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Multispectral and polarized light reflectance measurements are very useful to characterize
materials such as paint coatings. This article presents an overview of an automated high-angular
resolved, in-plane multispectral polarized reflectometer and its calibration process. A compre-
hensive study based on multispectral BRDF and DOLP measurements is conducted on different
colour and glossy aspects of paint coatings. An origina inverse method from in-plane
measurements is used to model the out-of-plane BRDF and to investigate the role of the surface
and subsurface scattering phenomenain its components.
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1. Introduction

Optical characterization of materials is particularly needed in different activities
ranging from aerospace or automobile industry (quality control, roughness measure-
ments, etc.) to remote-sensing (instrument calibration, target reflectance, etc.)
including defence or security applications (laser imaging, guidance, etc.) Bidirectional
reflectance of materialsisauseful way to probe physical properties of materials. Most
of them are considered as ideal Lambertian reflectors that scatter light uniformly in
space. However, this approximation does not stand for man-made material s (ceramics,
composites, plastic compounds or paint coatings). They require accurate measure-
ments of the bidirectional reflectance distribution function (BRDF) to quantify how
light isangularly and spectrally reflected by amaterial surface. From polarized BRDF,
one can also determine degree of linear polarization (DOLP) to quantify and inspect
how surface reflection affect light polarization states. Both BRDF and DOLP give
agood insight and a better understanding of the scattering processes involved.
Different instruments are designed to measure the BRDF of samples. Some are
dedicated only to measure the light backscattered by the media[1—4]. Others are used
to estimate the light reflected and/or transmitted [5, 6]. A few of them are to measure
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polarized BRDF at fixed wavelength, and they often take into account an angular
resolution of the BRDF ranging from 2° to 10° [7-9].

The purpose of this paper is to report the calibration process of afast and highly
resolved instrument dedicated to measure the in-plane multispectral polarized BRDF
and DOLP. An original multispectral method based on the inversion of experimental
in-plane BRDF datawas developed to retrieve the full BRDF. Then, we present BRDF
and DOL P measurements on paint coatingsto illustrate the capacity of our instrument
and our inversion method. Using this approach, we separate the different scattering
processes involved from multispectral and polarized measurements and can retrieve
the full BRDF from in-plane BRDF measurements.

2. Theoretical framework

2.1. Bidirectional reflectance distribution function (BRDF)

Materials reflect light in a certain way according to the incident light direction and

viewing angles. A comprehensive way to characterize the reflectance properties of

the scattering mediais to evaluate its full BRDF. It fully characterizes the local light

scattering by the material for every set of angles. Figure 1 shows the geometry used

to define the full BRDF in athree-dimensional standard Cartesian coordinate system.
The BRDF is a non-integrated parameter defined by Nicopemus [10] as:

dl—r(eia ¢i;6r’ ¢r;/1)
dE; (€, ¢;;4)

BRDF(6,, ¢,:6,, ¢,; 4) = [sr~] (1)

where, for a particular wavelength: dL,(&, ¢; 6., ¢,; 4) is the differential reflected
radiance in the direction @, = (6,, ¢,); dE;(&, ¢; A) is the differential incident
irradiance from direction £2, = (6;, ¢;).

Fig. 1. Definition of the BRDF in athree-dimensional Cartesian coordinate system.
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We distinguish thein-plane BRDF as BRDF(&, ¢; 6, ¢, = ¢; A) from the out-of -
-plane BRDF defined as BRDF(8, ¢; 6, ¢, # ¢; 4). The Lambert law induces
a cosine factor in radiance measurements. For this reason, we choose to use
BRDFcos(8, é; 6, ¢,; 1) = BRDF(8, ¢; 6, ¢,; A)cos(§,).

2.2. Directional hemispheric reflectance (DHR)

Directional hemispheric reflectance (DHR) is an integrated parameter calculated as
aratio of the total reflected energy to the total incident energy from agiven direction.
Also, it can be computed by integrating the BRDF over the half-space [11] as:

2n /2
DHR(8, ¢;;4) = [ [ BRDF(8, ¢:6,, 4,5 A)cos(6,)sin(6,)d6, dg, (2
0 0
2.3. Degree of linear polarization
BRDF definition can be extended to a polarized-BRDF* to determine DOLP from
cross-polarized BRDFK I:
k . .
Lr (ep ¢i19ra ¢T’/l)

BROF!(8, 4,:6,, 9,:4) = !
Ei (6, ¢4

©)

BRDF " "(8, ¢,;6,., 4,; 1) —~BRDF " (8, 6,:6,. ¢,; 1)
BRDF (8, ¢,:6,, 4, 1)

DOLP(6, ¢;6,, ¢;4) =
(4)

where; L':’j is the measured radiance with k, j referring to the polarization states

(P: parallel, S perpendicular, U: unpolarized) of the incident and detected light,
respectively.

3. Numerical model and data inversion

The BRDF of materials can be represented by mathematical models. Different
BRDF semi-empirical models were developed for various applications. deterministic
(fully based on electromagnetism without data) [12, 13], physical (data interpolation
using physical parameters) [14-16] and empirical models (data interpolation using
non-physical parameters) [17]. In this paper, the Li—Torrance model [16] is adapted
to our experimental data for multispectral BRDF inversion.

3.1. Li-Torrance BRDF model

The light scattered from a material can be divided into two parts. surface scattering
referring to light scattered at the material surface and subsurface scattering referring
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Fig. 2. Light scattering from material: surface and subsurface contributions.

to light scattered within the material (Fig. 2). Both scattering phenomena result from
single and multiple scattering. Furthermore, one should consider the complex optical
index m of the scattering mediaasm=n + i x; where n and x are respectively thereal
and the imaginary parts of the complex optical index. Absorption phenomena result
inx#0.

On the one hand, surface scattering is composed of:

— asurface directional (or mirror-like) part due to surface reflection. It is related
to Fresnel coefficients and to the surface roughness;

— asurfacediffuse (or self-shadowing) part dueto multiple scattering by the micro-
facets.

On the other hand, subsurface scattering is also composed of:

— asubsurface directional part from the base contribution;

— asubsurface diffuse part resulting from multiple scattering inside the material.

Depending on the type of materials, one needs to quantify the contribution of
light scattering part in order to apply BRDF model such as Li—Torrance model [18].
In the following, we applied the Li—Torrance model extended to our multispectral
measurements to investigate scattering phenomena involved in BRDF. This model
incorporates all of the physical phenomena appearing in the He-Torrance model [13]
and is described by only 4 k-parameters.

BRDF(8, ¢,;6,. ¢,;4) = BRDF(Ky4, Kygs Kugrs Kts) ©)

where: kyq is related to the Fresnel coefficients and the roughness of the surface. It
contributesto thedirectional reflection (mirror-like) component and to thefirst surface
directional -diffuse component. k 4 accounts for multiple scattering on rough surfaces
(Lambertian component) and contributes to the first surface uniform-diffuse compo-
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Table 1. Relations between k-parameters and BRDF components.

BRDF Directional component Diffuse component
Scatteri Surface- Subsurface- Surface-diffuse Subsurface
attering -directional -directional (self-shadowing) uniform-diffuse
phenomena
kdd kfs kudf kuds

nent. k,y is related to the directional-hemispherical reflectance of the subsurface
and to the Fresnel transmission coefficient. It contributes to the subsurface uniform-
-diffuse component. ki is an empirical BRDF model based on functional reasoning
and datafitting. It contributes to the subsurface forward-scattering component. These
k-parameters are related to the BRDF directional and diffuse components (Tab. 1).

We extended the Li—Torrance model to a multispectral model for our inversion
technique. For N different wavelengths, the determination of 4xN k-parameters is
reguired to model the multispectral BRDF:

1..N (1..N (1..N [1..N
BRDF(G, ¢,:6,, ¢;4; n) = BRDF(kdd » Kuds > Kugr » Krs ?/11...N) (6)

Thus, a4xN-matrix Ky, is defined from the k-parameters as follows:

BRDF (4, ¢,;6,, ¢.; 4, ) = BRDF(Ky) @)
where

1 N
kdd ...... kdd
Ky oo oo K

KN — :ds :Ids (8)
kudf ...... kudf
1 N
Kis oo e Kg

3.2. Data inversion method

For many applications[1, 3, 7, 15, 18], collecting the full-BRDF takes a great effort,
and as a consequence only the in-plane BRDF is measured. We propose an inversion
method to retrieve the multispectral full-BRDF from highly resolved in-plane BRDF
measurements. For a numerically stable data inversion algorithm, high angular
resolution is needed for BRDF measurements.

The aim of our method is to retrieve the Ky matrix to model the full BRDF.
Because an analytical inversion cannot be achieved for solving nonlinear problems,
an optimization technique is performed to identify a complete Ky matrix. Our method
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Fig. 3. Datainversion method.

combines a Broyden—Fletcher—Gol dfarb—Shanno (BFGS) quasi-Newton optimization
technique [19] with the multispectral Li—Torrance BRDF model. Figure 3 describes
the optimization schemes.

First, we define an objective function F; based on various combinations of
k-parameters (Li—Torrance model) for afixed wavelength 4;:

2

kdd kuds |(udf kfs
F(Q,02:2)= BRDFS!mulated (42, 2; J) BRDF
(2 24 =3, BRDF

k measurement( i’ r’ j)

measurement(‘Qi’ r’ J)

(9)
where 2 = (6, ¢) and £2, = (6, ¢,).

The previous formulais asum of root mean square differences between measured
and simulated in-plane BRDFs. We also define a general objective function F as
the sum of objective functions F; defined for each 4; (wherej rangesfrom 1toN) and
for each scattered angle:

1 N
= TZ Qi A) (10)

Then, we minimize F in order to retrieve each k-parameter for each wavelength
considered (for an ideal case where the simulated BRDF is equal to the experimental
one, F equals zero). From the retrieved Ky, matrix, the multispectral full BRDF can be
computed. We applied our datainversion method for various coatings aswill be shown
in Section 5.

4. Reflectometer design and calibration

The BRDF of materials can be measured in experimental setups. An automated and
accurate calibration process is needed to measure in-plane multispectral polarized
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BRDF and DOLP of different types of samples. Figure 4 shows a general view of our
instrument and Fig. 5 describesits optical layout.

Theincident lighting system consists of three different laser sources (Nd:Y ag laser
at 532 nm, He-Ne laser at 633 nm, diode laser at 814 nm) linearly polarized using
awideband polarizer. The detection system measuresthein-plane BRDF with an angu-
lar resolution lower than 1°. It provides highly resolved reflectance measurements
needed for a better data inversion. It is composed of an Si-detector DET-90 (Hinds
Instruments) mounted on a rotation stage 1 meter apart from the sample coupled with
a wideband polarizer and interferential filters. A simple method based on Fresnel

ONERA L 5 —— ,u
e

: Data
- acquisition
i system
L
[
| V=

Polarized il o AN :
detection & Multispectral
system [ laser sources

Fig. 4. General view of the instrument.
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Fig. 5. Optical layout of the instrument.



14 N. RIVIERE €t al.

equations is used to identify polarizer’s axes. A lock-in amplifier is used to increase
the signal-to-noise ratio for noisy signals. Measurements are fully interfaced viaGPIB
and PCI cards to control step motors and the lock-in amplifier using homemade
software.

For experimental use, we express BRDF with A@, = 107 sr the reflected solid
angle, PX(8, ¢;4) and PKI(8, ¢:;6,, 4,; 1) the incident and reflected powers,
respectively:

| Kiig g .
BROF*/(8, 6,6, 6, 2) = —— 4% 8D
Ei (6, 9i:4)

_ P6.4:6.0:4)
- Pk ] (11)
i (ep ¢i1 /1) COS( gr)A‘Qr

We apply geometric and angular corrections by calculating the instrument func-
tion (IF). Itistheratio of the theoretical Lambertian BRDF to a measured Lambertian
material BRDF for each angle of incidence

BRDFLambertian, th(ei’ ¢i;9r’ ¢r; 2’)
BF\)DFLambertian, exp(ei’ ¢i;9r’ ¢r; ﬂ')

~ DHR(6, ¢; 1)/ (12
BRDFLambertian, exp(gi’ ¢i;9r’ ¢r; ﬂ)

Figure 6 shows the theoretical and measured in-plane BRDF at 0° lighting at
532 nm of atypical Lambertian material. Spectralon® SRS-99 provided by L abSphere
(DHR = 0.99) isusedto evaluate the instrument function. | F iscloseto unity for angles
ranging from 0° to 85°: the isotropy and uniformity are verified and corrections are
significant only for large angles.

We used three different reference Lambertian samples with different DHR (0.99,
0.70 and 0.50) to process a radiometric calibration. We measured multispectral
in-plane BRDF of these samplesat 0° light incidence. In these conditions, the in-plane
BRDF can be extended to the out-of-plane BRDF to compute the sample’s DHR.
Moreover, we compared the computed DHR to DHR measurement results from
a spectrophotometer (Perkin Elmer Lambda-950 UV/Vig/NIR). These results are
presented in Tab. 2. The average error found is less than 3% and no additional
radiometric calibration is needed for our instrument.

The selection of the incident and detection polarization states is fully automated
and calibrated. A polarization analyzer (Meadowlark Optics D3000) is used to
characterize polarizers and to align their fast axis. Fresnel equations are also
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Fig. 6. Geometric calibration results: Spectralon® BRDF (dotted curve) and theoretical Lambertian
BRDF (continuous curve) at 0° lightning at 532 nm (a) and the associated instrument function (b).

Tabl e 2. Radiometric calibration results.

DHR DHR DHR
(LabSphere (spectrophotometer (computed from in-plane
data) data) BRDF data)
0.990 0.980 0.989
532 nm 0.660 0.640 0.653
" 0.500 0.506 0.518
=3 0.990 0.989 0.989
% 633 nm 0.650 0.630 0.645
3 0.500 0.505 0.520
= 0.990 0.989 0.989
814 nm 0.620 0.610 0.614
0.500 0.505 0.519

determined from polarized reflection coefficients measured on a germanium wafer
with an error less than 2% [18].

Electromagnetic theorems and radiometric analysis are commonly used to demon-
strate the BRDF reciprocal property. In other words, if thelaser source and the detector
are switched, the field amplitude and power are equal. Thisfundamental property [20]
is still available for multiple scattering. For a set of different angles of incidence
from 0° to 60°, we verified the reciprocal relation for Lambertian samples with
an average error lower than 1%.
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Our instrument is fully calibrated for polarized and multispectral in-plane BRDF
measurements. I n the next section, experimental results are presented and analyzed for
various paint coatings (from diffuse to directional coatings).

5. Application to paint coatings

As explained above, light scattering of materialsis physically described as the result
of surface and subsurface scattering and their BRDFs are decomposed into directional
and diffuse components[8]. This decomposition is commonly used although the ratio
between the two terms is often arbitrary [18]. We propose to analyze the scattering
phenomenafor the directional and the diffuse parts of the BRDF with our multispectral
polarized-measurements.

5.1. Polarized measur ements

From a physical viewpoint, one can explain DOLP values from single or multiple
scattering within the media. On the one hand, single scattering or mirror-like
reflections do not change the incident polarization state: DOLP isvery closeto 1. On
the other hand, multiple scattering processes do change the polarization state of light:
DOLP decreases and is lower than 1.

From experimental results, the BRDF is often separated into two components:
directional and diffuse. Table 1 shows the directional component to be mainly due to
surface directional scattering and to subsurface directional scattering. It also shows
that the diffuse component corresponds to subsurface diffuse scattering and surface
diffuse scattering. It is assumed from physical considerations [8] that the polarization
state mainly remains almost unchanged for the directional component and is changed
for the diffuse component.

N?LP~1

Incident light

Specular direction
of the light

0<DOLP<1

DOLP ~ 0

2
of\"

o—>90

Fig. 7. Angular evolution of the DOLP linked to the light path within the material.

Short optical path
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Therefore, the maximum value of the DOLP is always measured at the reflection
angle and a lower DOLP is measured apart from the directional component. Also,
the DOLP tends to O for large angles (Fig. 7) where multiple scattering is dominant
for large optical thickness (i.e., long optical path within the material).

Let us study more complex scattering media. The ratio between the different
scattering parts impacts directly the BRDF components: the shape of the BRDF is
theresult of different scattering ratios. Measurementsat 532 nm are presentedin Fig. 8
for various black paint coatings on aluminium plates with different aspects (matte,
matte-glossy and glossy). It shows BRDF and DOLP of these samples: the glossier
the paint coating, the more directional the BRDF and the higher the DOL P at reflection
angle. From matte to glossy, surface directional scattering contribution is increased
compared to subsurface directional scattering: it is measured by higher DOLP values
for glossy coatings (Fig. 8).

Polarized measurements are used to separate the different scattering processesin
BRDF directional components. DOLP is a useful tool to quantify the ratio between
these processes. It tends to 1 when surface directional scattering is high and tends to
0 otherwise (Fig. 8). In order to separate the diffuse components, multispectral
measurements should be considered.

Matte paint Matte-glossy paint Glossy paint
10° . T 10° T " T 10° =
N
r’ %
‘_I"_‘ ] \‘
5 VA
—~ —2 4 —2 L 4 -2 L ; % 4
q\?: 10 _'.‘-——-—-\\‘ 10 \_\ 10 '." "._
o
LDL M ]
% 104 F 6,=30deg { 1074 6;=30deg {10} ©,=30deg
A=532nm A =532 nm A =532nm
-15 0 30 60 9% -15 0 30 60 9 -15 0 30 60 90
1.0 - - . 1.0— - : 1.0 -
e
g
“’-"_"!._N\h‘ P -.
-, "ﬂ -‘. 3
a -“_wv\\ a“&-\.,‘r“b‘ L~ - ;
3 o5t = | os} K {1 o5} :
o “r o .‘-4"' -
’ v M. *
0; = 30 deg 6, =30deg e 0, =30 deg g
A=532nm A =532nm A =532nm
0.0 . s : ~J 0ol — ' s 0.0L— - 4
-15 0 30 60 90 -15 0 30 60 90 -15 0 30 60 90
Reflected angle 9, [deg] Reflected angle 0, [deg] Reflected angle 0, [deg]

Fig. 8. BRDF (upper figures) and DOLP (lower figures) of a black matte paint coating (left), a black
matte-glossy paint coating (center) and a black glossy paint coating (right) at a 30° angle of incidence at
532 nm.
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5.2. Multispectral measurements

Multispectral BRDF and DHR of ared glossy paint coating on a polished aluminium
plate are measured. Table 3 shows multispectral DHR measurements of the sample at
three different wavelengths.

Tabl e 3. Experimental DHR of ared paint coating on an aluminium plate.

Wavelengths 532 nm 633 nm 814 nm
DHR (spectrophotometer data) 0.01 0.47 0.48

Multispectra DHR measurements are carried out to quantify the absorption
phenomenain the subsurface: DHRg35 m < DHRg33 ym @d DHRs35 i << DHRg14 nim-
Among the three measured wavelengths, DHRs3, 1, iS the lowest DHR resulting from
a strong absorption phenomena at 532 nm.

In addition, multispectral BRDF measurements are carried out on the same sample
to investigate the different scattering phenomena. Figure 9 shows the measured and
fitted BRDFs from the Li—Torrance model at the same wavelengths.

Subsurface scattering within the material is spectrally dependent due to different
scattering patterns as well as to pigment absorption (related to the relative imaginary
refractive index x) within the media. Therefore, one can use this spectral dependence
to distinguish the contribution of the subsurface scattering to the BRDF components.

The directional component of the BRDF is aso composed of two scattering terms.
One of them is weakly spectral dependent since only a small part of it results from
subsurface directional scattering.

Multispectral measurements are used to distinguish the subsurface contribution in
the diffuse components of the BRDF.

10°
jﬁ 6, = 30 deg
S
1071 p= -/- -?\""“'M I
[ . 2 |
FI:U_J ) h\\“\_
~ 3-:\ |
2 1072 N
a TEPA— . b
8 . 3|
LL T 41
g, 17 i
@ 10 A =532nm ‘
— A=633nm
-= A=814nm
107
-20 0 20 40 60 80

Reflected angle 0, [deg]

Fig. 9. Measured BRDF (dotted curves) and Li—Torrance BRDF models (solid line) of a red glossy
paint coating at a 30° light incidence at 532 nm (grey dotted curve 1), 814 nm (white dotted curve 2) and
633 nm (black dotted curve 3).
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5.3. Measurementsinversion

In this section, we bring into play our inversion method of measurements.
Experimental in-plane multispectral BRDFs of the red paint coating are introduced
into our inversion method to retrieve the full BRDF. For thistypical red paint coating,
we rewrite Eq. (8) for N = 3 as:

532 633 814
kdd kdd I(dd
532 633 814
k k K
el e @)

kudf kudf kudf
532 633 814
kfs kfs kfs |

The multispectral in-plane and full BRDFs computed from thisretrieved Ky, matrix
are presented in Figs. 9-11.

BRDF models — red paint at 532 nm — 6; = 30 deg

BRDF models — red paint at 633 nm — 6, = 30 deg
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| [ | 1
S . < . \ |
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Fig. 10. Multispectral in-plane BRDF of ared paint coating on an aluminium plate (experimental datain
blue and model BRDF in red).
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Fig. 11. Multispectral full BRDF of ared paint coating on an aluminium plate (experimental datain red
and model BRDF in grey).

As discussed in the previous sections, the diffuse BRDF component is strongly
spectral dependent. It is governed by subsurface diffuse scattering which is very
spectral dependent. Thus, BRDF diffuse components are quite lower at 532 hm than
those at 633 nm and 814 nm.

To take these physical considerations into account, the Li—Torrance model input
parameters (such as n, x and DHR) were optimized giving additional conditions:
K532 nm > K533 nm OF Kg14 nm @Nd DHRs35 nyy > DHRg33 3y OF DHRgy4 - Theresulting
k-parameters are presented in Tab. 4.

Tabl e 4. Experimental DHR and Li—-Torrance DHR of ared paint coating on an aluminium plate.

Wavelengths 532 nm 633 nm 814 nm
Li-Torrance kg 0.0162 0.0300 0.0001
Li—Torrance K 4s 0.0028 0.4860 0.4914

DHR (inversion method) 0.0190 0.4890 0.4915
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From our inversion method, the modelled multispectral full BRDF and the multi-
spectral DHR were retrieved with an error lower than 1%.

6. Conclusions

Aninstrument for studying thelight scattered by materials has been designed at Onera.
Our instrument measures in-plane multispectral polarized-BRDF and DOLP with
ahigh angular resolution. Such measurements can be either used for aphysical analysis
of the optical surface signature or for applications such as laser-imaging simulation
codes using the full BRDF.

Based on our measurements on paint coatings, we discussed how to dissociate
surface and subsurface scattering processes in the BRDF components. Polarized and
multispectral measurements quantify the different scattering ratios from directional
and diffuse BRDF components, respectively. This method was applied to various paint
coatings to illustrate the potential of the method as a surface quality control tool.

We aso introduced a data inversion technique. The full BRDF and multispectral
DHR are retrieved from multispectral in-plane measurements for different angles of
incidence and for either diffuse or specular media.
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