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Abstract: The hyperspectral component of bidirectional reflectance measurements, namely
from several hundred wavelengths upwards, is attracting growing interest for numerous applica-
tions in both optics and computer graphics. In this paper, we present a motorized hyperspectral
bidirectional reflectance measurement bench that performs in-plane and out-of-plane measure-
ments for isotropic materials using a supercontinuum laser covering the visible and near infrared
range, with a sub-nanometer spectral accuracy. We describe the complete data processing chain,
including a method for assessing the alignment error of the measurement bench. From these
measurements, we verify the principles of non-negativity, energy conservation and Helmholtz
reciprocity. We introduce criteria also to evaluate the validity of the Lambertian hypothesis for
the bidirectional reflectance and its deviation from reciprocity, obtained from the measurements
directly. We show the need for spectral bidirectional reflectance measurements for certain
materials, rejecting the separable function approximation.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Hyperspectral imaging, enabled by the development of hyperspectral cameras [1], stands
as a pivotal technology with diverse applications reaching beyond the traditional domain of
computer graphics. The advances in research associated with this domain have also led to strong
development in the field of hyperspectral rendering, that is used today to study aircraft signatures
[2], perceptual research [3], target detection training [4], define instrument requirements [5] or as
a tool for designers [6]. This variety in areas of use has been concurrent with the development
of many different hyperspectral physically-based rendering engines [6—9], some of which can
adapt to all types of scene, while others specialise in simulating target observation or predicting
vehicle signatures [10—14], extending the spectral range beyond the visible by including part of
the infrared spectrum. Taking the latter into account can also be used to study radiative transfer
problems [15]. All these rendering engines, designed to produce physically realistic images,
are dependent on the physical validity of the spectral bidirectional reflectances of the materials
used [16]. As a consequence, it is necessary to be able to accurately measure the bidirectional
reflectance of the materials involved in image rendering. However, while the literature is rich in
measurement methods and databases of bidirectional reflectances measurements if one excludes
taking wavelength into account [17], work on adding the spectral dimension, whether at the
measurement or modelling level, is a more recent issue.
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1.1. Context

Measuring the spectral bidirectional reflectance of materials can be done using several solution
strategies such as image-based acquisition [18,19], allowing rapid acquisition time with high
angular sampling, generally limited to a small number of wavelengths. The use of gonio-
scatterometers, which greatly increase acquisition time but offer better angular accuracy, has also
been developed in the literature [20,21]. This method, which can be used with a small number of
wavelengths using different lasers [22], can also be coupled with the use of spectrometers and
supercontinuum or uniform light sources [23-29], providing a much higher spectral definition
than image-based acquisition systems. Other methods, such as Fourier optics instruments [6],
allowing rapid measurement with high angular resolution but lower spectral definition, or using
parabolic reflection [30] to enhance angular accuracy for curved surfaces measurements should
also be noticed, among many others [31]. One solution developed by ONERA, MELOPEE [32],
consisted of a bench for measuring in-plane hyperspectral bidirectional reflectances. Building
upon these advancements, this study presents an innovative improvement to the existing setup ;
This system, however, is subject to the same problems as the solutions already proposed in the
literature. Three needs in particular have been identified and will be examined in this article:

I) a comprehensive methodology for ensuring the validity of measurements,
II) a generic method for studying and measuring the system alignment error,

IIT) a quantitative assessment criterion for the validity of a Lambertian model.

1.2. Objectives

The aim of developing a new hyperspectral bidirectional reflectance measurement bench is
to be able to obtain output data whose physical validity is verified and whose measurement
uncertainty is controlled. To achieve this, it is necessary to propose a robust processing chain
that verifies and guarantees the physical properties of the measurements, such as non-negativity,
conservation of energy and Helmholtz reciprocity principle. Since misalignment of the bench
can cause systematic measurement bias, and the alignment of gonio-scatterometers after sample
placement being an open problem in the literature, it is essential to provide a correction method
for this problem. It would also be useful to be able to propose a criterion characterising the
scattering behaviour of the sample that could be calculated from the measurement itself, in order
to see whether the material behaves more specularly or diffusely as a function of wavelength.
Such a criterion would also make it possible to check the validity of the separable function
approximation.

1.3. Overview

The first part of this article, in Sec. 2.2, presents and details the design of our measurement
bench and its functioning. We then, in Sec. 2.3.1, propose and describe a method for assessing
the alignment error of the measurement bench in post-processing. Three Lambertian reference
surfaces (LabSphere Spectralon) with reflectance values of 99%, 50% and 2% are studied, along
with three vehicle paints. We then present the data processing chain applied to the measurements,
proposing an ad hoc interpolation method that allows the calculation of specific quantities such
as directional-hemispherical reflectance in Sec. 2.3.2. A description of the uncertainty in our
results is given, both for direct measurements and for calculated quantities (Sec. 2.4). The results
of the measurement bench are validated by verifying the non-negativity (Sec. 3.1), Helmholtz
reciprocity principle (Sec. 3.2) and energy conservation (Sec. 3.3) of bidirectional reflectance
for the samples measured, and by comparing the results with reference values. A new material
characterisation criterion, the validity of the Lambertian hypothesis, is introduced (Sec. 3.4),
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with the aim of proposing an efficient model for the bidirectional reflectance of measured samples
in future work.

2. Method
2.1. Theoretical framework

Let f(wi, wo, ) be a function describing the spectral Bidirectional Reflectance Distribution
Function (BRDF) of a material, where w; and w, are unit directions defined on the hemisphere
Q, such as w; := (6;, ¢;) and respectively w, := (6, ¢o). As described by Nicodemus [33], the
directions of incidence and observation can be reduced to three components such as (6, 6,, Ag),
where A¢ := ¢, — ¢; when considering an isotropic material, A¢p = O corresponding to the
incident plane in the specular direction. A spectral BRDF is said to be separable if it can verify
the equality f(wi, wo, 1) = fo, (Wi, wo) fa(A) for every configuration (wi, w,, 4).

A physically plausible spectral BRDF must obey three properties: non-negativity (Eq. (1a)),
energy conservation (Eq. (1b)) and Helmholtz reciprocity (Eq. (1¢)).

V ((,Ui, wO’ A)’ f(wiaw(h /l) 2 0 (la)

Y (wj, 1), /f(wi,wo,ﬁ) cos B, dw, < 1 (1b)
Q

v(wi’wO’AL f(wi7w0’ /l) :f(wO’ wi7/1) (IC)

Energy conservation can be verified by computing the Directional-Hemispherical Reflectance
(DHR) of the spectral BRDF, denoted by p and explained in Eq. (2).

VLD, p6nd) = / F(wis 0 ) €05 6o davo @
Q

For an isotropic material, Helmholtz reciprocity simplifies to f(6;, 6o, A, 1) = f(8,, 6;, A, A).
However, in order to be able to study it statistically on our data sets, we introduce the reciprocity
deviation criterion fa, defined in Eq. (3), as the difference between the BRDF and its reciprocal
value compared to their mean value. Perfect reciprocity results in fo = 0, while reciprocity for a
case where one of the values is zero or tends towards infinity gives fa = + 2.

f(gh 90’ A¢’ /1) _f(gO’ Hi’ A¢’ /l)
f(6i9 00’ A¢7 /1) +f(007 Hia A¢’ /l)

Independently of this criterion verifying the overall physical validity of the measurement, and
in order to characterise the specular or diffuse property of the spectral BRDF, we propose a
criterion that models the validity of the Lambertian hypothesis for the material, denoted A, given
in Eq. (4). By definition, this criterion has a value between 0 and 1, 1 corresponding to a perfect
Lambertian BRDF whereas 0 corresponds to a BRDF proportional to a Dirac distribution. The
derivation of these values is shown in Supplemental Document 1.

Ja(0;, 00, A, 1) =2 | fael-2:2] 3

o (@i, o, 2) = p(65, 1) /7| cos B dw,
2 p(6;, )

A0, ) =1 - | Aef0;1] “
It should be noted that while this criterion judges the effectiveness of a Lambertian model of
the material as a function of incidence and wavelength, it is not directly appropriate for studying

the specular part of the BRDF only. This point is investigated and discussed in more detail in
Sec. 4.1.
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2.2. Measurement bench

The spectral BRDF measurement bench MELOPEE NG (for Next Generation), developed at
ONERA, consists of two motorized arms, one for a supercontinuum laser Leukos STM 250-VIS-
IR and the other for a spectrometer Avantes AvaSpec HS-TEC with a spectral observation range
of [450 nm, 1100 nm] with a resolution of less than a nanometer. A more complete description
of the components used in the measurement bench is given in Fig. 1.

(S)
“R)
. o®
(L) g L
N
O(C) 4 ! ‘

Fig. 1. Optical diagram of the measurement bench. The emitting arm consists of a Leukos
STM 250-VIS-IR supercontinuum laser (L) transported in an optical fibre, collimated by a
custom-made collimator from Leukos (C) and then redirected towards the sample by a mirror
(M). Emissive beam has a diameter ¢ = 5.0 mm. The sensor arm consists of a Thorlabs
MPD129-P01 off-axis parabolic mirror (P) that reflects the collected light back to an optical
fibre (F), which is connected to an Avantes AvaSpec HS-TEC spectrometer (S).

As shown in the schematic diagram Fig. 2(a), the carrier arm of the supercontinuum laser has
one degree of freedom, enabling it to move the light source in the plane by an angle 6; ranging
from —90° to 90°. As the incident beam has a diameter of ¢ = 5.0 mm, the theoretical maximum
angle of incidence is 84.26° for a 5 cm square sample, and can reach 88.08° for a 15 cm square
sample, the maximum size supported by the measurement bench. The spectrometer support arm
has two degrees of freedom, 6, ranging from 0° to 90° and A¢ from 0° to 360°. Two blind zones
exist: the first in the backscatter area and the second one when {6, > 25°,205° < A¢ < 290°}.
Each arm is driven by a motor with an angular accuracy of 0.001°. The light reflected by
the sample in the direction of observation is collected by an off-axis parabolic mirror with a
cross-section radius of 1.01°, corresponding to a solid angle of 9.77x10™* sr (giving a theoretical
maximum observation zenith angle 6, of almost 89°). This result is obtained by calculating the
solid angle of the surface resulting from the intersection between the acceptance cone of the
optical fibre, noted (F) in Fig. 1, and the surface of the off-axis mirror, noted (P). The calculation
is explained in Supplemental Document 1. This value can be reduced if needed by adding a
diaphragm.

The value of the measured spectral BRDF f,(6;, 8,, A¢, ) is calculated using Eq. (5), where
I (6, 65, Ag, 1) corresponds to the raw measurement of the material, Iy (65, A, 1) being the raw
measurement of the calibration sample material (LabSphere SRS-99-010), and f; its associated
known spectral BRDF, in practice a function depending only on A, the calibration sample being
assumed to be Lambertian. The curve associated with the calibration function f.(1) is shown in
Supplement 1.

In(@: 00800 2 5)
(0o, A, D)

The sampling step for the w, observation directions depends on the deviation from the specular
direction ws := (6, 0), delimiting the observation space into three zones centred on ws. The

Jm(6i, 60, A, 2) =
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(a) (b)

Fig. 2. (a) Schematic diagram of the measurement bench. The blue band represents the
degree of freedom of the supercontinuum laser, while the orange bands depict the two
degrees of freedom of the sensor. The hatched areas represent blind zones unreachable for
the latter. (b) Example of a sampling pattern of observation directions, here for an incident
angle 6; = 30°.

limiting distance to ws separating these zones, defined as do(ws, wo,) = max (|6; — 6o, |Ad]),
generally called Chebyshev distance or Lo, -metric [34], and the sampling for each zone is up to
the experimenter. An example of the sampling of observation directions on the hemisphere is
shown in Fig. 2(b).

2.3. Data processing

The processing chain applied to the measurements is shown in Fig. 3. Non-negativity and
reciprocity are systematically checked for each measurement, with the constraint of measuring
the sample at a minimum of two incidences for the latter. These computations are carried out
on the raw data without applying any modification. Before applying any changes to the data,
an alignment study is carried out, since misalignment can introduce a systematic bias into our
measurements. A method for determining the alignment error is proposed and detailed in Sec.
2.3.1.

o . . Alignment error Isotropy at
Non-negativit Reciprocit; .
& y P y evaluation 6,=0
i Conservation . Bilateral
Scatte.rmg Interpolation
behaviour of energy symmetry

Fig. 3. Summary diagram of post-processing steps carried out on measurement bench
output data. The input data required at each stage is represented by the pipelines: blue
requires at least the raw dataset, green requires the complete dataset after interpolation, and
orange represents the DHR as a prerequisite.

Although the measurement bench is not designed to study anisotropic materials, we still
can check the BRDF slice for possible anisotropy at normal incidence. Bilateral symmetry
(i.e. incident plane symmetry), as defined by Romeiro et al. [35], such as A¢ := |@do — ¢il, is
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studied for compatible measurement zones. The missing measurements from the blind zone are
reconstructed from the complementary measurements if the bilateral symmetry is verified. The
data is then interpolated in the last missing zones, such as grazing angles or backscatter using
the method described in Sec. 2.3.2, so that the DHR can then be calculated to verify energy
conservation. Finally, the DHR is used to calculate the validity of the Lambertian hypothesis for
the material under study.

2.3.1. Alignment error analysis

The alignment of gonio-scatterometers is an inherent difficulty in this type of optical setup, and
although several methods exist [28,36], they are based on alignment before the measurement
sample is placed. We propose here a method applied as a post-process for determining the
alignment error.

We consider two errors inherent in our measurement after placing the sample on the setup: a
vertical alignment error Az, positioning the sample surface above or below the collimation point
of the two arms, and an orientation error on the normal of the sample surface wy, := (6y, ¢y). Itis
assumed that the maximum value of the BRDF is observed in the true specular direction: this
assumption, which may be false at large angles of incidence, implies that we must limit ourselves
to a study of the alignment error at low incidences.

Noting [, the distance between the sensor and the theoretical collimation point, 6; the theoretical
angle of incidence and (6,, A¢) the direction of observation of the assumed specular peak, the
relationship between the quantities Az and w, is given in Eq. (6), which is demonstrated
in the Supplement 1, together with the derivation of the terms 7(w,) (Eq. (7)) and w; :=
2 (wj * wy) wy — wj, which is defined as the specular reflection occurring on the actual macroscopic
surface of the sample.

. . 6: sin 6;
Az(wy) = I |cos b, wrlwn) e _ G 0, cos Ag Wrlwn) - s T(,wn) cosi SN (6)
wr(wy) - U, we(wy) - (uy sin B; + u; cos 6;)
1
T(wn) = (N

cos 6; — sin 6; tan 6, cos ¢,

Since the value of ¢, can be obtained by observing the azimuthal position of the specular peak
at normal incidence, Eq. (6) can be reduced to a simple Az(6,) relationship. By plotting this
relationship for each incidence, we obtain characteristic curves such as those shown in Fig. 4,
generated from a simulated BRDF dataset with a chosen alignment error.

These curves intersect each other around a single point, allowing us to deduce a confidence
interval for the values of Az and 6,,. The mean and standard deviation of the abscissa and ordinate
of the intersection points are calculated to obtain 6, and Az respectively, weighted using wy, and
wa defined in Egs. (8a) and (8b), with Az; and Az, being the intersecting curves and 6, » the
abscissa of the point of intersection. This weighting allows the local tangent to be taken into
account, with a horizontal tangent providing better accuracy for Az, while a vertical tangent
favours the determination of 6,,.

2 A 2 A
Wy = max {; arctan [660? (91,2)] = arctan [669? (91,2)” (8a)
2 OA 2 oA
wa; = 1 — min { — arctan i (612)]|, — arctan <2 (612) (8b)
Vi 20, b/ 20,

Applying this method to the simulated data shown in Fig. 4, we derive the following alignment
errors from datasets for four different incidences: 6, = (0.935+0.034)°, ¢, = (4.0£0.1)°,Az =
(2.67£2.60) mm.
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Fig. 4. Alignment curves obtained from BRDF data simulated using a Blinn-Phong model
[37] with a uniform error of +4.3% and an alignment error of Az = +1.2 mm, 6, = 0.9°,
¢n = 3.6°, using four different 6; incident angles. The slope of the curves at the intersection
point, generally close to the horizontal, improves accuracy on 6, but reduces it on Az.

The results presented here are representative of the method. Because of the behaviour of the
alignment curves Az(6y) for low values of 6,, which generally have a high slope, we systematically
obtain low accuracy for the vertical alignment error Az, coupled with good accuracy for the angular
alignment error w,. Since the vertical alignment error can be estimated on the measurement
bench (with an uncertainty of around +2 mm), the method provides interest for the estimation of
(0n, ¢n), for which we have no other estimation method.

2.3.2. BRDF interpolation

Various methods for interpolating BRDF measurements can be found in the literature [19,38,39],
each responding to a particular problem. Our specific needs are for an interpolation method
that can handle a non-regular data grid, retains the physical plausibility criteria of the BRDF,
respects its topology and is computationally not too expensive, with no need to take anisotropy
into account.

We therefore use an interpolation method based on radial basis functions (RBF) with a Gaussian
kernel of the form exp (—dist (w;, wy) / €)°, dist being the metric associated to the topological
space of the BRDF (as shown in Eq. (9), hav (6) := sin? (6/2) representing the haversine function)
and ¢4 being the average distance between nodes. The choice of kernel is important, and using a
Gaussian allows us to benefit from important properties: the assurance of non-negativity, the
uniqueness of the interpolation, a smooth function by construction (i.e. of class C*), among
others [40].

dist (w1, wy) := 2 arcsin {[hav (62 — 01) + sin ] sin Ghav (Ag, — A¢1)]1/2} 9)

In order to avoid extrapolation problems at large observation angles, we will interpolate these
zones before any other processing in the space of the f (wj, w,) cos 6, in order to know its limit
value, by definition limg, _, /2 f (wi, w,) cos 6, = 0. Bilateral symmetry, if verified in areas where
it is measurable, can also be applied to reduce the areas to be interpolated.

2.4. Uncertainty analysis

In addition to the estimation of the angular error due to alignment bias presented in Sec. 2.3.1,
the uncertainty in the BRDF measurement must be taken into account.
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Assuming that each term is decorrelated from the others in the expression of the measured
BRDF (Eq. (5)), we can define the general value of uncertainty by adding in quadrature first-order
linear contributions of each variable [41], giving us the result shown in Eq. (10).

2 2 2
Afm = I(@C—m) A13n+(af“‘ ) Alﬁl,c+(afm) Af?

1/2

Ol

(Hm,c af;; (10)

= fun (20 + 03)1/2

By calculating oy, the raw measurement uncertainty such as oy, = (07 + 02)!/> where o7 and
o represent respectively the uncertainties of the light source power and the one of the sensor,
and with o, the uncertainty of the reflectance calibration sample material, all of the given by
the manufacturers, we can have access to the uncertainty of our measurement. The numerical
results of the uncertainty calculations are shown in Table 1. These results are obtained without
repeating the measurement, as the spectrometer’s integration time adapts to the amount of flux
received depending on the sample and the bidirection.

Table 1. List of uncertainties used to calculate the relative uncertainty of the BRDF.

Absolute uncertainty Relative uncertainty Contribution to total
Wavelength [nm] 450-600 601-1100 450-600 601-1100 450-600 601-1100
Spectralon DHR 0.0053 0.0049 + 0.50 % +0.54 % 9.2 % 9.8 %
Laser — — +3% 13.0 % 12.9 %
Sensor — — +0.5 % 77.8 % 77.3 %
Total +4.3 % 100.0 % 100.0 %

2.4.1. Numerical integration uncertainty

In order to calculate both the DHR and the validity of the Lambertian hypothesis, it will be
necessary to calculate the spectral BRDF integral numerically. Given the irregular nature of our
angular sampling (as shown in Fig. 2(b)), we will use Simpson’s composite method for irregular
spaced data [42].

Although the inherent error is known for a number of Simpson’s methods [43], to our
knowledge the error associated with this one has never been derived in the literature. As derived
in Supplement 1, it can be demonstrated that the inherent error associated with this method for a
sub-interval A, is as shown in Eq. (11), where the symbol AXf, represents the divided difference
at k-th order of the n-th value from a data set f, &, being the sub-interval between the coordinates
associated to the points f,, and f;,41.

(hn - hn—l)(hn + hn—l)3
144
However, this inherent error remains small compared to the propagation of uncertainty through

numerical integration. To look further at the calculation of this uncertainty, we invite the reader
to turn again to Supplement 1 for a complete explanation and derivation of this error.

E=-

(A% + A%,00) an

3. Results

Four samples with reference DHR are used in this article: three Labsphere Spectralon, references
SRS-99-010, SRS-50-010 and SRS-02-010 (hereafter referred to as SRS99, SRS50 and SRS02
respectively) and a green paint for vehicles, reference 34X3. Photographs of the samples are
shown in Table 2.
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Table 2. Images of the four samples measured and studied. The length scale is in cm. Two
additional vehicle paint samples are studied and shown in Supplement 1.

34X3 SRS99 SRS50 SRS02

Additional measurements, carried out on two vehicle paint samples from the manufacturer
Stardust Colors, are presented in Supplement 1.

3.1.  Spectral BRDF measurements

The processing chain produces a complete dataset after interpolation. In addition, once bilateral
symmetry had been verified in the compatible measurement zones, the blind zones defined in
Fig. 2 were reconstructed. An example of the data obtained, in this case for sample 34X3, is
shown in Fig. 5. The data in Fig. 5(a) represent a measurement of BRDF after treatment at
incidence and fixed wavelength as a function of (6,, A¢), while Fig. 5(b) shows the BRDF at
fixed incidence and azimuth in the plane of incidence, as a function of (6,, ). The corresponding
graphs for the additional samples can be found in Supplemental Document 1. Graphs representing
the same quantities were plotted for samples SRS99, SRS50 and SRS02, and are shown in Fig. 6.
Additional graphs of BRDF measurements on these samples with a scale focused on each dataset
are also presented in Supplement 1.

90°

(a) (b)

Fig. 5. (a) In and out-of-plane BRDF measurements of sample 34X3 for 6; = 40° and
A =780 nm. (b) In-plane BRDF measurements of sample 34X3 for ; = 40° and various
wavelengths. Figure (b) shows a variation in the shape of the BRDF lobe as a function of
wavelength, rendering a separable function model f(wj, wo, 1) = fu (Wi, Wo) f2(A) unsuitable.

The results of the spectral BRDF measurements shown here are presented without applying
a correction linked to the estimation of the alignment error as shown in Sec. 2.3.1. For a
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Fig. 6. BRDF measurements after treatment for samples SRS99 (a, d), SRS50 (b, d) and
SRS02 (c, f). The BRDF scale is normalised by multiplying it by . (First row) Out-of-plane
measurements for a wavelength 4 = 780 nm with an incident angle 8; = 8°. (Second row)
In-plane measurements with an incident angle 6; = 8°. Additional figures at a scale specific
to each sample are presented and discussed in the Supplement 1.

presentation of the results obtained using this method and a discussion of its use, we invite the
reader to refer to Sec. 4.1.

3.2. Helmholtz reciprocity

The study of Helmholtz reciprocity is made for each sample for bidirections in and out of the
plane of incidence, for zenith angles of up to 6, = 60°, and is presented in Figs. 7 and 8: Fig. 7
shows the relationship between the values measured in reciprocal BRDF bidirections as a function
of wavelength, the deviation from reciprocity being defined according to Eq. (3). The distribution
of reciprocity deviation values is also shown in the same figure on the right part. The latter
presents the results obtained for sample 34X3 only: the reader can find the graphs corresponding
to the other samples by referring to Supplement 1.

The left part on Fig. 7 shows all the reciprocal bidirections (6;, 8,, Ag, 2) and (0,, 6;, A, 1),
the colour of each point representing the wavelength of observation A, its coordinates being
given by the measurements f (6, 6,, Ag, 1) and f (6;, 65, Ap, ). Perfect reciprocity places the
corresponding point on the central horizontal line.

For each material, the distributions of absolute values of deviation from reciprocity |fa| are
used to calculate their associated Cumulative Distribution Functions (CDFs) for each wavelength,
as shown in Fig. 8(a). Integrating the Complementary Cumulative Distribution Function (CCDF,
defined as one minus CDF) for each wavelength gives us an effective indicator of the variation in
reciprocity as a function of wavelength (Fig. 8(b)).
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Fig. 7. Helmholtz reciprocity studied for sample 34X3. Deviation from reciprocity is
calculated according to the metric noted in Eq. (3). The deviation from reciprocity is low,
with an increase for low BRDF values, which can be explained by greater measurement
noise. The distribution is not centered, revealing a measurement bias due to alignment error,
calculated in Sec. 4.1 using the method presented in Sec. 2.3.1. Equivalent figures for
Spectralons are presented and discussed in Supplement 1.
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Fig. 8. (a) CDFs computed for each wavelength for absolute deviation from reciprocity
distributions for several samples. (b) Corresponding integrated CCDFs as functions of
wavelength. The global deviation from reciprocity varies slightly as a function of wavelength,
and is more correlated with the amplitude of the BRDF, decreasing with it as the measurement
noise becomes more significant.
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3.3. Conservation of energy

The computed DHR is presented for four samples (SRS99, SRS50, SRS02 in Fig. 9, 34X3 in
Fig. 10) for which we have a reference DHR. The Spectralon reference values were supplied by
the manufacturer LabSphere, while those for sample 34X3 were carried out by DGA Aeronautical
Techniques [44,45] using a PerkinElmer Lambda 900 spectrophotometer with a 5 nm spectral
step. All the results shown were measured, or computed from a BRDF measured at a 8-degree
incidence.

—— Computed SRS99 pgo(A) —— Computed SRS50 pgo (A) Computed SRS02 pgo (\)
t  LabSphere SRS99 pgo () {  LabSphere SRS50 pgo (\) LabSphere SRS02 pgo (\)
1.0 1.010

0.985
0-8 0.960
= 0.580
Qj0.6f~’//JJIP&A'»_,,,H__,40.550  aenamii
= 0.520
0.4 0.490 ot
0.017
0.2 0.015
0.013
0.011
0.0

450 580 710 840 970 1100 450 580 710 840 970 1100
Wavelength [nm)]

Fig. 9. Computed DHR and their uncertainties (lines and hatched areas) as a function of
wavelength for three Spectralon compared with their DHR and uncertainties (dots with error
bars) supplied by the manufacturer LabSphere. The graphs on the right are zoomed-in parts
of the graph on the left. The correlation between the results obtained and the reference
values enables the measurements on the bench to be validated.

—— Computed 34X3 DHR pgo (N) I Measured 34X3 DHR pgo (N)

DHR [1]

450 580 710 840 970 1100
Wavelength [nm]

Fig. 10. Computed DHR and its uncertainty (lines and hatched areas) as a function of
wavelength for the 34X3 sample with its measured DHR and its uncertainty (green area)
supplied by DGA Aeronautical Techniques [44,45]. The correlation between the results and
the reference values validates the approach for non-Lambertian samples.
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3.4. Validity of the Lambertian hypothesis

The validity of the Lambertian hypothesis is calculated from Eq. (4). The calculated results
are shown in Fig. 11. The graph on the left contains the four associated Ag-(1) functions, all
computed for a 8-degree incidence. Since the validity of the Lambertian hypothesis is much
greater for Spectralon, the graph on the right gives a more accurate view of these three functions
over a smaller codomain.
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Fig. 11. Validity of the Lambertian hypothesis and its uncertainty (respectively lines and
hatched areas) calculated for samples 34X3, SRS99, SRS50 and SRSO2 from Eq. (4) at a
8-degree incidence. The graph on the right is a zoomed section of the graph on the left.
A strong variation in the shape of the BRDF depending on wavelength can be seen for
sample 34X3, rejecting the approximation f(wj, wo, ) = fuw (Wi, Wo) f1(1). The hypothesis
of Lambertian behaviour for Spectralon becomes less accurate for the darkest samples.

4. Discussion
4.1. Data analysis and interpretation

The processing chain shown in Fig. 3 produces a complete spectral isotropic BRDF dataset as
shown in Fig. 5 for sample 34X3. Uncertainty calculations, both for the bench alignment and the
BRDF value, have been controlled and are presented in Secs. 2.3.1 and 2.4 respectively. The
former gave an alignment error of 6, = (0.4+0.1)°, ¢, = (1.12+0.12)°, Az = (0.0+2.0) mm for
this sample, with the vertical error Az estimated at the time of measurement rather than using the
method. As the method is based on the detection of the specular peak, it is not intended to be
used for Lambertian samples. By observing the BRDFs of the Spectralons (Fig. 6), we can also
see that there is sometimes significant variation at wide angles, particularly for the SRS50 sample
(Fig. 6(e)). The most stable sample is logically SRS99 (Fig. 6(d)), our calibration sample.

The study of Helmholtz reciprocity on datasets measured in and out of the plane of incidence,
as shown in Fig. 7, allows us to carry out an initial verification of the physical validity of our
results. From a qualitative point of view, the histogram shows that the maxima of the distribution
are not centred on a zero reciprocity error. This systematic error can be explained by a small
misalignment of the bench, introducing a bias in the measurement of reciprocity. From a
quantitative point of view, the CDFs and integrated CCDFs shown in Fig. 8 allow us to observe
a weak dependence of reciprocity on wavelength. As can be seen from the curve for sample
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34X3 Fig. 8(b), the overall deviation from reciprocity as a function of wavelength is related to
the BRDF, with lower BRDF values introducing poorer reciprocity due to measurement noise.
The shape of the BRDF, as characterised by the validity of the Lambertian hypothesis, is also
correlated with reciprocity, with a Lambertian BRDF logically leading to a better measure of
reciprocity.

A second check on the physical validity of our measurements can be made by observing the
DHR calculated for each sample, as shown in Figs. 9 and 10. Figure 9, showing the DHRs
obtained on every Spectralon, shows that our results are within the confidence interval of the
reference values. Unsurprisingly, the values for the SRS99 sample match perfectly, this being used
as the calibration sample. Figure 10, showing the results obtained for sample 34X3 compared
with a reference measurement, enables us to judge the overall validity of our measurements. A
deviation from the reference values can be seen at the limits of our spectral range, below 500 nm
and above 1070 nm. While the two curves follow the same behaviour, there is probably a slight
underestimation of our uncertainty for low DHR values.

Calculating the DHR also allows us to calculate the validity of the Lambertian hypothesis
criterion A, as defined in Eq. (4) and shown in Fig. 11. For all the Spectralons, we can see that
the Lambertian hypothesis is less valid for samples with a lower DHR. With the exception of
sample SRS02, the value varies little as a function of wavelength. Looking at sample 34X3,
although there is a relationship between the validity of the Lambertian hypothesis and the DHR,
there is no correlation to be seen. This proves that this indicator is indeed an additional tool for
characterizing BRDF, without being redundant with DHR.

As was pointed out when this criterion was introduced, however, it is not suitable for
characterising the specular lobe itself of a material. Consequently, it will not be suitable for
comparing the specular behaviour of two samples. The reader can be convinced of this by
comparing the criterion for the validity of the Lambertian hypothesis for two simple theoretical
BRDFs fi and f> such as fi 2(wj, wo) = ks 6(wo — wy) / cos By + kg 12 / w. Although fi and f>
have the same characteristic specular peak, calculating their criterion A will give a different
result if kg1 # kq2.

Since taking wavelength into account in BRDF measurement adds constraints to the device,
and spectral BRDF models are rare [31], it is common practice to model materials using the
approximation of a separable function f(wi, wo, A) = f, (Wi, Wo) f2(A) [46]. Observation of the
results of spectral BRDF measurements as a function of both zenith angle and wavelength
(Fig. 5(b)), as well as for the validity of the Lambertian hypothesis (Fig. 11), allows us to reject
this approximation, and confirms the interest of a spectral BRDF measurement for this type of
sample.

4.2. Directions for future work

Converting the measured spectral BRDF into RGB data could be useful for assessing the
differences in rendering between a spectral rendering and an RGB rendering.

The current sampling of spectral BRDF observation directions could be enhanced to adapt more
effectively to the BRDF measured. More advanced sampling is a serious area for improvement
[47], that could allow both to improve the quality of output data and to reduce measurement time.
In addition, if one wishes to use tabulated data to produce rendered images, the size of the files
will be a significant problem (this point is discussed in more detail in the last paragraph of this
section). A suitable sample would allow the file size to be optimised more effectively.

A post-process numerical realignment method for the setup is also an interesting area of
improvement, as this bias is difficult to characterise and is a regular problem with this type of
bench. The current method of calculating alignment error could be integrated into the processing
chain for this purpose.
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Future work on the measurement bench aims to extend the spectral observation range to 2500
nm. Polarization is also planned to be taken into account in the measurements, in order to trace
the sample’s Mueller matrix.

Integrating current measurements into a hyperspectral renderer while retaining the same
spectral definition, or even extending it in the future, is likely to be a major implementation issue
because of the size of the data: a tabulation of the spectral BRDF of a material with 90 points
in incidence and zenith, with 180 points in azimuth without taking anisotropy into account and
forcing bilateral symmetry, with a nanometric precision from 450 to 2500 nm in single precision
would bring the dataset to 11.13 GByte. DGA Information Superiority has begun to explore
this possibility in its work within the MSG-181 NATO group [48] and intends to continue based
on the new method and results reported above. Using models instead of tabulated data is one
possible approach, although it has been shown that a separable function model is unusable for
certain materials. The criterion of validity of the Lambertian hypothesis is a potential tool that
can be used as an effective property of material roughness obtained from BRDF measurements
alone. It may subsequently be useful to propose a spectral BRDF model incorporating it in order
to model the measured samples.

5. Conclusion

We have developed a gonio-scatterometer to characterize the spectral BRDF of materials from 450
to 1100 nm in and out of the plane of incidence with a spectral resolution of less than a nanometer.
We have proposed a processing chain to study the physical validity of our measurements by
studying non-negativity, Helmholtz reciprocity principle and the conservation of energy, having
validated our setup by comparing our measurements with reference quantities. We have proposed
and tested a method for calculating the alignment error for this type of bench, which can be easily
improved to realign the data set numerically after measurement in the future. A new criterion for
measuring validity of the Lambertian hypothesis has been introduced, allowing us to demonstrate
that a separable function model can be inefficient for modelling certain materials. Future work
could aim to use this observable as a parameter of an efficient model.
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