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ABSTRACT

In the last few years reflectance hyperspectral imaging (HSI) has been increasingly employed in the study of
cultural heritage and its conservation. HS| systems acquire hundreds of images in narrow contiguous spectral
bands in the visible (400-750 nm) and near infrared (750-2500 nm) spectral regions. These form a
tridimensional data set called “cube-file”: the two coordinates x and y are associated to the spatial information,
while the third one to the spectral information. By manipulating this cube-file it is possible to obtain different
kind of information: reflectance spectra, colorimetric data, and images at different spectral bands (or range).
In particular, this article will focus on the combination of colorimetric and spectroscopic analyses for the study
of artworks, with the final aim of highlighting the colorimetric differences between different pigments. To reach
this goal, a 19" century easel painting was analyzed with a HSI system developed at the “Nello Carrara”
Institute of Applied Physics. Starting from the cube-file, it was possible to extract the reflectance spectra for
different areas of color and to calculate the colorimetric values for these pixels. Therefore, the materials were
identified, and this allowed to compare the different shades of hues — obtained with different pigments — with
their colorimetric values.

KEYWORDS reflectance hyperspectral imaging, spectroscopy, colorimetry, conservation science, easel
painting.
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1. Introduction

Reflectance hyperspectral imaging (HSI) is a relatively
new technique, originally developed for remote sensing
and astrophysics (Ming et al., 1993; Nieke et al., 1997;
Mouroulis et al.,, 1998). Nowadays it is increasingly
employed in the field of art conservation science, for the
analysis and the documentation of artworks. HSI is a non-
invasive technique, which consists in the acquisition of
hundreds of images in spectral bands that are narrow and
contiguous, usually with a bandwidth less than 10 nm.
These bands can belong to the visible (Vis 400-750 nm)
and/or near infrared (NIR 750-2500 nm) spectral regions
[11 (Verhoeven, 2018). These images together form a
tridimensional data set known as “cube-file”, in which the
two coordinates x and y represent the spatial information,
while the third dimension contains the spectral information
(A, wavelength). By manipulating these cube-files it is
possible to obtain several different kinds of information.
Firstly, it is possible to extract images at different
wavelengths for every spectral band (or range): it permits
to detect potential underdrawings, restorations,
pentimenti, damages and other hidden details. Secondly,
the extraction of a reflectance spectrum for each pixel of
the image allows — potentially — identifying the pigments
and other materials employed by the artists (Cucci, et al.,
2016; Picollo, et al., 2020; Striova, et al., 2020). Moreover,
it is possible to calculate the colorimetric values for each
pixel, but only if the measurement geometry follows the
recommendations given by the International Commission
on lllumination (CIE) (CIE, 2004; Picollo et al., 2023).
These values are obtained following the calculation
procedures that are provided by the CIE (Marcus, 1998;
Berns, 2001; Burger & Burge, 2009). Lastly, it is very
important to remember that also the application of
algorithms could help to find other details or information
about the artistic technique (Cucci, et al., 2016; Picollo, et
al., 2020; Striova, et al., 2020).

In addition, the HSI systems have been employed in the
analysis of different works of art, from easel and mural
paintings to paper artefacts (Cucci, et al., 2015; Cucci, et
al., 2016; Delaney et al. 2016; Mounier & Daniel, 2017),
artistic glass (Perri, et al., 2019; Palomar, et al., 2019) and
photographic films (Picollo, et al., 2020; Cucci, et al.,
2023).

Everything considered, it is now evident how hyperspectral
imaging is a very versatile instrument for the non-invasive
investigation and documentation of different kinds, mainly
2D, of cultural heritage objects.

In this paper, the focus will be the combination of
reflectance spectroscopy and colorimetry. They are two
non-invasive techniques that are often employed in the
analysis of artworks (Bacci, 2000; De la Roja, et al., 2007;
Lorusso, et al., 2007; Gil, et al., 2014). With hyperspectral
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imaging these methodologies can be carried out by using
just one instrument. Therefore, one of the aims of this work
is to demonstrate the versatility and the usefulness of this
instrument to study the hues of color and the used
materials. The hyperspectral system employed to reach this
goal is the one designed and developed at the “Nello
Carrara” Institute of Applied Physics (Florence, ltaly).
Specifically, it was used to analyze a 19" century painting:
the final aim is in fact to highlight the colorimetric difference
between different pigments of the same color, by comparing
and connecting the materials to the shades of hue.

2. Method
2.1. Case study

The 19" century easel painting (24.5x32.6 cm, private
collection) represents a floral composition, with roses,
probably peonies and a wood log (Fig. 1). It dates back to
the impressionist period and it has the signature — on the
bottom left corner — of the famous painter Edouard Manet
(Paris, 1832-1883).

Fig. 1. The analyzed painting

Starting from the acquired cube-files, it was possible to
obtain the reflectance spectra for selected pixels of the
image — chosen among the different areas of color — to
tentatively identify the pigments that composed the artist’s
color palette. Instead, the values of the colorimetric
coordinates for the same pixels were calculated in the CIE
L*a*b* 1976 color space (Burger & Burge, 2009).
Subsequently, these data were compared among them to
find the colorimetric difference between different pigments.

2.2. Experimental

The hyperspectral system employed in this study was
designed and developed at IFAC-CNR. It is composed of
two hyperspectral heads that are alternatively mounted on
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a moving mechanical structure (for pushbroom scanning).
One head works between 400 and 900 nm (visible and
near-infrared, VNIR), with a telecentric objective (Opto-
Engineering Srl) and a prism-grating-prism (PGP) line-
spectrograph  (Specim  ImSpector™ mod. V10E)
connected with a digital CCD camera (Hamamatsu CCD
ORCA-ERG) (Cucci, et al, 2011). The other head
operates between 950 and 1650 nm (short-wave infrared,
SWIR), with a telecentric objective, a PGP line
spectrograph (Specim ImSpector™ mod. N17E) and a
digital camera with an InGaAs array (Xenics® mod. Xeva
1.7-640) (Cucci, et al., 2013).

The illumination module consists in two fiber optics
illuminators which are fixed to the scan-head so as they
light the artwork with an angle of 45°. This is essential to
obtain a 45°/0° illumination/observation geometry, suitable
for colorimetric analyses. The radiation comes from a
Quartz Tungsten Halogen lamp (QTH, 150 W, 3200 K)
equipped with a thermal filter during visible
measurements, replaced with a filter which blocks visible
radiation for SWIR measurements.

This instrument has high spatial and spectral resolutions.
The spatial sampling is 11.4 points/mm in the VNIR region

and 9.2 points/mm in the SWIR setup. The spectral
sampling of the VNIR cube is 1.25 nm, with 400 bands and
a spectral resolution of 2.5 nm. The second cube, the
SWIR one, has a spectral sampling of 2.1 nm, with 332
bands and a spectral resolution of 6 nm. At the end, two
cube-files are obtained, with a total of 732 spectral bands
from 400 to 1650 nm.

The obtained cube-files were manipulated using ENVI®, a
software designed for hyperspectral images processing
and analysis. The reflectance spectra were firstly
visualized with ENVI®, saved as .txt files in order to
process them with Origin 6.0, a graphing and data analysis
software.

The colorimetric values were calculated from the
reflectance  spectra with programs developed
specifically for this aim at IFAC (Picollo, et al., 2020;
Cherubini, et al., 2023). The colorimetric images —
extracted from the hyperspectral ones — contain the L*,
a*, b* values for the CIE 1931 2° Standard Observer
with illuminant D65, reported as separated floating point
TIFF images, which can be displayed and analyzed with
image processing programs, in this case they were
obtained using Fiji — ImageJ.

*6.3
* 6.2

‘4.1

42
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Fig. 2. The points from which the reflectance spectra were extracted.

3. Results

The selected points from which the reflectance spectra
were extracted and the colorimetric coordinates calculated
are displayed in Fig. 2. The first ones were obtained from
the cubes (from an area of 5x5 pixels [2], 0.44%x0.44 mm
for the VNIR cube) and analyzed to identify the materials
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by using the SABeC IFAC-CNR Spectral Database
(https://spectradb.ifac.cnr.it) and references from the
literature. Instead, the colorimetric values were reported in
the L*a*b* 1976 color space.

In the following paragraphs the results will be presented
divided according to the areas of color.
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'POINT  PIGMENT  L* & b*

1 Lead white 80.82 0.18 | 21.64
1.1 “ 85.44 2.09 | 1853
1.2 “ 76.61 -1.21 | 3017
1.3 “ 69.64 5.06 | 23.66

2 Lithopone 74.23 2.79 27.05
21 “ 73.83 3.58 | 27.30
2.2 “ 74.05 -0.31 | 19.23

Table 1. CIE L*a*b* 1976 values for each point of the
white areas and their pigment attribution.

3.1. White areas

The white pigment mostly employed by the artist is lead
white (basic lead carbonate (PbCOs)2-Pb(OH)2), but there
are some areas — some brushstrokes and the flower in the
left corner — that are made with lithopone (mixture of
barium sulfate, BaSOs, and zinc sulfide, ZnS).

The first one was identified thanks to the absorption band
at 1445 nm (first OH stretching overtone) visible in the
SWIR spectrum. Instead, lithopone shows absorption
bands at 650 nm and 730 nm, due to the presence of
cobalt ions as substituents of the sulfur ion in the zinc
sulfide (Fig. 3). This type of lithopone belongs to the
improved version of pigment developed in the 1920s
(Bacci, et al., 2007): this and the fact that this pigment is
used only in restricted areas might be attributable to
following retouching.

Reflectance

0.0

¥ T . T . T . T . 1
400 500 600 700 800 900
Wavelength (nm)

Fig. 3. Reflectance spectra of lithopone (solid line, point 2)
and lead white (dash line, point 1) (AVG 5x5).

From a colorimetric point of view (Table 1), both pigments
have a high value of L*, since they are white pigments with
a high brightness. However, lithopone has higher a* and
b* values (more red and yellow components) than lead
white, resulting in a warmer hue. This yellowing effect is
evident even to the naked eye and might be due to a
differentiated aging than other white zones.
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3.2. Blue areas

The blue areas are made with two different pigments: in
the upper part of the painting the artist employed Prussian
blue (ferric ferrocyanide, Fes[Fe(CN)g]3), while in the lower
part some zones are obtained with the ultramarine blue
(lapis lazuli, Nas-10AleSic024S2-4).

The reflectance spectrum of Prussian blue shows an
absorption band at 730 nm, whereas ultramarine has an
absorption band at 600 nm and both transitions are due to
charge-transfer processes (Fig. 4) (Bacci, 2000; Aceto, et al.,
2014).

0.2+

Reflectance

0.0

400 S'IJD 6(‘)0 ?[Im 860 9(‘)0
Wavelength (nm)

Fig. 4. Reflectance spectra of ultramarine blue (solid line,

point 4) and Prussian blue (dash line, point 3) (AVG 5x5).

Since the artist used ultramarine blue to depict some
shadows, the resulting color is quite dark, with low values
of L*. On the contrary, Prussian blue was employed to
obtain different shades of blue, from the brightest in the
central flower to the darkest in the wooden log. For
example, point 3.1 is a very light blue, while point 3.2 is
darker, with L* values similar to ultramarine. In general,
this pigment has more green and yellow components than
ultramarine blue, in fact every point has a positive value of
b*, that is far from the usual values of a blue pigment. For
instance, point 3 shows a more greenish hue, also evident
from the value of a* (Table 2).

3 Prussian blue 32.51 | -17.07 | 7.97
31 “ 57.63 | -5.94 9.82
3.2 “ 18.21 | -7.61 1.32
33 “ 35.95 | -9.90 4.29

4 Ultramarine blue | 10.28 | -2.31 -9.20
4.1 * 2422 | -354 | -1.86
4.2 “ 18.44 | -3.60 272
4.3 * 15.15 | -3.78 | -0.31

Table 2. CIE L*a*b* 1976 values for each point of the blue
areas and their pigment attribution.
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3.3. Red areas

To obtain shades of red the artist used vermilion (mercury
sulfide, HgS) and a red lake. The first one shows a typical
sigmoid-shaped spectrum with an inflection point at
around 600 nm due to band-to-band transition. The red
lake shows a similar sigmoidal trend, although with a less
steep rise after the inflection point (Fig. 5). It was not
possible to define its origin (vegetal or animal) because the
typical absorption bands in the 500-580 nm range are not
visible (Aceto, et al., 2014; Vitorino, et al., 2015).

0,7 4
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Wavelength (nm)

Fig. 5. Reflectance spectra of vermilion (solid line, point 5)
and red lake (dash line, point 6) (AVG 5x5).

Colorimetric data (Table 3) show that the areas painted with
vermilion seem to be more vivid than the one with the red
lake (higher L* values). In general, it has a colder hue,
because of the lower b* values. Nevertheless, there are still
some areas that show different shades, such as point 5.2
(vermilion) that has a higher component of yellow compared
to the other points. For what concerns the red lake, instead,
point 6.2 has a higher value of b* than the other points, while
6.3 has a very low value of this coordinate, which means a
less yellow component. This can be due to the influence of
a darker pigment below the lake in this area.

5 Vermilion 41.90 39.25 19.52
5.1 “ 36.10 33.63 19.59
5.2 ¢ 48.31 36.57 31.00
5.3 ¢ 44.39 35.64 23.17

6 Red lake 20.77 38.50 26.43
6.1 ¢ 31.89 38.77 28.09
6.2 ¢ 28.98 40.55 40.72
6.3 ¢ 24.23 29.68 14.80

Table 3. CIE L*a*b* 1976 values for each point of the red
areas and their pigment afttribution.
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3.4. Brown areas

An iron oxide pigment (Fe203) was used to create
brownish areas and shadows. This pigment is identifiable
from the absorption band in the reflectance spectra at 550
nm caused by charge-transfer transitions, the shoulder at
680 nm and the band at 850 nm, both due to ligand field
transitions (Fig. 6) (Aceto, et al., 2014).

Since it is a brown pigment, it shows high values of red
and yellow components (respectively a* and b*) (Table 4).

0,5 4

Reflectance

¥ T T T
400 500 600 700 800 900
Wavelength (nm)

Fig. 6. Reflectance spectra of iron oxide pigment (point 7)
(AVG 5%5).

- Ironoxide | 5910 5167 3765
pigment
7.1 « 4154 | 2475 | 38.22
7.2 “ 27.93 | 19.33 | 26.06

Table 4. CIE L*a*b* 1976 values for each point of the
brown areas and their pigment attribution.

3.5. Green areas

The green pigment that is employed in almost the entire
painting is a mixture of Prussian blue and a yellow pigment
(that could be chrome yellow — lead chromate — PbCrOs).
Nevertheless, there are some leaves in the bottom left part
of the painting that are obtained with another green
pigment. In fact, this one shows a different reflectance
spectrum (Fig. 7), but it was not possible to identify it, even
though it may be a chromium-based pigment, according to
the shape of the spectrum between 450 and 800 nm. The
mixture has higher values of L* than the other green
pigment, except for point 8.3 that refers to a darker area,
with lower values of a* and b*, which translates to a minor
presence of green and yellow in the color. Moreover, the
unidentified green shows lower b* values which means
that this pigment results colder than the mixture of
Prussian blue and yellow.
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Fig. 7. Reflectance spectra of mixture of Prussian blue and
yellow (solid line, point 8) and unidentified green pigment
(dash line, point 9) (AVG 5x5).

Prussianblue | 4o 65| 083 | 24.12
+ yellow
8.1 ‘ 3725 | -18.14 | 26.86
8.2 ‘ 4931 633 2177
8.3 ‘ 2767 646 1078
g | Unidentified 3583 | 2443 1584
green
9.1 ‘ 3251  -2961 | 16.16

Table 5. CIE L*a*b* 1976 values for each point of the
green areas and their pigment attribution

4. Conclusion

This study — among the others — shows how HSI is a very
useful tool in the study of artworks and their materials. In
this case, it was possible to obtain the colorimetric data
and the reflectance information by manipulating the
hyperspectral cube-files (Picollo, et al., 2020; Cherubini, et
al.,, 2023). The combination between them allowed to
highlight and understand the differences in the tones
between different pigments used to create the same color.
To summarize, in the whites the presence of lithopone is
evident — apart from their reflectance spectra — from the
more yellow hue than the lead white that can be imputed
to following retouching. In blue areas, ultramarine blue is
used almost pure to realize very dark shadows, while
Prussian blue is employed with different shades, but in
general with a greener hue. The red details are created
with vermilion and the glazes with a red lake; the first one
it is more vivid and cold than the second one. On the other
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hand, brown shadows and areas are obtained with an iron
oxide pigment which shows higher values of red and yellow
in its colorimetric coordinates. The green hues are depicted
by using a mixture of Prussian blue and yellow and probably
a chromium-based pigment: the first one is used with different
shades, while the second is used only in a restricted area of
the painting and appears colder than the mixture.

In conclusion, HSI is very powerful non-invasive technique
that can potentially provide various information about the
works of art, the materials of which they are made of and
their artistic production technique.
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Notes

[1] This division into spectral ranges is the one used in the spectroscopy
field. Instead, in the field of detectors it is slightly different (see section
2.2.).

[2] The resulting spectra are the average of every spectrum of each pixel
in this area of 5x5 pixels. In the following paragraphs the term “AVG 5x5”
will refer to this average.
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