sin? )((3089 + y/n? —sin 9) ’

0., (n? — 1) \/n2 — sin? 0, sin ¢, | (31)

(cos 0; + \/n2 — sin? 9i> <n2 cos by + \/n2? — sin? 93>

0 = (n? — 1) v/n2 — sin® ; sin ¢, | (32)

<n2 cos b; + v/n? — sin? 9i> (COS 0, + \/n2? — sin? «95>

(n?—1) (\/n2 — sin? ;1/n? — sin® 6 cos ¢5 — n? sin b, sin9i>

2

Qpp = — — (33)
(n2 cos; + v/n? — sin «9i> (n2 cosf, + v/n? — sin 93>
Within the incidence plane (Jg, = 0, while at a specular reflection direction

Qﬁv = R,%’(Qi)-

The fact that according to Rayleigh Rice model the BRDF scales with surface

PSD has been widely exploited for optical characterization of the roughness in the case
of slightly rough surfaces (which were generally understood as ¢ << \). Meanwhile,
the sample material also has an impact on the angular distribution of light scattered
in reflection (through the reflectivity polarization factor (). Moreover, the angular
distribution of scattered light depends strongly on the polarization state of incident
light (s,p).
As demonstrated in the 2000s by Kawanishi et al. first theoretically [13] and then
experimentally [14], it is also possible to obtain zero-reflection at specific scattering
angles for the p—polarized component of light scattered from rough surfaces. In analogy
to classic Brewster effect, they referred to this scattering angle 6, as the Brewster
scattering angle 63. In the case of scattering in reflection from a rough surface of
the refractive index n in the air the Brewster scattering angle is as follows:

n? — sin? 6;
sinfy =n - : 34
B \/n2 —sin? 0; + ntsin? 6, (34)
This expression is a more compact form of the one provided by [14] and as a matter of
fact was derived from Rayleigh-Rice formalism by setting (), = 0 in eq.33. According

to this expression, the dip in p—polarized light scattering does not depend on the surface
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roughness and can appear at more than one angle of incidence.

Finally, at specular reflection from a surface with a Gaussian ACF the Rayleigh-
Rice model reads as:
16730202
\
According to this expression, the specular component of BRDF increases with the

f,,« (92, T, 97« = 091'7 0) = COS2 QIRQ(&J (35)

increase of surface roughness, which is both illogical and contradicting numerous
experimental results.

Figure 14 shows the variation of BRDF at specular direction obtained from Kirchhof
(a) and Rayleigh (b) models with s- and p-polarized illumination. Although the surface
roughness will impact the amplitude of these curves, yet its the material properties -
real and imaginary parts of refractive index which define their angle-dependance. For
instance, the real part of refractive index defines the Brewster angle, while the imagi-
nary part of refractive index impacts the shape of dip in the vicinity of Brewster angle.
In non-absorbing media this dip is rather sharp, while even mild absorption decreases
the depth of the dip around Brewster angle. This observations suggest that the spec-
ular component of BRDF measured under polarized illumination could be used for the
estimation of both the refractive index of material and its surface property o /¢ (where
(% is the correlation length of the surface with Gaussian ACF).

b
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Figure 14. Variation of specular BRDF under s-polarized (blue curve) and p-
polarized (green curve) illumination according to (a) Kirchhoff model (eq.25 for rough
surface with Gaussian ACF) and (b) Rayleigh-Rice model (eq.35). Solid lines depict
calculations for material with n=1.1, while dashed lines show results for slightly
absorbing medium n=1.140.2i.
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Note that the increase of specular BRDF with angle of incidence in Figure 14(b) is
rather mild as compared to predictions by Kirchhoff model (see Figure 14(a)) and those
expected for flat surfaces (see Figure 13(a)).

Thereby, in what follows we will analyze the amplitude of BRDF at specular reflection
direction with Kirchhoff model, while the angular distribution of scattered light at given
angle of incidence will be examined based on Rayleigh-Rice theory.
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