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ABSTRACT

Hyperspectral imaging in the visible and near infrared (VNIR) regions is slowly becoming
routine process in the documentation and characterization of historic surfaces. The VNIR
spectral region contains colour information and limited chemical information. Conversely,
the spectral region further in the NIR (short-wavelength IR, SWIR) is much less explored
although suitable hyperspectral cameras exist. The first quantitative application in heritage
science was published in 2011. Due to the complexity of NIR data hypercubes where the
spectra holds thousands of C-H, O-H and N-H molecular bonds representing the chemical
and physical features of the investigated object in addition to their spatial distribution,
multivariate data analysis methods are required to extract qualitative and quantitative
information such as acidity and molecular weight from a historical object e.g. document or
canvas, which are important indicators of its state (condition). Using imaging to document
the spatial distribution of an object's chemical composition and condition is therefore
possible, however, significant research work is still necessary to understand how the
measurement conditions (lighting spectral distribution and intensity, concentrations of the
imaged component, calibration) as well as the stability of calibrations over time, affect the
analytical outcome.

This project will explore analytical robustness of quantitative chemical imaging as well as
studying two specific areas of application from the historical cellulosic materials: Islamic
paper (distribution of sizing and polishing components, acidity, and cellulose degree of
polymerization - DP) and painting canvases (distribution of acidity and cellulose DP). This
aims to provide a better understanding of degradation processes and provide a measure
of change in collections through imaging which will reflect on the management and
preservation plans of collections. Another area of application from the historical cellulosic
materials: Papyri will also be explored by investigating the effect of imaging through glass
on the accuracy of the acquired data from the spatial and spectral perspectives in addition
to the extraction of chemical information that could be used to enrich our scientific
knowledge about papyri.

Moreover, the degradation behaviour of the historical materials under investigation,
exploring their degradation rate and study their stability is investigated with the aid of
accelerated degradation in controlled conditions allowing for the study of different
scenarios of storage environment conditions leading to better preservation decisions.
The PhD project is a collaboration between researchers with a strong experience in
collections research; University College London, Rijksmuseum, University of Barcelona,
ZFB GmbH, and Gilden Photonics Ltd, in addition to being a part of the H2020 Nanorestart

project.






IMPACT STATEMENT

The research aims to have significant impact on heritage institutions housing cellulosic
collections and on heritage scientists interested in applying new techniques in the field of
cultural heritage by providing new knowledge and its interpretation from the conservation
perspective.

One of the impacts of this research lies in a deeper understanding of the material
properties of Islamic paper and its effect on the paper stability compared to the European
paper. This was the first experimental systematic study on Islamic paper showing the need
for more materials science research as the available literature abounds with
inconsistencies and our knowledge of the history of papermaking in Islamic countries is
based on assumptions and little to no evidence. The results of the study show the potential
of the use of NIR spectroscopy and quantitative imaging to study and survey Islamic paper
collections and emphasize the role of scientific analysis and non-destructive methods to
complement historical and textual analysis. Such comprehensive investigations of the

paper materials largely advanced the research in heritage materials.

Moreover, the research provides a new condition assessment tool for the investigation of
painting canvas through NIR quantitative imaging, resulting in chemical and lifetime maps
for canvases for the first time visualizing the variability of its material state. Also, it provides
a new knowledge about the degradation behaviour of historical painting canvases allowing
for the study of different scenarios of storage environment conditions thus better
preservation decisions. As part of the H2020 European project ‘NanoRestART’ with more
than 27 partners investigating Nano-materials for the restoration of artworks, the new
gained knowledge about canvases and the developed assessment tool were fed directly
in one of the work packages of the project to aid in the evaluation of the efficiency of the

new developed de-acidification treatments.

Another impact lies in the proposed study of papyri which opens new opportunities to study
papyri collections that never have been subject to scholarly or scientific study (maybe due
to their state of preservation or accessibility) by exploring the potential of spectral imaging
through glass and prediction modelling for the purpose of enhanced conservation and

research.

The research is also opening new horizons and challenges for quantitative imaging in
heritage science by studying the metrology of quantitative chemical mapping based on
hyperspectral imaging which is already an active area of research. Exploring the benefits
and limitations of the technique and its analytical robustness of cellulosic heritage
materials focusing on study the effect of measurement parameters, will encourage
heritage and imaging scientists to extend the use the technique in the field and conduct

further investigations to solve any issues highlighted by the research.



The collaboration conducted through the research with the three heritage institutions: The
Wellcome Collection, the Petrie Museum and the Rijksmuseum demonstrates the
research’s direct impact where the developed methodologies and techniques were applied
to heritage collections in situ. Moreover, the new gained knowledge about the different
materials and their degradation behaviour was communicated with the researchers and
conservators in addition to the potential and capabilities of the quantitative hyperspectral
imaging in the short wavelength region as a new technology in the field of cultural heritage.
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1. INTRODUCTION

The preservation of heritage objects is a vital matter for humankind to be able to pass
cultural heritage to the next generations and keep connections with the past. Heritage
objects, based on cellulose -in particular- such as paper, canvases and papyri are the most
important carrier of information about our cultures and history. As cellulose is an organic
polymer easily affected by environmental degrading agents such as heat, humidity,
pollution and light, degradation of cellulosic objects is an inevitable process. This is why
understanding material properties of such valuable heritage objects is indispensable for
their effective preservation. Many studies have been carried out to characterize cellulosic
materials such as European paper (Papylum 2001-2004, PaperTreat 2005-2008,
SurveNIR 2005-2008), Chinese paper (Brown et al., 2017) and painting canvas (Oriola et
al., 2011, Oriola, 2011) using different classical analytical techniques aiming to explore the
characteristics of the materials and the main factors affecting its state. However, scientific
understanding of Islamic paper and papyri is almost entirely lacking which is important for

the development of better sustainable preservation plans (Strli¢ & Kolar, 2005).

Due to the materials and processes employed in their production, heritage objects are
well-known for their compositional inhomogeneity. Regardless of extensive research to
date, spatially resolved chemical analysis of heritage materials based on cellulose is not
straightforward (Strli¢ & Kolar, 2005; Oriola et al., 2014).

Numerous investigations have been successfully performed to study cellulosic collections
utilizing near infrared (NIR) spectroscopy as a non-destructive analytical technique
combining multivariate data analysis (chemometrics) techniques for the purpose of
material characterization, and many have been used for collection surveys (Oriola et al.,
2014; Mahgoub et al., 2016; SurveNIR).

Although NIR spectroscopy has received considerable attention, such investigations have
so far focused on point analyses, whilst processes of degradation advance in a
heterogeneous way with possibly significant local variations due to the utilization of various
materials and added substances, such as the priming and painting layers on canvases
and the sizing and finishing layers in the papermaking process (Trafela et al., 2007; Oriola
et al., 2014).

Thus, the development of a methodology that enables us to map the distribution of
chemical composition of a whole artwork is of great importance (Wang & Paliwal, 2007;
Kubik, 2007; EIMasry & Sun, 2010).

Spectral imaging techniques including hyperspectral imaging (HSI) and multispectral
imaging (MSI) overcome the limits of spectroscopic techniques, rather than collecting a
single spectrum at one spot on a sample, hyperspectral imaging simultaneously records

spatial and spectral information for each pixel in the sample.
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Since its invention around 50 years ago, spectral imaging technology has dramatically
developed and is widely used in remote sensing, medicine, forensics and food engineering
fields. With the evolution of detectors and sensors, it became a fast growing technology,
providing promising results which encouraged researchers to adopt the technique in the
field of heritage conservation (Lu & Chen, 1999; Fischer & Kakoulli, 2006; Chang, 2007;
Kubik, 2007; EIMasry & Sun, 2010; Liang, 2012).

Spectral imaging technology has expanded imaging and material characterization
possibilities (Fischer & Kakoulli, 2006) through building chemical images or maps, which
has the potential to improve knowledge of distribution of material properties while
investigating an entire object (Lu & Chen, 1999; Wang & Paliwal, 2007; Liang, 2012;
Dooley et al., 2013).

Due to the complexity of the objects and the lack of standard calibration materials, most
applications of spectral imaging in the field of cultural heritage have focused on qualitative
research, such as the identification, comparison and mapping of materials on the surface
of objects especially in studying paintings and manuscripts (Fischer & Kakouli, 2006;
Delaney et al., 2005). It was also widely used to examine or document object’s condition,
monitor and evaluate conservation treatments in addition to the enhancement and
detection of underdrawings and faded texts and colour reproduction (Fischer & Kakoulli,
2006; Cséfalvayova et al., 2011; Liang, 2012). The three-dimensional dataset (hypercube
or datacube) resulting from HSI contains two spatial dimensions and one spectral
dimension, which can be used to study physical characteristics as well as chemical
composition, thus condition of an object, especially in the NIR region (Lawrence et al.,
2003; ElMasry & Sun, 2010; Yao & Lewis, 2010).

Multivariate regression is a necessity to analyse the outcomes of such systems because
of the complexity of the data to extract quantitative information from this spectral region
(EIMasry & Sun, 2010; Dooley et al., 2013). A 2D quantitative chemical map of iron gall
ink on paper was developed in 2011 for the first time to visualize degradation and material
properties (Cséfalvayova et al., 2011); however, the need remains to study the effect of
different measurement conditions and calibration parameters e.g. the lighting spectral
distribution and its intensity, or surface morphology, as well as to ascertain calibration
stability. In other words, we need to focus on the metrology of quantitative chemical
mapping based on hyperspectral imaging. This is an active research area that requires
further studies (Fischer & Kakoulli, 2006; Dooley et al., 2013).

The overall aim of the research project is to explore the benefits and limitations of
guantitative chemical imaging and its analytical robustness of cellulosic heritage materials
with a focus on studying the effect of measurement parameters. The study will focus on

mapping the chemical compaosition and condition of Islamic paper and painting canvases
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in particular. Acidity and cellulose degree of polymerization (DP) of both materials will be
studied due to its significant roles in degradation process, in addition to two main
characteristic components of Islamic paper; starch sizing and polishing (Mahgoub et al.,
2016). Together, these parameters provide a better understanding of the material and
provide a measure of change in collections through imaging. For the quantitative study,
special calibration targets need to be developed based on well-characterized reference
collections for both cellulosic materials under study.

Another aim of the project is to explore the potential of the use of hyperspectral imaging
technique in the SWIR region to deduce new knowledge about Papyri improving their
conservation, especially as most of the papyri collections are embedded in glass frames.

The degradation of cellulose-based collections is an inevitable process. There is a strong
relationship between the durability of paper and the materials and techniques used in its
production. Many studies have been extensively conducted over the past few decades to
investigate cellulose degradation mechanisms and its kinetics analysis, especially for
western paper (Zou et al., 1996; Strli¢ & Kolar, 2005; Zervos, 2010; Menart et al., 2011;
Strli¢ et al., 2015-11l). Degradation study was carried out as part of the research project
trying to understand the degradation behaviour and stability of the cellulosic materials
under investigation: Islamic paper and painting canvas towards prolonging their lifetime.
In addition to that, the applicability of the kinetic models developed for western paper on
the investigated materials is also explored for the first time, which is very useful for
simulating different scenarios of storage conditions and potential risks based on that for

better evidence based preservation plans.

This research was a collaboration of different organizations from academia, heritage and
industry. Camlin Photonics Ltd, specialized in developing hyperspectral imaging systems
and ZFB GmbH who are experts in the field of interventive conservation. In addition,
University of Barcelona (UB) and the Rijksmuseum who provide access to collections and

conservation expertise.
Research questions

e Can the spatial distribution of chemical properties (pH and cellulose DP) in
cellulosic materials (Canvases and Islamic papers) be imaged?

o Do the measurement parameters (calibration, illuminant intensity and stability,
material surface structure) affect the quantitative image data?

o Can further case studies be developed for other cellulosic materials such as papyri,
contributing to their more successful conservation?

¢ What information of value to conservators, curators and scholars can be obtained
using NIR hyperspectral imaging technique and accelerated degradation to study

degradation behaviour of cellulosic materials?
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Thesis Structure

This thesis divides into seven chapters;

Chapter 1 has discussed the narratives of the entire PhD research project, describing the
main aims and questions of the research.

Chapter 2 describes the nature and material properties of the three cellulosic materials
under investigation: Islamic paper, painting canvas and papyri as well as the details of the
reference collections and the classical analytical characterization methods that were used
in the research. It also includes a background about the common degradation mechanisms
of cellulose in paper and canvas with experimental details of a degradation study
conducted using reference samples of Islamic paper and painting canvas in order to study
their degradation behaviour and stability. The results of the degradation studies are
described later in Chapter 4 and 5.

Chapter 3 reviews the Hyperspectral imaging system in terms of the background of
the technique, its instrumentation, data acquisition parameters, important metrics,
calibration, data analysis methods and usage in the field of heritage conservation in
addition to a discussion about the robustness of the system through a series of
evaluation tests. The chapter also includes a description about the specifications of an
NIR spectroscopic technique used through the research for comparison with the HSI
system in terms of performance, calibration and data analysis.

Chapter 4 focusses on historic Islamic paper exploring its material properties and the
effect of some of these properties on its stability. It also describes the experimental
details, data analysis and results of the development of non-destructive
characterization methodology for the determination of four characteristics: starch
sizing, polishing, pH and cellulose DP using NIR spectroscopy and HSI in addition to
the validation of the developed methodology using real historic collection. Moreover,
the details of the development of quantitative chemical maps for Islamic paper showing
its advantages and limitations are described. The experimental details and results of
an experiment to study the degradation rate and behaviour of Islamic paper are also
included in the chapter.

Chapter 5 explores painting canvas describing the details and results of the
development of an assessment tool for its condition (pH and DP properties) using NIR
spectroscopy and HSI in addition to the validation of the tool using real paintings.
Moreover, the development of quantitative NIR chemical maps of canvases and the
study of their degradation behaviour and stability are also discussed in the chapter.
Chapter 6 focusses on the application of near infrared (NIR) hyperspectral imaging
(HSI) on ancient papyri, exploring the potential of imaging through glass and its effect

on the spatial and spectral accuracy of the collected information.
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Chapter 7 collects the findings and conclusions of different chapters obtained for the
entire PhD research explaining how the different aims and questions of the research
have been covered. Interesting future avenues for research that have been identified
during the research are also described, in addition to the different dissemination
aspects of the research.

For each chapter, a brief introduction is included in the beginning together with the
structure of each chapter. In addition to Chapter -, the conclusions and findings for

each material under investigation are summarised at the end of Chapters 4, 5 and 6.
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2. CELLULOSIC MATERIALS: Background and Development

Cellulose is the main constituent of many cultural heritage objects especially written
heritage and paintings. It can be found in most fibres as it is considered the most abundant
organic compound (Mills & White, 1987). As a linear polymer and due to its complex
morphological structure, it can be exposed to many degradation reactions such as
hydrolytic, oxidative and thermal (Porck, 2000; Strli¢ & Kolar, 2005).

Since the focus of this research is to study cellulosic materials, it is of great importance to
be aware of cellulose degradation mechanisms for better preservation and management
of heritage objects and collections. To be able to achieve that, firstly, we need to know
about the nature and morphology of each object/material under study and how it was
produced then investigate the factors and degradation processes influencing its lifetime.
The research will explore three different examples of cellulosic materials with different
characteristics; Islamic paper, painting canvas, and papyrus. Islamic paper was chosen
specifically as no previous systematic scientific study was conducted on it resulting in a
scientific gap in understanding such historic material. Although painting canvas was
investigated in earlier study enriching our scientific knowledge about this material, it was
a good example to pick as another cellulose-based material with more heterogeneous
nature than paper. On the other hand, papyri as the oldest writing material is another
complicated material which were rarely investigated due to the inaccessibility of collections
and/or lacking of information about its original manufacturing techniques.

This chapter is divided into 5 sections. The first three sections (2.1, 2.2 and 2.3) describe
the nature and material properties constituting the three cellulosic materials under
investigation in detail together with their development through history. The sections will
also include description about the reference collections that were used in the research for
each material.

Section 2.4 describes all the experimental details of classical analytical methods that were
carried out through the research to characterize the cellulosic materials under
investigation. The analysis of the results collected from the characterization methods are
discussed later in Chapter 4 and 5 to be in context.

The last section (2.5) describes the common degradation mechanisms of cellulose in
paper and canvas. The section also shows the experimental details of a degradation study
conducted using reference samples of Islamic paper and painting canvas in order to study
their degradation behaviour and stability. The results of the degradation studies are

described in context with their relative data in Chapter 4 and 5.
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2.1 Islamic Paper

As an information carrier, paper has a significant role in history and culture (Hunter, 1947;
Bloom, 2001). Yet, although the craft originated in China (105 AD), the focus of much of
recent research has been on Western papermaking (Papylum 2001-2004, PaperTreat
2005-2008, SurveNIR 2005-2008). Such studies explored the characteristics of the
European paper and the main factors affecting its material state such as using alum-rosin
and gelatine for sizing. Also, a recent study on the 19" and 20™ century Chinese paper
(Brown et al., 2017) revealed the differences in the characteristics of the paper compared
to European paper from the same period such as the low grammage and inhomogeneity
of the paper. Material properties of paper changed as the knowledge of its production
travelled from China through central Asia (751 AD) until it reached the West (1151 AD)
then continued the development (Hunter, 1947; Pedersen, 1984; Bloom, 2001; Loveday,
2001). It is well known that Islamic papermakers utilized techniques and processes not
often used elsewhere to cope with the different cultural environments, such as surface
polishing, starch sizing or dyeing and decoration, which appear to make Islamic paper
distinct from Indic, Sino-Asian or European (Baker, 1989; Baker, 1991; Bloom, 2001,
Loveday, 2001; Karabacek, 2001; Déroche, 2005). However, it is as yet unknown how
geographically distinct and widespread these techniques were and whether they affect
paper stability.

For the purpose of this research, ‘Islamic paper is defined as paper that has been
produced in the Islamic cultural realm, i.e. in Arab, Persian or Turkic territories. There could
be regional differences in the history and techniques of papermaking; however, there is
currently insufficient knowledge to distinguish them. There is a significant gap in the
knowledge of what Islamic paper is, as provenancing can only be achieved by historical,
palaeographical and codicological research (Déroche, 2005), and scientific understanding
of Islamic paper is almost entirely lacking. We also know little about what proportion of
Islamic paper constitutes manuscripts in Islamic library collections, especially since
intensive trade led to significant imports of European paper into Islamic countries from the
17" century on (Baker, 1991; Bloom, 2001; Loveday, 2001; Déroche, 2005).

There is a strong relationship between the durability of paper and the materials and
techniques used in its production, e.g. the effect of alum-rosin on European paper (Hubbe,
2004; Strli¢ & Kolar, 2005) widely used as a sizing material since the second half of the
19" century (Barrow, 1974; Au & Thorn, 1995). Gaining such knowledge would help
custodians of Islamic paper collections to understand the materials and develop more
sustainable preservation plans (Strli¢ & Kolar, 2005).

The main characteristics of Islamic paper are still considered controversial. Although some
of the Islamic papermaking technigues were not often used in the European countries such
as starch sizing, polished surfaces and dying paper, it should be taken into consideration

that starch was used in Chinese papermaking and in the production of the early Western
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paper as well (Garlick, 1986; Déroche, 2005). Also, dyed papers can be found in China
from the 7" century AD (Déroche, 2005). In addition to that, it is possible that polishing, as
a finishing technique, was applied separately from the original paper production process
and in different locations and times (Loveday, 2001).

Paper fibres can be a conclusive characterization parameter, as was shown, e.g. for
Tibetan paper (Helman-Wazny & Van-Schaik, 2012). However, we currently have no
knowledge of, or historical information on, the use of particular fibres in Islamic
papermaking, although bast and cotton have been used, as was the case of European
papermaking (Loveday, 2001; Karabacek, 2001; Al-Samarra’l, 2001; Déroche, 2005; Al-
Hassan, 2001).

All of that makes the characterization of Islamic paper difficult and multidisciplinary studies
are required: palaeography for the identification of date and place of paper use, codicology
for the identification of morphological characteristics and production techniques and
scientific analysis for the identification of papermaking materials and state of degradation.
Despite not being unique, starch sizing and polishing are used in this research as two
representative characteristics of paper with a potential to be of Islamic origin due to their
widespread use. Originally, the application of the two finishing techniques was done
manually (Figure 2-1) using different techniques, which may lead to local differences in
terms of surface degradation. A variety of starch sources were used for sizing of Islamic
paper e.g. wheat and rice (Baker, 1991; Loveday, 2001). Polishing was also applied using
tools e.g. glass stone either with or without additives acting as a coating layer such as egg
white or gum tragacanth (Ibn Badts, 1025; Levey, 1962; Loveday, 2001; Karabacek, 2001;
Al-Samarra’l, 2001) which resulted in different levels of quality and shine of paper (Baker,
1991; Loveday, 2001; Karabacek, 2001; Déroche, 2005).

Figure 2-1. Application of sizing (left and middle) and polishing (right) techniques on
paper. © (left) http://precious-piece.com/?page_id=2358, © (right and middle)
http://www.hussainpapers.co.in/gallery.htm.

Reference Collection

A collection of Islamic paper samples (228) was collected (Figure 2-2) from different
sources in Central Asia, Near East and North Africa covering the period from 15" to 19™
century. The substantial collection is part of the UCL Institute for Sustainable Heritage
(UCL-ISH) Historic Reference Material Collection gathered before the time of this
research. All of the samples in the collection have no historical or any value and were
purchased from authentic galleries in the form of single sheets and once out of context so

it was decided that it is suitable for destructive sampling for the purpose of material
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analysis and scientific research based on ICON guidance (Quye & Strli¢, 2019) and after
an internal assessment.

Samples are single sheets with text mostly on both sides which are written in several
languages e.g. Coptic, Persian and Turkic but mostly in Arabic (168). 31 samples are from
Samargand (Uzbekistan).

Unfortunately, the production dates of more than a half of the samples (133) are unknown,
while ~90 samples are from 18™ -19™ century and older. In general, no clear information
is available about the provenance, date or history of the storage environment for these
samples. Such information is of great importance to be able to assure the scientific
conclusions resulted from the analysis of the collection. For that reason, the reference
collection was well-characterized and chemically analysed following the standard classical
techniques used for paper to collect as many information as possible about its material
state. In addition to that, the degradation rate and behaviour of the samples were also
investigated with the aid of accelerated degradation.

The collection was visually examined and digitally documented before any sampling or
further analysis. A reference database was constructed to record all measurements,
observations and images using catalogue number (Arabic paper—AP) and unique ID,
consisting of “AP” followed by an incremental number for each sample. Sub-samples such
as AP 1-1 and AP 1-2 were given to sheets from the same bound volume.

Then the collection was characterized using chemical analytical methods to identify two
main properties of Islamic paper: starch and surface polishing, and to explore the average
material state of the samples by the determination of pH and degree of polymerization of
cellulose in paper. Analytical methods are described later in this chapter (Section 2.4).
88 % of the samples either contain starch or are polished, or both. The majority of papers
are neutral to mildly acidic, which is in contrast to their DP values where ~69 % have DP
< 1000 which indicate their extensive degradation. The characterization of the collection
in addition to the investigation of the possibility of any relationship between polishing and
starch sizing characteristics with the measured values of pH and DP will be discussed later
in Chapter 4 .

Figure 2-2. Two objects in the historic reference material collection at UCL-ISH (Left: AP
85, right: AP 53)
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Islamic Paper Calibration Target

Due to the lack of standard materials for calibration representing the complexity of the real
objects under study, qualitative applications were more common for the HSI analysis.
Thus, a special calibration target was prepared using the well-characterized reference
collection of Islamic paper described earlier. The target was involved in the development
of quantitative calibration models (discrimination and regression) with the aid of
multivariate data analysis techniques. The target was also used to test the robustness and
stability of the scanning system as it allows for scanning the samples keeping the same
position and order in each scan.

The Islamic paper calibration target (Figure 2-3) was devised using 105 samples (Table
2-1) from the well-characterized reference collection of Islamic paper (228 samples) (see
Appendix I). The target was scanned, analysed and used to build calibration models using
multivariate data analysis methods using both HSI system and Labspec-5000
spectrometer. Different samples from the same reference collection were also used to
validate the models and to build quantitative chemical maps of different material
characteristics of Islamic paper. Four material properties were of interest; starch sizing,
surface polishing, pH and cellulose degree of polymerization (DP).

The design of the target permits the use of different backgrounds while taking spectral
measurements as seen in Figure 2-3. the target was also used to explore the performance
of the HSI system and its robustness as explained later in Section 4.4.

Regarding target samples properties, Starch was identified in 45 samples versus 60
samples without starch. 43 out of the 105 samples are categorized as polished. pH values
were available for ~ 70 samples which ranges from 4.5 to 7.5. Also, DP measurements
were conducted for only 57 samples as the other samples contained lignin, which cannot
be measured using the traditional analytical method. The average DP of all the samples
is 848 with a standard deviation of 427.
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Figure 2-3. Calibration target with 105 characterized samples of Islamic paper (Front and
back sides).

Table 2-1. The 105 Islamic paper calibration target samples, showing the distribution of
samples containing starch (samples with yellow cells). Grey slots are without samples.

11 10 9 8 7 6 5 4 3 2 1

56-3 55 45-3 42 36 26 6 5 3 56-1 45-2 1
131 125-1 121 114 108 97 91 85 84 83 74 2
43 18 10 9 8 29-2 127-2 133-2 17 44 125-2 3
126 116 115-1 113 107 100 98 72-4 69 49 29-1 4
2 129-2 129-1 16-1 25 35 37 115-3 133-1 128 127-1 5
109 38 39 40 41 a7 48 63 65 75-T1 76 6
34 33 89 110 111 117 118 123 124 130 120 7
75-1 27-1 72-2 101 96 82-1 73-2 53 57 50 46 8
95 72-1 62-1 52 31 30-1 28-2 23 11-1 4 62-2 9

72-3 24 132 106 104 103 10

11
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2.2 Painting Canvas

Paintings are complex cultural heritage objects. They have layered structures (Figure 2-4)
with different materials and compounds such as wood, glue, canvas, metal and pigments
that can easily migrate from one layer to another (Boon et al., 2007).

Canvas support is one of the important layers of easel paintings as it holds the paint layers
therefore the aesthetic value, for that reason its preservation is very important. The
investigation and condition assessment of canvases sometimes require destructive
sampling, which is rarely permitted for valuable objects, such as assessing the strength of
a canvas using mechanical tests e.g. stress/strain curves of a canvas or maximum load
before failure which require large samples and repetitions or measuring the degree of
polymerization (DP) and acidity of the canvas to assess the degradation state of a canvas
thus developing a non-destructive assessment method would be both required and
welcomed.

Traditionally, the most often used fibres for painting canvases were linen, cotton, hemp,
jute and ramie (Villers, 1981; Oriola, 2011). Since canvas is traditionally a cellulose-based
material, it is affected by degrading agents such as heat, humidity, light, pollution and
biological agents (Strli¢ & Kolar, 2005; Boersma et al., 2007).

The main consequence of canvas degradation is the loss of its mechanical strength
making it fragile (Garside & Wyeth, 2006). Since the mechanical strength and degree of
polymerization (DP) of cellulose in canvas are related (Zou et al., 1996; Oriola, 2011) and
most mechanical tests require large amount of sacrificial samples in comparison to the
viscometric method of DP determination, viscometry can be used to assess the condition
of the canvases. On the other hand, acidity is also known to be an important parameter
for cellulose-based materials and could accelerate the degradation processes (Strli¢ &
Kolar, 2005). Application of primer, glue and some paint in addition to the acidic gases
from the environment increases the acidity of canvases (Villers, 1981; Hackney & Hedley,
1993; Anonymous, 1997; Zervos & Moropoulou, 2005). Thus, gathering information about
both material properties provides information to assess the material state of canvases.
Also, the distribution of these properties across a painting canvas can be very
heterogeneous leading to possible local differences during degradation.

Figure 2-4. Structure of an easel painting. © Dominguez Rubio, 2014
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Reference Samples

The reference database of painting canvas samples used in this research was built based
on two different sources; ~150 historic canvas samples from the reference collection of a
prior study conducted in 2011 (Oriola et al., 2011; Oriola, 2011) and 10 historical oil
paintings belonging to UCL-ISH Reference Collection (Figure 2-5) (see Appendix IV). The
reference collection from the study at 2011 is well characterized so the DP, pH and fibres
are known (with expected changes in the measurements and condition of the samples
since the study time). Most of the samples were collected from paintings and linings from
Museu Nacional d’Art de Catalunya (Barcelona). The samples are dated from the 16™
century to 19™ /20" century. There is a large variation in the fibres and types of the
samples. The description of the collection in addition to its characterization can be found
in the original study (Oriola et al., 2011; Oriola, 2011).

Regarding UCL-ISH samples, most of the paintings are from the 20™ century and only 2
are from the 19" century. Similar to the Islamic paper reference samples and under the
ICON guidance, Paintings are suitable for destructive analysis as they were purchased
from authentic galleries on an individual basis and each has no historical, aesthetic or any
values so it can be used to validate the developed calibration models acting as real cases.
Samples were characterized (Table 2-2) similar to Islamic paper samples in terms of
acidity, cellulose DP and fibre furnish analysis (done with the aid of University of
Barcelona). Most of the samples are made of linen fibres with only two cotton samples. pH

of the samples ranges from 4.5 to 6.4 while cellulose DP values ranges from 880 to 3800.

Table 2-2. Results from the characterization of UCL-ISH painting samples showing the
fibres, pH and cellulose DP values of the 10 paintings.

Fibres DP pH
P1 Linen 1229 4.9
P2 Linen 3289 6.0
P3 Linen 1207 4.9
P4 Cotton 1834 6.4
P5 Linen 888 4.5
P6 Linen 1032 5.0
P7 Linen 1397 5.4
P8 Linen 899 4.9
P9 Linen 3826 5.8
P10 Cotton (Probably mercerized) 1166 4.7
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Figure 2-5. Reference collection samples from a prior study conducted in 2011 (Oriola et
al., 2011, Oriola, 2011) (left) and one object (P10) from UCL-ISH painting collection (right).

Canvas Calibration Target

Similar to the Islamic paper calibration target, around 70 samples were selected from the
Canvases Reference collection to build the quantitative calibration models (Figure 2-6)
(see Appendix Il). Spectral measurements were collected from the samples in the target
using the Labspec spectrometer and HSI system with different acquisition parameters.
Whatman filter paper sheets were used as a measurement background. Cellulose DP and
pH regression models were developed for both instruments and the results were
compared. In addition, the models were evaluated using the real paintings from UCL-ISH
collection. The selected canvases were non-destructively scanned with the HSI system
and pH and DP values were predicted using the developed models then compared to the
real measurements. Quantitative chemical maps of the two properties were also generated
to enable a visualisation way of the distribution of material properties and its chemical
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Figure 2-6. Calibration target with 72 well-characterized samples of painting canvases
(16" — 20" C.).

2.3 Papyrus

Papyrus is one of the oldest writing materials used to transfer information (Grasselli, 1983).
It has a particular place in history due to its unique historic significance, information
content, durability and structure. However, little scientific research focused on papyrus
conservation, preservation and material characterization as well as on the writing materials
and pigments used (Frosén, 2012). This may be due to the difficulty of accessing
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collections and the less well-known ancient manufacturing process of papyrus (Grasselli,
1983; Bulow-Jacobsen, 2012) and its writing and decoration in addition to the complex
structure of the support itself.

Papyrus as a writing support has a unique layered structure. It consists mostly of cellulose,
hemi-cellulose and lignin in addition to few proteinaceous materials (Leach & Tait, 2000).
It has a rough surface as sheets are woven from ribbons cut directly from plant stems
(Elnaggar et al., 2015). Similarly, as any cellulose-based organic material it is prone to
degradation affected by different parameters in the environment, however, this is still
underexplored as it would require access to and analysis of reference collections which is
unavailable, particularly with respect to the nature and rate of the degradation processes
and to assessment of its mechanical stability.

Inks used on papyri if well explored could reveal useful information about the development
of the writing materials through the history of papyri as it links Egyptian, Roman and
modern civilizations. It is known that carbon is the oldest ink material used in Egypt before
the beginning of the 1%t dynasty (3400 B.C.E.) and is mostly made of soot (Lucas & Harris,
1962). Romans and Greeks used carbon ink as well, while Romans also made ink from
sepia. Some evidence of the use of oak galls in the production of ink was found as well
starting from 2" - 3 century AD onward (Lucas, 1922; Mitchell & Hepworth, 1937; Lucas
& Harris, 1962; Bllow-Jacobsen, 2012). Few literatures mentioned the detection of iron
ink around the third century B.C.E. (Lucas, 1922; Bilow-Jacobsen, 2012) but further
investigation supported with scientific evidence is needed to verify such information.
Different pigments were also used such as red lead, red and yellow ochre, verdigris,
orpiment, malachite, lapis lazuli, and Egyptian blue. Black ink was mainly used for writing
while red ink was used for titles, headings and notes. The other colours were used for
illustrated scenes and decoration (Montague, 1890; Lucas, 1922; Mitchell & Hepworth,
1937; Lucas & Harris, 1962). More research is needed to study the pigment palette used
through this period.

More applications using scientific techniques especially non-destructive and portable ones
need to be developed to be able to access and systematically study collections and to
explore and verify the chronology of the development of the writing materials in addition to
study the degradation nature and damaging effect of it on the support. A scientific trial was
done on 2001 (Frangoise & Delange, 2001) to study papyri trying to answer some
important conservation questions about the source of the papyrus, the existence of glue
between its layers and the impact of time on it. The authors used some analytical
techniques such as proton-induced X-ray emission (PIXE) for the mineral analysis, optical
microscopy to detect starch presence, mechanical strength (zero-span tensile strength),
acidification (pH) and oxidation in addition to accelerated degradation under the presence
of the agents causing chemical and physical degradation: heat, humidity, light and

pollution to study the behaviour of papyrus.
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Moreover, some research on papyrus conservation has been developed recently e.g.
evaluation of using laser cleaning to remove burial encrustation on papyrus (Elnaggar et
al.,, 2015) and investigation of using advanced imaging techniques to identify and
characterize the writing on papyrus which is beneath the surface of ancient Egyptian
mummy cartonnage (Gibson et al., 2018) that demonstrates the potential and need for

such tools to study this complex material (Frangoise & Delange, 2001).

Papyri Collection

Around 60 samples (Figure 2-7) from the collection at the Petrie museum covering the
period from Middle Kingdom (2024 BC) to Islamic Period (1000 AD) were investigated.
The textual information of the samples is written in different languages such as; Demaotic,
Greek, Hieratic, Arabic, Coptic. Each sample is kept between two glass sheets for its
preservation. Samples glass cases have various thickness from ~2 - 3 mm. Some of the
samples have a paper card background.

Figure 2-7. Some objects from the collection at the Petrie museum that were examined in
the research.

2.4 Classical Characterization Methods

2.4.1 Sizing Characterization of Islamic Paper

The presence of starch was investigated using the iodine test (Isenberg, 1967; Baker,
1991). 5 g of 1, (>99.8 %, Sigma Aldrich, Dorset) was added to 10 g of Kl (crystals, Sigma
Aldrich, Dorset) dissolved in 100 ml of deionized water to prepare the iodine solution. For
use, one drop of the prepared solution was then added to ~0.5 cm? of paper sample after
dilution by 1:4. Any change in colour was recorded under low magnification.

Samples that gave negative results for the lodine test were also tested for the presence of
rosin using the Raspail test (Isenberg, 1967; AIC, 1990). The possibility of rosin and starch
being present in the same sample was also explored.

After adding one drop of a sucrose solution (35 g sucrose, >99.5 %, Sigma Aldrich, Dorset,
in 20 ml deionized water) to the paper sample (~0.5 cm?) and left it for 3 min to ensure
penetration, a drop of concentrated H2SO4 (95-97 %, Merck, Darmstadt) was then added.

Colour change was observed under low magnification.
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2.4.2 Surface Characterization of Islamic Paper

Polishing was assessed visually and the ref-collection was divided into ‘Polished’,
‘Unpolished’ and ‘Uncertain’ categories. Visual assessment of a polished surface of a
paper could be considered as a challenge either by appearance (looking for sheen marks)
or by touch due to the manufacturing technique which resulted into different levels of
quality and shine (Loveday, 2001; Karabacek, 2001; Déroche, 2005). Based on the
relation between surface roughness and its light reflection (Bhushan, 2001), other
measurements were collected to find an instrumental method to reduce the subjectivity of
visual assessment such as measuring roughness and gloss characteristics of the surface
in addition to its reflectance. Scanning electron microscope was also used to capture the
surface topography of the samples which gave the best results among the tested

instruments.

Roughness

TRACEIT profilometer (Innowep, Wirzburg) was used to measure roughness as an
indication of surface texture and irregularities (Leising, 2010). The topographic roughness
parameter R, (Bhushan, 2001) was determined in both directions (X and Y) with the

resolution of 1536 lines per 5 mm. The arithmetic average was calculated.

Gloss
Gloss was measured at 20° using Novo-Gloss Lite 45° glossmeter (Rhopoint Instruments,
St Leonards) with a resolution of 0.1 gloss units (GU). The average gloss value was

calculated from ~10 random measurements, on both sides of each sheet.

Specular/diffuse reflectance ratio

The ratio of intensity of reflected light at 457 nm was determined using a Lab-Spec-5000
spectrometer (ASD, Boulder) at two different angles relative to the incident beam (0°, 45°).
This wavelength was selected as it is used to measure paper brightness (Tappi-452-om,
1998; BS-ISO-2470-1, 2009). Using the ratio rather than absolute values also corrected

for any influence of potential chromophores.

Scanning electron microscopy (SEM) imaging

Surface topography images of a 5 x 5 sample were obtained using TM3030 tabletop
scanning electron microscope (Hitachi, Tokyo) in charge-up reduction mode without any
sample preparation. Images were collected using low accelerating voltage (5 kV) and
magnification of 100x.

2.4.3 Acidity

pH measurement is commonly used to represent the acidity or alkalinity of a material by
measuring the hydrogen ions (H*) concentration in the solution (Tse, 2007; Mettler-Toledo,

2013). The pH of the samples from canvases and Islamic paper samples collections was
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measured using a modified standard cold extraction procedure (ASTM-D778-97, 2002;
Strlic et al.,, 2004). Mettler Toledo (Leicester) SevenGo pH/lon Meter with a micro-
combined glass electrode (3 mm diameter, InLabe Micro, 51343160) was used for
measuring pH after calibration with Mettler Toledo pH 4.01+0.02 and pH 9.21+0.02 buffers
in the room temperature.

Around 1.14 mg of a sample is soaked into ~ 0.1 ml MilliQ deionized water and left
overnight to achieve equilibrium (Strli¢ et al., 2004; Figure 2-8). Samples were taken out
of the extraction liquid during measurement. All values were rounded to the nearest 0.1
pH unit (ASTM-D778-97, 2002; Strli¢ et al., 2004). The uncertainty of the used method
was evaluated which equals +0.3 pH units.

Figure 2-8. pH meter during calibration and measurement processes.

2.4.4 Degree of Polymerization

DP of cellulose in cellulosic based objects is very useful indicator of the condition of the
cellulosic chains reflecting object condition. Also, its correlation to the mechanical
properties and remaining lifetime of objects was proven (Zou et al., 1996; Strli¢ & Kolar,
2005; Trafela et al., 2007; BS-1SO-5351, 2010). The standard viscometric method (Evans
& Wallis, 1987; BS-ISO-5351, 2010) was used to measure the DP of cellulose in paper
and canvas samples. For each sample, an average of 3-5 repeats of the effluent time
were used to calculate the DP using Mark—Houwink—Sakurada equation (Evans & Wallis,
1987; Strli¢ & Kolar, 2005; BS-1SO-5351, 2010). Around 20-30 mg from each sample is
required.

Since the determination of water and non-cellulosic additives of each sample was not
conducted due to the limited historic samples, 5% of an average content of non-cellulosic
compounds (including water) was assumed in the calculations similar to previous
publications (Strli¢ & Kolar, 2005; Trafela et al., 2007; Strli¢ et al., 2007). It was taken into
consideration that an error of 1% in this estimation (i.e. 5% * 1%) would lead to ADP of
1% which is negligible in relation to the observed differences in DP across the collections.
The uncertainty of DP determination of a Whatman No. 1 filter paper (Maidstone) sample

was <1% (n = 3). All measurements were conducted inside a fumehood cupboard
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(Safehood120, BIOAIR EuroClone Division) due to the toxicity and corrosiveness of the
standard solvent (cupriethylenediamine — CED, Merck KGaA, Copper (Il) ethylenediamine
solution). Lignin-content samples were not measured using this technique as lignin cannot
be dissolved in the standard solvent (Trafela et al., 2007; Zervos, 2007).

A preparation step was needed for the canvases samples before DP analysis due to its
heavy sizing with glue and paint remains. Samples were soaked in distilled water
(temperature of the water is 90-100 °C) and left overnight. Then, samples were double
boiled at 100° C for 10 min. After cooling down, samples were air dried for two days (placed
over Whatman No. 1 filter paper sheets, Figure 2-9). After that, DP of the samples were
measured using the described method.

Figure 2-9. DP measurement experiment of canvas samples, showing the special
preparation process needed for the samples due to the heavy glue and paints.

2.5 Degradation Processes in Cellulosic Materials

The degradation of organic collections is an inevitable process. Like all materials,
cellulose-based ones will eventually decompose, however variations in the rates may be
significant. Thus, it is important to understand the properties of each material e.g. its nature
and production techniques to be able to get knowledge about degradation processes and
factors that affect its lifetime which then will allow for the development of effective and
efficient preservation methodologies.

A variety of degradation processes affect cellulosic based collections in similar ways. The
degradation of cellulose is well explained in literature (Strli¢ & Kolar, 2005). Briefly,
cellulose can undergo chemical or physical changes or both during degradation
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processes. Rearrangement of the molecules of a material without changing the chemical
structure of its individual molecules can be considered as a physical change such as
polymer recrystallization or denaturation of protein structures. On the other hand, chemical
changes involve creation of new molecular structures resulted from changes in the bonds
between atoms in molecules (Moncrieff & Weaver, 1992). This usually leads to the creation
of new substances with new physical properties (Rizzo & Burnstock, 2003). In general,
one can say that chemical and physical degradation are correlated (CCI, 2002).
Degradation and its rate can be affected by different environmental parameters; heat,
moisture, light, pollutants and microorganisms (Erhardt & Mecklenburg, 1995; Boersma et
al., 2007; CClI, 2008; Menart et al., 2011). The type and quality of the raw material
introduced in the production process as well as the techniques of production can also
affect degradation. Higher temperature and relative humidity (RH) accelerate the
degradation rate of cellulose (Zou et al., 1996) while low RH introduces brittleness to
materials due to reduced flexibility which may lead to physical damage during handling
(Garside & Wyeth, 2006; Menart et al., 2011). In addition, fungal growth accelerates with
higher moisture and temperature (Garside & Wyeth, 2006; CCI, 2008). Although there is
a disagreement between research opinions about the effect of fluctuations in RH and
temperature on the degradation of cellulose-based materials, the recent proved conclusion
was that no significant effect on degradation rate due to fluctuation more than it would be
expected and what is important is the time spent at each condition per cycle (Menart et
al., 2011). Light, especially ultraviolet radiation, also accelerates oxidation of cellulose
leading to yellowing and embrittlement (Timar-Balazsy & Eastop, 1998).

Hydrolysis and oxidation are considered as the main degradation processes of cellulosic
materials, causing polymer's chain scission and embrittlement of the material. Hydrolysis
process is the chemical breakdown of a compound during reaction with water (Pearsall,
1998) and it can occur under acidic (acid-catalysed hydrolysis) or alkaline (alkaline
hydrolysis) conditions. Both reactions break the cellulose chains making it shorter that lead
to depolymerization thus less mechanical strength and consequently embrittlement of the
material (Garside & Wyeth, 2006). Oxidation process mainly happens when a molecule
chemically combines with Oxygen (Pearsall, 1998). Cellulose is stable to atmospheric
oxidation (autoxidation) (Strli¢ & Kolar, 2005) at ordinary temperatures although this will
still happen progressively especially in the existence of light (Mills & White, 1987) (photo-
oxidation (Pearsall, 1998)).

Acid catalysed hydrolysis is considered the main chemical degradation pathway in
cellulosic materials where acid is playing the role of a catalyst that speeds up the reaction
rate without being consumed, so the more acidity (low pH), the more bond scission
happening and thus the higher the degradation rate is. The rate of the degradation
depends on the acid strength, concentration as well as on the temperature and duration

of the reaction (Dupont, 2003). The full mechanism of acid-catalysed hydrolysis is
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explained in literature (Strli¢ & Kolar, 2005; Oriola, 2011). On the other hand, if the
cellulose was suffering from pre-existing damage such as hydrolysis or photo-oxidation,
then it will degrade more rapidly under alkaline conditions (Garside & Wyeth, 2006).

In contrast to acid-catalysed hydrolysis, Oxidation is the predominant degradation reaction
in neutral to moderately alkaline conditions which depends on the amount of the oxygen
in the surrounding atmosphere (Strli¢ & Kolar, 2005) where the hydroxyl groups in
cellulose are converted into carbonyl and carboxyl group (Dupont, 2003). Oxidation could
result in both cross-linking (i.e. increase of molar mass leading to loss of flexibility) and
chain scission leading to embrittlement of the material and discolouration (Garside &
Wyeth, 2006; Oriola, 2011).

As cellulosic materials are very sensitive to acidity increasing the rate of acid-catalysed
hydrolysis (Strli¢ & Kolar, 2005) which in turn results in the breakage of polymer chains
(lowering DP) and weakening the fibres (less mechanical strength). Therefore, knowing
the DP of cellulose and the acidity (pH) of an object, gives information about its current
material state, where DP of the cellulose chains informs about the mechanical strength of
an object so its suitability for handling and display while presence of high pH values
indicates the high rate of degradation process. However, both of these analyses are
destructive and require sampling. Many studies have been successfully conducted to
develop non-destructive methods to measure or determine these material properties
mostly based on spectroscopy (Trafela et al., 2007; Strli¢ et al., 2007; SurveNIR;
Richardson & Garside, 2009; Mozir et al., 2011; Oriola, 2011). This is considered an active
field of research.

Many studies have been extensively conducted over the past few decades to investigate
cellulose degradation mechanisms and its kinetics analysis especially for western paper
(Strli¢ & Kolar, 2005; Zervos, 2010; Menart et al., 2011). Much of this work is based on the
earlier research into the kinetics of cellulose degradation by Zou, Uesaka and Gumagul
(Zou et al., 1996-1) in which a general kinetic model of the rate of degradation of paper
was established to describe the depolymerisation of cellulose using artificially degraded
bleached softwood bisulphite and Kraft pulps. It was based on the first order law, the
Ekenstam equation (Ekenstam, 1936) and the Arrhenius relationship (Arrhenius, 1889;
Strli¢ & Kolar, 2005). The model described the dependence of the rate of degradation on
moisture content, hydrogen ion concentration and their interaction. Since the goal of the
kinetic analysis is to predict the natural degradation behaviour of paper, the authors were
able to estimate the effects of storage conditions on the life expectancy of paper, i.e. the
time needed for the DP to decrease to some value, regarded as the lower limit of usability
(typically 250-300 DP units).

The same authors also provided the first quantitative comparison of accelerated

degradation with natural degradation (Zou et al.,, 1996-11) where a good correlation
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between both methods was proved with a statistical confidence in the prediction of paper
permanence using accelerated degradation.

Another modelling attempt recently was carried out by Strli¢ et al. (2015-Ill) to describe the
degradation rate of paper. Their model also was developed based on the Ekenstam
equation (Ekenstam, 1936), the Arrhenius relationship (Arrhenius, 1889; Strli¢ & Kolar,
2005), the linear correlation between the rate of degradation in DP and the moisture
content, as well as hydrogen ion concentration. The model is using available observations
of paper degradation in literature (Zou et al., 1996-1;1996-II; Kolar & Strli¢, 2007; strli¢ &
Kolar, 2005; Baranski et al., 2005) which are all collected from accelerated degradation
experiments or model samples. The authors developed a dose-response function linking
loss of DP with time and parameters that critically affect the rate of degradation of paper
at dark storage such as temperature (T), concentration of acids (pH) in cellulose and water
content (RH). That enabled them to predict degradation behaviour of paper leading to the
development of a new damage function dedicated for historic European paper which
opening the possibility to build scenarios of management of the storage environment as
well as level of access for different types of library and archival paper.

According to the general developed kinetic model, the degradation rate constant can be

determined from the following simplified Ekenstam equation (Ekenstam, 1936; Zou et al.,

1996).
Lo Lokt
DP DPO

where DP and DP, are the degree of polymerization of cellulose at time t and zero,
respectively, and k is the degradation rate constant (day™?).

The temperature dependence of degradation rate constants is described by the Arrhenius
equation under certain conditions (Zou et al., 1996):

k = Aa * exp (—i—:)

where A, and E, are the apparent frequency factor and activation energy, respectively. R
is the gas constant and T is the absolute temperature. The activation energy represents a
measure of sensitivity of the degradation rate to temperature changes, while the constant
A represents all other experimental parameters, such as humidity, acidity, exposure to
pollutants and light, and physical structure of paper (Calvini & Gorassini, 2006).

The two developed models from the kinetic analysis studies (Zou et al., 1996; Strli¢ et al.,
2015-11l) showing the dependence of the frequency factor A on the moisture contents

[H20, %] and hydrogen ion concentration [H*] of cellulose sheets as following:

k(prediction) = (Aa0 + Aa2 . [H20] + Aa5 . [H*].[H20]) * exp (— =) (Zou et al., 1996-I)
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Where k(prediction) is the predicted degradation rate (day?), Ea = 109 kJ.mol?, R= 8.314
J-molt and As = 4.54 x 10-9 day?, A,> = 2.83 x 1012 day? and Aas= 9.85 x 10* mol-tday

Land T is temperature in Kelvin.

a3

In(k(prediction)) = a0 + al .[H20] + a2 .[H*] — - (Strli¢ et al., 2015-111)

Where ap = 36.918 year?, a; = 36.720 year?, a, = 0.244 year?, a; = 14300 year? and K,
is degradation rate in year™.

[H*] was calculated by [H*] = 107" where pH is the acidity of the samples measured
using the cold extraction method while [H.0] was calculated based on the developed
function for ‘fine paper’ (Paltakari & Karlsson,1996) as;

In(1-RH) __r
—) 2.491-0.012.T
1.67 .T—285.655

where [H20] is the moisture content of the samples, RH is the relative humidity of the

[H20] = (

environment in ratio and T is temperature of the environment.

Thus, in order to further understand the behaviour of the materials under investigation,
exploring their degradation rate and study their stability, several accelerated degradation
experiments were planned and conducted at different temperature (T) and relative
humidity (RH) conditions using Islamic paper and canvas samples (10-12 samples each)
(Figure 2-10). Islamic paper samples were selected to represent the various types in the
reference collection (samples either starch-sized or polished or both, samples neither
polished nor starch sized). Canvases samples were only selected from UCL-ISH
collection. Table 2-3 shows the different combinations of T and RH selected and the
location of each experiment with information about the chamber type, duration of
experiments and sampling rates. pH and DP were determined similarly to the reference
samples following the degradation experiment. Then, the data and results (discussed in
Chapter 4 - Section 4.5 for Islamic paper and in Chapter 5 — Section 5.3 for painting
canvas) obtained from these experiments were used to build models and damage
functions to study the different scenarios of storage environment for Islamic paper and

canvases which provides an evidence-based management of historic collections.
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Table 2-3. The different conditions of the accelerated degradation experiments applied to
Islamic paper and canvases samples. The table showing combinations of temperature and
relative humidity conditions, the total experiment duration for each material and sampling
rate. In addition to experiments’ locations and chamber types information.

(CTogdf)}JgS)s 70° / 30% 60° / 70% 90° / 70% 50° / 50% 80° / 50%
Islamic Paper 12 weeks 8 weeks 4 weeks 8 months 8 weeks
Painting
Canvases 8 weeks 6 weeks 2 weeks 4 months 4 weeks
Library of Congress ZFB GmbH by
Location University of Ljubljana by Irena Kralj-Cigic (LoC) by Fenella Manfred Andres
France
Binder GmbH
Chamber Type Votsch (VC0018, Balingen-Frommern, Germany) - (MKF 720,
Germany)
AP: every 2

Sampling rate

AP: every 3
weeks x 4 times
C: every 2 weeks
X 4 times

AP: every 2
weeks x 4 times
C: every 2 weeks
x 3 times

AP: every week
x 4 times
C: every 5 days
x 3 times

AP: every 2 months
x 4 times

C: every 1 month x
4 times

weeks X 4 times
C: every 10 days
x 3 times

Figure 2-10. Some of the Islamic paper and canvases samples during one of the
accelerated degradation experiments.
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3. HYPERSPECTRAL IMAGING: Characterization and Robustness

Heritage objects are well known for their compositional inhomogeneity due to the use of
diverse raw materials and techniques in the production process (Trafela et al., 2007; Oriola
et al., 2014). This caused the degradation processes to progress in heterogeneous
manner with possibly significant local differences. Therefore, it is of importance to develop
tools to collect spatially resolved quantitative chemical information from the heritage
materials to represent such inhomogeneity and map the distribution of the chemical
composition of a whole object (Strli¢ & Kolar, 2005; Kubik, 2007; Wang & Paliwal, 2007;
Elmasry & Sun 2010; Oriola et al., 2014).

This chapter describes the Hyperspectral imaging technique starting with a background
(Section 3.1) about the spectral imaging technigue in general with a focus on the
hyperspectral imaging system, its instrumentation, data acquisition parameters, important
metrics, data analysis methods and usage in the field of heritage conservation.

Section 3.2 includes all the specifications of the current HSI system used in this research
with a description of the data acquisition process and the required calibration process.
Section 3.3 focuses on the specifications of the NIR spectroscopic technique (as a spot
analysis technique) used through the research for comparison with the HSI system in
terms of performance, calibration and data analysis.

Section 3.4 describes the different data analysis techniques used in the analysis of the
spectral data collected through the research using the HSI system and the NIR
spectroscopy to build different calibration models. The section includes details about two
types of calibration models; classification and regression models with the information
about the used multivariate data analysis methods for pre-processing the spectral data,
building the models and validating its accuracy.

Section 3.5 provides an overview about the HSI system through a series of evaluation test
and experiments in terms of function, performance and potential limitations. This helps to
understand the robustness of the system especially under different acquisition conditions.
Section 3.6 discusses the performance of the system and the significance of its influence
on the cultural heritage applications.

3.1 Background

Spectral imaging technology including hyperspectral imaging (HSI) and multispectral
imaging (MSI), has proven itself as a successful and useful technique in the field of
heritage conservation by expanding spectroscopy (spot analysis technique) to the
examination of an entire surface of an object as it records spectral and spatial information
simultaneously. There is a debate about the definitions of MSI and HSI, so for the scope
of this research focussing on HSI, MSI will be defined as the collection of spectral data
cube of tens to hundreds spectral bands and more than hundreds bands for HSI
(bandwidth < 10 nm) (Picollo, 2014; Cucci et al., 2019). The technique is not new as it has
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been used in other fields extensively since 1980s: remote sensing, medicine, forensics
and food engineering. Over the last decade, spectral imaging systems have advanced with
the evolution of the sensor technology which encouraged researchers to introduce it to the
conservation field where it quickly resonated (Lu & Chen, 1999; Fischer & Kakoulli, 2006;
Chang, 2007; Kubik, 2007; EImasry & Sun, 2010; Liang, 2012).

The use of the technique has significantly advanced characterisation and mapping of
original and added materials, investigation and monitoring of object condition (through
detecting any material changes e.g. colour or deterioration signs), evaluation of
conservation treatments, enhancements of obscured texts and accurate colour
reproduction (Lu & Chen, 1999; Fischer & Kakouli, 2006; Chang, 2007; Wang & Paliwal,
2007; Cséfalvayova et al., 2011; Liang, 2012; Dooley et al., 2013).

Since the use of HSI has increased in the field of cultural heritage, it is important to better
understand the technique in terms of the instrumentation, the data acquisition parameters
and the data resulted from the use of different instruments and methodologies to assure
its accuracy and reliability in addition to its suitability to the purpose of the research.
Primarily, the technigue is based on the interaction of light with matter similar to any
spectroscopic technique, which can happen using any band in the electromagnetic
spectrum. This nomenclature is usually used to represent groups of the wavelengths used:
visible (VIS): 400-700 nm; near-infrared (NIR): 700—1000 nm; or visible and near infrared
(VNIR): 400 — 1000 nm; short-wave infrared (SWIR): 1000—2500 nm; and mid-infrared
(MWIR): 2500-15000 nm (Fischer & Kakoulli, 2006). In this research, the focus will be on
the use of hyperspectral imaging in the SWIR region. The three-dimensional dataset
(hypercube) resulting from HSI in the SWIR region contains two spatial dimensions and
one spectral dimension, which can be used to study physical characteristics as well as
chemical composition, i.e. the state of an object (Lawrence et al., 2003; Elmasry & Sun,
2010; Yao & Lewis, 2010). It has the ability to identify a large number of inorganic and
organic materials which do not show discriminative features in the VNIR region, which
facilitates the analysis of pigments and inks as an example (Fischer & Kakoulli, 2006;
Chang, 2007).

Generally, HSI system consists of five main parts; lens, wavelength filtering or dispersion
device (spectrograph) attached to a camera/2D detector interfaced with dedicated
software that controls the acquisition process in addition to the illumination source (Chang,
2007; Elmasry & Sun, 2010).

The most important part is the imaging spectrograph as it is responsible for the collection
of spectral and spatial signals through an entrance slit onto a detector (EImasry & Sun,
2010). There are different ways to separate or filter wavelengths and each presenting
advantages and disadvantages. The most common used ones are either based on filters;
optical or tunable that are operated electronically such as liquid crystal tunable filter
(LCTF), or based on prism-grating-prisms (PGP) (Fischer & Kakouli, 2006; Chang, 2007).
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For hyperspectral imaging, PGP dispersing devices are a better option due to their high
diffraction efficiency and its ability to collect spectral information in one spatial dimension
at a time while sampling (collecting data through time based on movement of either
instrument parts or the object itself) the other spatial dimension (Aikio, 2001; Fischer &
Kakouli, 2006). On the other hand, the other dispersing devices based on filtration are
collecting the two spatial dimensions at once and sample the spectral dimension
(collecting spectral data through time based on filtering) (Fischer & Kakouli, 2006; Chang,
2007).

Detectors have evolved over the last decade allowing for the collection of signals from
different parts of the electromagnetic spectrum then convert them into electrical signals
using different materials e.g. silicon (Si), aluminum gallium nitride (AlGaN) and indium
gallium arsenide (InGaAs) for VIS, UV, IR ranges respectively (Norton, 2003; Rogalski,
2004; Fischer & Kakouli, 2006). For the Infrared range, a variety of materials such as
platinum silicide (PtSi), indium antimonide (InSb), indium gallium arsenide (InGaAs) and
mercury cadmium telluride (MCT/HgCdTe) are used for the development of the detectors
with different characteristics for each in terms of quantum efficiency, spectral sensitivity,
operating temperature and cost (Fischer & Kakouli, 2006; Chang, 2007). InGaAs and MCT
detectors are the most widely used detectors for the SWIR region (Sizov, 2000; Rogalski
& Chrzanowski, 2002; Fischer & Kakouli, 2006). MCT cameras have the ability to cover
the whole infrared spectral range while INnGaAS ones cover from 850 — 1700 nm. However,
MCT cameras are only available with a 320 x 256 pixel array and considered very
expensive (Fischer & Kakouli, 2006; Chang, 2007; Elmasry & Sun, 2010). The detector
selection process depends on the needs of the research where the system is going to be
used. It is a trade-off between the cost and the required performance. Detector
performance influences the quality of the collected images and there are many parameters
to be taken into account in the selection of a detector such as sensor size, pixel size,
dynamic range, spectral response, dark and readout noise (Qin, 2010). Extensive
development in the technology of detectors is ongoing leading to improvements and new
capabilities becoming available in the market.

There are three common ways to collect a HSI hypercube: area, point, and line scanning
(Chang, 2007; Elmasry & Sun, 2010). Area scanning (wavelength scanning) needs no
motion as it is collecting images one wavelength after another with a fixed field of view.
Point scanning (whiskbroom) measures the spectrum of one pixel at a time then the
scanner or the sample moves to the next position to construct the hypercube data for the
whole sample. Line scanning (pushbroom) is similar to the whiskbroom but it acquires the
spectral information from a line (one row of pixels) of the sample at one time, rather than
a single pixel then moves line by line using a moving stage or mirrors to collect the other
spatial dimension (Lu & Chen, 1999; Elmasry & Sun, 2010; Wang et al., 2012; Nouri et al.,

2013). Pushbroom scanners have many advantages over the other types as they have
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higher scanning speed and lower overall exposure to light and heat as one line of the
sample needs to be illuminated resulting in a better signal to noise ratio (due to the
distribution of light on the scanned line and the higher light collected thus higher input
signal) (Cucci, 2014). Also, they reduce non-uniformity of sampling due to the fixed
spacing between sensors in the array collecting line pixels (Chang, 2007). However, they
are expensive, work with a limited field of view and need processing and calibration to
compensate for detector non-uniformity (Chang, 2007).

Recently, a new way to collect a hypercube has been developed, i.e. framing cameras or
snapshot scanning. These acquire a whole cube at once including spectral and spatial
data. No motion is needed, which increases platform stability in addition to high geometric
fidelity. However, they are expensive and need more processing to correct for non-
uniformity than the other detector arrays (Chang, 2007).

One of the main metrics in a HSI system is the resolution, both spatial and spectral
resolution. The spatial resolution (optical resolution) can be defined as the ability to record
the spatial detail required in an image and it can be represented by the total number of
pixels (pixel resolution) (Cucci, 2014). It depends on the scanning distance, lens, aperture,
wavelength and electronics (detector) (Polder & Van der Heijden, 2001; Chang, 2007; Qin,
2010; Macdonald, 2010; Cucci, 2014).

Spectral resolution is the power of a HSI system to resolve spectral details (Elmasry &
Sun, 2010). This is determined by the size of the slit (entrance aperture in front of the
spectrograph), the dispersing device and the detector (Elmasry & Sun, 2010) e.g. a small
slit gives higher spectral resolution but less light to enter to spectrograph (Polder & Van
der Heijden, 2001; Elmasry & Sun, 2010).

All detectors/sensors suffer from random errors and many noise sources such as readout
noise (electronic noise in the detector generated while reading the charges and digitizing
the signals in the CCD readout), shot (photon) noise (statistical variation in the number of
photons incident on the detector) and dark current noise (statistical changes in the number
of electrons thermally generated in a dark state by electron movements depending on
sensor temperature) (Photometrics, 2010; B&W TEK, 2019). The total noise of a detector
is the root square sum of all the noise sources (B&W TEK, 2019).

HSI systems also may suffer from pattern noise causing artefacts in the images e.g. the
striping noise in pushbroom systems due to the non-uniformity corrections and sensitivity
variations of the detector (Chang, 2007; Rasti et al., 2018)

In addition to instrumental noises, detectors also can be affected by atmospheric
parameters such as temperature and bias voltage variations (Chang, 2007; Rasti et al.,
2018)

Signal to noise ratio (SNR or S/N) is the ratio between the measured signal to the
background noise in the system. The higher the ratio is, the less prominent the background

noise is (Elmasry & Sun, 2010). It is the main metric for all random errors of the detector.

58



SNR is wavelength-dependent because of overall decreasing radiance towards longer
wavelengths so should be defined per spectral channel (Chang, 2007; Elmasry & Sun,
2010). Pixel binning can be a way of raising the SNR through combining charge from
neighbouring pixels of a CCD array during readout into a single superpixel but it lowers
the spatial resolution (Photometrics, 2010).

Moreover, detectors usually have pixels (“bad pixels”) that are either giving a zero or full
response (dark or white) in the collected data. These are commonly called dead/hot pixels
which can be easily identified and replaced by an average response of their neighbour
pixels (Arngren, 2011). Most manufacturers compensate for such pixels in the camera
software itself during the calibration process.

Since a HSI system represents a combination of different optical, mechanical and
electronic components, each with their own characteristics, calibration is a vital step before
reliable data analysis can be attempted or even before acquiring the images to adjust the
overall system performance (Yao & Lewis, 2010; ElImasry & Sun, 2010; Nouri et al., 2013).
The main goals of the calibration process include wavelength alignment and assignment
using a standard emission lamp as the light source, such as a mercury lamp (wavelength
calibration). It also includes the conversion of the collected radiance to percentage/relative
reflectance based on an image from a high reflectance standard (white, ~100%
reflectance) and a dark current image (dark, ~0% reflectance). This is called radiometric
reflectance calibration, which compensates for any drifts in the illumination or any
background noise (Lawrence et al., 2003; Elmasry & Sun, 2010; Yao & Lewis, 2010). Other
tests can be conducted for spatial and spectral calibration of the system, to assess the
spectral and spatial resolution, evaluate system stability and reproducibility of the collected
data especially under different acquisition conditions (Elmasry & Sun, 2010; Wang et al.,
2012).

Hyperspectral imaging provides a large amount of data which requires the involvement of
multivariate data analysis methods to view, interpret and analyse the complex hyper-cubes
(Fischer & Kakouli, 2006; Cucci et al., 2011). Data processing methods include pre-
processing methods in addition to quantitative and qualitative analysis methods. Pre-
processing methods are used to remove backgrounds, reduce noise and dimensionality
of the data. It includes spectral and spatial operations such as spectral and spatial filters,
differentiation and smoothing. Normalization using methods such as mean centring and
auto-scaling is also important after pre-processing the spectra to make sure all variables
have comparable ranges and distributions. Then, quantitative and qualitative analysis
methods are needed to help to extract meaningful information from the collected data
especially in the SWIR region where the spectra contain thousands of C-H, O-H and N-H
molecular bonds representing the chemical and physical features of the object under
investigation (Elmasry & Sun, 2010). The quantitative analysis identifies the different

components in the object and their spatial distribution via using correlation and
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classification techniques while the qualitative analysis methods are used to build
calibration models where spectral data are related to the actual quantitative measurements
e.g. regression and classification methods (Elmasry & Sun, 2010). Once generating the
calibration models, it can be used for the prediction of chemical properties for unknown
samples which can be used to generate chemical maps to visualize how these predicted
properties are distributed across a whole surface of a sample. However, applying the
multivariate data analysis (MVA) methods should be done with care as if wrong
method/parameter was selected, it may discard the useful information of the spectra e.g.
selection of wrong window size when using Savitzky-Golay (SG) derivation filter may
increase noise (if small) or eliminate important peaks (if big) (Vidal & Amigo, 2012).

All the developed models need to be validated to assess their quality and to assure better
prediction. Cross-validation is the most selected method especially using leave-one-out
method when dealing with small dataset to make better use of the data and to estimate
the accuracy of a predictive model in an actual practice (Westerhuis et al., 2008; Lee et
al., 2018). However, if possible and when larger datasets are available, it is more common
for validation to use independent dataset (by splitting the dataset into calibration and
validation sets) that have not been used for the calibration models. Leave-one-out cross-
validation (LOOCYV) is performed by constructing a validation set from the calibration set
by leaving out each observation in turn.

Different metrics are available to assess the performance of the models such as the
proportion/percentage of correctly identified samples (%correctness or success rate or
classification accuracy) for the discrimination/classification methods and the root-mean-
square error of cross-validation (RMSECV) and of prediction (RMSEP) for the regression
models (Nees et al., 2002). RMSECV value is the cross validation error exists in the
predicted values of the calibration so the lower it is, the smaller the error of the calibration
is, which is the better. RMSEP is the expected uncertainty when predicting new unknown
samples so also the lower its value, the better (Beebe et al., 1998).

Two linear regression plots with an R value (correlation coefficient) can be obtained when
we plot the values of the calibration set estimated using the calibration model against the
real measurements or plot the predictions of the independent validation set against their
real measured values. R is a metric for the quality of the model showing how well prediction
and reality match. It describes how distant from the regression line the scores are. In a
perfect match all the scores would fall on the line and R would be 1, so the closer the R is
to 1, the better the model is (and the closer the scores will be to the regression line).
Although the applications of spectral imaging in the field of cultural heritage have evolved
and there is a significant increased need for the use of the technique with many historic
materials, most of these applications/studies have focussed on qualitative examination
due to different reasons, mainly the complexity of the materials and the need for standard

reference materials for calibration. In 2011, the first 2D quantitative chemical map was
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generated to visualize the degradation and material properties of iron gall ink on paper
(Cséfalvayova et al., 2011). One of the main conclusions/recommendations of the study
was to emphasize the need to study the influence of different measurement conditions and
calibration parameters e.g. spectral distribution and intensity of the illuminant, or surface
morphology on the quality of the collected data. Another issue raised was the calibration
stability of the system. There is a clear need to focus on the metrology of quantitative
chemical mapping generated using hyperspectral imaging. This is considered and active
area of research that needs further studies (Fischer & Kakoulli, 2006; Dooley et al., 2013).
3.2 Hyperspectral Imaging (HSI) System: Current System

In this research, an HSI system consisting of a pushbroom (line) scanner from GILDEN
Photonics Ltd was used to collect hyper-cubes in the short wavelength infrared (SWIR)
range from 1000-2500 nm with a spectral resolution of 6.3 nm using a mirror scanning
setup (Figure 3-1). The scanner consists of five main components: MCT camera with a
cooled 2D detector array, spectrograph (PGP type), translational stage, illumination
system based on halogen lighting and a computer (Figure 3-1). Each component has its
own characteristics influencing the total accuracy of the system. It is based on a line-
spectrograph (Specim (Finland), ImSpector N25E) with a 30-um slit connected to a
Mercury-Cadmium-Telluride (MCT) camera and an infrared imaging lens (either 30 or 56
mm). The spatial resolution is ~ 0.8 px/mm using 30 mm lens and ~2 px/mm using the 56
mm lens. The maximum frame rate of the camera is 100 fps with a fixed aperture F/2.0.
The system has a 2D detector array which simultaneously acquires one spatial dimension
(X-direction: 320 px) and one spectral dimension (256 wavelength channels) along the
direction of the scanning stage (Y-direction). A linear translation stage controlled by
electric motors designed by the manufacturer moves the view slot of the camera, allowing
it to acquire the hyperspectral image and collect the second spatial dimension. It is able to
accommodate objects with a maximum of A3 size (~30X40 cm). Based on the current
setup where the camera and the scanning stage have fixed positions, the distance to
object (Scan Distance) is fixed and equals 110 cm. The object is illuminated uniformly
along the scan line by a line of tungsten halogen lamps (with an option to change light
intensity between 250 and 500 W) at approx. 30° angle and at ~18 cm distance. The light
source and part of the mirror system are controlled by electric motors to move back and
forth along the Y-direction to spectrally scan the sample.

In all measurements, a spectral flattening filter was used in front of the lens. No binning of
pixels was used and the gain of the camera was equal to 1 in the whole acquisition
process. The room lights were off and windows were covered with black curtains during
all scans to eliminate the background light impact. Two standard diffuse reflection bars
(Spectralon) are fixed on the scanning stage in both directions to serve as a calibration
standard during the experiments to calculate the reflectance and compensate for any

variances (Figure 3-1).
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Proprietary software (SpectraSENS) provided by the manufacturer was used to control the
whole process of acquisition and some of the calibration processes. Some automated
processing steps for image acquisition such as light compensation and radiometric
reflectance calibration are available through the software, which can be avoided anytime
to have maximum control of the entire imaging process. On the other hand, a series of
Matlab code was developed to compensate for any missing process in the manufacturer
software e.g. hot/dead pixel removal.

The HSI system allows for some acquisition parameters such as scan speed, exposure
time and camera gain to be adjusted to tune the camera for optimal performance
depending on the sample, light intensity, lens, etc. Table 3-1 and Table 3-2 depict the
specifications of the system and the different acquisition parameter combinations used

during the measurements in the research.

Table 3-1. Main specifications of the used HSI system provided by the manufacturer.

Camera Specim SWIR — MCT Camera

Spectrograph

Specim ImSpector N25E

Spectral range

932.2 — 2530.5 nm

Spatial pixels/pixel dimension 320 px
Spectral channels 256
Spectral sampling 6.3 nm

Spatial resolution (FWHM)

rms spot radius < 15 ym

Bit resolution

14 bit

Slit width 30 ym

Effective slit length 9.6 mm

Frame rate 100 fps (maximum full frame)
Working/scan distance 1100 mm

Pixel size 30 x 30 um

Table 3-2. Hyperspectral imaging system acquisition parameters used in the research.

Lens (focal length) 30 mm 30 mm 56 mm
Exposure 5.8 ms 9.4 ms 7ms
Scan speed 51.13 mm/s 51 mm/s 26.8 mm/s
lllumination Intensity 500 W 250 W 500 W
Aperture F/2.0 F/2.0 F/4.0
FOV 18° 10°
Binning None (1X1)

Gain 1

Spectral Range 1000-2500 nm

Filter Spectral Flattening Filter
Saturation 10% - 90%
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Figure 3-1. Gilden Photonics hyperspectral imaging system (Translational setup); Top:
HSI system in situ and its components; 1: SWIR Camera, 2: Mirror system, 3: Halogen
Light source, 4: Spectralon 99% calibration standard, 5: Scanning stage, 6: PC. Bottom:
Diagram of the HSI system showing the scanning pipeline and system components.

The data acquisition process is described briefly as follows. The object is placed on the
stage and lit by a line of halogen lamps as the light source. Lights were warmed-up for ~1
h (determined after several tests using calibration standards) before data acquisition to
allow them to stabilize avoiding any variations (fake reflections and undesired artefacts) in
the spectra collected. Scanning stage and camera are fixed and only the lights together
with part of the mirror system move to acquire the required area.

The light signal reflected from the scanned line of the object travel to the lens through the
mirrors system, and the light is collected and focused on the slit on the front end of the
spectrograph. After dispersion, and mapping different wavelengths to their physical
locations, image is formed on the 2D array detector with the spatial information of the
scanned line recorded on the X direction and the spectral information on the Y direction
orthogonal to the direction of the entrance slit. The collected data is transmitted to the
computer for processing, display and storage. Then, the scanner moves to the next line

and the process is repeated until the whole required area is scanned.
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The scan speed needed for scanning the required area is calculated based on the selected
system and acquisition parameters, e.g. slit width, lens focal length, detector size and

scanning distance (Figure 3-1, Figure 3-2), following the equations below;

Scan Speed (mm/s) = Frame Rate (fps)* Distance per Pixel/Spatial Resolution (mm/px)

Spatial Resolution = (Scanning Distance * Binning * Detector Width) / Lens Focal Length

Hﬁ"“*-. Detector

ScanningStage

Figure 3-2. Diagram shows the different acquisition parameters required to calculate the
scanning speed of the HSI system.

As an example, using the above equations and parameters described in Table 3-1 and
Table 3-2, the scan speed required to scan 200 mm to ensure collecting of square pixels
would be ~55 mm/s using the 30 mm lens. As the scanning distance, slit width and binning
are constant for the current setup, the scan speed mainly depends on the focal length of
the used lens.

As part of the scanning process, calibration is a critical step for hyperspectral imaging
systems. It helps to diagnose instrumental errors and ensure measurement accuracy and
reproducibility under different acquisition parameters (Lu & Chen, 1999; Burger & Geladi,
2005; ElMasry & Sun, 2010; Wang et al., 2012).

Spectral calibration was performed by the manufacturer (GILDEN Photonics Ltd) by
acquiring a calibration lamp, i.e. Mercury then using SpectraSENS software the spectral
peaks at different wavelengths and their pixel positions on the X-direction were identified

and adjusted.
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The image calibration (Normalization/flat-field correction) can be performed using the
same software during the scanning process. SpectraSENS has an option to acquire the
calibration tiles needed (99% diffuse reflectance standard (W) and camera dark current
(D)) for the reflectance correction/calibration of the scanned hyper-cubes converting the
raw data in A/D counts (l) into relative reflectance (R) (Akbari et al., 2011; EIMasry & Sun,
2010; Kubik, 2007; Lu & Chen, 1999; Qin, 2010).

The accuracy of the spectra can play an important role in the analysis of the hyperspectral
imaging data and building calibration models so pre-processing steps are needed for the
preparation of the data (Burger & Geladi, 2005; 2006). One of the main preparation steps
is to remove hot/dead pixels from the spectra resulted from the sensor detector. Also, dust
particles on any part of the optical system might be considered as dead pixels. Since
SpectraSENS does not include this option (in the used version) to compensate for these
pixels automatically, a Matlab code was developed to do an iterative pixel removal process
for each hyperspectral image. The hot/dead pixel positions are detected, then replaced
with an average response of its surrounding neighbours.

Before using the corrected data to build the calibration models either for classification or
regression, different spectral pre-treatment methods can be applied to optimize the quality
of calibration models. The methods help to remove unwanted variability in the spectra from
scatter effects or from the instrumentation without affecting the chemical information e.g.
derivatives, standardised normal variates (SNV) and multiplicative scatter correction
(MSC) (Fearn, 2001). In addition to that, principal component analysis (PCA) can be used

for data reduction or compression.

3.3 Near-Infrared Spectroscopy

For comparison purposes, a portable Labspec 5000 UV/VIS/NIR spectrometer (Analytical
Spectral Devices, USA) in the spectral range 350-2500 nm (average of 200 scans) and
operated in a diffuse reflection mode was used. Since the spectrometer includes three
detectors to cover the whole spectral range, the spectral resolution is variant based on the
used region. From 350 — 1000 nm, the resolution is 3 nm while the resolution is 10 hm
from 1000 — 2500 nm. Measurements were carried out using a fibre optics probe with a
spot diameter ~2 mm connected to a custom-made attachment to fix the measurement
angle on 45° 99% diffuse reflectance Spectralon standard (Labsphere, North Sutton,
USA) and Whatman filter paper No. 1 sheets (Maidstone) were used as the background
for measurements in areas that contained no inks or visible soiling and away from the
margins for Islamic Paper samples and in areas that contained no dirt or stains for
canvases samples. An average of three measurements was collected from each sample.
Data then were pre-treated and analysed using multivariate data analysis methods to build

calibration models for different chemical properties of the samples. A special software
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(Indico Pro) developed by the manufacturer was used to acquire the measurements and
Matlab was used for the analysis.

3.4 Data Analysis Techniques

Multivariate data analysis (MVA) methods were used to analyse the NIR spectra collected
from the HSI system and the NIR spectrometer due to its complexity.

As mentioned above, spectral data were acquired in raw format then calibrated and
converted into reflectance using Spectralon reference standard and dark current as
calibration references in preparation for further data analysis.

Matlab (R2015b) with the aid of PLS toolbox library (EIGENVECTOR, 2019) was used to
process spectra, develop calibration models and build chemical maps.

Different spectral pre-processing methods (Manley, 2014) were used to optimise the
guality of calibration and compensate for any variations; Standard normal variate (SNV),
Multiplicative scatter correction (MSC) and Savitzky-Golay (SG) filtering methods. This
was followed by either a classification/discriminant method using linear discriminant
analysis (LDA; Stuart, 2007; Blanco & Villarroya, 2002; Brereton, 2009; Miller & Miller,
2010; Brereton & Lloyd, 2014) or a regression method using partial least squares (PLS)
regression method. Principal component analysis (PCA) was also used in some cases to
reduce variances/noise and do some data compression without losing a significant amount
of information especially before classification models (Blanco & Villarroya, 2002; Naes et
al., 2002; Stuart, 2007; Miller & Miller, 2010).

3.4.1 Classification Models

For classification, linear discriminant analysis (LDA) was used for several historic materials
with good results (Stuart, 2007; Blanco & Villarroya, 2002; Brereton, 2009; Miller & Miller,
2010; Brereton & Lloyd, 2014), therefore this method was used to estimate the presence
of starch-sizing and surface polishing of Islamic paper based on spectral data from
spectrometer and HSI system for comparison. Calibration and validation datasets were
selected randomly.

Prior to the use of LDA technique to build the HSI models, either PCA or PLS
technique was used on the spectra to reduce variability in the data then LDA was applied
on the selected PC scores/factors. PCDA (PCA followed by LDA) can be considered as a
semi-supervised classification method where PCA is an unsupervised method and LDA is
a supervised one while PLSDA (PLS followed by LDA) is a supervised classification
method (Blanco & Villarroya, 2002; Nees et al., 2002; Stuart, 2007; Miller & Miller, 2010;
Barker, & Rayens, 2003; Westerhuis et al., 2008; Ruiz-Perez & Narasimhan, 2017; Lee et
al., 2018). The classification method was used with the spectral data of all the samples in

the Islamic paper calibration target.
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The proportion of correctly identified samples (% Correctness / success rate/ classification
accuracy) which is the number of the samples that were correctly classified into a group
based on the model was used to validate the accuracy of the discrimination models.

Details of the developed models are written in the following chapters to be in context.

3.4.2 Regression Models

PLS regression method (Naes et al., 2002; Brereton, 2009; Miller & Miller, 2010; Brereton
& Lloyd, 2014) was used extensively to develop quantitative models to study different
materials properties, e.g. European paper (Trafela et al., 2007; Strli¢ et al., 2007;
SurveNIR), textiles (Richardson, 2009; Garside et al., 2011), parchment (Mozir et al.,
2011) and easel paintings (Oriola et al., 2014). Thus, the method was used to build
calibration models for the determination of pH and cellulose DP for unknown samples
using Islamic paper and canvas reference collections based on the spectral data collected
from the calibration targets (described in Chapter 2; Section 2.1 and 2.2) and the actual
measurements of the samples. Models were also built for the data collected from the
spectrometer for comparison.

To check how good a developed model is, validation is an important step. Leave-one-out
cross-validation (LOOCV) method was used to validate the results of the calibration
models using the values of Root mean square error of the cross-validation (RMSECV) and
the correlation coefficient (Rq) (Nees et al., 2002) calculated based on the following

equations;

Y(vi-y)? Rev = SOi—ym) VT -yE
n 1

RMSECV = = ,
JZ(y,-—ym)zz(yf”—yﬁ:’ 2

Where yicontains the known values of DP/pH for each sample, yi' contains the DP/pH
values that are estimated by cross-validation and n is the total number of the samples used
in the model. ym and yn® are the mean of the known and estimated DP/pH values
respectively.

To be in context, the details of all the developed models are written in the following two
chapters; 4 and 5 in relation to the materials under study; Islamic paper and painting
canvas.

3.5 System Performance and Calibration: HSI Robustness

Recently, the use of HSI for the documentation and investigation of cultural heritage
objects has increased, and there is a need for a better understanding of the
instrumentation and the elements of data acquisition as this will help to understand the
limitations and advantages of the system which consequently means better understanding
of the accuracy and precision of the acquired data (MacDonald et al., 2017; Cucci et al.,
2019).
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Similar to all analytical and imaging systems, and since HSI is a comprehensive process
that includes the selection of optical, electronic and mechanical elements, calibration steps
are vital to characterize the overall system performance (Yao & Lewis, 2010; Elmasry &
Sun, 2010; Nouri et al., 2013). Each component in the system has its own properties that
affect the total accuracy of the system and the obtained results. Thus, it is important to
optimize the various metrics to assess the quality of the acquired hypercube (Chang, 2007,
Elmasry & Sun, 2010).

In this section, a series of evaluation tests and assessment methods are introduced to get
a better understanding of the HSI system performance and its limitations taking into
consideration the quality (in terms of accuracy and precision) of the collected spectral
information. The focus will be on the main system properties that could affect the

performance and require inspection or monitoring before or during the acquisition process.

This is to evaluate the system stability, accuracy and reproducibility of data, especially
under different acquisition conditions (Lu & Chen, 1999; Burger & Geladi, 2005; Elmasry
& Sun, 2010; Wang et al., 2012).

The following properties will be investigated: spectral/wavelength calibration (relationship
between wavelength and pixel position), radiometric reflectance correction (relative
reflectance), detector dead pixels, illumination and the spectral and spatial performance
of the system, in addition to the stability of the instrument.

3.5.1 Detector Dead Pixels

It is common for all sensors/detectors to have some malfunctioning pixels (~1 %) that
either have no response (dead/dark) or saturated response (hot/white). Although it is not
possible to fix these hot/dead pixels, they can easily be identified by capturing a white
reference or a dark current image and then replaced with the average response of its
surrounding neighbours (Arngren, 2011). This percentage of pixels’ loss is considered
insignificant for image quality taking in consideration the manufacturer's recommended
replacement point of the detector (3-5 %-pixel loss) and the study by Padgett and Kotre
(2004) about assessment of image quality based on semi-quantitative and quantitative
methods which proved that little difference is perceived up to 20 %-pixel loss.

It should be noted that dust particles might also be identified as bad pixels in the system
by error, therefore the optical system need to be cleaned beforehand.

A Matlab function was developed to detect hot/dead pixels and compensate for its
response since the proprietary software (SpectraSENS) does not have a built-in option for
automatic compensation (in the version as used).

For the Specim SWIR camera sensor, around 40 dead pixels are identified (Figure 3-3).
Figure 3-4 shows an example of a spectrum that have a spike representing one of the

dead pixels at ~ 2077 nm.
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Figure 3-3. Sensor frame image (left) and same image after applying a threshold (right)
identify some dead pixels. The image size is 320 (scan line) x 256 (bands).
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Figure 3-4. Reflectance spectra collected in the column 303 out of 320 of the scanning
line demonstrating the effect of the dead pixel on spectra. The spike at around 2077 nm
(band number 183) represents the position of the detected dead pixel. The figure shows
the spectra before (blue) and after (red) removal of the dead pixel response by replacing
it with the average response from its surrounding neighbours.

3.5.2 Radiometric Reflectance Calibration

Itis a pixel-by-pixel process using the following formula to calculate the relative reflectance
from the collected radiance based on reference images; white (~100% reflectance) and
dark (0% reflectance) collected using the same spectral and spatial parameters used to
collect the raw spectral image:

_ (1-D)
~ w-D)’

Where R is the relative reflectance image, | is the RAW image, D is the dark reference
image and W is the white reference one (Lu & Chen, 1999; Kubik, 2007; Qin, 2010;
Elmasry & Sun, 2010; Akbari et al., 2011).
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The white reference image is collected from a 99% diffuse reflectance Spectralon standard
tile fixed on the scanning stage while the dark current image is measured by keeping the
camera shutter closed. The conversion can be done either using the spectraSENS
software or Matlab to assure the full control over the acquisition process.

3.5.3 Spatial Performance

Spatial resolution (Optical resolution) can be expressed as the ability of the system to
identify the desired spatial details of an object, e.g. the size of the smallest object that can
be seen on the surface of the specimen by the sensor as a distinct object separate from
its surroundings (Elmasry & Sun, 2010). Acquiring high spatial resolution data depends on
the scanning distance (object to camera distance) and components of optical systems
including lens, aperture... etc. (Polder & Van der Heijden, 2001; Chang, 2007; Qin, 2010;
Macdonald, 2010; Cucci, 2014; Cucci et al., 2019).

The HSI system has limited control of spatial resolution as it has a fixed working distance
due to the used setup, so only the interchangeable lenses (30 and 56 mm) can

increase/decrease the resolution.

There are various methods that can be used to assess the spatial resolution of a system
such as Modulation Transfer Function (MTF) method (MacDonald, 2010) and the
calculation of observed line pairs per millimeter (Ip/mm) (Nouri et al., 2013). However, in
this study, for simplicity and unavailability of standard resolution targets in the time of
research, | used three methods for the assessment: visual assessment of image details,
plot of vertical profiles and calculating sample density. The first method is very direct by
looking at the quality of the images in resolving details of an object, e.g. how clearly the
lines can be seen and separated (Figure 3-5, Figure 3-6, Figure 3-7). The second one is
similar to the MTF calculations with spatial frequencies by plotting the vertical profiles for
an area with lines from a target that has line pairs to determine the contrast between lines
and spaces. The higher the resolution is, the higher is the distance between peaks and
valleys in the vertical profile plot, which means better ability to differentiate between lines
and spaces (Figure 3-8). Due to availability, the line patterns from a test panel painted
with a medieval Tuscan technique created in an earlier study (Vitorino, 2014) as a built-in
resolution target was used to assess the resolution using the described methods (Figure
3-5). Although the target is not a standard, it was made by conservators to be part of a
round robin test (RRT) with more than 10 institutions and laboratories collaborating in the
COST-Action TD 1201 Colour and Space in Cultural Heritage (COSCH) to highlight the
performances of the different imaging devices and better understand the instrumentation,
elements of data acquisition, and their effects on the accuracy and reliability of the data.
The target was scanned using the HSI system using the two lenses and the measurements
were assessed relatives to the provided measurements from the RRT. As seen in the

Figures, spatial resolution positively correlates with the lens focal length.
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The third method is a quantitative way to assess the resolution by calculating the sampling
density (the number of pixels per unit distance when converting from an analog signal to
digital). It can be calculated by dividing the number of pixels in a known distance by that
distance and is expressed as pixels (px) /mm, so increasing the pixel size resulting in
smaller sampling density. It is limited by the number of pixels in the recorded image, so
zooming or magnification would allow to scan smaller physical distance, reducing the pixel
size, which means higher spatial resolution taking into consideration the diffraction on the
used lenses and avoiding over- or under- sampling which would lead to either losing
information from the image or adding aliasing artifacts (SVI, n.d.).

HSI system has a sampling density of 0.83 and 1.85 px/mm when using the 30 and 56 mm
lenses respectively. Although both lenses have the ability to resolve the 13 lines (2 mm-
drawn on the gypsum background in the first part of the panel), the resolution is considered
not high enough using the 30 mm lens with a slight improvement using the 56 mm lens.
This is considered the smallest detail that the system with the used setup can resolve as
the smallest detail of interest cannot be smaller than the pixel size (Kumar, 2005) taking
into consideration that the working distance cannot be changed. Although higher spatial
resolution for the system is preferable (~ 5-10 px/mm) as the system would not be able to
detect fine spatial details but still with this spatial resolution accompanied with a
reasonable spectral resolution would be enough for material characterization and mapping

applications which is the purpose of the research.
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Figure 3-5. The painted test panel target from Vitorino’s work (2014) showing the line
patterns used as resolution target.
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Figure 3-6. A grey image at 1486 nm for part of the test panel (resolution target from
Vitorino’s work (2014)) scanned with the HSI system using the 56 mm lens.

30 mm

56 mm

Figure 3-7. Visual assessment of how well the details of the line patterns of the resolution
target (Vitorino’s test panel (2014)) can be resolved to assess the spatial resolution of the
HSI system. The figure shows two grey images at 1240 nm scanned using the HSI system
by 30 mm lens (top) and 56 mm lens (bottom). The green and red rectangles represent
selected areas of a scale of 2 mm of the watercolour line patterns.
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Figure 3-8. Plots of vertical profiles of watercolor lines (2 mm) from the resolution target
(Vitorino’s test panel (2014) — red and green rectangles in Figure 3-7) to assess the spatial
resolution of the HSI system using two lenses 30 mm (top) and 56 mm (bottom).

3.5.4 Spectral Performance
The spectral performance of the HSI system depends on the calibration of many

parameters such as spectral resolution, wavelength accuracy, stability and signal to noise
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ratio (SNR), among others (Xie et al., 2016). Although most of these parameters are
already calibrated and tested by the manufacturer, integrating all into one system would
change the overall performance in addition to the effect of temperature and vibration during
the use of the system that could lead to variations and shifts in the performance (Xie et al.,
2016). Thus, it is important to assess most of these parameters before putting the system
into use.

Spectral Resolution

Spectral resolution has an important influence on the characterization and mapping of
materials (Picollo, 2014). It indicates how well the HSI system can resolve the spectral
details (Elmasry & Sun, 2010) e.g. discriminate two adjacent peaks. Based on how narrow
or wide the spectral features of a material are, an HSI system with a specific spectral
resolution can be assessed if it is suitable to investigate such material or not e.g. the
spectral resolution should be high enough to resolve the spectral bands associated with
the material to be measured (Xie et al., 2016).

Some factors affect the spectral resolution such as the detector, the slit and the diffraction
grating (B&W TEK, 2016). There is a linear correlation between the slit size and the
spectral resolution where small slit gives higher resolution, taking into account that the
amount of light onto the spectrograph is negatively correlated with the slit size (Polder &
Van der Heijden, 2001; ElImasry & Sun, 2010). On the other hand, the detector decides on
the maximum size and how many discreet points the spectrum can be digitized to while
the grating is related to the total wavelength range of the spectrophotometer (B&W TEK,
2016).

Thus, | attempted to calculate the spectral resolution of the system (as used). The
resolution is determined by the full width at half maximum bandwidth (FWHM) of the peak
of interest (width of the spectral response function at one-half of its peak height (Min et al.,
2008)). Thus, the calculated spectral resolution of the system is around 15 nm using a 30
pm slit and 320 pixel detector in the wavelength range from 932.2 — 2530.5 nm.
Alternatively, a light source with a well-known spectral features can be measured, then the
FWHM (spectral resolution) can be calculated for its spectra (Xie et al., 2016). Despite the
importance of the spectral resolution as one of the main characteristics of HSI system,
some studies were conducted about its effect on the quantitative calibration accuracy
which revealed its less importance compared to other parameters such as SNR (Xie et al.,
2016; Armstrong et al., 2006; Kolomiets & Siesler, 2004; Wang et al., 2015).

Wavelength accuracy and precision (repeatability and reproducibility)

One of the main calibration steps of any HSI system is the wavelength calibration where
images of spectrally well-known light sources such as Mercury Argon (HgAr) lamp,
positioned in front of the spectrograph lens, are acquired, then the pixel positions are

correlated with the signature peaks at specific wavelengths using linear regression
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(Specim, 2008; EIMasry & Sun, 2010). This step is usually performed by the manufacturer,
as is the case of the HSI system by Gilden Photonics Ltd. to improve the wavelength

accuracy of the system.

Wavelength accuracy is the deviation from known peak positions of a standard target. It
measures the ability of the system to reproduce spectral peaks at the true measured
wavelengths. It can be assessed by the difference between the wavelengths of
characteristic peaks of a wavelength standard target measured by the system and the

manufacturer’s equivalent values (Xie et al., 2016; Workman et al., 2014).

Wavelength precision is related to wavelength accuracy where it measures the stability of
the wavelength measurement and the ability of the system to return to the same
wavelength in every measurement. It can be determined by calculating the standard
deviation of each characteristic peak position of a replicate spectra collected from the
same wavelength standard target (Workman et al., 2014).

For the assessment of these two parameters for the HSI system, two wavelength
standards; Spectralon Multi-Component wavelength target (Spectralon) and SphereOptics
Zenith Polymer Wavelength calibration standard (Zenith) were selected due to their
standard spectral characteristics. The main peaks of each target (Table 3-3) were
extracted from the average spectra of the collected data using the HSI system (Figure 3-9)
then compared to the manufacturer data (Figure 3-10). The HSI spectrum includes most
of the peaks given by the manufacturer, but with small variation in their position
(wavelength accuracy is £ 1-2 nm for Spectralon target and up to £5 nm for Zenith target)
while in some cases the spectral features could not be resolved e.g. the characteristic
peak in the Spectralon target at 1476 — 1478 nm that could not be seen in the HSI spectra.
This may be due to the difference in the spectral sampling between instruments. The
manufacturer’s data with the high spectral sampling, allowing to resolve very fine details
(spectral features) which seems not the case for the HSI system with spectral sampling of
6.3 nm.

In Figure 3-11, the comparison between the spectral data of the Zenith standard scanned
by the HSI system and the manufacturer's data demonstrates the difference in the
reflectance intensity between both but resolves most of the characteristic peaks in more
or less same positions. Unfortunately, | did not have the manufacturer’s full spectrum of
the Spectralon target to be able to compare it with the spectra of the HSI system to confirm
the obtained results. However, | measured the spectralon target with the NIR Labspec-
5000 spectrometer and used the measured spectra, as a reference for comparison of the
main characteristic peaks (Table 3-4). The two instruments are performing in a similar way,

having almost the same accuracy (x 2 nm for spectrometer spectrum) and same missing
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peak at 1476-1478 nm compared to the manufacturer data (Figure 3-12). It also can be
noticed the difference in the reflectance intensity between the two instruments.
Variations/errors in the wavelength that are not on the spectrum edges and keeping the
main structure of the spectrum with no changes would not have a significant influence on
the performance of the calibration models but high accuracy is very important if models
will be transferred between instruments (Fearn, 2001; Xie et al., 2016).

Table 3-3. Main characteristic peaks in two wavelength standard targets (Spectralon and
Zenith) provided by the manufacturer. The peaks are shown in nm.

Spectralon Multi-Component Wavelength SphereOptics Zenith Polymer Wavelength
(Spectralon) (Zenith)
1009.5 — 1013.5 1119.3
1134.1 -1138.1 1299.9
1198.6 — 1202.6 1471.6
1230.5-1234.5 1535.1
1299.3 - 1303.3 1684.3
1470 — 1474 1919
1476 — 1478
1682 — 1686
1932.5-1936.5

rEE OLZ UZ B B L0 8L S FEOEL ZL ) 00 B B L 8

Figure 3-9. A grey image (1404 nm) for the wavelength standard targets (Spectralon (top
left) and Zenith (bottom)) scanned with the HSI system using the 56-mm lens. The 99%
diffuse reflectance Fluorilon standard from Avian Technologies LLC (top right) was
scanned as well.
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Figure 3-10. The average spectra of the two wavelength standard targets; Zenith (top)
and Spectralon (bottom) scanned with the HSI system demonstrating the main
characteristic peaks in both spectra. The red boxes show the characteristic relative to
the provided manufacturer peaks shown in Table 3-3.
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Figure 3-11. Comparison between an average reflectance spectrum of Zenith standard
scanned with the HSI system (Gilden in blue) and the provided spectra from the
manufacturer (in orange).

Table 3-4. The main peaks from the average spectra of the Spectralon standard collected
using the HSI system and NIR LabSpec-5000 spectrometer corresponding to the provided
data from the manufacturer.

Manufacturer 1009.5 - 1134.1 - 1198.6 - 1230.5 - 1299.3 - 1470 - 1682 — 1932.5 -
1013.5 1138.1 1202.6 1234.5 1303.3 1474 1686 1936.5
HSI 1014 1133.6 1196.5 1234.2 1303.5 1473.4 1681 1932.7
Labspec 1012 1135 1196 1236 1301 1475 1684 1936

Reflectance
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Figure 3-12. Comparison between average reflectance spectra of Spectralon target
collected by the NIR LabSpec-5000 spectrometer and the HSI system.

Moreover, wavelength repeatability/precision was calculated for the HSI system using the

Spectralon target by scanning the target in the same position at the same acquisition
parameters for 3 times, then calculate the coefficient of variation (CoV) of three average
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spectra of the target. Similarly, the CoV was calculated for three average spectra of the
target collected using the Labspec-5000 spectrometer for comparison.
The wavelength precision of both instruments gave almost the same CoV (=0.2%)

indicating the good repeatability of the HSI system.

Stability (Instrumental Uncertainty)

Many external factors such as temperature, time and the environment in general can affect
the acquisition process stability and HSI system components, e.g. light source, optical
components, electronics... etc., so monitoring of such effects is important in addition to
the correction process using the white reference and dark current to compensate for any
drift. Moreover, the whole system needs to be warmed up for some time to stabilize all of
its components ahead to any acquisition session. Stability of the system (same
performance over time) correlates to its repeatability and reproducibility (Min et al., 2008;
Xie et al., 2016).

Thus, based on this correlation, | tried to assess the stability of the HSI system by
calculating the CoV of repeated average spectra obtained from the Islamic paper
calibration target after being scanned for several times using same acquisition conditions.
After the system was warmed up for ~ 1 h, the IP calibration target was scanned three
times in the same location with a 5 min gap between each scan (Figure 3-13). The mean
and variance of each wavelength in the spectrum of the whole target from each scan are
calculated then the CoV is estimated using the average variance and mean which gave
0.49%. There are no variations between the measurements except for some random noise
on the edges indicating the good repeatability and stability of the system, especially if we

put the results in context with the wavelength precision.
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Figure 3-13. Three mean reflectance spectra of data collected from the IP calibration
target using the HSI system in addition to their standard deviation to visualize any
variability in the measurements.
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3.5.5 lllumination
lllumination in any imaging system has a great influence on its performance and on the

reliability of the collected data (Fischer & Kakoulli, 2006; Qin, 2010).

There illumination and the

exposurefintegration time needed to achieve the optimal conditions for a measurement,

is always a trade-off between the intensity of
which additionally depends on the sensitivity of the object under investigation, e.g.
scanning a light/heat sensitive material such as parchment would require either being
exposed to the minimum light intensity or scanned at a very fast exposure time or both in
some cases. Therefore, both modes of illumination (250 and 500 W) were tested to
evaluate their effect on the collected spectra.

After warming up the system for ~1 h, spectral measurements of the Islamic paper
calibration target (IP target) were collected under both intensities. For the acquisition
parameters for each intensity, see Set 1 and Set 2 in Table 3-5.

The difference of the average spectra of the whole target from both scans is showing no
variation except for random noise at the edges (Figure 3-14). A slight peak in the range
1900 - 1950 nm was observed, which could be the effect of changes in the relative humidity
from one scan to another (moisture/water peak). | also attempted to calculate the CoV of
the average spectra from both scans with and without the noisy edges to check how
significant these variations are which gave 1% and 0.6% respectively. The results show
reasonable improvement due to excluding the noisy edges which would be a factor to take

into account while doing further analysis or modelling.

Table 3-5. Acquisition parameters of HSI system used in the experiments of this section.

Setl Set 2 Set 3
Lens (Focal Length) 30 mm 30 mm 56 mm
Exposure 6 ms 9.4 ms 7ms
Scan speed 54.9 mm/s 51 mm/s 29 mm/s
[llumination intensity 500 W 250 W 500 W
Aperture F/2.0 F/2.0 F/4.0
Binning None (1x1)
Gain 1
Spectral Range 1000-2500 nm
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Figure 3-14. Average reflectance spectra and its difference, collected from the Islamic
paper target using HSI scanner using different acquisition parameters; two illumination
intensities: 250 and 500 W to spot any differences.

It is vital that the illumination is stable during image acquisition and across the scanning
stage. If it is unstable or drifts over a short time, then this will induce fake reflections and
undesired artefacts in the collected spectral data. Many parameters can affect the stability
of the illumination such as background light from surrounding lights (e.g. room lightings)
or reflections from surrounding objects in the room, any defects in the associated power
supply and the lamps themselves. In this research, all experiments were done in a dark
room to avoid any influence from the surrounding environment on the quality of the spectra.
Moreover, the lights were left for 1 h before any acquisition session to warm up and
stabilize. Also, spectral measurements of the reference standards were checked and

collected in each scan for the correction process.

| conducted an experiment to test the variability in the illumination of the HSI system over
the scanning stage. Therefore, | divided the scanning stage into 9 different positions using
an A3 paper (Figure 3-15) to be as a guide for the collected measurements. The 3x3
division was selected as 2x2 would not be enough to spot any patterns in case of variations

in the measurements and 4x4 or more would be time consuming regarding calculations.

The illumination variations were evaluated based on the lux value measured by the light
meter (GL Spectics 1.0 Touch). The measurements were collected as an average of three
measurements per position during scanning after warming up the light for 1 h (Figure 3-16).
The detection of the position of the meter sensor was verified using the live camera in the
SpectraSENS software to assure the accuracy of the measurements (Figure 3-16).
Measurements were also collected from the fixed white tile from different points to check
the variations over the tile itself, taking into consideration that the meter is higher by 1 cm
while taking these measurements. The results (Table 3-6, Table 3-7) show that there are
some variations in the illumination over the scanning stage with 11793 lux + 3.13% (RSD).

It seems that the intensity of the illumination tends to be higher along the middle of the
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stage and there is a noticeable decreasing trend from top to bottom that needs further

investigation to explain its causes.

White Tile {Fixed Spectralon]

3 2 1
6 5 4 i
9 8 7

Figure 3-15. Design of the scanning Stage divided into 9 positions using A3 paper (right)
and scanning of the Spectralon multi-component wavelength standard in position 5 (left).

& Gidan SWE Ive dzquistion - x

Figure 3-16. Collection of lux measurements using a light meter (GL Spectics 1.0 Touch)
over the HSI scanning stage from different positions (right). Live view from the HSI
software showing the meter sensor to verify its location on the stage (right).

Table 3-6. Lux measurements collected using GL Spectis 1.0 Touch from 9 positions over
the HSI scanning stage. M1, M2 and M3 represent three measurements per position.
Average (Avg), standard deviation (SD) and relative standard deviation (RSD) are
calculated for each position and overall the stage.

1 2 3 4 5 6 7 8 9
M1 11800 12326 11156 11996 12258 11444 11841 11939 11431
M2 11796 12319 11141 11991 12256 11436 11836 11923 11426
M3 11792 12313 11138 11986 12251 11435 11829 11917 11422
Avg 11796 12319 11145 11991 12255 11438 11835 11926 11426
SD 3.27 531 7.87 4.08 2.94 4.03 4.92 9.29 3.68
RSD 0.03% 0.04% 0.07% 0.03% 0.02% 0.04% 0.04% 0.08% 0.03%

Overall Average (Avg) =11793
Overall Standard deviation (SD) = 370
Overall Relative standard deviation (RSD) = 3.13% (11793 + 3.13%)
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Table 3-7. Distribution of the average lux values per each position on the HSI scanning
stage in addition to the average lux over the white tile (appears in blue).

11145 12320 11796
11438 12255 11991
11426 11926 11836

Moreover, | attempted to conduct an experiment to investigate the effect of the detected
lux variations on the quality of the spectra collected from the different positions on the
stage. Using Spectralon multi-component wavelength Target (Height=1.3 cm), spectral
measurements of the target were collected after placing it in different 9 positions over the
scanning stage (Figure 3-15). The data collected was then processed and an average
spectrum for each position was extracted from almost the same area of the target with the
same size. The 9 average spectra were compared to each other (Figure 3-17) to show any
variations. As seen in the figure, there are some differences between the 9 average
spectra which is probably due to the variations noticed in the illumination as the spectral
variations have similar trend from the top to the bottom of the scanning stage where the
estimated CoV of each position increases from 0.4% to 9.5%. Using the 9 average spectra,
CoV was estimated to assess the significance of the observed variations which gave 7.7%.
This is relatively significant compared to the previous results, e.g. stability CoV, which
highlights the need for further investigation of the causes of these variations and possible

methods to correct or reduce it.
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Figure 3-17. Comparison between 9 average reflectance spectra of Spectralon multi-
component wavelength target collected using the HSI system after placing it in 9 different
positions over the scanning stage. The standard deviation (SD) shows the variations
between the spectra from one position to another.

3.6 Discussion

This chapter discussed the evaluation of the performance of the used HSI system in this
research, beginning with a background about the technique itself then characterization
aspects of the system focusing on the quality, accuracy, stability and precision of the
collected data, highlighting the importance of the spatial, radiometric and spectral

calibration processes.

The effect of different measurement conditions and acquisition parameters such as
illumination distribution and intensity, optics and scanning background on the quantitative
calibrations based on the spectral measurements collected by the HSI in the SWIR region
were explored, which is an active research area (Fischer & Kakoulli, 2006; Cséfalvayova
et al., 2011; Dooley et al., 2013).

Although it is important to understand the system components, acquisition parameters,
calibration processes and acquisition workflow to help in increasing the accuracy, reliability
and reproducibility of the data, understanding cultural heritage objects being investigated
and how the collected HSI data will be used is also very important. This will decide on
many aspects regarding the spatial and spectral needs of the system, e.g., high spatial
resolution is needed when investigating fine details such as underdrawings while high
spectral resolution is needed in material characterization applications (Webb, 2015; Cucci
et al., 2019).

As shown, the system at hand has a relatively low spatial resolution with a maximum
sampling density of 1.85 px/mm and a reasonable spectral resolution with a 15 nm FWHM
and spectral sampling of 6.3 nm using the current setup in comparison to similar HSI
systems (Fischer & Kakoulli, 2006; Arngren, 2011; Wang et al., 2012; Cucci, 2014). This
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indicates the potential of using the system in materials characterization and mapping

applications.

It was explored that the system has similar performance compared to the NIR LabSpec-
5000 spectrometer in detecting spectral features with a + 2 nm wavelength accuracy and

0.2% CoV representing the wavelength precision.

lllumination intensity can be lowered from 500 to 250 W whenever needed based on the
sensitivity of the investigated materials with no effect on the quality of the spectra
especially if noisy edges were excluded. However, the distribution of the illumination over
the scanning stage is considered an issue that needs further investigation. Although the
variations based on the lux measurements are acceptable with an RSD=3.13% and the
fact that the spectral measurements are stable collected from the same position and on
different scanning time (CoV = 0.49 % for stability), it was noticed that the spectra are
affected by some variations from one position to another with an estimated CoV of 7.7%
which could lead to significant variations in the quantitative predictions based on these
spectral data. This will need to be investigated in future work looking for the causes and
potential methods to reduce these variations. One possible correction method is to use the
spectralon white tile fixed vertically along the scanning stage to compensate for any

changes in the illumination.

Using different lenses to increase the spatial resolution have some spectral differences
with a CoV of 2.7% which is a bit higher compared to instrumental uncertainty (CoV =
0.49%), but this did not affect the performance of calibrations. Moreover, changing some
of the measurement conditions such as scanning background and the ROI size used to
obtain the average spectra in addition to the pre-treatments applied to the spectra during

analysis were found to have no significant effect on the obtained calibrations as well.

More acquisition parameters and measurement conditions should be assessed to better
understand the system performance and to assure the robustness of the obtained data
and calibrations such as the wavelength linearity, spatial distortions, the effect of the used
illumination on the materials under investigation, concentrations of the imaged component
and the effect of the surface morphology of the scanned objects. However, overall this
study provides a foundation of new evaluation methodology not only based on the system

performance but also taking into account its performance when it is applied to artworks.
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4. HISTORIC ISLAMIC PAPER

Paper is one of the most important information carriers of knowledge enabling its transfer
between generations and cultures (Hunter, 1947; Bloom, 2001). Its material characteristics
changed as the knowledge of paper production travelled from China through Islamic
countries (in this period) until it reached the West. Along this route, a fascinating variety of
raw materials and techniques have been used (Hunter, 1947; Pedersen, 1984; Bloom,
2001; Loveday, 2001) imparting unique properties to papers from distinctly different
cultural environments.

Apart from its value in historical and technological studies, understanding of paper as a
material is also important from the conservation point of view, in order to develop
sustainable preservation methodologies (Strli¢ & Kolar, 2005). European paper is
reasonably well known and studied through different projects such as Papylum, 2001-
2004; PaperTreat, 2005-2008 and SurveNIR, 2005-2008 (Kolar et al., 2004). In contrast,
little to no scientific effort went into understanding of Islamic paper despite its cultural
value, which resulted in a severe lack of preservation plans for Islamic collections and an
increased risk of loss of such collections.

It is known that Islamic papermaking utilized unique technigques and processes such as
starch sizing and surface polishing. These make Islamic paper distinct from other types of
paper, such as Indic, Sino-Asian or European (Baker, 1989; Baker, 1991; Bloom, 2001,
Karabacek, 2001; Loveday, 2001; Déroche, 2005). However, less is known about how the
distinct papermaking techniques affect material stability, and what proportion of Islamic
paper forms manuscripts in Islamic library collections, especially since intensive trade led
to significant imports of European paper into Islamic countries from the 17" century on
(Baker, 1991; Bloom, 2001; Loveday, 2001; Déroche, 2005). From the preservation, as
well as from the cultural and historical point of views, it is essential that we start building
this knowledge.

This chapter focusses on studying Islamic paper. It begins by exploring the material
properties of Islamic paper through applying a systematic scientific survey on a collection
of Islamic paper in Section 4.1. Section 4.2 explores if any of the characteristics of Islamic
properties (starch-sizing and polishing) has a significant effect on the stability of the paper
with the aid of accelerated degradation.

Section 4.3 is divided into 2 sub-sections; the first sub-section describes a new non-
destructive methodology which was developed to identify properties of Islamic paper
based on the spectral data collected from the collection using hand-held spectroscopy and
multivariate data analysis methods. The methodology was then used in surveying the real
Islamic collection at Wellcome Collection to evaluate the use of such methodology to fulffil
the scientific gap in the knowledge about the material properties of Islamic paper and their

effect on the stability of paper.
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The second sub-section investigates quantitative NIR imaging using the HSI system in the
1000 — 2500 nm range for mapping the chemical properties of Islamic paper. New
prediction models based on the spectral data collected by the HSI system were developed
to determine Islamic paper properties, following which chemical maps were generated for
each pixel in a scanned object.

Section 4.4 describes a new evaluation methodology to study the metrology of quantitative
calibrations using the spectral measurements collected by the HSI system in the SWIR
region. The following section (4.5) focuses on a degradation study of Islamic paper
samples in controlled environmental conditions to determine the degradation rates and
explore if the Ekenstam equation (Ekenstam, 1936) and recently modelled dose-response
function for European paper (Strli¢ et al., 2015) can be applied to Islamic paper. The last
section (4.6) summarizes all the main conclusions that were achieved through the chapter.
4.1 Islamic Paper Survey

This section describes a systematic survey of an Islamic paper collection with the aim to
understand and identify the material properties of Islamic paper deducing what might be
considered as its most significant characteristics and to assess the current material state
of the collection. The work described is an extension of the MRes research that | carried
out prior to the start of this PhD research (2014) where the survey of the Islamic paper
was conducted and a non-destructive characterization methodology to estimate some
properties of Islamic paper using handheld spectrometer was developed (Mahgoub et al.,
2016). The description of the survey and the obtained results are briefed with some new
interpretation of the results in the following sub-sections (Section 4.1.1 and 4.1.2). The
details from the developed methodology are also briefed later in the sub-section 4.3.1 due
to its importance for the context of the rest of the Chapter.

41.1 Characterization of the Reference Collection

For the purpose of the survey, a set of 228 samples (ref-collection), part of the UCL
Institute for Sustainable Heritage (UCL-ISH) historic reference material collection was
selected. The full description of the samples can be found in Chapter 2 (Section 2.1).
Briefly, samples were collected from different sources in central Asia, Near East and North
Africa and mainly represent the period of 18" - 19" century.

The samples were documented and investigated by recording all obtained measurements
and information in a reference database using a unique ID for each sample e.g. AP 4.
Several chemical analytical methods were conducted (Table 4-1, Mahgoub et al., 2016) to
investigate paper sizing, surface characteristics, e.g. gloss and roughness and fibre furnish
in addition to determination of pH and cellulose DP in paper as an indicator of the average
material state of the samples. The description of the analytical methods and the

instruments can be found in Chapter 2 (Section 2.4).
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Table 4-1. Summary of the characterization techniques used in the Islamic paper survey,
with the corresponding number of samples. The numbers differ for each technique for
different reasons; no enough samples for DP determination analysis (as it requires big
amount of samples ~ 20-30 mg) or available data is enough for calibration to support a
hypothesis as in the case of pH analysis. All of the available samples were analysed for
the presence of starch and polishing.

Technique No. of samples analysed

Sizing lodine _test 228

Raspalil test 146

Visual assessment for polishing 228

Surface roughness 100
Surface Surface glo'ss ' 228
Polishing Specglar/plffuse reflectance ratio 22

SEM imaging 20

(scanning electron microscopy)

FTIR 37
Fibre Furnish 15
pH determination 70
DP determination 60

4.1.1.1 Morphology

Based on the visual examination of the ref-collection and using digital micrometer, the
thickness of the samples ranges from 87 to 240 um. Table 4-2 lists the different sheet-
forming techniques for papers found in the ref-collection and whether the paper is hand-
or machine-made. It was noticed that no special patterns of the papers with chain lines
were detected as reported in previous studies (Baker, 1989; Loveday, 2001) for some
Islamic papers. On the other hand, a zig-zag indentation (Figure 4-1) in diagonal lines from
the sheet’s head to tail (Loveday, 2001) was observed in three hand-made laid samples
(AP 36, AP 37 and AP 38). The technique known as Wassall was noticed in two of the
samples (AP 44 and AP 97; Figure 4-2) where the paper was made by gluing together two
sheets, and polished only on the outer sides resulting in thicker polished paper
(Karabacek, 2001; Al-Samarra’l, 2001). Although watermarks are not a typical Islamic
paper property (Loveday, 2001; Déroche, 2005), 61 samples from the ref-collection
contain watermarks, some of which were used in European factories for paper exported
to Islamic countries such as the ‘three crescents’ or the ‘tre lune’ (Wiesmidiller, 2008-2012;
Figure 4-3).
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Figure 4-1. Example of Zig-zag indentation (AP 37) in diagonal lines from the sheet’s head
to tail. Visible image (left), back-lighting image (middle) with the indentation illustration,
selected area (right).

Figure 4-2. Example of the strengthening technique observed in two samples (AP 44, AP
97) from the ref-collection involving two sheets being glued together on their unpolished
sides (known as Wassall method).

AP 116

Figure 4-3. Example of the triple-crescent watermark found in the samples, that was used
for papers exported from European paper mills to Islamic countries.
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Table 4-2. The frequency of sheet-forming techniques for paper samples in the ref-
collection.

Laid and Laid with no

R o Wove | Wire-mesh* | Total
chain lines chain lines

Machine-made 16 4 28 28 76
Hand-made 96 50 2 4 152
Total 112 54 30 32 228

*Type of paper mold with narrow-meshed lengthwise (laid lines) and transversal wires
(chain lines).

4.1.1.2 Sizing

Starch sizing could be seen as one of the defining characteristics of Islamic paper (Ibn
Badis, 1025; Baker, 1989; Loveday, 2001; Al-Hassan, 2001). Using the iodine test
(Isenberg, 1967; Baker, 1991), almost half of the samples (110) were shown to contain
starch. Variations in the reactions to lodine were observed, which could be related to the
differences in starch source and quantity (Bloom, 2001).

The presence of rosin was explored using the Raspail test (Isenberg, 1967; AIC, 1990) for
samples that tested negatively for starch as it was assumed that only one sizing material
should be present in the same sample. The assumption was verified by examining some
samples that are tested positively to starch using the Raspail test. The whole reference
collection was not tested for rosin due to time constraint and the lack of evidence in the
literature that rosin was used in the Islamic papermaking. Starch was selected as the
typical sizing material used in Islamic paper making as reported in the literature (Loveday,
2001) while rosin was selected for being the common used sizing material in this period
(19" century) (Garlick, 1986). Only 4 samples out of 146 reacted positively to the test with
one starch sized sample (AP 125-2) reacting positively to rosin as well.

Since the test gives false positives for casein, ATR-FTIR was used to ensure the absence
of peptide bonds. Two samples were found to contain protein (AP 125-2, AP 129-2). Thus,
only three samples (AP 98, AP 105, AP 128) are undoubtedly sized with rosin. The three
samples are written in Arabic, with no watermark and all are mechanically produced (2

wove and 1 wire-mesh).

4.1.1.3 Surface Characterization: Polishing

Based on visual observation, more than 50 % of the samples were classified as polished.
Since the decision is subjective due to the way the visual assessment is conducted either
by appearance, e.g. checking sheen marks or by touch in addition to the variations of the
polishing quality in terms of the shine and smoothness of the surface based on the
manufacturing technique (Loveday, 2001; Karabacek, 2001; Déroche, 2005), thus other
instrumental tests were explored based on the relation between surface roughness and its
light reflection (Bhushan, 2001).
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Figure 4-4. Box plot of 20 values of the specular vs. diffuse reflectance ratio at 457 nm
calculated from the spectral measurements collected from Islamic paper samples using
LabSpec-5000 spectrometer. The “Polished” and “Unpolished” categories were
determined visually. Each box shows the distribution of the measurements based on the
median, 1%t and 3" quartile. The whiskers represent minimum and maximum values.

Roughness measurements using a profilometer and gloss measurements using a
glossmeter were collected in addition to the ratio between specular and diffusely reflected
light collected using a spectrometer at 0° and 45° from the 457 nm (band to measure paper
brightness, (APPI-452-om, 1998; BS-ISO-2470-1, 2009)). Scanning electron microscopy
(SEM) imaging was also used to test its potential to differentiate between polished and
unpolished surfaces.

Only the ratio of specular/diffuse reflectance can assess the polishing level and
differentiate between polished and unpolished surfaces (categorized based on the visual
assessment) (Figure 4-4) compared to the roughness and gloss measurements.

On the other hand, the high resolution images of SEM can visualize the differences
between the various levels of roughness (Figure 4-5) in paper samples. However, SEM is
a destructive technigue which cannot be applied to papers of historic significance.

It is important to understand that the assessment based on the tested instrumental
methods is still subject to error as the results depend on the sampled area and many
papers are not uniformly polished in addition to being compared to the visual assessment

categories.
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Figure 4-5. SEM images (x100) of an unpolished sample (left, AP 127-1) and a polished
sample (right, AP 110).

| also tried to use ATR-FTIR spectroscopy to identify the coating material that may be used
for polishing. Therefore, laboratory-made reference samples made of pure cellulose
(Whatman No.1 paper) were prepared and coated with either egg-white (from fresh egg)
or gum tragacanth (Cornelissen & Son, London) as an example of the typical polishing
coatings used in Islamic papermaking (Ibn Badis, 1025; Levey, 1962; Loveday, 2001;
Karabacek, 2001; Al-Samarra’t, 2001). The spectra of the coated reference samples were
collected and compared with an available online spectral database (IRUG, 2000; Mahgoub
et al., 2016). The spectra of 37 samples (selected randomly from the polished samples)
from the ref-collection were peak normalized around 1026 cm™ to be able to identify the
coatings. There is an indication of proteins based on the peaks at ~1533 cm™ and ~1639
cm? (amide group bands) (Baker, 1989; Stuart, 2007; Gorassini et al., 2008). Almost half
of the samples contained well-identifiable proteinaceous peaks. In some cases, the peak
at ~1630 cm™ (cellulose) minimized the possibility to distinguish gelatine, casein or egg-
white (Baker, 1989; Stuart, 2007). There was no indication in the literature (Garlick, 1986;
Baker, 1991) that gelatine was used in Islamic countries due to the ‘high temperature’ so
this could empower the hypothesis that starch-sized samples could have been polished
using egg-white or casein as a coating material.

It is also very difficult to distinguish between gums based on FTIR spectra only (Baker,
1989), despite the peak at ~1720-1740 cm? that identifies the gum-tragacanth (Mahgoub
et al. 2016). Although 10 samples showed peaks in this region that could indicate the
presence of gums, none of them were as strong enough as the reference sample. It is also
worth mentioning that the presence of this peak could also indicate the presence of
oxidised degradation products (Zervos, 2007) which makes gums more difficult to be
identified than proteins. Two polished samples (AP 48, AP 131) showed no protein or gum

tragacanth peaks.
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4.1.1.4 Fibre Furnish

Up till now, there is no historical information on the use of special fibres in Islamic
papermaking different than the common bast and cotton that were also used for European
papermaking (Loveday, 2001; Karabacek, 2001; Al-Samarra’l, 2001; Déroche, 2005, Al-
Hassan, 2001). It is very important to identify paper fibres as it can be of decisive
importance for identification of paper provenance, as was shown in the case of Tibetan
paper (Helman-Wazny & Van-Schaik, 2012). To achieve that, a systematic fibre analysis
study should be conducted on a representative reference samples of Islamic papers with
known provenance and date, this could reveal information about the presence of less usual
fibres such as papyrus, rice and silk.

As a showcase and due to the time constraint of the research, 15 samples from the ref-
collection were selected randomly to explore Islamic papers’ fibres (Table 4-3) and
investigate the fibre composition of the samples using the standard procedure (BS-7463,
1991) with the aid of Herzberg reagent. The samples were examined with and without
staining under transmitted light using optical microscopy (Brunel Microscopes Ltd,
Wiltshire) attached to a DSLR camera (Canon EOS 1100D). Based on the fibres’
morphological characteristics (llvessalo-Pfaffli, 1995; Stuart, 2007), only bast (hemp and
flax), cotton and wood-based (hardwood and softwood) fibres were found. However, it is
noticed that most of the samples made from wood-pulp are not sized with starch, which
may indicate that these papers were imported.

Table 4-3. List of 15 samples from the ref-collection and their properties (starch-sized,
polished surface, written text and type of paper (identified visually based on mould features
and alignment of the fibres (Cornell University Library 2005)) that were selected randomly
for the fibre furnish analysis.

Samples Starch- | Polished Text Type
sizing surface
AP 3 Y Y Arabic Laid with no chain lines) / hand-made
AP 5 Y Y Arabic Laid + chain lines / hand-made
AP 6 Y Y Arabic Laid + chain lines / hand-made
AP 7-1 N Y Arabic Laid + chain lines / hand-made
AP 7-2 N Y Arabic Laid + chain lines / hand-made
AP 11-1 Y N Arabic Wove / machine-made
AP 28-2 Y N Persian Laid with no chain lines) / hand-made
AP 31 Y N Persian Wove / machine-made
AP 56-3 Y Y Arabic Wove / machine-made
AP 71-1 N Y Persian + Arabic Laid + chain lines / hand-made
AP 75-Typel N Y Arabic Laid + chain lines / hand-made
AP 84 Y Y Coptic Wove / machine-made
AP 128 N N Arabic Wire-mesh / machine-made
AP 131 Y Y Persian Laid with no chain lines) / hand-made
AP149 N Y Persian Laid with no chain lines) / hand-made
(one side)

4.1.1.5 Acidity and Degree of Polymerization

Acidity (pH values) in paper has a negative effect on the permanence of paper (Zou et al.,
1996) while cellulose DP in paper is a good indicator of the condition of the cellulosic

chains reflecting object condition and it correlates with the mechanical properties and
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remaining lifetime of objects (Zou et al., 1996; Strli¢ & Kolar, 2005; Trafela et al., 2007;
BS-1S0O-5351, 2010). Knowing both properties can give very useful information about the
current material state of the paper. As the two techniques are time consuming, the pH and
cellulose DP of only 70 samples from the ref-collection were measured (excluding 10
samples contain lignin from the viscometric measurements) using a modified standard cold
extraction procedure (ASTM-D778-97, 2002; Strlic et al., 2004) and the standard
viscometric method (BS-1SO-5351, 2010) with Mark—Houwink—Sakurada equation (Evans
& Walllis, 1987) respectively.

The distribution of pH across the ref-collection (Figure 4-6) shows a potentially bi-modal
distribution similar to what is usually observed in European paper. Rosin-sizing was
acknowledged as the main cause of European paper acidity, however, this was not the
case for Islamic paper since only 3 samples were found to be rosin-sized compared to ~36
% of Islamic paper samples with pH < 6. There are only 4 samples with a pH < 5, 2 of them
contain lignin while the other is sized with rosin.

| attempted to test the distribution bi-modality using the chi square test (X?- goodness of
fit) for normality (Miller & Miller, 2010). The test is a quick way to check whether or not a
model follows an approximately normal distribution. Putting the null hypothesis that
distribution is normal and then apply this equation;

_ X (Observed — Expected)?
- (Expected)

2

Comparing the value obtained to the critical chi-square value from a chi-square table,
given a specific degrees of freedom. If chi-square statistic is larger than the table value,
then the distribution is not normal.

The test confirmed the non-normality of the distribution (x? = 11.02 with a degree of
freedom of 2). Despite the test results and in the absence of rosin-sized papers that are
strongly acidic, it could be suggested that the bi-modality distribution is a result of
acidification of some samples during degradation.

On the other hand, the distribution of the DP values is biased towards low values around
the interval 500-750 DP units. This is of some concern if encountered in real collections,
as the risk of paper accumulating mechanical degradation due to handling increases
substantially for DP <300 based on a study on Western papers (Strli¢ et al., 2015).

As it is unknown yet if the ref-collection represents the average Islamic paper collections
in libraries and archives, there is a strong need to know whether such low DP values are
typical of Islamic paper collections and to verify if same DP threshold at 300 is also applied
to Islamic paper increasing the risk of its mechanical degradation with handling which can
be achieved through surveys. As a hypothesis, the low observed average DP could be the
result of high temperature during storage in the past but this needs to be further explored.
Although the environmental history of the ref-collection samples is not known, it is still

interesting to study the relation between pH and DP values with the presence of starch

95



and polishing to get an idea about the effect of these characteristics on Islamic paper
stability. Based on the results shown in Figure 4-7, polished samples are mostly
associated with high DP and pH values indicating its good state while starched samples
are less acidic than neither polished nor starched ones which is typically of European
papermaking.

Knowing such information is important, but it cannot be taken as a general conclusion
about the positivity or negativity of the effect of Islamic paper characteristics (polishing and
starch sizing) on the stability of Islamic paper. Thus, to verify the obtained information and
to get a deeper understanding of such effect, a degradation study in a controlled
environmental conditions was conducted which will be discussed later in the chapter
(Section 4.5).
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Figure 4-6. Frequency plots for pH (n = 70) and DP (n = 60) of Islamic paper samples in
the ref-collection.
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Figure 4-7. Boxplots for pH (n = 70) and DP (n = 60) showing the 15t and 3™ quartile, the
median and minimum and maximum values (whiskers) for categories with identified
polishing (P), starch (S) or not (0).

4.1.2 Discussion and Conclusions of the Survey

For the first time, the survey systematically reviewed the evidence of specific papermaking
practices associated with paper used in the Islamic cultural realm, adding a scientific layer

to codicological, historical and palaeographical research.
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Four properties of Islamic paper were investigated using a reference historic materials

database of 228 Islamic paper samples from north Africa, the near East and central Asia,

mostly from the 18" and 19" century.

Although there is no certain information about the age or the provenance of most of the

ref-collection samples, | tried to explore whether it is possible to identify the typical material

properties of Islamic paper given that the samples represent a random cross-section of

paper production that can be found in the Islamic cultural realm.

A number of analytical characterization techniques to explore paper sizing, polishing, fibre

furnish, acidity and degree of polymerization were conducted.

Many conclusions were established as following:

48 % of the ref-collection contains starch and 64 % are polished with 57 samples
being both polished and starched. ~ 12% of the samples are neither polished nor
contain starch.

Most of the unpolished and not starch sized samples are written in Arabic (n = 23),
of these, a small proportion (~2 %) are rosin-sized and mechanically produced. It
can be concluded that rosin sizing and the absence of starch or polishing are not
typical of Islamic papermaking practices.

Polishing was assessed visually and with the aid of different instruments to
minimize the time consumed in assessment and its subjectivity. Islamic papers
were found to have different qualities of shine resulting from the uneven application
of the polishing technique. Among the explored instrumental methods,
specular/diffuse reflectance ratio at 457 nm gave results that were most consistent
with the visual observation. SEM also was found to be a reliable technique, albeit
destructive.

With ATR-FTIR to investigate materials used for polishing, the presence of
proteinaceous coatings (casein, egg white) can easily be detected, while the
presence of gums is difficult to establish due to the absence of specific absorption
bands.

No specific fibres were found in fibre furnish analysis of 15 samples from the ref-
collection. Only bast, cotton and wood-derived fibres found which are also typically
found in European papermaking as well.

Regarding acidity, the collection shows a bi-modal distribution, with two peaks in
the intervals of 6.5-7.0 and 5.5-6. Only 4 samples are very acidic (pH < 5), 2 of
which contain lignin, and 1 is rosin-sized. No explanation yet was derived about
the cause of the non-normality of the distribution, as sizing materials cannot be the

cause as is the case with rosin and gelatine in European collections.
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o 69 % of the ref-collection have DP < 1000. Given that the typical fibres are bast
and cotton with high initial DP, these results are likely a reflection of high
temperatures during past storage.

e Polished samples were found to be associated with higher DP and pH in the
studied collection, which could be a reflection of ageing or past storage. Further
research is needed to study the effect of polishing and presence of starch on paper
stability which will be discussed later in the chapter.

There is no unequivocal evidence for what should or should not be considered as Islamic
paper. Neither the textual evidence (could be written on an imported paper) nor the
presence of starch or polished surface (both could be applied to imported paper, prior to
writing) is enough as a proof of provenance of the writing support (paper). Also, fibres of
Islamic paper are typically the same as the ones used in European papermaking and the
paper itself has no watermarks or any special identifiable features. The literature reports
specific cases of sieve patterning, the use of rice or papyrus fibres, but there is no evidence
of this in the studied collection (ref-collection). However, since ~88 % of the ref-collection
are starch-sized and/or polished, these two practices could be considered typical of Islamic
paper of the 18" and 19" century.

It is of great importance to start to have a clearer view of how widespread specific
papermaking practices were through time and geographically which can be achieved
through surveying Islamic paper collections with high historic value, well-dated and
provenanced in libraries and archives and establishing its material properties since the
reference collection was lacking these features (provenance and date). Such survey can
only be carried out using a non-destructive methodology to access the valuable collections
which | developed to determine some of the Islamic paper characteristics (described in
Section 4.3.1). Additionally, we would gain a better insight into the state of conservation of
such collections, as well as develop collection specific preservation advice, as we will
discuss later in the chapter.

4.2 Effect of Starch Sizing

To explore if any of the characteristic Islamic properties (starch-sizing and polishing) has
a significant effect on the paper rate of degradation, PCA analysis was applied to the
measurements collected from 40 Islamic paper samples from the ref-collection (Chapter 2
— Section 2.1) using Origin Pro 9.0 software to explore any correlation between the
different characteristics in the current state (Figure 4-8 - right).

Moreover, to study if there is any influence from any of these properties on the stability of
the paper, the DP was measured for the same 40 sample after being degraded at 80 °C
and 65% RH for two weeks then the percentage of DP loss (Initial DP - DP after
degradation / Initial DP) for each sample was calculated and analysed with the other

properties (Figure 4-8 - left).
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The PCA biplots (Gower & Hand, 1996) plots simultaneously information on the
observations (as dots) and the variables (calibrated axes) in a multidimensional dataset
allowing you to project the observations onto the axes to make an approximation of the
original values of the variables.

The results verify the same conclusion about the polished samples being associated with
high pH and DP values (as seen earlier in Figure 4-7) based on the positive correlation
between the three properties as seen in Figure 4-8 (right). Although no conclusions can
be derived from the same figure (right) about the starch-sizing property based on the initial
measurements, the left figure emphasizes the positive effect of starch on stability of paper
through the negative correlation with the %DP loss (represented by the lines of starch and
%DP loss being almost 180 degrees to each other). Therefore, | decided to investigate
this further.
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Figure 4-8. Two biplots from the correlation analysis using PCA of four paper
characteristics for 40 samples from the Islamic paper ref-collection to study the effect of
the different techniques on paper stability. The left and bottom axes are of the PCA plot
showing the scores of the samples (dots) while the top and right axes belong to the
loadings plot which shows how strongly each characteristic (vectors) affect the principle
components. On the right, the biplot shows the analysis of the initial values of DP and pH
with the starch-presence and polishing characteristics. On the left, the biplot shows the
correlation between pH, polished surfaces, starch-presence and % DP loss
characteristics. % DP Loss is calculated from the initial DP values and the DP measured
after ageing the samples (at 80 °C and 65% RH for two weeks). The two figures show the
PCA scores of PC1 vs PC2 categorized according to starch-sizing property (Starched
samples in blue and unstarched samples in red).

An experiment was conducted to explore the effect of starch by applying starch suspension
with different quantity (Yom/m starch) on Whatman No.1 filter paper samples (5x5 cm) then
with the aid of artificial accelerated degradation and standard viscometric method, the
changes in DP in relation to starch content was monitored.

25 g of potato starch was mixed in 250 ml deionized water (cold) then the suspension was
put in the ultrasound bath for 30 min and with continuous stirring in 80 °C. The suspension
then was heated on the hotplate till it reached 130° C with continuous stirring until the

starch was cooked.
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A 500 ml of de-ionized water was mixed with 5 teaspoons of the starch suspension then
was stirred on the hotplate until its temperature was ~60 °C.

18 pieces of Whatman paper with 5X5 cm were cut and weighed individually. Each piece
was immersed in the starch suspension and the immersion process repeated for several
times to get pieces with gradually more and more starch. The excess was blotted between
two Whatman papers. The samples were numbered from 1 to 18 representing the number
of times a sample was immersed. The pieces were dried in the oven at 80 °C for 5-10
minutes between repeated treatments in order to dry fast and all the pieces were left to
dry overnight at the end of the experiment. All the pieces were weighed again after the
immersion and being dried. A reference sample of Whatman paper was washed in
deionized water then dried. All the samples were divided into 3 strips: one for the initial
measurement and the other two to be degraded for 21 and 60 days at 80 °C and 65% RH.
DP measurements were measured for all the samples using the standard viscometric
method before and after degradation, described in Chapter 2.

As seen in Figure 4-9 representing the DP measurements of starch-containing samples,
the effect of starch content on sample mass and DP is evident from the data of non-aged
samples “0 days-uncorrected”. Approximately 1% increase of mass of paper due to the
addition of starch leads to ~ 1-1.5% difference in the calculated DP due to the decrease of
the actual cellulose content in the weighed sample which needs to be taken in
consideration in DP calculations.

A correction factor was calculated and applied to the mass of samples to compensate for
the amount of starch introduced as can be seen in “0 days-corrected” data where all DP
values are almost similar since they are the same for the non-aged Whatman samples.
The data are not showing any patterns for the aged starch samples. If we compared
between the reference sample with no starch and the sample with the least amount of
starch (1 immersion), we can reach the conclusion that starch has no effect on cellulose
degradation as both samples degrade in the same rate (Figure 4-10).

This is a good conclusion, however, further work needs to be done to try to figure out if
starch itself has a DP value that can be measured with the viscometry method then try to
establish the knowledge about the typical % of starch in Islamic paper. Also, determining
if other non-pure types of starch have an effect on cellulose degradation is worth further

investigation.
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Figure 4-9. Scatter plot representing the DP measurements of Whatman samples (1% X-
axis on top) before (0 days) and after degradation at 80 °C and 65% RH for 3 weeks (21
days) and 2 months (60 days). A correction factor for the sample mass due to the addition
of starch was used. The full square points show the standard deviation per degradation
period (2" X-axis on bottom), taking the average value of DP for all the samples (after
correction) degraded for 21 and 60 days.
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Figure 4-10. Degradation rates of the reference sample with no starch and sample no. 1
with the least amount of starch (1 immersion). The error bars represent standard
deviations for duplicate DP determinations.

4.3 Non-Destructive Characterization Methodology
Non-destructive techniques requiring neither sampling nor sample preparation have
become prominent for the investigation of historic objects (Derrick et al., 1999; Stuart,

2007; Trafela et al., 2007). Infrared spectroscopy is a non-destructive technique that has
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been successfully used in studies of different heritage materials (Trafela et al., 2007; Strli¢
et al., 2007). It became an important analytical tool to characterize physical and chemical
properties of various materials in non-heritage applications (Antti et al., 1996; Blanco &
Villarroya, 2002) due to its ability to reflect combination and overtone vibrations associated
with C-H, O-H and N-H chemical bonds (Blanco & Villarroya, 2002; Stuart, 2007). Spectral
data then can be used to classify or estimate properties of unknown samples when
correlated with measured physical properties obtained from reference analytical methods
applied to well defined and representative samples (Blanco & Villarroya, 2002; Small,
2006; Strlic et al., 2007; Trafela et al., 2007). Multivariate data analysis techniques are
used to build such correlations.

Although NIR spectroscopy has received considerable attention, such investigations have
so far focused on point analyses whilst processes of degradation advance in a
heterogeneous way with possibly significant local variations due to the utilization of various
materials and added substances, such the sizing and finishing layers in the papermaking
process (Trafela et al., 2007; Oriola et al., 2014).

Therefore, it is of importance to develop tools to collect spatially resolved quantitative
chemical information from the heritage materials to represent such inhomogeneity and
map the distribution of the chemical composition of a whole object (Strli¢ & Kolar, 2005;
Kubik, 2007; Wang & Paliwal, 2007; ElImasry & Sun 2010; Oriola et al., 2014).
Hyperspectral imaging (HSI) has proven itself as a successful and useful technique in the
field of heritage conservation by expanding spectroscopy (spot analysis technique) to the
examination of an entire surface of an object as it records spectral and spatial information
simultaneously. It has expanded imaging and material characterization possibilities
(Fischer & Kakoulli, 2006) through building chemical images or maps, which has the
potential to improve knowledge of distribution of material properties while investigating an
entire object (Lu & Chen, 1999; Wang & Paliwal, 2007; Liang, 2012; Dooley et al., 2013).
This section is divided into two sub-sections; The first section (4.3.1) focusses on
developing a non-destructive characterization methodology of Islamic paper using NIR
spectroscopy accompanied by multivariate data analysis methods. The methodology
could be applied to Islamic collections in libraries and archives to expand the reference
collection database of Islamic paper with information about material properties of papers
of known age and provenance and thus better understand geographic and temporal
distributions of papermaking practices in Islamic. In addition to that, the methodology was
validated by surveying part of the Islamic Collection of the Wellcome Collection and the
results are described in the sub-section (4.3.1.3).

Section 4.3.2 explores the potential for mapping some characteristics of Islamic paper
using HSI in the SWIR range due to its ability to resolve information spatially and spectrally

for the whole surface of an object. Quantitative calibration models were developed to
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determine these properties for unknown samples based on the spectral information
collected by the HSI system of Islamic paper reference collection in the range 1000-2500
nm. The calibration models and the analysis of the results in addition to the development
of quantitative chemical maps for Islamic paper samples are also described in the section.
4.3.1 Handheld Portable VIS-NIR Spectroscopy Analysis
Sampling historically valuable collections is rarely permitted, and most of the used
traditional characterization methods are destructive or semi-destructive and or time
consuming. Therefore, it is of great importance to develop non-destructive characterization
methodologies as a replacement tool that can be used in-situ in libraries and archives. NIR
spectroscopy is a very powerful tool, proved the success of its applications, especially for
material characterization (Blanco & Villarroya, 2002; Flinn, 2005; Oriola et al., 2014;
SurveNIR). Using PHAZIR NIR analyzer (Polychromix, now Thermo Fisher, Hemel
Hempstead), spectral data of the ref-collection samples were collected in the interval 1600
— 2400 nm (average of 10 scans, resolution 8 nm). The measurements were carried out
using single sheets with a Spectralon 99% diffuse reflectance target as the measurement
background, in areas that contained no inks or visible soiling and away from the margins.
Different models were developed, two classification methods using linear discriminant
analysis (LDA) method (Blanco & Villarroya, 2002; Stuart, 2007; Brereton, 2009; Miller &
Miller, 2010; Brereton & Lloyd, 2014) to identify the presence of starch and polishing, and
two regression methods using partial least squares (PLS) method (Brereton, 2009; Miller
& Miller, 2010; Brereton & Lloyd, 2014) to estimate the degree of polymerization and the
content of acidity. XLSTAT 2013 v.5.01 software was used for the development of the
classification models, while Polychromix method generator v.3.101R2-64 software was
used for the regression models.

4.3.1.1 Presence of Starch and Polishing
To build the classification model for starch presence, the spectra of all the ref-collection
samples (228) were analysed using LDA method where it was divided randomly into two
datasets; Calibration (138) and validation (90). The number of starched and non-starched
samples was almost equal. On the other hand, only 104 samples were used to build the
model for the identification of polished surfaces. 74 samples were selected randomly for
calibration and 30 samples were used for independent validation. For both models, the
spectral interval of 1600 — 2400 nm was used without any spectral pre-treatments applied
to the spectra. Table 4-4 shows that the results of the two models are highly satisfactory,
with 90 % and 87.6 % of successfully identified samples for starch and polished surface
respectively.
Both models are very useful for collection surveys. However, it is worth emphasizing that
the model for polishing is built based on the visual assessment of the presence of polishing
so it still suffers from subjectivity in addition to the dependency on the local spot from

where the spectral data were collected from each sample. The predictive value and
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subjectivity of the model can be improved by using other scientific assessment techniques
to confirm the presence of polished surfaces such as SEM and FTIR as described earlier.
But the model asiitis, is still beneficial in terms of time taken to predict the results compared
to the visual assessment which is a very time consuming procedure.

Table 4-4. Validation matrices for LDA models for identification of starch and polishing.
138 and 74 samples were used for calibration, respectively.

From/To No starch Starch Total %correct
No starch 39 3 42 92.9
Starch 6 42 48 87.5
Total 45 45 90 90.0
From/To Unpolished Polished Total %correct
Unpolished 14 1 15 93.3
Polished 3 12 15 80.0
Total 17 13 30 86.7

4.3.1.2 Determination of pH and DP

For the PLS regression models, a calibration dataset of 70 spectra of samples with pH
values measured using the cold extraction method, and another of 60 spectra of samples
with DP determined using the standard viscometry method were used. Fewer samples
were used for the DP model as samples with lignin could not be measured using the
traditional method so they were excluded. Spectral pre-treatments were applied to the
datasets in order to optimize the quality of calibration for the regression models. Standard
normal variate method (SNV) and Savitzky-Golay filter (2" derivative, 3" polynomial order,
9-point window) in the spectral interval 1600 — 2400 nm were used for the pH model while
only Savitzky-Golay filter (2" derivative, 3™ polynomial order, 7-point window) was used
for the DP model using the same spectral interval. Regression statistics for both methods
are given in Table 4-5. Using independent validation datasets and based on the root mean
square error of prediction (RMSEP), it was found that pH model does not perform well
(RMSEP = 0.7 pH units), because the error is more than twice the uncertainty of the
experimental method (= 0.3 pH units). The quality of prediction might be improved by using
more samples with better distribution, but the model as it is can be used for a broad
classification of samples. On the other hand, DP model errors are satisfactory (RMSEP =
177 DP units) and comparable to the models previously developed for European paper
(Trafela et al., 2007). The developed models can thus be used as part of a non-destructive
methodology for collection surveys.

Table 4-5. Specifications (calibration and validation parameters) of PLS regression models
for pH and DP using NIR spectra obtained with the PHAZIR hand-held spectrometer; n-
number of samples.

PLS model Calibration Validation
n RMSE RMSEC R? Factors n RMSE R?
C V P
pH 52 0.37 0.45 0.70 4 18 0.72 0.47
DP 45 263 298 0.60 3 15 177 0.78
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It was of interest to explore the applicability of the PLS regression models developed for
European paper to Islamic papers (SurveNIR). To achieve this, the same Islamic paper
samples were measured using the SurveNIR instrument (Lichtblau, Dresden) in the
interval 1100 — 2200 nm (average of 8 spectra/sheet with 300 scans each, 2 nm
resolution). Then, the SurveNIR software, models and database for European papers were
used to analyse the collected spectra and determine pH and DP values.

As seen in Figure 4-11, comparing the actual values of pH and DP (measured using
invasive methods) to the predicted values obtained using SurveNIR method and the model
developed especially for Islamic paper, SurveNIR regressions perform less well for both
pH and DP by looking into the regression lines and correlation coefficients (R?). The nearer
the points to the regression line, the higher the correlation between the actual and
predicted values and the higher the applicability of the model. This means that such
regressions (Figure 4-11, below) are not applicable to Islamic papers and special models
need to be developed for it. This is particularly the case for DP.

| also attempted to explore whether starch contributes to the results obtained from the
application of SurveNIR models (Mahgoub et al., 2016), so starched samples were plotted
with a different symbol (hollow squares) to visualize possible patterns as shown in Figure
4-11. Based on the predictions, it is evident that starch strongly affects the SurveNIR DP
model where samples with starch and without starch tends to separate in two groups

forming a pattern.
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Figure 4-11. Comparisons of predicted and actual pH and DP values obtained with models
developed specifically for Islamic paper (IP, above) and with models developed for
European paper (SurveNIR, below). Hollow squares samples with starch, black squares
no starch. R? was calculated for each set of data.
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4.3.1.3 Wellcome Collection Survey
This sub-section describes a survey of a part of the Islamic Collection of the Wellcome
Collection that was conducted using the developed non-destructive scientific
characterization methodology for Islamic paper described above. This survey can be
considered as a validation for the applicability of the developed methodology to real
collections in situ. Using the non-destructive characterization methodology, it is possible
to estimate paper characteristics of an unknown sample using only an NIR spectrum,
based on the correlations of reference samples and spectral information obtained by
multivariate data analysis (Trafela et al., 2007; SurveNIR). The survey aimed at
identification of the most significant characteristics of Islamic paper: presence of starch
and polishing, and also at determination of two chemical properties: acidity and degree of
polymerization of cellulose in paper. The latter were of interest in order to assess the
current material state (condition) of the collection and its stability. Moreover, in the sub-
section we will explore the possibility of developing a dating model for Islamic paper using

the NIR technique based on the spectral data collected from the same Islamic collection.

4.3.1.3.1. Wellcome Collection Objects
Historic objects (43 in total) were selected randomly from the Wellcome Library Islamic
collection based on the digitally available catalogue (http://wamcp.bibalex.org/home).

These objects represent different types of paper found in Islamic libraries and archives.
The ID and date details of the selected objects are listed in Table 4-6. The objects were
dated from 1652 and 1880 AD based on the date provided by the library ‘Librarian date’
and were all are written in Arabic. The sample set includes 305 randomly selected single
sheets, where always 5 individual sheets were chosen to represent each type of paper,

which means 61 different paper types in the 43 objects.

4.3.1.3.2. Spectral Data

Spectroscopic data were collected using the PHAZIR handheld NIR instrument
(Polychromix) in the interval of 1600-2400 nm as an average of 10 scans per sample with
a resolution of 8 nm (Figure 4-12) similar to the collection method used in the development
of the non-destructive methodology. The measurements were carried out using single
sheets with a Spectralon 99% diffuse reflectance target as the background, in areas that
contained no inks or visible soiling and away from the margins. The handheld device was
calibrated using the instrument built-in Spectralon reference. The location of each
measurement was recorded photographically.

The repeatability of the instrument and reproducibility of the measurements (Williams,
2013; Bazar et al., 2016) were evaluated through the calculation of standard deviation
(SD) of a series of spectral measurements in addition to the calculation of the coefficient

of variance (CoV%) which represents the ratio of SD over the average of the spectral data.
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For repeatability, a series of five spectral measurements were collected from same spot
of same sample which gave SD = 0.002 and CoV = ~ 1%. Another series of 5
measurements from different spots on the same sample were collected for the evaluation
of the reproducibility giving SD=0.01 and CoV = ~ 6%.

Figure 4-12. Collection of spectral data using PHAZIR handheld NIR instrument
(Polychromix) in the interval 1600 — 2400 nm from the Wellcome Library Islamic collection.

4.3.1.3.3. Survey Results
Starch
The presence of starch was surveyed in the Wellcome collection as starch sizing was
widely used in Islamic papermaking (Ibn Badis, 1025; Garlick, 1986; Baker, 1991;
Loveday, 2001). However, it should be taken into consideration that starch was also used
in the production of paper in China and in the early western paper as well (Garlick, 1986;
Déroche, 2005). However, no such papers were surveyed as only Islamic collection from
the 17" — 19" century were used in the survey.
The decision on the presence of starch was made by calculating the average probability
for the presence of starch (%starch) in the 5 measured samples of the same paper type.
For this, | used the multivariate classification method (linear discriminant analysis)
developed using the ref-collection resulting from the ISH-survey (starch presence model)
with 90% of correctness for the validation set. If %starch is higher than 50%, then the
paper type was identified as a starch-containing one (Table 4-6).
Focusing on starch property, the survey results have shown that out of 61 different types
of paper, only 27 show >50% probability of starch presence. These results indicate that
about 44% of paper in the Wellcome Library Islamic collection contains starch and is

therefore potentially of Islamic origin.

Polishing
The polishing process was distinct to Islamic papermaking, and reduced roughness of the

paper surface. Good quality paper had to be polished, almost translucent, with or without
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a material such as gum tragacanth or egg white (Baker, 1991; Loveday, 2001; Déroche,
2005). The calibration model from the Islamic paper survey based on the LDA
discrimination method was applied in the Wellcome Collection survey to identify polished
papers, and to compare instrumental assessment with the visual examination of the
samples.

The results have shown that 85% of the surveyed samples were polished (probability
>50%), confirming the spread of this technique in Islamic collections (Table 4-6). About
70% of the samples were visually identified as polished as well, which shows that
instrumental identification of polishing is not as accurate as visual identification. However,

this difference in estimation is consistent with the prediction model error rate (~13%).

Acidity (pH)

It is common practice in surveys of paper collections to assess pH as a good indication of
paper stability combined with the information about the cellulose DP (Strli¢ & Kolar, 2005;
Tse, 2007). Unfortunately, most traditional techniques used to measure pH are either
destructive or micro-destructive, which is not suitable for collection surveys.

Using the calibration regression model (pH model), pH of Wellcome samples was
determined based on their collected spectral data. The average and standard deviation of
pH values for the 5 individual sheets of each paper type are shown in Table 4-6. Most of
the estimated pH values were greater than or equal to 7 which means that the samples
are neutral to mildly alkaline and thus their rate of deterioration is low.

The error of prediction is 0.7 pH units which is sufficiently good for identification of very
acidic samples (pH < 5), as finer classification is barely needed, besides, the uncertainty
of the traditional method of pH determination is £0.3 pH units, which is comparable. For
very acidic samples, de-acidification is often considered as a suitable conservation
intervention (Strli¢ & Kolar, 2005; Hubbe et al., 2017). These results can therefore provide
a quick assessment of the stability of the collection and in combination with DP, they could

be used to make preservation as well as intervention decisions.

Degree of Polymerization (DP)

Determination of DP is a destructive process and traditionally requires sampling, which is
impossible for historic documents. However, in this survey the calibration method
developed based on the PLS regression method (DP model) was used to determine the
DP of Wellcome Collection samples. The range of DP values (average and standard
deviation out of the 5 individual samples per paper type) is listed in Table 4-6.

The results show significant variation. For reference, paper with DP 300 is considered at
high risk of mechanical damage during handling due to brittleness. Most European rag
paper has DP of ~1500 or higher, and bleached pulp paper (contemporary paper) has DP
of ~2500 (SurveNIR). Most of the surveyed papers have a DP value over 800 which is
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safe for handling; however, it is evident that the paper is more degraded than European
rag paper of comparable age, which must reflect its past storage environments, which may
have been comparatively warmer than European storage environments. The lowest DP
value was measured for WMS.AR.735, which is at significant risk of accumulating
mechanical degradation. The prediction error of the method is 177 DP units, which is
considered good for surveys as it is comparable to the error of the reference laboratory
method.

Table 4-6. Estimated properties of the surveyed papers from the Wellcome Islamic
collection: probability of the presence of starch (%starch), probability of the presence of
polished surfaces (%polishing), predicted average degree of polymerization (DP) and
predicted average pH with the standard deviation (+). Colour shading indicates a positive
ID for starch and polishing. If both are present, the paper has been classified as Islamic

paper.

Sample Year (AD) %starch | %polishing DP pH
WMS:AR.471 1652 61 76 1380190 7.6+0.1
WMS:AR.820 1696 93 97 1170+20 7.5+0.1
WMS:AR.592-Typel | 1700 23 98 1390+70 7.6+0.1
WMS:AR.592-Type2 | 1700 0 93 1420450 7.7+0.1
WMS:AR.592-Type3 | 1700 48 100 1280+70 7.4+0.2
WMS:AR.592-Type4 | 1700 22 100 1500+70 7.6+0.1
WMS:AR.592-Type5 | 1700 1 100 1330+40 7.5+0.2
WMS:AR.592-Type6 | 1700 0 100 1220+70 7.7+0.1
WMS:AR.609 1703 0 100 1310+130 7.5+0.1
WMS:AR.734 1705 30 79 1050+70 7.3+0.2
WMS:AR.278 1717 10 100 1240+60 7.1
WMS:AR.22 1719 24 98 1440+60 7.6£0.1
WMS:AR.519 1724 2 57 1480+80 7.4+0.1
WMS:AR.454 1734 19 100 1300+60 7.4+0.1
WMS:AR.521 1738 42 56 1230+40 7
WMS:AR.583 1750 100 100 880+70 8
WMS:AR.791 1758 32 100 1160+90 7.1+£0.2
WMS:AR.26 1761 9 100 1220+170 7.1+0.1
WMS:AR.292-Typel | 1764 100 100 560+90 7.60.3
WMS:AR.292-Type2 | 1764 87 1 680150 7.7+0.2
WMS:AR.385 1771 100 100 700+70 7.2£0.1
WMS:AR.621-Typel | 1773 89 99 1000+40 7.2+0.1
WMS:AR.621-Type2 | 1773 1 0 1320+130 7.6£0.1
WMS:AR.621-Type3 | 1773 82 98 930+10 7.4+0.1
WMS:AR.621-Typed | 1773 69 100 1280+70 7.310.1
WMS:AR.621-Type5 | 1773 61 82 1260+60 7.4+0.1
WMS:AR.621-Type6 | 1773 42 93 1210+70 7.310.1
WMS:AR.456 1782 58 100 1380+120 7.310.1
WMS:AR.821-Typel | 1786 27 90 1420+30 7.5+0.1
WMS:AR.821-Type2 | 1786 57 97 1410+100 7.3£0.2
WMS:AR.573 1788 1 100 1560+50 7.6+0.1
WMS:AR.201 1797 100 100 520+90 7.3+0.2
WMS:AR.267-Typel | 1800 1 0 1190+80 8.6+0.2
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WMS:AR.267-Type2 | 1800 1 20 111070 8.5+0.6
WMS:AR.624-Typel | 1810 25 1 1090480 7.7+0.1
WMS:AR.624-Type2 | 1810 15 0 1150+30 7.7+0.1
WMS:AR.624-Type3 | 1810 57 3 980+60 7.6+0.1
WMS:AR.397 1811 5 100 1240+70 7.6+0.1
WMS:AR.445-Typel | 1812 100 100 750150 7.1+0.2
WMS:AR.445-Type2 | 1812 85 100 1130+250 7.2+0.1
WMS:AR.445-Type3 | 1812 100 100 1080+100 7.2+0.1
WMS:AR.726 1819 100 100 630+80 7.7+0.1
WMS:AR.286 1825 100 100 770160 7.6+0.1
WMS:AR.382 1829 36 95 1180+110 6.9+0.1
WMS:AR.116 1830 79 97 1400480 7.5+0.1
WMS:AR.459 1835 45 100 1280+170 7.8+0.2
WMS:AR.18 1838 100 100 690+30 7.2+0.1
WMS:AR.594-Typel | 1844 1 100 140070 8
WMS:AR.594-Type2 | 1844 23 100 1240+40 8.1+0.1
WMS:AR.444 1845 2 100 1150+70 7.6+0.1
WMS:AR.34 1846 16 100 1080+140 7.3+0.2
WMS:AR.606 1847 11 77 1200+110 7.3+0.1
WMS:AR.746 1850 55 100 1490+40 7.4+0.2
WMS:AR.588 1851 30 94 1370+30 7.3+0.1
WMS:AR.291 1857 100 100 710180 8
WMS:AR.460 1858 99 99 850+80 7
WMS:AR.664 1867 45 12 1200+80 6.8
WMS:AR.831 1876 68 24 820+30 8.1+0.3
WMS:AR.254 1880 100 100 800+90 7.1+0.1
WMS:AR.735 1883 100 100 330+40 6.1+0.2
WMS:AR.593 1887 11 100 810+30 7.2+0.1

Moreover, | attempted to assess the distribution of the predicted pH and DP of the tested
Wellcome collection samples in relation to paper categories (presence of starch and
polishing, either one or none or both) to explore if there is any patterns or trends indicating
their influence on the condition of the objects. No particular trend can be identified as
evident from Figure 4-13. However, samples with either starch or polishing or both
(potentially classified as Islamic paper) have slightly higher DP values than the other

samples.
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Figure 4-13. Boxplots of the distribution of the pH (left) and DP (right) values predicted for
samples (43 objects) of the Wellcome Islamic collection as a measure of stability using a
non-destructive characterization methodology based on NIR spectroscopy. Values are
grouped according to the two main characteristics of Islamic papermaking; starch-sizing
and surface polishing which have been also estimated using same methodology. (0)
means samples with no starch/unpolished, (S) means samples are starch-sized and (P)
means samples are polished. Each box shows the distribution of the measurements based
on the median, 15t and 3" quartile. The whiskers represent minimum and maximum values.

Dating

Dating of historical objects is of significant importance to scholars. There are numerous
dating techniques for historic materials: empirical techniques require excellent experience
and instrumental techniques require sampling (May & Jones, 2006). Lately, NIR
spectroscopy has been used to date historic objects non-destructively (Trafela et al., 2007;
Mozir et al., 2011).

The age of a paper sample is reflected in the chemical changes taking place during its
lifetime, represented by lower DP, lower pH, higher crystallinity etc. (Trafela et al., 2007).
However, different composition (fibre type, sizing, polishing) also reflected historic
development in papermaking and could therefore be used for dating. All of these properties
are represented in the IR spectra allowing for dating objects using a proper calibration
model as is the case described in the literature (Trafela et al., 2007; Brown et al., 2017)
where the authors in the first study were able to build calibrations to date historical
European paper based on spectral data of a considerable humber of samples taking into
account the change in paper production occurred at approximately 1850 with a standard
error of ~ 9 years while in the second study authors were able to date Chinese paper (19"
and 20™ C.) with a satisfactory uncertainty (~13 years).

Similarly, during the Wellcome survey, it was possible to develop a dating model for Islamic
papers based on the NIR spectral data collected from the 43 historical books (the surveyed
papers from the Wellcome Islamic collection described in Section 4.3.1.3.1) with the aid of
multivariate data analysis methods. As the books were dated between 1652 and 1880 AD
(Table 4-6), the developed dating model can be used to date Islamic paper sample of

unknown date in this approximate range.
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The Polychromix method generator v.3.101 R2-64 software and partial least squares
(PLS) method (Garthewaite, 1994; Miller & Miller, 2010) were used to develop the model
using the collected NIR spectra of the surveyed Wellcome paper samples and their
corresponding librarian date. Different spectral pre-processing has been used in the
interval 1600-2400 nm to optimize the quality of the calibration such as standard normal
variate (SNV) and Savitzky-Golay algorithms. The model was cross-validated using the
leave-one-out method. Root mean square errors for calibration (RMSEC) and validation
(RMSECYV) were calculated to evaluate the model.

Dating model was developed using all the samples as a calibration set (n=298), which
gave a validation error (RMSECV) of 44 years and correlation coefficient (R?%) of ~ 0.5.
To check whether starch presence influences the uncertainty of the model, the calibration
set was divided into two subsets: samples with and without starch according to the
estimated results in Table 4-6 and different dating models were developed for each set.
The surveyed samples with > 50 % probability of starch presence (Table 4-6) were
considered as a separate sample set. A dataset of 170 samples with no starch, and
another one of 128 samples with starch were used. Table 4-7 lists the specifications of all
the developed dating models.

Looking into Figure 4-414, for the starched samples, the calibration error (RMSEC) is 21
years and the validation error (RMSECYV) is 33 years, and for the samples without starch,
itis 32, 45 years, respectively. Results are a bit better, especially for the model of samples
with starch. The uncertainty of the developed dating models is acceptable and comparable
with other studies (Trafela et al., 2007; Mozir et al., 2011; Fenech et al., 2012; Martins et
al., 2012; Brown et al., 2017) taking into consideration the different number of samples,
materials and the spectroscopic techniques used in addition to the accuracy of the historic
data (librarian date) which show their applicability to date unknown samples of these paper
types. However, this should be explored further for better results using wider range of well-
characterized Islamic samples.

Table 4-7. Specifications of the PLS models for dating; n — number of samples, RMSEC
— calibration error, RMSECV - validation error, and R? — correlation coefficient.

Model n RMSEC RMSECV R?

Dating (All samples) 298 | 39 (years) 44 (years) 0.49
Dating (starch samples) 128 | 21 (years) 33 (years) 0.78
Dating (no starch samples) | 170 | 32 (years) 45 (years) 0.71
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Figure 4-414. Validation of two dating models developed based on spectral data collected
from Wellcome Collection samples using NIR spectroscopy (Table 4-6). The blue dots in
both plots represent paper samples with (right) and without starch (left). The figure shows
the correlation coefficient between the actual and predicted date for both models.

4.3.1.3.4. Conclusions of the Survey
This sub-section validates a new non-destructive spectroscopic method for
characterization and surveying of Islamic paper based on NIR spectroscopy. 43 books
from the Islamic collection of the Wellcome Collection were surveyed using the portable
and non-destructive method from the Islamic paper survey, in order to identify four paper
properties: presence of starch and polishing, pH and degree of polymerization (DP). The
first two could be used for identification of Islamic paper (those with starch and polishing
have most probably been produced in Islamic countries), while pH and DP can reflect the
current condition of paper.
The survey results have shown that ~90% of the Wellcome Library Islamic collection are
of Islamic origin in respect to the two main characteristics of Islamic paper; the presence
of starch and polishing. Moreover, the results show that most of the collection is in a good
condition (DP > 800 and pH >= 7) and can be handled safely with the exception of a few
papers based on the estimated pH and DP values.
In addition, a dating model was developed using NIR spectral data based on multivariate
data analysis, which can now be used to date historic Islamic paper from the 17®-19"
century (1652 -1880) AD.
Such successful results demonstrate the applicability of NIR spectroscopy in the study and
surveys of Islamic paper collections. This is considered as the first such study, if applied
across Islamic paper collections, it could be used to systematically develop evidence-
based preservation policies in Islamic libraries and archives.
4.3.2 HSI Spectral Analysis
This sub-section explores the potential for mapping the chemical composition of Islamic
paper, specifically starch-sizing, polishing, pH and cellulose degree of polymerization (DP)
using NIR HSI due to its ability to resolve information spatially and spectrally for the whole
surface of an object. From the Islamic paper survey (Section 4), starch and polished
surfaces are potentially considered as the main characteristics of Islamic paper while the

pH and cellulose DP provide essential information about an object’'s conservation
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condition. Being able to visualize the spatial distribution of these chemical properties over
the whole surface of an object would add a new layer of information about the homogeneity
of the object working as a guidance for conservators and researchers for better
conservation decisions.

To achieve this, quantitative calibration models need to be developed to determine these
properties for unknown samples based on spectral information collected by the HSI system
of a representative reference samples of Islamic paper in the range 1000-2500 nm.
Therefore, | developed a special calibration target using the well-characterized reference
collection of Islamic paper (ref-collection of Islamic paper survey, Section 4). The target
includes only 105 out of 228 samples selected from the ref-collection due to availability of
samples and information about their properties (e.g. both pH and DP). A description of the
target is shown in Chapter 2 (Section 2.1) and the full list of the samples with their
properties can be found in appendix |. The target was scanned using the acquisition
parameters in Table 4-8 and the spectral information was extracted and analysed to build
the models and quantitative chemical maps of the different characteristics of Islamic paper.

Table 4-8. Acquisition parameters of HSI system used in the experiments of this section.

Lens (Focal Length) 30 mm

Exposure 6 ms

Scan speed 54.9 mm/s
[llumination intensity 500 W

Aperture F/2.0

Binning None (1x1)

Gain 1

Spectral Range 1000-2500 nm
Scanning Background Whatman No.1 paper (4 layers)

Out of 105 samples, there are 45 starch-containing samples and 43 samples have been
categorized to have polished surfaces. pH is available for ~70 samples ranging from 4.5-
7.5 pH, while DP values are available only for 57 samples as the rest have high lignin
content. The average DP of all the 105 samples is 848 while the average pH is 6.4. The
distribution of the DP and pH values for the calibration target is shown in Figure 4-15.
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Figure 4-15. Distributions of pH (left) and DP (right) of the Islamic paper target samples.

Multivariate data analysis methods were selected for building and validating the calibration
models in addition to the optimization of the spectral data. Methods are commonly chosen
based on the type of the calibration model; classification or regression and the collected
spectra where the widely used methods in the literature were adapted here as explained
in Chapter 3 (Section 3.4).

Two different methods were used to build the classification models for determination of
starch presence and polished surfaces in the samples; by applying either principal
component analysis (PCA) or partial least squares regression analysis (PLS) for data
reduction (Nees et al., 2002; Brereton, 2009; Miller & Miller, 2010; Brereton & Lloyd, 2014)
before discrimination, then follow that using linear discriminant analysis (LDA) method
(Blanco & Villarroya, 2002; Stuart, 2007; Brereton, 2009; Miller & Miller, 2010; Brereton &
Lloyd, 2014) on selected PC scores or factors; the two methods are known as PCDA
(Blanco & Villarroya, 2002; Nees et al., 2002; Stuart, 2007; Miller & Miller, 2010) and
PLSDA (Barker, & Rayens, 2003; Westerhuis et al., 2008; Ruiz-Perez & Narasimhan,
2017; Lee et al., 2018).

For the determination of pH and cellulose DP in Islamic paper, PLS regression (Nees et
al., 2002; Brereton, 2009; Miller & Miller, 2010; Brereton & Lloyd, 2014) was used to build
the calibration models for both chemical properties.

To optimize the collected spectra and compensate for any variations or noise before

building the models, different spectral pre-processing methods (Fearn, 2001; Manley,
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2014) were applied such as standard normal variate (SNV) and Saviky-Golay (SG)
derivation filter (Savitzky & Golay, 1964).

Validation of most of the models was conducted using leave-one-out cross validation
(LOOCV) while assessment of the performance of the models was done differently
depending on the method. Mainly, the proportion of correctly identified samples
(%correctness or success rate) was used for the discrimination methods and the root-
mean-square error of cross-validation (RMSECV) with the correlation coefficient Rcy were
calculated to evaluate the regression models (Nees et al., 2002).

Models then were used as the basis for the development of quantitative chemical maps of
some examples of Islamic paper from the ref-collection to provide visual cues as to the
current conservation condition of the document.

Matlab with using the PLS toolbox library (EIGENVECTOR, 2019) was used to process
the datacubes, develop models and build chemical maps.

4.3.2.1 Sample Selection
As a preparation step, and after scanning the Islamic paper calibration target with the HSI
system, then applying the relative reflectance calibration method using the Spectralon 99%
diffuse reflectance white target and dark current images, a representative spectrum for
each sample in the target was extracted and associated with the corresponding sample 1D
to prepare the datasets for the development of the quantitative calibration models. To
identify the sample pixels in the calibration target, an average image was calculated from
the datacube. Then, based on the values, a threshold was selected to differentiate
between sample and the surrounding holder pixels (Figure 4-16). Each sample square is
~7 x 7 pixels (~ 1 cm?). The representative spectra were collected from the middle of each
sample from a ROI — region of interest — of 3 x 3 pixels (Figure 4-17). Note that the effect
of using spectra of different ROI sizes on the calibrations/results was explored in and
demonstrated in Chapter 4. All the selection process was conducted using Matlab code,

which | developed.
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Figure 4-16. Pixel selection process: left: the area from where samples are extracted;
middle: average image of the calibration target calculated over the spectral dimension for
each pixel, following which a threshold was applied (default 0.4); right: minimum average
value (black) assigned to the holder pixels, maximum values (white) representing the
sample pixels, and the position of selected ROI (3x3 pixels) of each sample (blue).
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Figure 4-17. Reflectance spectra of 105 samples collected by the HSI system in the
spectral range 1000 — 2500 nm from the calibration target. These samples were for
subsequent calibration.

4.3.2.2 Data Analysis: Calibration Models
4.3.2.2.1 Discrimination Models
Starch
Based on the spectral information collected from all the samples (105) of the Islamic paper
calibration target (Figure 4-17), a calibration model was developed to discriminate between
samples with starch (=1) and without starch (=0). PCDA (PCA followed by LDA) method
was used with the aim to get the lowest error rate on cross-validation results. The success
of the validation of the model was expressed as the percentage of correctly identified
samples.
The spectral region 1450-2350 nm was used and the average spectra of the samples were
pre-treated using SNV method. Firstly, PCA was applied, followed by the LDA method to
each PC from 1-25 PCs generated from the PCA where the PC number that gave the
highest % correctness (success rate) on cross-validation was selected.
The optimal results were given at 9 PCs, with approx. 84% successfully identified samples
out of the 105 used in the calibration (Table 4-9). This proves the good ability of the HSI
technique for discrimination, especially when compared to its peer LDA model (described
earlier in Islamic paper survey, Section 4) developed using the PHAZIR hand-held
spectrometer in the spectral range 1600 — 2400 nm. The latter was a bit better with 90%
correctness using 138 samples for calibration. Many differences should be taken into
consideration while comparing the two models such as the spectral resolution of the two
instruments and the calibration dataset size in addition to many acquisition parameters,
e.g. illumination, backgrounds, selected spectral range for the models etc. However, these
differences should have been accounted for in the process of calibration.
To explore which wavelengths in the selected spectral range are used for the development

of the model contributed most to it, | calculated the weights for each wavelength in the
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discriminant function by combining the coefficients of the LDA model with the loadings
from the PCA (Figure 4-18). The spectral range of 1600-1950 nm appears to have the
most pronounced influence. The use of this range might improve the calibration model
results if applied, but this was not explored further due to research time constraint and that
the obtained results are sufficient as a proof of the concept about the potential of HSI

technique to be used for discrimination.
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Figure 4-18. Weighted PCA loading vectors based on LDA coefficients, indicating the
wavelengths with the highest contribution (1600—-1950 nm) to the starch discrimination
model developed for Islamic paper using HSI system.

Polishing

To develop the discrimination model for the identification of polished surfaces (marked as
=1), PLSDA method (Barker & Rayens, 2003) was applied to the HSI spectral data of the
whole samples of the Islamic paper calibration target (105 samples (divided into 43
polished and 62 unpolished samples), Figure 4-17). Another common classification
method was explored, PLSDA combines dimensionality reduction through applying PLS
method and discriminant analysis using the LDA method on the scores into one algorithm.
Applying a dimension reduction as a first step, gives the potential to reduce the
computational cost and time in addition of over-fitting risks (Lee et al., 2018). PLSDA is
considered as a supervised version of the PCDA method as it reduces dimensionality with
a prior knowledge of the classes needs to be separated (Ruiz-Perez & Narasimhan, 2017).
While PCA works on the total variability of the sample (covariance matrix) as the base for
the reduction, PLS emphasises the among-groups variability (between groups sums of
squares and cross products matrix) (Barker & Rayens, 2003; Ruiz-Perez & Narasimhan,
2017). However, the method is prone to overfitting problem (Ruiz-Perez & Narasimhan,
2017), so cross validation is often used as an important step for validation of the model,

especially Leave-one-out method (LOOCV) when the size of the dataset available is small
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so it makes better use of the data (Westerhuis et al., 2008; Lee et al., 2018). There are
many quality measures to assess the performance of the PLSDA model (Lee et al., 2018)
such as the root mean squared error (RMSE), classification error rate, specificity (number
of samples predicted as not in the class divided by actual number not in the class),
sensitivity (number of samples predicted as in the class divided by number actually in the
class) of the model and the area under the receiver operating characteristics curve (ROC
curve) (Lee et al., 2018) but similar to the PCDA starch model, % correctness (success
rate) will be reported here as the main parameter to assess the polished model.

Spectral data were treated using Savitzky-Golay filter (1 derivative, 2" polynomial order,
15 pt window) in the spectral range 1000-2450 nm. Based on the results shown in Table
4-9 and compared to the results of the model developed using the spectrometric data from
the Islamic paper survey section 4 (correctness ~87%), the PLSDA model of polished
surfaces performs in a very good way with an approx. 86% successfully identified samples
and ~ 0.14 cross-validated error rate.

Table 4-9. Validation matrices for PCDA and PLSDA models for identification of starch
and polishing using leave-one-out cross validation (LOOCV) method. Cross validated (CV)
success rate for the different classes and the total are shown.

Predicted
From/To No starch Starch Total CV Success rate
(%)
Actual No starch 50 10 60 83.3
Starch 7 38 45 84.4
Total 57 48 105 83.8
From/To Unpolished Polished Total CV Success rate
(%)
Actual Unpolished 35 8 43 81.4
Polished 7 55 62 88.7
Total 42 63 105 85.7

4.3.2.2.2. Regression Models

Acidity (pH)

For the PLS regression model to determine pH of Islamic paper samples, 68 spectra of
samples from the IP calibration target with pH ranges from 4.5 — 7.5 pH units measured
by the cold extraction method and collected using the HSI system using the acquisition
parameters at Table 4-8 were used as a calibration dataset. Spectral data were treated by
mean-centring to make sure all variables have comparable ranges and distributions.
Savitzky-Golay filter (1%t derivative, 2" polynomial order, 11-point window) in the spectral
interval 1400 — 2200 nm were also used in the pH model and then it was validated using
LOOCV method. The optimal validation results (Figure 4-19) gave an RMSECV=0.5 pH
units and correlation coefficient (R¢)=0.69 using 4 factors.

The performance of the model is consistent with the pH model based on the spectral data

collected by PHAZIR hand-held spectrometer from the Islamic paper survey (Section 4.1)
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(RMSECV=0.45, R.,=0.70, 4 factors, n=52). Therefore, similarly, it is only expected to be

used for general classification of Islamic paper samples regarding their acidity.
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Figure 4-19. The results of the developed PLS regression model for the determination of
pH using spectral measurements of 68 samples scanned by the HSI system.

Degree of polymerization (DP)

A regression model was developed for the prediction of DP values for unknown samples
based on the samples from the IP calibration target that were measured using the
viscometric method. Only the samples without lignin (57 samples) so with known DP
values were used to build the model. Although it is considered as a small dataset, its size
still conformed to the relevant ASTM E1655 standard (ASTM, 2000).

Similar to the other models, spectral data were collected using the HSI system with the
acquisition parameters described in Table 4-8. The spectra were pre-treated with Savitzky-
Golay (SG) filter (1% derivative) using different polynomials (2, 3 and 4) and filtering window
sizes from 5-55 points then the optimal parameters for the model were selected. To select
the best validation results, the model was calculated for each PLS factor from 1-25 and
the factor that gave the smallest root mean square error of the cross validation (RMSECV)
and high correlation coefficient (R¢,) was selected.

The optimal model results gave an RMSECV=285 DP units and R.,=0.77 using 13 factors,
3" polynomial order and 7-points window size, in the spectral interval 1450 — 2300 nm in
addition to the mean-center treatment (Figure 4-20). The model has a potential to be used
in collection surveys, performing in a similar manner as the model reported in the Islamic
paper survey for Islamic paper (n=45, RMSECV=298, R.,=0.88) and the model previously
developed for European paper (n=86, SEE=161, R=0.99; Trafela et al., 2007). However,
it should be taken into account the differences in spectral resolution of the used

instruments and the different sizes of datasets, in addition to the different pre-processing
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and calibration methods used. It is possible that better results could be obtained with a

bigger dataset in the future.
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Figure 4-20. The results of the developed PLS regression model for the determination of
DP of cellulose in paper using 57 Islamic paper samples with an RMSECV= 285 DP units
and correlation coefficient R¢,=0.77 using 13 factors. The plot correlates predicted with
actual DP measurements.

4.3.2.3 Quantitative Near-Infrared Chemical Mapping

Although the calibration models developed based on the HSI spectral data are performing
in a similar way to the models using spectroscopic (Phazir) data (described in the Islamic
paper survey, Section 4), the HSI technigue is more advantageous due to its ability to
produce chemical images, and consequently allows the visualization of the spatial
distribution of chemical composition in non-homogeneous samples (Manley, 2014).
Using the developed PLS regression models to determine the pH and DP of cellulose in
Islamic paper, quantitative pH and DP maps were generated for some selected documents
(AP 44, AP 35, AP 127-1, AP 57) from the ref-collection (Chapter 2, Section 2.1) (Figure
4-21). The figure shows the predicted pH and DP values for each pixel in the image. The
pixels with ink were excluded as a different regression models should be used for these.
The actual measured pH and DP of the documents together with the average predicted
values are also shown.

Although most of the selected documents are visually fairly homogeneous objects, they
demonstrate the importance of visualizing the distribution of the material properties across
the whole surface of an object. pH and DP maps are consistent with each other for most
of the examples, where areas with low pH values are with low DP values as well. As seen
for AP 44, AP 35 and AP 127-1 (left side), the composition of the document changes from
the spine towards the margins (cf. acidity map) while for AP 57, the composition changes
from top to bottom. It is also worth considering the effect of the morphological changes on

the surface of the documents while interpreting the results of the chemical maps generated
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from the papermaking techniques such as polishing and sizing variations when applied
manually (which means unevenly) or any other deterioration effects from dirts, water, soil
etc. Some noise-like features can be observed in the maps, which needs further research
to evaluate their causes in details. It is unclear if this originates from spectral noise or from
the variations in paper surface morphology which could lead to minor differences in the
spectra and the modelled values. Despite this, the maps still can show the potential of
using quantitative imaging in visualizing deterioration across an object’s surface which
could be of great use to conservators and researchers providing them with a tool that help
them to take evidence-based conservation decisions for their collections, e.g. identification
of areas that require preferential treatment such as the areas with lower pH values that
can be locally deacidified. Also, researchers can use maps to study the effect of some
factors on the object in terms of handling or display such as exposure to a localized light
source or how readers as an example handle a document in a library through investigating

the deterioration locations on the object’s surface.
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Figure 4-21. Chemical maps of the distribution of DP and pH values of selected area of
some examples of Islamic paper samples from the ref-collection (Islamic paper survey)
(AP 44, AP 35, AP 57, AP 127-1), estimated based on the developed calibration models
of HSI system. The figure shows the visible image with the selected area (red rectangle)
and that area at 1932.7 nm. In addition to the average image with ink pixels excluded and
the actual and average estimated DP and pH values for each sample.
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4.4 Evaluation Methodology: Effect of Acquisition Parameters on Calibration

Different measurement conditions and acquisition parameters may have an effect on the
accuracy of the collected spectra such as the spectral power distribution of illumination
and its intensity, optics and scanning backgrounds. Even post-processing methods used

in the data analysis step could affect the quantitative results.

In view of this, | tried to study the metrology of quantitative calibrations based on the
spectral measurements of Islamic paper calibration target samples collected by the HSI in
the SWIR region. The results from the developed regression (PLS) and discrimination
(PCDA) models for determination of DP and starch presence of Islamic paper respectively,
were used as an evaluation methodology to study the effect of the different measurement
conditions, acquisition parameters and processing methods such as scanning
backgrounds, illumination intensity, lens, ROI size for the average spectra and pre-
treatment methods on the accuracy of the models. The details of the developed models
and the used methods are described in Section 4.3.2.

Spectralon 99% diffuse reflectance standard is considered as one of the common
reference standards used in most of the spectroscopic applications and calibrations due
to its flathess and constant reflectivity over the range 250-2500 nm (Kubik, 2007; Yao &
Lewis, 2010). However, it was not available due to cost and time to get such standard in
the same size of the scanner stage (A3 size) to act as a background for the scanning while
collecting the measurements, thus Whatman filter paper No. 1 (Maidstone) was seen as

an alternative as a pure cellulose material similar to the objects under investigation.

Islamic paper calibration target (IP target) was scanned using the two different
backgrounds (covering samples area only) and without any background (put directly on
the plastic stage) then using multivariate data analysis methods, the PLS regression
models to determine cellulose DP in Islamic paper were calculated for each scan to

evaluate the effect of changing backgrounds on the accuracy of calibrations.

On the other hand, spectral pre-treatment methods are also important in the development
of calibration models due to their ability to remove unwanted variability in the spectra due
to scatter or due to instrumentation without affecting the chemical information (Fearn,
2001), however, their selection depends on extensive testing and experience (Wang &
Paliwal, 2007; Yao & Lewis, 2010). Thus, a selection of different commonly used methods
was evaluated to show their effect on the results. Three different methods were selected
as the most common used pre-treatment methods in spectroscopy (Naes et al., 2002; Miller
& Miller, 2010; Manley, 2014) multiplicative scatter correction (MSC), standard normal
variate (SNV) and Savitzky—Golay filter (15t and 2" derivatives) (SG) to process the
spectral data of the IP target collected (with the different backgrounds) using the HSI
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system in the range 1450 — 2350 nm then the PLS regression models were calculated for

each.

The results of the PLS models (Table 4-10) show that the calibration errors (RMSECV)
exhibit no significant variation taking into consideration the error of the standard
viscometric method to determine the DP of the reference samples (see Chapter 3, Section
3.2.2.4). In addition to that, it is noticed that in all the models, SG method gives better
results.

Table 4-10. PLS regression model results for determination of DP using spectral
measurements of the IP target collected by the HSI system with two different backgrounds
(99% diffuse reflectance Spectralon and Whatman paper) and without any backgrounds

(plastic stage). The calculations were done using different pre-treatment methods for the
collected spectra in the range 1450 — 2350 nm to avoid noisy edges.

Background | Pre-treatment PLS factor | RMSECV | Rcv Mean + SD
No pre-treatment 7 330 0.66 30517
MSC 9 310 0.71

Spectralon SNV 7 314 0.70
(SG) 1%t derivative 10 286 0.75
(SG) 2" derivative 10 286 0.75
No pre-treatment 10 332 0.68 326 £10
MSC 8 337 0.66

Whatman SNV 8 329 0.70
(SG) 1% derivative | 14 308 0.73
(SG) 2 derivative | 3 322 0.65
No pre-treatment 21 292 0.75 302+9

. MSC 15 308 0.72

}’g'lg‘s‘;i‘f) SNV 15 316 0.71
(SG) 1%t derivative 5 300 0.71
(SG) 2" derivative 9 296 0.75

Moreover, the discrimination model using PCDA method (Naes et al., 2002; Stuart, 2007;
Miller & Miller, 2010) to determine starch presence in Islamic paper was also re-calculated
based on the spectral measurements of the IP target samples with the different
backgrounds explained above to confirm results. The model results which are validated
based on the percentage of correctly identified samples, show that Spectralon background
model has the best results as expected with 93.3% accuracy compared to 88.6% using

Whatman background (4 layers) and 79% using no background.

A scanning test using the IP target with Whatman paper as background was conducted
using two lenses (30 and 56 mm) to evaluate the influence on the collected data as it is
the only parameter that can be changed in the current setup to increase/decrease spatial
resolution (Qin, 2010; Macdonald, 2010) as most of the other parameters are fixed. Table
3-5 (Setl and Set3) lists the acquisition parameters used for the test. The average spectra

of the IP target samples from the two scans were compared to each other. As seen in
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Figure 4-22, there is a noticeable uncommon difference between both scans which may
be due to a coating layer over the lenses, but this would require more investigation to verify
in addition to an assessment of its effect on the calibrations performance. | also estimated
the CoV of the two average spectra which gave 2.7% to evaluate its significance in

comparison to the previous results e.g. CoV of instrument stability.
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Figure 4-22. Average reflectance spectra and its difference, collected from the IP target
by the HSI scanner using different lenses: 30 and 56 mm to visualize the variability in the
measurements.

Since a difference in the spectra was observed using the different lenses, the PCDA
discrimination model was calculated using these data to check if this variation in the

spectra affects the calibration results as well.

ROI size from where the average spectra was calculated could also be another parameter
that may affect the results/calibrations, so this was also investigated using the same
spectral data of the two different lenses. Some could argue that the more pixels we get for
each sample square (7x7 pixels) in the IP target, the more representative the sample will
be. Therefore, two different ROI sizes; 3x3 and 5x5 pixels from the IP target scans for each
sample were tested and used to calculate the PCDA models. The model was calculated
for the spectral range 1450 — 2350 nm using Whatman paper as background and pre-
treated using SNV method. The results in Table 4-11 show that both parameters; different
lenses and ROI size have a slight change in the results indicating its low effect on the
calibrations accuracy.

Table 4-11. PCDA model results for identification of starch presence using HSI data of IP
target collected by two different lenses (30 and 56 mm). The calculations were done based
on an average spectrum of two different ROI sizes (3x3 and 5x5 pixels) from each sample

in the target. Measurements were collected in the range 1450 — 2350 nm with Whatman
paper as background and pre-treated using SNV method.
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Lens ROI PCs Number | % Correct
30 mm | 3x3 9 83.8%
56 mm | 3x3 17 84.8%
30 mm | 5x5 21 86.7%
56 mm | 5x5 15 84.8%

4.5 Degradation Study

Studying the properties of materials makes it possible to understand the degradation
processes and factors affecting them which consequently helps to develop effective
preservation plans to decrease the rate of degradation and prolong material lifetime.
Environmental parameters such as heat, moisture or light are considered as the main
factors that influence the degradation of objects (PAS 198, 2012) in addition to the raw
materials and techniques used in the production process.

From the study conducted on Islamic paper collection (Section 4), it was found that more
than a half of the samples of the ref-collection have DP < 1000 despite the use of bast
and cotton fibres with high initial DP (Lewin, 2007). This could be related to exposure to
high temperatures or RH during past storage.

Moreover, the survey applied to the Wellcome Library Islamic collection, revealed that
most of the surveyed samples tend to be neutral to mildly alkaline and DP over 800
indicating a low deterioration rate. Although samples are considered safe for handling it is
noticed that they are more degraded than European papers of similar age (SurveNIR, Strli¢
et al., 2015).

Since the environmental history of the samples is not known and to verify the hypothesis
about the effect of higher temperatures, a degradation study in controlled environmental
conditions is required.

Therefore, | conducted different accelerated degradation experiments (5 experiments)
using ~10 Islamic paper samples per experiment, from the ref-collection under various
combinations of relative humidity (from 30 — 70% RH) and temperature (from 50 — 90 °C)
to determine its degradation rate. The samples were selected to represent the different
categories in the collection; starch-sized and/or polished, or neither. Table 4 in Chapter 3
shows the details of the degradation experiments while Table 4-12 lists the different
combinations of T and RH selected and the associated Islamic paper samples used in
each experiment and its properties.

Table 4-12. Different conditions of the accelerated degradation experiments conducted
using Islamic paper samples to assess its degradation behaviour. The table shows the
selected samples for each experiment with its properties (pH, DP) and whether the sample
is starched or polished.
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Starch- i Initial Degradation Degradation
Sample sizing Polishing  pH DP conditions duration
80 °C - 50% 8 weeks
APS Y Y 77642 70 °C - 30% 12 weeks
90 °C - 70% 4 weeks
80 °C - 50% 8 weeks
AP 18 N N 7.4 1292 70 °C - 30% 12 weeks
60 °C - 70% 8 weeks
50 °C - 50% 8 months
AP28-2 Y N 7.3 569 70 °C - 30% 12 weeks
80 °C - 50% 8 weeks
AP28-3 Y N 7.4 516 60 °C - 70% 8 weeks
50 °C - 50% 8 months
AP30-1 Y N 7.1 592 90 °C - 70% 4 weeks
AP30-2 Y N 7.2 549 70 °C - 30% 12 weeks
AP 30-3 Y N 7.2 584 50 °C - 50% 8 months
90 °C - 70% 4 weeks
80 °C - 50% 8 weeks
AP 35 N Y 7.8 1409 60 °C - 70% 8 weeks
50 °C - 50% 8 months
90 °C - 70% 4 weeks
AP 44 Y Y 7.9 1207 60 °C - 70% 8 weeks
50 °C - 50% 8 months
70 °C - 30% 12 weeks
AP 47 N Y 7.6 1458 60 °C - 70% 8 weeks
70 °C - 30% 12 weeks
AP48 N Y 83 1391 50 °C - 50% 8 months
AP 53 N Y 7.2 1157 80° - 50% 8 weeks
90 °C - 70% 4 weeks
AP72-1 Y N 6.1 506 80 °C - 50% 8 weeks
70 °C - 30% 12 weeks
AP72-3 Y N 59 512 60 °C - 70% 8 weeks
50 °C - 50% 8 months
70 °C - 30% 12 weeks
AP 89 N Y 79 1413 50 °C - 50% 8 months
AP 97 Y Y 8.4 1441 80 °C - 50% 8 weeks
90 °C - 70% 4 weeks
AP 124 N Y 6.7 1335 80 °C - 50% 8 weeks
50 °C - 50% 8 months
AP 125-1 Y Y 46 322 50 °C - 50% 8 months
90 °C - 70% 4 weeks
AP 127-1 N N 8 1280 70 °C - 30% 12 weeks
80 °C - 50% 8 weeks
AP 127-2 N N 8 1204 50 °C - 50% 8 months
90 °C - 70% 4 weeks
AP 130 N Y 7.9 1103 60 °C - 70% 8 weeks
AP 131 Y Y 6.2 1091 90 °C - 70% 4 weeks
AP 133-1 N N 5.8 681 80 °C - 50% 8 weeks
AP 135 Y Y 7.2 795 80 °C - 50% 8 weeks
60 °C - 70% 8 weeks
AP136 Y Y 73 93 50 °C - 50% 8 months
90 °C - 70% 4 weeks
AP139 Y Y 7 813 70 °C - 30% 12 weeks
90 °C - 70% 4 weeks
AP 148 N N 5.7 900 60 °C - 70% 8 weeks
AP 160 Y N 7.3 872 60 °C - 70% 8 weeks
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Following the degradation experiments, DP was measured using the standard viscometric
method (Chapter 2 — Section 2.4.4). Then, data were analysed to calculate the degradation
rate of Islamic paper and to explore its fit to the modelled dose-response function for
European paper (Strli¢ et al., 2015), to open the opportunity for studying the effect of the
different storage scenarios for Islamic paper (Strli¢ et al., 2013).

Since DP is a property representing the material state of cellulose-based materials, the
degradation rate was calculated using Ekenstam equation (Ekenstam, 1936), describing
DP as a function of time (using Islamic paper samples DP before and after degradation).
The calculated degradation rate constants were also compared to the rate constants of
historic western paper from a recent study of Strli¢ et al. (2015). The applicability of the
modelled dose-response function for Western paper from the same study (Strli¢ et al.,
2015) on Islamic paper was explored where the degradation rate constant is quantitatively
related to environmental factors (T and RH%) and material properties (pH and DP) to
predict its degradation behaviour (Strli¢ et al., 2013; 2015).

Based on the established Ekenstam linearity of change 1/DP over time, it was found that
the data for the samples show linear correlations (first-order kinetics) consistent with the
results from the previous studies (Zou et al., 1996; Strli€ et al., 2015) (Figure 4-23). Table
4-13 depicts the calculated degradation rate constants (k) for each degradation
experiment. It is noticed that k of samples degraded at higher ageing temperatures is
higher which is consistent with the results from other similar experiments. However, data
scattering started to increase with decreasing temperature as can be seen at 50 °C - 50%

experiment.
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Figure 4-23. Linear fits as per the Ekenstam equation, for Islamic paper samples degraded
at different conditions as follows (90 °C - 70% RH, 80 °C - 50% RH, 70 °C - 30% RH, 60
°C - 70% RH and 50 °C - 50% RH for 4, 8, 12, 8 weeks and 8 months respectively). DPq
is the initial degree of polymerization of cellulose and DP: is at time t.
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Table 4-13. Rate constants (k — day?) for the degraded samples and the corresponding
correlation coefficients (R?) of linear fit for the paper samples used in the study. The
samples are categorized by colour representing: starched and polished (orange), neither
starched nor polished (red), starched but not polished (green) and not starched but
polished (blue).

k [day1]*10° R? k [day1]*10° R?

4 0.94 0.8 0.98

4 0.99 0.7 0.71

2 0.94 1 0.93

4 0.96 0.4 0.91

3 0.95 0.3 0.21

90° - 70% 2 0.92 80° - 50% 0.5 0.77

3 0.95 0.9 0.95

2 0.93 0.2 0.57

3 0.97 72-1 0.9 0.82

2 0.98 97 0.9 0.92

3 0.97 1 0.8

0.2 0.91 -0.2 0.18

0.1 0.81 0.5 0.93

0.4 0.92 44 0.1 0.47

0.2 0.73 0.3 0.87

0.6 0.78 60° - 70% 72-3 0.9 0.86

70° - 30%

0.2 0.83 0.2 0.50

0.1 0.90 136 0.1 0.55

0.2 0.48 160 0.2 0.51

72-3 0.7 0.96 28-3 0.2 0.41
0.3 0.87
0.05 0.55
0.1 0.46
44 -0.01 0.11
0.1 0.83
-0.02 0.23
50° - 50% 0.1 0.71
0.008 0.09
28-3 0.03 0.10
30-3 0.01 0.03
136 -0.02 0.04
-0.009 0.50

Modelling the predicted and measured rate constants (k) of Islamic paper samples using
the scatterplot reported in the study by Strli€ (2015) reveals its good fit to the modelled
function confirming its applicability to Islamic paper (Figure 4-24 - Top). The coloured
points added to the plot are located within the previously reported data (empty symbols)
(Zou et al., 1996; Strli¢ & Kolar, 2005; Strli€ et al., 2015). Most of the data from 70 °C -
30% RH, 60 °C - 70% RH and 50 °C - 50% RH are placed below the line which indicates
that the measured rate constants of Islamic paper samples are higher than the
corresponding measured ones. | also explored if the characteristic Islamic paper properties

(starch-sizing and polishing) have any influence on the results (Figure 4-24 - Bottom) by
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categorizing the symbols in colour according to the different properties. However, no

meaningful conclusion can be derived from

this as no clear patterns emerge.
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Figure 4-24. Comparison of degradation rates as measured and as predicted for Islamic
paper samples and paper samples as reported by Strli€ et al. (2015), represented by empty

symbols. Ln (k) is the natural logarithm of t
solid symbols are coloured according to
polishing); starched and polished (orange),

he degradation rate. In the bottom figure, the
Islamic paper properties (starch-sizing and
neither starched nor polished (red), starched

but not polished (green) and not starched but polished (blue).

It is evident that both Ekenstam equation and the modelled dose-response function are

suitable for predicting Islamic paper degradation rate and for studies of its degradation
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behaviour. Such information is very useful for the development of evidence-based plans
for storage conditions for Islamic paper and the potential risks based on that. Moreover, it
is important to consider the effect of other parameters that could affect the degradation
either in storage environment such as pollutants (Menart et al., 2014; Strli¢ et al., 2015) or

in the samples themselves, such as starch, which needs further investigation.

On the basis of that and using the survey data (Section 4.2), | tried to calculate the lifetime
for each object in the collection before it becomes unfit for handling (DP=300) using the
estimated pH and DP data. Then, | developed demographic plots (Strli¢ et al., 2015) for
the collection objects to explore the costs and effects of different storage conditions and
conservation plans on the degradation of the collection in comparison to the expected rate
of degradation under the current standard environmental conditions (18 °C, 50% RH). This
can inform how storage at a lower temperature or applying deacidification treatment would
affect the degradation of an object. Since most of the objects in the collection have pH >=
7 so deacidification scenario would not be useful here.

At these standard conditions, the average lifetime of the collection is ~2000 years with one
object only expected to be unfit for use (requires treatment) in about 100 years. As seen
in

Figure 4-25, almost the whole collection (~95%) would survive 500 years (this is selected
according to a recent assessment of a suitable long-term planning horizon for collections
of objects of no ascribed exceptional value (Dillon et al., 2013)) before reaching the unfit
state. However, by changing the conditions to simulate the average environmental
conditions at different place e.g. Cairo, Egypt, with an average temperature of 35 °C and
average RH% of 56%, none of the collection would survive till the 500 years in this case
and most of the collection would become unfit for use in ~300 years. Thus, it is now clear
for this collection that, cooled storage condition (meanwhile humidity controlled) would

increase the period of time until intervention is needed.
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Figure 4-25. Demographic plots for the surveyed Wellcome collection objects at the
standard environmental conditions (18 °C, 56% RH) (left) as well as another hypothetic
scenario at 35 °C, 56% RH (right).
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4.6 Summary

This chapter described a systematic survey of an Islamic paper collection consists of 228
samples (around ~40% of the samples are from the 18" — 19" century) to characterize the
material properties of Islamic paper deducing its significant characteristics and assess the
collection’s current material state. Four properties were investigated: paper sizing,
polishing, acidity and degree of polymerization.

Almost half of the collection samples are sized with starch and around 64% were polished.
A non-normal distribution of pH was detected, although it is unclear why, as the causes
for such a distribution are not a reflection of rosin sizing, as is usual in European paper
collections. Most of the collection samples have DP < 1000, which reflects the fact that
bast and cotton fibres (with high initial DP) are typically used in Islamic paper. This may
indicate the unsuitable environmental conditions during past storage.

The effect of starch on paper stability was also explored through a preliminary experiment
where it was found that starch has no effect on cellulose degradation as samples with and
without starch have same degradation rate despite the relationship detected using PCA
analysis between starch presence and inaccuracy results obtained from the DP model
developed for European paper (SurveNIR) when applied to Islamic paper.

A non-destructive methodologies using NIR spectroscopy was developed for the
characterization of Islamic paper instead of the destructive and time-consuming classical
ones. Discrimination models were developed for the identification of starch presence and
polished surfaces, while regression models were built to determine pH and cellulose DP
of Islamic paper. The models are satisfactory for collection surveys based on the validation
and prediction errors. Thus, the methodology could be applied to Islamic collections in
libraries and archives for better understanding of the properties and to fulfil the gap in the
knowledge of what Islamic paper is and about what proportion of Islamic paper constitutes
manuscripts in the libraries collections.

For the validation of the non-destructive scientific characterization methodology developed
using NIR spectroscopy, another survey of Islamic collection was conducted at the
Wellcome Collection where the same four properties were estimated for 43 historic objects
based on their collected spectral data. The survey results showed that around 90% of the
collection has the potential to be of Islamic origin relating to starch presence and polishing.
Also, most of the collection is in a good condition and can be handled safely except few
samples based on the estimated pH and DP values. Moreover, a dating model for Islamic
paper was developed using the same NIR spectral data collected from the surveyed
samples with the aid of multivariate data analysis methods. The model allows for dating
Islamic paper sample with unknown date (only from 1652 to 1880 AD).

Due to the heterogeneity nature of the cellulosic materials, the potential of using the HSI
technique in the SWIR region to map the chemical properties of Islamic paper on the whole

surface of an investigated object was also discussed and explored. Using multivariate data
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analysis methods, firstly, discrimination and regression models were developed based on
the HSI spectral data collected from a special calibration target devised from 105 well-
characterized Islamic paper samples from the Islamic paper survey. Then, chemical maps
were constructed for some examples of Islamic paper samples using their collected HSI
spectral data and the estimated pH and DP values per pixel based on the developed
models. The results prove that the quantitative imaging method can act as a tool to
visualize degradation which allows for the identification of areas that would require special
intervention and treatment. The study could have a significant impact on our understanding
of heritage surfaces as spatially resolved quantitative data could improve the interpretation
and conservation of historic cellulose-based materials. The chapter also opens new areas
of further research into quantitative imaging, including the effect of the different
measurements conditions and acquisition parameters on the predictions which was
demonstrated. A degradation study using accelerated degradation with a combination of
controlled environmental conditions (temperature and relative humidity) was conducted on
some of the Islamic paper samples from the Islamic paper survey to explore their
degradation rate and performance with the aid of both Ekenstam equation and the recently
modelled dose-response function developed for European paper which proved their
applicability to Islamic paper. Such information is very useful for the development of
evidence-based plans for storage conditions for Islamic paper and the potential risks

based on that which was also explored.
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5. PAINTING CANVAS

In this chapter, another example of a heterogeneous material, painting canvas, is explored
using the near-infrared (NIR) hyperspectral imaging (HSI) system (Figure 5-1) as a
condition assessment tool. This could be beneficial to conservators as it makes it possible
to map the chemical state of a canvas and therefore its current state of preservation

(condition), which may differ substantially across a large painting.

An earlier study on 2011 (Oriola, 2011) was conducted using NIR spectroscopy technique
and multivariate data analysis to develop a method to assess some characteristics of
painting canvas: cellulose DP, pH and fibre type. Despite the success of the developed
method and the important information provided regarding the material state of canvases,
it so far focused on point analysis whilst the distribution of these characteristics across a
canvas can be very heterogeneous causing possible local differences during degradation

which is very important to be known for conservators.

Thus, | developed new analytical methods to non-destructively determine pH and degree
of polymerization (DP) of cellulose in painting canvases as good indicators of its material
state/condition (Oriola, 2011) based on NIR imaging and with the aid of multivariate data
analysis methods. A special well-characterized reference collection was gathered and
analysed to develop quantitative calibration models. A portable LabSpec-5000
spectrometer (ASD, Boulder) operating in the same spectral region was used to collect the
spectral data of the same collection for the purpose of performance comparison.
Regression models were developed using partial least squares (PLS) method (Naes et al.,
2002; Miller & Miller, 2010) using the collected spectral data from both instruments and
the results are compared. Calibration and prediction errors were used as an evaluation

metrics to assess the performance of the models.

The developed assessment methodology was validated using real paintings from the
historic reference material collection of UCL Institute for Sustainable Heritage (UCL-ISH).
Quantitative chemical maps were also generated to enable easy visualization and study

of the distribution of material properties.

Moreover, different accelerated degradation experiments were conducted under various
combinations of relative humidity (RH) and temperature (T) using the historic real samples
(UCL-ISH collection) to assess the degradation performance of painting canvases,
exploring its degradation rate and study its stability which is the first time to be investigated.
DP measurements were collected and analysed to explore the applicability of the dose-
response function model of European paper (Strli¢ et al., 2015) on canvases as a similar
cellulosic based material. The dose-response function has the ability to connect the

degradation rate with material properties and environmental factors to be able to study the

139



different scenarios of storage environment conditions and build evidence based

preservation plans.
Four sections are included in this chapter:

e Section 5.1 describes the reference collection of painting canvases used for the
development of the assessment methodology.

e Section 5.2 describes the details of the analysis of the collected spectral data and
details of for the development of the assessment methodology. It is divided into
three sub-sections where the first sub-section is about the analysis of the spectral
data collected using the NIR spectroscopy and building the regression models to
predict pH and cellulose DP of a canvas in addition to the validation of the models
on real paintings. The second sub-section describes the details of the development
of the calibration models from the spectral data collected using the HSI and its
validation. The last sub-section is about building NIR chemical maps using the pH
and DP predictions from the developed models.

e Section 5.3 describes the details for the degradation study conducted on canvases
to assess their degradation performance and stability.

e Section 5.4 summarizes the chapter and lists all the findings of the study.

Figure 5-1. Hyperspectral Imaging Scanner

5.1 Reference Collection

As described earlier in chapter 2 (Section 2.2), the reference collection used in the study
of painting canvas is based on a well-characterized collection of a prior study (Oriola et
al., 2011; Oriola, 2011) consisting of around 150 historic canvas samples. 72 samples with
known pH and DP measurements were selected from the canvas collection to be used as
calibration target. The target is used for the development of the condition assessment tool
using HSI system and quantitative regression models. The number of samples used for
the HSI canvas calibration target was limited by the size of the scanning stage (~ A3 size)
to be able to fit all samples in one scan to avoid any possible variations in the collected
data. Appendix Il lists the selected samples for the calibration target showing their
properties; DP, pH, fibre type, sample source and date. Most of the selected samples are
made from linen or cotton with a pH ranges from 4.7 to 7.4 and DP from 415 to 2333.

Spectral measurements were collected using the LabSpec-5000 spectrometer and HSI
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system with different acquisition parameters. As a cellulose-based background similar to
canvases, Whatman No. 1 filter paper (Maidstone) was used as background for the
measurements for both instruments. It replaced the commonly used background; 99%
diffuse reflectance Spectralon standard (Labsphere, North Sutton, USA) as it was not
possible to afford the standard one in the same size as the calibration target due to its
cost. The use of different backgrounds while using the LabSpec-5000 spectrometer was
investigated in literature (Oriola et al., 2014) where the authors concluded that it has no
statistically significant effect on the results. For HSI system, the number of Whatman
sheets needed was determined based on an experiment to investigate penetration level
(Appendix III) where approximately 2-3 Whatman sheets was concluded to be enough.
Moreover, the effect of the use of different backgrounds on the quality of the predictions
from HSI calibration models was explored and the results were demonstrated in Chapter
4. Data were analysed with the aid of multivariate data analysis methods to build
regression models for the determination of cellulose DP and pH of the samples.

Another 10 historical oil paintings from UCL-ISH Reference Collection were used for
validation of the developed models and for a degradation study for canvases. The real
measurements of the paintings properties (pH, DP and fibres) are listed in chapter 3 and
the full description of the paintings is in Appendix IV. UCL-ISH Paintings characteristics
are similar to the reference collection samples where most of them are made of linen fibres
with only two cotton samples. Also, most of the paintings were dated back to the 19™/20%

AD centuries. pH ranges from 4.5 to 6.4 while cellulose DP ranges from 880 to 3800.

5.2 Spectral Analysis: Condition Assessment Tool

Regression calibration models were developed using PLS regression method (Neaes et al.,
2002; Brereton, 2009; Miller & Miller, 2010; Brereton & Lloyd, 2014) for the determination
of pH and DP of cellulose in canvases based on the reference samples for each
instrument. All modelling and data analysis were performed using Matlab with the aid of
PLS toolbox library (EIGENVECTOR, 2019).

5.2.1 Spot Analysis: NIR Regression Models

5.2.1.1 Acidity (pH)
Spectral measurements of 142 samples measured by LabSpec-5000 spectrometer
(Figure 5-2) were used to develop the regression model to determine the pH of canvas.
The samples were divided into two sets randomly; calibration (102 samples) and validation
(40 samples). Data were pre-processed to optimize the quality of calibration using
Savitzky-Golay filters (1% derivative, 2" polynomial, with a window of 21 points), standard
normal variate (SNV) methods and mean-centring (Savitzky & Golay, 1964; Manley, 2014)
in the spectral interval 1402 — 1805 nm and 1864 — 2395 nm to avoid the effect on spectra

from the exchange between the two detectors at 1830 nm. Validation was performed using
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leave-one-out cross validation (LOOCV) method based on the root-mean-square error of
cross validation (RMSECYV) and the correlation coefficient (Rcv; the nearer to 1 the better)
(Nees et al. 2002).

The optimal calibration model (Figure 5-3) gives RMSECV=0.54 pH unit and R2cy=0.44
using 6 factors. The root-mean-square-error of prediction using the independent validation
set gives RMSEP=0.55 pH unit with 0.4 correlation (R%).

The results of the model are less satisfactory compared to the model developed in the
earlier study especially in terms of the prediction error (Oriola et al., 2014, n=127,
RMSECV=0.58, R%:,=0.58, 9 factors, np=43, RMSEP=0.43, R%=0.75, 1000-2250 nm)
taking the differences in spectral resolution, different sizes of datasets, and pre-processing
methods used into account, in addition to any chemical changes that may have happened
to the reference collection samples during storage since the prior study from 2011 (Oriola
et al., 2011, Oriola, 2011). However, comparing RMSEP to the uncertainty of the standard
method used for the actual measurements of pH (which is £0.3 pH unit), the developed
model could still be used for classification of samples or a general overview of the acidity

level of the sample.
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Figure 5-2. Reflectance spectra of 142 historic canvas samples collected by LabSpec-
5000 Spectrometer in the spectral range 1000 — 2500 nm. Samples were used to develop
PLS regression model to determine pH of unknown canvases. Blue shades lines show the
spectra of calibration dataset while red lines represent validation dataset.
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Figure 5-3. The results of the developed PLS regression model; calibration (Left) and
validation (Right) for the determination of pH in painting canvas using spectral
measurements of 142 historic samples collected by LabSpec-5000 spectrometer. The plot
correlates predicted with actual pH measurements.

5.2.1.2 Degree of Polymerization (DP)

On the other hand, the developed DP model (Figure 5-4) is performing very well based on
the calculated root-mean-square error of cross-validation (RMSECV= 269 DP unit, 12
factors) and the correlation coefficient R%,=0.72 in comparison to the performance of other
similar developed DP models (Oriola et al., 2014, n=70, RMSECV=270, R%:y=0.72, 14
factors, np=32, RMSEP=275, R%=0.77, 1200 — 1870 nm and 2000 — 2250 nm). Using
independent validation dataset, the prediction error is RMSEP=297 DP unit with 0.75
correlation (R?p) which indicates the suitability of the model to be used in collection surveys
of similar materials.

The regression model was developed based on the spectral measurements of ~90
samples (60 for calibration set and 29 for validation set) from the canvas reference
collection measured by the spectrometer. All spectra were converted from reflectance to
absorbance (Figure 5-5) then Savitzky-Golay filter (15 derivative, 2" polynomial, with a
window of 11 points), SNV and mean center methods (Savitzky & Golay, 1964; Manley,
2014) were used to prepare the sets in the spectral interval 1198 — 2252 nm and leave-

one-out method was used for cross validation.
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Figure 5-4. The results of the developed PLS regression model; calibration (Left) and
validation (Right) for the determination of DP of cellulose in painting canvas using ~90
historic samples based on their spectral measurements from the Spectrometer. The plot
correlates predicted with actual DP measurements.
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Figure 5-5. Absorbance spectra of 89 historic canvas samples collected by LabSpec-5000
Spectrometer in the spectral range 1000 — 2500 nm. Samples were used to develop PLS
regression model to determine DP of cellulose in canvases. Blue shades lines show the
spectra of calibration dataset while red lines represent validation dataset.

5.2.1.3 Predictions for Real Paintings
The two developed regression models were applied to the spectral measurements
collected from real paintings (Figure 5-6) from the collection of UCL-HSL to validate the
models and mimic the real scenario of surveying real collections. Since the models are
based on spot analysis, eight positions were selected to determine its pH and DP values
representing the whole canvas which would give an overview about its current
condition/material state. No background was used while collecting the spectral
measurements from the painting due to sensitivity of the paint layer. The effect of not using
background on spectra was explored and no noticeable difference was detected as seen
in Figure 5-7. All the positions were successfully predicted with an average predicted DP
= 12534463 and 1284+337 and an average predicted pH = 5.7+0.4 and 5.7+0.2 for the
two presented painting canvases p8 and p9 respectively (= average of measurements +
standard deviation). The real measurements for the two paintings are DP = 899 and pH =
4.9 for P8 and DP = 3826 and pH = 5.8 for P9. The accuracy of the measurements of pH
and DP should be evaluated taking into consideration the standard error (uncertainty) of
the used measurement method and the prediction error of the developed model. DP
variability within each painting was found to be quite high while pH predictions are
acceptable within the expected uncertainty. It is worth mentioning that the DP value of P9
is out of the range of DP values of the calibration dataset so it is expected that the

prediction of such value would not be accurate.

The noticeable differences (based on the calculated standard deviation value between
measurements within the same painting) especially in the DP values between positions
(Figure 5-6) might be due to the actual variations in the condition across the canvas or

differences in the spectra collected from the dirt or dust or from the paint layers.
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Figure 5-6. The results of the pH and DP predictions for two painting canvases; P8 (left,
bottom) and P9 (right, bottom) from the UCL-ISH collection based on the developed
regression calibration models. Yellow dots representing the different selected positions for
the spectral measurements. The top row shows the front side of the two paintings; P8 (left,
top) and P9 (right, top).
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Figure 5-7. Reflectance spectra measurements of two paintings (P8 and P9) with and
without background (BG) collected by LabSpec-5000 spectrometer to investigate its effect
on the spectra.

5.2.2 HSI Analysis: NIR Regression Models

5.2.2.1 Sample Selection
In order to build the calibration spectral database to develop the quantitative calibration
models to predict pH and DP of cellulose in painting canvas using HSI system, the canvas
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calibration target (~70 samples) was scanned with Whatman sheets as background then
the collected HSI hypercubes/images were corrected and hot/dead pixels were removed
as a preparation step. A representative average spectrum was selected manually from

each sample (ROI — region of interest — of 3 x 3 pixels) and was given an ID (Figure 5-8).

Figure 5-8. An image at 1932 nm resulting from a scan of the canvas calibration target
using the HSI system. The red points are showing the manually selected position from
each sample to collect average representative spectra (3x3 ROI) from the historic samples
to build the quantitative calibration models to determine pH and DP of cellulose in canvas.

5.2.2.2 Calibration models: pH and DP
Two regression models were developed for the prediction of DP of cellulose and pH values
for unknown samples based on spectral measurements of ~ 70 samples from the canvas
calibration target (Figure 5-9) to give an overview of the current material state in terms of

preservation condition.

The specifications of the two models are shown in Table 5-1 where the reference samples
were divided into calibration and validation sets randomly then pre-processed using
Savitzky-Golay filter and SNV methods and then mean-centred (Savitzky & Golay, 1964;
Manley, 2014).

The optimal DP calibration model (Figure 5-10) gave an RMSECVY=340 DP units and
R«=0.61 using 4 factors in the spectral range 1200 — 2300 nm. The model has a potential
to be used in collection surveys similar to the models previously developed using the

spectroscopic technique with a prediction error of 400 DP units with a 0.62 correlation (Rg).

Based on these results and by using the proposed calibration model, the DP predictions
will have an error of £400 DP units, which in the context of paintings conservation is good,
especially if we take into account the differences between the techniques such as spectral
resolution, datasets size, processing methods and heterogeneity of canvas samples in
addition to the uncertainty of the standard method (=8%, a triplicate DP measurements of
a real painting sample from UCL-ISH collection). However, the prediction error is still

higher than the uncertainty found for paintings in earlier study (Oriola, 2011; 275 DP
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units) and for historic paper which is in this case more homogeneous material (Trafela et
al., 2007; £175 DP units).

Regarding the PLS model of pH determination, the best results (Figure 5-10) were
obtained using the full spectral range (1000 — 2500 nm) with 8 factors where
RMSECV=0.46 pH unit and Rcyv=0.57. The prediction error RMSEP=0.38 pH unit is
consistent with the measurement uncertainty of the standard method (=£0.3 pH units) and
the other prediction errors developed for paintings (Oriola, 2011; +0.43 pH units) and paper
(Trafela et al., 2007; £0.3 pH units) in earlier studies which reflects the potential to use the

model for the prediction of unknown samples.

There are reasonable correlations between predicted and measured values for the
developed PLS methods.
Table 5-1. Specifications of PLS regression models for determination of pH and DP of

cellulose in canvases based on spectral measurements of ~ 70 historic samples using HSI
system.

DP Model pH Model
Num. Samples 54 (C) and 18 (V) 54 (C) and 18 (V)
Spectral range 1200 — 2300 nm 1000 — 2500 nm
Pre-treatment Savitzky-Golay (1% Derivative, | Savitzky-Golay (1% Derivative, 2"

2"4  polynomial, 15-points | polynomial, 21-points window),

window), SNV, Mean-Center | Mean-Center

RMSECV 340, R,=0.61 (4 factors) 0.46, R.y=0.57 (8 factors)
(Leave-one-out)
RMSEP 400, Rp=0.62 0.38, Rp=0.64

o
o

Reflectance
o
w

©
'S

Wavelength/ nm

Figure 5-9. Reflectance spectra of 72 historic canvas samples collected by HSI system in
the spectral range 1000 — 2500 nm. Samples were used to develop PLS regression models
to determine cellulose DP and pH of unknown canvases. Blue shades lines show the
spectra of calibration dataset while red lines represent validation dataset.
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Figure 5-10. The results of the developed PLS regression models for the determination of
DP of cellulose (bottom) and pH (top) using spectral measurements of ~ 70 canvas
samples scanned by the HSI system. The plot correlates predicted with actual values.

5.2.3 Near-Infrared Chemical Mapping

Since the HSI calibration models developed perform in an acceptable way and similar to
the previously published spectroscopic models, and taking advantage of the chemical
maps that can be generated using the HSI system with the ability to show the distribution
of chemical properties over an entire surface, the developed PLS regression models were
used to build quantitative DP and pH maps for a selection of real paintings (canvases)
from the UCL-ISH collection (Figure 5-11).

As shown in the figure, the average estimated pH and DP values are within the prediction
error of each model and the standard measurement error. This is a good indication of the
performance of the developed models in surveying real collections. The maps can
demonstrate the variations in the estimated values across the painting surface which
reflects the heterogeneous nature of the canvas. Usually DP and pH values are correlated
as observed in the literature (Oriola, 2011), from the generated maps this is not clearly
observed except for some areas in the two paintings, e.g. right side of the pH and DP
maps in painting 6 where neutral acidity condition (green) associated with the high DP
values (green-yellow) from the painting perspective. This is actually consistent with the
scatter plots showing the correlation between the estimated pH and DP values for each

pixel in the image (Figure 5-12) where almost for both paintings, there is no correlation
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between the values with a correlation coefficient (R?) =0.01. It is also noticed that the
chemical maps are not presenting the visual pattern that can be seen in the canvases e.g.
the mottled image on the back of painting 7. Although DP map of painting 7 shows a kind
of similar pattern (presented in cyan colour), surprisingly associating low DP values to the
light areas, pH map is not performing similarly. Painting 6 maps are not showing any
noticed patterns. This is interesting and needs further investigation. However, it should be
taken into consideration that the developed PLS models are only useful for analysis of
samples with similar characteristics to those of the reference collection used for calibration
and building the correlation, such as fibre type and date to ensure the robustness and
reliability of predictions (Fearn, 2005). Also, other parameters could affect the quality of
the predictions such as the painting layers, dust or dirt, and environmental conditions while
collecting the spectral information.
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Figure 5-11. Chemical maps of the distribution of DP and pH values of selected areas of
some examples of historic canvas paintings from the UCL-ISH collection (P6, P7),
estimated based on the developed calibration models of HSI system. The figure shows the
front and back sides of each painting with the selected area (red rectangle) and the actual
and average estimated DP and pH values for each painting.
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Figure 5-12. Scatterplots of the correlation between estimated DP and pH values for the
two paintings (P6 — left and P7 — right). The figure also shows the correlation coefficient
(R?) for each painting.
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5.3 Canvas Degradation Study

Different accelerated degradation experiments were conducted at various combinations of
relative humidity (from 30 — 70% RH) and temperature (from 50 — 90 °C T) for the real
historic canvas samples from the UCL-ISH collection (10 paintings, labelled as P1, P2, ...
P10) to explore the degradation behaviour of canvases which consequently helps to gain
more understanding about its life expectancy. Humidity and temperature are considered
very important agents of deterioration for cellulose-based materials (Strli¢ & Kolar, 2005).
Table 2-3 in chapter 2 lists all the details of the degradation experiments, including the
total duration and sampling rate for each experiment. Samples then were analysed using
viscometric measurements to determine DP as a function of time to evaluate the
degradation extent. DP is one of the most important material properties which is a good
indicator of the material state of cellulosic materials and correlates with the rate of
degradation through the Ekenstam equation (Ekenstam, 1936).

Based on the Ekenstam linearity of change 1/DP over time that was established for paper,
the applicability of this linear relationship on canvases was investigated as well as the
recently modelled dose-response function from the study of Strli¢ et al. (2015). The
degradation rate constants of canvases are calculated and compared to the rate constants
of historic western paper from the study. Dose-response function has the ability to
represent the dependency relationship between material change (degradation rate
constant) and environmental factors and material properties in a quantitative way (Strli¢ et
al., 2013) that can be used to predict the degradation behaviour of materials as recently
modelled for Western paper based on T, RH% and pH (Strli€ et al., 2015).

Due to time constraint, the DP measurements were collected and analysed from only three
degradation experiments (90 °C - 70%, 70 °C - 30% and 50 °C - 50% for 2, 8 and 16 weeks
respectively) including 10 canvases samples in each experiment (labelled as P1, P2, ...
P10). The Ekenstam linear relationship was tested on the available samples from each

experiment as shown in Figure 5-13.
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Figure 5-13. Linear fit of the Ekenstam equation (change of 1/DP as a function of time) on
canvases samples (from 10 historic paintings labelled as P1, P2, ...etc.) degraded at three
different conditions (90 °C - 70% (top), 70 °C - 30% (middle) and 50 °C - 50% (bottom) for
2, 8 and 16 weeks respectively). DPg is the initial degree of polymerization of cellulose and
DP; is the one at time t.

Most of the samples show reasonable linear correlation data indicating first-order kinetics
with an order of magnitude (10° day?) which is in line with the previous studies (Zou et al.,
1996; Strli¢ et al., 2015) taking into account pH, T and RH effects. Table 5-2 lists the
calculated degradation rate constants (k) of the three experiments. As shown and
expected, k of samples degraded at higher ageing temperatures is higher.

Table 5-2. Calculated Rate constant (k — day ) of the accelerated degraded samples (90
°C - 70% RH, 70 °C - 30% RH and 50 °C - 50% RH) and the corresponding correlation

coefficients (R?) values of linear fit of the Ekenstam equation on 10 historic painting
canvases from UCL-ISH collection.

90 °C, 70% RH 70 °C, 30% RH 50 °C, 50% RH
Samples | k(day ) x 10% | R? k (day ) x 10°® R? k (day ) x 10°® R?
P1 60 0.99 6 0.87 2 0.75
P2 30 0.94 - - - -
P3 70 0.98 5 0.73 1 0.46
P4 50 0.82 5 0.95 0.3 0.1
P5 80 0.87 5 0.58 5 0.51
P6 60 0.93 5 0.71 1 0.43
P7 70 0.93 10 0.93 3 0.71
P8 70 0.97 0.2 0.002 2 0.4
P9 20 0.93 - - - -
P10 60 0.9 4 0.26 2 0.55

For validation of the applicability of the modelled dose-response function, the predicted
and measured rate constants (k) of canvases are modelled and then compared with the
previous data using the reported scatterplot by Strli¢ et al. (2015) as demonstrated in
Figure 5-14. The measured rate constants are fitting well the modelled function for historic

paper proving its suitability for canvases. All the new points (coloured solid circles) are
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around the previously reported data except some of them, 50-50% experiment samples in
particular, are placed below the line, indicating that their measured degradation rate
constants of canvases are higher than the corresponding predicted values. Also, at lower
temperatures, data tends to be scattered due to the long experimental time leading to

higher uncertainties (Strli¢ et al., 2015-III).
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Figure 5-14. Comparison of rates of degradation as measured and as predicted of 10 real
painting canvases samples from UCL-ISH collection and paper samples using the dose-
response function as reported in Strlic et al. (2015). Solid circles represent the rate
constants at different degradation conditions; 90 °C - 70% (green), 70 °C - 30% (blue) and
50 °C - 50% (red). Empty symbols represent rate constants of paper samples from earlier
studies (Zou et al., 1996; Strli¢ & Kolar 2005; Strli¢ et al., 2015).

From the obtained results and due to the similarities between the two cellulose-based
materials; paper and canvas in terms degradation mechanisms, Ekenstam equation and
the modelled dose-response function were able to some extent to represent the
degradation behaviour of canvases allowing for the prediction of its degradation rate. As
both are based on a general kinetic model to describe the depolymerisation of cellulose.
That will increase our understanding about the collection, resulting in better preservation
plans by having the ability to forecast the expected lifetime of canvases until it becomes
not fit for use and potential risks based on different storage environmental

conditions/scenarios.

In this regard, and based on the validity of the kinetic analysis, an attempt to determine
the expected remaining time of a canvas with a certain DP and pH that might have until it
becomes unfit (Strli¢ et al., 2015-I) (lifetime) was conducted. Although real lifetime of an
object depends on the strategy/plan of its use, predicting its lifetime allows for simulating
the effect of different storage conditions on its degradation under natural ageing

conditions. To achieve that, the developed functions for the prediction of lifetime of paper
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from the work done by Zou et al. (1996) and Strli€ et al. (2015-11l) were applied on two
painting canvases from the UCL-ISH collection (Figure 5-15). The functions depend on the
degradation rate constant (k) and the expected storage conditions; temperature (T) and
relative humidity (RH). In addition to the condition of the object in terms of acidity (pH) and
cellulose DP. A threshold in regards of DP needs also to be assumed in order to represent
when the canvas is no more fit for use. Following the study conducted in 2011 (Oriola et
al., 2011; Oriola, 2011), DP value of 600 was set as the threshold/limit for canvases before
it loses all mechanical strength and becomes no more suitable for general access.

Using data from pH and DP maps generated (Figure 5-11) based on the developed
calibration models for the two paintings (P6 and P7) to substitute in the below equations
(Zou et al., 1996; Strli€ et al., 2015) together with the canvas threshold DP, lifetime maps
were also generated relative to ‘standard’ values of storage environment where T = 20 °C
and RH = 50% (Sebera, 1994).

lifetime = 1 ( 1 1 ) Ea
ifetime = 2 \Threshotapp ~ pP) =P &
lifetime — ( 1 1) 1

etime = gy oshold DP ~ DP) exp (In(k))

a3
In(k) = a0 + al.[H20] + a2 .In(107PH) — T

In(1 — RH) 1

(H201= (g7 7285655 > 07

Where A, is frequency factor, Ea is activation energy, R is the gas constant and H,O is the
water content in paper/canvas. The parameters values ao, a1, a; and as are substituted
using the values generated in Strli¢ study (2015-1l) where a,=36.9812, a:=36.72,
a,=0.2443, and a;=14299.8.

Lifetime maps (Figure 5-11) show the distribution of rough estimation of the usable life
(expected lifetime) of a canvas on its whole surface reflecting the effect of the current state
of the canvas on its lifetime in respect to pH and DP maps under specific storage
conditions. As an example, as shown in painting 7, the bottom side of the painting has high
pH values and relatively high DP values thus it is expected to live longer. Similar to
chemical maps, lifetime maps are useful to visualize the different spots / positions where
intervention is required, such as the application of lining or consolidation/de-acidification
treatments. Areas in the canvas associated with low expected lifetime are in need for more
care and conservation. It is also noticed that lifetime maps in the figure are following mostly
the pattern of acidity maps reflecting the effect of the property on the calculations. This

correlates with the results from the plots in Figure 5-16 where the calculated lifetime (in
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years) for each pixel in the image is compared to the estimated pH and DP values for each
painting. Correlation coefficients show that there is somehow a correlation between the
chemical properties and the lifetime, but no conclusion can be derived about which
property has the highest influence. It can be seen that there is an increment pattern in the
correlation between pH and lifetime values in the two paintings indicating that increasing
the acidity (pH values) of the object gives it more lifetime while that is not noticed in the
correlation between estimated DP values and expected lifetime values. Recalling the note
about the patterns shown on the pH and DP maps, lifetime maps are also not reflecting
the visual pattern of the painting canvases which is not expected from the conservators’

perspective.

There is a general striping phenomena (linear pattern) appears in the developed maps
which needs further investigation. For first glance, the stripes can be associated with the
weaving pattern in the canvases which would be very interesting if confirmed. However,

the resolution of the used scanner is not that high, so it cannot support the hypothesis.

Another assumption, is that the images are affected with a well-known noise problem seen
in remote sensing field (stripe noise) for pushbroom HSI systems (Tsai & Chen, 2008;
Rogass et al., 2014; Sun et al., 2019) caused by calibration errors and sensitivity variations
of the detector, e.g. dropped lines while scanning, unequal gains and offsets or variations
in the calibrations across the sensor (Rasti et al., 2018). It is usually when detected,
corrected by replacing the stripe with the average of the values of neighbouring pixels.
Many destriping algorithms (Tsai & Chen, 2008) were and still being developed such as
histogram-based and statistics-based methods. This assumption is probably the cause of
the linear pattern especially after noticing similar patterns in the chemical maps of Islamic
paper (in DP maps in particular). Unfortunately, due to research time constraint this could
not be investigated more as it would need further detailed evaluation, thorough
examination and more computation. It would be interesting to verify if the pattern is due to

spectral noise or variations in object surface morphology in future work.
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Figure 5-15. Lifetime maps of selected area of two examples of historic canvas paintings
from UCL-ISH collection (P6, P7), estimated using the pH and DP maps generated based
on the developed calibration models of HSI system and relative to ‘standard’ values of
storage environment where T = 20 °C and RH = 50% and Canvas DP threshold=600 DP
units. The figure shows the back side of the selected area from each painting and that
area at 1970 nm. In addition to the maps of calculated lifetime (expected remaining time
of a canvas until it is not fit for use) for each painting with the average in years.
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Figure 5-16. Scatterplots of correlation between estimated pH and DP and calculated
lifetime maps of selected area of two canvas paintings (P7 - top, P6 - bottom). The figure
shows the correlation coefficient (R?) for each painting.

In practice, this gives a good guideline for conservators and heritage managers to develop
evidence-based plans for preservation and storage conditions for historic canvases and
its costs, especially with such new derived knowledge about the influence of pH slightly
more than the DP on the lifetime of canvases and the inapplicability of visual assessment

of the canvases for the determination of its material state.

5.4 Summary of Results

This chapter discussed the possibilities of using HSI system in the spectral interval 1000
— 2500 nm to develop non-destructive analytical method for the prediction of two main
properties of painting canvases; pH and cellulose DP. Using a well-characterized
reference sample set of historic canvases, quantitative calibration models were developed

with the aid of multivariate data analysis methods.

Two regression models were developed and proved its potential to be used for the
prediction of pH and DP for unknown canvas samples in comparison with other developed
models for similar materials. The prediction errors for both models are consistent with the
uncertainty of the standard measurement methods indicating its suitability for collections
survey. Quantitative NIR chemical maps of pH and cellulose DP for a selection of real
painting canvases were successfully generated based on the developed models spotting
areas with different conditions and mapping vulnerable areas that require intervention. The
maps are able to visualize the heterogeneous nature of the canvas, but no correlation
between pH and DP was detected despite what can visually be seen in the maps where

some of areas with high DP values are associated with high pH values.

The performance of HSI models was compared to models based on spectral data collected
using the LabSpec-5000 spectrometer for the same reference canvas collection. Models
are performing similarly, where both can be used for surveying canvas collections.

However, a limitation to explain the variability of the results within a canvas while validating
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the spectroscopic models on real canvases, especially in DP values was noticed which

can be overcome by using the advantage of HSI chemical maps.

Moreover, the degradation behaviour of canvases was investigated with the aid of
accelerated degradation where Ekenstam equation and modelled dose-response function
recently developed for western paper were successfully suitable for canvases allowing for
the prediction of its degradation rate. Based on the results of the kinetic analysis of
canvases and paper lifetime equation from earlier studies, lifetime maps were generated
for few real paintings as an example of its ability to simulate the effect of different storage
conditions on the canvas degradation at natural ageing conditions. Correlation was
detected between pH and DP and lifetime, but no evidence which one has the highest
effect on the calculations of the lifetime. However, the lifetime maps visually show a similar
pattern as the acidity maps supported with incremental pattern detected in the correlation
between pH values and the calculated lifetime. The developed chemical maps and the
lifetime maps are not showing any strong relation with the visual pattern of the canvases’
backs. A linear pattern was detected in all the maps which would need further investigation
to identify the real causes of it either from spectral noise or real variations in the surface

morphology of the objects.

This is the first time to apply these equations and generate chemical and lifetime maps for
canvases where the availability of such information would enable better preservation
plans. Future work will investigate this new condition assessment tool and degradation
behaviour of canvases in more depth, including larger and more representable canvas

data set.
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6. PAPYRI

This chapter focuses on the application of near infrared (NIR) hyperspectral imaging (HSI)
on ancient papyri, exploring the potential of imaging through glass and its effect on the
spatial and spectral accuracy of the collected information. This will give conservators the
opportunity to survey, understand and visualise papyri, particularly considering that most

papyri collections are kept in glass frames.

Despite papyri being the oldest writing materials (Grasselli, 1983), little is known
scientifically about papyrus with respect to its material properties, as well as about the
writing materials such as inks and pigments (Frésén, 2012). One possible explanation for
the rarity of research is the inaccessibility of collections and/or unavailability of information
(Grasselli, 1983; Bllow-Jacobsen, 2012). | attempted to use the advantage of scanning
through glass using HSI system in the SWIR region (1000 — 2500 nm) to obtain chemical
information focusing on characterization of materials such as the papyrus support itself
and ink as the writing material. This would enrich our knowledge about the development
of material use through time, especially the ones used for writing and could reveal some
information about the manufacturing process if applied to collections with known dates.

The chapter is divided into four sections where the first section (6.1) focuses on the
evaluation of the potential of scanning objects through glass using the HSI system then
the second one (Section 6.2) presents a survey that was conducted on 60 objects (Papyri
collection) with known dates from the Petrie museum at UCL. These were scanned by the
HSI system, then the data were processed with the aid of multivariate data analysis
methods and the obtained chemical information were investigated. Section 6.3 discusses
an attempt to classify papyri samples that have different degradation levels with the aid of
accelerated degradation based on their cellulose degree of polymerization (DP) predicted
using partial least squares (PLS) regression model developed for the determination of DP
for Islamic paper considering that it is a similar cellulose-based material. Such information
could have a great impact on the management and preservation plans of papyri
collections. A summary of all the chapter and conclusions obtained is described in the last
section (6.4).

6.1 Scanning through Glass

The aim of this section is to explore the effect of scanning an object using HSI through a
layer of glass in the SWIR region (1000 — 2500 nm) on the quality of the spectra. Samples
of glass frames from the Petrie museum were provided, representing typical glass types
used for papyrus collections. Different objects such as standard calibration targets and
Islamic paper (IP) calibration target were scanned with and without the glass frame for

comparison. The main purpose of this experiment was to see whether the spectra obtained
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through glass can be used for subsequent analysis and image generation without the need

to obtain the characteristics of the used glass frame.

Since glass samples were of various thickness (~2 mm — 3 mm), scans of the objects were
collected with all the varieties in thickness using thin and thick glass samples in addition
to two of the glass samples together (Two thin samples) to achieve a thicker layer of glass

(=~ 4 mm).

The duration of the whole scanning process for an object was less than 60 s for 3 repeated
scans. The average lux of the illumination used is 11792.46 + 3% (relative standard
deviation — RSD %) and the range of the temperature reaching scanning stage is between
~ 38 —40 °C. Table 6-1 shows the acquisition specifications throughout the experiment.

Table 6-1. Acquisition parameters of the scanning experiment.

Exposure 5.5ms Lens 30 mm
Gain 1 Scan speed 54.86 fps
Light 500 W Spectral range 1000-2500 nm

Different scanning options were compared, such as inclusion of the glass layer in the
calibration/correction process which is considered similar to the process of taking the
absorption spectra of the glass and compensate for it later on. To achieve that, the glass
frame was positioned over the white calibration tile (standard diffuse reflection Spectralon
bar) fixed on the scanning stage.
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Figure 6-1. Scanning of the Islamic paper target using the HSI system showing the
different positions of one of the glass samples; Without a glass frame (left), over the white
calibration tile and the IP target (middle) and only over the IP target (right). The red
rectangle represents the glass frame. The orange squares represent the area used to
calculate the average spectra.

Figure 6-2 shows a comparison between the average spectra obtained in the different
scanning experiments with various glass layer thickness (no glass, thin glass, thick glass
and two thin glass panes) for the Spectralon multi-component wavelength standard and
Islamic paper calibration target. In each case, the glass sample was scanned while
positioned over the white tile and named as ‘Calibration’ in the figures. No noticeable
differences in the spectra are detected. However, it seems as if the glass layer is acting

as a filter where the intensity of the reflection is related to the thickness of the sample. The
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thicker the glass sample, the lower is the intensity of the spectra. It is also noticed that
when the glass sample is taken into consideration in the calibration process, its effect is
eliminated or compensated for and the spectra are then very similar to the spectra of scans

without glass which is expected as a correction step.

There is a very good correlation between the results that come from the scans with and
without glass which indicates that having a glass layer does not change the collected

reflected spectra (Figure 6-3).
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Figure 6-2. Average reflectance spectra of Spectralon multi-component wavelength
standard (top) and Islamic paper calibration target (bottom) from different scans using HSI.
Scans show the effect of scanning with and without glass using different frames with
various thicknesses. Also, the figure shows the effect of including the glass frame in the
calibration process.
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Figure 6-3. Scatter plots show the reflectance correlation between scans of Islamic paper
calibration target with and without glass in the two scenarios; when the glass is used in
calibration (left) and when it only covers the tested object (right).

Moreover, to evaluate the influence of glass on the quality of the spectra and consequently
on the accuracy of the calibrations/predictions, | re-built the developed PLS models for the
determination of cellulose DP in paper using the spectral data of the scans of IP calibration
target with and without glass in relation to the actual measurements of the IP samples.

Also, | explored the effect of glass used in the process of calibration. To evaluate the
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results, the root mean square error of cross-validation (RMSECV) from each model was

calculated and compared to each other.

Table 6-2 shows the optimal results of each model using different pre-processing methods
for the spectra in the spectral interval 1450 — 2350 nm. Reasonable variations in the
calibration errors are evident in the RMSECYV taking into account the standard error of the
viscometric measurement, which indicates that there is no effect from the glass frames on

the quality of spectra.

Table 6-2. Root mean square errors of cross-validation (RMSECV) resulting from the
developed PLS models for the determination of DP of cellulose in paper. The Leave-one-
out cross-validation method was used. The models were developed based on the spectral
data of the HSI scans of IP calibration target without and with glass (~ 2 mm thickness)
taking into account its involvement in the calibration process while scanning. Different pre-
processing methods were used to clean the spectra from any noise. The table also shows
the correlation and number of factors selected to generate the optimal results for each
model.

1450 - . . . .

2350 nm No Glass Thin Glass (Calibration) Thin Glass
RMSECV Rev Factors RMSECV Rev Factors RMSECV Rev Factors

RAW 347 0.6 5 332 0.64 5 357 0.58 5

SNV 357 0.58 5 355 0.62 5 359 0.58 4

SG 1

Derivative 341 0.66 11 349 0.58 3 324 0.69 14

SG 2 332 0.65 6 347 0.65 8 322 0.7 14

Derivative ) ) )

On the other hand, since most of the papyri collections are embedded into glass frames
so to check the reliability of the predictions of a calibration model and to check if a
parameter such as using the spectral data of samples with or without glass while building
the calibration model need to be considered, | tried to determine DP for IP target samples
using their spectral data scanned with glass using the calibration models developed based
on the spectral data of same IP target samples without glass to figure out its applicability.
| also determined DP for same samples without glass and with glass (after calibration) for
comparison. From the prediction errors (RMSEP) shown in Table 6-3, it seems that in most
cases (using thin glass and different pre-processing methods for the spectral data) the
prediction error is high (highlighted in yellow colour) despite the good correlation of the
predictions indicating its uncertainty and maybe the need to either scan with the glass layer

similar to the calibration models or take the glass layer into account in the calibration step.
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Table 6-3. Prediction errors and its correlation resulted from validating the developed
regression PLS model for determination of cellulose DP in paper. The model is based on
the spectral data of IP target samples without glass. Spectral data of same samples but
scanned with glass were used as a validation set.

Validation Set
1450 - 2350 nm
No Glass Thin Glass Thin Glass (Calibration)
RMSEP Rp RMSEP Rp RMSEP Rp
RAW 282 0.75 482 0.7 312 0.71
SNV 265 0.78 662 0.75 311 0.77
SG 1% Derivative 202 0.88 290 0.78 555 0.79
SG 2" Derivative 243 0.82 547 0.78 295 0.78

6.2 Qualitative Evaluation

In the previous section, it was proven that there is a potential to get useful information from
scanning an object through glass using HSI system in the spectral range from 1000 — 2500
nm. Thus, | attempted to qualitatively analyse spectral data gathered from real papyrus
collection in a trial to gather new chemical information collected either about the writing

materials used or the support itself.

A survey of ~60 objects from the papyri collection of Petrie museum was conducted (Figure
6-4). The description of the objects is described earlier in section 2.3. Table 6-4 shows the
full list of the objects with their details. Each object was stored between two glass panes
and in some cases two or three objects were combined in the same glass frame. Glass
panes have various thickness from ~2-3 mm similar to the investigated glass samples in
the previous section (Section 6.1). Papyrus objects are dated from the Middle Kingdom
(2024 BC) to the Islamic Period (1000 AD) and are written in different languages such as
Demotic, Greek, Hieratic, Arabic and Coptic. The ink used in most of the objects is black
except one object with additional red ink. No information about the type of the inks is
available which will be investigated through the survey. Some of the objects are mounted
onto paper backing.

Table 6-4. Details of 62 objects from the papyrus collection of Petrie museum showing
the ID, dimensions, language and date for each object.

Object ID Dimensions (mm) Language Period

Height Width Depth
27934iii 284 280 8 N/A New Kingdom: 1550 — 1350 BC
31906 249 179 7 Demotic Ptolemaic Period: 305 — 30 BC
31915 185 114 7 Greek Greek School
31916 264 165 7 Greek Greek School
32069 239 180 5 Greek Byzantine Period: 395 — 641 AD
32070 Greek Roman Period: Late 3™ - Early 4" C. AD
32071a 186 115 7 Greek Roman Period: Mid-3 C. AD
32071b Greek Roman Period: Late 3 C. AD
32072a-e Greek Roman Period: Late 2™ - Early 3 C. AD
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32427ii 250 210 7 Demotic Middle Ptolemaic Period: 203 — 117 BC
55854 250 200 7 Demotic Ptolemaic Period: 305 — 30 BC
55856 251 261 7 Demotic Ptolemaic Period: 305 — 30 BC
55857 284 191 8 Demotic Ptolemaic Period: 305 — 30 BC
55858 299 200 7 Demotic Ptolemaic Period: 305 — 30 BC
55859 285 191 8 Demotic Ptolemaic Period: 305 — 30 BC
55860 279 230 7 Demotic Ptolemaic Period: 305 — 30 BC
55861 250 201 7 Demotic Ptolemaic Period: 305 — 30 BC
55866 295 256 7 Greek Middle Ptolemaic Period: 203 — 117 BC
55892ii 300 210 7 Demotic Middle Ptolemaic Period: 203 — 117 BC
55898 288 220 7 Demotic Ptolemaic Period: 305 — 30 BC
55899 214 185 7 Demotic Ptolemaic Period: 305 — 30 BC
55900 290 230 7 Demotic Ptolemaic Period: 305 — 30 BC
32781 192 171 7 Hieratic Ramessid Period: 1295 — 1069 BC
32782 295 205 7 Hieratic Akhenaten Period: 1352 — 1336 BC
32787 260 152 8 Hieratic Dynasty 19: 1295 — 1186 BC
32788 305 274 7 Hieratic Dynasty 19: 1295 — 1186 BC
32791 230 178 7 Hieratic Dynasty 19: 1295 — 1186 BC
32792 254 203 7 Hieratic Ramses II: 1279 — 1213 BC
32793 290 152 8 Hieratic Ramses II: 1279 — 1213 BC
32796 168 159 5 Hieratic Ramessid Period: 1295 — 1069 BC
32798 305 228 7 Hieratic Dynasty 20: 1186 — 1069 BC
32799 Hieratic Dynasty 19: 1295 — 1186 BC
32800 228 153 8 Hieratic Dynasty 19: 1295 — 1186 BC
32801 221 153 8 Hieratic Dynasty 21: 1069 — 945 BC
32806 A-D 302 123 7 Hieratic Ramessid Period: 1295 — 1069 BC
32802 203 222 7 Hieratic Ramessid Period: 1295 — 1069 BC
32808 300 204 7 Hieratic Ramessid Period: 1295 — 1069 BC
38177 243 203 8 Hieratic Amenhotep IIl: 1390 — 1352 BC
55721 240 120 7 Demotic Ptolemaic Period: 305 — 30 BC
55840 250 160 7 Greek Ptolemaic Period: 305 — 30 BC
55869 198 166 7 Demotic Middle Ptolemaic Period: 203 — 117 BC
55884 250 200 7 Demotic Middle Ptolemaic Period: 203 - 117BC
37436 230 162 7 Greek Greco-Roman Period: 332 — 395 BC
59445 172 84 4 Arabic Islamic Period: 641 — 1510 AD
6570 160 140 7 Greek Byzantine Period: 395 — 641 AD
55870ii 300 250 7 Demotic Middle Ptolemaic Period: 203 — 117 BC
55872ii 285 258 7 Demotic Middle Ptolemaic Period: 203 — 117 BC
55874 300 280 7 Demotic Middle Ptolemaic Period: 203 — 117 BC
55881 300 225 7 Demotic Middle Ptolemaic Period: 203 — 117 BC
55883 290 230 8 Demotic Middle Ptolemaic Period: 203 — 117 BC
55885 230 190 8 Demotic Middle Ptolemaic Period: 203 — 117 BC
55886 290 249 7 Demotic Middle Ptolemaic Period: 203 — 117 BC
55889 249 200 7 Demotic Middle Ptolemaic Period: 203 — 117 BC
71069iv 240 130 8 Greek Ptolemaic Period: 305 — 30 BC
71073 180 172 7 Coptic Byzantine Period: 395 — 641 AD
71078 232 200 8 Greek Roman Period: 30 — 395 AD

167




32159 240 190 7 Hieratic Late Middle Kingdom: 1850 — 1700 BC
32161 120 117 7 Hieratic Late Middle Kingdom: 1850 — 1700 BC
32164 307 180 7 Hieratic Late Middle Kingdom: 1850 — 1700 BC
38178A 253 248 7 Hieratic Amenhotep IIl: 1390 — 1352 BC
38178B Hieratic Amenhotep Ill: 1390 — 1352 BC
32778 202 200 7 Hieratic Dynasty 13: 1795 — 1650 BC

Figure 6-4. A papyrus sample (ID=32781) from the papyri collection of Petrie museum.

All the papyri objects were scanned using the HSI system (Figure 6-5) with different
acquisition parameters (listed in Table 6-5). The collected spectral images were then
analysed visually and with the aid of multivariate data analysis methods such as principal
component analysis (PCA) and K-means clustering methods (Naes et al., 2002; Miller &
Miller, 2010). Processing and data analysis were performed with Matlab R2015b and
Hypertools v.1.0 software. One purpose of surveying the collection is to discover the
potential of using the scanning method to characterize or differentiate papyrus support. As
no reference database is available to help us to achieve that, it is hard to work on the
papyri objects on an individual basis. Instead, objects were compared to each other to find
any correlation. As seen in Figure 6-6, the two objects (ID = 32069 and 32070) seem to
have different supports. Both objects are combined together under the same glass frame
mounted onto same paper backing which minimizes the possibilities of errors/variations
while collecting the spectral data as both were exposed to similar acquisition conditions in
the same scan. The background was separated and the whole image was pre-processed
using Savitzky-Golay (SG) derivation filter and standard normal variate (SNV) methods. It
is noticed that the two papyri can be characterized using the two wavelengths of 1393 nm

and 1879 nm. The results also were confirmed by using PCA and K-means clustering
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methods where the first principal component (PC1) shows the separation between both
objects in addition to the two clusters using the later method (Figure 6-6). This shows the
potential of extracting chemical information from HSI images of glass framed objects which

can be used in its characterization.

Table 6-5. Hyperspectral imaging system acquisition parameters used in the survey.

Lens (focal length) 30 mm 56 mm
Exposure 5.5ms 7.5 ms
Scan speed 54.8 mm/s | 26.5 mm/s
Lights 500 W 500 W
Aperture F/2.0 F/4.0
Binning 1X1

Gain 1

Spectral Range 1000-2500 nm

Figure 6-5. Scanning of a papyrus object from the Petrie museum collection using the HSI
system.
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Figure 6-6. Results of the analysis of spectral image of two papyri (ID = 32069 and 32070-
blue cells in Table 6-4) from the Petrie museum collection acquired by the HSI system in
the spectral range 1000-2500 nm. In the first row, the figure shows a visible image of the
two papyri. Then, the results of PCA and K-means clustering are shown where the
distribution of the values of the spectral image based on the K-means clusters on the top
and the score image of the first principal component (PC1) with the scatter plot of PCA
scores for the first and third PCs are in the bottom part. On the last row, the spectra of 20
pixels (top) selected randomly by the software from the spectral image after pre-
processing by Savitzky-Golay (SG) derivation filter and SNV methods, in addition to color
maps of the spectral image at two bands (@1393 nm, @1879 nm) that can be used to
characterize the two papyri.
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Another attempt was conducted using the spectral data of the papyri objects to explore the
used inks as a writing material. It is known from the literature that ink made of soot is the
oldest and most common ink material used in Egypt since the 1% dynasty BC (Lucas &
Harris, 1962) while metallic ink (Iron-gall ink) was also reported to be used from the 2" —
3" century AD onward (Lucas, 1922; Mitchell & Hepworth, 1937; Lucas & Harris, 1962;
Bllow-Jacobsen, 2012). However, few evidences referred to the possibility of the use of
iron-gall ink at 3" century BC (Lucas, 1922; Blilow-Jacobsen, 2012).

Spectral imaging proved its success in the field of material identification, especially for
pigments and inks (Neevel, 2006; Strli€ et al., 2010; Gal et al., 2013; Cosentino, 2014). It
has the ability to differentiate the different types of inks, carbon and iron based inks in
particular. Several studies (Havermans et al., 2003) have shown that iron-gall inks can be
detected in the NIR region due to their characteristic transparency while the carbon ink is
a strong absorber of NIR radiation so it appears completely black.

Based on that, | tried to investigate if any iron gall ink can be detected among the surveyed
Petrie collection objects since it can demonstrate the development of ink through the
different periods. The collected spectral data were processed and analyzed using PCA.
Most of the used ink in the collection is carbon-based except only one Papyrus (ID =
71073) from the 4™"/5" century AD that was written using iron gall ink (Figure 6-7). As seen
in the figure, the text of the papyrus has faded at 1750 nm in comparison to a carbon ink
used in another papyrus (ID = 32778) from the dynasty 13" BC where the text appears
black. This is a good evidence of the use of iron-gall ink in this period, which is consistent
with the literature (Lucas, 1922; Bllow-Jacobsen, 2012). PCA also gave good analytical
results for papyri where it can be used to separate between the support and the ink as

seen in Figure 6-7 for papyrus with carbon-based ink.
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Figure 6-7. The results of the analysis of spectral images of two papyri (blue cells in Table
6-4) collected using the HSI system to investigate the type of used ink. On the left side,
visible images and grey images at 1750 nm are shown where object 32778 with carbon-
based ink is shown at the top and object 71073 with iron-based ink is at the bottom. The
right side shows the scatter plot of PCA scores (top) for the first two PCs where the
different types of materials of the spectral image separated from each other as indicated.
The score images of PC1 and PC2 are shown in the lower part where the first emphasizes
the papyrus support and the other separates the ink.

6.3 Quantitative Aspect (A Trial Study)

In this section, an experiment was conducted to try to develop a method to classify papyri
samples based on their material from less to more degraded state. To achieve that, four
historic papyri samples (P3, P7, P8, P9) in addition to one recently purchased new papyrus
(Pnew) were prepared (Figure 6-8). The samples have low historic value with no
information about their provenance or date. All the samples were aged at 80 °C and 65%
RH for 2 weeks to have them in different degradation states (naturally aged (historic),
naturally/artificially aged, new and new/artificially aged). Spectral measurements were
collected using HSI system in the SWIR region (1000 — 2500 nm) from the samples before

and after ageing then the data were analysed using multivariate data analysis methods.
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Figure 6-8. Papyri samples (4 historic (naturally aged) and 1 new) (top) with its
corresponding spectra collected by HSI system in spectral interval 1000 — 2500 nm
(bottom). Red rectangles highlight the samples after ageing at 80° C and 65% RH for 2
weeks.

Firstly, when using PCA to analyse the spectral image of the papyri, it only separated
historic/old (naturally and naturally/artificially aged) and new (new and new/artificially
aged) samples based on their spectral characteristics without taking into account their

degradation state as seen in Figure 6-9.

175



Scores on PC 3

Scores on PC 2

Figure 6-9. Results of PCA analysis of spectral image of 5 papyri samples (4 historic
(naturally aged-old) and 1 new) before and after artificial ageing. Grey image at band 2046
nm (top left), score image of PC 2 (top right) masked with colors in relation to the scatter
plot (bottom) for PC 2 and PC 3 for the papyri samples which highlights spatial locations
with similar spectral signatures.

Thus, in order to classify the samples based on their state/condition, cellulose DP of the
papyri samples was predicted as a classification metric using a PLS regression model
developed for Islamic paper based on the spectral data of Islamic paper calibration target
samples. The model was used without taking into account the real predicted values of DP
as it would not make any sense in this case. Since there are no available reference
samples of papyri to build calibration models dedicated to it and as both materials papyri
and Islamic paper are cellulose based so | tried to use the Islamic paper model to check

its suitability for the classification purpose.

The specification of the model is listed in Table 6-6 (Model 1). Figure 6-10 represents the
bar plot of the predicted DP values focusing on the classification pattern which clearly
demonstrates the potential of separating the new papyri sample from the historic samples.

All the samples are also correctly classified into more and less degraded state as required.
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This experiment and such results are setting an example and would encourage
conservators and researchers to start gathering a representative reference database of
papyri to build similar calibration models for better preservation of papyri collections.

Table 6-6. Specifications of two PLS regression models developed for the determination

of cellulose DP in Islamic paper based on the spectral data of the Islamic paper calibration
target samples collected by HSI system.

Model 1 (old) Model 2 (new)
No. samples 57 57
RMSECV 293 315
R?%cv 0.5 0.46
Factors 7 8
Spectral range 1450 — 2350 nm 1900 — 2400 nm
Pre-processing SG (2™ Derivative, 3 polynomial order, | SG (15t Derivative, 3" polynomial order,
15-pt window), Mean center 21-pt window), Mean center
Cross-Validation Leave-one out Leave-one out
3 PNew
o PNew-Aged
9
Q2
g
(<)
—
o
o P9
D P8
Ps-Aged E7 :
P3 i
P7-Aged ' G
Po-Aged [ i
1 I ..I | I |

Figure 6-10. Predictions of cellulose DP of papyri samples before and after ageing based
on the PLS regression model developed for determination of DP of cellulose in Islamic
paper. The predictions are classified into more or less degraded state based on their
predicted DP regardless of the numerical information. Colored bars represent the old
samples before (green - naturally aged) and after ageing (blue — naturally/artificially aged)
in addition to the new sample before (red — new) and after ageing (cyan — new/artificially
aged) as well.

However, it was noticed while trying to check the repeatability of the results that the
predictions are changing while using spectral data from different scans collected at
different times for the same papyri samples. Figure 6-11 shows two examples of the
predictions of DP of papyri samples scanned at two different times. The first example on
the bottom is predicted using the same PLS model used in Table 6-6 (Model 1) where it

correctly differentiates between the historic and new samples, but not between the
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differently aged samples, as the aged samples have apparently higher DP values

compared to their unaged counterparts.

| tried to compare the spectra of same sample from the different scans to get an idea of
the causes of the variations in the predictions. Average spectra of a papyrus sample (P9)
from different scans (4 scans) are plotted against each other after being treated with
Savitzky-Golay (SG) derivation filter over a specific area (1450 — 2350 nm) (Figure 6-12).
There are big differences between the scans, as seen in the figure for the 4 spectra,
especially in the first part at shorter wavelengths less than about 1900 nm.

In order to verify that, Papyri samples were placed with the IP calibration target and both
were scanned using the HSI at the same time (Figure 6-13) to assure similar acquisition
environment and eliminate any possibility of variations. Then, a new PLS model was
developed based on the spectral data of the IP calibration target samples using the
spectral range 1900-2400 nm and DP values were predicted for the papyri samples based
on that model. Specifications of the new model are shown in Table 6-6 (Model 2). The
predictions (Figure 6-11, top) are very different compared to the above results. Although
there is still reasonable classification of historic (P9, P8, P7, P3 and their aged version)
and new samples (PNew and PNew-Aged), the DP of the new samples were predicted as
the ones with the low values. Also, the historic samples before and after ageing are not

classified correctly.
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Figure 6-11. Predictions of DP of papyri samples before and after ageing based on two
different PLS regression models developed for determination of DP of cellulose in Islamic
paper. The predictions classify samples into more and less degraded based on their
predicted DP regardless of the numerical information. Colored bars represent the historic
samples before (green-naturally aged) and after degradation (blue — naturally/artificially
aged) in addition to the new sample before (red) and after degradation (cyan —

new/artificially aged) as well.
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Figure 6-12. Four average reflectance spectra of a papyrus sample (P9) from different
scans pre-processed by 2" order Savitzky-Golay (SG) derivation over specific range 1450
— 2350 nm. Spectra were collected from different scans. The red square highlights the
area with the most variations between spectra.

Figure 6-13. A grey image at 1750 nm of Islamic paper calibration target and 5 papyri
samples before and after ageing scanned together using HSI system.

| also suspected that the position of the samples over the HSI stage during scanning might
be the reason of such variations in their spectra (which was discussed earlier in Chapter
3 — Section 3.5.5), so | compared average spectra of a papyri sample located in three
different positions on the stage (vertically from top to down) which are collected at same
scanning time (session). The three average spectra were then pre-processed with
Savtizky-Golay derivative filter from 1400 — 2500 nm. Figure 6-14 shows significant
variation between spectra compared to each other, especially in the short wavelengths
(less than 1900 nm), reflecting the effect of the sample’s position on the spectra and could
possibly verifying the detected variations in the DP predicted values. Unfortunately, due to
time constraint, the influence of the position and the other causes of the variations in the

spectra will need to be explored in the future.
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Figure 6-14. Three average reflectance spectra of a papyri sample located in different
positions on the stage (changing vertically from top to down) collected using the HSI
system in the same scanning time/session for the purpose of exploring the effect of sample
position on the spectra. The spectra are pre-processed by 2" order Savitzky-Golay (SG)
derivation over specific range 1400 — 2500 nm.

In a trial to use the potential seen in applying the PLS regression model developed for
prediction of cellulose DP of Islamic paper (Model 1) on papyri samples for the purpose of
classification between its degradation levels, | applied the same model on a few examples
(4 objects) from the Petrie museum collection where all were scanned through their glass
frames using the HSI system. A DP map was generated for each object showing the
estimated DP for each pixel in the object after excluding the background and inks as these
will need another regression model to estimate their DP. Pixels with high DP values
(indicating good degradation state) are colored in blue and the ones with the low DP values
(bad degradation state) are colored in red as these are the areas that would need
intervention. For the first object (ID=55861-blue cell in Table 6-4), 3 pieces of papyri from
the Ptolemaic period, are placed in one glass frame. Visually, there is no clear conclusion
about which one is in a better material state and whether within one piece if there are any
variations. As shown in the DP map (Figure 6-15), we can visualize the change in the
degradation level (material state) from the left to the right piece, showing that the left piece
is in the least state compared to the others. Also, there are some variations spotted in the
right piece at the bottom where the bottom-left part is in high degraded condition. The
second object (ID=55898-blue cell in Table 6-4) shown is also from the Ptolemaic period,
and in this example | applied the model on the front and back of the object to see any
correlation in the results on both sides (Figure 6-16) . It can be seen that the upper part is
less degraded. Generally, the distribution of the degradation level is not following the visual
appearance of the object which is interesting from the conservation perspective.

The last example shows the same two objects (ID = 32069 and 32070 —blue cells in Table
6-4) that are placed in one glass frame and were proven above to have different supports

where one is from the Roman period (right) and the other is from the Byzantine period
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(left). The DP maps generated for both (Figure 6-17) are actually showing that both have
similar degradation state and tend to have good degraded state.

Having such semi-quantitative maps from HSI scans of glass framed papyri objects where
the material state can be classified somehow from more to less degraded within one
object, even without knowing the value of the DP, is of great importance for the
preservation of papyri collections especially when such information can only be assessed
either visually or with destructive methods. Despite the problem with the effect of the
position that needs further investigation, as an initial step towards quantitative results, the
method could work as a guidance for conservators and researchers about areas that would
need more attention/intervention.

Object no. 55861

Visible

Average
No Background - No Ink

High Degradation Scale Low

Figure 6-15. Semi-quantitative chemical map of the distribution of estimated DP values of
a papyri object (ID=55861-blue cell in Table 6-4) from the Petrie museum collection,
estimated based on the PLS regression model developed using the HSI spectral data of
Islamic paper calibration target. The map visualizes the DP values according to the
degradation state, from less (red pixels) to more (blue pixels) degraded. The figure shows
the visible image of the object with a grey image at band 1586 nm in addition to an average
image with a threshold to exclude inks and background.
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Figure 6-16. Semi-quantitative chemical maps of the distribution of estimated DP values
of a papyri object (front and back sides) (ID=55898-blue cell in Table 6-4) from the Petrie
museum collection, estimated based on the PLS regression model developed using the
HSI spectral data of Islamic paper calibration target. The maps visualize the DP values
according to the degradation state, from less (red pixels) to more (blue pixels) degraded.
The figure shows the visible images of the object with grey images at band 1492 nm in
addition to average images with a threshold to exclude inks and background.
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Figure 6-17. Semi-quantitative chemical maps of the distribution of estimated DP values
of two papyri objects (ID=32069 (bottom) and 32070 (top) -blue cell in Table 6-4) from the
Petrie museum collection, estimated based on the PLS regression model developed using
the HSI spectral data of Islamic paper calibration target. The maps visualize the DP values
according to the degradation state, from less (red pixels) to more (blue pixels) degraded.
The figure shows the grey images of the two objects at band 2120 nm in addition to
average images with a threshold to exclude inks and background. Visible image of the two
objects can be seen in an earlier figure (Figure 6-6).

6.4 Summary of Results

Papyri as a cellulose-based material was explored using hyperspectral imaging in the
SWIR region (1000 — 2500 nm). The main focus of the chapter is to investigate the effect
of imaging through glass on the accuracy of the acquired information from the spatial and
spectral perspectives in addition to the ability to extract chemical information that can be
used to enrich our knowledge about papyri materials scientifically. Some of the goals were

achieved, as summarized here:

- Spectral data can successfully be collected using HSI Imaging through glass in the
SWIR region without influencing its accuracy.

- Glass layer acts only as a filter for the spectra where the intensity of the reflection
is related to the thickness of the layer. The thicker the glass layer, the lower the
intensity of the spectra is. This can be corrected if glass layer is taken into account
in the calibration process.

- No significant variations in the calibration errors of the developed PLS regression

models for determination of DP of Islamic paper samples were generated, based

184



on the spectral information of Islamic paper calibration target scanned with and
without glass.

A survey of 60 papyri objects (kept in glass frames) from Petrie museum was
conducted using HSI system and their spectral information were analysed with the
aid of multivariate data analysis methods.

Two papyri objects from the survey mounted on the same paper backing were used
as an example to qualitatively characterize their support material through the
analysis of its spectral data. Each support has a spectral feature different from the
other that can be detected at bands 1393 and 1879 nm. This might be an evidence
of changing of the used raw materials through the different periods (from Roman
to Byzantine).

Iron-gall ink was detected in only one of the surveyed papyri objects from the 4/5t
century AD through the analysis of its spectral information.

A good classification of papyri samples with different degradation level/material
state was achieved based on their DP values predicted using the PLS regression
model for determination of cellulose DP for Islamic paper.

Semi-quantitative chemical (DP) maps were generated based on the suggested
classification method with the ability to classify and visualize areas within a papyri
object that are more degraded than the rest.

An issue was detected regarding the repeatability of the DP prediction for spectral
data of the same samples scanned with HSI in different times. Spectra were
investigated where significant variations were spotted especially in the short
wavelengths (less than 1900 nm). The position of samples over the HSI stage while
scanning is one of the possible causes of the variations which was also
investigated confirming its significant effect on the accuracy of the spectra which
may lead to the uncertainty of the prediction of the DP values. Unfortunately, due
to time constraint, the influence of the position and the other causes of the

variations in the spectra will need to be explored in the future.
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7. CONCLUSIONS

My PhD research dealt with the metrology of quantitative hyperspectral imaging in the
SWIR region in relation to cellulose-based materials. It explores chemical properties of two
historical materials: Islamic paper (starch sizing, polishing and distribution of acidity and
cellulose degree of polymerization - DP) and painting canvas (pH and cellulose DP). Such
information allowed for better understanding of the composition of the materials and their
degradation processes, providing a measure of change in collections through imaging,
which would reflect on the management and preservation plans of collections. The
research also took another case study of cellulosic material: papyri to study the potential
of using NIR HSI in the extraction of valuable information with the challenge of scanning
the samples through their glass frames. Taking advantage of the new knowledge gained
about the properties of Islamic paper and canvases in the research and putting into
consideration that their durability is related to the materials and techniques used in the
production, degradation study was carried out to understand the behaviour of the materials
and its stability especially with the lack of enough information about the reference
collections used in the research in terms of provenance, date and previous storage history.
7.1 Research Questions and Contribution to New Knowledge
This section answers the research questions raised in the introduction chapter reflecting
the main conclusions achieved through the research and any contributions to new
knowledge.

e Can the spatial distribution of chemical properties (pH and cellulose DP) in

cellulosic materials (Canvases and Islamic papers) be imaged?

This was successfully achieved through generating for the first time quantitative chemical
maps of Islamic paper and painting canvases for acidity and cellulose DP which could act
as a tool to identify degradation variations across an object surface. This would improve
our understanding of heritage surfaces as spatially resolved quantitative data could
improve the interpretation and conservation of historic cellulose-based materials. To
achieve that, new characterization models were developed and validated for calibration
and prediction of the same properties of unknown samples using spectral data collected
by the HSI system. New calibration targets from both materials based on well-
characterized reference collections were also developed to be able to build such models.
In order to put a level of confidence in the results obtained from the models, similar models
were developed using same reference samples based on the spectral data collected with
NIR spectroscopy where the calibration and prediction errors of the models from both
techniques were compared, in addition to the comparison with the uncertainty of similar
models from previous studies. The models from both techniques proved to be comparable
based on the validation (RMSECV) and prediction (RMSEP) errors which suggesting its

ability to be used in surveying collections especially for cellulose DP. The performance of
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the pH models in general for both materials using both techniques are less satisfactory
which an indication of the need for better reference samples. However, the model still can
be used for classification of samples regarding their acidity.

Although the HSI calibration models are performing less satisfactory than the models using
spectroscopic data in some cases, the HSI technique is still considered more
advantageous due to its ability to produce chemical images visualizing the spatial
distribution of chemical composition in non-homogeneous samples.

One issue was observed regarding the chemical maps, where some noise-like features
can be observed, which needs further research to evaluate their causes in details. The
cause of these noises could not be determined if it is originated from spectral noise or from
the variations in material surface morphology, which could lead to minor differences in the
spectra and the modelled values. However, the maps still could be of great use to
conservators and researchers providing them with a tool that help them to take evidence-
based conservation decisions for their collections or study the effect of some factors on
the object in terms of handling or display such as exposure to a localized light source or
how readers as an example handle a document in a library through investigating the
deterioration locations on the object’s surface.

Moreover, the experiments which were conducted to answer this question resulted in new
contributions to the body of knowledge which are listed below;

e Development of a non-destructive characterization methodology of material
properties of Islamic paper; Starch sizing, surface polishing, pH and cellulose
degree of polymerization using NIR spectroscopy and HSI techniques with the aid
of multivariate data analysis methods. This is achieved by conducting a scientific
and systematic survey of a reference collection of Islamic paper samples from the
18" — 19™ century where almost half of the samples were found to be starch-sized
and more than 60% are polished. The current state of collection material was
evaluated based on their pH and DP where ~36% have pH < 6 and more than half
of the samples with DP < 1000, which indicates its suitability for handling. Polished
samples are found to have better material state associated with high DP and pH
values which highlights the need to study the effect of starch sizing and surface
polishing on paper stability.

o Discovery of the inapplicability of calibration models developed for the
characterization of European paper (SurveNIR project) on Islamic paper,
highlighting the effect of starch in relation to that. However, an experiment showed
that starch has no effect on cellulose degradation giving same degradation rate for
samples (pure cotton) with and without starch.

o Validation of the developed methodology using NIR spectroscopy by surveying real

historic Islamic collection in Wellcome Collection for better understanding of the
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Islamic paper properties and getting an overview about its proportion among
libraries collections and about the current state of the collection. As an example of
the type of information what can be provided from the survey, 90% of the surveyed
collection has the potential to be of Islamic origin based on estimated starch
presence and polishing properties and most of the collection have a good condition
and can be handled safely based on pH and DP estimated values.

e Development of a dating model to predict the date of Islamic paper sample from
1652 to 1880 AD using the spectral data of the surveyed samples from Wellcome
collection, which shows the power and potential of the use of NIR spectral data
with multivariate calibration techniques, especially when applied to reference
samples with known provenance and date.

o Development of a new condition assessment tool for surveying painting canvas
collections to predict non-destructively the pH and cellulose DP in canvases using
HSI in the SWIR region (1000-2500 nm) and a well-characterized reference
database of historic canvases which is performing similar to the results of similar
models developed using NIR spectroscopy.

o Do the measurement parameters (calibration, illuminant intensity and
stability, material surface structure) affect the quantitative image data?

The answer for this question was obtained through the development of new evaluation
methodology not only based on the system performance but also taking into account its
performance when it is applied to artworks. This was carried out by exploring the effect of
different measurements conditions and acquisition parameters on the performance of the
HSI system, focusing on the quality, stability and reproducibility of the collected data and
highlighting the importance of the calibration process. Firstly, getting a deeper
understanding of the capabilities and limitations of the instrumentation used by applying
several tests, then studying the metrology of quantitative calibrations based on the spectral
measurements collected by the HSI in the SWIR region using different acquisition
parameters such as illumination intensity, lens and scanning background and different
spectral treatment methods. Such information is of use to heritage scientists as it increases
the reliability of the data in addition to better understanding the type of cultural heritage
objects and the applications suitable for investigation using the current system, e.g. the
need for acquiring fine details for the detection of underdrawings or characterizing
materials where high spectral resolution is needed. The results showed that the used
system is suitable for material characterization and mapping applications, but not for the
detection of fine spatial details due to its low spatial resolution. Regarding the effect of the
acquisition parameters, changing the illumination intensity did not show an effect on the
guality of the spectra while the distribution of illumination on the scanning stage causes

some variations on the spectra collected from different positions which may lead to

189



significant variations in any further quantitative analysis. This will need further research to
verify such information. On the other hand, using lenses with different focal lengths
showed a spectral change in the data, but this did not affect the performance of the
guantitative calibrations. Moreover, changing some of the measurement conditions such
as scanning background and the ROI size used to obtain average spectra in addition to
the pre-treatments applied to the spectra during analysis were found to have no significant
effect on the obtained calibrations as well. Of course, more measurement conditions and
acquisition parameters would need to be assessed for better understanding of the system
performance and to assure the robustness of the obtained data, such as the surface
morphology of the objects and the influence of environmental conditions, e.g. heat and
relative humidity on the quality of the spectral information.

e Can further case studies be developed for other cellulosic materials such as

papyri, contributing to their more successful conservation?

Papyri was chosen as a case study in order to investigate the potential of using the HSI
technique for such less explored material. Since most of the papyri collections are
embedded in glass frames, so the first focus was to demonstrate the influence of imaging
objects through glass using HSI system in the SWIR region on the accuracy of the spatial
and spectral information in addition to the ability to extract chemical information that can
be used for further analysis to enrich our scientific knowledge about papyri. Glass was
found to have no influence on the accuracy of the collected spectra acting as a filter where
the reflection correlates negatively with the thickness of the glass layer which can be
compensated for through the calibration process. Moreover, no significant variations were
found in the calibration errors when | tried to apply the developed PLS regression models
for determination of DP of Islamic paper samples on papyri samples with and without glass.
A successful extraction of useful information out of surveying papyri collection kept in glass
frames from the UCL Petrie museum using the non-destructive imaging technique was
made, e.g. detection of iron-gall ink in one of the surveyed samples from the 4"/5™" century
AD. Another trial also was conducted to show the potential of using regression modelling
and HSI for the classification of the different degradation level or material state of objects
based on their estimated pH and DP values through applying the Islamic paper regression
model developed for the determination of cellulose DP on papyri samples that have
different levels of degradation (naturally aged, naturally/artificially aged, new and
new/artificially aged). The results of the trial showed the ability to correctly classify the
samples using the predicted DP. However, the experimental trial opened a new research
guestion about the influence of the position of the samples over the scanning stage while
collecting the spectral data on the uncertainty / repeatability of the results. This will

significantly contribute to Quantitative HSI imaging metrology.

190



¢ What information of value to conservators, curators and scholars can be
obtained using NIR hyperspectral imaging technique and accelerated
degradation to study degradation behaviour of cellulosic materials?
To achieve conclusion about this question, the degradation behaviour of Islamic paper and
painting canvas was explored through a systematic degradation study of the materials at
a combination of controlled environmental conditions (temperature and relative humidity)
with the aid of both Ekenstam equation and the recently modelled dose-response function
developed for European paper which proved their applicability to both materials. This
information is very useful for simulating different scenarios of storage conditions and
potential risks based on that for better evidence based preservation plans. Taking
advantage of that, accompanied by the successful generation of pH and DP quantitative
HSI chemical maps, data from both were used to generate lifetime maps to visualize the
effect of the current state of an object (paper or canvas) on its lifetime under specific
storage conditions. This showed the different spots with low expected lifetime, which would
need more care from a conservation perspective. However, the results showed that
although there is no correlation between pH and DP values, there is a reasonable equal
one between lifetime and both properties which means that objects with higher DP and pH
are expected to stay longer before it becomes unfit for handling. This highlights the need
for further research to confirm such results.
7.2 Future Work

During the course of this PhD research, a number of topics on which further research
would be valuable were highlighted. These include the following:

e Conducting further investigation on the reference collection of Islamic paper to
study other characteristics of Islamic paper, e.g. fibre furnish of all the samples to
verify the use of other fibres than bast and cotton in Islamic papermaking.

e Improving and further elaborating model analyses and development by
investigating larger datasets with known provenance and date information
representing the typical collections that can be found in heritage institutions.

¢ Investigating further the effect of starch on stability of cellulose degradation to verify
the obtained results taking into consideration different starch sources and support
samples, e.g. use of historic samples instead of pure cotton ones in addition to
exploring the effect of polishing characteristic as well.

o Exploring the validity of the negative correlation between pH and DP estimated
values obtained from the chemical maps of painting canvases.

e Studying and verifying the obtained information about the degradation behaviour
of Islamic paper and canvas painting using modelled dose-response function of

European paper. Future efforts can also focus on the development of dose-
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response functions specifically modelled for both materials to assure the reliability
of the results.

e Using the proposed imaging technigue to survey more papyri collections with
known provenance and date in a trial to deeply understand the development of the
used materials in the production process of papyri. Moreover, it is worth trying to
build calibration models using reference samples of historic papyri for the purpose
of material characterization taking the glass layer into consideration.

e Investigating in depth the highlighted issue about the position of the sample on the
scanning stage in relation to the variations in the illumination across the stage and
how that could lead to significant variations in the calibration modelling results.
Further research would also try to figure out a way to address that issue and
compensate for it within the routinely calibration process.

o Exploring the possible causes of the problem of linear pattern appeared on the
chemical maps which needs further investigation in addition to the development of

methods to overcome the problem.
7.3 Dissemination

The results of the research project were disseminated to heritage and imaging scientists
and researchers through poster and oral presentations at international conferences in
addition to publications in peer-reviewed journals (Mahgoub et al. 2016; 2017).

I have published some results of this research in two peer-reviewed papers in Heritage
Science and SPIE Optical Metrology journals, as well as six conferences.

Moreover, | am drafting three papers to disseminate the rest of the research results. The
first paper is about the papyri study where | intend to publish it in the peer-reviewed journal,
Angewandte Chemie. The second paper is about the results of the Islamic paper survey
conducted on the Islamic collection of the Wellcome Collection. There is a potential to
publish this paper as a chapter in a new book about the applications of near infrared
spectroscopy but this still not confirmed. The last drafted one is about the quantitative
imaging aspect from the two studies about Islamic paper and painting canvas but no plans

yet about the publisher.
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APPENDICES

Appendix I: Islamic Paper Reference Collection: Calibration Target / ISH Collection

The Islamic paper calibration target is devised of 105 out of 228 Islamic paper samples
from the well-characterized reference database collected by visual and scientific
examination. The samples are part of the UCL Institute for Sustainable Heritage (UCL-
ISH) historic reference material collection, which were gathered from different sources in
central Asia, Near East and North Africa mainly in the period from 15" to 19" century for
material analysis purpose. The table below shows the properties of the selected samples
as described below. Also the below figure demonstrates the distribution of the samples

across the calibration target.

11 10 9 8 7 6 5 4 3 2 1

56-3 55 45-3 42 36 26 6 5 3 56-1 45-2 1

1 | % | 1 114 | 108 | o7 a1 85 84 83 74 2

43 18 10 9 8 29-2 127- 133- 17 44 L2 3

126 | 116 had

113 107 100 98 72-4 69 49 29-1 4

129- 129-
2 1

115- 133-
16-1 25 35 37 3 1

128

100 | 38 39 4 a | a7 48 63 65 s 76 6

- - - . . . . . 34 33 89 110 111 117 118 123 124 I;-O 120 7
EEES @
. . : . : : : : : . : 75-1 27-1 72-2 101 96 82-1 73-2 53 57 50 46 8
d ‘ . - [ . . . . . . 95 72-1 62-1 52 31 30-1 28-2 23 111 4 62-2 9
‘ “ - . . T 111 72-3 24 132 106 104 103 10
=

11

127-
1

*Yellow cells represent the samples containing starch

*Grey cells are empty cells with no samples

Description of the table heads and list of abbreviations:

Y/N: Yes or No answer.

N/A: Not Applicable or Not Available.

DP: Degree of Polymerization.

WM: Watermark.

Thick: Thickness.

S: Sample contain starch.

P: Polished surface.

Provenance: Date (AD) and origin provided for each sample from the source.

Paper Type: The type of each paper according to the mould construction used in the
production with information about the laid and chain lines spacing and grouping if exist

and whether the paper is machine paper (M) or hand-made (H).
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ID Size Thick
(AP#) (mm) (mm) WM Paper Type Text Provenance S pH DP
2 169X113 0.12 Y Laid with chain | 5 i | 1750/ 18th C. N NA | N/A
lines , (H)
3 212X132 0.14 N | Laidwithnochain | o N/A Y 6.1 | 627
lines, (H)
4 143X225 0.14 N | LA withnochain |, o N/A Y 6.6 | 591
lines, (M)
5 275X182 0.14 N Laid with chain |5 o pie N/A Y 72 | 667
lines, (H)
6 149X106 0.12 Y Laid with chain | 5 i | 1750/ 18th C. Y 6.6 | 1152
lines , (H)
. 18-19th C.,
8 195X144 0.12 N Wove, (M) Arabic Middle East N N/A N/A
. 18 -19th C.,
9 189X117 0.13 N Wove, (M) Arabic Middle East N 5.2 N/A
. 18-19th C.,
10 177X113 0.14 N Wove, (M) Arabic Middle East N N/A N/A
188X115 . 18 -19th C.,
11-1 (236) 0.13 N Wove, (M) Arabic Middle East Y 6.2 N/A
16-1 | 214X156 | 0.17 y | tadwihchain | nape | 18 Co Middle oy 69 | NA
lines, (H) East
169X106 Laid with chain . . .
17 (212) 0.13 Y lines , (M) Arabic Middle East Y 6.1 N/A
Laid with chain . 18th C., Middle
18 224X164 0.14 N lines , (H) Arabic East N 7.2 1278
23 119%200 | 0.2 N | Laidwithno chain |\ NIA Y 6.7 | 802
lines, (H)
24 115X200 0.15 N | Laidwithnochain | o N/A Y N/A | N/A
lines, (H)
25 113X169 0.12 Y Laid with chain | 5 e N/A N 7.2 | 1105
lines, (H)
Laid with no chain .
26 118X192 0.13 N lines, (H) Arabic N/A Y 6.7 642
27-1 1%167)%;9 0.1 N Wire-mesh, (M) Arabic Ethiopia / Harar Y* N/A N/A
172X120 Laid with no chain Not
28-2 (237) 0.16 N lines, (H) Arabic N/A Y 6.6 605
126X97 Laid with no chain Not
29-1 (195) 0.16 N lines, (H) Arabic N/A N 7.3 723
130X97 Laid with no chain Not
29-2 (199) 0.15 N lines, (H) Arabic N/A N N/A N/A
237X133 Laid with no chain .
30-1 (265) 0.13 N lines, (H) Arabic N/A Y 6.6 610
31 227X150 0.14 N Wove, (M) NOt. N/A Y 6.4 475
Arabic
L . around 150
33 168x234 | 0.19 N Laid with (CFT)a'” Arabic | yearsold/19th | N NA | NA
' C., Middle East
Laid with chain . 1850/ 19th C.,
34 170X246 0.20 \% lines , (H) Arabic Middle East N N/A | N/A
around 200
N . years old / 18-
35 302x215 | 0.8 Y Laid with (CFT)a'” Arabic | 19th C. (safavids | N 72 | 1806
' era), Middle East
|/ Persia
Laid with no chain >500 years / 15-
36 258X151 0.13 N lines + Zigzag, (H) Arabic | 16th C. (Mamluk Y 7.0 708
9zag, era), Middle East
1792/ 18th C.,
Laid with chain . Middle East /
37 213X170 0.17 N lines + Zigzag, (H) Arabic | | S (North N 6.6 | 891
India)
Laid with chain o dfelgte?s?/"
38 162X212 0.21 N lines (unclear) + Arabic Kashmi h N N/A N/A
Zigzag, (H) ashmir (Nort
' India)
Coptic around 250
Laid with chain years old /18th
39 168X234 0.24 Y lines , (H) & _ C.. Middle East / N 7.3 1576
Arabic
Egypt
Laid with chain . 1821/ 19th C.,
40 147X197 0.15 N lines , (H) Arabic Middle East N N/A N/A
around 200
Laid with chain . years old / 18-
41 236X190 0.17 Y lines , (H) Arabic 19th C.,Middle N N/A N/A

East (Maghreb)
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1789/18th C.,

42 229X172 0.15 N Wove, (M) Arabic Middle East / Y Y | N/A N/A
Dagestan
1868 / 19th C.,
43 115120 | 0.13 N Wire-mesh, (M) | Arabic | MiddieBast/ | 62 | 405
N.Africa
(Maghreb)
Laid with chain . 1713 /18th C., -
44 200X289 0.23 Y lines , (H) Arabic Middle East Y Y 6.8 1384
Laid with no chain . 1716/ 18th C.,
45-2 152X229 0.12 N lines, (H) Arabic Middle East Y Y N/A N/A
Laid with no chain . 1716/ 18th C.,
45-3 161X234 0.13 N lines, (H) Arabic Middle East Y Y 6.5 773
Laid with chain . 1615/17th C.,
46 183X292 0.21 N lines , (H) Arabic Middle East N Y N/A N/A
Laid with chain . 1717/ 18th C.,
47 210X302 0.19 N lines , (H) Arabic Middle East N Y 6.9 1449
48 157X230 0.12 Y La'l?n‘évgh (‘:S)a'” Arabic Middle East N [ Y| 72 | 1391
Laid with chain around 80 years
49 181X234 0.15 N lines , (M) Arabic old/ 20th C., N N 5.6 463
! Middle East
Laid with chain Not 1870/ 19th C.,
50 115x176 | 013 N lines , (H) Arabic |  Middle East N oY | NA A
1849/ 19th C.,
52 164x218 | 0.8 N | wire-mesh, (M) | Arabic | MddleBast/ oy | 58 | 205
N.Africa
(Maghreb)
around 200
Laid with chain . years old / 18-
53 134X190 0.16 Y lines , (H) Arabic 19th C.. Middle N Y N/A N/A
East
227X154 . 18 -19th C.,
55 (311) 0.14 N Wove, (M) Arabic Middle East Y Y | 64 681
191X118 . . 18-19th C,,
56-1 (234) 0.11 N Wire-mesh, (M) Arabic Middle East Y Y | N/A N/A
195X121 . 18 -19th C.,
56-3 (243) 0.11 N Wove, (M) Arabic Middle East Y Y | 6.6 867
227X154 . 18 -19th C.,
57 (311) 0.14 N Wove, (M) Arabic Middle East Y Y | 64 681
191X118 . . 18-19th C.,
62-1 (234) 0.11 N Wire-mesh, (M) Arabic Middle East Y | N/A N/A
62-2 119X185 0.13 N Wire-mesh, (M) Arabic Middle East Y N | N/A N/A
63 158218 | 0.8 Y Laid with chain | » aie | Middle East vy | 70 | 461
lines, (H)
65 152x213 | 0.20 Y Laid with chain | »ropic | widdle East N | Y| 69 | 440
lines , (M)
69 119X166 0.21 Y La'l?n‘évgh (Cﬁ)a'” Arabic Middle East N [ N| NA| NA
72-1 18(32(;)21 0.11 N Wove, (M) Arabic N/A Y | N| 59 | 503
72-2 172X125 0.13 N Wove, (M) Arabic N/A Y N 5.9 742
72-3 98X149 0.11 N Wire-mesh, (M) Arabic N/A Y N 5.8 512
72-4 105X177 0.09 N Wire-mesh, (M) Arabic N/A N N 5.6 726
160X110 Laid with chain .

73-2 (222) 0.11 Y lines , (H) Arabic N/A N Y N/A N/A
181X116 Laid with chain .

74 (232) 0.11 N lines , (M) Arabic 1876/ 19th C. Y Y 5.7 N/A
182X120 Wove, .

75-1 (260) 0.13 N (Handmade) Arabic N/A Y N N/A N/A

75- 181X121 Laid with chain .

Typel (242) 0.12 Y lines , (H) Arabic N/A N Y 7.3 1815
Laid with chain .
76 183X252 0.11 Y lines , (H) Arabic N/A N Y 7.2 1448
139X95 Laid with chain Not
82-1 (191) 0.15 Y lines , (H) Arabic N/A N Y N/A N/A
83 84X166 0.17 N | Laidwithno chain |,y N/A Y | v | es | 797
lines, (H)
84 188X127 0.22 N Wove, (M) Not N/A Y | Y| 71 | 89%
Arabic
1868 / 19th C.,
85 115120 | 0.13 N Wire-mesh, (M) | Arabic | MiddleEBast/ |y 1y | 59 | 408
N.Africa
(Maghreb)

213




Laid with chain

89 133X189 0.16 - Arabic N/A N 7.0 1413
lines , (H)
More than 500
Laid with no chain . years old / 15-
91 151X249 0.14 lines, (H) Arabic 16th C., Mamluk Y 7.1 853
era, Middle East
wie mesn o0 190,
95 163X220 0.15 (Mechanical- Arabic N_Africa Y 5.8 179
made) (Maghreb)
Laid with chain . 1692/ 17th C.,
96 198X286 0.14 lines , (H) Arabic Middie East N N/A N/A
Laid with chain 1713 /18th C.,
97 198X291 0.23 . Arabic Middle East / Y*r* 7.0 1588
lines, (H) -
N.Africa
1868/ 19th C.,
98 116X121 | 0.14 Wove, (M) Arabic | Middle East/ N 58 | 629
N.Africa
(Maghreb)
ca.100 years /
100 | 198X187 | 515 Wire-mesh, (M) | Arabic | 20th C., Middle | N 48 | nA
(273) E
ast
L . 1848/ 19th C.,
101 | 100x157 | 0.17 La'I?n‘éVéth (C:")a'” A';%tic Middle East / N NIA | NIA
' Syriac
Not 1850/ 19th C.,
103 66X152 0.13 Wove, (M) Arabic Middle East Y N/A N/A
104 109X110 0.11 Wire-mesh, (M) Not N/A Y N/A | N/A
Arabic
1868 / 19th C.,
106 | 112x117 | 013 Wire-mesh, (M) | Arabic | Middle Bast/ 1y, 54 | 504
N.Africa
(Maghreb)
Laid with chain . 1843 /19th C.,
107 120X81 0.14 lines , (M) Arabic Middle East N 5.0 244
Before 1516 /
108 83X119 0.10 Laid with no chain | ;. | 15-16th C, Y NA | N/A
lines, (H) Mamluk era,
Middle East
Laid with chain . 1845/ 19th C.,
109 119X173 0.10 lines , (H) Arabic Middle East N N/A N/A
Laid with chain . 1845/ 19th C.,
110 119X172 0.09 lines , (H) Arabic Middle East N 7.2 | 1111
Wire-mesh around 1600/ 16-
111 110X172 0.09 (Handmade) Arabic 17th Cé Middle N 4.9 N/A
ast
around 150
years old / 19th
) Not C., Asian/
113 207X86 0.12 Wire-mesh, (M) Arabic Eastern Turk N 5.7 490
(kazakhstan and
uzbeistan)
Laid with chain 1799/18th C.,
114 120X249 0.11 lines , (H) Arabic Ottoman era, Y 6.6 309
' Middle East
187X119 Laid with chain . 1850/ 19th C.,
115-1 (223) 0.11 lines , (M) Arabic Middle East N 5.2 N/A
Laid with chain
115-3 18(;2%)20 0.11 lines and a wire- | Arabic 1%58 éégégsct" N NA | N/A
mesh base, (M)
207X153 Laid with chain . 1850/ 19th C.,
116 (306) 0.16 lines . (H) Arabic Middle East N 6.9 | 1137
around 300
years old, (seal)
117 | 155%x227 | 0.12 Laid with chain | 5 e | 1788/18th C, ) 56 | 643
lines, (H) Ottoman era,
Middle East /
Egypt
. ) . 1806 / 19th C.,
118 168X227 0.14 La'l?n‘g:h (Cl_rl‘)a'” Arabic | Ottoman era, N 6.5 | 750
' Middle East
L . 1397(maybe) /
120 | 152x218 | 0.16 Laid with chain | »ropic | 14th C., Middle | N NA | N/A
lines , (H)
East
121 | 210x169 | 0.18 Laid with chain | 5 e NIA Y NA | N/A
lines, (H)
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Laid with chain

123 210X169 | 0.18 N . Arabic N/A Y NA | NA
lines , (H)
1850/ 19th C.,
124 195x272 | 022 Y Laid with chain | .. | Middle East/ N 67 | 1538
lines , (H) N.Africa
(Maghreb)
1251 | 124x199 | 0.09 N Wire-mesh, (H) | Arabic N/A Y 46 | 300
1252 | 120199 | 0.10 N Wire-mesh, (H) | Arabic N/A Y NA | NA
235X171 Laid with chain | 1850/19thC,,
126 (343) 013 Y lines , (H) Arabic | " y\rddle East N 57 | NA
231X164 Laid with chain | 1850/ 19th C,,
1271 '328) 0.18 Y ines (1) Arabic | 1320 1230 ¢ N 75 | 1305
230X163 Laid with chain | 1850/19th C.,
127-2 (328) 0.17 Y lines , (H) Arabic Middle East N N/A N/A
. | 1850/ 19th C.,
128 315X154 0.12 N Wire-mesh, (M) Arabic Middle East N 5.6 691
1201 | 160x222 | 0.10 N Laid with chain |, i N/A N NIA | NIA
lines , (H)
160X222 Laid with chain .
129-2 320, 0.13 Y lines (£ Arabic N/A N NA | NA
Laid with chain Not 1763/ 18th C.,
130 284x209 | 0.13 Y ines ) PR I il N 7.0 | 1259
17th C.
Laid with no chain Not (Safavids era),
131} 246x421 | 013 N lines, (H) Arabic | Middle East/ Y 64 | 919
Persia (Iran)
. Turkis
132 240X340 0.13 N Wire-mesh, (M) h N/A Y* 5.7 N/A
133-1 18(%;)16 0.10 N Wire-mesh, (H) | Arabic N/A N NIA | NIA
133-2 17(?3%)20 0.10 N Wove, (M) Arabic N/A N 58 | NA

* Result of starch test was dotted
** starch found in the paste only
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Appendix II: Painting Canvases Reference Collection: Calibration Target

Canvas Calibration target with 72 well-characterized samples of historical painting
canvases (16" — 20" C.) from UCL-ISH collection. The table is showing the ID of the

samples as sorted in the figure.

LRI ==

141 96 80 58 57 49| 43 30 [22-1]13-2| 6
119 94 | 72-3 | 59 |56-2 48| 41 |29-O0| 21 |10-3|5-2
118 92 | 72-2 | 60 |56-1|47| 37 28 19 |10-2 | 4-2
100-1| 91 75 65 55 |46 |36-3| 27 17 [10-1 41
90 | 73-0| 69 54 145|36-2| 25 [15-2| 8-1 | 3-2
89 71 |70-1| 53 |44 ] 35 24 1151 | 7-1 | 3-1
85-1| 70-2 52 32 | 22-2 | 13-1 2-2
83

The below table is showing the properties of the Canvas Calibration target samples; ID,

fibre type, source and date in addition to their current measured pH and DP.

ID pH | DP Fibres Date Source*
2-2 |47 874 - 1900 MNAC
3-1 | 51| 775 Linen & Hemp 1875 MNAC
3-2 | 55| 918 Linen & Hemp 1875 MNAC
4-1 |5.0| 557 Linen 1900 MNAC
4-2 | 49| 417 Linen 1900 MNAC
5-2 | 5.9 963 Linen? 1875 MNAC

6 5.5 | 1446 - 1925 MNAC
7-1 | 591321 Hemp 1925 MNAC
8-1 |6.1| 891 Linen 1875 MNAC
10-1 | 5.9 | 1590 Linen 1875 MNAC
10-2 | 5.1 | 1456 Linen 1875 MNAC
10-3 | 5.7 | 1466 Linen 1875 MNAC
13-1 | 59| 975 Linen 1875 MNAC
13-2 | 4.9 | 698 Linen 1875 MNAC
15-1 | 5.1 741 Ramie? 1925 MNAC
15-2 | 5.0 | 1008 Ramie? 1925 MNAC
17 | 4.8| 652 Linen? Hemp? 1925 MNAC
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19 |5.0| 948 Linen 1925 MNAC
21 |5.4| 1090 Jute 1925 MNAC
22-1 | 5.3 | 2294 Ramie? 1925 MNAC
22-2 | 6.0 | 1589 Ramie? 1925 MNAC
24 | 53| 699 Linen 1875 MNAC
25 |49 | 1010 linen? Ramie? 1900 MNAC
27 |49 | 1174 Linen 1875 MNAC
28 |5.6|1119 Linen & hemp 1875 MNAC
29-0 | 4.7 | 415 - 1650 MNAC
30 | 6.9 942 Linen? 1850 MNAC
32 | 65| 436 Linen 1900 MNAC
35 |5.2|1149 Linen 1850 MNAC
36-2 | 5.7 | 897 Linen 1900 MNAC
36-3 [ 5.6 | 728 Linen 1900 MNAC
37 |5.5|2135 Linen 1925 MNAC
41 | 5.8 901 Linen & Cotton 1925 MNAC
43 | 5.7 985 Cotton 1875 MNAC
44 | 53| 1174 Linen 1925 MNAC
45 | 4.8 | 457 Cotton 1850 MNAC
46 | 4.8 | 898 Linen 1875 MNAC
47 | 5.8 | 1027 Linen 1875 MNAC
48 | 4.7 | 535 Jute 1925 MNAC
49 | 5.7 ]| 766 Linen 1925 MNAC
52 | 5.0| 845 Cotton 1925 UB
53 |5.0| 663 Cotton 1925 uB
54 | 5.3|1981 Linen? 1925 uB
55 |6.2| 859 Cotton 1925 uB
56-1 | 5.6 | 1067 Cotton 1975 uB
56-2 | 5.2 | 969 Cotton 1975 uB
57 |6.1| 784 Cotton 1975 uB
58 |6.3|1172 Cotton 1975 uB
59 |5.3| 1067 Cotton 1975 uB
60 | 4.8 | 1095 Jute 1975 uB
65 |5.1|2333 Linen 1975 uB
69 |59 577 - 1925 uB
70-1 | 4.7 | 426 Linen 1650 uB
70-2 | 55| 809 Linen 1650 uB
71 | 49| 614 - 1750 uB
73-O | 5.4 | 608 Linen? 1875 uB
75 | 4.7 | 805 - 1975 UB
77-2 | 6.5| 1136 | Mostly linen (with a few hemp) | 1875 CRBMC
77-3 | 5.0 | 736 | Mostly linen (with a few hemp) | 1875 CRBMC
80 |6.6| 1687 - 1700 CRBMC
83 |5.2|1345 - 1925 MNAC
85-1 | 5.1 | 1936 Linen 1925 MNAC
89 |50 942 Linen 1925 MNAC
90 |5.4 1357 Cotton 1925 MNAC
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91 |5.3|1655 Linen 1925 MNAC

92 |4.8| 749 Cotton 1975 MNAC

94 | 7.4 1512 Linen & hemp 1550 | Private Owner

96 |55 |1711 Linen 1875 | Private Owner
100-1 | 6.0 | 799 Linen? 1650 | Private Owner

118 | 4.8 | 1303 Cotton 1925 | Private Owner

119 |5.8| 837 - 1750 | Private Owner

141 | 5.0| 760 Linen 1875 MMB

*

MNAC : Museu Nacional d’Art de Catalunya (Barcelona)

CRBMC : Restoration Center for Movable Property of Catalonia (Centre de Restauracio
de Béns M obles de Catalunya).

MMB : Maritime Museum of Barcelona (Museu Maritim de Barcelona).

UB: Collection of the Faculty of Fine Arts, University of Barcelona (Col.leccié de la
Facultat de Belles Arts).
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Appendix Ill: HSI Penetration Experiment

The aim of this experiment is to explore how many Whatman No. 1 filter paper
sheets/layers (Maidstone) are required to be used as background for the materials while
scanning with HSI system in the SWIR region. Different layers of Whatman sheets were
scanned (adding one layer/sheet per scan, up to 10 sheets) in addition to a scan for the

plastic stage of HSI without any sheets.

Scanning Parameters:

Exposure 5.5ms Lens 30 mm

Gain 1 Scan Speed 54.83 fps

Saturation Level 10% - 90% Light 500 Watt
Results:

The below figures are showing an average spectrum per each scan to represent the
different number of Whatman sheets used. As seen, the spectra reflect the penetration
level by showing the characteristics of the plastic stage within the spectra of Whatman
sheets. The first figure demonstrates the full range from 1000 — 2500 nm following by two
close-up figures on two areas; 1000 — 1300 nm and 1500 — 1800 nm. The characteristics
are fading with the increment of number of the sheets. After approx. two sheets there is

no influence from the stage.
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Appendix IV: UCL-ISH Painting Canvases Collection (10 Oil Paintings)

Front and Back sides

P1

P2

P3

P4

Date pH DP Fibres Dimensions
(cm)
1908 49 | 1229 Linen 37 x27
Pre-1900 6.0 | 3289 Linen 76 x 52
- 49 | 1207 Linen 50 x 37.7
1950-1969 | 6.4 | 1834 Cotton 93 x 65
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P5

P6

P7

1841 45 | 888 Linen 55 x 34.7
1885 5.0 | 1032 Linen 35.6 x45.7
1900-1949 | 5.4 | 1397 Linen 46 x 34.9
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P8

P9

P10

1909 4.9 899 Linen 37x25.4
1900-1949 | 5.8 | 3826 Linen 28.7x 36
Cotton
1900-1949 | 4.7 | 1166 (Probably 38x254
mercerized)
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