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Abstract

In this study, an ancient book dating back 1822 was inspected by infrared thermography method, working in the
active modality. Data was processed by different techniques in order to reduce the impact of non-uniform heating and, in
the same time, to improve the thermal imprint of the natural defects detected. In order to confirm the results obtained,
both the holographic interferometry and the nuclear magnetic resonance (NMR) techniques were used. The results
appear in good agreement among them. Finally, the book binding was also studied into the near-infrared spectrum, while
the lateral hinge was inspected by speckle techniques.

1. Introduction

Within the field of book history, the study of the technical and material aspects of bookbinding constitutes a
separate part. As decorative objects, bindings have been studied since the nineteenth century. It was, however, only in
the second half of the twentieth century that the history of the technique of bookbinding developed as a discipline in its
own right. In addition, the construction of books became a topic of interest. The use of materials, the binding’s structure
and particular marks of craftsmanship came to be valued as key factors on the book’s history. In parallel, the importance
of the figure of book conservators grew. Over the last decades, the exchange of information between scientists and
conservators has much intensified and has contributing to the study of the physical aspects of books [1-2].

The awareness and recognition that a manuscript or printed book also carries information beyond its text is
relatively new, and it has added an interesting dimension to the study of books [3]. The construction and the materials
used to make the artefact can reveal valuable data about the historical and social context of a particular text and the
book as an object. Through examination of the physical book, information may come to light that could not have been
found in another way, for example on the item’s provenance [4—6]. In other cases, material evidences may corroborate
clues already found through different methods, thus supporting theories that otherwise could remain inconclusive [7-8].

It is widely acknowledged the use of infrared thermography (IRT) method for monitoring defects in book
bindings [9-10], parchment sheets [11-12] and, more recently, for the detection of hidden texts in books [13] and mural
paintings [14-15]. As shown in the latest two references, the implementation of advanced techniques for processing raw
thermograms enhances the results obtained [16]. The present work is focused on the detection of structural problems in
books having a rigid and thick front and rear facets; in order to better define the damaged areas to be restored. In
particular, the higher order statistics thermography (HOST) [17] and the wavelet transform thermography (WTT) [18]
techniques have been selected, since the first one provides a single result that is, therefore, independent by the personal
point-of-view of the material scientist, while the second one tends to automatically provide the same advantage thanks to
the use of the optimal choice of the scales linked to the complex Morlet wavelet. The more damaged areas, due to a
serious woodworm attack, have been pointed out on the Kurtogram result by using a segmentation algorithm described
in [16]. The WTT technique worked very well in the confirmation of these suspicious areas when combined with a
coherence analysis [19].

However, from the authors point-of-view, in order to in depth clarify the nature of the defects discovered, the
thermographic method should be supported by chemical-physical analyses. Indeed, the combined use in a single sensor
of IRT and optical non-destructive testing (NDT) techniques, such as holographic interferometry (HI) and/or digital
speckle photography (DSP), provided interesting results for the defect detection of natural and artificial defects [20]. In
particular, the first one explores in-depth the object to be analyzed, while the second one provides a more superficial
evaluation of the state of conservation. On this research field, some experiences have been done in the diagnostics of
frescoes [21], panel paintings [22], mosaics [23], marquetries [24], painting on canvas [25] and wooden statues [26].
Therefore, the idea to reproduce the integrated approach also in the case of ancient book bindings naturally set off.

All these types of artworks could also be affected, e.g., by biological damage. Holes in books and bindings,
large chewed areas and scraped surface are all evidences of pest attacks. The degree of degradation caused by the
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larvae can be very different. It is linked to the nature of the book binding, the species of insects, the observation time and
the building’s micro-climate in which they are stored [27].

'H NMR relaxometry proved to be a very effective technique in studying porous systems like paper, allowing the
determination of its structure and possible alterations through the different interactions between cellulose and water. In
particular, longitudinal T; and transverse T> NMR relaxation times correlation maps characterize non-exchanging water
populations [28], and detects both the material’s water content and the decay conditions. The use of a single-sided NMR
probe offers the chance of non-invasive analyses [29]. Because a surprising matching between the results coming from
NMR and IRT techniques has been noticed, it is reasonable to assume that the defective areas are both sub-superficial
and structurally dysfunctional. The evidence is provided by the investigation of the book binding (thickness = 3 mm) in
reflection and transmission modes through a multispectral analysis [30], by working into the near-infrared (NIR)
spectrum.

Summarizing, the infestation in books can be controlled both by physical and chemical treatments, but the aim
of the security managers of the collections should be to prevent pests just before the trigger of the decay. The integrated
approach presented herein follows this direction.

2. Brief description of the nondestructive testing (NDT) techniques

Near-Infrared Reflectography (NIRR) and Transmittography (NIRT): introduced in 1968 by J.R.J. van Asperen
de Boer [31] as a technique used to look through the paint layers (reflectogram) or to inspect the internal fibres
distribution (transmittogram), it became more relevant in the composite materials field in 2013, when a digital subtraction
performed in Matlab® environment between the reflectogram and the transmittogram recorded at the same wavelength
with the result obtained subsequently analyzed via distance transform (DT), has been applied for the first time [32].

Infrared thermography (IRT): it is a proactive problem-solving and predictive maintenance tool which wields its
potential through a thermographer and an infrared camera. Although different techniques useful to process raw
thermograms exist [33], the fourth order statistic parameter, namely kurtosis, applied to a square pulse has been
investigated. Kurtosis is generally defined as a measure reflecting the degree in which a distribution reaches the peak. In
particular, kurtosis provides information regarding the height of the distribution relative to the value of its standard
deviation [34]. The surface temperature evolution for a non-defective area after the launching of a square pulse follows a
leptokurtic distribution, where the room temperature presents the highest frequency. Therefore, the kurtosis value is very
high. For a defective zone, the surface temperature shows a higher or lower room temperature scores depending on the
diffusivity value of the defective material. For a defect with a higher thermal diffusivity than the surrounding material, the
distribution is more peaked and the kurtosis value is higher for a defective pixel than for a non-defective pixel. On the
contrary, the distribution shows a wider peak and the kurtosis value is lower for a defective pixel than for a sound pixel, in
a defective material having a lower thermal diffusivity than the surrounding material. At this point, it is possible to
estimate the kurtosis values for every pixel in the thermogram matrix and to obtain an image with these values, i.e., a
kurtogram. On one hand, the kurtogram provides a first indication of the position of possible sub-superficial defects, and
a second indication of their thermal diffusivity [35]. On the other hand, the main benefit of wavelet over Fourier analysis is
that both time and frequency localization can be achieved in the former. This is because wavelet analysis employs a
wave packet, whereas Fourier analysis uses an infinite wave train of sines and cosines. In the present case the authors
use the standard Morlet wavelet, i.e., a Gaussian modulated sine wave of the form [36]:

Y(n) = 1 texp(iwon)exp (— "2—2> @)

where, " is a normalization term, n=n/s is the dimensionless time parameter, n is the time parameter, s is the
scale of the wavelet, wo=sw is the dimensionless frequency parameter (taken as wo=2 in this work), and w is the
frequency parameter. It should be noted that in wavelet analysis, the wavelet scale is directly related to the oscillation
period, and hence to the oscillation frequency. The measuring of phase coherence is carried out to attribute a value of
support to measurements of phase difference between two time series (corresponding to defective and defect-free
areas), with large values of phase coherence signifying that the phase difference varies smoothly as a function of
frequency (i.e., non-random). As such, in [37] is described the wavelet coherency as “an accurate representation of the
(normalized) covariance between the two time series”. In addition the cone of influence (COI) is the region of the wavelet
spectrum in which edge effects become important; it is defined as the e-folding time for the autocorrelation of wavelet
power at each scale. This e-folding time is chosen so that the wavelet power for a discontinuity at the edge drops by a
factor e and ensures that the edge effects are negligible beyond this point.

Holographic interferometry (HI): it provides a means for nondestructive whole-field displacement measurements
with very high sensitivity. In double-exposure (DE) HI, two holograms of the two object waves occurring sequentially in
time are recorded on a single photographic plate. When such a hologram is reconstructed, two superimposed images of
the same object are produced. The interference between these images produces interference fringes overlaid on the
image of the object. The interference fringes are indicative of deformation, displacement, rotation and change in
refractive index or thickness of the object. When viewing direction is altered, the fringes shift and change their form. A
hologram of the object in its initial unstressed state is recorded by exposing the photographic plate. Without removing the
photographic plate from the setup, the object is stressed and a second exposure is made [38]. It is also possible to
perform the reverse option; it is named ambient drift.
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Digital speckle correlation (DSC): it can measure directly the surface displacement vector and strain tensor to
sub-pixel accuracy. This technique involves recording, digitizing and processing a pair of speckle patterns of a sample in
different deformation states, one before deformation and another after deformation. If a speckle area in the speckle field
before deformation is defined as reference subset and the speckle area corresponding to the subset after deformation is
defined as object subset, what is required is to identify the corresponding relation between the two subsets. The
difference between the two subsets includes the deformation information of the sample. The method for comparing the
two subsets is commonly given by the use of the correlation coefficient [39]. In the present work, the Mat Particle Image
Velocimetry (PIV), usually named MatPIV, has been used [40]. It is based on the principles of pattern matching. The
displacement of local patterns in an image may be found by calculating the (local) similarity (or minimal difference)
between two successive images (specklegrams). Taking into account the small nuances to be detected in the cultural
heritage field with respect to the composite material field [41], in this work, a preventive analysis via dark and flat field
master images has been used. Indeed, the method can be applied also for speckle imaging by following the experience
recently made in X-ray imaging [42].

Nuclear magnetic resonance relaxometry (R-NMR): it represents the loss of magnetization from the spin system
to the molecular environment by energy dissipation. The description of simple spin-1/2 systems can be accomplished by
means of longitudinal (T, or spin-lattice) and transversal (T, or spin-spin) relaxation times; the values depend on the
spin interactions and the geometry of molecular motion. T; and T» change in comparison to the reference systems, which
give solid information about materials’ structural properties and modifications [43].

3. Visual inspection of the book binding and historical remarks

The inspected book having dimensions equal to 0,09 x 0,165 x 0,036 [m] and a weight of ~0,6 [Kg] is affected
by several damages. Indeed, a book’s condition is determined by internal factors, namely its constituent materials and
structure, and external factors such as storage conditions and handling. Internal factors will determine how well a book
ages and how resilient it is to adverse external conditions such as substandard environmental conditions and poor
handling. The date of fabrication of the book (1822) coincides with a turning point in the fabrication of this type of
artworks. Indeed, during the first half of the nineteenth century paper-making methods in Europe began to change. As
the demand for paper increased handmade rag-pulp paper was superseded by machine-made wood-pulp paper. Whilst
rag-pulp paper is very stable, machine-made wood-pulp paper is not: it deteriorates far more rapidly, especially in poor
environmental conditions. It is important to remark that the sample was bought in a used book stand in Naples (ltaly).

In addition, since the codex book form became predominant in Western Europe, many books — as this one —
have been made with boards larger than the text block. When these books are stored vertically — as in the present case
—, gravity gradually pulls the unsupported fore-edges down causing their warp. Eventually, either the text block will fall
out of its binding, or the joints between the back and the cover will split. This effect corresponds to the inspected book.
In particular, the weaker the structure, the quicker the text block will break off. Hollow spines became prevalent in
Western Europe during the nineteenth century. Hollow-spined books are particularly susceptible to damage as the
covering material is not adhered to the text block and is likely to tear (Fig. 1a). Spines are not present on the lateral side
of the inspected book.

The front facet of the book (Fig. 1b) appears discoloured and stained. All kind of light, whether natural or
artificial, causes damage and its effects are cumulative. Ultraviolet radiation causes bleaching, discolouration and the
breakdown of organic materials, e.g., flaking of leather, weakening of bookcloth, embrittlement and yellowing of paper
(Fig. 1c). The book binding also appears infested by pests, since a diffuse series of small holes affect it completely (Fig.
1b). Usually, the insect infestations become evident with a high (above 65%) level of relative humidity (RH).
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Fig. 1. a) Main parts of an ancient book, b) Photograph of the front facet which includes the lateral hinge of the
inspected book. The red dotted rectangle indicates the region of interest (ROI), and c) the lateral view.

c)

In addition, at this level starts the mould growth, the increase in the rate of chemical degradation of paper by
acid-catalysed hydrolysis, the corrosion of iron gall inks (it was the most common type of ink in Europe from the eleventh
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Century to the early twentieth Century), and the increase evidence of foxing (it was thought that foxing is caused by
metal impurities in paper and microbiological activity) [44]. Finally, the cover materials are different. Around the first half
of the nineteenth century, book cloth, buckram, plastic upholstery material, canvas and leather are in use. In the present
case, the front facet appears to be made in buckram, while the lateral hinge seems to be made of leather-looking paper
(Fig. 1b). Buckram is applied to the book with either non-warping or water-base paste. Buckram is very strong and

durable [45].

4. Results and discussion

A combined inspection between DSC and IRT methods has been performed through separate devices with their
own systems. Deformation maps (from specklegrams) and raw thermograms requested to be re-sampled for correlation
purposes. The heating phase (10 minutes), as well as the frame rate (1 image every 2 seconds) connected the
acquisition system through a timer (Fig. 2). The lamps with a power equal to 250 [W] were installed 0.34 [m] far with
respect to the front facet of the book binding. Instead, the thermal camera (operating in the long-wave IR spectrum, 7.5—
13 ym, FLIR S65 HS) and the CMOS camera (22.2x14.8 mm at 10 megapixels — 5.7 pum pixel pitch) sensor, at 0.72 [m]
and 0.66 [m], respectively. The lamps were positioned at 45° angle. First of all, the cold images (i.e., the first
specklegram and the first raw thermogram) have been recorded at the steady-state condition (ambient temperature = 23
°C, UR = 32,7%). In addition, also the visible image of the book binding has been collected. Subsequently, the lamps
were switched on together with the registration of the raw thermograms. At the maximum of the heating phase, the lamps
were switched off, the laser (A=532 nm as fundamental wavelength, and 250 mW of power) illuminated the sample one
more time, and the registration of the specklegrams started. Obviously, the acquisition of the specklegrams and the raw
thermograms continued in parallel along the entire cooling phase (14 minutes). At the end of the process, 720 raw

thermograms and 420 specklegrams were collected.
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Fig. 2. Synergistic DSC and IRT experimental setup

Concerning the image processing of the raw thermograms, a discrete Fourier transform (DFT) analysis has
been conducted [46], involving all pixels of the region of interest (ROI), i.e., the front facet of the book binding. A total of
419 raw thermograms, at 2 s sampling period, have been acquired during the cooling phase. Therefore, the frequency
resolution of the DFT of each pixel thermogram, is 1/838 s = 0.0012 Hz. The first results inherent to the FT at the lower
frequencies are not influenced by instrumental noise (Fig. 3a,b); they provide an interesting result of the thermal
anomalies. At the higher frequencies, the instrumental noise increases. After the DFT analysis, the raw thermogram
linked to f = 1.19 mHz has been selected in order to mark the points to be compared through the wavelet coherence
analysis (Fig. 3c). The intent is to establish the best scale which improves the difference between thermograms
corresponding to defective area (x) and defect-free area (+) (Fig. 3c). The scale factor wo=2 has been chosen for the
wavelet Morlet [47]. The average wavelet cohereograms were calculated between all the selected points, both in
guadratic amplitude (yz) (Fig. 3d) and in phase difference (@) (Fig. 3f). It is possible to observe that the suitable scale (- -
-) is equal to 8. Finally, a diagnostics concerning a dynamic evolution both of the amplitude and of the phase of the WT
was performed which takes into account the COI, drawn by white lines in Figs. 3d,e. The most interesting result linked to
the WT phase is represented in Fig. 3f, that corresponds to approximately the eightieth second during the cooling

sequence.
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Fig. 3. a) DFT (amplitudegram) at 1.19 mHz, b) DFT (phasegram) at 1.19 mHz, c) raw thermogram equal to
f=1.19 mHz; with +, a defect-free part of the book binding is indicated, while with x, a defective area of the book is
pointed out, d) quadratic amplitude cohereogram, e) phase difference cohereogram, and f) WTT result

In order to better differentiate the defective areas with respect to the defects-free areas, additional tests have
been conducted. Among these, one variation of HI was applied, namely, DE technique (Fig. 4a). The two holograms
were recorded on the same fine-grained green sensitive holographic plate (VRP-M) made by Slavich®, each one
capturing the sample in a different state separated by a fixed time interval (2 minutes). The grain size in the emulsion
was in the order of 0.03—0.08 um. Holographic plates used had dimensions of 10.2x12.7 cm. A G4plus250 laser by
Elforlight Ltd. was used, while the holograms were recorded in ambient drift. In particular, by using an electric heater, the
ambient temperature of the super-compact-mini temporary holo Las.E.R. Laboratory was raised up to 29 °C [48]. It is
possible to understand how the increase of the surface temperature on the book binding was very small.

a) b) €)
Fig. 4. a) double-exposure (DE) HI result with marked the more evident (A, B, C) sub-superficial defects, b)
Kurtogram segmented through a specific algorithm, and c) subtraction of images performed in Matlab® environment
between the reflectogram and the transmittogram acquired at 1000 nm
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The interferogram shown in fig. 4a was obtained with the first exposure (texp = 3 S) 10 s after switching off the
electric heater. Also the second tey, lasted 3s, while the initial ambient temperature was, also in this case, equal to T = 23
°C [49]. The cusps of fringes indicating damages due to conservation problems and biological attacks, are identified in
Fig. 4a by dotted red ovals. Enlargements of these, coming from other interferograms collected in order to confirm the
assumption of the damage, are reported on the lateral side of Fig. 4a. They are called A, B and C defects. Particularly
interesting are the other anomalies surrounded by three dashed white ovals. Indeed, they are more or less aligned along
the same line which is parallel to the major axis of the book binding. It is practically indiscernible to the naked eye one of
these anomalies in the visible image shown in Fig. 1b. However, by considering their positions, a possible explanations
could be the presence of a sub-superficial stapling which joints together the buckram and the leather parts.

By using the same set of raw thermograms processed in the WTT, a Kurtogram result has also been obtained
(Fig. 4b). A superimposition with an automatic extraction of defects via map [50], obtained thanks to an algorithm thought
to infrared images, integrates the result. This procedure was necessary in order to find a correlation with the NMR results
subsequently explained. The algorithm was developed in two steps. Firstly, the locations of the defects (seeds) must be
found. Labeling of the pixels was based on the distance. Secondly, a specific threshold will be obtained for each of the
defects detected by region-growing around those seeds. The found thresholding criterion for seed was T = a x (u + a %
o). In practice, the defect shape is grown by gradually decreasing the threshold until a sudden increase in the number of
pixels agglomerates together, or an image boundary is encountered [50].

A positive correlation between the interferogram (Fig. 4a) and the Kurtogram (Fig. 4b) can be found. Readers
should compare the damaged areas surrounded by red dotted ovals and linked between them by arrows. In addition, the
bottom right hand part was also detected by WTT (Fig. 3f). Readers should also notice how the greatest part of the
damaged areas is localized on the upper and right borders. Presumably, it could be an index of the favorite position of
conservation of the book above a support in the course of time. Part of the damage is also visible in Fig. 1c. Intriguing is
also the fact that the same type of material (i.e., the leather) reacts in the opposite way after an HOST analysis. Indeed,
a part of the lateral hinge (Fig. 1b) is bright, while the outer limit (i.e., the lateral hinge) is dark (Fig. 4b). Presumably, the
overlap between the sheets of different materials on the part of the lateral hinge which appears as bright, i.e., its
thickness with respect to the part of the lateral hinge which appears as dark, plays an important role in the detection of
that zone. Readers should compare the inspected area surrounded by a dotted red rectangle both in Fig. 1b and in Fig.
4b. In addition, it is possible to notice how the selected points during the WT analysis and inherent to defective and
defect-free areas of the book binding are in good agreement with the Kurtogram result (Fig. 4b). In particular, the
defective points (x) are located above a defective zone, while the defect-free points (+) are positioned between three
distinct defective zones on the upper right hand part.

The digital subtraction of images between the reflectogram and the transmittogram shown in Fig. 4c clarifies
how many holes created by wood worms through the front facet of the book binding along the whole thickness.

In particular, six holes appear equally distributed between the buckram and the leather materials, although
some very small holes can be detected in the leather part. Particularly of interest are the contiguous holes surrounded by
a dotted yellow circle in Fig. 4c, because they are linked to the DSC results shown in Fig. 5. Both the interferogram (Fig.
4a) and the Kurtogram (Fig. 4b) point out how this damage is much more extended in the sub-superficial part of the book
binding. The subtraction of images also enhances the detection of dark zones which could be linked to the discolouration
of the external layer due to continuous handling.

The different behaviour under a thermal stress of the inspected materials of the book binding (i.e., the leather
and the buckram), also in terms of adhesion between superimposed layers, it is clarified through the DSC technique. In
this case, the specklegrams have been treated by flat-field calibration and dark subtraction, in order to compare the
results obtained after the image processing by MatPIV. In particular, Fig. 5a shows the DSC result without the application
of the calibration, while Fig. 5b shows the DSC result with the application of the calibration.

a) b)
Fig. 5. a) DSC result without pixels correction (image fusion), and b) DSC result with pixels correction (image
fusion)
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The calibration procedure consists in a flat-field correction of the image sequence. Usually, this technique is
used in the astrophysical context for images recorded by means of a charge-coupled device (CCD) [51]. Unfortunately, in
the present case, each image consists in a compressed version of raw image (i.e., JPEG), that contains modified
information on the CMOS response to the incoming photons. However, it can be applied to CMOS’s images. Flat fielding
is the part of the calibration that mitigates the effect of the CMOS’s pixel-to-pixel variation in sensitivity, vignetting in the
optical system, and shadows created by dust on the components of the imaging system.

Let's imagine a perfect imaging system without hot or cold pixels, dust, and vignetting. If this hypothetical setup
is exposed to a uniform light source, then every pixel in this image should have the same analog digital unit (ADU) or
pixel value after exposure. Unfortunately, CMOS;s are not perfect, so pixel values in this “flat-field” image will vary. Just
how much they vary tells us exactly how to modify each pixel in the image of a suitable target to correct for the imaging
setup’s imperfections. In the present case, a total number of sixty dark images, and sixty white images have been
recorded. For every image (separated by a fixed time interval each other), the ambient temperature (°C) and the relative
humidity (%) were registered by using a thermohygrometer.

The entire calibration process can be summarized succinctly by the following relationship:

_(R-D) _ 2)

C=F-D

m={R-D)-G

where, R is a raw image, D is the dark master, F is the flat field master, m is the median value (as in the present
case) or the mean value of F-D, C is the calibrated image, while G = % is the gain. The equation’s numerator is simply

the raw exposure of a suitable target corrected for any thermal “dark” signal due to non-photon-induced electrons in the
CMOS. To understand the denominator, think back to the perfect CMOS, where each pixel responded perfectly to the
even illumination and needs no correction (in which case the denominator would have a normalized value equal to 1).
Assuming the light source is perfectly uniform, the mean of all the pixel values in the flat-field image is a good
approximation of the uniform pixel value from the perfect CMOS. If a pixel value in the flat-field image is below the mean
value, then it is “underreporting”, while any pixels that have values above the mean are “overreporting” [52]. By dividing
the flat-field pixel value by the mean of all the pixel in the flat-field image, the normalized pixel value is obtained. A pixel
that has a value equal to the mean will be normalized to 1, while a pixel that has a value less than the mean will be
normalized to less than 1, and pixels with values above the mean will be normalized to more than 1. The Matlab® script
written ad hoc takes care of this normalization automatically. It should now be apparent that master dark frames must be
applied to both the raw image and the flat-field image in order for the pixel to be calibrated properly. Failure to subtract
the dark current from a flat-field frame will make the denominator incorrectly large, resulting in an improper correction to
the raw image. In Fig. 6a, the dark master corresponds to the mean value of the dark images, while the flat field master
is the mean value of the flat images. In addition, an example of calibration of the flat images inherent to the present work
is reported in Fig. 6b.

Dark Master levels (red channcl) Flat Field Master levels (red channel) Flat Field (n. 5779) levels Corrected Flat Field levels
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Fig. 6. a) Hot pixels and spots due to dusts or defects of the lens, and b) an example of calibration of a flat
image

On the left part of Fig. 6a, an example of badpixel is shown. A badpixel can be defined as an anomalous pixel
behaving differently from the rest of the array. For instance, a dead pixel remains unlit (black) while a hot pixel is
permanently lit (white). In any case, badpixels do not provide any useful information and only contribute to deteriorate the
image contrast. The value at badpixel locations was replaced by the average value of neighboring pixels [53]. In addition,
the left side of Fig. 6b contains some spots which are magnified on the right side of Fig. 6a, and subsequently corrected
on the right side of Fig. 6b. It is also possible to observe that on the right side of Fig. 6b the vignetting was normalized.
Vignetting is another source of noise on CMOS camera that causes a darkening of the image corners with respect to the
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image center due to limited exposure. Vignetting depends on both pixel location and temperature difference with respect
to the ambient. For this reason, Tamp has been recorded for every pixel.

Finally, all the raw specklegrams were normalized, while the specklegrams which provide the greatest in-plane
deformation were correlated and displayed in Fig. 5a,b thanks to an image fusion with Fig. 1b.

The need to correct the specklegrams is due to the fact to eliminate any misunderstanding about false defects.
In fact, hot pixels, spots, could be confused with defects of the book binding.

The largest in-plane mechanical deformation is appreciated on the leather material, for which the effect of
temperature on the volume was initially studied in [54]. It was found that the average coefficient of cubical expansion
calculated for dry materials is equal to 540 x 10%/°C. Another interesting zone is the upper right hand part of the front
facet of the book binding, which corresponds to the thermal anomaly revealed by the WTT technique (Fig. 3f). In
addition, it is very interesting to notice how after the calibration phase, the two holes detected in the NIR spectrum (Fig.
4c) become evident. In both images, they are surrounded by dotted yellow circles. Finally, it was surprising to see how in
the calibrated image, which was processed by MatPIV (Fig. 5b), the contours of the persistent thermal anomaly marked
by “x” in Fig. 3f, appears. The points which constitute the ideal contours of the suspicious zone, correspond to the
highest variability in terms of in-plane deformation, as it is possible to observe from the rainbow scale of values. For a
sake of clarity, the same sign (i.e., “x”) is also reported in Fig. 5b in order to identify the zone of interest.

It is important to underline how, this thermal anomaly takes a part of the Li» zone (Fig. 7a) which corresponds to
one the zones at higher intensities in the NMR measurements subsequently explained.

Ly

T,l8)
T,

10’ 10 10* 16
b) c)

Fig. 7. a) Photograph of the front facet with marked the L;-L1, sections for NMR acquisitions, Ls and Ly
(surrounded by red dotted rectangles) have the highest intensities, b) Ls section, and c¢) L7 section NMR T1-T, correlation
maps

As anticipated in the introduction section, the analysis of the book binding was performed by single-sided 'H
NMR correlation relaxometry. In the present study, longitudinal T; and transverse T, NMR relaxation times correlation
maps, Ti1-T,, were realized: since the probe is able to measure only the T, values larger than about 70 ps, it can
reasonably be excluded that protons different from those belonging to water may appreciably be detected. The NMR
measurements have been performed by a single-sided 'H NMR probe [55] (Mg-Profiler, Bruker), working at a Larmor
frequency of 17.8 MHz and with a sensitive xyz volume of about 2x0.2x0.8 cm?®. The book was previously conditioned at
50% R.H. and 23 °C for seven days. The book binding was subdivided into 12 sections according to the rf coil's
dimensions (5x2,5 cm), Li-L1; (Fig. 7a) and each section was analyzed in order to compare NMR data with those
obtained with the previous analytical techniques.

The pulse sequence used for T1-T2 maps was [56]:

t t t
saturation — t; — 90° — 75— (1800 - ?E—acquisition—?E)n—rRD]m

©)

where, Trp = 2s is the recycle delay time, te = 44 us is the echoe time, while n = 500 is a number of echoes. In
addition, T; encoding has been performed with 7s ranging from 0.1 to 4000 ms, according to a geometric progression,
with a common ratio of 1.3 and with 41 different values; the number of scans per each (7s) were 1024. Data have been
processed by means of the 2D Fast Laplace inversion algorithm [57], which calculates the distribution functions P(T1, T2)
of the data from T:—T, pulse sequence. T1-T> maps of the Li-Li2 sections have been calculated. For a sake of brevity,
only the Ls and Ly maps are shown herein (Figs. 7b,c), which are connected to the areas surrounded by two dotted red
rectangles in Fig. 7a. All signals were normalized to the highest value recorded. Coloured contour lines represent
different signal intensities with increasing values, as indicated in the legend of Fig. 7. Maps illustrate the presence of two
different sites for water molecules: one with the highest T, values, associable to more mobile water molecules, and one
with the lowest T, values. Indeed, T1-T> maps represent the typical structure of a paper material [58], in which the lowest
T, values correspond to water molecules confined between crystalline and amorphous domains, while the highest T»
values represent water molecules in the amorphous domains like water pools [59]. Therefore, NMR data give us
information about the cellulosic layer positioned inside the book binding (Fig. 1¢). In all maps, T1 and T distributions are
very similar, but in sections Ls and L7 (Fig. 7b,c) they have higher intensities shown by purple lines. This increase in
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intensity could be due to a greater presence of water; also in this case, it is possible to find a link with the position of the
anomalies detected in the Kurtogram segmented by a specific algorithm (Fig. 4b). As water molecules preferably occupy
amorphous regions in paper, these different intensities may be the effect of biological/chemical degradation events that
led to a progressive modification from crystalline into amorphous domains and/or to a growth of water pools.

5. Conclusions

The integrated approach provides the possibility to map the most important parts of an ancient book, i.e., the
lateral hinge, the front facet and the extremities. In addition, it also characterizes the nature of the defects as presence of
water, thanks to the use of the NMR technique. The work introduces many innovations in this field of research. Among
these, and to the best of our knowledge:

- the integrated use of WTT and coherence analysis in the cultural heritage field,

- the corrections of the specklegrams by dark master and flat field master, and the demonstration that this

procedure is fundamental before the application of the MatPIV package, useful for the correlation analysis,

- the good correlation between the Kurtogram result combined with a segmentation algorithm, and the NMR

results, in order to detect the weaker areas of the book binding damaged by the aging effect,

- the first application of the holographic interferometry for the defect detection in book bindings and the

interesting correlation with the Kurtogram result, i.e., one of the HOST techniques,

- the subtraction between reflectograms and the transmittograms recorded into the NIR region, in order to

improves the detectability of holes linked to the presence of pests (probably, woodworms).

A perspective of the work will be the repetition of the NMR analysis by working with a 100% U.R. in order to
confirm the preliminary results shown herein.
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