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Abstract: An inlay sample with artificial defects was inspected via the pulse-compression
thermography (PuCT) technique. The sample belongs to the cultural heritage field, and it was realized
by a professional restorer based on his long-time experience, imitating historical art crafting styles.
The tesserae composing the inlay were not treated by any protective paints, so that external thermal
stimuli may cause physical/mechanical alterations of the cell walls, with consequent colour changes,
cracks, and eventually damage to its surface. To avoid any alteration of the sample, the PuCT technique
was used for inspecting the inlay sample as it allows the heating power to be very low, while assuring
enough thermal contrast for the defects to be detected after the exploitation of the pulse-compression
algorithm. Even if a maximum ∆T slightly exceeding 1 ◦C was detected during the PuCT test of the
inlay sample, it is shown that this is enough for detecting several defects. Further, image processing
based on the Hilbert transform increases defect detection and characterization. In addition, a novel
normalization technique, i.e., a pixel-by-pixel data normalization with respect to the absorbance
estimated by considering a characteristic value of the compression peak, is introduced here for the
first time. The proposed normalization enhances the defect detection capability with respect to the
standard pixel-by-pixel amplitude visualization. This has been demonstrated for two experimental
setups, both exploiting the same LED chips system as heating source but different thermal camera
sensors, i.e., one in the mid-infrared spectrum, the other in the far infrared one. Thus, the present
work is also the first small-scale test of a future portable system that will include low-power LED
chip feed in DC by metal-oxide-semiconductor field-effect transistor (MOSFET) devices, and a handy
far-infrared camera.

Keywords: pulse-compression thermography; inlay; LED chips; defects; data processing;
low power heat sources; low thermal contrasts
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1. Introduction

In recent decades, strong efforts have been put into the research of innovative techniques in the
field of physics and chemistry applied to cultural heritage (CH) for diagnostic and conservations,
based on both the applications of new materials and investigation methods. The main challenge in
the CH field is obtaining the greatest quantity of information without provoking any damage to the
inspected yet irreplaceable good, i.e., finding an efficient method for diagnostics without modifying
their aesthetical appearance. Physical features concerning defects present in such types of objects are
obtained using a variety of diagnostic techniques, among which infrared thermography (IRT) is one of
the most effective for gathering information about the inner structure of the samples [1].

In particular, optical techniques, such as holographic interferometry (HI), decorrelation,
shearography, electronic speckle pattern interferometry (ESPI) and IRT, were used in [2] for artwork
diagnostics, while some of these were applied in combination with post-processing algorithms to
improve the defect detectability in different CH samples [3–8]. Moreover, processing methods working
in the infrared spectrum have been described and applied by Vrabie et al. [9], Gavrilov et al. [10,11],
Bendada et al. [12] and Sfarra et al. [13]. In this scenario, a novel strategy based on modulating the heat
source via a pseudo-random binary excitation was used in [14] to reduce the risk associated with the use
of high-power heating source. The goal of the work was to develop an automatic scheme for detecting
faults in the captured images. An efficient scheme based on wavelet subspace decomposition was used,
which helped in the identifying of otherwise invisible weaker faults. A new contrast enhancement
metric was developed to demonstrate the quantitative efficiency of the algorithm.

Subsequently, Buctha et al. applied the lock-in technique to shearography [15], Sfarra et al. [16]
described the potentialities of infrared vision to explore sub-surface defects in polychromatic statues,
and Peeters et al. studied CH objects in different sub-spectral infrared bands by using macroscopic
reflection mode Fourier transform infrared (MA-rFTIR) [17].

Palomar et al. performed active IRT analysis of two stained-glass windows, considering also
the possibility to apply the method on in situ characterization [18], while Stamatopoulou et al. [19]
inspected the N. Kessanlis “Erotica” photosensitized cement with the aim of developing an integrated
methodology for a full-field investigation of complex contemporary artworks.

More relevant to the work here introduced, Laureti et al. [20] used the pulse-compression
thermography (PuCT) technique, using low power light-emitting diode (LED) chips, whose emission
was modulated via a pseudo-noise sequence. This approach minimized the heat radiated onto a
painted surface while assuring high inspection capabilities. Hyperspectral imaging was employed
to detect surface and subsurface features, such as pentimenti and facial contours. The best results
obtained by both techniques and post-processing methods (principal and independent component
analyses) were fused together. In [21], PuCT and hypercolorimetric multispectral imaging (HMI) were
combined for the diagnostic study of historical heritage, providing information on the whole structure
of the artworks, identifying surface degradation, different layers, and wood defects and their location
within the inner layers of the object. It should be noted that Bodnar et al. [22] proposed for the first
time the use of pseudo-noise excitation and the auto regressive moving average (ARMA) system
identification method for the detection of detachments in mural paintings.

Other research works concerning the application of non-destructive testing (NDT) in various
types of wood pieces assembled together can be found in [23,24].

Such a non-exhaustive and brief review is aimed at helping the reader understand how important
the IRT is for the conservation of artefacts, being either painted or unpainted.

In the present research work, IRT is applied on a wood inlay exploiting PuCT. The challenge here
is to use a low-power excitation via LED chips to inspect a sample with low thermal conductivity,
there being no doubt that wood is a thermal insulator, especially when dry, and a natural anisotropy
material. The wooden material’s natural insulating capacity inhibits the transmission of heat.
Sometime, pockets of trapped air may be generated at the consecutive interfaces of multi-layer wooden
materials, which were here exacerbated, becoming defects in terms of size, since they resemble natural
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splitting. This type of defect, along with others, was produced in the inlay sample described in
Section 3.

During the IRT inspection of insulating materials, a non-expert in the field may incorrectly think
that the higher the ∆T induced at the sample’s surface, the higher the capability of defect detection.
In fact, the defect detection capability, that is related to the signal-to-noise-ratio (SNR), is not directly
proportional to the absolute ∆T, but it strongly depends on how, and when, this ∆T is achieved.

In active IRT [1], an artificial thermal stimulus is employed to induce a thermal contrast,
allowing the subsurface defects to be detected. In general, the time of observation is inversely
proportional to the thermal diffusivity value, while the loss of thermal contrast is inversely proportional
to the cube of the defect depth [25,26]. In more detail, thermal waves are introduced to explain
the heat propagation within a sample, and they behave like evanescent ones, i.e., their amplitude
decreases exponentially during propagation. The higher the frequency of the waves, the larger the
exponential attenuation, and the faster the propagation of the velocity. Therefore, an optimal design of
the excitation heating signal must consider the physical and geometrical characteristics of the sample,
so as to maximize the inspection capabilities.

However, this optimization process is constrained: both an extended yet constant or a brief
high-power heating stimulus may lead to a modification of the original wood’s nature. This unwanted
thermal modification affects both the color and the chemical composition of wood. In terms of color,
thermal modifications affect key support components of the wood, such as lignin, cellulose and
hemicellulose. Color is a very important wood property, because its homogeneity determines the
appearance of the final product [27]. For this reason, such characteristics must be preserved over time
and during IRT inspections, which should fall into the non-destructive category.

In this framework, a good trade-off, for detecting subsurface defects in a multi-layer component
without compromising the aesthetic beauty of the artefact itself, is the use of the PuCT technique,
introduced in 2018 by some of the present authors as an efficient IRT scheme for inspecting painted
cultural heritage objects [28].

2. Pulse-Compression Thermography (PuCT)

Historically, pulse-compression (PuC) was introduced in radio detection and ranging (RADAR),
and later applied in acoustic, SONAR and several NDT techniques, including IRT, an example being
PuCT [20,21,28–37]. In this paper, the PuCT is used for minimizing the temperature increment ∆T of
the sample surface while assuring enough SNR at the same time.

By adopting the system theory approach, the PuC is a measurement technique for characterizing a
linear time-invariant (LTI) system by estimating its impulse response. The peculiarity of this approach,
with respect to the more traditional ones, e.g., using a short-pulse or a step excitation, is that coded
signals are employed to modulate the heat source. This in turn introduces high control of both the
delivered power and the excitation bandwidth, so that these can be chosen to both optimize the defect
detection and minimize the temperature increment of the sample.

The basic theory underlying PuC is introduced below, together with a step-by-step guide
for replicating the experimental activity, highlighting also the differences with respect to standard
active IRT excitation schemes. For a thorough overview of the PuC, the reader is referred to the
above-cited research.

As the starting point to introduce the PuC algorithm, it should be considered that
pulsed-thermography (PT) [38] is the most common yet effective approach used in active IRT.
High-power flash lamps are used in PT for exciting the sample, provoking a quick change of
the sample’s surface temperature. The flash duration is significantly shorter than the typical heat
diffusion time duration within the sample, so that the heating is quasi-instantaneous, while the cooling
trend is regulated by the local thermal properties of the inspected sample, i.e., specific heat, density and
thermal conductivity [39,40].



Appl. Sci. 2020, 10, 4233 4 of 15

By adopting again the system theory approach, the pulsed excitation is a good approximation
of the Dirac Delta function δ(t), thus an impulse response h(t) is directly obtained for each

(
jx, jy

)
pixel captured via an infrared (IR) camera as time elapses. The presence of defects/anomalies can be
inferred either via frequency and/or time domain analysis. In other words, the LTI system is completely
described by its impulse response h(t), thus the sample under test (SUT) is completely characterized
by measuring the set of its

{
h
(
jx, jy, t

)}
. PT is thus a very powerful, reliable and simple (perhaps

expensive) method for inspecting a huge variety of samples. However, the main drawback in applying
PT for inspecting artworks and CH goods is that the achieved SNR level is directly related to the
flash lamp power. In common NDT applications, PT is carried out by using systems of high-power
flash lamps, which are commonly capable of providing several kJ of energy within a few millisecond
(ms), meaning that a potential thermal shock can be provoked onto the CH sample’s surface [21,28].
Furthermore, if the flash power is increased more than enough to ensure the needed SNR, non-linear
phenomena can be originated, a fact that must be completely avoided when dealing with CH items.
Moreover, the onset of a non-linear behavior limits the use of PT data to build prognostic models that
can be useful for further analysis. For these reasons, it is highly desired to unlink the final SNR from the
heat source peak power and spread the overall amount of energy over a longer time interval. One can
argue that this can be achieved by using step-heating or lock-in, another two conventional active IRT
techniques, but such methods are not able (lock-in) or good enough (step-heating) to retrieve the
SUT’s impulse response (the provided information is limited). This fact highlights another challenge
in IRT inspection of CH items: these items are usually hand-made, multi-layer, complex structures,
built-up with inhomogeneous materials and with an inherent variation of the local properties (color,
material, curvature, etc.). To evaluate the presence of flaws, cracks, alterations, etc., one must be able
to distinguish between true defects and the intrinsic variability of the structure. Hence, gathering as
much information as possible is of utmost importance in CH inspection, as is avoiding any physical
alteration of the item.

In this framework, the use of coded modulated heating stimuli in combination with the PuC
algorithm, i.e., PuCT, showed promise for achieving the desired SNR while inferring a high number
of features from the impulse response analysis. The desired SNR is achieved by just increasing the
time duration T of the coded heating stimuli, meaning that (i) low-power heat sources such as LED
chips can be used, and (ii) the low temperature increment ∆T can be maintained (the overall amount
of energy is spread over a longer time with respect to PT). The desired information is retrieved by
exploiting the PuC algorithm.

Practically, PuC relies on the existence of a pair of signals
{
s(t), ψ(t)

}
, such that their convolution

(denoted with “∗”) δ̃(t), well-approximates the δ(t). See Equation (1):

s(t) ∗ψ(t) = δ̃(t) ≈ Aδ(t), (1)

wherein s(t) is a coded signal having time duration T and bandwidth B, ψ(t) is the so-called matched
filter and A is a constant proportional to the energy of s(t).

If s(t) is employed for modulating the heat source emission state, i.e., any on/off emission state,
and y(t) = h(t) ∗ s(t) is the output signal captured by the IR camera, an estimate h̃(t) of the impulse
response h(t) is retrieved by convolving y(t) with ψ(t). This procedure is carried out for each point
x–y of the captured thermograms, thus resulting in a collection of Nx ×Ny impulse responses h̃

(
jx, jy, t

)
,

where Nx and Ny are the amount of collected pixels along the x–y directions respectively. The overall
PuC process is shown in Equation (2) for a single pixel of the acquired thermograms, wherein the
presence of Additive White Gaussian Noise (AWGN) e(t) is also considered:

h̃(t) = y(t) ∗ψ(t) = h(t) ∗ s(t) ∗ψ(t)︸     ︷︷     ︸
=Aδ̃(t)

+ e(t) ∗ψ(t)︸     ︷︷     ︸
=ẽ(t)

= h(t) ∗ δ̃(t) + ẽ(t) ≈ Ah(t) + ẽ(t). (2)
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e(t) is here assumed as being uncorrelated to theψ(t). If this condition holds, then the instantaneous
power of the noise after PuC also increases by a factor A, i.e., Var(̃e(t)) ∼ A Var(e(t)) [41]. This gives
an insight into the SNR intrinsic gain mechanism of the PuC: while the estimated impulse response
amplitude is multiplied by a factor A, the equivalent noise amplitude is multiplied by a factor

√
A,

hence the SNR gain in the reconstructed impulse response is proportional to A itself, i.e., to the excitation
energy. Therefore, an arbitrary SNR gain can be achieved by tuning B and T. However, there are some
drawbacks in employing PuC. B is limited by the SUT and the measurement system and T is limited by
practical constraints, like limited measurement time, as well as physical ones, i.e., in IRT, the longer the
measurement time is, the longer the unwanted effect of lateral diffusion is. Further, due to the limited
values of T and B, “side-lobes” are always present in δ̃(t), so that h̃(t) could exhibit some mathematical
noise [29,30]. With the aim of mitigating the extent of the side-lobes, different strategies have been
proposed in the literature, which differentiate depending on the coded excitation used, i.e., whether it
is a frequency modulated chirp signal or a phase modulated one. In the former case, the use of window
functions for smoothing the amplitude of the matched filter and/or the coded input signal, or the use
of a tailored ψ(t) designed according to the Wiener filter theory, is highly beneficial [29,30,37,42–44].
In the latter case, periodic excitation or a pair of twin sequences can be used [45].

In both cases, it can be demonstrated that the maximum SNR is obtained when ψ(t) = s(−t) [41],
where s(−t) is the time-reversal of the input signal s(t).

Further, it must be noted that a suitable coded signal for PuC is usually a bipolar one, having no
DC component present, i.e., zero or close to zero mean, a good example being PuC-based ultrasonic
inspections performed via piezo transducers [31,44]. Conversely, the difficulty in realizing a bipolar
heating source for IRT application leads to an actual excitation signal yTR(t):

yTR(t) = h(t) ∗ s(t) + h(t) ∗ sSQ(t) + e(t) = y(t) + ySQ(t) + e(t). (3)

Comparing Equations (2) and (3), the contribution of ySQ(t) from y(t) must be removed before
applying the PuC algorithm. This can be done by using an optimized non-linear fitting function [29].

In this work, a Legendre pseudo-noise binary sequence was selected and employed as the coded
signal s(t) modulating the LED system’s heat emission. Legendre sequences are known for allowing
an almost perfect reconstruction of the δ(t) when used in cyclic convolution mode. The mathematical
details of such sequences, as well as the pros of the cyclic convolution process, can be found in
Hutchins et al. [45] and Ricci et al. [46].

The various steps of the here-employed PuCT procedure are listed below, and graphically
summarized in Figure 1 for two acquired pixels on thermogram, over a sound and a defected area,
respectively.

(1) The sample is excited via a periodic (two periods) Legendre sequence-modulated heating stimulus
of order 31, each bit having a duration of 1 s, leading to an overall duration of the stimuli T = 62 s;

(2) Thermograms are acquired for an overall time interval T;
(3) The step-heating removal procedure (Fitting) is applied pixelwise to the yTR(t) = ySQ(t) + y(t)

of the acquired thermogram sequence for obtaining y(t);
(4) The PuC algorithm is performed by convolving only the second period of y(t) with ψ(t),

thus retrieving h̃
(
jx, jy, t

)
, as for Equation (2). Note that ψ(t) is just the time reversal of a single

period of the periodic Legendre sequence.
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Melbourne, Australia, model: DP-250A 186, CE), and a drill (Hitachi, Tokyo, Japan, model: dv18dcl2, 
CE) were used for manufacturing the wooden sample. The sample was realized following an ancient 
technique, called “element by element” [47], and a detailed preparatory drawing was needed for its 
realization. In addition, a rabbit glue helped to hold in place the temporary support paper pieces, 
while a stronger glue was employed for the mahogany veneer and the inlay. The dimensions of the 
realized wood item were 200 mm × 200 mm × 5.4 mm. Concerning the artificial defects, two nails 
were added in the middle layer; a stucco made of diluted strong glue and chopped vegetable charcoal 
was used to realize a subsurface flaw simulating a splitting; and a pine wood, filling the function of 
support, was selected by the restorer. Three holes were made: (i) a through-thickness hole named “2” 
in Figure 2b and2c, (ii) hole having a diameter of 14 mm affecting half the thickness of the middle 
layer facing the front side, filled by stucco and named “1” in Figure 2b, and (iii) a hole having the 
same diameter but this time affecting half the thickness of the middle layer facing the back side, 
named “5” in Figure 2d. At the geometrical center of the sample, a flower (height: 170 mm) was drawn 
by using four types of wood (blond walnut, mahogany, maple and root of soft walnut). The restorer 
considered the directions of the consecutive wood grains (marked by arrows in Figure 2a) as is usual 
in inlay works. Figure 2a and 2b consider only the fabricated (i.e., splittings, voids and the inclusion 
of iron and stucco) and natural (i.e., subsurface knots, referred to as “4” in Figure 2b–d) defects, while 

Figure 1. Implementation of the Pulse-Compression Thermography (PuCT) procedure. A coded
periodic signal sTR(t) modulates the on/off state of the LED chips, exciting the investigated sample.
A non-linear fit function is applied to the output signal ySQ(t) + y(t) to remove the step heating
contribution ySQ(t) and obtain the y(t). The second period of the y(t) is then convolved (“PuC box”)
with the matched filter ψ(t) to obtain an estimate of the sample’s impulse response h̃(t).

3. Material and Methods

3.1. Sample Realization

The realization of the inlay sample shown in Figure 2 followed a very complex procedure. A series
of machinery and power tools were used. In particular, a jigsaw (Dremel, Mt. Prospect, IN, USA
model: scroll station 1800-1/5, CE), a wire and thick planer (Jet, La Vergne, TN, USA, model: jpt 310,
CE), a cross-cut saw (Compa Tech, Carpi, Italy, model: 300 jet, CE), a band saw (Minimax, San Marino,
Republic of San Marino, model: s/45, CE), a drill press (Woodman Taladro Columna, Melbourne,
Australia, model: DP-250A 186, CE), and a drill (Hitachi, Tokyo, Japan, model: dv18dcl2, CE) were
used for manufacturing the wooden sample. The sample was realized following an ancient technique,
called “element by element” [47], and a detailed preparatory drawing was needed for its realization.
In addition, a rabbit glue helped to hold in place the temporary support paper pieces, while a stronger
glue was employed for the mahogany veneer and the inlay. The dimensions of the realized wood
item were 200 mm × 200 mm × 5.4 mm. Concerning the artificial defects, two nails were added in the
middle layer; a stucco made of diluted strong glue and chopped vegetable charcoal was used to realize
a subsurface flaw simulating a splitting; and a pine wood, filling the function of support, was selected
by the restorer. Three holes were made: (i) a through-thickness hole named “2” in Figure 2b,c, (ii) hole
having a diameter of 14 mm affecting half the thickness of the middle layer facing the front side, filled by
stucco and named “1” in Figure 2b, and (iii) a hole having the same diameter but this time affecting
half the thickness of the middle layer facing the back side, named “5” in Figure 2d. At the geometrical
center of the sample, a flower (height: 170 mm) was drawn by using four types of wood (blond walnut,
mahogany, maple and root of soft walnut). The restorer considered the directions of the consecutive
wood grains (marked by arrows in Figure 2a) as is usual in inlay works. Figure 2a,b consider only the
fabricated (i.e., splittings, voids and the inclusion of iron and stucco) and natural (i.e., subsurface knots,
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referred to as “4” in Figure 2b–d) defects, while Figure 2c,d provide their locations with respect to the
front (i.e., the tessellatum layer) and the back side, respectively. Defect 2 affects the whole middle layer
(Figure 2c), that is, the core (thickness: 4 mm), of the sample and is put between two external skins
layers (thickness: 0.7 mm, each). The external skin layers are shown in Figure 2c,d in green, while the
middle layer is depicted in a blue color. The size of the nails was 14 mm × 1.6 mm, each. A non-stick
paper helped the realization of splitting 3 (Figure 2b,c) and splitting 6 (Figure 2d), which can be
considered as surface and subsurface flaws respectively, with respect to the tessellatum layer.
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Figure 2. Inlay sample: (a) position of the defects beneath the front (tessellatum layer) side, (b) additional
explanations of the position of some defects, (c) position of the defects beneath the rear side, (d) additional
explanations of the position of the remaining defects.

3.2. Experimental Setups

Two experimental PuCT setups have been used for inspecting the wood sample. Both setups
employed the same LED chips and power supply, the main difference being the IR camera used.

The first experimental setup is shown in Figure 3a. This made use of an uncooled FLIR Systems
T660 (Wilsonville, OR, USA) camera (640 × 480 pixels) in the far-infrared, connected to a PC/Digital
Signal Processing (DSP) unit via USB connection. A TiePie HS5 HandyScope (TiePie Engineering,
Sneek, Netherlands) was employed as an arbitrary waveform generator (AWG) to get the coded signal
excitation and feed a TDK Lambda GEN 750 W power supply (TDK Corporation, Tokyo, Japan),
which in turn powered the LED chips with an nominal maximum power of 400 W. The camera was
placed in reflection mode, i.e., at the same side of the LED chips, and thermograms were recorded at
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30 FPS. The distance between the camera/LED chips and the sample was about 800 mm. This setup
was used for both measuring the surface temperature increment during the provided coded stimuli,
and to perform PuCT measurements.

The other setup is shown in Figure 3b. It is the same as the above-described setup, but a National
Instrument PCI-6711 AWG board (National Instruments company, Austin, TX, USA) and a National
Instrument 1433 Camera Link Frame Grabber were used to connect the IR camera to the PC/DSP
unit and to manage the TDK Lambda GEN 750W power supply. The mid-IR camera was a Xenics
Onca-MWIR-InSb IR (320 × 256 pixels). The thermograms were acquired at 40 FPS. An ad-hoc
developed LabVIEWTM virtual instrument managed the signal generation/acquisition of both setups.
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Figure 3. Pulse-compression thermography (PuCT) experimental setups: (a) the far-infrared and (b)
mid-infrared experimental setups.

4. Discussion

Figure 4 shows some typical characteristics of raw thermograms acquired during the application
of the employed Legendre pseudo-noise thermal excitation. Figure 4a reports the temperature trends,
i.e., the yTR(t) curves, corresponding to three different points of the SUT collected by using the setup
shown in Figure 3a, that is, the FLIR T660 camera. It can be noted that the heat power was so small
that a maximum ∆T of 1 ◦C was achieved after 62 s of excitation for all the three considered pixels.
The temperature gently rose as time elapsed, thus avoiding any possible risk to the SUT. Some defects
can be barely detected by analyzing the raw thermograms, but low values of image SNR were reached.

In contrast, Figure 5 shows the results obtained after the implementation of the PuC procedure
detailed in Figure 1. After PuC, the “equivalent” temperature rise is quick and significantly larger
than in the raw data case (see Figure 4b). This ensured the higher SNR and defect detection capability,
as evident in Figures 5c and 6, where some selected thermograms obtained after PuC at different
time instants are reported. The defect “2”, the splitting “B”, the wood grain and the subsurface knots
are visible.
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To compare the two experimental setups, and thus the use and effectivity of a long-wave (setup
(a) and a middle-wave (setup (b) IR camera, Figures 7 and 8 depict the PuCT results obtained by
processing the raw data collected with setups (a) and (b), using the same excitation parameters and
LED chips system.
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Figure 8. Selected thermograms obtained after PuCT applied to experimental data collected with
Xenics Onca-MWIR-InSb, i.e., setup (b).

Although very similar results were obtained, the use of the middle-wave IR camera results in a
better discrimination between outer and inner structures. The subsurface defects, the knots and the
wood grain appear with more contrast by using setup (b), and the inlay pattern disappears almost
completely as the time elapses. Conversely, the inlay pattern is always well evident using setup (a).
From these preliminary results, we cannot conclude whether this is due to the spectral bandwidth
or to the type of sensor used (bolometers for the FLIR T660 vs photodiodes for the Xenics), or that
this is related to the type of sensor cooling, but is just a practical observation that corroborates other
unpublished tests on historical paintings and wall paintings made with the same setups.

Moreover, Figures 5–8 show that the darker parts of the inlay increase in temperature more than
the lighter ones (see the picture of the sample in Figures 1 and 3). This is something expected for a
heat stimulus provided by a light source where the color is related to the absorbance, and this is why
the inlay drawing is clearly visible at the maximum temperature rise after PuC, i.e., around t = 1.5 s.
Although on one hand this can make surface defects easier to identify, it may hamper the detection of
defects, inhomogeneities and voids buried at deeper depths within the inner structure, that could be
overshadowed by the surface pattern.

To tackle this problem, the Hilbert transform, introduced in [35], was applied pixelwise to extract
the time-phase feature pixelwise in [21]. The same analysis was repeated here for the inlay data.
Time-phase is quasi-insensitive to local variations of surface emissivity due to different colors, materials,
thicknesses, etc., which is analogous to the phase in pulsed phase thermography (PPT) or lock-in
thermography. Hence, it can help achieve a better detection of subsurface defects.

Figure 9 reports the time-phase thermograms obtained by applying the Hilbert transform to the
PuCT data depicted in Figures 5–8. The time-phase feature allows the inlay surface pattern (i.e., in first
approximation, the surface emissivity pattern) to be effectively compensated, making the inner layers
of the structure more evident. This fact is noticed in the better definition of the wood grain, and in the
greater contrast of the artificial defects and wood knots with respect to the background. Even if barely
visible, the defect “1” (Figure 2b), can now be recognized, as indicated by the red arrows in Figure 9.
Instead, there is no evidence of the remaining defects, the nails, or of the splitting “6” (Figure 2b).
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Figure 9. Selected thermograms imaging the timephase feature for PuCT data, from both setup (a) and
setup (b).

However, the Hilbert transform must be applied pixelwise to extract the time-phase feature,
thus increasing the computational burden of the PuCT. For this reason, another approach has been
tried to mitigate the effect of the surface inlay pattern. The pivot of the proposed approach is the
normalization of the equivalent temperature trends after PuC, by considering the temperature rise
in the very first moment, which in turn can be considered directly proportional to the absorbance of
the surface. The result of this process is summarized in Figure 10, where some thermograms after
the here-introduced normalization are shown, corresponding with the same time instants analyzed
in Figure 9.
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Figure 10. Selected thermograms imaging the normalized temperature for PuCT data, from both setup
(a) and setup (b).

The thermograms in Figure 10 are very similar to those shown in Figure 9, demonstrating that
the proposed approach can be a valid alternative to the time-phase feature. Furthermore, in this
case, the defect “2” can be recognized, and for Xenics data, i.e., setup (b), a hint of the splitting “6”
seems visible.

5. Conclusions

Pulse-compression thermography has been shown to be a valuable technique for cultural heritage
items and artworks inspection, as it is capable of contextually providing good defect detection, as well
as a very low and smooth temperature increment, which is extremely important for such items.
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Two different setups were compared, using in one case a long-wave handy IR camera, and an active
cooled middle-wave IR camera in the other. In addition, two different post-processing methods to
enhance sub-surface defect detection were illustrated: time-phase and normalized temperature.

Both ensure a higher sensitivity for inner defects than the sole analysis of the equivalent
temperature increase retrieved after pulse-compression. In conclusion, image processing can be further
improved by using post-processing techniques, as well as by combining different features in unique
imaging algorithms.
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23. Sfarra, S.; Theodorakeas, P.; Černecký, J.; Pivarčiová, E.; Perilli, S.; Koui, M. Inspecting marquetries at
different wavelengths: The preliminary numerical approach as aid for a wide-range of non-destructive tests.
J. Nondestruct. Eval. 2017, 36, 6. [CrossRef]

24. Tavakolian, P.; Sfarra, S.; Gargiulo, G.; Sivagurunathan, K.; Mandelis, A. Photothermal coherence tomography
for 3-D visualization and structural non-destructive imaging of a wood inlay. Infrared Phys. Technol. 2018,
91, 206–213. [CrossRef]

25. Cielo, P.; Maldague, X.; Déom, A.A.; Lewak, R. Thermographic non-destructive evaluation of industrial
materials and structures. Mater. Eval. 1987, 45, 452–460.

26. Allport, J.; McHugh, J. Quantitative evaluation of transient video thermography. In Review of Progress in
Quantitative Non-Destructive Evaluation; Thompson, D.O., Chimenti, D.E., Eds.; Plenum Press: New York, NY,
USA, 1988; pp. 253–262.

27. Sikora, A.; František, K.; Gaff, M.; Vondrová, V.; Bubeníková, T.; Kubovskỳ, I. Impact of thermal modification
on color and chemical changes of spruce and oak wood. J. Wood Sci. 2018, 64, 406–416. [CrossRef]

28. Laureti, S.; Sfarra, S.; Malekmohammadi, H.; Burrascano, P.; Hutchins, D.A.; Senni, L.; Silipigni, G.;
Maldague, X.P.V.; Ricci, M. The use of pulse-compression thermography for detecting defects in paintings.
NDT E Int. 2018, 98, 147–154. [CrossRef]

29. Silipigni, G.; Burrascano, P.; Hutchins, D.A.; Laureti, S.; Petrucci, R.; Senni, L.; Torre, L.; Ricci, M. Optimization
of the pulse-compression technique applied to the infrared thermography nondestructive evaluation.
NDT E Int. 2017, 87, 100–110. [CrossRef]

http://dx.doi.org/10.1515/oere-2015-0013
http://dx.doi.org/10.1007/s10765-015-1962-8
http://dx.doi.org/10.1016/j.infrared.2016.06.018
http://dx.doi.org/10.1007/s10765-017-2333-4
http://dx.doi.org/10.3390/app8010050
http://dx.doi.org/10.1111/ijag.12352
http://dx.doi.org/10.1016/j.culher.2019.06.009
http://dx.doi.org/10.3390/s19194335
http://www.ncbi.nlm.nih.gov/pubmed/31597266
http://dx.doi.org/10.1016/j.culher.2019.05.005
http://dx.doi.org/10.1007/s10765-012-1265-2
http://dx.doi.org/10.1007/s10921-016-0384-2
http://dx.doi.org/10.1016/j.infrared.2018.04.018
http://dx.doi.org/10.1007/s10086-018-1721-0
http://dx.doi.org/10.1016/j.ndteint.2018.05.003
http://dx.doi.org/10.1016/j.ndteint.2017.01.011


Appl. Sci. 2020, 10, 4233 15 of 15

30. Laureti, S.; Silipigni, G.; Senni, L.; Tomasello, R.; Burrascano, P.; Ricci, M. Comparative study between linear
and non-linear frequency-modulated pulse-compression thermography. Appl. Opt. 2018, 57, D32–D39.
[CrossRef] [PubMed]

31. Laureti, S.; Khalid Rizwan, M.; Malekmohammadi, H.; Burrascano, P.; Natali, M.; Torre, L.; Rallini, M.; Puri, I.;
Hutchins, D.; Ricci, M. Delamination Detection in Polymeric Ablative Materials Using Pulse-Compression
Thermography and Air-Coupled Ultrasound. Sensors 2019, 19, 2198. [CrossRef] [PubMed]

32. Malekmohammadi, H.; Laureti, S.; Burrascano, P.; Ricci, M. Comparison of optimisation strategies for the
improvement of depth detection capability of Pulse-Compression Thermography. Quant. InfraRed Thermogr.
J. 2020, 17, 26–39. [CrossRef]

33. Wu, S.; Gao, B.; Yang, Y.; Zhu, Y.; Burrascano, P.; Laureti, S.; Ricci, M.; Wang, Y. Halogen optical referred
pulse-compression thermography for defect detection of CFRP. Infrared Phys. Technol. 2019, 102, 103006.
[CrossRef]

34. Mulaveesala, R.; Tuli, S. Theory of frequency modulated thermal wave imaging for nondestructive subsurface
defect detection. Appl. Phys. Lett. 2006, 89, 191913.

35. Tabatabaei, N.; Mandelis, A. Thermal-wave radar: A novel subsurface imaging modality with extended
depth-resolution dynamic range. Rev. Sci. Instrum. 2009, 80, 034902. [CrossRef]

36. Mulaveesala, R.; Venkata Ghali, S. Coded excitation for infrared non-destructive testing of carbon fiber
reinforced plastics. Rev. Sci. Instrum. 2011, 82, 054902. [CrossRef]

37. Arora, V.; Mulaveesala, R. Pulse compression with gaussian weighted chirp modulated excitation for infrared
thermal wave imaging. Prog. Electromagn. Res. Lett. 2014, 44, 133–137. [CrossRef]

38. Avdelidis, N.P.; Almond, D.P.; Dobbinson, A.; Hawtin, B.C. Pulsed thermography: Philosophy, qualitative
and quantitative analysis on certain aircraft applications. Insight Non-Destruct. Test. Monit. 2006, 48, 286–289.
[CrossRef]

39. Carslaw, H.; Jaeger, J. Conduction of Heat in Solids, 2nd ed.; Oxford Clarendon Press: Oxford, UK, 1959; p. 1959.
40. Burgholzer, P. Thermodynamic Limits of Spatial Resolution in Active Thermography. Int. J. Thermophys.

2015, 36, 2328–2341. [CrossRef] [PubMed]
41. Turin, G. An introduction to matched filters. IRE Trans. Inf. Theory 1960, 6, 311–329. [CrossRef]
42. Burrascano, P.; Laureti, S.; Senni, L.; Ricci, M. Pulse Compression in Nondestructive Testing Applications:

Reduction of Near Sidelobes Exploiting Reactance Transformation. IEEE Trans. Circuits Syst. I 2018, 99, 1–11.
[CrossRef]

43. Harput, S.; Arif, M.; McLaughlan, J.; Cowell, D.M.; Freear, S. The effect of amplitude modulation on
subharmonic imaging with chirp excitation. IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 2013,
60, 2532–2544. [CrossRef]

44. Rizwan, M.K.; Senni, L.; Burrascano, P.; Laureti, S.; Goldammer, M.; Mooshofer, H.; Ricci, M.; Borgna, R.;
Neri, S. Contextual Application of Pulse-Compression and Multi-frequency Distance-Gain Size Analysis in
Ultrasonic Inspection of Forging. J. Nondestruct. Eval. 2019, 38, 72. [CrossRef]

45. Hutchins, D.; Burrascano, P.; Davis, L.; Laureti, S.; Ricci, M. Coded waveforms for optimised air-coupled
ultrasonic nondestructive evaluation. Ultrasonics 2014, 54, 1745–1759. [CrossRef]

46. Ricci, M.; Senni, L.; Burrascano, P. Exploiting pseudorandom sequences to enhance noise immunity for
air-coupled ultrasonic nondestructive testing. IEEE Trans. Instrum. Meas. 2012, 61, 2905–2915. [CrossRef]

47. Hamilton Jackson, F. Intarsia and Marquetry—Handbook for the Designer and Craftsman; Sands and Company:
London, UK, 1903; 265p.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1364/AO.57.000D32
http://www.ncbi.nlm.nih.gov/pubmed/30117936
http://dx.doi.org/10.3390/s19092198
http://www.ncbi.nlm.nih.gov/pubmed/31086005
http://dx.doi.org/10.1080/17686733.2019.1603824
http://dx.doi.org/10.1016/j.infrared.2019.103006
http://dx.doi.org/10.1063/1.3095560
http://dx.doi.org/10.1063/1.3594551
http://dx.doi.org/10.2528/PIERL13111301
http://dx.doi.org/10.1784/insi.2006.48.5.286
http://dx.doi.org/10.1007/s10765-015-1890-7
http://www.ncbi.nlm.nih.gov/pubmed/26594081
http://dx.doi.org/10.1109/TIT.1960.1057571
http://dx.doi.org/10.1109/TCSI.2018.2862868
http://dx.doi.org/10.1109/TUFFC.2013.2852
http://dx.doi.org/10.1007/s10921-019-0612-7
http://dx.doi.org/10.1016/j.ultras.2014.03.007
http://dx.doi.org/10.1109/TIM.2012.2200409
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Pulse-Compression Thermography (PuCT) 
	Material and Methods 
	Sample Realization 
	Experimental Setups 

	Discussion 
	Conclusions 
	References

