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Abstract: Reflection terahertz frequency modulated continuous waves scanner (300 GHz) 
has been proficiently optimized for imaging two easel paintings of different age. The 
information content of the obtained THz images has been fully inspected by selecting the 
appropriate THz image parameter. At the same time, a new data processing has been 
developed for improving the level of detail held by the axial parametric THz images by 
means of Gaussian fit of the reflected signals. By carefully weighting the reflected signals as 
a function of the optical path, the reflected amplitude has been corrected for the positioning of 
the object surface with respect to the beam focal point. The artifact affecting the THz images 
recorded from an uneven painting surface have been resolved and the obtained images fairly 
represent to the original painting. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
OCIS codes: (110.6795) Terahertz imaging; (100.2980) Image enhancement. 
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1. Introduction 
Terahertz radiation (0.1 – 10 THz frequency range, 1 THz = 1012 Hz) has been used for 
analyzing cultural heritage objects since 2006 [1, 2]. The most common devices used for this 
purpose are pulsed terahertz Time-Domain systems (TD THz). In fact, in reflection 
configuration, they are able to provide non-invasive cross-sections of the object under 
investigation by imaging the time-of-flight of the reflected THz pulses [1, 3–5], thus giving 
information about the internal structure of the object. Without being capable of providing 
depth information about a sample, Continuous Wave terahertz (CW THz) imaging systems 
have been also tested for investigating cultural heritage objects such as panel and easel 
painting replicas, jars, mummies (0.11 THz [6]), and lately real easel paintings (0.1 THz [7]). 

Just a few years ago, artworks started to be scanned by Frequency Modulated Continuous 
Waves terahertz (FMCW THz).These imaging systems have been used for scanning ancient 
mummified samples (0.1 THz and 0.3 THz [8]) and easel paintings (0.1 THz and 0.3 THz [9], 
[10]). Similarly to the time-domain systems, the reflection mode FMCW THz systems allow 
for the depth inspection of the object under investigation thanks to the frequency sweep of the 
emitted radiation [10–13]. TD and FMCW THz can collect significant information about the 
stratigraphy of multilayered samples and their internal structure [14, 15]. TD THz can be 
applied to the examination of thin samples (~1 cm), but with high axial resolution (minimum 
layer separation distance ~30-50 μm) [14–16]. The FMWC method can be applied to the 
examination of thicker samples (~5–15 cm), but its axial resolution is only about 1–2 mm [14, 
15]. 

Having the capability of providing non-invasively surface and depth information about the 
scanned object and being faster (up to 10 kHz acquisition rate [12] versus the ~100 Hz-1kHz 
of the TD system [17]) and lower priced [15] than pulsed terahertz systems, they are likely to 
spread more into the conservation and restoration sectors than the time-domain systems. 

In this paper, we will show how to optimize the information provided by the data acquired 
by the FMCW THz from highly heterogeneous objects, such as easel painting, by selecting 
the appropriate image parameters and by means of advanced signal processing. 

2. The investigated paintings 
We have investigated two paintings on canvas. Owing to the Gaussian nature of the beam, a 
scan performed by a XY scanning stage requires the surface of the object under investigation 
to be flat for positioning the surface plane within the Rayleigh range of the beam. For this 
reason, paintings can be considered a good subject for being scanned with this technology. 
The first painting represents some boats in a quiet lake [Figs. 1(a)-1(c), between the 20th and 
21st centuries, acrylic on canvas]. The second one represents a bucolic scene where a woman 
holding a child is surrounded by two putti and a male figure [Fig. 1(d), 18th century, oil on 
canvas]. 
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Fig. 1. a. The contemporary painting, front. b. The contemporary painting, raking light image. 
c. The contemporary painting, back. The 18th century painting, front 

3.Materials and methods 
The paintings have been scanned with a FMCW imaging system (SynViewScan TRMF, by 
SynView GmbH, Bad Homburg – Germany) in reflection mode at normal incidence by using 
the 300 GHz system head. The achievable depth resolution of the system is in the first 
instance limited by the bandwidth of the frequency modulation (Δf), according to dZ = 
(cfb)/2nΔf, where c is the speed of light in air, fb the beat signal frequency, n is the refractive 
index of the medium. For obtaining an effective operating frequency of 300 GHz, the 
frequency of the voltage controlled oscillator (VCO) changes linearly between 0.23 THz to 
0.32 THz, so that the Δf is equal to 0.09 THz [15, 18]. 

The contemporary painting has been scanned from Z = −70 mm to Z = 70 mm (141 data 
points), with a dZ step of 1 mm, with Z being the distance between the transceiver and the 
object surface, Z = 0 the distance at the beam waist and Z > 0 for distances closer to the 
transceiver. For the 2-D raster scan the steps sizes (horizontal, dX and vertical, dY) have been 
set equal to 1 mm, obtaining a 594 x 499 pixels image. 

The 18th century painting has been scanned with a dZ step of 0.2 mm from Z = −25 mm 
to Z = 25 mm (251 data points) and dX and dY steps equal to 1 mm, obtaining a 799 x 600 
pixels image. While the minimum distance between two adjacent data points dZ is equal to 1 
mm for the SynViewScan system configuration file, this last has been modified for reducing 
the dZ step along the Z axis. 

The linear scale signal amplitude has been employed for calculating the parameters used 
for plotting the presented THz images. When specified, contrast limited adaptive histogram 
equalization (CLAHE) has been implemented for enhancing the contrast of the calculated 
THz image [19]. 

4. Results and discussion 
4.1 Source of contrast in the FMCW amplitude image 

The profile and surface roughness of the object under investigation can be evaluated from the 
location of the maximum of the recorded signals. On the other hand, the shape of the recorded 
pulse can provide us important information about the stratigraphy of the object under 
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investigation, especially considering that the resolution bandwidth is often unable to resolve 
two closely spaced peaks in the recorded signal. For evaluating the shape of the pulse, it is 
widely used the full width at half maximum (FWHM) parameter. 

Figures 2(a)-2(c) show the signal parameters that can be used for plotting the THz images 
from the acquired data sets. These are the global maximum of the signal [Fig. 2(a)], the 
amplitude integrated over a specific Z range [Fig. 2(b), gray area], the full width at half 
maximum [FWHM, Fig. 2(b), dashed blue double-headed arrow], the signal amplitude at a 
specific Z position [Fig. 2(c), blue dots] and the locations at which the maximum of the 
signals is found along the Z axis [Fig. 2(c), red crosses]. 

 

Fig. 2. a. Schematization of the parameters used for imaging the scanned subjects a. The 
maximum amplitude vale (blue dot). b. Integration of the signal amplitude between specific Z 
range (gray area bonded above the signal) and FWHM (dashed blue double-headed arrow). c. 
Amplitude at a given position along the Z axis (blue dots) or Z values at which the maximum 
of the signals is found (red crosses) 

Figure 3(a) presents the THz gray-scale intensity image of the global maximum of the 
signals recorded from the contemporary painting after contrast enhancement. 

 

Fig. 3. a. THz image of the contemporary painting after contrast enhancement, parameter: 
signal global maximum. b. Signals recorded at the (x, y) coordinates reported in the legend, 
corresponding to the colored dots of Fig. 3(a). 

By comparing it with the surface topography of the painting obtained by illuminating the 
object with raking light [Fig. 1(b)] it can be observed that the black lines of the THz image 
correspond to the sharp edges of the thickest brushstrokes used by the artist to model the 
subjects in relief. Figure 3(b) displays the signals recorded at (x, y) coordinates corresponding 
to low [in correspondence of the sharp edges, green and red curves in Fig. 3(b)], medium 
[yellow and orange curves in Fig. 3(b)] and high [blue and violet curves in Fig. 3(b)] 
reflectivity values, which have been collected from neighboring pixels in two different areas 
of the painting. The reflectivity value of the signals recorded in correspondence of the black 
lines [Fig. 3(a)] drops notably off compared to that recorded in other region of the painting, 
possibly because of the edges diffraction effect. 
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The various color areas of the painting show differences in the reflectivity values such that 
a reasonable gray contrast in the THz image is provided. Looking at the painting, all the 
depicted clouds appear of the same white color whereas they seem differently and strongly 
contrasted in the THz intensity record, suggesting that the artist made them with different 
paint materials. The canvas texture is also identifiable in the THz image of the signal global 
maximum: it is particularly distinguishable in the area located under the foreground vessel on 
the left of the painting [Fig. 3(a), red dashed square]. An anomalous rectangle-like area is 
found in the top-right corner of the THz record, located as indicated by the yellow arrow in 
Fig. 3(a). This anomaly corresponds to the white adhesive label attached on the back of the 
painting [Fig. 1(c)]. 

Figure 4(a) shows the image of the signal amplitude integrated between Z = −13 mm and 
Z = −8 mm and it shows the wooden framework of the painting. In fact, the peak arising from 
the radiation back-reflected at the framework is mainly located within these Z positions, just 
before the main peak associated to the reflection at surface. Figures 4(b)-4(c) show the signals 
recorded at (100,300) and (100,200) (x, y) coordinates (black and blue lines), where no 
framework is present on the back of the painting, and at (300,300) and (300,200) (x, y) 
coordinates (red and magenta lines), where the framework is present. The peak associated 
with the reflection at the wooden structure (highlighted by black arrows in Figs. 4(b)-4(c) is 
clearly visible where the framework is present underneath the canvas. The second peak 
appears at minor Z values respect to those of the main one because the values of the Z axis 
increase for distances closer to the transceiver. 

When present, the second peak is distinguishable in the recorded signals since the thick 
wooden frame is spaced several millimeters away from the painting surface (≤ 8 mm) and an 
air gap is present between the canvas support and the wooden frame. Differently, the thin 
white adhesive label imaged in Fig. 4(a) is attached directly on the back of the canvas. The 
width of the main peak at the baseline is estimated ~6 mm; for this reason, additional minor 
peaks associated with reflections at interfaces located at a distance from the surface minor 
than this value cannot be distinguished as separate peaks, as it is the case of the white label. In 
spite of this, as previously observed, the layer thickness and material variations associated to 
the presence of the white label on the back of the canvas have an influence on the amplitude 
of the main reflected peak. This is the reason why the white label has been imaged by using 
the parameter global maximum of the reflected signals [see Fig. 3(a)]. 

 

Fig. 4. a. THz image of the contemporary painting after contrast enhancement, parameter: 
signal amplitude integrated between Z = −13 and Z = −8. b. Signals recorded at the different 
(x, y) coordinates reported in the Fig. 4(a) as colored dots. c. The same signals of Fig. 4(b), 
rescaled for enhancing the visibility of the second peak registered for the signals recorded at 
(x, y) coordinates at which the frame is present on the back of the painting. 
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4.2 Significance of the calculated image parameters versus the numeric precision of 
the signal amplitude values: Gaussian curve fit 

The step size dZ defines the numeric precision in the determination of the position of the 
maximum and FWHM from the recorded back-reflected signals. Even if selecting finer dZ 
during data acquisition could help in resolving two closely spaced peaks from the recorded 
signals, it will significantly and undesirably increase the acquisition and computation times. 

Nevertheless, smaller step sizes dZ can be obtained after the data recording by fitting a 
mathematical model to the acquired signals. Compared to those obtained from the raw 
recorded data, more precise values can be determined from a fitted model for the location of 
the signal maximum and for the FWHM. 

The recorded signals (main peaks, linear scale) are suitably described by the one term 
Gaussian model ( ) 2[ / )]( )  x b cf x ae− −= , where the coefficients a, b, c correspond to the amplitude, 
the centroid (location) and the standard deviation respectively, while x is the recorded data set 
[Figs. 5(a)-5(b) and Table 1]. 

 

Fig. 5. a. Gaussian fit of the signal at pixel (x, y) = (400, 400). b. Residuals from the fitted 
model 
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Table 1. Coefficients of the fitted model and goodness of fit for the signal at pixel (x, y) = 
(400, 400) 

Coefficients 
(with 95% confidence bounds) 
a 0.09221 
b −2.312 
c 1.136 
Goodness of fit (GOF) 
SSE 1.2170 10−5 
R-square 0.999 
RMSE 0.0002969 
SSE, sum of the squares due to error; 
RMSE root mean squared error 

Figure 6(a) show the THz image of the location of the maximum of the recorded signals 
along the Z axis, from −5 to 0 mm, with a dZ step of 1 mm (i.e. the data acquisition step). It 
can be observed how the key information provided by this image is that the main plane of the 
painting is tilted from the focal plane, being the top right corner the closest and the bottom 
left part the farthest from the focal plane. We can also observe some differences in the image 
parameter owed to the surface roughness of the object, particularly evident for the outlines of 
the two boats in the foreground. They are located closer to the transceiver compared to the 
neighbor pixels, possibly meaning that the artist deposed a thicker paint layer for let them 
stand out. The farthest area of the painting from the transceiver is located in the top-left 
corner of the painting. 

Figure 6(b) shows the image of the Gaussian b coefficient with a gray color map scaled 
between −5 and 0 mm [see color bar of Figs. 6(a)-6(b)]. Even by limiting to 4 the number of 
the significant decimal digits of the Gaussian b coefficient found, the resolution of the image 
has been dramatically improved. 

 

Fig. 6. a. THz image of the position of the maximum of the recorded signals. b. Image of the b 
coefficient (centroid) of the Gaussian model 

The key information obtained by the image of the b coefficient is no longer the main 
tilting of the panting from the focal plane, as previously observed [Fig. 6(a)], but the fine 
surface roughness of the painting. Apart from the foreground boats, further details of the 
painting seem to be in relief, such as the clouds and the other boats. The presence of the label 
on the back of the painting had an influence on the shape of the recorded signals and it can be 
observed how the Gaussian b values in that region differ from that of the adjacent pixels, 
especially at the label edges. In addition, a periodic oscillation of the b value parallel to the Y 
axis of the image is found, which is possibly related to a linear motor stage misalignment. 

Figure 7(a) shows the image of the FWHM (mm) of the acquired signals. Three different 
values are found for the FWHM of the recorded signals, either 1 mm, 2 mm or 3mm. The 
majority of the recorded signals have a FWHM equal to 2 mm [gray zones in Fig. 7(a)], while 
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the signals recorded where a major change in the tilting of the painting surface is observed or 
at the borders of the greater reliefs of the paint material [compare with Fig. 6(a)] are the only 
ones which shows a ± 1 deviation from this value [black or white areas in Fig. 7(a)]. It 
follows that the deviation from the 2 mm FWHM value found is mainly due to signal losses 
and distortions owed to edge effects while the variations of the FWHM related to the painting 
thickness and/or optical properties do not appear because minor of the adopted dZ step (1 
mm). 

Figure 7(b) shows the THz image of the FWHM (mm) of the Gaussian model calculated 
as 2 2 2log c  starting from the c Gaussian coefficient found. The FWHM of the model is 
numerically resolved with a greater precision (0.0001 mm), and allows for obtaining a more 
detailed THz image and information about the painting features related to the optical 
properties and/or the thickness of the painting [compare Figs. 7(a) and 7(b)]. 

 

Fig. 7. a. Image of the FWHM of the signals. b. Image of the FWHM of the Gaussian model 

4.3 Correction of the signal amplitude for the displacement of the object surface from 
the focal point 

 

Fig. 8. a. Terahertz image of the 18th century painting, parameter: signal global maximum. b. 
Terahertz image of the 18th century painting, parameter: position of the signal maxima. 

Figure 8(a) shows the THz image (global signal maximum) of the 18th century painting [Fig. 
1(d)]. The flesh and dresses of the depicted figures result well contrasted in the THz image. In 
fact, the highlights and the shadows of the painting respectively appear as the brighter and the 
darker parts of the THz image. Nevertheless, the top left corner of the THz image appears too 
bright compared to the other areas of the image, because of the displacement of the object 
surface from the focal point of the Gaussian beam, owing to the tilting of painting at that 
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location [Fig. 8(b), image of the position at which the maximum of the signals is found along 
the Z axis]. 

In fact, when the painting surface is displaced from the beam focal point, the collection of 
the reflected signal suffers severe losses. This is because the light cone of the reflected 
radiation exceeds the acceptance angle (numerical aperture) of the collecting lens, so that the 
exceeding part is lost. This is shown in Fig. 9(a), which shows the reflected signals recorded 
by the SynViewScan system at normal incidence from a metal plate for 21 different Z 
positions above and below the beam focal point. For the data acquisition, the metal plate has 
been positioned perpendicularly to the incident beam and it has been fixed on a manual 
graduated linear stage for changing its position along the Z-axis. The amplitude signal drop 
from the beam waist is in this case well described (SSE: 0.1792, R-square: 0.9928, RMSE: 

0.1093) by a two term Gaussian function ( )
2 21 2

1 2
( ) ( )

1 2 
x b x b

c cf x a e a e
− −

= + , with an, bn and cn being 
the Gaussian coefficients. This double Gaussian fit improves by a factor of 5 the SSE and 
RMSE with respect to a single Gaussian fit (not shown in this work). The deviation of the 
experimental data from the Gaussian model are primarily related to the geometrical optics, as 
well as the shifting of the focal point from the Z = 0 position (beam waist shifted from Z = 0 
to Z = 1.58 mm). The position of the maximum is approximately located at the focal point for 
most of the signals recorded at each (x, y) coordinate but, because of the unevenness of the 
painting surface, this parameter varies following the distribution shown in Fig. 9(b). 

 

Fig. 9. a. Signals acquired (colored solid curves) at distances 3.1 cm – 5.64 cm from the 
transceiver lenses at step of 2.54 mm; values of the signal maxima (black dots); Gaussian fit of 
signal maxima (dashed red line). b. Histogram of the distribution of the position of the 
maximum of the signals along the Z-axis for the investigated painting; the red curve shows the 
normal distribution fit. 

It follows that the amplitude of the signals recorded from the painting varies with the Z 
positions according to the Gaussian function found for the reference metal plate. Thus, the 
same calculated function has been used for weighting the signals recorded from the painting, 
thus correcting the THz image for the amplitude variations owed to the unevenness of the 
painting [Fig. 10(b)]. This helped in retrieving the details of the painting depiction that were 
lost before the THz image correction, e.g. the flesh and dresses of the depicted man [compare 
Figs. 10(a) and 10(b)]. 
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Fig. 10. a. Terahertz image of the 18th century painting, parameter: signal global maximum. b. 
Terahertz image after the signals correction 

5. Conclusions 
Terahertz frequency modulated continue waves system (300 GHz) has been proficiently 
applied to the investigation of two easel paintings of different ages. Both the thickness 
variations of the paint layer and the nature of the artistic materials used are capable of 
providing a contrast in the recorded THz images, thus giving important information about the 
painting structure and composition. The information content of the obtained THz images has 
been fully inspected by selecting the appropriate THz image parameters. In addition, we have 
demonstrated how the Gaussian fit of the recorded signals provides more precise values for 
the determination of the location of the signal maximum and for the signal FWHM, thus 
significantly improving the level of the detail held by the THz images. The dependency of the 
amplitude of the reflected signal on the beam optical path has been characterized and modeled 
for the scanner used during the experiments. Thus, we have successfully corrected the 
amplitude of the recorded signals for the displacement of the object surface from the beam 
focal point by means of the calculated Gaussian model. The access to subtle hidden technical 
information about painting gives a new interest for FMCW imaging in heritage science. 
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