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Abstract: Imaging scatterometry is a method for determining the reflection distribution based
on bidirectional reflectance distribution function (BRDF) measurements. However, it has a well-
known limitation that results obtained by imaging scatterometry for small illumination angles are
practically useless. Therefore, we propose an approach for reconstruction of the reflection distribution
based on a series of measurements at different illumination angles and extrapolation of the missing
results to overcome this limitation. The developed algorithm was validated using bidirectional
transmittance distribution function (BTDF) measurements. The BRDF measurements were carried
out for materials that are commonly used in laser material processing, i.e. substrates and functional
coatings. The obtained data were subsequently used to determine the total reflection intensity from
all considered materials, which were characterized by reconstructed distributions.

Keywords: imaging scatterometry; BRDF reconstruction; reflection distribution

1. Introduction

Analysis of materials surfaces becomes crucial because of increasing quality require-
ments and repeatability control of components production, especially in the case of struc-
tured materials [1,2] or performance quality of typical optical components [3,4]. The surface
quality is not only related to roughness but also to local defects and every type of bulk
inhomogeneity. These aspects are directly associated with the kind of light scattering on
the material’s surface. In case of smooth surfaces, analysis based on specular reflection is
sufficient in order to assess the surface quality. However, in the case of most studies on
surface quality, analysis of diffuse reflection is required. Overall, the reflection distribu-
tion provides comprehensive information about the directivity and intensity of the light
reflected from the sample.

Generally, the intensity of the light reflected from metal surfaces, which is commonly
used in laser processes, is available as a function of wavelength and illumination angle
(α) [5]. However, these results apply only to specular reflection [6], which is rarely a
dominant property of the engineering materials. In most cases, the specular reflection
is combined with diffuse reflection. Moreover, such data are unavailable for functional
coatings deposited on the metal substrates, especially if different production process
parameters are taken into account.

The optical approach designed to determine the reflection distribution as a function of
α are scatterometry methods. These group of methods are non-contact and non-destructive,
and in addition allow a higher rate of data acquisition and the possibility of measuring
samples with much larger dimensions [7]. The result of scatterometry measurements
is a bidirectional function describing spatial distribution of light scattering—the bidirec-
tional scattering distribution function (BSDF) [8]. This function can describe the reflection,
as well as the transmission distribution. In a particular case it is called the bidirectional
reflectance/transmittance distribution function (BRDF/BTDF) [9].
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There are several methods of scatterometry that differ in their complexity. The most
popular methods use a gloss meter [10], a multi-angle colorimeter [11] and a goniore-
flectometer [12], which allow obtaining comprehensive information of light distribution
scattering of the surface. However, these methods are time-consuming, which is their main
drawback. A faster alternative is the combination of an integrating hemisphere and a CCD
camera called imaging scatterometery (IS) [13]. This combination resolves the issue of a
single, mobile detector in the gonioreflectometer, since in the case of IS the information is
obtained simultaneously for each of the millions of camera pixels. As a first, the IS method
was applied for determining the BSDF in the Parousiameter device patented by Philips [14].
The implementation of this patent was carried out by Radiant Imaging (Radiant Zemax
from 2012); they constructed the commercial scatterometer IS-SA (Imaging Sphere for
Scatter and Appearance measurements) device [15].

In this paper, we present an approach for determination of the reflection distribu-
tion based on IS measurements. However, due to a well-known limitation of imaging
scatterometry, the BRDF data obtained for small α related to the surface are practically
useless [16,17]. Therefore, we present a new approach for reconstruction of missing BRDF
data. The proposed algorithm is based on fitting a modified Lorentzian function to the
correct measurements (carried out for larger α) and extrapolating the parameters of this
function for corrupted measurements. The algorithm has been validated based on the
BTDF measurements results. The BRDF measurements were carried out for four metallic
materials, which are commonly used in laser material processing, in various surface con-
ditions, i.e. substrates and clads. Finally, the total reflection intensity from the materials
characterized by reconstructed distribution was determined.

2. Materials and Methods
2.1. Samples Preparation

Four metallic materials in various surface conditions were selected for scatterometry
measurements. A mirror (substrate made of N-BK7 material with a silver coating) was used
as a reference. It was selected because of its well-defined and almost constant reflectance
value of over 97.5% for 575 nm [18]. Materials that were compared included a substrate
made of mild steel S420MC and a laser with a deposited coating made of stainless steel
316L (S420MC_316L) [19]. The considered issue relates to a common case when steel
characterized by sensitivity to corrosion and atmospheric conditions is cladded with a
layer of stainless steel that protects the exposed surface exposed from degradation. For the
S420MC steel substrate, two methods of surface preparation were used: surface degreasing
without mechanical removal of the oxide layer appearing during metallurgical production
(S420MC_oxidized) and mechanical removal of the oxide coating with abrasive paper
(S420MC).

The surface roughness of the materials was determined according to ISO 25,178 [20]
using an Olympus LEXT 3D Measuring Laser Microscope OLS4000 with 50× magnification.
Table 1 shows the basic area roughness parameters for each of the examined surfaces.

Table 1. Surface parameters of analyzed samples.

Parameter Designation (µm) Silver Mirror S420MC_oxidized S420MC S420MC_316L

Area root mean square height Sq 0.04 2.66 8.32 12.05
Maximum peak height Sp 3.49 30.40 47.80 112.45
Maximum pit height Sv 2.18 21.50 63.90 87.63

Maximum height Sz 5.67 52.00 112.00 200.09
Arithmetical mean height Sa 0.02 2.06 6.35 8.26

2.2. IS Method

The IS measurements of samples were carried out using an IS-SA equipped with a
16-bit imaging camera with a resolution of 1024 × 1024 px. The radius of the integration
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sphere was 30 cm. The device accuracy in the range of BRDF values was 5% [16]. A DC950
illuminator with a fiber optic adapter was used as a light source. The total radiation power
was 150 W, with the local maximum intensity occurring in the visible range. Additionally,
a 575 nm narrow bandpass filter was used. Prior to the main measurements, the device was
calibrated using a 6 mm diameter clear, Lambertian pattern aperture. The scatterometry
measurements were performed three times and averaged in the range of α from 0◦ to 60◦

with a 5◦ step.
Despite many advantages (described in Section 1), IS-SA also has significant limitations

such as the effect of obscuring certain parts of interesting BRDF data for relatively small
α, where α is defined as the angle between the beam and the normal to the surface in the
point of incidence. This problem can be explained by the device principle of operation
(Figure 1a).

Sensors 2021, 21, x FOR PEER REVIEW 3 of 9 
 

 

Table 1. Surface parameters of analyzed samples. 

Parameter Designation 
(µm) 

Silver Mirror S420MC_oxidized S420MC S420MC_316L 

Area root mean square 
height 

Sq  0.04 2.66 8.32 12.05 

Maximum peak height Sp  3.49 30.40 47.80 112.45 
Maximum pit height Sv  2.18 21.50 63.90 87.63 

Maximum height Sz  5.67 52.00 112.00 200.09 
Arithmetical mean height Sa  0.02 2.06 6.35 8.26 

2.2. IS Method 
The IS measurements of samples were carried out using an IS-SA equipped with a 

16-bit imaging camera with a resolution of 1024 × 1024 px. The radius of the integration 
sphere was 30 cm. The device accuracy in the range of BRDF values was 5% [16]. A DC950 
illuminator with a fiber optic adapter was used as a light source. The total radiation power 
was 150 W, with the local maximum intensity occurring in the visible range. Additionally, 
a 575 nm narrow bandpass filter was used. Prior to the main measurements, the device 
was calibrated using a 6 mm diameter clear, Lambertian pattern aperture. The scatterom-
etry measurements were performed three times and averaged in the range of α from 0° to 
60° with a 5° step. 

Despite many advantages (described in Section 1), IS-SA also has significant limita-
tions such as the effect of obscuring certain parts of interesting BRDF data for relatively 
small α, where α is defined as the angle between the beam and the normal to the surface 
in the point of incidence. This problem can be explained by the device principle of opera-
tion (Figure 1a). 

 
Figure 1. Visualization of negative obscuring effect: (a) the Imaging Sphere for Scatter and Ap-
pearance (IS-SA) principle of operation and (b) the bidirectional reflectance distribution function 
(BRDF) plot for α = 0°. 

The inner side of the integrating hemisphere is a diffusing coating for wavelengths 
generated by a source of light (SOL). In its central part there is an aperture (AP) where the 
front of the sample under test (SUT) is mounted. The light beam in the angular range α 
from 0° to 90° is directed at the sample and reflects from it. By using a convex mirror (M) 
with an appropriate radius of curvature (following the fish-eye principle), a CCD camera 
(C) images the entire interior of the hemisphere, except for the area where the SOL is cur-
rently located. That area appears as a dark rectangle in the BRDF plot (Figure 1a). 

  

Figure 1. Visualization of negative obscuring effect: (a) the Imaging Sphere for Scatter and Appear-
ance (IS-SA) principle of operation and (b) the bidirectional reflectance distribution function (BRDF)
plot for α = 0◦.

The inner side of the integrating hemisphere is a diffusing coating for wavelengths
generated by a source of light (SOL). In its central part there is an aperture (AP) where
the front of the sample under test (SUT) is mounted. The light beam in the angular range
α from 0◦ to 90◦ is directed at the sample and reflects from it. By using a convex mirror
(M) with an appropriate radius of curvature (following the fish-eye principle), a CCD
camera (C) images the entire interior of the hemisphere, except for the area where the SOL
is currently located. That area appears as a dark rectangle in the BRDF plot (Figure 1a).

3. Data Processing Algorithm
3.1. Raw Measurement Data

A result of the scatterometry measurement is a set of points defined in spherical
coordinates (θ, φ, R) extended by the BRDF value; θ represents the azimuth angle, φ is
the inclination angle and R is the radius of the integrating hemisphere. As R is constant
for all of the points, results can be projected on the (θ, φ) plane for improved readability;
as a consequence, the BRDF plots as a function of α are obtained (Figure 2). Overall,
the BRDF function is defined as a ratio between the radiance reflected from a finite area
S of the sample in one direction (θr, φr) to the incident irradiation from direction (θi,
φi) [21]. The BRDF unit is steradian−1. In the case of IS-SA, θi is constant and equals 0◦

whereas φi is the same as α ranging from 0◦ to 90◦. Moreover, the S area is defined by
the AP (Figure 1a), which may have different diameters, depending on the user’s choice.
It is worth underlining that while both the inclination angle and illumination angle are
measured around the same axis, they are not the same angle. The first angle refers to the
pixel position on the CCD camera, while the second one describes the position of the SOL
in reference to the normal axis of the material.
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In case of α larger than 15◦, the dark rectangle in the BRDF plot is not a problem due
to the directivity of reflection distribution (Figure 2c). The smaller the α, the higher the
impact of obscuring the BRDF plot by a hole constituting the location of the light source
(Figure 2b). Finally, for the case where α = 0◦, the negative obscuring effect has a significant
impact (Figure 2a).

A cross section of BRDF data along the azimuth angle direction results in single BRDF
profile which is a function of the inclination angle. Such profiles for three different α are
presented in Figure 3 with respective cross sections of BRDF along the horizontal axis.
Those horizontal cross sections are made at same inclination angle as α in order to include
the maximum value of BRDF. Overlaying of the two profiles presented in Figure 3 supports
the assumption that BRDF values are axis- symmetrical around the maximal value.
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The single BRDF profile along θ, given in polar coordinates (φ, BRDF), constitutes
a cross section of reflection distribution, including comprehensive information about the
directivity and intensity of the light reflected from the sample (Figure 4). This curve is
similar to the light distribution curve which is often used in the literature to describe the
emission of radiation from a light source [22].
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The presented figures (Figures 2–4) show that the results obtained for small α cannot
be used for any analysis. One of the reconstruction methods of the BRDF profile based
on the Pearson function fitted to incomplete data obtained for α = 0◦ was proposed by
Reiner [23]. However, this method is not effective for samples characterized by narrow
reflection distribution. Therefore, in the next section we propose a more universal approach
for reconstruction of the BRDF data.
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3.2. Algorithm Description

The scatterometry measurement results obtained for analyzed samples show that the
BRDF is a combination of specular and diffuse reflection. The ratio between them varies,
but for all samples the diffuse reflection was symmetrical in relation to direction (θ = 90◦,
φ = α) (Figure 3). Therefore, the assumption was made that the reflection distribution
is symmetrical about the illumination axis (BRDF(α) = BRDF(-α)). Hence, each BRDF
profile can be approximated with a single variable function. Parameters of these function
could vary for different α but the function itself would not change. Due to the symmetry
of reflection distribution about illumination axis the function parameters should also be
symmetrical and reach extremal values at α = 0◦. This allows interpolating or extrapolating
parameters for the missing data.

In the first step of the algorithm, the BRDF profiles are extracted along the direction θ

= 90◦, but only for those α (≥15◦ in most cases) which the obscuring effect of the interesting
BRDF data does not occur. Subsequently, the Lorentzian function (Equation (1)) is fitted to
each of the BRDF profiles.

BRDF(Φ) = (BRDFMAX − o f f )
FWHM2

(Φ − α)2 + FWHM2
+ o f f (1)

where BRDFMAX is the maximal value of BRDF, FWHM is the full width at half maximum,
φ is the inclination angle, α is the illumination angle, and off is the offset.

In the algorithm, all values lower than 1% of BRDFMAX are labeled as background
and ignored. The parameters of the fitted Lorentzian function are determined using the
Levenberg–Marquardt method, which is a nonlinear optimization method that combines
the steepest descent and Gauss–Newton methods. It was used to minimize the mean square
error of fitting. Next, the relationship between the obtained Lorentzian parameters and α

is fitted (Figure 5). The fitting curves for BRDFMAX and off points should be symmetrical
in relation to ordinate axis. This condition forces the use of parity polynomials. Moreover,
the 2nd order polynomial did not converge due to the high dynamics of the transition
from the small changes in parameter values (<30◦) to the area of rapid changes. Therefore,
BRDFMAX and off values are modelled with a 4th order polynomial. The FWHM values are
fitted with a constant function due to its low variation.
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Figure 6a shows the BRDF profiles along the direction θ = 90◦ that were obtained as a
result of scatterometry measurements carried out for different measurements of α (gray
cross markers). The result for α = 0◦ with the effect of obscuring is plotted in red. For all
illumination angles (except for α = 0◦) Lorentzian functions are fitted to the BRDF profiles
based on Equation (1) (blue curves). Subsequently, the values of the function parameters
for α = 0◦ are determined based on an extrapolation approach. Finally, the BRDF profile is
reconstructed (black curve) and presented in polar coordinates on Figure 6b. The reflection
distribution is symmetric with respect to the α axis as it was explained above. Therefore,
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the reconstruction of the BRDF plot is performed by rotating a BRDF profile along the
φ = 0◦ axis (Figure 6c).
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3.3. Validation

In order to validate the developed reconstruction algorithm, transmission scatterome-
try measurements (BTDF) were carried out. The utilized sample was characterized by a
45% transmissivity level and a symmetrical transmission distribution. In the case of BTDF
measurements, a light source is introduced from the outside of the integrating hemisphere
(α > 90◦). Therefore, the negative effect of obscuring the hemisphere by the light source
does not occur. The measurements were carried out for α in a range from 120◦ to 180◦

with a 5◦ step. In the BTDF measurements the angle 180◦ corresponds to 0◦ in the BRDF
measurements, with transmission instead of reflection. The developed algorithm was used
to reconstruct the BTDF profile for α = 180◦ based on measurements for α from 120 to 165◦

with a 5◦ step. The BTDF profile measured for α = 180◦ and the one obtained as a result of
the reconstruction are convergent in terms of amplitude and FWHM (Figure 7).
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4. Results and Discussion

Firstly, the scatterometry measurements of the silver mirror as a reference sample
were carried out. Subsequently, the reflection distribution for α = 0◦ was reconstructed
based on the developed algorithm (Figure 8). The result of reconstruction confirms that
the silver mirror is characterized by a narrow reflection distribution and high specular
reflection (BRDFMAX = 160 steradian−1) [6].
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Figure 8. Reconstruction of the reflection distribution for the reference sample.

Subsequently, the scatterometry measurements and reconstruction process were car-
ried out for a S420MC substrate sample with the surface preparation consisting only of de-
greasing (Figure 9a); in this case BRDFMAX = 0.42 steradian−1. The S420MC substrate after
mechanical removal of the oxide layer is characterized by a much higher specular reflection
(BRDFMAX = 0.92 steradian−1) (Figure 9b). Finally, in the process of laser metal deposition
the functional coating (316L steel) was deposited on the S420MC substrate. The recon-
structed reflection distribution obtained for the deposited coating is characterized by a
much wider reflection distribution and specular reflection (BRDFMAX = 0.38 steradian−1)
similar to the S420MC substrate (Figure 9c). The values of specular reflection obtained for
all analyzed materials are considerably low in comparison with the silver mirror.
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The reconstructed reflection distribution for α = 0◦ provides information about the
total reflection intensity (ITOT) contained in a certain angle which depends on the surface of
the material. The ITOT value obtained for the reference silver mirror was considered as IREF
due to a well-defined total reflectance higher than 97.5% for 575 nm. The results achieved
for all analyzed materials, which were normalized to IREF, are presented in Table 2.

Table 2. The total reflection intensity obtained for the analyzed samples.

Material ITOT (%)

Silver Mirror (reference) 100.0
S420MC_oxidized (substrate) 12.1

S420MC (substrate) 18.4
S420MC_316L (coating) 38.3

The mechanical removal of the oxidation layer from the surface of the sample S420MC
increases the value of the parameter ITOT. Therefore, it can be concluded that the oxidized
sample is characterized by a higher absorption than the same sample after removal of the
oxidation layer. The highest value of ITOT was achieved for the laser deposited functional
coating (S420MC_316L). However, for this material the widest reflection distribution was
obtained (Figure 9c).

5. Conclusions

The purpose of the presented study was to determine the total reflection intensity
from different materials commonly used in laser material processing. The described
approach consisted of imaging scatterometry that was used for determination of the surface
reflection distribution based on the obtained BRDF data. However, the BRDF data for a 0◦
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illumination angle were useless. Therefore, an algorithm was developed to extrapolate the
missing data of the reflection distribution for this problematic angle. A validation method
based on the BTDF data was also proposed. The obtained validation results clearly indicate
the reliability and effectiveness of the algorithm.

The scatterometry measurements were carried out for four materials in various surface
conditions, i.e. silver mirror as a reference, two substrates made of mild steel S420MC and
laser deposited functional coating made of stainless steel 316L.

The obtained results of total reflection intensity prove that the surface quality of the
sample has the greatest impact on the considered intensity. The highest value of this
intensity, as well as the widest reflection distribution was obtained for the laser deposited
functional coating.

Further research will focus on extending the universality of the BRDF reconstruction
algorithm to apply it to materials characterized by non-symmetrical diffuse reflection.
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software, P.J., and M.Ć.; validation, A.Z., P.J., and P.K.; formal analysis, P.J., and M.Ć.; investigation,
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A.Z., and M.Ć.; writing—review and editing, P.J., P.K., and J.R.; visualization, P.K.; supervision,
J.R.; project administration, A.Z.; funding acquisition, A.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by The National Centre for Research and Development, project
No. LIDER/18/0071/L-9/17/NCBR/2018 “Process control of laser material processing using the
phenomenon of chromatic aberration”.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Andkjær, J.; Johansen, V.E.; Friis, K.S.; Sigmund, O. Inverse design of nanostructured surfaces for color effects. J. Opt. Soc. Am. B

2014, 31, 164–174. [CrossRef]
2. Raut, H.K.; Ganesh, V.A.; Nair, A.S.; Ramakrishna, S. Anti-reflective coatings: A critical, in-depth review. Energy Environ. Sci.

2011, 4, 3779–3804. [CrossRef]
3. Hayashia, T.; Michihata, M.; Takaya, Y. Total angle-resolved scattering: Characterization of microlens mold surface. Procedia Eng.

2011, 19, 132–137. [CrossRef]
4. Schröder, S.; Kamprath, M.; Duparré, A.; Tünnermann, A.; Kühn, B.; Klett, U. Bulk scattering properties of synthetic fused silica

at 193 nm. Opt. Express 2006, 14, 10537–10549. [CrossRef] [PubMed]
5. Luo, D.; Taphanel, M.; Claus, D.; Boettcher, T.; Osten, W.; Längle, T.; Beyerer, J. Area scanning method for 3D surface profilometry

based on an adaptive confocal microscope. Opt. Laser Eng. 2020, 124, 105819. [CrossRef]
6. Babar, S.; Weaver, J.H. Optical constants of Cu, Ag, and Au revisited. Appl. Opt. 2015, 54, 477–481. [CrossRef]
7. Werner, W.S.; Glantschnig, K.; Ambrosch-Draxl, C. Optical constants and inelastic electron-scattering data for 17 elemental metals.

J. Phys. Chem. Ref. Data 2009, 38, 1013–1092. [CrossRef]
8. Schröder, S.; Duparré, A. Finish assessment of complex surfaces by advanced light scattering techniques. Proc. SPIE 2008, 7102. [CrossRef]
9. Workman, J.; Springsteen, A. Applied Spectroscopy: A Compact Reference for Practitioners; Academic Press: Boston, MA, USA, 1998.
10. Apian-Bennewitz, P. New scanning goniophotometer for extended BRTF measurements. Proc. SPIE 2010, 7792. [CrossRef]
11. Budde, W. The Calibration of Gloss Reference Standards. Metrologia 1980, 16, 89–93. [CrossRef]
12. Ciaccheri, L.; Mignani, A.G. Scattered Colorimetry and Multivariate Data Processing as an Objective Tool for Liquid Classification

and Mapping. Curr. Anal. Chem. 2008, 4, 371–377. [CrossRef]
13. Nevas, S.; Manoocheri, F.; Ikonen, E. Gonioreflectometer for measuring spectral diffuse reflectance. Appl. Opt. 2004, 43, 6391–6399.

[CrossRef] [PubMed]
14. Kawate, E.; Hain, M. New Scatterometer for Spatial Distribution Measurements of Light Scattering from Materials. Meas. Sci. Rev.

2012, 12, 56–61. [CrossRef]
15. Wadmann, S. Optical Inspection of Test Surfaces. EP1800112A1, 19 January 2010.
16. Radiant Imaging Inc., Imaging Sphere Measurement of Luminous Intensity, View Angle, and Scatter Distribution Functions.

Available online: https://cormusa.org/wpcontent/uploads/2018/04/CORM_2009_Imaging_Sphere_Measurement__Radiant_
Imaging_-_Kostal_090506_.pdf (accessed on 22 December 2020).

17. Shen, Y.-J.; Zhu, Q.Z.; Zhang, Z.M. A scatterometer for measuring the bidirectional reflectance and transmittance of semiconductor
wafers with rough surfaces. Rev. Sci. Instrum. 2003, 74, 4885–4892. [CrossRef]

18. Thorlabs Inc., Metal-Coated Plano Mirrors Selection Guide, Protected Silver. Available online: https://www.thorlabs.com/
newgrouppage9.cfm?objectgroup_id=903 (accessed on 22 December 2020).

http://dx.doi.org/10.1364/JOSAB.31.000164
http://dx.doi.org/10.1039/c1ee01297e
http://dx.doi.org/10.1016/j.proeng.2011.11.091
http://dx.doi.org/10.1364/OE.14.010537
http://www.ncbi.nlm.nih.gov/pubmed/19529455
http://dx.doi.org/10.1016/j.optlaseng.2019.105819
http://dx.doi.org/10.1364/AO.54.000477
http://dx.doi.org/10.1063/1.3243762
http://dx.doi.org/10.1117/12.797964
http://dx.doi.org/10.1117/12.860889
http://dx.doi.org/10.1088/0026-1394/16/2/004
http://dx.doi.org/10.2174/157341108785914899
http://dx.doi.org/10.1364/AO.43.006391
http://www.ncbi.nlm.nih.gov/pubmed/15617275
http://dx.doi.org/10.2478/v10048-012-0012-y
https://cormusa.org/wpcontent/uploads/2018/04/CORM_2009_Imaging_Sphere_Measurement__Radiant_Imaging_-_Kostal_090506_.pdf
https://cormusa.org/wpcontent/uploads/2018/04/CORM_2009_Imaging_Sphere_Measurement__Radiant_Imaging_-_Kostal_090506_.pdf
http://dx.doi.org/10.1063/1.1614853
https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=903
https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=903


Sensors 2021, 21, 8 9 of 9

19. Rafajłowicz, W.; Jurewicz, P.; Reiner, J.; Rafajłowicz, E. Iterative learning of optimal control for nonlinear processes with
applications to laser additive manufacturing. IEEE Trans. Geosci. Remote. Sens. 2019, 27, 2647–2654. [CrossRef]

20. ISO. Geometrical Product Specifications (GPS)—Surface Texture: Areal—Part 71: Software Measurement Standards, 2nd ed.; ISO: Geneva,
Switzerland, 2017.

21. Sandmeier, S.R.; Itten, K.I. A field goniometer system (FIGOS) for acquisition of hyperspectral BRDF data. IEEE Trans. Geosci.
Remote. Sens. 1999, 37, 978–986. [CrossRef]

22. Kruisselbrink, T.; Dangol, R.; Rosemann, A. Photometric measurements of lighting quality: An overview. Build. Environ. 2018,
138, 42–52. [CrossRef]

23. Reiner, J. Identyfikacja i modelowanie optyczne systemów wizyjnej kontroli jakości wytwarzania; Oficyna Wydawnicza Politechniki
Wrocławskiej: Wrocław, Poland, 2013.

http://dx.doi.org/10.1109/TCST.2018.2865444
http://dx.doi.org/10.1109/36.752216
http://dx.doi.org/10.1016/j.buildenv.2018.04.028

	Introduction 
	Materials and Methods 
	Samples Preparation 
	IS Method 

	Data Processing Algorithm 
	Raw Measurement Data 
	Algorithm Description 
	Validation 

	Results and Discussion 
	Conclusions 
	References

