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Abstract: An electron paramagnetic resonance (EPR) mobile universal surface explorer (MOUSE)
was recently introduced for noninvasively studying paramagnetic pigments in paintings. This study
determined that the EPR MOUSE could map the spatial locations of four pigments in a simple
impasto painting. Results from three spectral identification algorithms were examined to assess
their ability to identify the pigments using an unsupervised approach. Resulting pigment maps
are displayed as colorized images of the spatial distribution of the pigments. All three algorithms
produced reasonable representations of the painting. The algorithms achieved excellent true positive,
true negative, false positive, and false negative rates of ≥0.95, ≥0.98, ≤0.02, and ≤0.05, respectively,
for the identification of the pigments. We conclude that the EPR MOUSE is suitable for accurately
mapping the location of paramagnetic pigments in a painting.

Keywords: low-frequency electron paramagnetic resonance spectroscopy; LFEPR; EPR; mapping
pigments; EPR mobile universal surface explorer; EPR MOUSE

1. Introduction

Electron paramagnetic resonance (EPR) spectroscopy is a spectroscopy like visible
absorption, Raman, and x-ray fluorescence spectroscopies. EPR spectroscopy is a form of
magnetic resonance similar in some respects to nuclear magnetic resonance spectroscopy
and magnetic resonance imaging. EPR is based on the absorption of electromagnetic radia-
tion at frequency ν by unpaired electrons in free radicals and transition metal complexes
when experiencing an applied magnetic field B. Materials with unpaired electrons are
paramagnetic, hence the origin of the spectroscopy name. EPR spectroscopy is typically
performed by keeping ν fixed and varying B to find the frequency and magnetic field
combination that satisfies the resonance condition

h ν = g β B (1)

where h is Planck’s constant, β the Bohr magneton, and g the Lande g-factor of the
specific unpaired electron in the sample. Many, but not all, materials with cultural heritage
significance are paramagnetic and possess an EPR signal. These include complexes of
transition metals such as copper, manganese, and iron and free radicals such as ultramarine
and carbon-based blacks. Conventional high-frequency EPR spectroscopy, operating at
ν ≈ 9 GHz, has been used in archeology and art conservation to study rock [1] and
wall paintings [2], ceramics [3–6], pigments [7–11], marble and limestone objects [12–14],
paper [15,16], and varnishes used on paintings [17,18]. Unfortunately, conventional EPR is
invasive, requiring a small amount of the artwork or artifact to be removed for the analysis.
EPR is nondestructive in that the sample can be reanalyzed by another analytical technique,
but the sampling process has minimally altered the original artwork or artifact.
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Low-frequency EPR (LFEPR) [19] and the novel EPR mobile universal surface ex-
plorer (MOUSE) [20] overcome the invasive limitation of conventional EPR, allowing the
analysis of the surface of any size artwork or artifact to be performed noninvasively and
nondestructively. LFEPR has been demonstrated on linseed oil paints with paramagnetic
pigments similar to those used in renaissance paintings. Previous studies have focused on
identifying pigments in single-component [21] and double-component [22] paint samples,
in addition to layered samples [22], on canvas. Another study addressed imaging the
spatial distribution of single paramagnetic and ferromagnetic components [23]. This study
addresses mapping the spatial distribution of multiple pigments in a painting on canvas.

The pigment mapping followed an image processing approach used in medical imag-
ing that consists of sampling, identification, and presentation steps [24]. The first step in
the process is sampling or collecting the LFEPR spectra point-by-point at regular grid
locations on the painting. The resultant data cube is a spatial–spatial–spectral represen-
tation of the painting. Sampling is followed by identification of the pigment at each grid
location. Identification reduces the three-dimensional spatial–spatial–spectral data into a
two-dimensional spatial–spatial map for each pigment in the painting. This was performed
by spectral identification algorithms described later. In the final step, presentation, the
pigment maps are converted into a single image with one picture element (pixel) for each
grid location. This approach is considered unsupervised mapping, as spectra are provided,
and a segmented image is produced without subjective human input on the segmentation
process [25].

A simple four-color painting with blue vitriol (BV), Han blue (HB), rhodochrosite
(RC), and terracotta red (TR) pigments was chosen to demonstrate the utilization of the
EPR MOUSE to map the location of pigments in a painting. These pigments were selected
because they were paramagnetic and possessed broad, challenging-to-interpret, LFEPR
absorption signals. See Figure 1 for an image of the painting.
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Figure 1. An image of the 10 × 10 cm painting Palm Tree on a Beach at Twilight composed of four
pigments, (rhodochrosite, terracotta red, blue vitriol, and Han blue) used to demonstrate the ability
of the EPR MOUSE to identify and map the location of the pigments. Superimposed on the image is
the ZX sampling grid and a few ellipses depicting the size of a sampling location. Ellipses are drawn
to indicate the size of the 3.5 × 5 mm sampling region. See text for details.
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2. Background

The EPR MOUSE is a unilateral LFEPR spectrometer subsystem consisting of the
radiofrequency (RF) coil, B field magnet, and modulation magnetic field coils [20] (see
Figure 2). The signal is detected from a volume adjacent to the RF coil. The surface of the
sampling region is a 3.5 × 5 mm ellipse, and the sampling depth is greatest at the center of
the ellipse.
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Figure 2. A conceptual drawing of the components of the MOUSE, their connectivity to the LFEPR
spectrometer, and the sampled region in the painting.

Unlike other surface analysis techniques where the signal detection depth is dependent
on the penetration depth of the incident radiation, the RF, B, and modulation fields all
influence detection depth with the EPR MOUSE. The penetration depth for the RF used in
LFEPR can be one meter in some materials, but the detection depth is 0 to 1 mm because of
the geometry of the RF, B, and modulation fields.

The MOUSE is connected to the LFEPR spectrometer for the source of ν, signal
detection, and the electromagnetic current. The connection to the spectrometer is via two
small variable length cables. The variable length of these cables allows the MOUSE to be
positioned meters from the LFEPR spectrometer, and thus analyze any size of painting.

LFEPR spectra represent the absorption of energy at ν as a function of B. The amount
of B examined is referred to as the magnetic field sweep width. Spectra are presented in
a first derivative mode owing to the signal acquisition method and hardware [26]. The
high-frequency EPR spectral absorptions of paramagnetic pigments tend to be broad. In an
LFEPR spectrum, these absorption widths can be comparable to the sweep width of B and
can be cut off in the spectrum at the minimum and maximum B sweep values. Figure 3
presents examples of three first derivative LFEPR absorptions. The spectral baseline be-
comes more difficult to ascertain as the absorption width increases. The lack of a clear
spectral baseline creates a challenge for algorithms used to identify the pigment represented
by an absorption. Qualitative and quantitative determinations become difficult.

For this reason, three different identification algorithms were examined for the analy-
sis of the painting to determine if one performed best on spectra with baseline uncertainty.
They are referred to as the matrix, least squares, and interior-point algorithms. These algo-
rithms were chosen because they represent a range of computational speed and complexity
in the order listed.



Heritage 2021, 4 1185
Heritage 2021, 4 FOR PEER REVIEW  4 
 

 

 
Figure 3. Simulated first derivative EPR absorptions with different widths. Uncertainty in the base-
line location increases as the linewidth increases. 

For this reason, three different identification algorithms were examined for the anal-
ysis of the painting to determine if one performed best on spectra with baseline uncer-
tainty. They are referred to as the matrix, least squares, and interior-point algorithms. 
These algorithms were chosen because they represent a range of computational speed and 
complexity in the order listed. 

Each algorithm assumes the painting is composed of i pigments, each with a unique 
EPR spectrum (Ri). The total EPR spectrum (S) from a location in the painting is the 
weighted sum of the spectra from the pigments, where Ai is the weighting factor.  𝑆 = 𝑅 𝐴  (2)

The matrix algorithm is based on the premise that i equations are needed to solve for 
i Ai values. Defining Sm and Ri,m, respectively, as the total and pigment EPR signals at mag-
netic field value m, Equation 2 becomes  𝑆 = 𝑅 , 𝐴  (3)

Writing Equation (3) in matrix form 

[Sm] = [Ri,m][Ai] (4)

and solving for [Ai] 

[Ai] = [Ri,m]-1 [Sm] (5)

where [Ri,m]-1 is the inverse of matrix [Ri,m]. Our system of four pigments (i = RC, HB, TR, 
and BV) requires spectral values at four field values (m=1, 2, 3, and 4). The expanded ver-
sion of Equation (5) becomes 𝐴𝐴𝐴𝐴 = ⎣⎢⎢

⎡  𝑅 , 𝑅 ,𝑅 , 𝑅 , 𝑅 , 𝑅 ,𝑅 , 𝑅 ,𝑅 , 𝑅 ,𝑅 , 𝑅 , 𝑅 , 𝑅 ,𝑅 , 𝑅 ,
  ⎦⎥⎥

⎤ 𝑆𝑆𝑆𝑆 . (6)

Our matrix algorithm is the simplest of the three and placed no constraints on Ai 
solutions. 

The least squares algorithm determines which Ri is closest to S. It assumes one pig-
ment per image location and disregards Ai by requiring all spectra be initially normalized. 
The output is the i value that yields the minimum of the expression  

Figure 3. Simulated first derivative EPR absorptions with different widths. Uncertainty in the baseline
location increases as the linewidth increases.

Each algorithm assumes the painting is composed of i pigments, each with a unique
EPR spectrum (Ri). The total EPR spectrum (S) from a location in the painting is the
weighted sum of the spectra from the pigments, where Ai is the weighting factor.

S = ∑
i

Ri Ai (2)

The matrix algorithm is based on the premise that i equations are needed to solve
for i Ai values. Defining Sm and Ri,m, respectively, as the total and pigment EPR signals at
magnetic field value m, Equation (2) becomes

Sm = ∑
i

Ri,m Ai (3)

Writing Equation (3) in matrix form

[Sm] = [Ri,m][Ai] (4)

and solving for [Ai]
[Ai] = [Ri,m]−1 [Sm] (5)

where [Ri,m]−1 is the inverse of matrix [Ri,m]. Our system of four pigments (i = RC, HB,
TR, and BV) requires spectral values at four field values (m=1, 2, 3, and 4). The expanded
version of Equation (5) becomes

ARC
AHB
ATR
ABV

 =


RRC,1 RHB,1
RRC,2 RHB,2

RTR,1 RBV,1
RTR,2 RBV,2

RRC,3 RHB,3
RRC,4 RHB,4

RTR,3 RBV,3
RTR,4 RBV,4


−1

S1
S2
S3
S4

. (6)

Our matrix algorithm is the simplest of the three and placed no constraints on
Ai solutions.

The least squares algorithm determines which Ri is closest to S. It assumes one pigment
per image location and disregards Ai by requiring all spectra be initially normalized. The
output is the i value that yields the minimum of the expression

∑
m
(Ri,m − Sm)

2 (7)
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The interior-point [27] algorithm finds the best Ai values that minimize the difference
between Ai, Ri,m, and Sm at all points m in the spectrum. This algorithm is the most
computationally intense of the three.

Each algorithm is applied to spectra from locations on a grid in the painting to create
m pigment maps of the painting. Both the matrix and interior-point algorithms are capable
of producing pigment maps proportional to the amount of pigment, Ai. However, this
is not possible to achieve with an impasto painting. Although the sampling region is a
3.5 × 5 mm ellipse, the pole pieces of the unilateral magnet yoke and surrounding MOUSE
housing create a 9 cm diameter circular flat surface, which is placed against the painting.
Depressions in the topography of the painting possess a lower signal than high points
in contact with the RF coil. The ability to detect a signal from the MOUSE diminishes to
approximately 20% by 500 µm from the RF coil [20,28]. For these reasons, all pigment maps
were binary, where the largest Ai value for a grid location is assigned a value of one in its
pigment map.

3. Materials and Methods

As a test of the proposed method, a simple four-color 10 × 10 cm impasto painting
on canvas was prepared using linseed oil paints (see Figure 1). The impasto painting was
chosen because it presented a challenging test of the algorithms and for convenience. The
paint was hand mulled using boiled linseed oil (Houston Art) and the pigments blue vitriol
(CuSO4·5H2O, J.T. Baker), Han blue (BaOCuO(SiO2)4, Kremer Pigments), terracotta red
(from fired red clay containing Fe3+), and rhodochrosite (MnCO3, Kremer Pigments). as
previously described [22]. The painting, Palm Tree on a Beach at Twilight, is of a palm tree
growing in sand against a dark blue sky. The palms of the tree were painted with blue
vitriol, which attains a green color when mixed with the oil and dried, the tree trunk
with terracotta red, the sky with Han blue, and the sand with rhodochrosite. A contact
profilometer was used to characterize the pigment thickness variations in the painting.

Composite images were created from the results to enable comparison to the original
painting. A composite image is a color image created from a pigment’s component map
and its red, green, and blue (RGB) values. Since only one pigment is assigned to a pixel,
there is no overlap of colors, and the composite image contains only pixels of four colors.

The collection of the LFEPR signals in the painting was performed using the EPR
MOUSE. The painting was attached to an acrylic bed of a two-axis positioning system with
0.1 mm resolution. The positioning system moves the painting over the MOUSE to the
various sampling positions on the ZX grid and lowered it onto the MOUSE. The grid is
relative to the MOUSE magnetic resonance coordinate system where B is along Z and the
RF polarized along Y [20]. The center of the elliptical sampling region was positioned on a
square grid, with a 3.33 mm spacing between horizontal and vertical grid lines, to produce
a 29 × 30 point sampling space on the painting. A finer grid is unnecessary, as resolution is
limited by the 3.5 × 5 mm elliptical sampling region. Locations on the painting are referred
to by their (z,x) location. Some overlap between adjacent sampled grid locations existed.
Figure 1 presents the grid and a few of the elliptical sampling regions superimposed onto
the painting. This image shows the smaller Z and larger X overlap of adjacent ellipses, as
exemplified by the ellipses at (24,8), (25,8) and (25,7), (25,8), respectively. When the ellipse
spans more than one pigment, as in the ellipse on grid (21,12), fractional sampling occurs,
and the EPR spectrum is a weighted sum of spectra from the pigments in the ellipse.

LFEPR spectra were acquired at each grid point using the acquisition parameters
presented in Table 1. Acquisition of data from the 870 points on the 29 × 30 grid took
approximately 14.5 hours. Parameters were chosen to record in a short amount of time a
discernable spectrum upon which a determination of the pigment could be made. Spectra
were recorded of the four pure pigments and used as reference spectra for the various
identification algorithms. Pigments with more similar spectral g-factors and absorption
line shapes and widths should be recorded slower with more spectral points to capture
their subtle differences, which would take more time.
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Table 1. LFEPR acquisition parameters.

Parameter Value

Frequency (ν) 388.5 MHz
Magnet sweep width 51 mT

Scan time 13 s
Number of spectral points 100

Modulation frequency 10 kHz
Modulation amplitude 2 mT

Time constant 0.1 s
Number of averages 1

This grid and the ellipses were used to create a digital truth image of the dominant
pigment at each location. Dominance was determined through visual assessment of the
surface area fraction of a pigment in the ellipse. Those locations covering a surface area
fraction greater than 0.6 were assigned the pigment with the larger fraction. Those locations
with fractions between 0.6 and 0.4 were assigned the thicker pigment. The truth image is
an approximate representation of the visual amount of pigment at each location. Although
the EPR signal is not equal to the visual amount owing to variations in the thickness of
a paint and its dependence on the concentration in a volume, the top surface of which is
only visible, it is the closest available indication of the presence of a pigment. A composite
truth image was created using the dominant pigment map and the RGB fractional values
of BV(0.59, 0.73, 0.53), HB(0.00, 0.00, 0.10), RC(0.89, 0.73, 0.50), and TR(0.47, 0.23, 0.14). This
image is presented in Figure 4.

The sampling procedure created a 29 × 30 × 100-point, spatial–spatial–spectral set
of data. Each of the spatial points was analyzed by three algorithms for identification of
the pigment at the point. The matrix, least squares, and interior-point algorithms were
implemented in MATLAB (Mathworks). All algorithms produced four pigment maps
where each grid location was single valued. The final step, presentation, was equivalent for
each algorithm. The four pigment maps were converted into a single composite image by
first colorizing each pigment map with its RGB values. The four layers representing each
pigment map were then combined to show the locations of all four pigments in a single
RGB image. Creating the composite image was also realized in MATLAB code.
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Four metrics assessed the ability of each algorithm to segment the pigments: true
positives (TP), true negatives (TN), false positives (FP), and false negatives (FN) [29]. TP are
the number of correctly identified pigment grid points. FP are the number of grid points
incorrectly identified as the pigment. TN are the number grid points correctly identified as
not being a pigment. FN are the number of pigment grid points that were not identified as
the pigment. Because the number of pigment grid points (P) and non-pigment grid points
(N) differ for each pigment, ratios were used to facilitate the comparison of an algorithm’s
ability to identify a pigment. The ratios are the true positive rate (TP/P), false negative rate
(FN/P), true negative rate (TN/N), and false positive rate (FP/N).

4. Results and Discussion

Figure 5 presents a plot of pigment thickness along the vertical Z = 9 grid line 3 cm
from the left edge of the painting. The three broad flatter regions with a thickness of ~0.8
mm correspond to the blue vitriol in the palm tree foliage. The topography of the impasto
painting varied by as much as 600 µm, making it impossible to perform quantitative
determinations with the algorithms. For this reason, all pigment maps were binary.
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Figure 5. The pigment thickness along a line in the painting corresponding to Z grid line 9. The
thickness plot is color coded to the paint’s RGB pigment color.

For spectral identification, it is preferable that the sweep width be wide enough for
the signal to start and end at zero signal. However, because these are LFEPR spectra where
the absorption widths can be comparable to the sweep width and the signal greater than
zero at the start of the scan, a method of reproducibly overlaying spectra was necessary.
The decided-upon method was one where all spectra were offset to start at zero signal
at zero magnetic field and normalized such that the largest negative signal values in the
spectra were equal. The offset, then normalized, EPR spectra for the four pigments are
presented in Figure 5. The four spectra present the similarities and differences in the spectra,
and the challenges of identifying them. These spectra are the Ri spectra introduced in the
background section. For the matrix algorithm, the four magnetic field values for m = 1, 2, 3,
and 4 in Equation (6) were 8.69, 12.79, 17.39, and 28.64 mT in these spectra. The vertical
dashed lines in Figure 6 indicate the location of these field values. These field values were
chosen to give unique, non-zero points in the spectra. They are sufficient to perform the
identification, but may not be optimal.
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Figure 6. LFEPR reference spectra of the four pigments in the painting. Spectra are offset to start at
zero signal and normalized such that the largest negative signal values were equal. Dashed vertical
lines indicate the field values used in the matrix algorithm.

Figure 7 presents the segmented images by the three pigment identification algorithms.
Also presented in this figure are discrepancy images where there is a difference between
the truth image (Figure 4) and an algorithm image. Image pixelation is a consequence
of the 29 × 30-point sampling grid. The algorithms prevented a pixel from belonging
to more than one pigment class. All three algorithms presented a recognizable image
that is comparable to the original painting and the truth image. Differences between the
outputs of the algorithms in the pixels identified as a certain pigment were less than five
pixels in all cases. Incorrectly identified pixels were primarily associated with boundary
locations where two or more pigments occupied a sampling region and a consequence of
the algorithm picking the larger signal over the larger visible surface area pigment. This
can be seen at the BV–HB and HB–RC boundaries. One exception can be found at grid
location (z,x) = (21,19) by the least squares algorithm. The truth image presents this location
as BV, but it was identified as TR. Since there is no TR in the painting at this point, the
discrepancy is attributed to the simplicity of this algorithm and the portions of RC and BV
present being interpreted as TR by the algorithm. The matrix and interior-point algorithms
identified this location correctly as BV.

The metrics for the four pigments by the three algorithms are summarized in Table 2.
Of the 870 grid locations on the painting, 210, 343, 270, and 47 are, respectively, assigned
to BV, HB, RC, and TR in the truth image. All algorithms had a true positive rate of 0.95
or better and a true negative rate of 0.98 or better for all pigments. These numbers are an
indication of the high sensitivity and specificity of all three algorithms. These two metrics
varied little between the algorithms for a given pigment. Similarly, there was very little
discrepancy between the algorithms in the number of false positives and false negatives
for a given pigment. In general, rhodochrosite was the most correctly identified pigment
by all the techniques. This was followed by terracotta red and blue vitriol. Han blue was
incorrectly identified the most with a false positive rate of 0.01 and a false negative rate of
0.04 to 0.05 by the algorithms.
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Table 2. Evaluation metrics for the identification algorithms.

Algorithm Metric
Pigment

Blue Vitriol Han Blue Rhodochrosite Terracotta Red

Matrix

TP/P 0.98 0.95 1.00 1.00
FP/N 0.02 0.01 0.01 0.00
FN/P 0.02 0.05 0.00 0.00
TN/N 0.98 0.99 0.99 1.00

Least Squares

TP/P 0.97 0.95 1.00 1.00
FP/N 0.02 0.01 0.01 0.00
FN/P 0.03 0.05 0.00 0.00
TN/N 0.98 0.99 0.99 1.00

Interior-Point

TP/P 0.98 0.96 1.00 1.00
FP/N 0.01 0.01 0.01 0.00
FN/P 0.02 0.04 0.00 0.00
TN/N 0.99 0.99 0.99 1.00

Similarities between the less than perfect metrics from an algorithm for a given
pigment are attributed to EPR spectral imperfections from noise. Since most discrepancies
are seen at the boundaries between pigments, where two pigments occupy the elliptical
sampling region, we attribute them to variations in the topography of the surface of the
painting and the use of a flat RF sample coil mounted in a flat housing approximately
equal to the size of the painting. Since the limit of detection increases as distance from the
sample coil increases, i.e., the coil creates less signal the further away the sample is from its
surface, the pigment closest to the sample coil will have the dominant signal of the two.
We estimated that the signal from a pigment covering as little as 40% of the ellipse area
and in contact with the coil would dominate over a pigment offset from the surface and
occupying 60% of the ellipse. The results indicate that this may be too conservative an
estimate.

For this four-pigment painting, it is possible with the matrix method to scan the
painting at just four magnetic field values rather than 100. The protocol would be to raster
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the mouse over the grid locations at four B value instead of incrementing the MOUSE
location and scanning the entire sweep width. This would significantly decrease the data
acquisition time.

5. Conclusions

The results of this study present art conservators and historians with another analytical
technique for identifying paramagnetic pigments and mapping their spatial distribution in
a painting. The EPR MOUSE can noninvasively collect LFEPR spectra from grid points on
a painting either by moving the painting over the MOUSE or the MOUSE over the painting.
These spectra can identify the pigment at each grid location on the painting. A dense grid
of identified pigments can be presented as a spatial map or color image of the pigments in
the painting.

All three spectral identification algorithms produced in an unsupervised manner
images that closely resembled the original painting and very closely matched the truth
image. The metrics used to compare the pigment maps from the three algorithms to the
truth image were exceptionally good. For all pigments by all algorithms, the true positive
rate was at least 0.95, and the true negative rate 0.98. Similarly, the false positive and false
negative rates were less than or equal to 0.02 and 0.05, respectively.

We believe the interior-point was the most robust algorithm followed by the least
squares and matrix algorithms. The matrix method was least robust because it depended
on only four spectral points and was the most sensitive to spectral noise. The least squares
algorithm was the simplest and worked surprisingly well. All three algorithms are scalable
to a larger number of pigments; however, performance will depend on the uniqueness and
quality of the spectra. Quantitative results should be possible with flatter (less impasto)
painting surfaces or the redesign of the MOUSE surface.

This study is part of a methodical approach to developing LFEPR spectroscopy for non-
invasively studying paintings. Earlier studies focused on identifying single pigments [21],
mixtures of two pigments [22], pigment layers [22], imaging of one component [23], and
now mapping the spatial distribution of four pigments. The presented analytical technique
is promising for application in topics related to the preservation of cultural her-itage, since
it is non-destructive and the designed system can operate automatically. In the future, we
intend to examine underpaintings, expand mapping to more pigments, and apply our
techniques to paintings with cultural heritage significance.
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