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a b s t r a c t 

A novel workflow is proposed to combine the use of two powerful techniques in the study of ancient 

manuscripts: multispectral imaging and optical microprofilometry. Multispectral imaging is routinely used 

and allows to examine each individual folium as a superposition of layers that give different responses 

in the UV-Vis-NIR bands. It enables the analysis of the conservation state of an object, the mapping of 

previous restorations or the detection of writings no longer visible. The downside of this technique is 

the lack of quantitative data on surface morphology. On the other hand, surface microprofilometry on 

book heritage is unexplored. The optical scanning microprofilometer used in this work employs single- 

point, interferometric depth-sensors that enable to measure the surface topography of the manuscript 

(deformation and roughness) in full-field (areas of tens of centimeters) at micrometer scale. The crucial 

task of spatial referencing the surface topography at micrometer scale to the visible features (e.g., written 

text) is performed with a novel procedure that solves the problem of the lack of reference points in the 

microprofilometer height data. We exploit the raw intensity signal collected by the laser depth sensor to 

fuse the interferometric measurements with the multispectral image stack. The full-field integration of 

quantitative microsurface measurements and in-band imaging responses enables a more comprehensive 

exploration of ancient manuscripts, by integrating materials-surface analysis, advancing the diagnostic 

protocol. 

© 2023 The Authors. Published by Elsevier Masson SAS on behalf of Consiglio Nazionale delle Ricerche 

(CNR). 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction and research aim 

The study of ancient manuscripts holds the key to understand- 

ng our rich historical heritage and unlocking the mysteries of 

hese seemingly silent witnesses of the past. However, the pas- 

age of centuries has taken a toll on these fragile artifacts, leav- 

ng researchers with the daunting challenge of deciphering their 

ontent and preserving their delicate essence. In fact, the library 

eritage consists of fragile materials, such as parchment, papyrus, 

nd paper, which are very responsive to moisture, light, heat and 

echanical stresses and thus to the process of degradation [1–3] . 

 common approach in the analysis of cultural heritage and an- 

ient manuscripts in particular is the use of multispectral imag- 

ng (MSI) as reported in a recent review [4] . Several MSI acqui- 

ition systems are currently available to investigate book heritage 

hanks to the possibility of acquiring high-resolution images using 

onochromatic sources in the ultraviolet (UV), visible (Vis), and 
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E-mail address: claudia.daffara@univr.it (C. Daffara) . 

m

t

t

t

ttps://doi.org/10.1016/j.culher.2023.11.014 

296-2074/© 2023 The Authors. Published by Elsevier Masson SAS on behalf of Consiglio

icense ( http://creativecommons.org/licenses/by/4.0/ ) 
ear-infrared (NIR, 800 nm to 1100 nm) spectral range and high- 

erformance sensors. A review of commercial systems for histori- 

al document image analysis is given in [5] . The capabilities of the 

ifferent wavelengths to penetrate the different layers and bring- 

ng to light varnishes, retouching and faded text (by UV) or un- 

erwriting and underdrawings (by NIR) is well-known [6,7] . In 

ddition, the use of narrowband LED sources allows smaller spec- 

ral features to be distinguished, increasing the diagnostic values 

f the analysis [8] and constituting a precious dataset for image 

rocessing [4,5,9] . Recently, the short-wave-infrared (SWIR, 0.7 μm 

o 1.7 μm) and the mid-wave-infrared (MWIR, 3 μm to 5 μm) have 

een integrated in the UV-Vis-NIR imaging protocol of manuscripts 

o improve materials investigation [10] . 

Nevertheless, the imaging information cannot be disentangled 

rom surface morphology that influences the scattering. For this 

eason, in this paper, we explore the scientific analysis of ancient 

anuscripts from a slightly different perspective: the quantitative 

icrosurface perspective. Our investigation will delve into the in- 

egration of full-field surface analysis in the image-based diagnos- 

ic protocol, which is, to the best of our knowledge, an unexplored 

echnique in the field of book heritage analysis. An earlier attempt 
Nazionale delle Ricerche (CNR). This is an open access article under the CC BY 
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Fig. 1. (a) Microprofilometer optimized to scan the ancient texts. If necessary, an 

optical fiber (shown in the setup) can be mounted jointly with the probe to acquire 

referenced spectra. (b) Phase One RAINBOW system. 
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o combine imaging and the 3D model of the surface can be found 

n [11] , where the shape of surface, obtained by structured light, 

s used to correct the geometric distortions. Instead, the focus of 

he present paper is on the micrometer scale of the texture and 

ot on the large scale of the folium deformation. Literature re- 

orts the use of scanning electron microscopy (SEM) [3,12] and 

tomic force microscopy (AFM) [13] images for qualitative analy- 

is of surface morphology at sub-micrometer scale in parchments, 

hile quantitative analysis of the micro-roughness is performed in 

mall samples by contact stylus-based profilometers for evaluating 

he cleaning of ancient paper [14] . Contact profilometry was also 

pplied to samples of palm leaf manuscripts for text feature analy- 

is [15] . Full-field monitoring is performed at larger scales, using 

D digital image correlation (DIC) for monitoring sub-millimeter 

umidity-induced deformation in parchments [16] . In [17] there is 

he first application of the conoscopic holography to analyze the 

uperposed strokes for forensic purposes. The reason behind the 

on-use of surface metrology on book heritage is straightforward: 

esides the need for non-contact microprofilometers with full-field 

apability, the lack of landmarks in the surface that makes the in- 

erpretation difficult. In fact, from the three-dimensional point of 

iew, each single folium is a very flat surface composed by a sub- 

trate (e.g. parchment, paper) and subtle relief or engraved traces 

roduced while writing the text that differ depending on the tech- 

ique used (handwriting with different tools or printing process). 

Our group has dedicated strong research effort s to demonstrate 

he potentiality of surface microprofilometry for artworks applica- 

ions by developing a portable laser scanner profilometer based 

n interferometric sensors that enables a whole-field contactless 

easurement. This profilometer allows the acquisition of the sur- 

ace morphology in macro-regions (tens of centimetres) with mi- 

rometer accuracy. The potentialities of microsurface analysis were 

emonstrated on the monitoring of painting treatment by surface 

etrology based on ISO standard descriptors [18] and performing a 

ultiscale roughness analysis to validate innovative cleaning treat- 

ents of highly reflective artworks [19] . Recently, we proposed a 

ew methodology to solve the problem of the spatial referencing of 

icrosurface dataset [20] by exploiting the capability of the cono- 

copic holography sensors to record a dual intrinsically registered 

ataset composed by the height data and intensity data (i.e., the 

ackscattered signal of the laser diode). 

Starting from this last research strength, the research aim of 

his work is the development of a data fusion methodology that 

nables the registration of the microsurface dataset with respect 

o the MSI dataset to perform a full-field analysis of ancient 

anuscripts. In fact, despite the potential and the strengths of the 

SI, the third dimension, i.e. the surface height dimension, is miss- 

ng. Here we demonstrate how the joint used of the surface dataset 

ombined with MSI dataset offers a new way to explore such frag- 

le objects and can be a guide in the preservation processes: on 

he one hand the MSI allows to discriminate the different features, 

n the other hand the surface analysis allows to detect the modifi- 

ations of the roughness, to inspect texture non-homogeneity, and 

o retrieve the traces left on the support. Micrometer-scale regis- 

ration of the microprofilometry and imaging datasets allows for a 

atch between the spectral and microsurface fingerprints. 

. Materials and methods 

.1. Instrumentation 

.1.1. The optical scanner microprofilometer 

The microprofilometer is a prototype composed by a scanning 

ystem of linear stages (M-531.DDB and M-414.3DG by Physik In- 

trumente) orthogonally mounted combined with a depth sensor 

robe based on the conoscopic holography (ConoPoint-3 by Op- 
111 
imet). An exhaustive description of the instrument can be found 

n [18] . Here, the setup was optimized to answer the needs of 

ook heritage applications in terms of scan dimension and spa- 

ial resolution, see Fig. 1 . In detail, the conoscopic holography is 

n interferometric technique implemented in a probe, based on a 

aser diode of 655 nm, that performs single-point distance mea- 

urements in the line-of-sight direction. Thanks to the combina- 

ion with the linear stages the prototype can acquire large areas 

p to 30 cm ×30 cm (i.e., the travel range). The scan step can be

hosen and guided by requirements and the spot size of the laser, 

aintaining a high resolution and accuracy both in the depth (or- 

er of sub-micrometers) and lateral (order of micrometers) direc- 

ions. In this work the x-y spatial step was set at 10 μm, employ- 

ng the 50mm focal lens that allows to achieve a depth accuracy 

f 2.5 μm. If a surface is viewed as a 2D continuous function of 

eight, then the measurement performed by the optical scanner 

icroprofilometer can be considered the discrete sampling of the 

elected Region of Interest (ROI) performed with a spatial x-y grid 

iven by the scanning step. As shown in [20] , the datasets obtained 

rom the interferometric sensor probe are threefold: 

1. Surface height data, zx,y : interferometric data reporting the dis- 

tance between the object and the sensor. 

2. Signal-to-noise ratio (SNR), snrx,y : dataset with the signal qual- 

ity of each measured point. 

3. Total, tx,y : energy collected by the detector (raw intensity signal 

in arbitrary unit). 

ach experimental dataset is a set of three surface maps intrinsi- 

ally spatially registered with micrometer precision and enclosing 

ifferent information. 

.1.2. Multispectral imaging system 

The multispectral stack is composed by 16 images in the UV- 

is-NIR range acquired using the Phase One RAINBOW system 

quipped with an iXG 100MP Wide Spectrum camera (Si CMOS 

ensor, 350 μm to 1050 μm). In detail, the system employs LED 

ights that provide 16 narrowbands in the following wavelengths: 
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Fig. 2. Flowchart of the proposed spatial registration of image stack and microsur- 

face dataset. 
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65 nm, 385 nm, 410 nm, 420 nm, 450 nm, 480 nm, 510 nm, 

30 nm, 550 nm, 600 nm, 630 nm, 640 nm, 660 nm, 740 nm, 

50 nm and 940 nm. The filter wheel and a Schneider Kreuz- 

ach RS 72mm lens were mounted on a reprographic column. 

n-scene standards were used during the acquisition: a Golden- 

hread/DICE Device Level Target (DLT) and an Object-Level Target 

y Image Science Associates using Vis light and the Target UV by 

V InnovationsTM for UV images. The images were calibrated using 

apture ONE 20 by PhaseONE and Rainbow MSI software. 

.2. Spatial registration methodology 

The spatial registration of the imaging stack and the surface 

eight map is based on a recent and novel methodology proposed 

y the authors in [20] and expanded here to the MSI dataset. The 

rocess exploits the raw intensity dataset Total to solve the prob- 

em of spatial registration and data fusion in microprofilometry 

nd to perfom supervised and precision diagnostic tasks not other- 

ise possible. The spatial registration, exemplified in the flowchart 

f Fig. 2 , can be summarized in the following steps: 

1. All the images of the multispectral stack are registered to each 

other. This step is necessary to correct unavoidable misalign- 

ments. 

2. The images are resampled in order to have the same number of 

points of the surface data. 

3. The Total map tx,y is used as intensity-based image to be regis- 

tered to the multispectral stack. In detail, the geometrical trans- 

formation is calculated allowing in-plane registration of the to- 

tal map tx,y and the image taken at the closest wavelength to 

that of the laser (660 nm). The registration is performed though 

the Matlab algorithm imregister [21] . 

4. The geometric transformation found is then applied to the en- 

tire multispectral stack to obtain a new, more comprehensive 

dataset consisting of the multispectral data and the surface data 

fully spatially registered. 

his procedure enables to obtain a full-field multispectral-height 

ataset that can guide the analysis. 

.3. Surface metrology descriptors 

The quantitative surface inspection is performed by means of 

urface metrology descriptors estimated on the sampling areas 

egmented through the MSI dataset as explained in Section 3 . 

able 1 describes the parameters used in this work, while an ex- 

ended description of the general parameters and their suggested 

se in cultural heritage can be found in literature [18,22] . 
Table 1 

Amplitude and hybrid Parameters, from ISO 25178-2 st
dzx,y 

dy 
indicates the discrete partial derivatives along x an

data. 

Parameters D

RMS roughness A

Sq =
√ 

1 
nx ny 

∑ nx 

x =1 

∑ ny 

y =1 
z2 

x,y It

te

Slope or RMS gradient H

Sdq =
√ 

1 
nx ny 

∑ nx 

x =1 

∑ ny 

y =1 

[ 
(

dzx,y 

dx 
)2 + (

dzx,y 

dy 
)2 

] 
It

a

Developed interfacial area ratio H

Sdr = 

1 
nx ny 

∑ nx 

x =1 

∑ ny 

y =1 

[ √ 

1 + (
dzx,y 

dx 
)2 + (

dzx,y 

dy 
)2 − 1

] It

112 
. Results and discussion 

The proof of concept case study is given on a folium of pri- 

ate collection reporting a musical notation, depicted in Fig. 3 . It 

s written on paper, with different inks that distinguish notes from 

ext and highlight capital letters, in particular black, red, and yel- 

ow. Unfortunately, when found, it was the cover of a prayer book, 

hus decontextualized from its original function. It has been re- 

ently restored, even though it is possible to observe darken areas 

nd slightly faded text due to partial degradation of the substrate 

nd the inks. 
andard, used in this work. The notation 
dzx,y 

dx 
and 

d y respectively, where zx,y is the surface height 

escription 

mplitude parameter. 

 describes the mean height of the surface 

xture. 

ybrid parameter. 

 can be used to inspect the surface 

nisotropy. 

ybrid parameter. 

 estimates the surface complexity. 
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Fig. 3. Visible image of the folium with the two selected areas (left scan and right scan) highlighted in orange and blue. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Microprofilometer datasets acquisition of the two scans. (a)-(b) Surface texture maps zx,y and (c)-(d) Total maps tx,y . 
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.1. The microsurface dataset 

Fig. 4 (a) and (b) show the three-dimensional topography maps 

btained from the surface height datasets. These maps show the 

exture of the manuscript once the form is removed. The quality 

f each measurement is assessed by ensuring the correct working 

istance according to the lens-probe coupling (working range of 

 mm) and a proper response of the laser according to the differ- 

nt materials (paper, inks). 

As can be seen, the microprofilometer effectively acquired the 

urface, but the lack of references in the height maps is an obstacle 

or a meaningful and supervised analysis of the surfaces. From this 

act emerges the importance of using the Total maps that make the 

urface visually readable, see Fig. 4 (c) and (d). 

On the other hand, Total maps contain information based on 

aser intensities after backscattering of the 655 nm beam from the 

urface. This implies that the material response is specific for this 

avelength. Therefore, mapping the multispectral dataset onto the 
113 
urface enables a guided surface inspection, leading to a compre- 

ensive full-field analysis of the manuscript. 

.2. The dual height-imaging dataset 

The left scan gave the opportunity to study the external edge 

f the folium , typically the most fragile part as it is most exposed 

o the external environment, used for annotations or touched. 

ig. 5 (a)–(d) show the UV imaging (365 nm), the IR imaging 

850 nm), and the surface map spatially registered at micrometer 

cale. The MSI dataset was calibrated and converted in reflectance 

alues using an in-scene certified reflectance standard. 

In general, UV-based imaging enables the detection of faded 

nks, retouchings, and varnish non-homogeneity. UV radiation in- 

eracts mainly with the most superficial layers and thus, in prin- 

iple, with the surface sampled by the microprofilometer. On the 

ther hand, the IR radiation penetrates the first layers and brings 

o light features that are not visible. In this case, the writing results 
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Fig. 5. Dual height-imaging dataset: by way of example (a) and (b) represent the scientific images in the UV (365 nm) and IR (850 nm) narrow bands registered with 

respect to the height map (c). (d) 3D texture plot of a ROI in false colors: 365 nm in the red channel, 385 nm in the green channel and 850 nm in the blue channel. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. (a) 1 mm 

2 patch-based roughness inspection of the texture in the left scan. (b)-(c) Surface texture of two ROIs of 5 mm 

2 in the border and in the middle. 
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o thin and the trace so flimsy to be undetectable by the micro- 

rofilometer, highlighting the importance of registering the surface 

ata with the multispectral stack. Fig. 5 (d) shows, as example, a 

OI of the surface map fused with the false-color composite im- 

ge in the UV-IR bands using the 365 nm, 385 nm, and 850 nm 

hannels. This composition allows to read UV-based information, 

.g., the trace of a conservation or other unrelated compound, and 

R-based information, e.g., the squaring lines. 

In order to inspect the surface parameters, a multiscale anal- 

sis is performed as detailed in [19] . This approach allows to ex- 

mine the surface in subregions enabling to detect the variation 

f the roughness features with the observation scale and the non- 

omogeneity of the texture. Fig. 6 (a) shows the 1 mm 

2 patch- 

ased roughness of the whole left scan. As can be seen, there is 

 clear increase of the roughness toward the margin. Fig. 6 (b) and 

c) represent the three-dimensional surface topography of two rep- 

esentative ROIs of 5 mm 

2 selected from the left scan, one at the 
114 
xtreme of the page and the other one in the upper middle part. 

hese ROIs allow to appreciate the differences in the microsurface 

sperities as the surface analysis is performed near the edge. 

The right scan offers the opportunity to analyse different type 

f writings, with inks and line types probably drawn with different 

ools. One of the most used techniques in the analysis of MSI is the 

se of the Principal Component Analysis (PCA) [4] . This processing 

enerates a new set of uncorrelated images composed by a linear 

ombination of the original images allowing to enhance the differ- 

nt features. The spatial registration of the multispectral dataset 

n the microsurface allows to map the pieces of information 

btained through the PCA on the texture of the manuscript. Fig. 7 

hows, as example, the first, the second, and the fifth principal 

omponent images mapped on the three RGB channels and su- 

erimposed to the surface. These components enhance the black, 

he red, and the yellow areas of the text. In addition, PCA reveals 

aint features such as the different responses of the black ink 
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Fig. 7. (a) First principal component image. (b) Fifth principal component image, in which the yellow ink emerges. (c)-(d) Surface maps of the highlighted ROI with the first, 

the second, and the fifth principal component are mapped into RGB channels. (For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.) 

Fig. 8. Targeted analysis of the surface. (a) RMS roughness (Sq), (b) developed interfacial area ratio (Sdr), and (c) slope (Sdq). (d) Full field slope. 
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r  
sed for the letters and for the musical notes, possibly due to the 

ifferent hands that wrote the manuscript with inks that differed 

n composition. It is interesting to note how it was possible to 

ypothesize that the inscription in the top left corner of the map 

n Fig. 7 (d), which appears as a single shape, could be composed 

f a musical note and a letter linked together. Highlighting regions 

llow for multispectral-based surface segmentation. This approach 

s of particular interest in analysing the microsurface, observing 
115 
he different degradation of text composed by different inks. For 

xample, as can be noticed from Fig. 4 (d) and the imaging, the 

ed writing in the top right corner of the right scan is more 

eteriorated and exhibits a craquelure pattern. 

The segmentation guided by the multispectral imaging allows 

o compute targeted roughness parameters (see Fig. 8 ), e.g., the 

SO parameters RMS roughness Sq , the developed interfacial area 

atio Sdr, and the slope Sdq , reported in Table 1 , which have been
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[

hown effective in artwork surface metrology [18] . The surface 

ata confirms the findings of the PCA in terms of different inks, 

lso characterised by traces of different thickness as result of pos- 

ible different density at the time of application. This highlights 

he strengths of combining the two MSI and microprofilometry 

echniques and how this data fusion can further guide point 

haracterisation analyses. 

. Conclusions 

The focus of this paper is the demonstration of the potential of 

urface analysis in book heritage applications. Given the fragility 

nd the delicate essence of these objects, the integrity of the sur- 

ace is a key aspect to monitor the conservation status. The main 

rawback of the microsurface exploration is the lack of reference 

oint in the height map, which is particularly relevant in case of 

ery flat objects such as texts. We solved this issue using a new 

ethod that allows to spatially register the microsurface with re- 

pect to the imaging stack by exploiting the raw intensity signal 

ollected by the optical scanner microprofilometer. This enabled to 

ombine the strengths of the two investigation techniques: MSI al- 

ows to discriminate different materials guiding the segmentation 

nd the microprofilometry analysis. 

The proof of concept presented on an ancient folium demon- 

trates the potential on a genuine artwork: the new dataset con- 

isting of registered multispectral images and surface data allows 

o integrate the imaging analyses, such as PCA, and the additional 

icrosurface information. This is of particular interest when the 

ext is made of different inks or different diluition of the same ink 

s well as when the manuscript is subjected to non-homogeneous 

eterioration processes. Regarding the measurement, it is worth 

oting that the microprofilometer is based on a point-wise scan- 

ing technique that requires longer acquisition time compared to 

he single-shot full-field imaging method. Moreover, it is a proto- 

ype that requires advance instrumentation and expertise, e.g., for 

he selection of the most suitable lens-probe coupling and the re- 

ulting working range. 

Overall, the integration of microprofilometry and multispectral 

maging in full-field is new in the diagnostic protocol on ancient 

anuscripts, and it is expected to advance the field. 
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