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Abstract

Since its first applications in cultural heritage, hyperspectral imaging (HSI) has become a
valuable tool for documenting and analyzing many kinds of artworks, thanks to the possibility
of obtaining spectral information regarding relatively large areas in a non-invasive way. In the
last decades, HSI has been successfully used to study paintings on panels, canvas and plaster,
manuscripts, and photographic materials, and has allowed to successfully characterize the

distribution of pigments and colorants in the artwork under study.

The work presented in this thesis focuses on evaluating the advantages and limitations of
performing HSI on stained-glass windows. Compared to the abovementioned types of
artworks, prior HSI applications on stained-glass windows are very limited due to the numerous
challenges related to the optical properties of the glass and external factors that can negatively
impact the quality of the image acquisition. For example, since stained-glass windows are
mainly transparent, a setup for spectral transmittance measurements is necessary. If the stained-
glass windows are still part of a building and cannot be removed, the intensity of sunlight (used
as the light source) can vary throughout the day, and the presence of vegetation or buildings in
the background can affect the actual color of the glass. In addition, accessing the stained glass

with the instrument could also be an issue if no support is available (e.g., scaffolding).

One of the research project’s main objectives is thus to propose new acquisition methodologies
that allow carrying out HSI of stained glass in different situations, from relatively small,
detached panels, to stained-glass windows in situ. The characteristics of each setup will be

thoroughly discussed to highlight advantages and limitations.

The second objective is to validate the data obtained from the proposed setups to demonstrate
HSI’s capabilities in characterizing the materials used in stained glass. This validation process
has been carried out from two perspectives; first, the correctness of the obtained spectra has
been verified by comparing them with results from UV-VIS-NIR spectroscopy, which is
extensively used for chromophore identification. Second, X-Ray Fluorescence spectroscopy
(XRF) has been used as a complementary analytical technique to determine the elemental

composition of the glass and verify the presence of the chromophore identified by HSI.



Image analysis solutions for automatically identifying and mapping stained glass components
were also explored. Besides the traditional classification methodologies, unsupervised

unmixing approaches were also investigated, which showed promising results.



Sammendrag

Siden de farste anvendelsene innen kulturarv har hyperspektral avbildning (HSI) blitt et
verdifullt verktgy for & dokumentere og analysere mange typer kunstverk, takket veere
muligheten for & innhente spektral informasjon om relativt store omrader pa en ikke-invasiv
mate. | de siste tidrene har HSI blitt brukt til a studere malerier pa paneler, lerret og gips,
manuskripter og fotografiske materialer, noe som har muliggjort vellykket karakterisering av

fordelingen av pigmenter og fargestoffer i kunstverket som studeres.

Arbeidet som er presentert i denne avhandlingen fokusere pd & evaluere fordelene og
begrensningene ved & utfare HSI pa glassmalerier. Sammenlignet med de ovennevnte typer
kunstverk, er tidligere HSI-anvendelser pé& glassmalerier meget begrenset i omfang, pé grunn
av de mange utfordringer knyttet til glassets optiske egenskaper og eksterne faktorer som kan
pavirke kvaliteten pa avbildningen negativt. For eksempel, siden glassmalerier hovedsakelig
er gjennomsiktige, er et oppsett for spektrale transmittans-malinger ngdvendig. Hvis
glassmaleriene fortsatt er en del av en bygning og ikke kan fjernes, kan intensiteten av sollys
(brukt som lyskilde) variere gjennom dagen, og tilstedeveerelsen av vegetasjon eller bygninger
kan pavirke den faktiske fargen pa glasset. | tillegg kan tilgang til farget glass med instrumentet

0gsa veere et problem hvis ingen statte er tilgjengelig (som for eksempel stillas).

Et av forskningsprosjektets hovedmal er derfor a foresla nye avbildningsmetoder som gjer det
mulig & utfare hyperspektral avbildning av glassmalerier i forskjellige situasjoner, fra relativt
sma, enkeltstiende paneler, til glassmalerier in situ. Egenskapene til hvert oppsett vil bli
grundig diskutert for & fremheve fordeler og begrensninger.

Det andre malet er & validere dataene innhentet fra de foreslatte oppsettene for & demonstrere
HSIs evner til & Kkarakterisere materialene som brukes i farget glass. Denne
valideringsprosessen har blitt utfert fra to perspektiver; For det farste er presisjonen til de
oppnadde spektrene validert ved & sammenligne dem med resultater fra UV-VIS-NIR-
spektroskopi, som er mye brukt for kromoforidentifikasjon. For det andre har

rantgenfluorescensspektroskopi (XRF) blitt brukt som en komplementeer analytisk teknikk for



a bestemme elementsammensetningen til glasset og verifisere tilstedevarelsen av kromoforen
identifisert av HSI.

Bildeanalyselgsninger for automatisk identifisering og kartlegging av glassmalerier ble ogsé
utforsket. 1 tillegg til de tradisjonelle klassifiseringsmetodikkene, ble ogsa ikke-veiledete
unmixing-tilneerminger undersgkt, som gav lovende resultater.
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Chapter 1

Introduction

1.1 Motivations

The work presented in this thesis has been carried out in the frame of the European project
CHANGE-ITN, which focuses on researching new applications of imaging techniques for the
documentation, analysis, and monitoring of various typologies of works of art. Among these
techniques, hyperspectral imaging (HSI) is one of the most widely used in cultural heritage.
HSI is based on acquiring many finely sampled images across a portion of the electromagnetic
spectrum. As a result, a full spectrum can be obtained in each pixel of the image. These spectra
can be compared with reference spectral libraries to identify the materials present in the scene,
and by means of specific algorithms, it is possible to display their distribution. In cultural
heritage, the materials of interest can be pigments and colorants used by a particular artist or in
a specific period. The way these artistic materials are applied across the artwork under study
can provide precious insights into the painting technique or the chronology of the artwork
(Delaney, Dooley, van Loon, & Vandivere, 2020; Floréal & Mounier, 2015). This aspect is one
of the reasons behind the popularity of this technique in the field of cultural heritage. Another
reason is that HSI is a non-invasive technique, as the camera does not come in contact with the
artifacts, and taking a sample from the object is not required. This represents a significant
advantage, especially when the works of art are vulnerable, and sampling is not permitted
(Radpour, Delaney, & Kakoulli, 2022).

Since its first applications in cultural heritage, HSI setups have evolved to account for the
specific needs of the artworks under study, becoming more and more versatile (Picollo, Cucci,
Casini, & Stefani, 2020). HSI applications now range from small objects, such as photographic
materials (Picollo et al., 2020) and manuscripts (Ciortan, Deborah, George, & Hardeberg,
2015; Cucci et al., 2017; Cucci, Delaney, & Picollo, 2016), to large and monumental paintings
(Balas, Epitropou, Tsapras, & Hadjinicolaou, 2018; Cutajar et al., 2022; Floréal et al., 2016;
Gabrieli et al., 2021; Radpour et al., 2022). From the image processing point of view, many
algorithms from the field of remote sensing have been adapted and used to automatically
identify and map artistic materials (Picollo et al., 2020). In addition, the possibility of creating

2



spectral libraries of known painting materials has allowed experimenting with machine
learning-based classification and unmixing algorithms, which provide more accurate results
(Balas et al., 2018; Deborah, George, & Hardeberg, 2019; Grabowski, Masarczyk, Gtomb, &
Mendys, 2018; Polak et al., 2017; Pouyet, Miteva, Rohani, & de Viguerie, 2021; Rohani,
Pouyet, Walton, Cossairt, & Katsaggelos, 2018).

With regards to stained-glass windows, however, HSI applications are still minimal. The
reasons for its limited use can be drawn from the literature available regarding photographic
documentation of stained glass, which already stresses the challenging aspects of imaging these
particular artworks (MacDonald, Findlater, Song, Giani, & Suganthan, 2006; MacDonald &
Oldfield, 1996; Suganthan & MacDonald, 2010). Stained glass windows, in fact, are complex
works of art that also fulfill the functional role of filling gaps in architecture to protect from
atmospheric agents and heat, allowing at the same time the light to enter and illuminate the
interiors of the building (Parker & Martlew, 2021; Raguin, 2013).

From a technical point of view, stained-glass windows consist of colored and transparent glass
pieces held together by lead strips called cames that form the basic shapes of the figures
represented. The color of the glass can be obtained in several ways: exploiting impurities
(naturally colored glass) or adding oxides of transitional elements (chromophores) in the glass
batch (pot-colored glass) and controlling temperature and atmosphere (oxidizing or reducing)
in the furnace to get the desired color; fusing a thin layer of metallic nanoparticles to the surface
of transparent glass (flashed glass); painting the glass surface with enamels or vitreous paint
(Meulebroeck, Wouters, Nys, & Thienpont, 2016; Raguin, 1988). A particular form of vitreous
paint is grisaille, which has a reddish to brown/black color and is usually applied to depict finer
details, outlines, or shadows (Machado, Vilarigues, & Palomar, 2021; Raguin, 1988).

Since stained-glass windows are primarily transparent, the most efficient way to photograph
stained glass is by using transmitted light, either natural or artificial. However, the different
optical properties of the components described above can represent an issue during the imaging
phase. For instance, the contrast between the darker areas (such as lead cames, grisaille, and
deep-colored glass) and lighter glass can result in over-exposure or under-exposure of certain
portions of the stained glass (MacDonald et al., 2006; Suganthan & MacDonald, 2010). In
addition, stained glass’s appearance can be affected by weathering layers, dirt deposition, and
other forms of alteration if exposed to polluted environments or temperature and humidity

variations for a long time (Frenzel, 1985; Suganthan & MacDonald, 2010).



If stained-glass windows are photographed in situ, the variation of sunlight throughout the day
and the background behind the windows must also be taken into account to obtain good-quality
images (MacDonald & Oldfield, 1996).

These challenges also apply to HSI; however, in this case, the abovementioned factors affect
both the image quality and the spectral information obtained, which may lead to erroneous
identifications of the chromophores responsible for the glass color.

Nonetheless, HSI can be a valuable technique for investigating stained glass. From a certain
point of view, HSI can be considered a combination of conventional imaging and UV-VIS-IR
spectroscopy. In recent years, UV-VIS-NIR spectroscopy has become an established technique
for identifying chromophores in archaeologic and historic glass objects (Bracci, Bartolozzi,
Burnam, & Corallini, 2020; Hunault et al., 2021; Hunault, Lelong, et al., 2016; Meulebroeck
et al., 2012; Meulebroeck, Baert, et al., 2010; Meulebroeck et al., 2016). However, it can only
collect spectral data from one point at a time. Considering this aspect, having simultaneous
spatial and spectral information can represent a great advantage of HSI, especially when

analyzing large surfaces such as stained-glass windows.

In light of these considerations, this thesis aims to demonstrate the capabilities of HSI in
characterizing the materials used in stained glass and the possible benefits of this imaging
technique to the conservation scientists, conservators, and restorers involved in the study of
colored glass and glass paints in stained-glass windows. The limitations will also be discussed,

suggesting possible solutions for future implementations.

1.2 Aims and research questions

One of the main objectives of this research project is to develop acquisition methodologies for
the HSI of stained glass that could work in different conditions and environments. As explained
previously, the best way to deal with the transparency of these artworks is to work in
transmittance mode. Most of the existing systems are designed to work in reflectance mode.
An HSI transmittance setup has been recently developed for imaging photographic materials
(Cucci, Casini, Stefani, Cattaneo, & Picollo, 2023; Picollo et al., 2020); however, the different
constituting materials, sizes, thicknesses, and weights of stained-glass windows require other
specifications. It is thus necessary to adapt existing reflectance setups or build new systems

that can work in transmittance mode with such big objects.



Another aspect to consider is the size and location of stained glass. Depending on their function
(decoration or architecture) as well as their conservation conditions (e.g. fragments from
broken windows), the size of the stained-glass may vary from a few centimeters to tens of
meters. Many stained-glass windows and panels are still part of the buildings they were meant
for. In other cases, the windows could have been removed from their original place for various
reasons (change of aesthetic taste, wars, building renovations) and dismembered, becoming,
with time, part of museums or private collections. Depending on the choice of display, the
illumination source could be natural or artificial (e.g., lightboxes) (Eatman, 2008; Raguin,
2013). If stained-glass windows are disassembled for restoration interventions and are too
fragile to be reinstalled, the constituting panels may be separated and permanently stored in

museums’ deposits.

All these scenarios require different specifications, especially concerning the available
illumination source (natural vs. artificial light). The main challenge is thus to design imaging
setups that can be used in any illumination condition and environment, for example, in
conservation centers or even in situ if the stained glass is in its original location or exhibited in
a permanent collection. In the latter cases, ideally, it should be possible to implement the setup

on stained glass panels and windows of any size without dismantling them.

The research presented in this thesis has been focused on three distinct situations: in the
laboratory (controlled illumination), using a portable system (suboptimally controlled
illumination), and in-situ (variable illumination). However, due to the project's time

constraints, the portable and in-situ setups have been tested only on a few real-case scenarios.

The second objective is to validate the data obtained from the setups described above to
encourage more extensive use of hyperspectral imaging as a tool for stained-glass windows’
characterization. This validation process should be carried out from two perspectives; first of
all, the accuracy of the spectra obtained should be ensured by comparing them with results
from UV-VIS-NIR spectroscopy, which is extensively used for chromophore identification.
The second validation step regards material identification. It is a known concept in the cultural
heritage field that a single technique can rarely answer all the research questions regarding an
artwork. Thus, complementary analysis is necessary to confirm the results obtained with HSI.
For the scope of this research, X-Ray Fluorescence spectroscopy (XRF) has been employed to
determine the elemental composition of the glass and verify the presence of the chromophore
identified by HSI.



In light of these observations, five specific objectives (SO) have been defined:

SO1: Implement a laboratory setup for the HSI of stained-glass panels (standard geometry

condition and stable light source).

S02: Develop a portable setup for the HSI of stained-glass panels using commercially available
and low-cost materials (partially standard geometry condition and stable light source).

SO3: Develop a portable setup for the in-situ HSI of stained-glass windows, exploiting natural

(solar radiation) or artificial light sources (uncontrolled environment).

SO4: Validation of the spectral data: comparison with UV-VIS-NIR spectroscopy of stained-

glass samples and available literature.

SO5: Validation of identified chromophores: use of complementary analysis such as X-Ray

Fluorescence spectroscopy (XRF) to characterize the elemental composition of the glass.

From these five specific objectives, the following set of research questions (RQ) can be

formulated:

RQ1: What are the best setups and acquisition parameters for good-quality stained glass HSI?
Can HSI be used to successfully analyze and document stained glass in different scenarios (e.g.,
laboratory, museum depots/conservation laboratories, in-situ...)? What are the advantages and

limitations of each case?

RQ2: From the spectral point of view, does the HSI technique allow obtaining comparable

results to the available techniques (UV-VIS-NIR spectroscopy)?

RQ3: What kind of information can HSI provide? Can it be recommended for accurate material
characterization? Can it help to select the correct areas for additional point analysis or

sampling?

The connection between objectives, research questions, and the published papers is

schematized in Fig. 1.1 at the end of the last section.

1.3 List of publications

The content of the thesis is built on a collection of five papers; Papers 1, 3, and 4 are conference
proceedings, while Papers 2 and 5 are journal papers. Paper 6 is a draft paper. The six papers
do not follow a chronological order but are listed according to their contribution to the thesis

structure shown in Fig.1.1:
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Jon Y. Hardeberg. (2023). Acquisition strategies for in-situ hyperspectral imaging of
stained-glass windows: case studies from the Swiss National Museum. Heritage
Science, 11(1), 74.

» Paper 6: Agnese Babini, Tiziana Lombardo, Sony George, Jon Y. Hardeberg. (2023).
Blind unmixing of hyperspectral images of stained glass: adapting the LUMoS

algorithm for chromophores mapping. Draft paper.

Paper 1 is a literature review and sets the aims and the research questions described in the
previous section. Papers 2 and 3 present the results obtained using the laboratory setup but
considering different aspects. Paper 2 compares laboratory HSI and UV-VIS-IR-spectroscopy
performances, while Paper 3 describes the setup design and the image pre-processing steps in
detail and presents preliminary results on a real case study. Papers 4 and 5 focus on the
implementation of the portable and the in-situ setups, respectively. Paper 6 integrates the
contents of Paper 4, presenting preliminary results of chromophore mapping on the case

studies analyzed with the portable setup and the XRF measurements for data validation.



1.4 Thesis Organization

The work presented in this thesis results from the integration of knowledge from various
disciplines, such as imaging science, color science, conservation-restoration, and conservation
science. Due to this multidisciplinary nature, it is expected that readers with different
backgrounds and professional training may not be familiar with all the concepts mentioned in
the published papers. The first part of the thesis thus aims to provide the necessary background
knowledge to understand the research context, both from the object and the imaging side.

Chapter 2 is divided into two parts; the first part provides the background on stained-glass
windows, describing their characteristics and the principle of color formation in glass. A review
of photographic documentation and scientific analysis is also provided. The second part
describes the fundamentals of HSI and its applications on stained glass.

Chapter 3 contains the summaries of the published paper contributing to the thesis, highlighting
the aims and the main findings. The full-text publications are provided in the second part of
the thesis.

Chapter 4 presents the main contributions and the limitations of the research project.

Chapter 5 discusses the conclusions of the research and its future perspectives.

/ Core Research

Problem identification:
Literature review on analysis and |:> Objective: Development of transmittance setups for hyperspectral imaging of

imaging of stained-glass windows. stained glass and validation of the results obtained.
: 30, WS NR ety
20- S04: UV-VIS-NIR spectroscopy
‘Q Laboratory (S01) i comparison.
e hl
1 SOs5: Complementary analysis for
: chromophores identification.

-@- In-sitv (SO3)

¥

Future perspectives:
* Improvement of existing setups.
* Implementation of algorithms for classificationfunmixing of glass chromophores.

Figure 1.1: Scheme of the thesis structure showing the connection between objectives, research questions, and the
published papers. Paper 1 is a literature review that illustrates the state-of-the-art and explains the motivations of the
research. The core research includes five specific objectives (SO). Three out of these five objectives regard the three
different setups (laboratory, portable, and in situ) and aim to answer the first research question (RQ1). The symbols
associated with the setups indicate the type of light sources employed. The other two specific objectives regard the data
validation part of the research. Paper 2 deals with the comparison between HSI and UV-VIS-NIR spectroscopy, providing
the answer to research question RQ2. Papers 3 and 6 aim to answer the third research question (RQ3) from two different
points of view, which will be explained in the discussion section of the thesis.
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Chapter 2

Background

This chapter aims to provide an extensive literature review to help the readers understand the

research context. The chapter is divided into two parts:

The first part (Section 2.1) focuses on the object studied, the stained glass. This section is
introduced by a brief discussion regarding the function and meaning of stained glass. Then the
main parts constituting the stained glass are shortly described, highlighting the challenges they
can represent during the acquisition process. Section 2.1.1 provides a short overview of the
color formation mechanism in glass and a literature review on the topic. The last sections
extend the literature review on photographic documentation (Section 2.1.2) and scientific

analysis of stained glass (2.1.3 and 2.1.4) presented in Paper 1.

The second part of the chapter (Section 2.2) focuses on HSI and its applications on stained-
glass windows. This section also briefly discusses the differences between reflectance and
transmittance imaging modes (Section 2.2.1) and gives a short overview of hyperspectral image

processing and analysis (Section 2.2.2).

2.1 Stained-glass windows

Stained glass windows are complex works of art from many points of view. From the
architectural side, stained-glass windows fulfill the functional role of filling gaps in religious
and secular buildings to protect from atmospheric agents and heat, allowing at the same time
the light to enter and illuminate the rooms. The iconographic themes, the color palette, and the
materials used to secure the stained glass to the window compartments are strictly connected
to the building for which they were designed. The study of these materials can provide a wealth
of information on the social status of the patrons, the aesthetic tastes, as well as resources and
knowledge available in a specific historical period or geographical region (Adlington et al.,
2019; Hunault et al., 2017; Parker & Martlew, 2021; Patin, Nys, Thienpont, & Meulebroeck,
2022; Raguin, 2013; Rodrigues et al., 2021; Simmons & Mysak, 2010).

From the material point of view, stained-glass windows consist of many parts with distinct

physical, chemical, and optical characteristics. The glass pieces composing the stained-glass
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figures can be transparent or translucent, depending on their color and thickness, but the lead
cames that hold those pieces are opaque and reflect the light. The grisaille, a reddish or
brownish vitreous paint applied on the surface to define details and shadows, can be fairly
opaque, thus also limiting the light passing through the glass, depending on the thickness of
the painted layer (Machado et al., 2021; Meulebroeck et al., 2016; Raguin, 1988).

o Protective grill
e

Saddle bars
(outside)

i
:

'
il
'&..

~
CRIYEES

Alternation light-colored glass
and dark-colored glass + dark
areas from masonry and
support bars (T-bars)

Challenges:
Shadows

@ Limitation of light transmitted — loss of spectral information
High Dynamic Range: Overexposure of light-colored glass or underexposure of
dark-colored glass.

Figure 2.1: Images showing stained-glass parts that mostly affect the quality of the acquisition. Picture
taken by the candidate at a) Basilica di Santa Croce (Firenze, Italy). b) Nidaros Domkirke (Trondheim,
Norway), c) Eglise des Dominicains (Colmar, France).

Because of their different composition, these materials are also subjected to diverse types of
degradation that may affect the stained glass’ integrity and appearance. Degradation can occur
both on the internal and external surfaces, and it can become an issue when applying imaging
techniques, especially if the transparency of the glass is compromised (Suganthan &
MacDonald, 2010).

The loss of transparency can be caused by several factors: from simple dry deposition of soot,

dust, and dirt to the development of inorganic and organic corrosion crusts, pitting (i.e., small
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craters on the glass surface), and browning phenomena® caused by the interaction between the
stained glass surface, atmospheric agents (primarily water, in the form of rain or condensation),
pollutants and often also microorganisms (Aulinas et al., 2009; Gentaz, Lombardo, Chabas,
Loisel, & Verney-Carron, 2012; Lombardo et al., 2010; Pinar et al., 2013; Valbi, Perez,
Verney-Carron, & Rossano, 2023). Some types of degradation can be firmly attached to the
glass surface and penetrate deep into the glass body; thus, any cleaning process should be
carefully evaluated by expert conservators. A thorough discussion on degradation processes
and glass conservation-restoration practices is beyond the scope of this introductory chapter
since it is not the primary focus of the research presented in this thesis. For more general
information, the readers can refer to online resources from dedicated research groups and
institutions (e.g., the Corpus Vitrearum? and the Stained Glass Museum?), as well as stained-

glass windows experts®.

2.1.1 The colors of stained glass.

The mechanism of color formation in glass is a complex topic and requires a deep knowledge
of chemistry concepts such as ligand field theory, redox reactions, and charge-transfer
mechanisms (Calas, Galoisy, & Cormier, 2021; Cartechini, Miliani, Nodari, Rosi, & Tomasin,
2021; Moncke, Papageorgiou, Winterstein-Beckmann, & Zacharias, 2014). The detailed
explanation of such concepts is beyond the scope of the thesis. However, providing a basic
description of the origin of colors in glass has been deemed beneficial to help the readers

understand what information regarding the chromophores can be retrieved from HSI spectra.

From the spectral point of view, HSI follows the same working principle as UV-VIS-NIR
spectroscopy. Both techniques, in fact, help understand the interaction between light and
matter; the information observed in the spectra is related to chemical species (ions or
molecules) that selectively absorb the light at specific wavelengths. In the extended visible

range (including a portion of UV and NIR), the chemical species detected are those responsible

! In manganese-containing glass.

2 Corpus Vitrearum Medii Aevii (CVMA), “Conservation of Stained Glass”,
https://www.cvma.ac.uk/conserv/index.html ; Corpus Vitrearum USA, “Conservation Organizations &
Guidelines”, https://corpusvitrearum.us/conservation-organizations/ ; Corpus Vitrearum ltalia (ICVMA),
“Guidelines of ancient monumental stained and painted glass”,
http://www.icvbc.cnr.it/bivi/eng/preservation/guidelines.htm

3 The Stained Glass Museum, “Resources”, https://stainedglassmuseum.com/resources.php

4 Julie L. Sloan “Owners Manual of Stained Glass Conservation”, https://www.jlsloan.com/stained-glass-
conservation-manual ; Leonie Selinger, “Cleaning Historic Stained Glass Windows.”,
https://www.buildingconservation.com/articles/cleaning-stained-glass/cleaning-stained-glass.htm
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for the color of the object investigated (Meulebroeck et al., 2016; Mdncke et al., 2014; Palomar
etal., 2019).

The color in glass materials is mainly due to the presence of ionic species of transitional
elements (iron, manganese, copper, cobalt, and chromium), which could be present as
impurities in the raw materials (e.g., iron) or intentionally added to the glass batch. In the first
case, they are defined as naturally colored glass, while in the second case as pot-colored glass
(Meulebroeck et al., 2016). The desired color is obtained by controlling the temperature and
atmosphere in the furnace to favor the elements’ reduction or oxidation. For example, when
only iron is present, a range of colors from yellow to green and light blue can be obtained
depending on the equilibrium between the yellow ferric ion Fe3* and the blue ferrous ion Fe?*
(Cartechini et al., 2021). When iron is present as impurities, manganese (as Mn?*) can be used
as a decoloring agent to oxidize the iron and obtain a colorless glass. Alternatively, a range of
colors between yellow and purple can be achieved. Manganese alone, as Mn3*, gives the glass
shades from pink to reddish-purple (Cartechini et al., 2021; Rossano et al., 2022). Cobalt (as
Co?") is used to achieve an intense blue color, Cu?* a turquoise blue or a deep green (in
combination with Fe®*), while Cr®* has been used since the 19" century to obtain a bright
emerald green (Cartechini et al., 2021; Hunault & Loisel, 2020; Meulebroeck et al., 2016).

The use of copper (Cu® and silver (Ag® nanoparticles is also well documented. Cu°
nanoparticles give the glass a deep red color, too dark to be used for windows. Thus, the
flashing technique was invented in medieval times to overcome this problem. This technique
consists in applying a thin layer of red-colored glass over a transparent one (plaques) or
alternating multiple thin layers of red and transparent glass (feuilletés) (Colomban, Tournie, &
Ricciardi, 2009; Farges, Etcheverry, Scheidegger, & Grolimund, 2006).

Ag° nanoparticles, on the other hand, can be found in yellow decorative paint layers, applied
through a technique called silver staining. It consists in coating the glass surface with a silver
compound dispersed in a clay medium and firing at a temperature just below the softening
range of the glass. During the firing, the silver ions are exchanged with the glass matrix's
potassium (K*) or sodium (Na*) ions, diffusing inside the glass. Lastly, the ions are reduced to
the metallic state, leading to the growth of silver nanoparticles. The final color depends on the
nanoparticles’ size, shape, and concentration and could range from pale yellow to orange; in
the latter case, the warmer hue is given by the additional presence of copper (Jembrih-
Simbdrger et al., 2002; Meulebroeck et al., 2016).
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These elements, as well as clusters, microcrystalline phases, or structural defects, modify the
transmittance efficiency of the glass by absorbing the light at specific wavelengths (Calas et
al., 2021). When the internal scattering is negligible, the light absorption depends on the
thickness of the glass d (expressed in cm), the concentration of the coloring agents c, and the
molar extinction coefficient ¢, which describes the intensity of the absorption bands of the
specific ions (i.e., their coloring potential). According to the Beer-Lambert law, the relationship
between transmittance and absorbance can thus be expressed as follows (Calas et al., 2021;
Maéncke et al., 2014):

I
T = I_t (Eg. 1)
0
1 1
A, =log <£) =log <T>/1 = god (Eg. 2)
2

Where A is the absorbance, lg is the incident light, I¢ is the transmitted light, and T is the

transmittance, calculated at a wavelength 1. The absorbance expressed as log (%)/1 in Eq. 2is

defined as optical density.

From Eq. 2 and the spectral curves, it is possible to retrieve valuable information on the color
formation in the glass investigated. First, the conversion of HSI transmittance data into
absorbance allows better identification of the absorbance bands (Calas et al., 2021) and

facilitates the comparison with the available literature, in which spectra are often presented in
absorbance.

Once converted in absorbance, the spectral data can be normalized by the thickness according
to the ratio A/d so that the intrinsic color of the glass can be measured without the influence of
the thickness (Calas et al., 2021; Meulebroeck, Nys, Patin, & Thienpont, 2021).

The concentration ¢ of chromophores and the molar extinction coefficient ¢ can also be
calculated from Eq.1 if the thickness and either one or the other parameter (c or ¢) are known.
This methodology is often applied when working with model glass samples, which are studied
to investigate particular glass-making and coloration techniques (Ceglia et al., 2015; Hunault
& Loisel, 2020; Moéncke et al., 2014).

The information inferred from the Beer-Lambert law regarding the chromophores can be
complemented by colorimetric measurement, which provides a quantitative measure of the

color of the glass investigated (Capobianco et al., 2019). For example, the colorimetric
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coordinates x and y of a group of colored glass can be calculated from the spectral data and
plotted in the CIE 1931 chromaticity diagram. Depending on the position of each glass within
the diagram, it is possible to identify patterns related to the presence of specific chromophores,
glass production technology, and chronology (Capobianco et al., 2019; Meulebroeck et al.,
2016). Alternatively, the CIELAB L*a*b* values can also be calculated from the spectra and
used for the colorimetric characterization and to determine the color difference AE (Hunault et
al., 2021; Hunault, Lelong, et al., 2016; Meulebroeck et al., 2021).

For more in-depth studies on the topic, the readers can refer to the papers listed in Table 2.1,
which thoroughly investigate the color formation in historical and archaeological glass and
provide detailed explanations of the chemical processes that allow reaching a specific color.
Publications regarding grisailles have not been included in this list since they cannot be
characterized in HSI acquisitions performed in transmittance; thus, they were not studied in
depth during the PhD project. An extensive literature review on grisaille compositions through
the ages can be found in (Machado et al., 2021). Additional papers regarding relevant case
studies are listed in Table 2.2 in Section 2.1.3.

Table 2.1: List of useful references regarding glass coloration technologies.

Chromophores Colors References
Iron (Fe?*, Fe®*, Fe®-S) Blue, yellow, green,  (Bidegaray et al., 2019; Capobianco et al., 2021;
amber Ceglia et al., 2015; Gimeno et al., 2008; Hunault &
Loisel, 2020; Micheletti et al., 2020; Moncke et al.,
Manganese (Mn%*, Mn%") Pink, purple 2014; Rossano et al., 2022; Schreurs & Brill, 1984;
Thiemsorn, Keowkamnerd, Phanichphant,
Manganese and iron Uncolorored; yellow = Suwannathada, & Hessenkemper, 2008)
to purple
Copper (Cu®) Blue turquoise; green
(with Fe®*)
Cobalt (Co?*) Blue (Ceglia et al., 2012; Fornacelli, Ceglia, Bracci, &

Vilarigues, 2018; Hunault, Bauchau, et al., 2016;
Micheletti et al., 2020; Mdncke et al., 2014)

Copper Nanoparticles (Cu’)  Red (Bring, Jonson, Kloo, & Rosdahl, 2007; Delgado et
al., 2011; Kunicki-Goldfinger et al., 2014;
Meulebroeck, Patin, Nys, & Thienpont, 2023;

Silver nanoparticles (Ag®) Pale yellow to orange Molina et al., 2013: Pérez-Villar, Rubio, & Oteo,
2008)
Other chromophores Green (Cr®); purple, | (Calas et al., 2021; Fornacelli, Colomban, &
(chromium, nickel, cadmium | brown, yellow, green | Memmi, 2015; Meulebroeck et al., 2016;
sulfide and selenide) (Ni**); red to yellow | vilarigues et al., 2022)
(CdS,Se1)
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2.1.2 Photographic documentation of stained glass
Photographic documentation is a fundamental step in every conservation and restoration
campaign. As good practice, it must be performed before, during, and after any treatment to

record changes that happened or are happening to the artwork.

Documentation of stained glass is carried out both in transmittance and reflectance mode.
Photography in transmittance is carried out on light tables, with the light shining through the
object, to assess the general appearance of the colored glass, to understand the nature of the
color (i.e., whether the glass is body-colored or flashed), and to document the presence of

inhomogeneities in the glass body (e.g., air bubbles and streaks) (Davison, 2003).

Reflectance photography is performed to document the conservation condition of the glass
surface, as well as the opaque elements of the stained glass such as grisaille and the lead cames.
It is useful to assess the types of patinas or degradation layers, which would not be visible in
transmittance, as they reduce the transparency of the glass. The use of raking light (i.e., directed
at the glass surface at an angle almost parallel to the surface plane) is also recommended to
highlight surface irregularities and textures (Davison, 2003), as well as painted areas marking

a replacement from modern restorations (Raguin, 2013).

Concerning the photography of stained glass in situ, common issues in photographing stained
glass depend on both the light source available (sunlight) and the stained glass’ materials, as

well as their conservation condition (see Fig. 2.1 in the previous section).

For example, the intensity of sunlight illumination may vary throughout the day due to sudden
weather changes. In addition, the stained-glass windows may not be adequately exposed to
sunlight due to the orientations of the walls; thus, the light reaching the glass may not be
sufficient for a good exposure. In general, obtaining optimal exposure during the imaging of
stained glass can be very challenging due to the strong contrast between the light areas of the
transparent glass panes and the dark ones of the metal bars of the supporting ironwork
(ferramenta) and the deep-colored glass (Fig. 2.1a). Thus, setting the proper exposure time
might be complicated, as some areas might be unavoidably overexposed or underexposed. High
dynamic range (HDR) photography, which consists in fusing multiple images taken at different
exposure levels is a solution used very often by professional photographers to improve the

quality of stained-glass images.

Lastly, the background behind the windows must be taken into consideration. The landscape

outside the windows might be visible from the more transparent glass and influence the color
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of the light-colored glass. Metal structures such as saddle bars and protective grills can cause

shadows on stained-glass windows, resulting in a dark area covering part of the image.

The works of (MacDonald, 1997; MacDonald et al., 2006) address many of these challenges,
suggesting good practices to improve the quality of the images captured. For example, a
solution to remove the influence of external light was proposed based on the use of an
illuminated panel placed outside the window to be scanned. The panel is based on a commercial

photographic 'soft box” with a tungsten-halogen flood light as the illumination source.

Other works have been done to improve the quality of acquisition and archival procedures. The
research of the European project VITRA (Veridical Imaging of Transmissive and Reflective
Aurtefacts), carried out from 2002 to 2004 (MacDonald, 2006), was focused on “developing a
practical method for the acquisition, storage, and visualization of high-quality images of
architectural details in historic buildings”, including stained-glass windows. The acquisitions
were carried out through a remote-controlled robotic arm, which allowed reaching higher zones
(up to 15 m). In this way, it was possible to obtain high-resolution images of those areas that
are usually difficult to capture from the ground, avoiding loss of details and image distortions.
The imaging of stained-glass windows was performed in transmittance using natural light, and
many images were collected in different exposures to deal with the high dynamic range of the
stained glass (MacDonald, 2006).

On the image processing side, research has been conducted on many aspects: to highlight
relevant features (Giani, MacDonald, Machy, & Suganthan, 2003); to correct defects
(Suganthan & MacDonald, 2008); to remove unwanted effects (e.g., shadows from the
supporting bars) (Suganthan & MacDonald, 2010) and to perform rendering, relighting and
virtual restoration (MacDonald & Oldfield, 1996; Thanikachalam et al., 2016).

Worthy of mention is also the work of (Simmons & Mysak, 2010) which does not focus on
scientific photography per se but on the use of HDR images to estimate luminance data from
stained-glass windows and determine the change of the windows’ transmissivity through the

centuries.

2.1.3 Scientific analysis of stained glass

In cultural heritage, scientific analyses are performed to answer various research questions. In
the specific case of stained glass, scientific investigations are conducted to study the
provenance of constituting materials and the technology used for glass production, which can

shed light on the historical and cultural context in which the glass was created. Scientific
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analyses are also applied to understand the causes of degradation and alteration processes
occurring on stained glass windows so that solutions can be developed to slow down or stop
these processes. (Triimpler, Wolf, Kessler, & Goll, 2012).

Depending on the accuracy required to answer the research question, these analyses can be
performed by means of non-invasive or invasive techniques. Invasive techniques are called in
such a way because they require collecting small samples from the artifact. In the case of
stained glass, the samples are often collected during restoration treatments that involve the
removal of the old lead cames for cleaning or substitutions (Adlington et al., 2020). Those
samples can be fragments that cannot be reintegrated during the reassembling (Palomar et al.,
2019) or removed from corners of the glass panes that the lead cames will cover once put back
in place (Adlington et al., 2020; Schalm, Caen, & Janssens, 2010). Depending on the technique
employed, the collected samples may be kept for further analysis or destroyed in the process.
Most of these analyses are performed in a laboratory, and sometimes they require specific
facilities (e.g., XANES, which requires access to a synchrotron) (Hunault, Bauchau, et al.,
2016).

Other techniques, like Laser Ablation-Inductively Coupled Plasma—Mass Spectrometry (LA-
ICP-MS) and Laser-Induced Breakdown Spectroscopy (LIBS), do not require mechanical
sampling but exploit a laser to remove a minimal portion of the glass. These techniques are
considered micro-invasive since the part removed is barely perceivable to the naked eye.

Non-invasive techniques, on the other hand, do not require samples or material removal. This
aspect is advantageous when sampling is not possible or not permitted. In addition, non-
invasive methods are often portable, allowing performing the analysis in situ. This is
convenient when the stained-glass windows cannot be detached and moved to the laboratory.
For these reasons, non-invasive techniques have become increasingly popular throughout the
years, especially for preliminary investigation of stained-glass composition and conservation
conditions. In many cases, these techniques are sufficient to get the necessary information

without requiring further invasive procedures (Vandenabeele & Donais, 2016).

Scientific analysis can be further divided depending on the type of information provided (e.g.,
elemental or molecular). Elemental techniques exploit high-energy radiations (X-rays,
particles, or laser beams) to excite the materials and obtain qualitative or quantitative

information (depending on the instruments’ specifics or setup) on the elemental composition
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of the object under study. An example of an elemental technique is XRF, which has been used

multiple times during this PhD as a complementary analysis to HSI.

On the other hand, molecular techniques, such as Fourier Transform Infrared Spectroscopy
(FTIR) or Raman Spectroscopy, can provide information on groups of molecules (functional
groups) associated with the alteration of the glass matrix, degradation products or
chromophores (if present as nanoparticles).

Table 2.2 (modified from Paper 1) lists the most used scientific techniques for analyzing
stained glass. Note that some references are mentioned multiple times for different instruments,

as it is often necessary to combine various methods to characterize the glass completely.

Table 2.2: Summary table of the most used analytical techniques for the analysis of stained glass. A brief description of the
information obtainable and an estimation of the invasiveness of the method are provided.

Analytical technique Invasive Information References
Fourier Transform IR Yes/No Molecular; degradation  (Aulinas et al., 2009;
spectroscopy (FTIR) (depending on products. Rodrigues et al., 2014)
the analysis
mode)
Laser ablation- Yes Elemental; quantitative = (Kunicki-Goldfinger et al.,
Inductively Coupled information on trace 2014; Pradell et al., 2016; Van
Plasma—Mass elements; isotopes Ham-Meert et al., 2021; Wilk,
Spectrometry LA-ICP- identification for Kaminska, Walczak, &
MS provenance purposes Bulska, 2017)
Laser-induced Yes Elemental; stratigraphic = (Carmona, Oujja, Rebollar,
Breakdown information on Romich, & Castillejo, 2005;
Spectroscopy (LIBS) corrosion layers for Klein, Hildenhagen,
cleaning monitoring; Dickmann, Stratoudaki, &
identification of Zafiropulos, 2000; Palomar et
chromophores. al., 2022; Szelagowska et al.,
2008)
Particle-induced X-ray = No Elemental; quantitative  (Calligaro, 2008; Hunault et
Emission (PIXE) information of major, al., 2017; Jembrih-Simbirger
minor, and trace et al., 2002)
elements
RAMAN spectroscopy  Yes/No Molecular; colorants (Baert et al., 2012; Colomban,

Scanning Electron
Microscope (SEM),

sometimes coupled with

(depending on
the size of the
object). It can
be portable

Yes

and glass components;
degradation products
(results may vary from
lab instruments to
portable ones).

Elemental; quantitative
information on major,
minor, and trace
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Etcheverry, Asquier,
Bounichou, & Tournie, 2006;
Colomban & Tournie, 2007;
Colomban et al., 2009;
Fernandes, Vilarigues, Alves,
& da Silva, 2008; Fornacelli et
al., 2015; Rodrigues et al.,
2014; Walczak, Kaminska,
Karaszkiewicz, Szczerbinski,
& Szymonski, 2013)

(Falcone et al., 2010; Jembrih-
Simblirger et al., 2002;
Kunicki-Goldfinger et al.,



an electron microprobe
(EPMA)

UV-VIS-NIR
spectroscopy
(absorption/
reflectance); Fiber
Optic Reflectance
Spectroscopy (FORS)*

X-ray Absorption
Spectroscopy
(XAS/XANES)

X-Ray Diffraction
(XRD)

X-Ray Fluorescence
spectroscopy (XRF)

Yes/No*
(depending on
the size of the
object). It can
be portable

Yes

Yes

No. It can be
portable

elements; microscopic
observation of the
topography of the
surface and degradation
layers; semi-
quantitative information
on the distribution of
elements on the surface.

Elemental (ionic
species); information on
oxidation states,
coordination of
colorants (UV-VIS-
NIR), and degradation
mechanisms (NIR).

Elemental (ionic
species); oxidation
states of chromophore
elements in glass.

Molecular (crystalline
phases); identification
of corrosion product;
characterization of
chromophore
nanoparticles and
grisaille composition.

Elemental; qualitative
information on major,
minor, and sometimes
trace elements (results
may vary from the lab
instrument to the
portable one).

2014; Lombardo et al., 2010;
Pradell et al., 2016; Rodrigues
et al., 2014; Verita, Bracci, &
Porcinai, 2019; Walczak et al.,
2013; Wilk et al., 2017)

(Bacci, Corallini, Orlando,
Picollo, & Radicati, 2007,
Bracci et al., 2020; Ceglia et
al., 2015; Fernandes et al.,
2008; Fornacelli et al., 2015;
Hunault, Lelong, et al., 2016;
Hunault et al., 2017;
Meulebroeck et al., 2012;
Meulebroeck et al., 2023;
Meulebroeck et al., 2016;
Rodrigues et al., 2021; Zaleski
etal., 2019)

(Ceglia et al., 2015; Farges et
al., 2006; Ferrand et al., 2015;
Hunault, Bauchau, et al.,
2016)

(Aulinas et al., 2009; Gentaz
et al., 2012; Pradell et al.,
2016)

(Adlington & Freestone, 2017,
Adlington et al., 2020; Bracci
et al., 2020; Carmona, Ortega-
Feliu, Gomez-Tubio, &
Villegas, 2010; Fernandes et
al., 2008; Jembrih-Simbiirger
etal., 2002; Rodrigues et al.,
2021; Walczak et al., 2013)

Most techniques described in Table 2.1 are considered point analysis, as the information is
collected from a point, usually of a few microns. Sometimes, methodologies such as FTIR and
Raman offer the option of mapping small areas to verify the distribution of a particular
component in a limited region of interest, depending on the model of the instrument used. On
the other hand, the term "chemical (or spectral) imaging" is used to define techniques that can

analyze large areas, from several centimeters to a few meters.
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Apart from HSI, which will be discussed separately in section 2.2, it is worth mentioning
another chemical imaging technique used to investigate stained glass. Macro X-Ray
Fluorescence (MA-XRF) spectroscopy consists of scanning the surface of a work of art at a
given step size with an X-ray fluorescence spectrometer connected to a moving stage. The
image is formed from the acquired points, resulting in a datacube, like the hyperspectral one,
where every pixel contains information regarding the elemental composition of the material
under study. The datacube can be treated with suitable software, which allows the creation of
maps of elements (or combination of elements) to estimate which kind of material (i.e.,
pigments or colorants) was employed by the artist. With regards to stained glass and historical
windows, MA-XRF has been used for various aims: to discriminate between body-colored
glass, flashed glass, and other paint layers (e.g., the grisaille); to distinguish ancient glass pieces
from modern ones; and to detect glass alterations (Bernady, Goryl, & Walczak, 2021; Cagno
et al., 2021; Gestels et al., 2022; Legrand, Van der Snickt, Cagno, Caen, & Janssens, 2019;
Van der Snickt et al., 2016).

2.2 Hyperspectral imaging of stained glass

As briefly explained in the introduction, HSI consists in acquiring hundreds of images across
the electromagnetic spectrum. The output of HSI is a datacube (Fig.2.2), a three-dimensional

image with two spatial (x and y) and one spectral dimension ()) (Radpour et al., 2022).

w Wavelength () o

Figure 2.2: Example of a hyperspectral datacube. Each image in the datacube shows grayscale values
representing how the materials absorb and reflect (in case of glass, transmit) the light at a given
wavelength. The spectrum collected in a pixel (x, y) shows the reflectance/transmittance of a certain
material across all the sampled wavelengths.
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Hyperspectral cameras can be classified into different categories depending on the spectral
range covered and the acquisition mode. The following paragraphs will describe examples of
hyperspectral camera systems, focusing more specifically on those employed to analyze stained
glass. In-depth reviews of HSI systems and their applications in cultural heritage are available
in (Alfeld & de Viguerie, 2017; Cucci & Casini, 2019; Fischer & Kakoulli, 2006; Funatomi et
al., 2022; Striova, Dal Fovo, & Fontana, 2020).

Concerning the spectral range, hyperspectral cameras can be divided into three groups:

¢ Visible-near-infrared (VNIR) cameras, with a spectral range usually around 400-1000 nm.
Cameras working in this spectral range are the most used in cultural heritage, allowing the
characterization of pigments and colorants and faithful color reproduction of artworks.

e Short-wavelength infrared (SWIR) cameras, with a spectral range usually around
900/1000 - 2500 nm. In cultural heritage, these cameras are employed to get
complementary information on organic and inorganic pigments and to investigate other
organic materials (e.g., paint binders). There is no documented use of SWIR cameras for
imaging stained-glass windows.

e Mid-wave infrared (MWIR) cameras, with a spectral range from 2700-5500 nm. Those

cameras are rarely used in cultural heritage.

Regarding the classification based on the acquisition mode, most of the HSI cameras used in
cultural heritage are based on pushbroom (line scanning) systems (Fig. 2.3), which record the
datacube collecting one spatial line of pixels at a time by means of a 2-dimensional detector
(focal plane array) and a light dispersive element (prism or grating). The acquisition is
performed by keeping the camera fixed and moving the object or vice versa, depending on the
imaging setup. Datacubes built this way generally have one fixed dimension (across-track,
perpendicular to the camera movement), while the other (along-track) depends on the size of
the object to be scanned. Other pushbroom cameras are built with an internal scanning device
and do not need external scanning equipment to be moved or move the object. In this case, the
datacube has fixed dimensions, depending on the camera specifics (Picollo et al., 2020). The
HySpex VNIR-1800 and the SpecimlQ cameras used during this project are push-broom
systems; their setup and specifics will be discussed in Chapter 4. A push-broom camera was
also used for the HSI of the two Art Nouveau stained-glass windows from the Casa-Museu
Dr.Anastacio Gongalves (Lisbon, Portugal), which results are presented in the work of
(Palomar et al., 2019).
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On the other hand, whiskbroom (point-scanning) systems are based on a linear array detector
and collect a point at a time while the sensor is moved across the two dimensions (x and y),
often following a raster scanning pattern (Fig. 2.3). Whiskbroom cameras are slower than
pushbroom systems but have the advantage of a higher spectral resolution and more flexibility
in terms of spatial scanning (Funatomi et al., 2022; Picollo et al., 2020). A hyperspectral camera
based on this system was used by (Funatomi et al., 2022) to propose a methodology to mitigate

the temporal illumination variations during the imaging of stained glass.

A recently developed HSI camera based on a Fourier Transform (FT) spectrometer, described
by (Perri et al., 2019), was also used to study a stained-glass window from the Santo Spirito
Church in Milan (ltaly). These types of cameras, however, are not yet very popular in cultural

heritage applications.

Pushbroom Whiskbroom

Scanning direction

Scanning direction Scanning direction

J o
/

Scanning direction (y)

—

Figure 2.3: Image capture schematics for pushbroom (left) and whiskbroom (right) HSI systems.

2.2.1 Transmittance vs. Reflectance imaging geometries

One of the fundamental components of an HSI setup is the light source, which is necessary to
illuminate the object and record the datacube. Broadband light sources (such as halogen lamps)
are usually adopted because of their continuous spectrum, which allows avoiding gaps in the
recorded spectrum that may affect the interpretation of the data (Mandal, George, Pedersen, &
Boust, 2021).
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Depending on the position of the light source in relation to the object investigated, it is possible

to perform the acquisition in transmittance or reflectance mode (Fig.2.4).

ol
P

SR [¢]
i ) 0 [ ]
BP e — —

< i Scanning direction

Scanning direction
a:

Figure 2.4: Schematic of a) reflectance and b) transmittance HSI setups for acquisition of stained glass. BP = backing
paper; C = camera; D = diffuser; L = light source(s); O = object; SR = Spectralon® reference.

Most of the imaging setups are designed for acquisition in reflectance geometry. In this
configuration, two light sources are positioned at the two sides of the camera with an angle of
45°-0-45° ® (Fig. 2.4a). This setup works for most of the artworks since they are opaque. On
the other hand, as explained in the first section, stained glass windows are mostly transparent,
and their colors can be observed and appreciated as the light passes through the glass sections.
For this reason, a transmittance setup is necessary for the acquisition so that the light can shine

through the object before reaching the camera.

Transmittance measurements can be distinguished into directional or diffused® ®. In diffused
modality, standard geometry requires using opal glass (a material made of tiny colorless
particles embedded in a clear glass matrix®) to obtain a diffuse light distribution. According to
the opal glass position with respect to the light source or the receiver, the modalities can be
distinguished in “diffuse influx mode”, where the geometry of the light source is diffused and
that of the receiver is directional, and “diffuse efflux mode”, where the geometry of the light
source is directional and that of the receiver is diffused®. Generally, in transmittance
hyperspectral imaging performed in laboratory conditions, the light source is diffused; thus,
the acquisition is carried out in diffuse influx mode. When the stained glass cannot be moved

from its original place, using sunlight as the light source is a very convenient and often the only

5 (CIE 15: Technical Report: Colorimetry 3rd edition, 2004)
6 ("ISO 5-2:2009 Photography and graphic technology - density measurements: part 2: geometric conditions for
transmittance density,")
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possible solution. The main disadvantage, as stressed in the literature, is that the sunlight
intensity changes throughout the day; it may be influenced by the weather or partially blocked
by other objects in the background, casting shadows on the stained glass. Nonetheless, since
solar radiation also has a continuous spectrum, the spectra obtained with this approach are
relatively comparable to those obtained under standard conditions with UV-VIS-NIR

spectroscopy (Palomar et al., 2019) if the interferences from external factors are limited.

Almost all the works about HSI of stained glass adopted this approach, except for the one
published by (Rebollo, Ratti, Cortelazzo, Poletto, & Bertoncello, 2011). In this case, the
stained-glass windows were detached, and the single panels could be analyzed separately by
means of a transmittance setup developed for the purpose. The setup proposed by the authors
was compliant with standard geometries for diffuse transmittance measurement; tungsten-
halogen lamps were used as light sources and positioned between a diffuser and the stained-
glass panel, while the camera was placed on the other side. The stability of the light source and
the homogeneity of the background represent a considerable advantage, especially during the
radiometric correction process, which is necessary to convert the raw data into radiance data
and, consequently, transmittance or reflectance (Grillini, Thomas, & George, 2021; Pillay,
Hardeberg, & George, 2019; Rebollo et al., 2011).

It is essential at this point to explain the main difference between the radiometric correction for
reflectance and transmittance. Regardless of the geometry, in principle, the procedure to
convert radiance data to transmittance or reflectance is very similar. The signal at each pixel of
the object image, acquired under a homogeneous illumination, must be corrected by the signal
of a material with perfect transmittance or reflectance properties (the so-called reference)
acquired under the same condition, according to the following formulas:

_ Sxa — Dy (Eq. 3)
Wx,A - Dx,l
S,1—D
R Sua=Dluap (Eq. 4)
Wx,l - Dx,l

In Eq. 3, T is the transmittance, S, is the signal relative to the light transmitted by the object,
and Wx,. is the signal relative to the reference diffusing material, which is assumed to have a
perfect transmittance. D ., is the signal of the dark current. Indices x and 4 indicate the spatial
and spectral dimensions, respectively. Depending on the camera model or brand, the dark

current can be automatically subtracted by the camera while recording the raw datacube.
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Otherwise, a datacube is recorded while the objective is covered and used to subtract the dark

current manually (Foster & Amano, 2019).

The formula to calculate reflectance R is very similar (Eq.4). In this case, Sk, is the signal
relative to the light reflected by the object. Wy, is the signal relative to the reference material,
which is assumed to have Lambertian properties (i.e., reflects the incident light uniformly in
all directions). When a standard reference is used (e.g., Spectralon® tiles), a quantitative
measure of the reflectance can be obtained by multiplying for the additional parameter Px .
This factor refers to the certified reflectance spectrum of the standard reference measured by
the manufacturer under specific conditions. In this case, R is referred to as the reflectance
factor. To the best of the candidate’s knowledge, the diffusing materials used for transmittance
acquisitions do not have certified transmittance values, and it is only possible to assume that
the diffuser employed has a homogeneous response across the considered spectral range. For
this reason, the results obtained in transmittance may not always be accurate and quantifiable.
This issue is even more pronounced during in situ acquisition; besides the illumination
variations, the chemical composition of the selected transmittance reference also has an
essential role in the quality of the corrected data. The presence of impurities, in fact, may impart
a pale coloration to the glass. This coloration is often barely visible to the naked eye. Still, the
specific absorption bands of the impurities can be detected by the camera and alter the shapes
of the spectra of other colored glass. This aspect will be discussed in more detail in Chapter 4,

Section 4.1.1.3, dedicated to the in-situ application of HSI.

Reflectance imaging, while relatively uncommon for stained glass, can also be a valid option
for the analysis of stained glass. For example, as stated by (Rebollo et al., 2011), this approach
can be helpful when the panels are too fragile to be held in a vertical position and a
transmittance setup is unavailable. In this case, the camera and the light source are positioned
following the reflectance geometry recommendations. A white backing material free of optical
brighteners’ is placed beneath the stained glass to enhance the reflectance signal; since the light
has to travel twice inside the glass, this solution has also been called "double transmittance".
The results are usually of lower quality compared to transmittance, especially for very dark
glass; however, it seems to yield better results for light-colored glass pieces, enhancing the

intensity of weak bands such as iron (Fe*) and chromium (Cr®%).

7 See recommendations in ("ISO 13655:2017 Graphic technology - Spectral measurement and colorimetric
computation for graphic arts images,")
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2.2.2 Hyperspectral image processing and analysis.

Hyperspectral images have high spectral dimensionality, and dedicated software (such as
ENVI® or ImageJ®) or programming environments (such as MATLAB® or Python) are required
to handle the processing of such large datasets. These tools can be used for simple datacube
manipulations; for example, to visualize specific bands or to get a quick overview of the
materials present by manually extracting a spectrum and comparing it with references. In
addition, specific algorithms can be implemented for more sophisticated operations; for
example, to automatically find the spectral signature of the pure materials composing the object
(the so-called “endmembers”) and display their distribution across the scene. (Cucci & Casini,
2019; Radpour et al., 2022).

Since there is little literature regarding hyperspectral image analysis of stained-glass windows,
this topic has been briefly addressed in this thesis. The challenges of chromophore mapping in
stained glass and possible approaches for chromophore mapping will be discussed in depth in
Chapter 4, Section 4.1.3. Thus, the following section aims to provide a brief overview of the
most common methodologies for processing and analyzing the datacubes in cultural heritage,

providing the general background necessary for the later discussion.

Most of the algorithms, like the image-processing software mentioned previously, are often
adapted from remote sensing. In this sense, one of the most popular examples is the ENVI
Spectral Hourglass wizard, a user-friendly pipeline for classification or unmixing on the
datacube under study. The advantage of this pipeline is that the user is guided through every
step, so there is no need to have a deep knowledge of image processing. This approach, for
example, was used to map the colored glass of the two Art Nouveau stained-glass windows
studied by (Palomar et al., 2019). Nonetheless, the same workflow can also be implemented in

other platforms, such as Matlab or Python.

After image pre-processing, described in the previous section, the first step of this workflow is
dimensionality reduction, which aims to select the datacube's most meaningful bands to reduce
the computational load. This step can be performed through Minimum Noise Fraction (MNF)
(Harris, 2006), but Principal Component Analysis (PCA) can be also used for the same purpose.

The second step is endmember extraction, which aims to identify the “pure” spectra (i.e., the

8 The standard image processing and analysis software in remote sensing and industrial applications. Available
under license. See https://www.|3harrisgeospatial.com/Software-Technology/ENVI

% Free and open-source software for processing and analyzing scientific images, with many derivatives and
variants (e.g., ImageJ2, Fiji, and others). See https://imagej.net/software/imagej/
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signal related to a single material) from within the datacube, defined as the “endmember”. One
of the most common methods to perform this step is the Pixel Purity Index (PPI) algorithm
(Boardman, Kruse, & Green, 1995), which projects every spectral vector onto a large set of
random vectors (skewers). The points corresponding to extremes, for each skewer direction,
are stored. A cumulative account records the number of times each pixel (i.e., a given spectral
vector) is found to be extreme. The pixels with the highest scores are identified as endmembers
(Bioucas-Dias et al., 2012).

Another popular endmember extracting algorithm is N-FINDR (Winter, 1999). This algorithm
is based on the assumption that in spectral dimensions, the volume defined by a simplex formed
by the purest pixels is larger than any other volume defined by any other combination of pixels.
This algorithm finds the set of pixels defining the largest volume by inflating a simplex inside
the data, starting from a random set of pixels. For each pixel and each endmember, the
endmember is replaced with the spectrum of the pixel, and the volume is recalculated. If it
increases, the spectrum of the new pixel replaces that endmember. This procedure is repeated

until there are no more replacements (Bioucas-Dias et al., 2012; Winter, 1999).

Alternatively, a library of reference spectra prepared by the user can be used if available. The
spectral library obtained is used to perform the last step, classification or unmixing.
Classification algorithms assume that the signal observed in a pixel represents a single material
and assign each pixel to a class by comparing the similarity of the reference spectra with the
spectra in each pixel of the datacube (target). One of the most popular classification algorithms
is Spectral Angle Mapper (SAM) (Kruse et al., 1993). It treats the spectra as vectors with
dimensionality equal to the number of bands and performs the comparison by measuring the

angle between the reference spectra (r.) and the target (t.), according to Eq. 5.

1 2atam)

T (Eqa. 5)
Cata®) V2 @)

a = cos”

Smaller values of a (expressed in radians) indicate higher similarity. An important parameter
to set for a correct classification is the maximum angle (in radians) which determines the
angular threshold for classifying the distance between the spectral data and the endmembers
(Cucci & Casini, 2019; Deborah, George, & Hardeberg, 2014).

A similar but more accurate algorithm is Spectral Correlation Mapper (SCM) which calculates

the similarity through Pearson’s correlation coefficient R (Eq.6). The algorithm centralizes the
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data in its mean so that R has a value between 1 (total correlation) and -1 (negative correlation)
(Deborah et al., 2014).

_ Cita =) (m—1)
Calta = D2 V2 Ty — M) YV

(Eq. 6)

On the other hand, spectral unmixing aims to decompose the signal of a mixed pixel into a
collection of endmembers, and a set of fractional abundances that indicate the proportion of
each endmember (Dobigeon, Altmann, Brun, & Moussaoui, 2016; Keshava, 2002). Compared
to classification, unmixing algorithms are usually more reliable since they are based on
physically meaningful mixture models that describe the interaction between light, material, and

the sensor of the hyperspectral camera during the acquisition.

These mixture models are divided into linear and non-linear. The choice of one or another
model to solve the unmixing problem is extremely important in data processing since they are
based on different assumptions that can be crucial for obtaining meaningful results (Dobigeon
et al., 2016; Keshava, 2002).

The linear mixture model is based on three fundamental assumptions: 1) the unmixing process
occurs on a macroscopic scale; 2) the pixel components appear in spatially segregated patterns

(like a checkerboard); 3) each incident photon interacts with a single pixel component.

If the three assumptions are satisfied, a mixed pixel can be described as a linear combination
of pure spectral signatures of its constituent components (Eq. 7):

M

X = Zai5i+w=Sa+w (Eq.7)

i=1
Where x is the vector of the spectrum observed in a pixel with dimension L1%x1, S is the LxM
matrix whose columns are the Lx1 endmembers si, i = 1,..., M, a is the fractional abundance
vector with dimension Mx1 whose entries are a;, i = 1,..., M. w is the vector related to the

noise, with dimension Lx1 (Keshava, 2002).

The most basic algorithm to perform linear unmixing is Least Squares, which can be
implemented in its unconstrained, constrained, and fully constrained variants. Linear unmixing,

in fact, is subjected to two physically-based constraints: the abundance non-negativity (ANC),

10 Number of spectral bands
1 Number of endmembers
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which requires that the abundances’ values must be positive, and the abundance sum-to-one
(ASC), which requires that the abundances in the mixed pixel must not go above 1. When both
constraints are applied, Least Squares is defined as fully-constrained. Depending on the
acquisition conditions, however, the sum-to-one constraint may be discarded, since the
combined abundances’ values may be less or more than 1. In this case, Least Squares is defined

as constrained or non-negative Least Squares.

The non-linear mixture model, on the other hand, considers the components in an intimate
association or multilayered; thus, the light interacts with more than one component as it is
multiply scattered. While the non-linear model has been proven to be more accurate and more
representative of a real case scenario, linear mixture models still represent a good
approximation, due to their relative computational simplicity with respect to non-linear

algorithms (Bioucas-Dias et al., 2012; Dobigeon et al., 2016).

When the endmembers are unknown or spectral libraries are not available, unsupervised (or
blind source separation) methods can be implemented. In this case, the endmembers and their
fractional abundances are simultaneously estimated. Algorithms based on Non-negative Matrix
Factorization (NMF) are very popular for these kinds of applications (Dobigeon et al., 2016).
The LUMOoS algorithm (McRae, Oleksyn, Miller, & Gao, 2019), proposed in this thesis for

chromophore mapping (see Chapter 4 for further details) is also part of unsupervised methods.

Through the years, more sophisticated algorithms have been adapted from other fields and
optimized for cultural heritage needs. Unsupervised classification methods, such as t-
Distributed Stochastic Neighbor Embedding (t-SNE) (Pouyet, Rohani, Katsaggelos, Cossairt,
& Walton, 2018) and Uniform Manifold Approximation and Projection for Dimension
Reduction (UMAP) (Vermeulen, Smith, Eremin, Rayner, & Walton, 2021) have been proposed
for data reduction and visualization of hyperspectral images of artwork (Picollo et al., 2020).
The wealth of information available from art treatises and scientific investigations has also
allowed researchers to create spectral libraries of painting materials that can be used to
investigate the work of a particular author or a defined historical period. The ground truth
provided by those spectral libraries has allowed experimenting with machine learning-based
classification and unmixing algorithms, which seem to output more accurate distribution maps
(Balas et al., 2018; Deborah, Ulfarsson, & Sigurdsson, 2021; Grabowski et al., 2018; Polak et
al., 2017; Pouyet et al., 2021; Rohani et al., 2018).
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Chapter 3

Summary of included papers

In this chapter, the papers contributing to the thesis are summarized. The summary briefly
reports the objectives, the motivations, and the main findings. As mentioned in the first chapter,
the papers are not organized chronologically but according to the thesis’s narrative, which will
be discussed in detail in the next chapter. The full versions of the publications are available in
Part 11 of the thesis.

3.1 Paper 1: Potential and challenges of spectral imaging for
documentation and analysis of stained-glass windows

Paper 1 starts with a literature review of the main techniques for documenting and analyzing

stained glass, from traditional photography to chemical imaging, to non-invasive and invasive

scientific techniques. After the literature review, a more systematic application of spectral

imaging to stained glass is proposed, discussing the advantages of HSI compared to the other

analytical techniques described in the paper and the challenges to be addressed. The outlined

methodology represents the foundation of the research project presented in this work.

The candidate conducted the literature review and wrote and edited the original draft.

3.2 Paper 2: Comparison of hyperspectral imaging and fiber optic
reflectance spectroscopy for reflectance and transmittance
measurements of colored glass

Chronologically, this work was published in the last year of the PhD. However, according to

the PhD structure outlined in Chapter 1, this paper should be considered the first concerning

HSI applications. This paper, in fact, aims to compare the performance of UV-VIS

spectroscopy and HSI to validate the results obtained from the latter. Instead of stained-glass

panels, fourteen glass pieces of five different colors (green, red, blue, yellow/amber, purple),
with various thicknesses and transparency, were used to facilitate the application of the two
instruments. The measurements were carried out in transmittance and reflectance modes to
investigate the differences and similarities between the two modalities. In the reflectance

modality, a white sheet of paper without optical brighteners was used as a backing material to
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enhance the reflectance signal of the glass pieces. The differences between the two geometries
and the characteristics of the glass pieces are discussed in-depth to show how these factors

influence the quality of the two modalities’ results.

The degree of agreement between the two instruments in the two modalities was evaluated by
comparing the spectra obtained and validated by calculating L*a*b* values and the color
difference AEoo.

The results demonstrated that under standard transmittance mode conditions (ISO 5-2:2009),
HSI could provide results of similar quality as UV-VIS spectroscopy in terms of spectral shape
and intensity, showing the lowest AEqo. In reflectance modality, on the other hand, the spectra
obtained by the FORS showed higher intensity than the hyperspectral ones, especially in the
case of the darkest samples.

In general, compared to the transmittance mode, the reflectance mode did not perform very
well, especially with dark-colored glass, as most of the light was absorbed while traveling twice
through the glass. From the spectral point of view, this resulted in the loss of the chromophores’
characteristic bands. However, the reflectance modality could enhance the intensity of small
peaks in light-colored glass, allowing, for example, better identification of chromium and iron
bands in green glass pieces. In this sense, the results were consistent with the observations
expressed in (Rebollo et al., 2011).

The candidate was responsible for conceptualizing the work, developing the methodology,

acquiring, interpreting, validating the data, and writing and editing the original draft.

3.3 Paper 3: Hyperspectral imaging workflow for the acquisition and
analysis of stained-glass panels

Paper 3 presents a workflow for the imaging and analysis of stained-glass windows in

laboratory conditions. Chronologically, this is the second paper published, describing for the

first time the laboratory setup and the image processing steps for radiometric correction of

datacubes acquired in transmittance.

The paper proposes various applications of HSI for the investigation of stained glass and
focuses on two main aspects: visualization and chromophore identification. A mock-up
stained-glass panel consisting of 100 colored and transparent glass tiles was used as a case

study.
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Regarding visualization, the paper compares the color accuracy of RGB images obtained from
bands selected from the datacube and images rendered from spectral data through color
matching functions and the D65 standard illuminant spectrum. Compared to band-selected
images, the rendered ones show more realistic colors and allow a better appreciation of dark-
colored glass. The spectral rendering methodology was also used to simulate the change in
color of the glass under the D series illuminants representing different moments on the days.
Lastly, the use of IR-false color images as a fast visualization tool was proposed for the first
time. The results shown in the paper demonstrated that this methodology works particularly

well for preliminary discrimination of green and blue glass colored by different chromophores.

Concerning chromophore identification, the paper proved the capability of HSI to distinguish
glass with similar colors but different compositions by showing examples of green glass. The
spectra of two groups of green glass, containing copper, iron, and chromium in diverse
concentrations, were compared to validate the correctness of the IR-false color image results.

Elemental analysis (XRF) results were also provided to support the HSI data interpretation.

The candidate was responsible for conceptualizing the work, developing the methodology,

acquiring and interpreting the data, and writing and editing the original draft.

3.4 Paper 4: A portable setup for hyperspectral imaging of stained-
glass panels

Paper 4 presents a portable HSI setup able to acquire relatively small-sized panels (max 45 x

45 cm). The setup consists of a system of two diffusers and two light sources fixed on an easel

and placed behind the stained glass. The stained-glass panels are kept vertical on an easel and

secured through ethafoam pieces and strings to prevent the artwork from falling. The

hyperspectral camera is mounted on a rotational stage and is placed in front of the stained glass.

The setup was designed at the Colorlab and subsequently developed and tested at the Swiss
National Museum (SNM) facilities. Ten stained glass panels, representative of different
historical periods and glass-making techniques, were analyzed to evaluate the capability of the
setup for acquiring stained glass panels of various sizes and shapes. The system's characteristics
are thoroughly described in the paper, and relevant examples are shown to highlight the
advantages and limitations of the system. One of the main drawbacks of the setup, for example,
is the geometric (radial) distortions visible in the images due to the movement of the rotational
stage. On the other hand, the spectral data are well comparable with the results obtained with

the laboratory setup and consistent with the available literature. Following the same workflow
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proposed in Paper 3, rendered images were provided for data visualization. False color images
were used as a fast tool to identify glass of similar color but containing different chromophores.
Spectra from green and red areas were compared to prove the results from the false color

images.

The candidate was responsible for conceptualizing the work, developing the methodology,
acquiring, interpreting, validating the data, and writing and editing the original draft.

3.5 Paper 5: Acquisition strategies for in-situ hyperspectral imaging
of stained-glass windows: case studies from the Swiss National
Museum

Paper 5 presents the results of an in-situ campaign at the Swiss National Museum. The scope

of this work was to propose strategies to tackle the challenges that can affect the quality of HSI

of stained-glass windows when they cannot be removed from their original location. Two
different scenarios were considered during the imaging campaign. In the first case, the stained-
glass windows are exposed to sunlight, which can be exploited as a light source. The main
challenges in this situation are represented by inhomogeneous illumination and the presence of
buildings and vegetation in the background. In the second case, the stained-glass panels are
located in the windows of an internal wall, and they are not directly exposed to sunlight or

other sources of stable illumination.

The proposed methodology was tested on eight stained-glass panels displayed in windows at
the Swiss National Museum, chosen after discussion with the museum conservators
considering various factors related to the environment and the artwork characteristics. All the
case studies were captured multiple times, selecting different transmittance references for the
pre-processing to evaluate the quality of the HSI datacubes in various conditions. Some panels
exposed to sunlight were imaged before and after placing a diffusing sheet behind the windows
and, in a few cases, acquired at different moments of the day. Regarding the stained glass in
the windows of the internal wall, a lighting setup consisting of a photography light diffuser and

a halogen lamp was developed and tested to perform the acquisitions.

Results from five representative case studies, four exposed to sunlight and one from the internal
wall, are discussed in the paper to compare the different acquisition scenarios (natural vs.
artificial illumination) and provide general recommendations to consider during imaging

campaigns.
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The candidate was responsible for conceptualizing the work, developing the methodology,
acquiring, interpreting, validating the data, and writing and editing the original draft.

3.6 Paper 6: Blind unmixing of hyperspectral images of stained glass:

adapting the LUMOS algorithm for chromophore mapping.
This paper focuses on the image analysis of stained-glass panels acquired with the portable
setup at the SNM Collection Center. The paper proposes a blind unmixing methodology to map
glass pieces colored in a similar way (same group and concentration of chromophores) as an
alternative to traditional approaches (endmember extraction + classification/unmixing). The
advantage of blind unmixing is that it is not required to have a ground truth regarding the object
under investigation, as the endmembers and their fractional abundances are estimated
simultaneously. For this reason, this approach is particularly feasible for stained glass,
especially when the color palette is broad and the information on the glass-making technique
is scarce. The LUMOoS algorithm was chosen among others because it allows searching for
potentially an unlimited number of endmembers. Moreover, its implementation is relatively
straightforward, as the input from the user is minimal.

Two 20"-century stained-glass panels characterized by a complex palette were used as case
studies to test the algorithm's performance. Preliminary results on the most recurring colors
(green and blue; red glass only in the first case study) were discussed to highlight the
advantages and limitations of the proposed methodology. XRF analyses were carried out to

validate the algorithm’s results.

The results demonstrated that the LUMoS algorithm could provide sufficiently correct
abundance maps of those chromophore combinations defined enough to be considered a
specific endmember. The accuracy of the maps was confirmed by spectra comparison of the
glass classified in the same groups. The classification errors could be easily identified and
associated with the too-similar spectral shape of those glass pieces erroneously mapped
together. The complementary elemental information from XRF analyses also confirmed the
correctness of the generated maps and provided additional information on the production
technology of the colored glass. In addition, XRF measurements on both sides of the stained

glass helped identify overlaid (layered) glass that could not be characterized by HSI.

The candidate was responsible for conceptualizing the work, developing the methodology,
acquiring, interpreting, validating the data, and writing and editing the original draft.
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Chapter 4

Discussion

In this chapter, the research outcomes from the papers summarized in the previous chapter will
be discussed, highlighting how successful they were in fulfilling the objectives and answering
the research questions stated in the first chapter. The full details regarding the camera
parameters and setups’ specifics can be found in the published papers. However, general
information will be provided when necessary to compare the performance of the three systems.
The research’s contribution to the imaging and cultural heritage fields will also be discussed at

the end of the chapter.

4.1 Research outcomes

4.1.1 Hyperspectral imaging

Regarding HSI, most of the research focused more on developing the imaging setups (SO1-3)
than image processing. This choice is related to the fact that, as explained in the introductory
chapter, stained glass can be found both in buildings and as detached panels. The two situations
require different specifications, especially concerning the source of illumination available
(natural vs. artificial light). Thus, it was deemed necessary to develop systems that could be
employed in both conditions. The following sub-sections will describe the characteristics and
main advantages, while Table 1 at the end of this section summarizes and compares some of

the most relevant technical aspects of the three setups.

4.1.1.1 Laboratory setup

Chronologically, the laboratory setup was the first to be used. The system has been designed
by the HySpex branch of Norsk Elektro Optikk (NEO)*? to work in connection with the VNIR
and SWIR HySpex push-broom cameras. During the research, the HySpex VNIR-1800 model
was employed; the camera acquires 186 images in the visible and near-infrared (VNIR) range
(400-1000nm) and has a spatial resolution of 1800 pixels across the track. The camera can be

equipped with three different objectives with fixed focusing distances at 30 cm, 1 m, and 3 m;

12 https://www.hyspex.com/hyspex-turnkey-solutions/laboratory-systems/
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if the 30 cm lens is employed, the linear field of view will correspond to around 8 cm across

track.

The laboratory setup consists of a translational stage, fixed light sources, and a support to hold
the camera. The latter can be moved along a pole to adjust the height required by the working
distance (30 cm or 1 m) of the camera objective in use during the measurement. Since the
camera and the light sources are fixed, the image is recorded line by line while the translational
stage moves; the HSI acquisition parameters control the movement of the stage and,
consequently, the speed of the acquisition. In this configuration, the light distribution and
intensity are approximately the same for each recorded line, representing an advantage during
the image pre-processing stage. This way, it can be assumed that the signal collected and
averaged from a few lines can represent the light distribution across the whole field of view.
Thus, instead of collecting the reference over the entire field of view before the acquisition, it
is necessary to include only a portion of the reference material (Spectralon® for reflectance
measurements or a transparent area for transmittance ones) covering the camera’s field of view
to capture the light information on the object. This portion can be used to obtain the reference

spectrum and perform the radiometric correction, according to the workflow shown in Fig.4.1.

* Radiometric Correction Camera proprietary software
* Dark current subtraction

Open source software (Fiji)

Radiance Transmittance
Raw data
data data
____________________________________ 1
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/ ——> o —> diffuser image
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Figure 4.1: Acquisition and preprocessing workflow for HSI performed with the laboratory setup. T =
transmittance, Sy 1 = signal relative to the light transmitted by the object on top of the diffuser. Wy = signal
relative to the artificial reference image created from the averaged spectra of a portion of the diffuser. In this
case, all the pixels at location x, A have the same intensity value. Indices x and A indicate respectively the
spatial and the spectral dimension.

Average and spectrum
extraction from the
selected diffuser portion
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During this step, all 1800 across-track pixels must be included when averaging the lines from
the reference to consider the possible light variation along the lines.

The system was initially meant for reflectance measurements and was subsequently modified
to allow imaging in transmittance (Fig. 4.2).

Figure 4.2: The laboratory HSI setup for a) reflectance measurements and b) transmittance
measurements (notice the white diffusing panel at the center of the stage).

The stage was replaced with a new one equipped with a diffuser panel, large enough to cover
the camera’s field of view, under which a halogen lamp was positioned as the light source.
Before these modifications, some experiments were performed in reflectance mode. This
constraint represented the motivation to study the performance differences between reflectance
and transmittance imaging geometries, which resulted in the publication of Paper 2. The paper
confirmed the observations stated in the work of (Rebollo et al., 2011); the reflectance modality
does not work well with dark-colored glass, as most of the light is absorbed while traveling
twice through the glass. From the spectral point of view, this results in the loss of the
characteristic absorbance band associated with the chromophores in intensely colored glass.
On the other hand, the reflectance modality helps enhance the intensity of weak bands in light-
colored glass, such as iron (Fe**) and chromium (Cr®*), in green glass.

Regarding applications on real stained glass, with this setup, it is possible to safely acquire
panels with a maximum size of 50 x 50 cm. The system’s feasibility for such relatively large
objects was tested on two occasions. The first time, the setup was disassembled and rebuilt at
the old National Museum of Oslo premises to scan four of Emmanuel Vigeland’s stained-glass
panels (Fig 4.3). These panels were made in 1923 and were originally part of a larger stained-

glass window called “God’s spirit and scenes of earthly life with comforting angels”, installed
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in one of the staircases of the museum. The panels were removed during an extensive
restoration campaign in 2019 and stored separately (Nidaros Domkirkes Restaureringsarbeider,
2019). This imaging campaign was a valuable occasion to evaluate the advantages and

limitations of the technique from many points of view.
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Figure 4.3: a, b) the two Vigeland'’s stained-glass panels analyzed at the old building of the National

Museum of Oslo. Notice the darkness of the glass pieces and the presence of a thick patina applied over

all the glass pieces. ¢, d) RGB images rendered from the datacube through color matching function and

a standard illuminant (D65). Note that the brightness has been slightly increased to improve the

visualization of darker colors (e.g., green, blue, and purple).
Concerning the setup, its size, weight, and design were not optimal for transportation. The
disassembling, packing, and rebuilding were highly time-consuming and required the presence
of at least three or four people. In addition, the stage was too narrow to fit the entire panels; a
makeshift support made of cardboard was attached to the stage to solve the issue (Fig.4.4). This
solution was allowed by the museum’s object conservator, thanks to the fact that the stage

moves slowly enough to ensure the safety of the object during the scanning.

The type of light source employed was also an issue: the halogen lamp supplied with the system
is very powerful and emits a considerable amount of heat. This can be harmful to stained glass
since the high temperature could cause the expansion of the different materials at different
rates. Therefore, depending on the state of conservation of the object, alteration, and

detachment of painted surfaces can be generated (Palomar, Agua, & Gomez-Heras, 2018).
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Figure 4.4: Configuration of the setup during the acquisition of Vigeland’s stained-glass panels. An
extended support was used to handle large-sized objects.

An attempt to reduce the temperature was made by positioning the lamp as far as possible from
the stage and turning off the light between every acquisition.

Other complications regarded the objects themselves. Vigeland’s glass-making technique is
characterized by the use of thick and uneven glass pieces and the application of a dark patina
all over the surface of the stained glass (Fig 4.3a and b). These artistic choices have two main
consequences: first, most of the incident light is absorbed, resulting in very underexposed and
noisy images, even after setting a long integration time (43000 us). Second, the signature peaks
of the glass chromophores are altered by the signal of the patina, hindering the data

interpretation process.

For the reasons explained above, very few results could be obtained from these stained-glass
panels in terms of material identification and mapping, also due to the availability of very little
ground truth information on the glass-making technique of Vigeland. Nonetheless, it was a
valuable opportunity to test the limits of the HSI not only from the acquisition point of view

but also from the image processing one.
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With regard to the second experiment, the laboratory setup was used to analyze a mock-up
stained glass panel, kindly lent by Dr. Lindsay MacDonald. The panel was created initially for
camera calibration within the Fairford project (MacDonald & Oldfield, 1996). The dimension
of the panel is 51.5 x 40.5 cm, and it consists of 80 colored and 20 clear glass arranged in a 10
x 10 grid of rectangular glass tiles (Fig. 4.5a). The glass tiles are painted with grisaille and
silver stained yellow in various textures. Thanks to these characteristics, the panel represented

an excellent case study to better understand the potential of HIS.
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Figure 4.5: a) High-quality picture of the mock-up panel used for the second experiment with the laboratory
setup, photographed at a light table (©OLindsay MacDonald). b) RGB image obtained by selecting three
bands (related to red, green, and blue) from the datacube. Note that the last column and last row of the
panel are missing as they were not included in the final stitching. c) Color image obtained by using color
matching function and standard illuminant D65. d) IR-false color image (for more details see section 4.1.2.2).

Fig. 4.6 shows the acquisition conditions of the panel in the laboratory. Also in this case, a
piece of cardboard was used to support the panel portion exceeding the stage. A total of twelve
datacubes were collected to cover the entire panel, but only eight of them were stitched together

(Fig. 4.5b, c, d) for the image analysis.

40



Figure 4.6: Acquisition of the mock-up stained-glass panel in the laboratory.

The first results on this panel were presented at the SPIE Optics for Arts, Architecture, and
Archaeology VIII conference in 2021 and published in Paper 3. The paper proposed a
workflow for image acquisition and preprocessing using the laboratory setup. In addition, it
provided an overview of the results that can be obtained with HSI in terms of data visualization
and material identification. Concerning visualization, the paper highlights the advantages of
exploiting the spectral information from HSI to obtain color images that are more accurate than
those generated through simple band selection from the datacube (Fig. 4.5b). The rendered
image of the test panel (Fig. 4.5c) was obtained by calculating the CIE XYZ values from the
spectrum in each pixel (u, v) of the image (Eq. 9-11):

X(u,v) =k f L (wv; A),x ()d1 (Eq.9)
Y(u,v) =k f L (uw,v; 1),y (A)dA (Eq. 10)
Z(u,v) = k f L (u,v; 2),Z (1)dA (Eq. 11)

where k is a constant so that Y = 100 for a perfectly white surface under full illumination, L
(u,v; A) is the radiance image obtained by multiplying the reflectance image and the chosen

standard illuminant (in this case D65) and x, y, z are the CIE 1931 2° standard observer color
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matching functions. The XYZ values were then converted to the SRGB tristimulus values by

applying the following linear transformation (Eg. 12) to obtain the RGB image:

R 3.2406 —1.572 —4986][X
G|=|-09689 1.8758 0.4986 (Eq. 12)
B 0.0557 —0.2040 1.0570

The entire procedure was performed in MATLAB following the workflow described in (Foster
& Amano, 2019) and the related tutorial.

The article also proposes for the first time the use of false color imaging as a fast tool for
preliminary discrimination of glass with similar color but containing different chromophores

or varying concentrations of the same ones (Fig 4.5d).

Regarding material identification, this paper addresses the benefits of complementary analysis
for thoroughly characterizing stained-glass materials. XRF spectra were used to validate the
grouping of some green glass characterized by a similar appearance in IR-false color images
and similar spectral shapes (Fig 4.7). This topic will be discussed more in-depth in Section

4.1.2 regarding data validation.
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Figure 4.7: a) Rendered color image and b) IR false-color image of the mock-up panel. Two groups of green glass are
highlighted. c and d) HSI spectra of the two identified groups of green glass. Notice that the spectra of tiles 1D and 9E are
slightly different from the others. e and f) XRF spectra of the two identified groups of green glass. The two groups are
characterized by different amounts of Copper (Cu), Chromium (Cr) and Iron (Fe). The presence of lead (Pb) in sample 1D
could be related to the proximity of the lead came to the spot where the XRF point was taken (clear area on the bottom).
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4.1.1.2 Portable setup

The development of a more portable system arose from the necessity of carrying out an
acquisition campaign on stained-glass panels that cannot be moved from their storage location.
In this case, the most significant challenge was to design a more flexible setup that could either
be transported or built easily at the location where the imaging campaign should have been
performed. To test the feasibility of the methodology, a few stained-glass panels stored at the

Collection Center of the Swiss National Museum (SNM) were chosen as case studies.

The first step to improve the portability was to substitute the translating stage with a lighter
system consisting of a tripod equipped with a rotational stage. In this configuration, however,
the camera is the part that moves; thus, it was necessary to create a stable supporting structure
for both the light source and the object. The initial idea, discussed with the museum’s
conservators, was to create a sort of light table that could allow the acquisition of the stained
glass in a horizontal position to ensure the panels’ safety during the measurements. In this case,
as shown in Fig.4.8a, the camera should have been rotated 90° facing down. Unfortunately, the
rotational stage was not designed to work extensively in this configuration due to the camera
weight and the stage motor’s limited power. This limitation led to a malfunctioning of the
rotating stage, which had to be substituted during the imaging campaign. Thus, to carry on with
the analysis in the little time available the first design (Fig. 4.8a) was modified so the stained-

glass panels could be safely kept in a vertical position (Fig. 4.8b).

Figure 4.8: First and second prototype of the portable HSI setup a) before and b) after the
modifications to allow the acquisition of the panels in a vertical position.
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The light-object support was built entirely using materials available at the conservation
workshop of the Collection Center or bought at common hardware shops. The mounting
required the collaboration of three people. The characteristics of the portable setup and the
camera parameters are thoroughly described in Paper 4; nonetheless, it is worth discussing

some aspects to highlight the main differences with the previous setup.

The first difference regards the stage connected to the camera. As stated in the previous section,
push-broom cameras build the image by acquiring one line at a time. When using a translating
stage, the camera is fixed, and the datacube is recorded as the stage supporting the object
moves. This approach allows collecting a potentially unlimited number of lines and,

consequently, a large portion of an object in a single acquisition.

On the other hand, when a rotational stage is used, the datacube is recorded while the camera
moves from one side to another (left to right or vice versa). This way, it is possible to acquire
only around a thousand lines (corresponding to a few centimeters) for a single acquisition
before significant geometric distortions occur. These geometric distortions consist of a
combination of vertical distortion (due to the camera optics) and horizontal distortion (caused
by the camera movement), which affects the aspect ratio of the datacubes. While vertical
distortion requires specific calculations to be corrected, horizontal distortion can be avoided by
taking note of the maximum number of lines that it is possible to acquire before the start of the
acquisition. This task can be performed by acquiring a printed grid of known dimensions to
observe at which point the horizontal distortions start to appear (Fig. 4.9a). In addition, a loss
of focus can be noticed at the edge of the image going toward the scanning direction (Fig. 4.9b),
which appears blurred.

Thus, compared to the results obtained from the laboratory setup, the images obtained from the
portable one can be only considered individually and for the sole purpose of material
identification. The geometrical distortions, in fact, can become an issue when attempting to
stitch two images together (see for comparison the stitched images of the mock-up panel in
Fig. 4.10b and the two single datacubes from one of the SNM case studies in Fig 4.10¢). If the
stained-glass panel has been scanned in two different directions, the overlapping parts will not
match, as the points taken as references are shifted. The loss of focus at one side of the image
represents an additional issue during the stitching process, as the blurring reduces the quality
of the final image (Fig. 4.9b).
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Figure 4.9: a) Printed grid used to visualize the horizontal (blue rectangle) and vertical (red rectangle) distortions. b)
RGB image of the lower part of case study LM-167914 (see Paper 4) obtained by stitching two datacubes. The red and
green rectangles show details of the overlapping areas (blue rectangles) of the two datacubes used for the stitching.
The loss of focus visible in the image on the left (red rectangle) is due to the rotation movement of the camera.
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Figure 4.10: a) High-quality picture of the mock-up panel. b) Rendered color image. Note that the distortions in the
stitched image are minimal and the image proportion is overall respected. d) High-quality picture of case study AG-1170
(© Swiss National Museum). e) Examples of two datacubes recorded putting the panel in a different orientation during
the acquisition. Notice the different aspect ratio of the two images; in this case, the stitching is impossible, unless the
geometric distortions are corrected. c, f) spectra of four green glass (two for each case study in a and d respectively)
with similar composition. In both cases, the spectra are smooth and the bands of the chromophores well identifiable.
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The rotational movement of the camera also influences the radiometric correction process.
Differently from the laboratory setup, in this case, the camera moves while the lights are fixed.
For this reason, it cannot be assumed that the light intensity is the same in all the collected
lines. Thus, the transmittance reference (i.e., the diffusing plate) was recorded across the whole
field of view to account for this issue. This process was repeated four times (in the morning,
midday, early afternoon, and late afternoon) to consider the intensity fluctuation of the light
source during the day. The radiometric correction was performed following the workflow
shown in Fig. 4.11.

* Radiometric Correction ‘ Camera proprietary software ‘
* Dark current subtraction
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data data

‘ Open source software (Fiji) ‘

Raw data

Object Diffuser
Diffuser + Image
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Figure 4.11: Acquisition and preprocessing workflow for HSI performed with the portable setup. T =
transmittance, Sy = signal relative to the light transmitted by the object on top of the diffuser. Wy, =
signal relative to the light transmitted by the diffuser alone, at pixel location x, A. Indices x and A
indicate respectively the spatial and the spectral dimension.

Concerning the lighting arrangement of the portable setup, the main difference with the
laboratory system lies in the implementation of two light sources and two diffusers (Fig 4.8
and 4.12a). The reason behind this complicated system is related to the shape and power of the
halogen lamp employed. These lamps are relatively big (16 x 11,5 cm) and have a line-shaped
light bulb (Fig. 4.12a); this results in a light distribution characterized by a strongly illuminated
area in correspondence with the light bulb and a gradual loss of intensity at the edge of the
lamp (Fig 4.12b). It was decided thus to use two halogen lamps to maximize the light
distribution across the field of view. However, as explained in the previous section, halogen
lamps generate a high amount of heat that can be harmful to stained glass. During the designing
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stage, it was suggested by the museum conservators that the temperature on the surface of the
artwork should have not exceeded 25-30 °C during the acquisitions. For this reason, the double
system of diffusers was developed; this method not only helped reduce the artwork’s exposure
to thermal radiation but also partially improved the light distribution (Fig 4.12b).

Figure 4.12: Real-time saturation map showing the light distribution during the acquisition. The two
red/orange lines (red circles) in the center of the yellow area indicate the position of the bulbs. The saturation
map demonstrates how the use of two lamps (black squares, approximately) improved the light distribution
in the horizontal axis, while the vertical axis is affected by the rectangular shape of the lamps.

The results obtained from the imaging campaign have been presented in two papers (Paper 4
and Paper 6), which separately address two aspects of the research. Paper 4 thoroughly
describes the setup and the image preprocessing workflow for the datacubes recorded with the
portable setup. Spectral data from selected colored glass are also shown to demonstrate the
setup’s capability to identify glass chromophores as correctly as the laboratory setup (see
examples in Fig. 4.10c, f). The abovementioned limitations are addressed as well.

Paper 6, on the other hand, focuses more on identifying and mapping chromophores in two
case studies analyzed with this setup. The paper also briefly addresses the issue of stitching
two datacubes with different aspect ratios and proposes a simple solution to obtain a single
image from separate areas of the object for mapping purposes.
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4.1.1.3 In-situ measurements
The last set of experiments was focused on testing the feasibility of performing HSI on stained

glass in in-situ conditions. It is essential at this point to stress the main difference between
using a portable setup in situ and simply transporting the instrument in another controlled
environment. The definition “in-situ analysis”, in fact, implies that the object under study is

not moved from where it is exhibited.

In the case of the imaging campaign described in the previous section, for example, the panels
were stored at the SNM Collection Center deposit. The instrumentation was transported to the
facility, and the selected case studies were taken out and moved to the chosen room for
acquisition. As shown in the previous section, apart from the differences related to the stage
movements (translational vs. rotational), the acquisition condition of the portable setup can be
considered overall standard, and the results obtained, from the spectral point of view (see Fig.
4.10c, f in the previous section), are well comparable with those obtained with the laboratory

setup.

On the other end, the second acquisition campaign was planned to be carried out in the rooms
of the Swiss National Museum itself, where the stained-glass panels are part of the museum’s
windows. Many factors had to be considered during the planning phase; first, the presence of
other works of art displayed in the room limits the space to place or move the equipment
around. For this reason, the lightness and compactness of the instrument were the first
characteristics to be evaluated. The second aspect was the source of illumination available; in
most cases, solar radiation was used, as the majority of the stained-glass panels were exposed
to sunlight (Fig. 4.13a, ¢). However, two stained-glass panels were also chosen from a window
in an internal wall, which required the development of an artificial illumination system to

perform the acquisition (Fig. 4.13b, d).

In light of these considerations, it was decided to use a Specim 1Q hyperspectral camera instead
of the HySpex VNIR-1800. Similar to the HySpex VNIR-1800, the Specim IQ is a push-broom
camera, but the scanning process is performed through internal mechanisms (Picollo et al.,
2018). For this reason, this camera is more compact and easier to transport, as it does not require
any particular stage and can be fixed to any tripod used in a photography studio. In addition,
the camera does not need to be connected to any computer or power supply since it is battery-

charged.
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Figure 4.13: a, ¢) HSI of stained-glass pa;yéls exposed to sunlight. b, d) HSI of stained-glass panels in

windows of an internal wall. Notice the lighting system made of a studio light and a diffusing fabric.
However, the counterpart of this portability is the quality of the datacubes obtained. Compared
to the Hyspex VNIR-1800, the image size is very limited. Since the objective of this camera
has no focus limit, the image’s resolution depends on the distance from the object. Most of the
time, the camera was positioned at a distance of around 50 cm to capture the entire stained-
glass panel, which meant the loss of the finest details of the stained glass (usually in the order
of half a millimeter). The Specim camera is thus not ideal for high-quality documentation
purposes; nonetheless, its resolution is still good enough to distinguish different colored areas

that can be selected for the identification of chromophores, which was successful in most cases.

The limitations, in this case, depended on the presence of vegetation in the background, the
illumination variation, and the transmittance reference selection during the image processing
step. Regarding the first two points, the issues were easily solved by applying a diffusing sheet
of baking paper behind the stained glass. This solution allowed minimizing the vegetation’s
signal covering the characteristic peaks of the chromophores and reduced the effects of

inhomogeneous light.
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Concerning the latter point, it is necessary first to explain how the SpecimlQ processes the
data. Unlike the Hyspex VNIR-1800, which outputs raw or radiance data (depending on the
camera settings), the SpecimlQ immediately converts the data in reflectance (in this case,
transmittance) before saving the image. This step is performed by selecting an area considered
the reference within the imaged scene. As explained in Chapter 2, in reflectance measurements,
this reference can be a white Spectralon® tile which is known to have a perfect reflectance at
each wavelength. In transmittance, on the other hand, it is only possible to assume that the
chosen transparent area has a perfect transmittance. Transparent glass produced in antiquity
was less pure than contemporary ones and could still contain traces of impurities (e.g., iron and
cobalt) from the raw material (Meulebroeck et al., 2021; Meulebroeck, Wouters, et al., 2010).
As demonstrated in Paper 5, these impurities can absorb light at specific wavelengths causing
errors during the radiometric correction process. It was thus decided to acquire multiple images
of the same stained-glass panels using different transparent areas as reference (Fig. 4.14) to

solve the issue. The results obtained are discussed more in-depth in Paper 5.
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Figure 4.14: a-b) Pictures showing the areas chosen as transmittance reference (in green) for acquisitions #4 to #12 of
the case study AG-1177. Acquisition #4 and #9 (a, d), #6 and #12 (b, e), and #7 and #10 (c, f) were processed using the
same glass pane. g-i) Comparison of blue glass spectra obtained from the pair of datacubes processed using the same
glass pane as reference. The noisy area in the NIR range (dotted line rectangle) is correlated to atmospheric oxygen.
Notice how the band of Fe?* tends to disappear when the radiometric correction is performed using a transparent area
inside the stained-glass panel as the reference. Fig. 14a shows the points where the spectra were taken.

Concerning the two stained-glass panels exhibited in the windows of an internal wall, the most
significant advantage was the possibility of using a stable light source instead of solar radiation.
This way, the issues related to light variation and noise from the atmosphere signal could be
eliminated. Nonetheless, the necessity of developing a proper setup to diffuse the light

represented a challenging task.

As shown in Fig. 4.13b, d, the lighting setup used in this work consisted of a single halogen
studio light positioned facing the center of the object under study. The light is diffused by a
diffusing fabric commonly used in photography studios, held by a makeshift stretcher and two
poles. The studio light and the diffusing fabric were placed at a long distance from each other
(70 cm) and from the object (60 cm) to improve the light distribution across the field of view.
However, this was not sufficient to obtain a perfectly diffused illumination. It can be noticed
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in Fig. 4.15b, c that the light distribution was characterized by an intensely illuminated area
gradually losing intensity at the edges. Moreover, the difficulties in keeping the diffusing textile
well stretched also contributed to the sub-optimal lighting conditions, as the folds generated by

the fabric’s lack of rigidity contributed to causing shadows within the field of view.
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Figure 4.15: a) Close-up picture of case study LM-749, showing the points selected for the spectra comparison. b, c)

Pictures showing the areas chosen as transmittance reference (in green). d, e, f) Comparison of spectra obtained

on the left and right side from acquisitions #7 and #6 for three selected colors (blue, yellow, and green).
Fig. 4.15d, e, f show examples of spectra from three selected colored glass panes. In this case,
the spectra are smoother, and the red-infrared region is unaffected by atmospheric oxygen
noise. On the other hand, the abovementioned phenomenon related to the choice of the
reference glass pane is still occurring, causing a loss of intensity of the cobalt and ferric iron

characteristic bands.

4.1.1.4 Answering RQ1

What are the best setups and acquisition parameters for good-quality HSI of stained glass?
Can HSI be used to successfully analyze and document stained glass in different scenarios
(e.g., laboratory, museum depots/conservation laboratories, in-situ...)? What are the
advantages and limitations of each case?

As discussed in the previous section, three imaging setups with different characteristics have
been used during the project to deal with specific acquisition conditions. In order to answer the
first research question, the main differences between the three setups are reported in Table 1

for a straightforward comparison.
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Max object
dimension

Camera model

Max datacube
spatial
dimension (in
pX)

Max area
imaged (in cm)

Spectral range

Spectral
Resolution

Light source

Diffusing
system

Standard
geometry
compliant

Reference
collection

Radiometric
correction

Distortions

Laboratory

50 x 50 cm
HySpex VNIR-1800

1800 (across-track) x oo
px (potentially)

~ 8 cm (across-track)

400-1000 nm

186 channels

Halogen light

Diffusing glass panel (8
mm thickness)

Yes

Collection of a few
representative lines
from the reference.

Manual

No

Portable
50 x 50 cm

HySpex VNIR-1800

1800 (across-track) x
1600 px (along-track)

~ 8 (across-track) x 7 cm
(along-track)

400-1000 nm

186 channels

Halogen light

Diffusing glass panel (8
mm thickness) +
Diffusing acrylic plate (3
mm thickness)

Approximately

Collection of the
reference image for the
entire field of view.

Manual

Yes

Table 4.1: Summary table of the most relevant technical information of each setup used during the PhD project.

In-situ

Potentially unlimited.

Specim 1Q
512 x 512 px

Depends on the distance from
the object. 15 cm is the
closest distance between the
camera and the object.

400-1000 nm
204 channels

- Sunlight

- Halogen studio lights
(stained glass on inner
walls)

- Diffusing sheet

- Diffusing fabric (stained
glass on inner walls)

-No

- Approximately (stained
glass on inner walls)

Collection of a transparent
area as the reference.

Automatically performed by
the camera before saving the
image.

No.

From this comparison, it can be concluded that every setup has advantages and limitations, and
it would not be correct to try to establish which one should be considered the best. In most
cases, the choice is constrained by the size and location of the stained glass, and often it is
necessary to compromise between data quality and portability. Concerning the documentation
aspect, the main advantage of HSI over traditional RGB photography is the high spectral
resolution. As shown in Section 4.1.1.1, the hundreds of spectral bands finely sampled across

the electromagnetic spectrum allow obtaining a continuous spectrum from which it is possible
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to create an image that is colorimetrically more faithful and able to discriminate between
metameric colors (i.e., colors that are perceived the same, but have different spectral

responses).

However, it is worthy of mention that the rendered images are solely based on the transmittance
values of the stained glass, without taking into account other phenomena such as specular
reflection occurring on the glass surface (see for example the dark blue and green glass tiles in
Fig. 4.5a, ¢). Thus, these images are not representative of the global appearance of stained

glass.

On the other hand, hyperspectral cameras are known to have a limited spatial resolution, related
to an intrinsic trade-off between the spectral and spatial sensitivities of the sensor (Dobigeon
etal., 2016). RGB cameras generally provide images of higher spatial resolution and are more

flexible in adjusting the optics to capture images at long distances from the object.

To better visualize the finer details in hyperspectral images a solution could be to record and
stitch together multiple datacubes taken at a closer distance. However, this procedure must be
performed carefully to avoid stitching distortions. Otherwise, superresolution techniques could
be considered to improve the spatial resolution of HSI. It consists in fusing an RGB image with
an HSI datacube to obtain an image with both high spatial and spectral resolution (Lanaras,
Baltsavias, & Schindler, 2017). The methodology is quite popular in the remote sensing

domain, and it could be worth exploring in the field of cultural heritage in the future.

4.1.2 Data validation
The data validation aspect was addressed from two points of view: validation of the spectral
data (SO4) and validation of the materials identified using complementary analysis (SO5). The

related research questions (RQ2 and RQ3, respectively) are answered briefly below.

4.1.2.1 Answering RQ2

From the spectral point of view, does HSI allow obtaining comparable results to the available
technologies (UV-VIS-NIR spectroscopy)?

In light of the results obtained and published during the PhD, it is possible to demonstrate that
the spectral data produced by HSI are consistent with those shown in the literature regarding
UV-VIS-NIR spectroscopy. This statement is also concretely proved by the experiments
presented in Paper 2, where the performance of HSI and UV-VIS-NIR spectroscopy are
compared. Besides being comparable, the two techniques can also be complementary. A

limitation of HSI compared to spectroscopy is the shorter spectral range in the UV region. In
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this sense, the spatial dimension of HSI can be exploited for mapping the distribution of glass
colored with different chromophores, while the extended range in the UV (and also in the NIR,
depending on the instrument models) can be exploited to confirm the presence of those

chromophores whose spectral band are located at the extremes of the HSI’s spectral range.

4.1.2.2 Answering RQ3

What kind of information can HSI provide? Can it be recommended for accurate material
characterization? Can it help to select the correct areas for additional point analysis or
sampling?

Before answering this question, it is essential to stress that, in general, a single analysis is not
sufficient to obtain a complete characterization of the artwork under study. A multi-analytical
approach should be implemented when possible. During the PhD project, the results obtained
by HSI were often supported by XRF analysis to get additional information on the glass
composition and confirm the metal oxides used as colorants detected by HSI. From this point
of view, the two techniques can be defined as complementary in the true sense of the word.
Thanks to HSI, for example, it was possible to easily identify chromophores such as cobalt or
chromium, whose detection by XRF is often difficult. Indeed, since they are usually present in
little or trace amounts, their concentrations can be below the instrument's detection limit. In
addition, in the case of cobalt, its characteristic peaks partially overlap with the signal of iron,
which is present in higher amounts in most glass (Meulebroeck et al., 2021; Rebollo et al.,
2011). However, since these two chromophores have a high molar extinction coefficient
(Meulebroeck et al., 2021), their characteristic absorbance band are usually well visible in HSI

spectra.

On the other hand, XRF can provide valuable information on the composition of the whole
glass (matrix and colorants). It can be used, for example, to confirm the presence of
chromophores whose absorbance bands overlap with others, such as Cr¥, Fe*', and Cu?
(Rebollo et al., 2011). The glass' global composition can help characterize the raw materials;
consequently, it is possible to estimate the provenance and age of the glass if the glass surface
is not too corroded and statistically relevant data are available for reference. In addition, the
elements forming the glass matrix can also have a role in the glass’s final color by influencing
the chromophore elements’ reduction or oxidation (Hunault & Loisel, 2020; Meulebroeck et
al., 2016; Thiemsorn et al., 2008). Practically, this can result in a shift in the position of the
signature absorbance bands in the HSI spectra (Ceglia et al., 2012; Fornacelli et al., 2018).

From the qualitative point of view, the shifts of the peaks are generally minimal and do not
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hinder the identification of chromophores. However, observing these subtle shifts can be used
to formulate hypotheses about the composition of the glass, which can be confirmed by means

of XRF or other analytical techniques.

HSI can also be used to rapidly assess the areas to choose for XRF measurements, exploiting
the possibility of selecting a combination of spectral bands to create false color images. The
most common example is the IR-false color method (described in detail in Papers 3 and 4),
which consists in substituting an image’s red, green, and blue channels with the infrared, red,
and green ones, respectively. The image obtained in such ways shows “false” colors related to

the material's response in the IR region.

The technique works particularly well for green and blue glass since they are the ones that
show the most variation in composition, especially in the NIR range, as demonstrated by the
results obtained with the mock-up stained glass panel (see Fig. 4.7 Section 4.1.1.1). However,
it may fail to distinguish between colored glass with a similar spectral shape, despite its
different compositions and hues (see examples in Fig. 4.16). If subtle differences can be noticed
in the spectra, other bands in the NIR, red, and green range can be selected by looking at the
wavelengths where these differences are visible, which could help distinguish the glass pieces

with similar colors and improve the visualization.
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Figure 4.16: a) RGB and b) IR-false color image from case study LM-167924 (SNM Collection Center).
Notice how the blue sky on the left of the mast show a very similar color to the green decoration of
the mast, despite the different color in the RGB image and chemical composition. c) comparison of
spectra from the two areas. The three lines indicate the wavelengths associated with the band chosen
to create the false color image.
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Concerning real case studies, false-color images were exploited during the XRF analyses of
the stained-glass panels stored at the SNM Collection Center to visualize areas with possible
similar compositions quickly. Thanks to this approach, it was possible to make a first selection
of the areas to investigate and avoid the collection of too many XRF spectra of glass with the
same composition. Additional points were collected when it was necessary to double-check the

hypothesis on the relative concentration of the chromophores present in a glass.

In this sense, XRF was beneficial in revealing particular combinations of chromophores or
artistic choices in stained glass making. The case of the two Luis Halter’s stained-glass panels
presented in Paper 6 is an excellent example. For instance, by acquiring XRF on the back and
the front of one of Halter’s stained-glass panels, it was possible to discover that two green glass
pieces with identical spectra were actually “overlay” glass pieces, made of multiple distinctive
layers (at least two) with different compositions. As shown in Fig. 4.17d (adapted from Paper
6), two of the four XRF spectra (the front side of Green2, red line, and the back side of Green3,
orange line) overlap perfectly, hinting at a very similar, if not identical, elemental composition.
On the other hand, the other two XRF spectra are entirely different. In particular, the front side
of Green3 (blue line) shows a considerable amount of cobalt compared to the back side of
Green2 (pink line). It is not easy to explain why the two glass pieces show an almost identical
spectral shape despite the apparent different chemical compositions. While XRF was crucial to
discovering the existence of double layers in the glass used by Halter, additional and possibly

invasive techniques are required to better understand the glassmaker's artistic preferences.

In light of these observations and the results published in Papers 3, 4, and 6, it is possible to
conclude that the HSI can be a valuable instrument for the non-invasive characterization of
stained-glass windows. When used as a stand-alone technique, HSI can provide an overview
of the combination of chromophores used to color the glass and the distribution of specific
colored glass pieces across the stained-glass panel. The results obtained can be integrated with
other non-invasive or invasive techniques. In this sense, the spectral information from HSI can

help the conservators select areas that require further investigation.
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Figure 4.17: a) RGB image of case study LM-167914 (SNM Collection Center)created from the datacube
through band selection. b) IR false color image c) LUMoS maps of red, green, and blue glass sections
combined in a single image. d) XRF spectra of two green glass e) HSI spectra of the green glass.

4.1.3 Hyperspectral image analysis: a work in progress.
Apart from the technical limitations of the setups described in the previous sections, the most

significant challenges are not as related to the acquisition phase as to the image processing one.

Chromophore identification and mapping, for example, are complex tasks for several reasons.
Since stained-glass windows consist of many parts with distinct optical properties, the
interaction of these parts with light can cause considerable spectral variability. This
phenomenon occurs as a variation of the spectral signature of an endmember due to
illumination variations or intrinsic properties of the materials (Borsoi et al., 2021). For
example, lead cames and grisaille, which are opaque, are characterized by multiple spectra due
to the scattering of light on the surface; thus, their distribution is usually separated into several
distinct maps. If the grisaille is thin and the color is still visible below the layer, the combination
“colored glass + grisaille” will also be classified as a different component. This spectral
variability represents a significant obstacle when defining and extracting the effective number
of components (endmembers) in the stained glass.
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The first step in dealing with the challenge of mapping stained-glass components was
exploiting the IR-false color method described in the previous section. This method works well
for a quick overview of the stained-glass palette. However, proper image processing algorithms
are necessary to correctly visualize the distribution of glass colored with the same types and

amount of chromophores.

For stained glass, choosing between a classification or an unmixing approach is not a
straightforward task. Unlike paintings, stained glass windows are mostly made of separated
pieces of glass of a single color given by a defined combination of chromophores. For this
reason, no mixing between different components occurs unless a light grisaille, stained yellow,
or enamel paint is applied on the surface of the colored glass to depict details. Thus,
classification methods seem to be the most reasonable choice for chromophore mapping. A few
classification attempts were made following the approach described in Section 2.2.2
(endmember extraction + classification): NFINDR (Winter, 1999) was chosen as the algorithm
for the endmember extraction step, but Pixel Purity Index (PPI) (Boardman et al., 1995) was
also tested. Spectral Angle Mapper (SAM) (Kruse et al., 1993) was used for the classification.
The implementation of these algorithms was performed by using the MATLAB® Hyperspectral

imaging toolbox®,

The endmember extraction step was carried out in two ways. In the first one, without specifying
the number of endmembers, the algorithm output a vast number of endmembers’ spectra. Most
were just redundant spectra of the same endmember or not physically meaningful. The resulting
maps were often complicated to interpret due to the presence of too many endmembers, which
often belonged to the same component but were mapped separately. In the second case, the
number of endmembers to extract was estimated by visual inspection of the panel under study,
followed by a spectra comparison to ensure all the endmembers were considered. In this case,
the endmember extracting algorithms failed to detect a few components identified by the
previous visual inspection while others were repeated; thus, the obtained maps showed

misclassified areas due to missing endmembers.

Unsupervised unmixing (or blind source separation) algorithms were considered to evaluate
whether these methods could yield better results. As explained in Chapter 2, the advantage of
unmixing compared to classification is the assumption that the signal in a pixel is the result of

a linear combination of a few pure components and their fractional abundances. The

13 https://se.mathworks.com/help/images/hyperspectral-image-processing.html
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unsupervised unmixing approach was chosen as the preferred methodology because it
simultaneously estimates the endmembers and their abundances without going through the
endmember extraction process and without the need for a ground truth regarding materials used
in the object studied. As stated in the previous paragraph, it is not really possible to talk about
unmixing in stained glass since each color is well-defined and separated by the lead cames
(apart from the few abovementioned exceptions). However, it has been noticed that
unsupervised unmixing seems to perform exceptionally well, even with stained glass. While
some classification errors are still evident, the unmixing approach seems to be more flexible in
identifying the subtle color variation within the same glass piece due to inhomogeneous

chromophores concentration, allowing to partially overcome the issue of spectral variability.

In this sense, the LUMOoS algorithm (McRae et al., 2019), described in Paper 6, represented a
successful choice, also considering the complex palette of the stained-glass panels chosen as
case studies. The algorithm could provide sufficiently corrected abundance maps of those
chromophores’ combinations defined enough to be considered a specific endmember (see Fig.
4.18).

The classification errors could be easily identified and associated with an underestimation of
the endmembers effectively present or the too-similar spectral shape of those glass pieces
erroneously mapped together. Nonetheless, the results shown in Paper 6 are promising. Its use
could be encouraged in future applications of HSI on stained glass, both as a stand-alone

algorithm or even to prepare a spectral library for supervised methods.
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Figure 4.18: a) RGB image of case study LM-167924 created from the datacube through band selection. b)
LUMoS maps of blue glass sections combined in a single image. The lookup tables and the associated
endmembers are provided on the left. c, d, e) spectra of the identified endmembers.

The use of spectral libraries of known materials was also considered. However, this approach
is not very feasible for stained glass. Since the color in the glass is not given by pigments or
colorants with fixed recipes but by a combination of chromophores, creating a spectral library
would require considering all the combinations of oxides, furnace temperature, and atmosphere
for all the existing colors. It is worth mentioning that creating such a library was planned at
some point during the PhD. During the first visit to the SNM Collection Center, 811 glass
pieces with an extensive range of colors were acquired with HSI, in addition to the ten stained
glass panels. These 811 glass pieces were donated to the Swiss National Museum by the Atelier
Halter, a stained-glass restoration workshop based in Bern. The spectra obtained from these
811 pieces should have been used to build a spectral library for supervised classification,
possibly taking advantage of machine-learning approaches. Unfortunately, the manual
processing of these data was too time-consuming, and it was decided to put this part of the
research aside.
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4.2 Research contributions

As stated in the first chapter of the thesis, the research on hyperspectral imaging of stained
glass is minimal compared to other categories of artworks. The work carried out during the
PhD had two main contributions: expanding the existing literature on the topic and sparking
the interest of other researchers working in imaging and cultural heritage. Concerning the first
point, the published papers present examples of successful hyperspectral imaging applications
in different environments, even in suboptimal lighting conditions, providing valuable
background material to researchers interested in working on this topic in the future. The second
point was proven by the many positive and encouraging comments received during
dissemination activities and presentations at international conferences. In addition, Paper 1
has been cited in two other works related to HSI of stained-glass windows (Caron, Kessy,
Mukaigawa, & Funatomi, 2022; Funatomi et al., 2022). This positive outcome indeed
encourages further work on the topic, which will be discussed in the following chapter about

conclusions and future perspectives.
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Chapter 5

Conclusion and perspectives

5.1 Conclusion

The work presented in this thesis aimed to explore the potentialities of HSI for analyzing
stained-glass windows. Since the research so far on the topic is scarce, the main contribution
of this project has been to demonstrate the feasibility of HSI in analyzing stained glass under
different conditions. The laboratory and the portable setup were respectively adapted and
developed for the purpose, allowing to obtain spectral results comparable to UV-VIS-NIR
spectroscopy, a technique extensively used to identify chromophores in glass. However,
compared to spectroscopy, HSI offers the additional advantage of getting spatial and spectral
information that can be exploited to understand the distribution of the colored glass without the

need to take a point at a time.

Concerning in-situ measurement, the work carried out at the Swiss National Museum was a
valuable opportunity to study the challenges related to the illumination conditions of the stained
glass (exposed or not exposed to sunlight), as well as the influence of the background and the
purity of the glass chosen as reference. This part of the research represents the first time that

the in-situ analysis of stained glass is performed in such a systematic way.

Image analysis solutions for automatically identifying and mapping stained glass components
were also roughly explored. Besides the traditional classification methodologies, unsupervised

unmixing approaches were also investigated, which showed promising results.

In light of the results obtained, it is possible to state that this thesis represented a pioneer work
regarding the use of HSI for the analysis and characterization of colored glass. The advantages
of the technique demonstrated in this work could encourage more extensive use of this
technique on stained-glass windows, as it happens for paintings and manuscripts. The

following section suggests some research prompts that would be worth exploring in the future.
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5.2 Perspectives

e Improving acquisition setups for high-quality documentation and change monitoring.
Documentation and change monitoring are two important research topics that should be
investigated further. Currently, the laboratory setup is the most reliable in producing high-
quality data in terms of image proportions and spectral information. Thus, the use of this setup
can be encouraged for documentation purposes. As demonstrated by Paper 2, the color
rendering from spectral data provides more accurate color images than traditional RGB
cameras, especially in the visualization of dark-colored glass. In addition, IR-false color images
could be integrated into conservation reports as a fast tool for discriminating colored glass
obtained with similar chromophores. Cameras working in the SWIR range should also be
explored, both in transmittance, to support the chromophore identification, and in reflectance

mode, to investigate degradation products.

However, only stained-glass panels that can be safely moved to the laboratory and are small
enough to fit in the translational stage can be analyzed with this setup. For this reason, it would

not be possible to perform routine analyses for the change monitoring.

For this purpose, the portable setup was developed, as it could be moved, for example, to
conservation laboratories or museum depots. The setup proposed in this thesis allowed for
obtaining satisfying results during the acquisition campaign at the Collection Center of the
Swiss National Museum. However, at the current stage, the geometric distortions in the images
limit the use of this technique as a documentation tool since the images’ proportions are not
realistic. Further work should thus focus on either solving the issue of distortions through
suitable algorithms or developing a setup based on a translational stage to avoid the problem
altogether. Of course, the setup should have a sturdy design and be easy to disassemble and

transport to the desired location.

Concerning the in-situ analysis of stained-glass windows, the imaging campaign at the Swiss
National Museum was a valuable learning opportunity. From this experience, it was possible
to learn how to tackle issues that can affect the quality of the results, such as illumination
variation, the influence of the background, and the purity of the transparent glass chosen as a
reference. On this specific occasion, many factors contributed to easing the acquisition
campaign. First of all, the case studies analyzed were relatively easy to access. The tripod used

could reach most stained-glass panels, and a small table was enough to get the optimal height
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when necessary. Second, plenty of transparent glass panes could be chosen inside and outside
the stained glass panel as a reference to perform the radiometric correction, so that it was
possible to take multiple acquisitions and select the best result. In addition, the possibility of
opening the window and applying a diffusing sheet behind the panels represented a great
advantage in improving the quality of the spectra.

From this description, it is clear that these favorable conditions are rare and may not truly
represent scenarios of other case studies. For this reason, to evaluate the feasibility of HSI in
more challenging situations, the technique should be tested on stained-glass panels of huge
windows, such as those in churches or other secular buildings, where, for example, perfectly
transparent areas may not be available. Developing a system to mitigate the variation of
sunlight in these conditions should also be considered. For example, a methodology similar to
that described in (MacDonald & Oldfield, 1996) could be implemented.

Concerning in-situ imaging, it is also worth considering situations where stained-glass
windows are not exposed to natural sunlight. The two stained-glass panels integrated into the
internal windows of the Swiss National Museum, for example, required the development of an
alternative lighting system. The solution proposed in Paper 5 allowed recording datacubes of
moderate quality, but a more efficient lighting system is necessary. Particular attention should
be given to the light diffuser, which should be rigid and flat, preferably. Lastly, it would be
worth exploring the analysis of stained-glass windows displayed in museums by means of light

boxes to evaluate how the light chosen as illumination would influence the acquisitions.

¢ Image analysis: exploring new classification/unmixing approaches.

As discussed in the previous chapters, a few attempts were made to achieve a successful
chromophores mapping. The lack of earlier studies on the topic represented a considerable limit
in selecting the best algorithm to perform this task. In the case of stained glass, one of the main
issues is the lack of ground truth regarding the combination of chromophores used to reach the
desired color. While the number of chromophore elements is limited, the combination of the
same elements can give different hues depending on the concentration, the furnace temperature,
and the atmosphere. Visual inspection can not always be sufficient to clearly understand the
palette, especially if the panels have been restored using modern pieces of similar color. In
addition, the presence of many components of different materials (glass and metal), the color

inhomogeneity within the same glass piece, and the superimposition of grisaille layers of

65



various thicknesses favor the phenomenon of spectral variability due to the way they interact
with the incident light.

Unsupervised unmixing approaches, such as the LUMoS algorithm presented in Paper 6,
represented a successful solution to deal with the abovementioned challenges. In addition, its
implementation as a Fiji plugin is a great advantage since no programming skill is required to
run the algorithm, which could facilitate its diffusion within the cultural heritage community.
The results demonstrated that the LUMoS algorithm could be considered a useful tool for
preliminary chromophore mapping in stained glass. However, a better understanding of the
relationship between each glass component (glass, metal, and “paint layers™) could help
develop a more robust solution for image analysis of these artworks.

Another aspect worth exploring is the possibility of exploiting spectral libraries, an option more
and more popular for pigment mapping in paintings and manuscripts. The 811 pieces of colored
glass analyzed with HSI at the Swiss National Museum have also been characterized with XRF,
making a rough ground truth available for each sample. These glass pieces could thus represent
a starting point to evaluate the use of supervised approaches to perform the classification task.
In addition, the vast palette of these colored glass pieces could become a valuable set of
references for the researchers working in the field since spectral data are relatively scarce and

representative of a few historical periods.
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Abstract

Stained-glass windows are very particular artifacts; they
not only have an intrinsic artistic and historical meanings, but
also a functional role, strictly connected to the buildings where
they were originally placed. The investigation of these artifacts
is a challenging research opportunity, due to their optical,
chemical and physical characteristics. However, these
properties could change with time, depending on the raw
materials used, or due to exposure in a very aggressive
environment. For this reason, developing imaging techniques
that  could  both digitize  and  document  the
morphological/chemical changes of these objects, would solve
two important issues: first, it would be possible to obtain a
digital model of the object, ensuring the preservation of the
objects for the future; second, it would be possible to get
information on the materials employed, the ways they change
with time, and how these changes modify the final appearance
of the artwork.. In this paper a proposal for a more systematic
application of spectral imaging to stained glass is presented,
discussing challenges and potential of the technique.

Introduction

Stained-glass windows are very particular artifacts; they not
only have an intrinsic artistic and historical meanings, but also a
functional role. They were built to close gaps in the architecture
and at the same time the images, as well the chosen color palette,
were designed to communicate stories or represent themes
closely connected to the buildings where they were originally
placed. The context in which stained glass are found is extremely
important: the mounting technique, the materials and
technologies employed to produce and color the glass can give
many information on the resources and knowledge available in a
certain historical period or geographical region [1-4].

From the material point of view, the investigation of these
artifacts is a challenging research opportunity, due to their
optical, chemical and physical characteristics. Stained-glass
windows are made of many components, which together
influence their general appearance: their integration in the
building structure is guaranteed by a wooden or metallic frame;
supporting bars (ferramenta) are added on the external side to
give stability to the panels; the lead cames form the constructive
framework that connects the glass pieces together in a firm but
elastic way, and constitute the outlines of the depicted images;
the colored glass, lastly, allows the light to enter the building and
creates fascinating effects depending on the color palette and the
external and internal illumination conditions. The coloration of
glass pieces could be obtained in many ways, to create a variety
of artistic effects: exploiting impurities (naturally-colored glass)
or adding oxides (pot-colored glass), and then controlling
temperature and atmosphere in the furnace to change the
oxidation state of the chromophores, and get the desired color;
using metallic nanoparticles; fusing thin layer of colored glass

on the surface of a transparent glass (flashed glass); painting the
surface with vitreous paint or enamels. Grisaille, a brown/black
vitreous paint, was often applied on the glass surface to add fine
details in the scene represented [1, 5-8].

Stained glass, however, can be very fragile, and their
appearance could change with time, depending on the raw
material used and/or due to exposure in a very aggressive
environment. The presence of pollutants and strong variation in
temperature and humidity, favors the development of weathering
crusts on the surface, which modifies the transparency of the
glass. Consequently, the optical properties are affected, and it
becomes difficult to understand the image represented, if the
weathering layer is highly developed [7, 8]. For this reason,
developing imaging techniques that could both digitize and
document the morphological/chemical changes of these objects,
would solve two important issues: first, it would be possible to
obtain a digital model of the object, ensuring the preservation of
the objects for the future; second, it would be possible to get
information on the materials employed, the ways they change
with time, and how these changes modify the final appearance of
the artwork.

In this sense, spectral imaging could be a valuable tool: this
technique allows obtaining spatial and spectral information
simultaneously. The spectral data, by means of suitable
algorithms, allows the visualization of the distribution of the
materials in the object [9]. However, the reported use of this
technique for stained-glass windows is quite limited, probably
due to difficulties in finding proper acquisition methodologies to
deal with the transparency of these artifacts. Here, a proposal for
a more systematic application of spectral imaging to stained
glass is presented, discussing its challenges and potentials.

The paper is organized as follows: first, a review of past
works made in the field of imaging and image processing is
presented. Then a brief overview of the most common analytical
techniques employed in the field of Cultural Heritage for
analysis of stained-glass windows is showed. The objectives of
the project are stated, comparing the possible outcomes from
spectral imaging vs. traditional analysis and discussing potential
and challenges of the research presented. Lastly, a small section
is dedicated to the presentation of preliminary works carried out
on commercial and historical case studies.

Imaging techniques: a review

In this section, image acquisition and processing
methodologies applied to stained-glass windows are presented,
including both traditional RGB photography and spectral
imaging.

RGB photography acquisition and processing
Documentation of stained-glass windows has traditionally
been performed with analog cameras and, more recently, with
digital cameras. Photographic documentation is a fundamental
step in every conservation campaign and must be done before



and after any treatment, to document any change happened or
happening on the artifact. Suggestions for accurate technical
documentation were proposed in [10]. The paper describes the
most common issues in photographing stained glass, and
presents a methodology developed specifically to deal with these
issues and obtain high quality pictures. For example, the paper
proposed an innovative way to control the external light, by
using an illuminated panel based on a commercial photographic
'soft box” place outside the window to be scanned. The selected
illumination source was a 500-watt tungsten-halogen flood light.
A methodology for camera characterization specific for
photography of stained-glass window has been proposed in the
same paper and more details are provided in [11]. A pair of
custom glass color checkers (a test and a training set) were built
and employed for the purpose; the checkers are built including a
large number of colored glass used in medieval times, with
colors ranging from very dark to very light, to mimic the high
dynamic range of a real stained glass. A way to control the
illumination during the acquisition was proposed within the
digitization campaign at Fairford Church. Other works have been
done to improve the quality of acquisition and archival
procedures; the research of the European project VITRA
(Veridical Imaging of Transmissive and Reflective Artefacts),
carried out from 2002 to 2004, was focused on “developing a
practical method for the acquisition, storage and visualization of
high-quality images of architectural details in historic
buildings”, including stained-glass windows. The acquisitions
were carried out by means of a robotic arm remotely controlled,
which allowed to reach higher areas (up to 15 m). In this way, it
was possible to obtain high resolution images of those areas
usually difficult to capture from the ground, avoiding loss of
details and image distortions. The imaging of stained-glass
windows was performed in transmittance using natural light, and
many pictures were collected in different exposures to deal with
the high dynamic range of the stained glass [12]. On the image
processing side, investigations have been conducted to highlight
relevant features [13], to correct defects [14] and to remove
unwanted features such as shadows coming from the background
or from the supporting bars [6], as well as to perform rendering,
relighting and virtual restoration [15, 16].

Spectral imaging applications

Compared to RGB photography, application of spectral
imaging on stained-glass windows is very limited. At the best of
the authors’ knowledge, only two papers exist in literature on this
specific topic. The first one involved the analysis of the stained-
glass windows of the Scrovegni Chapel (Padua); the panels were
removed from their original place and acquired in laboratory
under controlled illumination, namely transmission and double
transmission mode [17]. In the transmission mode, the light
sources were simply placed at the opposite side of the camera,
while in double transmittance the camera and the lights were
placed at the same side, and a scattering white support was
placed below the stained glass to be scanned. The latter solution
was proposed for stained-glass panels which could not be
acquired vertically, and actually yielded better results for light-
colored glass pieces. While spectral images are not available in
the paper, they showed that results from the two methodologies
were complementary and they were able to identify most of the
chromophores [17]. The second paper, published in 2019,
presented the first hyperspectral acquisition of stained-glass
windows in situ [18] . In this case, the window was kept in its
place and the analysis was performed in passive mode, using the

solar radiation coming through the window as light source. The
mapping of the colorants used for the glass pieces in the windows
was then performed wusing Spectral Angle Mapper, a
classification algorithm widely used for hyperspectral
applications in the field of Cultural Heritage. Despite some
limitation due to changing in the light conditions during the day
and effect of external background (i.e trees) on the lighter
colored glass, the analysis showed promising results, especially
when comparing and mapping the spectral results of glass with
same color and composition but with different transparency [18].

Another imaging technique worthy of mention is Macro X-
Ray Fluorescence (MA-XRF); it is also called “chemical
imaging”, as the image obtained is made of many points
collected with an X-ray fluorescence spectrometer which is
connected to a moving stage and scanned over the surface of the
painting at a given step size. The result is a datacube, like the
hyperspectral one, where every pixel contains information
regarding the elemental composition of the material under study.
The datacube can then be treated with a suitable software which
allows to create maps of elements (or combination of elements)
to estimate which kind of material (i.e pigments or colorants)
was employed by the artist. While MA-XRF is very popular for
the study of paintings, it is still quite limited for the study of
stained glass. Only two paper have been published so far, in 2016
and 2019 [19, 20]. In both cases the analysis was carried out in
laboratory. Despite the few applications on stained-glass
windows, the results obtained are very interesting, especially to
distinguish ancient glass pieces from modern ones, to understand
how the color in glass was reached, and to detect glass alteration.
An interesting result highlighted in the first paper is worthy of
mention: the possibility of understanding how the color was
obtained in the glass, by scanning both surfaces and comparing
them. If a specific chromophore element appears on only one
side, then it is possible to guess that the colorant was painted on
the back of the glass panels, instead of being added during the
glass production.

Scientific analysis of stained-glass
windows: a brief review

Regarding the determination of the conservation state of
stained-glass windows, scientific analysis usually involves a
combination of invasive and non-invasive techniques. Invasive
techniques are called as such because they require the collection
of small samples from the surface of the artifact, which may be
kept for further analysis or destroyed in the process, depending
on the kind of technique employed. Most of these analyses must
be performed in laboratory, and sometimes they require very
specific facilities (i.e XANES, which requires the access to a
synchrotron) [3].

Non-invasive techniques, on the other hand, do not require
samples and are sometimes portable, which allow to perform
analysis in situ. They have become very popular in the last years,
especially for preliminary investigation of composition and
conservation state of the stained glass and are often enough to
get the necessary information without requiring further invasive
techniques [21].

In the table below the most used scientific techniques
employed for the analysis of stained-glass windows are listed;
for each technique, a brief description is given regarding the kind
of information obtainable and the level of invasiveness is
specified.
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Table 1: List of scientific techniques

Analytical Invasive Information given
technique
Fourier Transform | Yes/no Molecular; degradation
IR spectroscopy (depending | products. [22, 23]
(FTIR) on the
analysis
mode)
Particle induced No Elements; quantitative
X-ray emission information of major,
(PIXE) minor and trace
elements. [22-25]
RAMAN Yes/no Molecular; colorants
spectroscopy (depending | and glass components;
on size of degradation products
the object); (results may vary from
can be lab instrument to
portable portable ones). [26, 27]
Scanning Electron | Yes Elemental;
Microscope quantitative
(SEM); information on major,
sometimes minor and trace
coupled with elements; microscopic
electron observation of the
microprobe topography of the
(EPMA) surface; semi-
quantitative
information on the
distribution of
elements on the
surface. [28, 29]
UV-VIS-NIR No; can be Molecular;
spectroscopy portable information on
(absorption/ oxidation states and
reflectance) ; coordination of
Fiber Optic colorants (UV-VIS-
Reflectance NIR) and degradation
Spectroscopy mechanisms (NIR). [3,
(FORS) * 25, 30-32]
X-ray Absorption | Yes Elemental; oxidation
Spectroscopy state of chromophore
(XAS/XANES) elements in glass. [3,
30, 33, 34]
X-Ray No; can be Elemental; qualitative
Fluorescence portable information on major,
spectroscopy minor and sometimes
(XRF) trace elements (results
may vary from the lab
instrument to the
portable one) [35, 36];
possibility of element
mapping in MA-XRF
configuration.
X-Ray Diffraction | Yes Molecular;
(XRD) identification of
corrosion products [37,
38].

The proposed methodology

The methodology presented here will aim at extending the
use of hyperspectral (and multispectral) imaging for the
documentation of stained-glass window. Since hyperspectral
imaging can be considered a combination of spectroscopy (see

table 1*) and imaging, the purpose of the research will be to
investigate advantages and disadvantages of employing these
techniques to acquire simultaneously spectral and spatial
information. At the moment, the project has two main objectives:
firstly, improve the acquisition and image processing
methodology; applying spectral unmixing techniques to obtain
maps of the different glass components, validated using other
non-invasive techniques (i.e. XRF). In a later stage, integration
of the data obtained, and virtual restoration will be also
considered. These objectives will aim to answer different
research questions, discussed in detail in the following
paragraphs, and developed from this literature review.

Acquisition methodology

As discussed in the previous section on imaging techniques,
many works have been done in studying the correct acquisition
conditions for RGB cameras, but little has been done for
hyperspectral imaging; one of the purpose of this research,
within the framework of the CHANGE-ITN project, will be then
to study the different situations in which the stained glass are
either exhibited, in a museum, in situ (either in high or low
places) or in laboratories and restoration workshops. Depending
on the location of the stained glass, it is expected that the lighting
condition will be more or less controlled; this aspect will be
taken into consideration to understand how much it will be
possible to control the illumination directly in situ, like in [10],
and how much it will be necessary to correct afterwards during
the image processing stage. Once the methodology has been
defined, then it could be possible to apply it to similar objects,
such as reverse glass painting.

Image processing and validation with scientific
analysis

One of the main purposes of the project is also to determine
the materials and the techniques employed to produce the
stained-glass windows.

To fulfill this objective, employing spectral imaging has a
great advantage; with hyperspectral imaging, the possibility of
getting a spectrum in each pixel of the image will allow the
detection and mapping of colorants and alteration products
distribution. This information can be extremely useful to
highlights the use of different colorants to obtain certain shades
of the same color, or to identify areas where original pieces have
been substituted during restoration with modern glass. Also, it
will be possible to detect areas more prone to degradation or
more exposed to pollutants or strong variation of atmospheric
conditions. While multispectral imaging does not always allow
to obtain a complete spectrum (depending on the spectral bands
available in the camera), this technique has the advantage of
being easier to carry and cheaper than a hyperspectral system.
For this reason, it could be a valuable instrument for a
preliminary investigation, especially in situ. In order to extract
information from the datacube several algorithms will be
investigated to understand which one could be more suitable for
the purpose. For example, one of the tasks of the project will be
to compare the performance between classification methods
(such as Spectral Angle Mapper) and the less known, at least in
the field of Cultural Heritage, unmixing algorithms. Hopefully,
using unmixing algorithms will allow, not only to understand an
eventual superimposition of colored glass and vitreous paint, but
also it will help to deal with unwanted features in the image such
as shadows from ferramenta or background.



Potential and limitations of spectral imaging

As already mentioned, one of the main advantages of using
spectral imaging is the possibility to obtain at the same time,
spatial and spectral information. Also, the technique is totally
non-invasive and the possibility to be carried in situ is surely an
added value.

The possibility to map the different typologies of glass and
the presence of degradation products, could be certainly useful
to conservators, especially for windows still in situ that cannot
be removed, or that are difficult to reach. For example, with
spectral imaging it could be possible to highlight areas restored
with new glass, filled fractures, as well as to determine the areas
more sensitive to weathering, distinguish between different
alterations, and understand how those degradation products are
distributed on the surface. The maps obtained then could be used
to help the establishment of a condition report before carrying
out a new restoration campaign.

However, some limitations are to be taken into
consideration; first, with respect to RGB images, spectral
datacubes (especially the hyperspectral ones) are way more
complex to analyze, due to their high dimensionality (both
spatial and spectral). For this reason, it is expected that pre-
processing and processing of data will not be as straightforward
as for RGB images[39].

Regarding chemical information, it is clear that the use of
spectral imaging alone will not be able to answer all the research
questions posed by conservators. For this reason, the use of other
non-invasive techniques is already considered to validate the
spectral imaging results. However, employing only non-invasive
techniques may be another limitation itself; while it has been
demonstrated that UV-VIS-NIR spectroscopy is able to
substitute destructive techniques like XANES to identify
chromophores by their oxidation state [30], some other
information are obtainable only by taking samples, as most of the
portable instruments proposed for validation can give only
surface information. This may be a limitation, for instance, when
trying to understand the colorant distribution within the glass or
to determine glass composition, which very often vary between
the surface and the deeper part of the glass, depending on the
presence of weathering layer and its thickness.

Nonetheless, spectral imaging represents a valid non-
invasive solution to have a general understanding of the work of
art. In addition, the spectral maps themselves could be useful for
a correct identification of sampling areas, by showing the points
where the collection of samples could be more significant.

Preliminary works

Preliminary studies have been performed both on
commercial (modern) and historical stained-glass panels. The
panels were scanned with a HySpex VNIR-1600 pushbroom
hyperspectral camera. The camera works in the visible and
infrared region, in the range between 400 and 1000 nm. The
image is built line by line keeping the camera and the light source
fixed, while a translational stage moves beneath. The
acquisitions were performed in transmittance as well as in
reflectance, in order to understand whether it was possible to
obtain complementary information (i.e glass composition and
deposition of degradation products on both surfaces). In
reflectance mode, the glass panels were acquired placing a white
diffuser sheet under the stained glass and keeping the traditional
lighting system for reflectance (two light sources at 0-45),
similarly to [17]. On the other hand, in transmittance mode the
stained-glass panels were positioned above a white diffuser panel

large enough to cover the field of view of the camera, and located
in the middle of the translational stage; in this set-up, a halogen
lamp was positioned under the stage, in correspondence with the
diffuser panel, so that the light could shine through it and the
stained glass. Despite some difficulties, these preliminary tests
showed promising results and were extremely useful to
understand some of the challenges that need to be addressed in
the future. For example, modification of the lighting set-up for
the transmission mode is planned, in order to improve the spatial
distribution of the light over the diffuser panel and decrease the
heat coming from the halogen lamp, while trying to improve the
obtainable spectral signal even for very dark stained-glass
windows.

Publication of complete results on the historical stained
glass is planned in the near future.

Conclusion

The aim of this paper was to present a proposal of a research
project with the aim of exploring the use of spectral imaging for
the documentation of stained-glass windows. To clarify the
purpose of the project, a review of existing literature regarding
application of imaging techniques (RGB and spectral) on
stained-glass windows has been shown. In addition, scientific
techniques used for the analysis of stained glass have been
described to show which kind of information can be retrieved
with invasive and non-invasive techniques. Lastly, potential and
limitation of these techniques have been presented, explaining in
which way spectral imaging could add information or substitute
destructive analysis for some specific tasks.
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Abstract: The work presented in this paper is part of a wider research project, which aims at docu-
menting and analyzing stained glass windows by means of hyperspectral imaging. This technique
shares some similarities with UV-VIS-IR spectroscopy, as they both provide spectral information;
however, spectral imaging has the additional advantage of providing spatial information, since a
spectrum can be collected in each pixel of the image. Compared to UV-VIS-IR spectroscopy, spectral
imaging has rarely been used for the investigation of stained glass windows. One of the objectives of
this paper is, thus, to compare the performance of these two instruments to validate the results of
hyperspectral imaging. The second objective is to evaluate the potential of analyzing colored-glass
pieces in reflectance modality and compare the results with those obtained in transmittance, in order
to highlight the differences and similarities between the two approaches. The geometry of the systems
and the backing material for the glass, as well as the characteristics of the glass pieces, are discussed.
L*a*b* values obtained from the spectra, as well as the calculated color difference AE, are provided,
to show the degree of agreement between the instruments and the two measurement modalities.

Keywords: stained glass; UV-VIS spectroscopy; hyperspectral imaging; colorimetry; transmittance
measurements; reflectance measurements

1. Introduction

The work presented in this paper has been carried out within a wider research
project [1], which aims at documenting and analyzing stained-glass windows by means of
hyperspectral imaging. Hyperspectral imaging (HSI) can be considered as a combination of
conventional imaging and UV-VIS-NIR spectroscopy. The technique is based on the acquisi-
tion of many images finely sampled across a portion of the electromagnetic spectrum, and,
as a result, a full spectrum can be obtained in each pixel of the image, providing information
on the materials used as well as their distribution across the artwork under study.

UV-VIS-IR spectroscopy is a well-established technique for the identification of the
coloring agents (chromophores) in stained glass windows, whereby the specific absorbance
peaks in the spectra can be analyzed and interpreted [2-23]. This information allows for
understanding the mechanisms responsible for the color of the glass, which can provide
important insights into the technological development in glass production during a par-
ticular historical period or geographical region. The use of hyperspectral imaging, on
the other hand, is quite limited, and very few works have been published so far on the
topic, especially in comparison to the literature available for other typologies of artworks,
such as painting and manuscripts [24-27]. Since stained glass is transparent, one of the
main practical challenges is to have access to setups that can measure in transmittance.
In addition, the setup should be easily, as stained glass windows are usually located in
buildings and can be difficult to access without scaffoldings or other supports. The easiest
solution, and the most widely used [25-27], is to perform the acquisition by exploiting
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solar radiation as light source. However, variations of light distribution throughout the
day, as well as the presence of external structures (vegetation, buildings, etc.) might affect
the spectra.

Nonetheless, the possibility of having simultaneous spatial and spectral information
in HSI can represent a great advantage when analyzing large surfaces such as stained glass
windows, compared to spot measurement. In light of these considerations, we recently
presented a laboratory setup to perform transmittance hyperspectral imaging of stained
glass panels [28].

It is important to highlight that while the detector technologies of HSI and UV-VIS
spectroscopy are essentially the same, the two instruments have different optical config-
uration (array vs. spot measurement) and measurement geometry. One of the objectives
of this study is, thus, to evaluate the use of HSI for the analysis of stained glass windows
by comparing the results obtained with this technique to those from UV-VIS spectroscopy,
following standard geometric recommendations for measurement in transmittance [29-31].
Note that the results from the HSI will be considered only from the spectral point of view,
while the spatial dimension will not be taken into account.

Another aim of the paper is to compare the results of two different acquisition modali-
ties: transmittance and reflectance. Traditionally, color measurements of glass are carried
out in transmittance mode [30]. Measurements in reflectance are less common; nonetheless,
they can be helpful in revealing some properties of the glass under study. In this case, a
non-spectrally selective, diffusing surface with high reflectance can be used as a backing
material to enhance the reflectance signal of the glass pieces [24,31].

Depending on the transparency of the glass and the surface characteristics, the dif-
ferences between the results in the two modalities could be interpreted as effects of the
surface condition of the colored glass, as can their optical properties.

In this paper, 14 pieces of colored glass have been used as a case study. To compare
the results, the geometry of the systems, the characteristics of the glass pieces, and the
effects of the backing material for the reflectance measurements will be discussed. The
spectra obtained in reflectance and transmittance will be shown together, to visualize the
differences in shape and intensity between the two modalities.

CIELAB L*a*b* values and the color difference AE, between the two modalities
and the two instruments will be provided for the selected glasses, to show the degree
of agreement.

2. Materials and Methods
2.1. Glass Samples

For the experiment, 14 pieces of colored glass, provided by the restoration workshop
of the Nidaros Cathedral (Trondheim, Norway), were used (Figure 1). Glass pieces were
preferred to real case studies, to facilitate the measurement of transmittance and reflectance
as well as the comparison of the instrument configurations.

The glass pieces are modern glass used for restoration purposes, characterized by
different thicknesses and surface roughnesses, which strongly influence the intensity and
quality of the signals obtained. All the glass pieces are colored in body, except for the
red ones; these latter samples consist of two layers, a thinner red layer over a thicker
transparent one, consistent with the recipes to create red-colored glass in antiquity.

2.2. Instrumentation
2.2.1. Metrology

The measurements were made using two instruments, a spectrometer and a hyperspec-
tral camera. The Ocean Optic USB2000+ spectrometer (denoted FORS below), is equipped
with a fiber-optic connector between the measurement probe and the spectrometer entrance
port, with a diffuser mounted over the probe. The hyperspectral camera used for the study
was a HySpex VNIR-1800, developed by Norsk Elektro Optikk AS. Figure 2 shows the
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respective geometries of the two instruments and the measurement modalities employed,
while Table 1 reports the specifications of the instruments.
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Figure 1. Glass samples photographed on a light table (credits to Ottar A.B. Anderson at SEDAK).

a ¢ b
. U A~ O
SR \L/S S
gp f ~ ] DL ]
«—
Scanning direction I Scanning direction
Sk
¢ d
FOS
. Q
Q cc FOS -
—J
L
CcC
S
D [ ]

Figure 2. Schematic of the geometry for each instrument and measurement mode: (a) hyperspectral
camera (reflectance), with the lights positioned at 45° (L) and the camera objective normal to the
sample (S), which lays on the backing paper (BP). The standard reference (SR) is acquired together
with the sample. In transmittance mode, (b) the light source is positioned below a diffuser panel (D),
on top of which lies the glass sample in direct contact. The transmitted light is collected by the camera
(C). (c) OceanOptics USB2000+ in reflectance mode and (d) in transmittance mode; the fiber-optic
spectrometer (FOS) is equipped with a cosine corrector (CC) to diffuse the light.
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Table 1. Instrument specifics.

OceanOptics USB2000+ HySpex VNIR-1800
Type of instrument Spectrometer Hyperspectral camera
Type of measurement Point analysis Line scanning
Spectral range 180-890 nm 400-1000 nm
Spectral sampling 0.38-0.39 nm (2048 channels) 3.26 nm (186 bands)
Reflectance:directional, 45:x:0  Reflectance:directional, 45:a:0
Geometry

Distance from sample
Spot size

Light source

Transmittance: Diffuse efflux
Around 0.5 cm

A few pm
Tungsten-Halogen (Thorlabs)

Transmittance: Diffuse influx
30 cm
Arbitrary selection of an area
in the image
Tungsten-Halogen

Two Spectralon references, one with 99% diffuse reflectance and one with 50% diffuse
reflectance, were used to perform radiometric calibration for the OceanOptic USB2000+
and the hyperspectral camera, respectively.

The HySpex VNIR-1800 is a push-broom system, which means that the image is built
line by line as the translation stage moves, while the camera and the light source stay fixed
(Figure 2). This aspect is fundamental when performing the radiometric calibration; since
the camera acquires one line at a time, it can be assumed that the signal collected and
averaged from a few lines is representative of the light distribution across the whole field
of view [32]. For this reason, only a small portion of the Spectralon reference was included
in the image and used to calculate the reference spectrum. The radiometric-calibration step
was carried out through the open-source software Fiji [33], following a procedure similar to
that described in [28].

The reflectance was calculated as follows:

Vs

Rg =
VRef

*PRef 1)

where Rg is the sample reflectance, Vg and Vg are the samples and the Spectralon radiance,
respectively, and P is the certified-reflectance spectrum of the Spectralon reference,
provided by the manufacturer. The dark current is automatically collected by the instrument
in the beginning of the image acquisition.

In the case of HSI, radiometric calibration from radiance to transmittance was per-
formed by simply dividing the radiance spectra of the sample by the radiance spectra of the
diffusing panel (considered as reference), following the procedure described in [28]. With
regards to the OceanOptic USB2000+, the reference was obtained by taking a measurement
without the sample, collecting all the light coming from the light source, which was diffused
by the cosine corrector. The radiometric calibration for the transmittance measurements
was then calculated by dividing the spectra of each sample by the reference.

Since the calibration methods are different, some variation between the measured
reflectance and transmittance spectra is expected, considering also that no calibration
treatment was performed to improve the data. In all cases, the spectra were collected at the
center of the glass pieces, where the glass was as homogeneous as possible.

2.2.2. Reflectance: Backing-Material Selection

For transmissive or translucent materials, the reflectance signal is strongly affected by
light from the obverse. An alternative approach is to measure with only air as background,
but in the proposed setup the sample is lain on a surface, and then the reflectance of
this surface through the glass inevitably affects the signal. To overcome this issue, a non-
spectrally selective backing substrate (perfect white diffuser) can be used to calibrate the
reflectance. In the field of cultural heritage, a similar approach has been used in the work
of Rebollo et al. [24] to analyze the stained glass windows of the Scrovegni Chapel (Padua,
Italy). The influence of backing material on the result of reflectance measurements is
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an important aspect that must be considered when working with transparent materials.
According to the ISO 13655:2017 standard recommendations [31], the backing material
should be free of optical brighteners, in order to avoid unwanted artifacts in the spectra,
especially in the UV region. The backing material for reflectance measurements was, thus,
carefully selected to be as compliant as possible with the recommendation proposed in the
ISO 13655:2017 standard. Two paper sheets were compared for the purpose: the first one
is a commercially available inkjet paper, while the second one is a IGT Reference paper
C2846 [34].

The two sheets were analyzed with the OceanOptic USB2000+ spectrometer before
the beginning of the experiment. Note that in this case the intensity range is between 0-100
because the data were collected directly in reflectance using the spectrometer software.
For the rest of the experiment, on the other hand, the reflectance was calculated manually
from radiance data. The measurements were repeated placing one of the green-glass pieces
(Green 1) over each sheet. Green 1 was selected for this part of the experiment due to its
specific peak in the UV region, which is the most influenced by the effects of composition
and treatment of the paper. It can be noticed that the reflectance of the inkjet paper sheet
(Figure 3, gray dotted line) drops at around 350 nm which may be related to the presence
of optical brightener, consequently leading to artifacts in the reflectance spectrum of the
green glass.

100

- - -inkjet paper
-=--greenl

——IGT Reference paper
C2846

Reflectance Factor (%)

—green 1

300 400 500 600 700 800
Wavelength (nm)

Figure 3. Effects of the backing material are clearly visible in the spectral shape of the sample Green
1, especially in the UV region. The peak at around 380 nm is visibly distorted when the first type of
paper is used as background.

2.2.3. Complementary Analysis

XRF analysis was performed by means of a Thermo Scientific Niton XL3t handheld
XRF spectrometer, equipped with a silver anode and a GOLDD detector. The acquisition
time was set at 120 s and the voltage at 40 kV for each measurement. Note that the
instrument is not equipped with a program for glass analysis, and the measurements were
performed in Cu/Zn mining mode. Moreover, the measurements could not be calibrated
against glass standards as they were unavailable. For this reason, the results obtained must
be considered only from a qualitative point of view. The Niton NDT software was used
for the spectra interpretation. Three points were collected across the surface of each glass
piece, to verify the homogeneity of the glass. The exact positions of the points are shown in
Figure 515, available in the Supplemental Material.

2.3. FORS and HSI Performance Evaluation

To evaluate the performance of the two instruments, the CIELAB L*a*b* values and
the color difference AE were calculated as suggested in ISO/TS 23031 for the inter-model
agreement [35]. To calculate the L*a*b* values, the spectral data were first converted to
XYZ, using the CIE 1931-2° Standard Observer Color Matching Function and CIE standard
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illuminant D65 [36]. L*a*b* values were obtained using the formula in CIE 15:2004 [30],
using the D65 reference white values for X, Y, and Z. The formula was implemented in
MATLAB through the Color Engineering Toolbox [37].

The color difference AEg was calculated using the CIEDE2000 formula [30,38,39]
through the same toolbox [37], setting the USB2000+ as reference, both for transmittance
and for reflectance. The reproducibility of the measurements was not evaluated.

It is worth mentioning that there is no ground truth for these glass samples; their
optical properties and composition have not been measured quantitatively yet, and the
interpretation of the spectra could be only made by comparing the results with the existing
literature and qualitative pXRF analysis. For these reasons, the color differences have only
been reported, and no statistical treatment has been performed on them.

3. Results

The result section is divided into two parts. In the first part, the chromophores
responsible for the color of each glass piece are discussed, to show how these elements
influence the color of the samples. Results from qualitative XRF analysis are used as
supporting information; the chromophore elements identified are summarized in Table 2
for each glass piece, listed in reverse order of their contribution to the color formation. XRF
spectra of each sample are provided as Supplementary Material (51-514). Some results for
the darkest samples were omitted (two of the blue glass) because they were considered too
noisy and not significant. The results of the two amber samples were included in the same
plot, since they have the same composition.

Table 2. List of elements contributing to the color of the glass samples ordered from the most to the
least abundant.

Chromophores
Green 1 Cr, Cu, Fe
Green 2 Fe, Cr, Mn (decoloring), Cu
Green 3 Mn (decoloring), Fe
Blue 1 Cu, Fe, Co, Mn (decoloring)
Blue 2 Fe, Mn (decoloring?), Cu, Co
Blue 3 Cu, Fe, Mn (decoloring?), Co
Red 1 Red layer: Cu. Uncolored layer: Fe, Min (decoloring)
Red 2 Red layer: Cu, Sn, Sb. Uncolored layer (?): Fe, Mn (decoloring)
Red 3 Red layer: Cu, Sn, Sb. Uncolored layer (?): Fe, Mn (decoloring)
Orange Fe
Amber 1 and 2 Mn (decoloring), Fe
Purple 1 Mn (colorant), Fe
Purple 2 Mn (colorant), Fe, Co

In the second part, the glasses L*a*b values from each instrument and modality,
together with the color difference AEq, are reported.

3.1. Chromophore Identification
3.1.1. Green Glass

All the spectra of the green samples show a good agreement and are very easy to
identify. The reason behind this good agreement may be that, compared to the other
samples, the green glasses are relatively thin and present a very flat surface with almost no
defects. The presence of bubbles inside the glass does not seem to create interference as it
was possible to find areas without them for measurements.

Sample Green 1 and Green 2 (Figure 4a,b) show a similar spectrum, with an absorption
band centered at 450 nm and two bands at around 658 and 686 nm, which are characteristic
of chromium (Crs*) [17,20,22,24,40]. A third band is barely visible at around 638 nm,
especially in the reflectance modality.
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Figure 4. (a) Spectra comparison for sample Green 1; (b) spectra comparison for sample Green 2.

Sample Green 2 appears to contain a higher amount of iron, suggested by the more
pronounced absorption band at the end of the NIR region [22], which is confirmed by XRF
analysis. The band in the NIR region usually has a maximum at around 1100 nm (out of
the range of the instruments) and is associated with iron as Fe?*, which gives a yellow
color to glass [12,16,18,22,41,42]; this explains the more yellowish appearance of the sample
Green 2, and, consequently, the highest values of b* among the three green samples.

The spectra of the Green 3 (Figure 5) sample on the other end are very different from
the others. In this case, the color is given only by iron.

Green 3

Reflectance or Transmittance factor

350 450 550 650 750 850 950
Wavelength (nm)

——FORS ——FORS (Transmittance) ——HSI HSI (Transmittance)

Figure 5. Spectra comparison for sample Green 3.

Here, iron is present both as Fe?* and Fe®*, as suggested by the three small absorption
bands at 380, 420, and 435-440 nm, associated with Fe3*, and the broad band of Fe2* in the
NIR region [12,16,18,22,41,42]. Fe3+ gives a blue color to glass. Thus, the pale-green color
of the glass is due to the redox equilibrium between Fe3* and Fe?* species. Manganese, in
its oxidation state Mn?", also has an absorption band at 420 nm, which in some papers is
referred to as the Fe/Mn complex band [11,12,16,18,22,41,42]. Since Mn?* is uncolored, it
could have been used as a decoloring agent.

3.1.2. Blue Glass

The three blue-glass pieces are characterized by a very dark color, and, consequently,
the magnitudes of the spectra obtained are very low, especially in the case of samples Blue
2 and 3. These two glass pieces are among the thickest samples in the group and also have
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a very rough surface. In reflectance mode, it is difficult to distinguish the signature peaks
of the coloring agents used; in this case, transmittance measurements are more helpful as
the characteristic bands become more visible. Note that the FORS’ reflectance results for
sample Blue 2 and HSI's reflectance results for samples Blue 2 and 3 were discarded, as
they did not provide satisfying results. For this reason, the color difference was calculated
only for the Blue 1 sample, as it was the only one that gave sufficiently good spectra for all
the instruments.

The shape of the spectra suggests that the three samples were colored using a distinct
combination of chromophores. This is confirmed by the XRF analysis, which identified
cobalt, copper, and iron in different concentrations. The three signature bands of cobalt
(Co?*) at around 530-540, 590-600, and 650-670 nm can be observed in Blue 1, while in
Blue 2 and 3, the last two bands are barely visible [3,12,16,20,24,40,43] (Figure 6).
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Figure 6. (a) Spectra comparison for sample Blue 1; (b) spectra comparison for sample Blue 2;
(c) spectra comparison for sample Blue 3.

The absorption band centered at around 780-790 nm in samples Blue 1 and 3 suggests
that copper could have been used as an additional coloring agent as Cu®* [3,15,16,20] and
probably in higher concentrations in sample Blue 1, as confirmed by XRF analysis.

3.1.3. Red Glass

The production of red glass is very different from the other type of colored glass.
Obtaining a red glass in the past was challenging, as even a small amount of colorant in the
glass body was enough to produce a deeply colored glass, too dark to be employed in a
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window [2]. To overcome this problem, the red color was achieved by adding a thin red
layer made of copper nanoparticles over a transparent one. This could have been made in
two ways, by alternating multiple thin red layers and transparent ones (feuilletes) or by
applying a single red layer over a thicker colorless glass (plaques) [44-46]. The glass pieces
studied in this paper belong to the second category. The red layers of these samples are
characterized by different hues and thickness, going from a thin, pale red layer (Red 1) to a
thicker and darker one (Red 3).

Sample Red 1 (Figure 7a) is the only one among the three red glass that clearly shows
the characteristic absorbance bands related to the surface plasmonic resonance (SPR) of the
copper nanoparticles (at around 565 nm) [3-6,10,19,20,24,45] and the one at 430 nm, which
could be related to isolated Cu’ atoms [3,5,24]. This is especially visible in transmittance
mode. In Red 2 (Figure 7b), only the band at 565 nm is visible, while the one at 430 nm is
completely absent. The reason behind this is not clear yet; the available literature suggests
that it could be related to variation in the roughness of the red layer [4], the size of the
copper particles, the annealing temperature during the formation of the colored layer, or its
chemical composition [14,47].

Red 1 Red 2
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Figure 7. (a) Spectra comparison for sample Red 1; (b) spectra comparison for sample Red 2;
(c) spectra comparison between the two layers of Red 1.

In addition to copper, the presence of Fe?* in both samples can be inferred by the
presence of its absorption band at 1000 nm, which is more intense in sample Red 1 [10,19,20],
even if XRF analysis detected a higher amount of iron in sample Red 2. Most probably, Fe?*
does not contribute to the red color of the thin layer but could be present in the colorless
layer (which appears slightly yellowish) as an intentional addition or impurity. In the case
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of Red 1, this conjecture seems to be confirmed by comparing spectra taken from the red
layer and the transparent layer (Figure 7c). Unfortunately, a similar comparison could not
be made with sample Red 2, as there are no areas where the transparent layer is accessible.

The Red 3 sample (Figure 8) is quite different from the other two glass pieces: it shows
a more significant difference between the reflectance and the transmittance spectra, not
only in intensity but also in shape.

Red 3
0.3

Reflectance or Transmittance factor

950

Wavelength (nm)

——FORS —FORS (Transmittance) ——HSI HSI (Transmittance)

Figure 8. Spectra comparison for sample Red 3.

In reflectance modality, for example, an additional band appears at around 680-700 nm,
while in transmittance, the absorption band of the copper nanoparticles is shifted toward
longer wavelengths, at about 630 nm.

Red 3 has very low and sometimes negative values of CIELAB b*, hinting at a more
bluish hue compared to the other two red-glass pieces. Bring and Jonson [14] suggest
that the presence of antimony (as Sb3*) and tin (as Sn?*) can play an important role in
the coloring process of the red layer. A significant amount of antimony and tin has been
found in Red 2 and 3 by XRF, with Red 3 having a lower quantity of antimony than Red 2;
according to Bring and Jonson a smaller concentration of Sb>* can give a deep red color with
a bluish tint to the glass [14]. This observation seems to be consistent with the combined
results from the FORS, HSI, and XRF for Red 3. Nonetheless, additional quantitative or
semi-quantitative analyses are necessary to confirm this hypothesis.

It is also interesting to notice how the L* value from the fiber spectrometer in trans-
mittance is extremely low (see Colorimetry subsection). This is probably caused by the
great thickness and dark color of the red layer, which may have prevented the light from
being transmitted through the sample, generating a very low signal. On the other hand,
the L* values obtained in reflectance are relatively high, indicating that the first surface
reflectance of sample Red 3 has a higher contribution. However, the data obtained with the
HSI show an opposite trend, with the two values of L* (reflectance and transmittance) being
almost comparable. This likely arises from the different optical designs of the instruments.

3.1.4. Orange and Amber Glass

The spectra of both orange and amber samples show differences in intensity and shape
when comparing the results obtained in the two modalities (Figure 9).

For the three glass pieces, more than in other samples, the absorption bands of the
spectra collected in transmittance shift to shorter wavelengths with respect to those acquired
in reflectance, hinting at a more yellowish color. This phenomenon is also confirmed by
visual inspection and from the CIELAB L* a*b* values (see Colorimetry subsection); in both
cases, the a* values calculated in transmittance are lower than that in reflectance, while the
b* values remain quite similar.



Heritage 2022, 5

1411

Reflectance or Transmittance factor

—FORS

Orange Amber

08

350 450 550 650 750 850 950
Wavelength (nm)

Reflectance or Transmittance factor

650 750 850 950
Wavelength (nm)

—FORS (Amber 1) —FORS (Amber 2) ——FORS (Amber 1- Tr)
FORS (Transmittance) HsI HSI (Transmittance) ——FORS (Amber 2 - Tr) —HSI (Amber 2} HSI (Amber2 - Tr)
(a) (b)

Figure 9. (a) Spectra comparison for sample Orange; (b) spectra comparison for sample Amber.

Since the two amber pieces come from the same batch and, thus, have the same
composition, their results were grouped in the same plot. The results obtained with the
FORS show a difference in magnitude between the two samples, both in transmittance and
in reflectance. Interestingly, in transmittance mode, the spectra taken from Amber 1 with
the fiber optic agrees more with the spectra taken from Amber 2 with the HSI, as opposed
to the Amber 2 spectra taken with the fiber at almost the same location. This could mean
that, in this case, the characteristic of the surface greatly influences the result, and particular
care must be taken when selecting the areas from which to collect the spectra.

From the chemical point of view, according to the available literature, the orange /amber
color in the glass is given by the ferric iron-sulfide (Fe?*-S) complex. This chromophore
can be recognized by a broad absorption band at around 410 nm [4,10,12,13,16,20,42,48].
The shallow, broad band at around 1000 nm suggests that iron could be present also as
Fe?*. Iron was detected by XRF analysis in both samples, confirming the involvement of
this element in the glass coloration; sulfur was found as well, but the amount is too small,
especially compared to other glass, to make any solid conclusion on the presence of the
iron-sulfide (Fe>*-S) complex. Further analyses are necessary to have a clear understanding
of the coloring process of this glass, as well as the reason behind the color shifting between
transmittance and reflectance.

Compared to the orange sample, the amber fragments also seem to contain a consistent
amount of manganese, probably as uncolored Mn?* [13]; the presence of this oxide could
be suggested by a small band at 420 nm, which is visible only in the spectra obtained by the
FORS in transmittance mode [16]. Despite some shifting in the position of the absorbance
band, the shape of the spectra obtained for the orange pieces in this experiment is consistent
with the results found in previous works. Regarding the amber glass, however, the extra
band at around 630-650 nm is difficult to interpret; no other example exists in the available
literature, except for the work of Bacon and Billian [48], which unfortunately does not
explain the nature of this band.

3.1.5. Purple Glass

The two glass pieces clearly show a difference in composition, which also explains the
difference in color (Figure 10).
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Figure 10. (a) Spectra comparison for sample Purple 1; (b) spectra comparison for Purple 2.

The first sample (Purple 1) has a warm-purple, almost brownish color, while the second
one (Purple 2) appears more bluish. This observation is confirmed by the calculated values
of b*, which are positive for the first sample and negative for the other (see Colorimetry
subsection). From a chemical point of view, the different color is due to the fact that for
sample Purple 1 the main chromophore is manganese (Mn3*), characterized by a broad
band at around 500-490 nm and a shoulder at about 670 nm, with a small contribution
of iron (as Fe3+) [4,9,11,16,20,22,24,42,49], while in Purple 2 the three absorption bands at
around 525, 590, and 650 nm suggest that cobalt (Co?*) has been added to give a more
bluish hue [4,50].

3.2. Colorimetry
3.2.1. CIELAB L*a*b* Values

Tables 3-14 report the CIELAB L*a*b* values of each colored glass, calculated from the
spectra obtained with FORS and HSI in transmittance and reflectance mode.

Table 3. L*a*b* values for sample Green 1.

Green 1 L* a* b*
USB2000+ (Tr) 92.26 —13.63 13.83
HySpex VNIR-1800 (Tr) 92.04 —14.50 13.83
USB2000+ 82.33 —24.98 25.03
HySpex VNIR-1800 82.54 —26.21 25.24

Table 4. L*a*b* values for sample Green 2.

Green 2 L* a* b*
USB2000+ (Tr) 88.76 —13.36 24.44
HySpex VNIR-1800 (Tr) 88.54 —13.51 23.22
USB2000+ 74.36 —19.89 35.95
HySpex VNIR-1800 75.49 —22.13 38.62

Table 5. L*a*b* values for sample Green 3.

Green 3 L* a* b*
USB2000+ (Tr) 91.51 —7.53 9.70
HySpex VNIR-1800 (Tr) 93.87 —8.44 8.91
USB2000+ 84.19 —14.25 17.64

HySpex VNIR-1800 82.83 —14.87 17.28
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Table 6. L*a*b* values for sample Blue 1.

Blue 1 L* a* b*
USB2000+ (Tr) 33.43 15.35 —50.88
HySpex VNIR-1800 (Tr) 35.87 12.68 —48.66
USB2000+ 31.62 9.64 —45.49
HySpex VNIR-1800 10.47 29.18 —21.52
Table 7. L*a*b* values for sample Red 1.
Red 1 L* a* b*
USB2000+ (Tr) 52.65 29.77 30.28
HySpex VNIR-1800 (Tr) 52.13 30.76 29.59
USB2000+ 40.70 22.13 9.30
HySpex VNIR-1800 28.04 41.83 26.11
Table 8. L*a*b* values for sample Red 2.
Red 2 L* a* b*
USB2000+ (Tr) 25.62 58.38 33.33
HySpex VNIR-1800 (Tr) 27.96 56.97 22.65
USB2000+ 33.87 13.25 1.137
HySpex VNIR-1800 16.25 37.07 0.90
Table 9. L*a*b* values for sample Red 3.
Red 3 L* a* b*
USB2000+ (Tr) 0.99 6.15 —1.30
HySpex VNIR-1800 (Tr) 5.71 7.90 —6.54
USB2000+ 28.44 1.37 —1.45
HySpex VNIR-1800 3.74 5.12 —4.45
Table 10. L*a*b* values for the Amber samples.
Amber L* a* b*
USB2000+ (Tr)
Amber 1 75.00 3.92 43.77
Amber 2 73.47 4.41 44.70
HySpex VNIR-1800 (Tr) 74.75 3.88 44.92
USB2000+
Amber 1 55.41 11.91 33.89
Amber 2 53.51 12.19 32.27
HySpex VNIR-1800 49.98 12.18 44.92
Table 11. L*a*b* values for sample Orange.
Orange L* a* b*
USB2000+ (Tr) 76.31 13.31 72.35
HySpex VNIR-1800 (Tr) 78.05 12.26 69.34
USB2000+ 62.20 28.91 52.36
HySpex VNIR-1800 58.65 27.20 70.37
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Table 12. L*a*b* values for sample Purple 1.

Purple 1 L* a* b*
USB2000+ (Tr) 50.68 24.66 9.01
HySpex VNIR-1800 (Tr) 51.42 23.94 9.59
USB2000+ 33.13 13.40 2.84
HySpex VNIR-1800 24.78 23.29 6.88

Table 13. L*a*b* values for sample Purple 2.

Purple 2 L* a* b*
USB2000+ (Tr) 47.80 18.35 -9.21
HySpex VNIR-1800 (Tr) 49.37 17.02 —7.65
USB2000+ 33.74 8.83 —6.24
HySpex VNIR-1800 19.25 17.89 —9.64

Table 14. Summary table of color differences AE.

USB2000+ (Tr) vs. USB2000+ vs. USB2000+ (Tr)  HySpex1800 (Tr)

AEo HySpex1800 (Tr) HySpex1800 vs. USB2000+  vs. HySpex1800
Green 1 0.73 0.59 9.70 9.62
Green 2 0.69 1.48 11.10 11.14
Green 3 1.85 1.05 7.89 9.43

Red 1 0.97 14.58 16.47 22.25

Red 2 5.43 17.52 21.75 14.51

Red 3 4.71 17.19 18.90 3.31

Blue 1 3.01 19.99 9.04 22.55
Orange 1.47 7.53 17.71 17.61
Amber 21.90
Amber 1 0.43 6.85 17.92
Amber 2 1.03 6.22 18.82
Purple 1 0.96 9.12 17.56 22.89
Purple 2 1.96 12.80 14.42 24.59
Average 1.94 9.58 15.09 16.34

3.2.2. Color Difference AEg

The color difference values calculated between the FORS and HSI transmittance and
reflectance measurements and between transmittance and reflectance measurements from
the same instrument are reported in Table 14. Values above 10 are shown in bold. For the
comparison of transmittance between the FORS and HSI, values that are clearly higher
than those of most colored pieces are underlined.

4. Discussion

From the point of view of the spectra, the results obtained with HSI are consistent with
those produced by the FORS, especially in transmittance mode. Regarding reflectance, a
difference in intensity between the FORS and HSI spectra can be noticed in many samples;
in general, the spectra obtained by the FORS have a higher intensity than the hyperspectral
ones, especially in the case of the darkest samples (Red 2, Red 3, Blue 1). The trend
described above is also demonstrated by the AE( values calculated between the FORS and
HSI in reflectance mode, which are almost always very high. During the experiments, it
was observed that the fiber optic seems quite sensitive to the distance from the sample, as
also noted in [45], and this fact may have influenced the results. The different geometries
and radiance correction procedures of the two instruments could also be other factors that
affected the measurements. The fiber optic may be more sensitive to the stray light reflected
from the surface of the darkest samples, generating errors during the preprocessing phase.
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On the other hand, the FORS and the HSI can generate comparable results when
used in transmittance mode. The AE, values calculated between the FORS and HSI are
relatively low in almost every case, with the darkest samples showing the relatively highest
color difference, as shown in Table 14.

The shape of the spectra remains almost always unchanged, regardless of the instru-
ment or modality, except for amber and darker red and blue samples (Red 2, Red 3, Blue 1,
Blue 2). Comparing the transmittance and reflectance spectra of amber glass, for example,
the absorption bands show a considerable variation in width, which may be related to how
the light is reflected, transmitted, and scattered by the glass sample and how the sensor of
the instrument collects this light. Regarding the darker glass, the reflectance modality does
not perform very well, as most of the light gets absorbed while traveling twice through
the glass, so a poor performance can be expected. From a colorimetric point of view, this
behavior is shown by higher differences in L* values between reflectance and transmittance
modality for dark-colored glass. In contrast, this difference is less pronounced in the lighter
glass. From the spectral point of view, the characteristic peaks of strongly colored glass are
entirely lost in reflectance mode, especially in the case of the blue- and red-glass pieces,
while visible in transmittance mode. On the other hand, the reflectance modality is very
helpful in enhancing the intensity of small peaks in light-colored glass, as previously noted
in the work of Rebollo et al. [26]. This can be noticed, for example, in all the green glass,
where the weak peaks of iron (Fe®*) and chromium (Cr®*) can be better appreciated in
reflectance modality.

5. Conclusions

In this paper, we compared the performance of a fiber-optic spectrometer and a
hyperspectral camera in measuring colored glass. The results demonstrated that the two
instruments could produce comparable results, especially in transmittance modality. On
the other hand, reflectance measurements generated mixed results; in general, there is an
apparent disagreement between the reflectance results obtained by the two instruments,
especially for very dark glass.

Regardless of the measuring geometries, an advantage of using both instruments lies
in the spectral range. In fact, the two devices complement each other, as the FORS and
the hyperspectral camera have an extended range in the UV and the IR region. respec-
tively, which allows a more complete characterization of the chromophores used in the
colored glass.

Considering future works, a better understanding of the complex interaction between
the glass and light would be necessary to explain the differences in the spectral shape,
when measuring in different geometries. In this sense, it would be interesting to perform
spectral acquisitions from other angles, to understand how much the spectral shape and
intensity, and consequently the color, can change within the same sample. In addition,
further analysis should be performed to better characterize the chromophores involved in
the coloration of the glass pieces.

Future works should also be focused on adjusting the calibration procedure to im-
prove the agreement between the instruments, both in transmittance mode and in re-
flectance mode.
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P.0.Box 191, N-2802 Gjgvik, Norway

ABSTRACT

Hyperspectral imaging has become a powerful technique for the non-invasive investigation of works of art. An advantage
of this technique is the possibility to obtain spectral information over the entire spatial region of interest, allowing the
identification and mapping of the constituent materials of the artefact under study. While hyperspectral imaging has been
extensively used for artworks such as paintings and manuscripts, few works have been published on the use of this
technique on stained glass. In this paper, a workflow for the imaging and analysis of stained-glass windows is proposed.
The acquisition is carried out using a laboratory set-up adapted for transmittance measurement, which can support panels
with a maximum size of around 50 x 50 cm. The image processing is carried out with two aims: visualization and
chromophore identification. The results of this processing provide a foundation to discuss the potential of hyperspectral
imaging for the scientific analysis of stained-glass windows.

Keywords: Hyperspectral imaging, Stained glass, Transmittance imaging, Cultural heritage.

1. INTRODUCTION

Hyperspectral imaging (HSI) has become a powerful technique for the non-invasive investigation of works of art. This
technique offers the possibility to obtain spectral information over the entire spatial region of interest, allowing the
identification and mapping of the constituent materials of the artefact under study. In the field of cultural heritage, HSI has
been extensively used for non-invasive scientific investigation of artworks, especially paintings and manuscripts®. On the
other hand, few works have been published on the use of this technique on stained glass®*. The first application of
hyperspectral imaging on this kind of artworks dates to 2011 and it was performed on the stained-glass windows of the
Scrovegni Chapel (Padua); the panels were taken down and acquired in laboratory under controlled illumination, in
transmittance and reflectance (double transmittance) mode. In transmittance mode, the light sources were simply placed
at the opposite side of the camera, in a geometry similar to the one proposed in this paper. In double transmittance the
camera and the lights were placed at the same side, and a scattering white support was placed below the stained glass to
be scanned. The latter solution was exploited for stained-glass panels which could not be acquired vertically and yielded
better results for light-colored glass pieces. From the imaging point of view, the paper does not provide any processed
images; nonetheless, the authors were able to demonstrate that results from the two methodologies were complementary
and able to identify most of the coloring agents (chromophores)?. Other two papers were published in 2019. The work of
Palomar et al. explored for the first time the application of hyperspectral imaging in situ, exploiting the solar radiation as
light source. The Art Nouveau stained glass from the Casa-Museu Dr.Anastacio Gongalves in Lisbona were used as case
study. The analysis showed promising results, especially when comparing and mapping the spectra of glass with same
color and composition but with different transparency, despite the changing light conditions and the effect of external
background (i.e trees) on the lighter colored glass®. The work of Perri et al, on the other hand, used an artistic stained-glass
panel from 1969 as case study to evaluate the performance of a hyperspectral camera based on a Fourier transform
approach. As for the previous paper, the acquisition was performed in-situ under natural light. With respect to the other
paper the authors were able to demonstrate the ability of HSI in distinguishing and mapping different groups of blue
colored glass within the stained-glass*.

*agnese.babini@ntnu.no
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From this brief review, it is already possible to frame some of the challenges that must be addressed during the acquisition
of stained-glass windows. First, to deal with the transparency of the glass, it is necessary to have a set-up that can work for
transmittance measurements and can be suitable for the size of the stained-glass under study. For in-situ analysis, solar
radiation can represent an easy solution to avoid building complicated support for the light sources. However, as expressed
in Palomar et al., the fluctuation of the light condition can affect the quality of the resulting spectra. In addition to this, the
high dynamic range of the colored glass, and the complex interaction between light and glass represent other aspects that
must be taken into consideration®S.

Nonetheless, HSI could still represent a valuable technique for the analysis of stained-glass windows. The possibility of
documenting large areas non-invasively, could be an advantage with respect to point analysis traditionally used for
identification of the coloring agents (chromophores) in the glass, such as such as UV-VIS-IR spectroscopy and X-Ray
absorption spectroscopy (XAS/XANES)"°. The potential contribution of this technique in the field of glass conservation
has been discussed thoroughly in a paper recently published by this research group®. The aim of this paper is to implement
concretely the ideas proposed in the previous paper, by presenting a workflow for the imaging and analysis of stained-
glass windows. The acquisition was carried out employing a laboratory set-up adapted for transmittance measurements. In
the current configuration, the set-up can support only panels with a maximum size of ca. 50 x 50 cm. Despite the size
limitation, it can still be suitable for the investigation of single panels taken down for restorations.

The paper is organized as follows: a detailed description of the acquisition set-up and the pre-processing steps is provided
in Section 2, followed by the proposed image processing methodology, which is focused on two aspects of spectral
imaging: image visualization and chromophore identification. With regards to chromophore identification, results from X-
ray fluorescence spectroscopy (XRF) are shown and used to validate the information obtained with HSI. The results and
the challenges related to stained-glass imaging are discussed in Section 3 and used to evaluate the potential of HSI for the
analysis of stained-glass windows, before concluding.

2. EXPERIMENTAL
2.1 Case study

The test panel used for the experiment was originally prepared for camera calibration within the Fairford project'®in 1996.
The dimension of the panel is 515 x 405 mm and consist of an array of 10 x 10 rectangular glass tiles, each of size 45 x
35mm, held by 6mm lead calmes. The glass tiles consist of 80 colored and 20 clear glass tiles with grisaille paint and
yellow silver stain in various textures. The central area of the rear surface of each tile has been ground away.

Figure 1: Test panel photographed on a light table. Image credit Dr. Lindsay McDonald

2.2 The acquisition set-up

The acquisition was carried out using a HySpex VNIR-1800 push-broom hyperspectral camera. The camera acquires 186
images in the visible and near infrared (VNIR) range 400-1000nm, with a spectral sampling of 3.26nm and a spatial
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resolution of 1800 pixels across the track. The camera lens has a fixed focusing distance of 30cm from the object, resulting
in a linear field of view of around 8cm across the track. The HSI acquisition was performed in transmittance mode. In this
configuration, the sample is positioned on a translational stage equipped with a diffusing panel, large enough to cover the
field of view of the camera. A halogen lamp is positioned at around 7 cm from the stage, in correspondence with the
diffuser panel, so that the light could shine through it and the stained glass (Fig 2). The image is recorded line by line by
the line scanner, keeping the camera and the light source fixed, while the translational stage moves.

/ ~ - » Hyperspectral
camera

Stained-glass sample Diffuser
.

x
Moving platform ™~ 3

Figure 2: Schematic diagram of the transmittance set-up for the HSI system. The light source is positioned below a diffuser
panel on top of which lays the stained-glass sample in direct contact. The transmitted light is collected by the camera.

3. METHODOLOGY
3.1 The image processing workflow

The spectral datacubes were collected in raw format and corrected to radiance through the HySpex-RAD software provided
by the manufacturer. Sensor corrections and dark current subtraction was done at this stage. A total of 12 datacubes were
recorded to cover the entire panel and later stitched together using the plug-in Pairwise Stitching! in ImageJ.

After the radiance correction, the datacubes were processed using the open-source software ImageJ. In order to transform
the radiance data into transmittance, the image of the stained-glass sample is divided by the image representing a uniform
transmitting surface. Usually, this step is performed by acquiring an image of the diffuser alone, under the same
illumination condition and with the same size of the image as of the sample?. In the present case, only the translating stage
moves, while the camera and the light source are kept fixed. Since the camera acquires line by line, it can be assumed that
the signal collected and averaged from a few lines can be representative of the light distribution across the whole field of
view?®2, For this reason, instead of collecting the reference over the entire area covered by the object, a small portion of the
diffuser was always included in the image and used to calculate the reference spectrum. A new image can be created by
transforming the spectrum extracted from the averaged lines into a single pixel, which size can be adjusted according to
the dimension of the image to be corrected. During this step, it is crucial that all the 1800 across track pixel are included
when averaging the lines from the reference, to consider the possible variation of the light distribution along the lines. The
transmittance is calculated as follows:

Sxa- Dy
— 25 Dxd 1
Wx,?\' Dx,}\ ( )

where Sy, is the signal relative to the light transmitted by the object and Wy, is the signal relative to the light transmitted
by the diffuser alone, at pixel location x, L. Indices X, A indicate respectively the spatial and the spectral dimension?. In this
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case the spatial dimension is represented by the 1800 pixel across the track and the spectral dimension is represented by
the 186 spectral bands. It must be also specified that the camera acquires and subtract automatically the dark current. In
practice, to calculate the transmittance it is only necessary to divide the object image to the reference one.

* Radiometric Correction
* Dark current subtraction

Radiance Transmittance
Raw data > >
data data
R e i e e 7 et ot s oy Ao bk o b o S ey e = o 1
Object
+
Diffuser image

Smn

T= W

Average and spectrum mn
extraction from

diffuser
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Figure 3: Schematic diagram of the workflow for HSI acquisition and preprocessing of the stained-glass panel.

3.2 Visualization: RGB and false color images

The first step for visualization of HSI is to extract the representative red, green and blue bands to reconstruct the color
image. The default bands for red, green, and blue are 642, 549, 463 nm respectively. These bands are specified by the
camera manufacturer and are usually stated in the header file of the datacubes. In ImageJ, the RGB image can be built by
selecting the three bands and arranging them to create a new image made of three separated channels (red first, green and
blue). These selected bands are transformed into a color image.

The false color image can be produced in a similar way. In this case, the two bands related to red (642 nm) and green (549
nm) are kept, and another band can be selected in the near-infrared region. Since there is no standard set for the choice of
the infrared band, some trials are performed to understand which bands provide most information. Once the band are
selected, they can be rearranged in a new image, putting first the image related to infrared, the red one and lastly the green
one. The same procedure used to make the RGB image can be followed to create the false color image.

3.3 Visualization: color rendering

The color rendering of the HSI was performed in MATLAB using and adapting codes made available by Foster and
Amano®. For the rendering, the CIE 1931-2° standard observer color matching function was used. The values for the
daylight series standard illuminants were calculated using formulas retrieved from the Rochester Institute of Technology
online repository of useful colorimetric data'*. The values for the color matching function, as well as for the standard
illuminant A, were obtained from the same repository. The datacube relative to the top left part of the panel (Fig.3) was
used to perform the color rendering under different illuminants, while the entire panel was rendered only with D65, for
comparison with the RGB image obtained through band selection (Fig 4a and 4b).

3.4 Complementary analysis

In order to validate the results obtained from hyperspectral imaging, the elemental information on the composition of the
glass tiles was studied by means of X-Ray Fluorescence (XRF) spectroscopy. The analysis was performed with a Thermo
Scientific Niton XL3t handheld XRF spectrometer, equipped with a silver anode and a GOLDD detector. The analysis was
performed in Cu/Zn mining mode, with 40kV voltage. The acquisition time for each measurement was 120s. The Niton
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NDT software was used for the spectra interpretation. When possible, the XRF points were collected in the clearest areas
of the glass tile.

4. RESULTS AND DISCUSSION

4.1 Visualization

Figures 4a and 4b shows the color images obtained by band selection and color rendering respectively. The rendered image
can be considered an improvement with respect to the three bands RGB image as it allows a better visualization of darker
glasses; however, it is worthy of mention that the rendering does not take into account other optical properties of glass
(such as the refractive index for example), so it may not represent the real appearance of the glass tiles.

With regards to false color images, Figures 4c and 4d shows the results obtained by selecting two different bands in the
infrared region, one at 811 nm (Fig. 4c) and one at 996 nm (Fig. 4d). Notice how the selection of the 996 nm band improves
a little the visualization of very dark tiles and allows a better distinction of the green colored tiles.

Figure 4: a) RGB color image obtained selecting three bands related to red (642 nm), green (549 nm), and blue (463 nm), from
the HSI. Note that the last column and last row are missing as they were not included in the final stitching. b) RGB color
image obtained using color matching function. c) false color image obtained selecting a band in the near infrared region at 811
nm d) false color image obtained selecting a band in the near infrared region at 996 nm.

4.2 Spectra interpretation

Looking at the false color image (Fig 4 and 6b), it is already possible to make a preliminary identification of glass made
with the same coloring agents. Taking some of the green glass tiles as an example, it is possible to notice how their spectra
match their similar color appearance in false color. (Fig. 6).

The second step in chromophore identification is to associate the characteristic peaks to the relative elements responsible
for the color of the glass. This task is not easy and requires skills and expertise on glass-making techniques, as well as the
mechanism behind the origin of color in glass.
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A good starting point is to compare the results with the available literature for reference. It has been already mentioned
that few works have been published on HSI applications on glass; nonetheless, one may take advantage of publications
regarding the use of UV-VIS-IR spectroscopy, which is commonly used for the study of historical and archaeological
glass. However, a simple comparison may not always be enough. While most of the spectral shapes can be easily identified,
the variation in chromophore concentration, particle size, and furnace condition®*° can result in small differences between
the spectra of the sample and those found in literature. In this case, comparison of the spectra obtained with published
references suggests the presence of copper (Cu?*) and chromium (Cr®*) as main chromophores for both groups. The
contribution of chromium seems to be higher in Group 22371516 as the two characteristic peaks at become more visible.

D75 2 el Clear blue sky
? (9000K)

Dyo

Cloudy daylight

K
Dés (7000 K)

Noon daylight
(5000 K)

Dss 4000K

llluminant A
(halogen lamp)

Figure 5: Top part of the stained glass rendered under different standard illuminants. The effect of the color temperature change
can be observed best on the light blue and the pink glass on the right side of the rendered images.

Dso

In order to have a complete characterization of the glass composition, additional analytical techniques can be applied.
Among those, XRF spectroscopy is widely used for the non-invasive characterization of the elemental composition of
glass®7. Presenting the complete results of XRF spectroscopy is beyond the scope of this paper, and a future publication is
planned on this part of the research. However, considering the green glass taken as examples, it is already possible to
mention that XRF confirmed the presence of copper and chromium as main chromophores in Group 1, with small addition
of iron (Fe®"). Regarding Group 2, the copper content seems to be lower in relationship with chromium and iron with
respect to the Group 1. In Group 2, it is possible to make another distinction, between tiles 1D/9E and tiles 2, 3 and 4E.
The differences between these two subgroups can be explained by the fact that tiles 1D and 1A seems to have a higher
content of iron with respect to chromium, while for 2,3 and 4E it is the opposite. This assumption can help in providing a
better interpretation of the VIS-NIR spectra: the small shoulder at around 400-450 nm which is present in all the samples,
could suggests the presence of the absorption peak of Fe3* (at 380 nm), which falls outside the range of the hyperspectral
camera together with that of the Cr3* (at 450 nm). In tiles 1D/9E, this shoulder is more pronounced, and could be correlated
to a higher content of iron. On the other hand, the more defined small peak at around 680 nm in tiles 2,3,4E could be
associate to the higher content of chromium versus iron?*516,
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Figure 6: Comparison of color (a) and false color image (b) relative to some green glass.
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Figure 7: VIS-NIR spectra (a) and XRF spectra (b) of the green glass in group 1. XRF spectra confirm the presence of

copper as main chromophore, as well as small quantities of chromium and iron.
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Figure 8: VIS-NIR spectra (a) and XRF spectra of the green glass in group 2 (b,c). XRF results from tile 1D are not available.
The XRF spectra on the right (c) refers to the light element mode of the spectrometer, which allows a better distinction of the
Cr/Fe ratio among the two sub-groups identified in group 2. It can be noticed that the tile 9E has a lower concentration of
chromium with respect to the other three samples in the same group. This confirms that the lighter violet hue observed among
the glass in group 2 are due to small difference in composition.

4.3 Challenges

One of the challenges to take into consideration when performing transmittance measurements regards the typology, shape,
and positioning of the light source within the set-up. In the current set-up, a powerful halogen lamp is used as the light
source, at a close distance to the diffuser. Due to the structure of the halogen lamp, the light distribution is non-uniform on
the diffuser, which causes inhomogeneity in the light distribution along the scanned line. Another issue related to the light
source is the amount of heat produced by halogen lamps, which can represent a risk for historical objects. A solution that
could partially solve both problems would be to keep the light source at a longer distance from the diffuser. It has been
noticed during the experiment that the light can be focused into a narrow, homogeneous stripe if the lamp is placed at a
distance of around 30 cm from the diffuser. Moreover, the longer distance will also reduce the heat on the surface of the
diffuser, and consequently, the stained-glass panel. However, it must be considered that the intensity of the light source
could be reduced by this change. Research related to these topics are currently in progress out to better understand the

effects of distancing the light from the diffuser on the results.
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Another challenging aspect is the transmittance properties of the colored glass and the way these properties influence the
result. In many stained-glass panels, it is common to see very dark and very light glass placed close to each other to create
striking light effects. This situation may represent an issue when searching for a satisfying exposure time, resulting often
in an underexposure of the darker glass. Moreover, in some cases, even glass tiles that appears light colored can show a
low transmittance. Increasing the exposure time of the camera may be a solution, but in general it has been observed that
it barely improves the results for very dark glass, with the added disadvantages of slowing down the acquisition time and
saturating the diffusing panel, as well as the lighter colored glass signals. For this reason, during the experiment the
exposure time was set by taking into consideration only the illumination condition of the diffusing plate. Figure 3 shows
that in many cases it is possible to obtain a sufficiently good signal even for very dark colored glass.

Dark Blue Glass

nittance

ns

Tra

Figure 9: Despite the low transmittance of the very dark glass, the signal obtained provides enough information on the nature
of the color in the glass. This can also be noticed by looking at the difference between the three-band RGB image and the
spectrally rendered color image, where the blue color can be better appreciated.

5. CONCLUSION

In this paper, a workflow for the hyperspectral image acquisition and analysis of stained-glass windows has been proposed.
For the purpose of the research, a test panel has been analyzed using a laboratory set-up adapted for transmittance
measurements. Challenges related to the characteristics of the set-up and the optical properties of stained-glass, have been
discussed as well. While these challenges can be addressed in different ways, the results obtained showed that hyperspectral
imaging technique can be helpful for simultaneous documentation and analysis of stained-glass windows. In addition to
the improvement of the current set-up, future works will be focused on two aspects: a better characterization of the coloring
agents used in the different tiles of the panels and creation of spectral libraries, and application of classification algorithms
for chromophore mapping purposes.
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Abstract. In the past years, hyperspectral imaging has become a popular tech-
nique for the non-invasive investigation of works of art and has been extensively
used for the analysis of pigments in paintings and manuscripts. The application
of spectral imaging on stained glass however is very limited. Due to their trans-
parency, imaging of stained glass presents some challenges, such as the necessity
of a proper transmittance setup and the complex interaction between light and
glass, which can affect the acquisition.

In this work, we present a portable setup for hyperspectral imaging of stained-
glass panels. The setup has been designed for transmittance measurements, and
in the current configuration, it can support panels with a maximum size of around
45 x 45 cm.

The portable setup has been tested at the facilities of the Swiss National
Museum on 10 stained-glass panels belonging to the museum’s collection, which
were selected to be representative of different historical periods and glass-making
techniques. Characteristics, advantages, and limitation of the system will be
discussed, showing preliminary results on some of the case studies analyzed.

Keywords: Hyperspectral imaging - Stained glass - Transmittance imaging

1 Introduction

In the past years, hyperspectral imaging (HSI) has found many applications in the field of
cultural heritage. This technique can be considered a combination of conventional imag-
ing and spectroscopy; by acquiring many images across the electromagnetic spectrum,
the spectral information can be obtained at each pixel. By analyzing the spectral data, it is
possible to identify and map the materials that constitute the object under study. For this
reason, spectral imaging has been successfully used for the non-invasive investigation of
artworks, especially paintings and manuscripts [1]. The application of this technique on
stained-glass windows however is still limited. The reason may lie in the fact that, due
to the transparency/translucency of the glass, imaging of these objects presents some
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challenges, such as the necessity of a proper transmittance setup, the complex interac-
tion occurring between light and glass, as well as degradation products present on the
glass surface, which affect the image acquisition. At the best of the authors’ knowledge,
very few works have been published on the use of HSI on stained glass [2—4]. In these
reported studies, the acquisition was performed exploiting the solar radiation as light
source [3, 4]. Recently, we proposed a methodology for the acquisition of stained-glass
panels (maximum size of 50 x 50 cm) in laboratory condition [5], using a translating
stage and an illumination geometry similar to the study presented by Rebollo et al. [2].

In this work on the other hand, a portable setup for the hyperspectral imaging of
stained-glass panels is presented. The setup has been designed for transmittance mea-
surements, and in this current configuration, it can support glass panels with a maximum
size of 45 x 45 cm. The characteristics of the system will be described, discussing design
choices, advantages, and limitations.

The practical use of the system has been tested at the facilities of the Swiss National
Museum on 10 selected stained-glass panels belonging to the museum’s collection. The
panels were selected after discussions with the museum conservators for their historical
and artistic attributes. Preliminary results on some of the case studies will be shown
to highlight some technical aspects regarding the system, as well as the image analysis
performed on the acquired HSI data.

2 Materials and Methods

2.1 The Transmittance Setup

The acquisition was carried out using a push-broom hyperspectral camera HySpex
VNIR-1800. The camera acquires 186 images in the visible and near infrared (VNIR)
range (400-1000 nm), with a spectral sampling of 3.26 nm and a spatial resolution of
1800 pixels across the track. The camera lens has a fixed focus distance of 30 cm from
the object, with a field of view of 17° and a pixel resolution of 50 pm.

For the measurements, the camera was mounted on a tripod equipped with a motor-
ized rotating head. Scanning of this rotational stage is controlled from the computer and
the movement is synchronized with the HSI acquisition parameters. The datacube is
formed recording one line at a time, while the camera moves from left to right. Due to
the rotating movement and the focus limit of the camera, it was possible to acquire only
1650 lines for a single acquisition, before significant geometric distortions and blurring
occurred. These phenomena are usually visible at the edge of the image going toward
the scanning direction (Fig. 1a).

The transmittance system has been designed in the laboratory, and later built using
materials easily retrievable in common hardware stores and in conservation laboratories.
This system consists of a wooden panel, which acts as support for the artworks, where
a square-shaped area (25 x 25 cm?) has been cut to accommodate a diffuser plate for
the transmittance measurement. This diffuser is made of acrylic and has a thickness of
6 mm (Fig. 1c¢).

Two halogen lamps were used as light source to maximize the light distribution
across the field of view. However, this solution had some drawbacks. Halogen lamps
are usually the most used light sources for HSI, as they provide a continuous spectrum
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Scanning direction

Fig. 1. Horizontal (in blue) and vertical (in red) distortions (a). Setup configuration at the Museum
during acquisitions (b). Tentative set up before the beginning of acquisition campaign. The red
circle highlights the metal L-shaped piece (a second one is hidden by the easel) that holds the
thicker diffuser (c). Safety measures used to prevent the falling of the stained-glass panels during
the acquisition: ethafoam sheets were used for the smaller panels (d) while strings were used to
hold the bigger ones (e).

from UV up to Mid-IR [6]. However, they also generate a high amount of heat that
can be harmful for the stained-glass; indeed, depending on the state of conservation of
the object, high temperature could cause expansion of the different materials, as well as
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alteration and detachment of painted surfaces [7]. After discussions with the conservators
at the museum, it was suggested that the temperature on the surface of the artwork should
not exceed 25-30 °C during the acquisitions. To meet this requirement, the lamps were
placed at around 30 cm beneath the diffuser area of the wooden panel; a second diffuser
was placed between the lamps and the first diffuser. Differently from the first one, the
second diffuser has a thickness of 8 mm and is made of glass, with a diffusing sheet
applied in both sides. This diffuser is part of the laboratory set-up located at the NTNU
Colorlab and was adapted for this acquisition campaign. Two L-shaped metal piece were
used to hold the second diffuser. One side of the L-shape was nailed to the wooden pieces
used to put the light sources at the necessary height, while the other side held the diffuser
plate. This solution not only helped in reducing the exposure of the artwork to thermal
radiation, but also improved the light distribution.

Two easels were used as support, one to hold the supporting wooden panel with the
diffuser and the other to hold the light sources and the second diffusing plate (Fig. 2a).
The safety of the stained-glass panels was ensured by using ethafoam pieces and strings
(Fig. 2b, c). The head of the stage was tilted by 8° to account for the inclination of
the easels. A cooling fan was also employed as an additional precaution to reduce the
temperature. An integration time of 30000 s was deemed good enough to obtain a good
exposure and reduce the acquisition time and was kept fixed through all the campaign.

2.2 Case Studies

Stained Glass Panels. A total of 10 panels were acquired during the acquisition cam-
paign. These case studies were selected to be representative of different historical peri-
ods and glass-making techniques. Information on the panels and acquisition details are
reported in Table 1 for the case studies mentioned in the paper.

2.3 Methodology

Image Processing. The HSI datacubes were collected in raw format and corrected to
radiance using the HySpex-RAD software provided by the camera manufacturer. Sensor
corrections and dark current subtraction was done at this stage. After this step, the
datacubes were processed using the open-source software Fiji [8].

In order to transform the radiance data into transmittance, the image of the object has
to be divided by the image of a uniform transmitting surface. This task was performed by
acquiring a reference image of the diffuser without any object in different moments of the
day (morning, midday, afternoon, and evening), to account for any possible fluctuation
of the intensity of the light source. A Gaussian blur filter was applied to the spatial
dimensions of the reference image to reduce the artifacts caused by the dirt accumulated
on the surface of the diffuser. The spectral dimension was not smoothed. This aspect will
be discussed in detail in the result section. Lastly, all the spectra have been converted
from transmittance to absorbance, to facilitate the observation of the characteristic peaks
and an easier comparison with available literature.

Data Visualization. The first step to visualize a HSI datacube is to generate an RGB
image, by extracting the representative red, green and blue bands. The default bands
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for red, green, and blue (642 nm, 549 nm, and 463 nm) are specified by the camera
manufacturer and are usually stated in the header file associated to the datacube. In
Imagel, the RGB image can be built by selecting the three bands and arranging them
to create a new image made of three separated channels. These selected bands are
transformed into a color image.

Table 1. Information on some of the case studies analyzed during the acquisition campaign.
Pic-tures courtesy of Swiss National Museum

Panels information

Acquisition details

ID: LM-12794
Author: N/A
Date: 1322
Dimension:
31.2 x31.6 cm

ID: AG-1170

Author: Karl van Egeri
Date: 1551
Dimension:

36.5 x 27.2 cm

ID : LM-19635

Author: Auguste de
Pourtales

Date: 1633

Dimension:

1433 cm O

ID: LM-167914
Author: Louis Halter
Date: 1921
Dimension:

375 x26 cm

ID: LM-167924
Author: Louis Halter
Date: 1948-1950
Dimension:

42.1 x 355 cm

N. of datacubes: 12
Total data size: 12.4 Gb
Total acquisition time:
2h20 m

N. of datacubes: 12
Total data size: 12.4 Gb

Total acquisition time:
1 h50 m

N. of datacubes: 4
Total data size: 4.14 Gb
Total acquisition time:
30 m

N. of datacubes: 7
Total data size: 7.25 Gb
Total acquisition time:
55 m

N. of datacubes: 15
Total data size: 15.5 Gb
Total acquisition time:
2h30 m
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A similar approach can be used to create false color images. This technique allows to
distinguish materials with similar colors, but different spectral property and it is exten-
sively used in the field of cultural heritage for preliminary discrimination of pigments
with similar color [9, 10]. False color images are usually created by keeping the two bands
related to red and green and selecting another band in the near-infrared region. Since
there is no standard set for the choice of the infrared band, some trials were performed
to understand which band provides most information. Once the bands were selected,
the images were rearranged in a new image, putting the image related to infrared first,
followed by images corresponding to red and green. The technique has been tested on
a stained-glass panel in a paper we recently published [5], resulting particularly useful
for distinction of green and blue glass.

Another form of visualization is color rendering, which converts the spectral data to
RGB by means of color matching function and standard illuminants data. This task was
performed in MATLAB using and adapting codes made available by Foster and Amano
[11]. For the rendering, the CIE 1931-2° standard observer color matching function
was used. The values of the D65 standard illuminant used for the color rendering were
calculated using formulas retrieved from the Rochester Institute of Technology online
repository of useful colorimetric data [12]. The values for the color matching function
were obtained from the same repository.

3 Results and Discussion

Figure 2 shows the comparison between the high-resolution pictures provided by the
museum (Fig. 2a), color rendered images (Fig. 2b) and band selection RGB images
(Fig. 2c¢) for selected areas of the case studies LM-12794, AG-1170 and LM-167924.
First of all, it is worthy of mention that the differences in the aspect ratio between
the high-resolution images from the Museum and those created from HSI are due to
the geometrical distortion mentioned previously. With respect to the band selection
RGB images (Fig. 2c) the rendered images are able to provide a more accurate color
representation (Fig. 2b), especially with regards to the visualization of darker glasses.
Compared to the high-resolution images (Fig. 2a), the few differences are related to the
fact that the rendering is solely based on the transmittance values of the stained-glass,
without taking into account other phenomena such as specular reflection occurring on the
glass surface. This is visible in areas with red glass, which appear more homogeneously
colored in the rendered images from the HSI with respect to the high resolution one
obtained with traditional imaging (Fig. 2a and b for the bottom part of case study AG-
1170, see blue circle). In this case, the advantage of having a rendered image instead of
the band selection images, is the possibility to have a faithful color image (alike the high-
resolution images) of the same size of the HSI datacube, that can be exploited for the
selection of spectra in regions of interest (Fig. 3). Indeed, due to the evident distortion,
spectra selection using the high-resolution images as reference could lead to error.
Figures 3b and 4c represent false color images created by selecting two different
bands in the infrared region, one at 811 nm (Fig. 3b) and one at 996 nm (Fig. 3¢) compared
to rendered images (Fig. 3a). The selection of the last available band in the NIR region in
some cases allow a better distinction of green and blue glass. In fact, differently from red,
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yellow, and purple glass, most of blue and green glass show a different false color when
selecting the 996 nm band, which can be related to the presence of another chromophore
absorbing light farther in the NIR range, hinting at a different composition of the colored
glass (Fig. 3b and ¢ and Fig. 6). An example of this can be seen in Fig. 3c of AG-1170
(top), where the false color image with the band at 996 nm allow a better discrimination
between the green glass employed for the arch (which display a dark blue appearance)
and the fragment used in the left corner (purple, see red circled area).

By comparing the appearance in false color images of glass with similar color, as
well as their spectral response, it is possible to make some preliminary hypotheses on
the coloring agents used by the glassmakers.

{ AG-1170 g
‘(bottom) DMVLLERVS 2+ &

Fig. 2. a)Highresolution images (courtesy of Swiss National Museum). b) Color images rendered
using color matching function and standard illuminant D65. ¢) RGB images obtained by band
selection. The blue circles show the different appearance of the red glass between the high-
resolution image and the rendered one. Note that figure b) and c) for LM-12794 and AG-1170 (on
top) are mirrored as those areas of the stained-glass panels were acquired from the back. (Color
figure online)
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AG-1170 ro
(bottom) pxs

LM-161724 1

Fig. 3. a) Colored images rendered using color matching function and standard illuminant D65.
The points indicate where the spectra were collected in the image for comparison in Fig. 4 and 6.
b) False color image obtained by selecting the NIR band at 811 nm c) False color image obtained
selecting the NIR band at 996 nm. The red circles show the difference in appearance of some
green glass using the two bands. (Color figure online)

Comparing the spectra of red glass in Fig. 4 with the false color images in Fig. 3b,
¢, it is possible to notice that a lower intensity of the peak at 565 nm (well visible in
Fig. 4 for LM-12794 pt. 1, LM-167924 pt. 1 and AG-1170, pt. 3), related to the surface
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plasmon resonance of copper nanoparticles (Cu®) [13—15], generates a shift from a bright
greenish yellow to orange (Fig. 3b and ¢, LM-12794).

Due to the strong absorption of the copper nanoparticle, this kind of red glass were
traditionally produced by adding a thin red layer over a transparent one [ 14]; Bracci et al.
[13] suggest that the changes in the shape of the spectrum could be related to a different
roughness of the red layer, possibly caused by degradation. False color images can thus
reveal interesting information on the conditions of the red layer in flashed red glass, even
within the same sample, as well as help with the identification of other typology of red
glass (Fig. 3 and 4, LM-167924, pt. 2).
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Fig. 4. Spectra of red glass collected on the three case studies. The four lines (one for green and
blue and two for red) indicate the bands selected while the color of the lines indicate for which
RGB channel are they used. The localization of the points is displayed in Fig. 2a.

The same hypotheses can be made for green glass pieces. By comparing the spectra
with the false color images, two different behaviors can be noticed: glass pieces that
appear dark blue in false color (Fig. 6a, pt.1 LM-12794, pt.2 AG-1170 top), in general
seem to contain copper and iron as main chromophores, with a large absorption band
centered at around 770-790 nm (Cu?*) and a smaller one at 410-430 nm (Fe3*) [2, 3,
13, 14]. The small absorption band around 675 nm in the spectrum of pt.4 LM-127924
suggest the presence of Cr* as well [2, 3]; however, since the absorption of copper seems
more dominant, the false color of that green glass does not change significantly. On the
other hand, a pinkish/purplish appearance (Fig. 6b), seems to be related to the presence
of cobalt, in addition to other coloring agents. The reason behind this phenomenon
depends on the fact that the two bands selected for the blue (549 nm) and the green
channel (642 nm) fall in regions where characteristic absorbance bands of Co?* [3, 14]
can be observed. With regards to the NIR bands used for the red channel, the false color
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can shift toward a darker purple depending on the contribution of other chromophores
(most probably Fe?* for pt. 5 LM-167924 and Cu?* in case of pt. 2 and 5 AG-1170 and
pt. 3 LM-167924). This theory seems to be supported by the comparison of the spectra
of cobalt containing green glass (point 2 in AG-1170 and pt. 5 and 3 in LM-167924),
with blue glass containing the same chromophore, as well as with available literature [2,
3, 13, 14, 16]. In any case, further investigations, and additional analytical techniques,
are needed to confirm these theories.
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Fig. 5. Spectra of green glass collected on the three case studies. a) glass containing Cu?* as
main chromophore. b) glass containing Co?*. Spectra of two blue glass containing cobalt have
been added for comparison. The four lines (one for green and blue and two for the red) indicate
the bands selected and for which RGB channel are they used. The localization of the points is
displayed in Fig. 2a.
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3.1 Limitation of the System

The use of a rotating stage instead of a linear translational system represents one of the
biggest limitations of the setup. As already mentioned in the experimental section, the
use of a rotational stage generates not only vertical distortion, which are related to the
camera optics [17], but also horizontal distortion, caused by the rotation of the camera.
If the resulting images are considered individually and used for the sole purpose of
material identification, this aspect may be left aside. However, it can become an issue
when attempting to stitch two images together. As shown in Fig. 1, the side opposite to
the scanning direction results more elongated with respect to the other. If the overlapping
part have been scanned in two different directions, the two images will not match, as
the points taken as reference are shifted. This can be noticed for example by observing
the two areas acquired from the panel AG-1170 (Fig. 2) where the two images seem
stretched in two different directions. In addition, the movement of the camera causes the
out of focus regions at the image edges, that can represent a distortion. From the spectral
point of view, the out of focus does not hinder the quality of the spectral data collected
(Fig. 7). However, it may become an issue during the stitching process, as the blurring
reduces the quality of the final image. (Fig. 7c, d).

n Point 1 1 Point 2 n Point 3 ¢
0.8 0.8 0.8
0.6 0.6 0.6
0.4 0.4 0.4
0.2 0.2 0.2
0 0 0
400 600 800 1000 400 600 800 1000 400 600 800 1000
not in focus in focus not in focus in focus not in focus in focus

Fig. 6. a) Stitched image (RGB) of the lower part of LM-167914 obtained combining two dat-
acubes. b) Detail of alignment error at the top of the image. c, d) Details of the overlapping areas,
showing different focus due to the rotation movement of the camera. e) Comparison of the spectra
collected from the overlapping area of the two datacubes.
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Fig. 7. Details of dirt particles on the diffuser (on top) and their effects on transparent glass
(bottom) after flat fielding correction. Fig. b (bottom) show how the application of a Gaussian
filter can slightly reduce the visual impact of the artifacts.

The material employed for the diffusing plate also play an important role. In this
case, for the diffuser in contact with the artwork, an acrylic panel was preferred to a
frosted glass one, as it was able to diffuse the light better. However, the electrostaticity
of the acrylic attracts particles of dirt, that can accumulate on the surface despite constant
cleaning. The presence of dirt on the diffuser surface can affect the flat fielding process,
as the particles of dirt become artifacts in the corrected images.

These artifacts can be visible not only in areas with clean glass, but also in those
with colored glass, when they are transparent to certain wavelengths. It was noticed that
adding a Gaussian blur filter to the diffuser datacubes helped in reducing those artifacts.
A sigma value of 3 was deemed enough for the purpose. The filter was not applied to the
case studies datacube, to avoid the loss of details. Moreover, since the filter was applied
only on the diffuser datacubes, it was decided to smooth only the spatial dimension, but
not the spectral one, in order to avoid differences during the flat fielding process, where
the object datacube must be divided by the diffuser one. Figure 8 shows the flat fielding
results before and after adding the filter.

4 Conclusion and Perspectives

In this paper, a portable system for the hyperspectral imaging of stained-glass panels is
presented, whose feasibility has been tested on selected set of stained-glass panels at the
Swiss National Museum. At the moment, the system has some limitations, related to the
necessity of using a rotational stage and to some design choices, such as the use of two
diffusers, to reduce the heat coming from the light sources.

With regard to the first point, the issue of geometric distortions related to the rotation
of the camera has been already discussed in the results section. Future works will be
focused on addressing this aspect, by searching for solutions that can correct those
distortions, especially in case image stitching is planned.
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With regard to the second point, the advantages, or disadvantages of having two
diffusers should be investigated more thoroughly. While this solution was helpful in
reducing the heat, at the same time it was also limiting the light arriving to the artwork.
These aspects can influence the acquisition, as compromises in choosing the right inte-
gration time must be done to avoid underexposure of dark glass, as well as a longer
exposure time and consequent increase of noise. More efficient light sources should be
explored so that the use of double diffuser could be avoided.

Despite these limitations, it was still possible to obtain a sufficiently good signal
even for very dark glass and the quality of the data collected were satisfying. Regarding
the image processing side, the use of false color images has been proved to be a useful
tool for a preliminary identification of colored glass produced with different coloring
agents. The comparison of these images with the spectra of the glass under study allowed
to formulate some hypothesis, that could be confirmed in the future by complementary
analysis.

An important aspect to stress is the constant collaboration with the Museum con-
servators and staff during the developing phase as well as during the acquisition. This
collaboration has been fundamental to design the system in a way it could be possible
to scan for a long period of time without damaging the panels. The use of such setup
could be encouraged for documentation purposed during conservation treatments; the
visualization of the data through rendered and false color imaging could be a fast tool
for a first distinction of areas with possible restoration, without the need of complex
classification algorithms.
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Abstract

Over the last decade, hyperspectral imaging has become a popular technique for the non-invasive identification

and mapping of painting materials in many typologies of artworks, thanks to the possibility of obtaining spectral
information over the spatial region. A few attempts have also been made on stained-glass windows to identify the
chromophore elements responsible for glass color. Hyperspectral imaging of stained glass can be complex; in most
cases, stained-glass windows are an integral part of buildings, and sunlight represents the natural light source for
illuminating these artifacts. While it may be considered an advantage, sunlight is not homogeneous throughout the
day, and different weather conditions can affect the quality of the hyperspectral images. In addition, the presence of
buildings and vegetation in the background could also modify the colors of the stained-glass windows and conse-
quently alter the characteristic peaks of the chromophores in the spectra. This work aims to solve some of these issues
and proposes different strategies to improve the results obtainable in situ. The methodology was tested on stained-
glass panels displayed in the windows of the Swiss National Museum. Stained-glass panels located in windows of an
internal wall were also analyzed, developing a lighting setup to account for the lack of natural light. Hyperspectral
images of the selected stained glass were acquired multiple times, choosing different transmittance references for the
preprocessing and exposure time to evaluate differences in the collected spectral images. The use of a diffuser sheet
to mitigate the effect of external factors was also tested on some panels exposed to sunlight. Results from representa-
tive case studies will be presented to discuss the feasibility and limitations of in-situ hyperspectral imaging applica-
tions on stained glass and provide some general recommendations to consider during the acquisitions.

Keywords Stained-glass, Hyperspectral imaging , Transmittance, In-situ measurement

Introduction

Since its first application in the cultural heritage field,
over the years, hyperspectral imaging (HSI) has become
a versatile technique for the non-invasive investigation of
works of art [1]. This technique is based on the acquisi-
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as well as their distribution across the artwork under
study [2]. Various HSI systems have been developed to
analyze and document paintings on different supports,
manuscripts, and photographic materials [1-9]. A few
papers have also been published recently regarding the
application of HSI on stained-glass windows to identify
the chromophore elements responsible for glass color
[10-15]. However, research on this topic is still limited;
imaging stained glass can be complex, and many fac-
tors must be considered. If the stained glass panels are
removed from their original location (e.g., for restoration
treatments), or in the case of separately stored panels, it
is possible to use acquisition systems based on standard
transmittance geometry and stable light sources, such as
halogen lamps [13, 15]. Thanks to these characteristics,
such setups allow for comparable results to UV-VIS-IR
spectroscopy, a widely used technique to analyze histori-
cal and archaeological glass [14].

However, in most cases, stained-glass windows are
an integral part of buildings, and due to their transpar-
ency, solar radiation represents the natural light source
for the illumination of these artifacts. Palomar et al. [12],
were the first to explore the potential of this technique
to identify the chromophore elements of an Art Nou-
veau stained-glass window, exploiting solar radiation as
a light source. The work showed promising results, and
the authors were able to distinguish and map glass with
the same color and composition but different transpar-
ency, despite the changing light conditions. Nonetheless,
the paper stressed how the vegetation in the background
could affect the spectra of light-colored glass and the dif-
ficulties in identifying the chromophores in the spectra of
dark-colored glass. Funatomi et al. [10], explored the pos-
sibility of reconstructing a spectral datacube from raster
scanning fiber optic to solve the issue of illumination
variation during the acquisition. However, the proposed
methodology is still in the experimental stage and is not
publicly available.

The aim of this research is to propose acquisition strat-
egies to tackle those challenges and improve results from
in-situ hyperspectral imaging of stained-glass windows
using a commercially available camera. The proposed
methodology was tested on eight stained-glass panels
displayed in windows at the Swiss National Museum,
chosen after discussion with the museum conservators
considering various factors related to the environment
and the artwork characteristics. In order to evaluate the
quality of the HSI datacubes obtained in different con-
texts, all the case studies were captured multiple times,
selecting various transmittance references for the pre-
processing. Some panels exposed to sunlight were cap-
tured before and after placing a diffusing sheet behind
the windows and, in a few cases, acquired at different
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moments of the day. To the best of the authors’ knowl-
edge, this is the first time HSI has been applied to analyze
stained glass in such a systematic way.

Stained-glass panels located in windows of an internal
wall were also chosen; since they are not directly exposed
to the sun, the analysis of these case studies allowed stud-
ying a different solution to make the acquisition possible.
A lighting setup consisting of a photography light diffuser
and a halogen lamp was developed and tested for the
purpose.

Results from five representative case studies, four
exposed to natural sunlight and one from the internal
wall, will be presented to compare the different acquisi-
tion scenarios (natural vs. artificial illumination) and
discuss the proposed methodology’s contributions and
limitations.

Experimental
Case studies
Eight stained-glass panels were chosen for the experi-
ments; the selection was based on the panels’ location,
sun exposure, homogeneity of the background behind the
windows, and artistic attributes. The influence of these
parameters will be discussed in detail in "Results" sec-
tion. Six of those panels are displayed within the external
windows of the Swiss National Museum, while two are
located in windows of an internal wall. After a prelimi-
nary data interpretation of all eight case studies, five of
them were chosen as the most representative to discuss
the main findings of the research and answer specific
research questions. Technical information, the number
of acquisitions performed, and the research questions
addressed by each case study are summarized in Table 1.
Regarding the discarded case studies, one of them was
made of very dark-colored pieces of glass, and it was
impossible to obtain satisfying results. The other two case
studies, one exposed to sunlight and one located in the
inner window, have very similar palettes to the case stud-
ies discussed in this paper. For this reason, it was decided
not to include them in the manuscript; however, results
from these two panels are available in Additional file 3.

Setup

A portable push-broom hyperspectral camera (Specim
IQ, Specim, Spectral Imaging Ltd.) was employed for the
experiments. The camera acquires 204 bands between
400 and 1000 nm in visible and near-infrared (VNIR
region) and has a spatial sampling of 512 pixels per line.
Since the number of imaged lines is fixed to 512, the
result is a square image with a resolution of 512 x 512
pixels. The field of view is 31° x 31°. The image’s actual
resolution depends on the distance the camera was
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Table 1 Summary table containing technical information, the number of acquisitions taken, and the research questions for each case

study analyzed in the paper

Case studies Information Numberof  Research questions
acquisitions
IN-64.11 Author: Hans Caspar Lang 13 Effects of background
Date: 1609 Effects of selection of different areas as reference for
Dimension: @ 19,6 cm Radiometric correction
Location: Lochmannsaal evaluation of differences in acquisitions taken at different
Description: Allianzscheibe. Ornamental rim with scroll- times of the day
work motifs and putti heads. Content: Alliance coat of arms
Hans and Barbara Im Thurn-Peyer. Lion head motif (coat
of arms)
AG-1177 Author: N/A 12 Effects of background and vegetation
Date: 1574 Effects of selection of different areas as reference for
Dimension: @ 21,5 cm radiometric correction
Location: Lochmannsaal
Description: Allianzscheibe. The two coats of arms stand
between two strong columns in front of a colorless
background. Content: Alliance coat of arms of Marx and
Margaretha Escher-Blarer von Wartensee
LM-8368 Author: N/A 4 Effects of background and vegetation
Date: 1599 Effects of selection of different areas as reference for
Dimension: 31,8 x 22,2 x 0,6 cm radiometric correction
Location: Rosemburgsaal
Description: Bauernscheibe. Man as halberdier in a blue
robe, his wife in a red skirt. Content: Married couple Jos
Abderhalden. Dairy farming (upper image)
LM-749 Author: N/A 8 Development of a setup for stained glass not exposed to
Date: 1627 sunlight
Dimension: 30.2 x 19.6 cm Material identification and distinction
Location: Seidenhof (internal wall)
Description: Wappenscheibe. Queen of Sheba at King
Solomon, giving him the flower riddle. Content: personal
coat of arms Christoph Werdmdiller
LM-660.1 Author: N/A 6 Effects of background and vegetation
Date: 1567 Material identification and distinction

Provenance: Entlebuch

Dimension: 46.1 x 33.5 x 0.7 cm

Location: Rosenburgsaal

Description: Bannertragerscheibe from Entlebuch. Content:
horseman

positioned during the measurement. Details are given in
Additional file 1: Tables s1-s5).

Further technical details regarding the camera are
described in [16, 17]. Compared to other line scan-
ner cameras, which are relatively heavy and must be
mounted on translating or rotating stages, this camera
has the advantage of being smaller, lighter, and more
compact and offers easy mobility within the museum’s
spaces. The museum environment was an important
aspect to consider since the rooms have historical walls
and floors, and fragile artworks are exposed in the prox-
imity of the area required for the scanning. For this rea-
son, portable cameras like the Specim IQ were preferred
for the experiment.

The camera was mounted on a tripod that could reach
a maximum height of around 220 cm (Fig. 1). A table was
used in specific cases to achieve an optimal height. Since

the camera offers the flexibility to adjust focus distance,
it was possible to place it in a way that allowed acquir-
ing the entire panels in a single acquisition. Sunlight
was used as the light source for all the panels except for
LM-794, which is installed in the window of the internal
wall. In this case, a temporary transmittance setup was
developed using a photography light diffuser and a halo-
gen lamp (Fig. 2).

All the configurations were previously evaluated in the
laboratory using mock-up glass. Those tests were crucial
to optimize the acquisition process since the time allo-
cated for the imaging campaign was constrained by the
museum’s opening hours, and only 2 days were available
on site.

In order to evaluate the best imaging conditions and
parameters, the panels were acquired multiple times.
With regard to the panels exposed to sunlight, a novel
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Fig. 1 a, b Schematics of the set-up for the stained-glass panels exposed to sunlight: 1) hyperspectral camera; 2) historical glass; 3) stained-glass
panel; 4) modern glass. 5) Baking paper (diffusing sheet). ¢, d Pictures of the setup in use during the campaign

~225cm

~60 cm

~70 cm

Fig. 2 a, b Schematics of the set-up for the stained-glass panels exhibited in the inner wall: 1) hyperspectral camera; 2) stained-glass panel; 3) wall;
4) historical glass; 5) diffusing fabric; 6) light source. ¢, d Pictures of the setup in use during the campaign

approach was tested to limit the interference of the envi-
ronment behind the windows on the color of the glass.
This approach involves placing a baking paper sheet
behind the stained glass to be analyzed. The baking paper
represented an affordable yet efficient solution to diffuse
the light since it is thin, lightweight, and easy to attach
to glass surfaces using simple masking tape. This method

could be implemented because the stained-glass panels
are encased in historical windows, which were moved
and integrated into the museum spaces together with
the stained-glass panels. These historical windows are, in
turn, protected by additional modern windows (Fig. 3).
After discussing with the museum conservators, it was
possible to open the historical windows partially and
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Fig. 3 Examples from the acquisitions of case studies IN-64.11; the
diffusing sheet is placed on the glazing (historical window) behind
the stained glass panel, so that it is not in touch with the artwork.
In case of IN-64.11 the historical window was kept open to avoid
having the tower (on the left side) within the field of view during the
acquisition. For the other case studies the historical windows were
closed after placing the diffusing sheet

attach the diffusing sheet behind the stained-glass panel
(Fig. 3).

Figure 4 shows the rooms’ orientation and the stained-
glass panels’ location within the room. Additional file 1:
Tables s1-s5 reports the conditions and parameters of
the acquisitions of the five stained glass panels discussed
in this paper. Figures showing the sun’s position during
the acquisitions of IN-64.11, AG-1177, and LM-8368 are
available in Additional file 1: Figs. s1-s3).

Image preprocessing

The image preprocessing is performed by the camera
software directly during the acquisition. The default
recording mode of the camera was used for almost all
the recordings; in this mode, there are two options to
perform the radiometric correction from raw data to
reflectance (transmittance in this case). The first option
(“simultaneous mode”) is to select an area represent-
ing the white reference from the scene itself. The stored
signal is then used to process the image before saving it
(Fig. 5). The second option (“custom mode”) allows the
user to record and store the entire background as a ref-
erence. This reference can then be used for all the sub-
sequent measurements. Since it was not possible to
completely open the windows to capture the background,
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“simultaneous mode” was used for almost all the acqui-
sitions. An attempt to use custom mode was performed
only on case study LM-660.1 since it is located in a win-
dow that can be fully opened, but it was decided that pre-
senting the results from this mode was beyond the scope
of this paper. A detailed workflow of the camera acquisi-
tion process is described by Behmann et al. [16].

Once the acquisition is finished, the obtained output
is a dataset made of separate folders containing the raw
datacube (together with the dark current and the white
reference data), the processed datacube, and the meta-
data file. The processed datacubes were analyzed through
the Fiji implementation of the open-access software
Image] [18].

Results

Panels exposed to solar radiation

In order to understand the main contribution of in situ
hyperspectral imaging of stained-glass windows, it is
important first to address the most common challenges
that must be taken into consideration during the imag-
ing process. With regards to the stained-glass windows
exposed to sunlight, these challenges can be distin-
guished into three groups:

+ Camera-related: transmittance reference acquisition,
storage, and use during the radiometric correction
process.

+ Imaging environment-related: changes in light-
ing conditions while utilizing solar radiation as the
source of light due to the variation of sun position;
changes in atmospheric condition; the presence of
buildings, vegetation, or other such obstacles behind
the stained glass; noise from atmospheric water
(H,0) absorption band in NIR region (925-970 nm)
[16].

+ Object-related: transparency, translucency, and
thickness of the colored glass; possibility to select a
suitable transmittance reference (transparent glass)
within the field of view; chemical composition of the
reference transparent glass.

Despite this categorization, it is important to stress that
those challenges are closely intertwined and should not
be considered separately. In this section, results from the
selected case studies will be shown to provide practical
examples of the effects of these factors and the solutions
adopted to limit them.

Reference selection: consequences of a non-homogeneous
background and light variation

The selection of a suitable reference for radiometric cali-
bration is a fundamental aspect to take into consideration
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specific location of each panel within the room where they are exhibited

during HSI acquisition and processing. The best option
would be to acquire an image of the background without
the stained glass, representing the light distribution of
the entire field of view, ideally as homogeneous as pos-
sible. In most in-situ scenarios, however, the stained glass
occupies the whole window space, and often the refer-
ence must be selected from transparent pieces within the
stained glass itself.

Referring to the case studies presented in this paper,
two distinct scenarios can be noticed. In the first case,
the panels are installed in a historical window consisting
of flat hexagonal glass panes (Fig. 6).

VR

Rosenburgsaal

Fig. 4 a Aerial view of the Swiss National Museum, showing the overall orientation of the rooms and the selected panels. b—d Figures showing the
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In this case, the reference can be picked in one of the
panes closer to the panel, and since they are relatively
large, the signal obtained can be considered representa-
tive of at least a portion of the stained glass. In the second
scenario (see section "Stained glass within crown-glass
windows", Fig. 12a), the stained-glass panels are located
within a crown glass window; in this case, only the tiny
glass triangles between the crown glass can be used for
image processing since they are flat and uncolored. The
availability of such a small area as a reference represents
a disadvantage, as it can be considered representative of
only a minimal part of the field of view. In the following
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Fig. 5 Reference region selection step during the acquisition process
of the case study LM-660.1 (a) and LM-789 (b). The camera shows
areas with the same intensity (in white) from where the most suitable
reference can be chosen (in green)

j " P, 10ty |4 N
Fig. 6 Close-up picture of case-study AG-1177, showing the points
selected for the spectra comparison. The vegetation in background is
very visible from the transparent glass surrounding the stained-glass

sections, examples from the two scenarios will be shown
to demonstrate how these situations affect the quality of
the results.

Stained glass within windows with hexagonal panes Fig-
ure 6 shows the example of case study AG-1177; the panel
is oriented North/West, which means it receives most of
the sunlight in the afternoon from the left side. At the
moment of the acquisition, the sky was cloudy; in addi-
tion, trees can be observed in the background.

The first step to exclude the presence of the trees inside
the camera field of view was to tilt the camera to a certain
degree (see Table 1s in Additional file 1 for details). Since
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the tilting angle is relatively small (15° on average), the
geometric distortions are negligible and do not affect the
data interpretation. Despite this solution, however, it can
be noticed that the trees are still visible on the left side in
acquisitions #1 and #2 (Fig. 7a and e).

Figure 7b—d and f-h show how the spectra of glass
sections with the same color appear entirely different,
whether collected from the left or right side of the panel.
In fact, it can be noticed that the characteristic peaks of
chromophores are covered by the signal of vegetation in
all the spectra obtained on the left side. In this case, the
possibility of placing a diffusing sheet behind the stained
glass, covering the entire field of view, represented a good
solution to improve the quality of the spectra taken from
the left side, as the peaks associated with the vegetation
are eliminated (Fig. 7j-1).

Nonetheless, despite the use of a diffusing sheet, vari-
ations of spectra intensity and shape can still occur.
Figure 8 shows six acquisitions carried out in differ-
ent configurations: the first group (acquisitions #4, #6,
and #7) was acquired between 4:40 pm and 4:45 pm,
with the camera tilted at around 15°. The second group
of images (#9, #10, and #12) was recorded between 5:30
and 5.40 pm with the camera facing the panel straight. In
addition, for each group, the transparent reference was
selected in three different areas: on the right (acquisitions
#4 and #9), inside the panel (acquisition #6 and #12), and
on the left (acquisition #7 and #10) (Fig. 8).

Figure 9 shows the spectra plots obtained from yellow,
green, and blue glass selected on the left and right sides
of the panel. For each colored glass, the comparison is
also made between the pair of datacubes acquired with
the same hexagonal glass pane as reference but taken at
different camera inclinations. In most cases, the spec-
tra from the two sides are more comparable, sometimes
even overlapping, when taken from the second group of
images (orange, red, and yellow lines). Having the cam-
era facing straight may have contributed to improving
the results for the second group of datacubes; however,
the main reason behind this behavior is most probably
related to the sun’s position during the acquisitions.

The six acquisitions were made within one hour, from
around 4.40 pm to 5.40 pm. Since the panel is exposed
North/West and the datacubes were collected in mid-late
afternoon, the sunlight hit the stained-glass panel from
the left side. It can be noticed from Fig. 8c—f how acquisi-
tions #7 and #10, where the reference was selected on the
left side, are less affected by the light changing during the
imaging session, as the two images show a similar light
distribution. On the other hand, acquisitions #4 and #9
show some differences, especially in the lower part of the
image, which appears less illuminated in acquisition #9.
This may also explain why the spectra of acquisitions #7
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Fig.7 a, e, i Pictures showing the areas chosen as transmittance reference (in green). b-l) spectra comparison for the three selected colors
(yellow, green, and blue) from acquisition #1 (b—d), acquisition #2 (f-h) and acquisition #9 (j—I). The bands’ position of the main chromophores
(np=nanoparticles) are indicated with arrows, except for Fe>*. Since the maximum of the Fe?* band falls outside the camera spectral range
(1100 nm), and the NIR region is quite noisy, it was preferred to indicate the band width for this chromophore. The peak at 750 nm is an artifact
probably due to the sunlight spectrum or interference from the atmosphere. Postfixs in curve labeling: | =left; r=right. Figure 6 shows the points
where the spectra were taken
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and #10 are more comparable in terms of intensity than
the other two couples of datacubes.

Different spectral shapes are clearly visible, especially
in the NIR region for the spectra obtained from the
datacubes processed with the transparent glass within
the stained glass and those processed with the transpar-
ent glass from the historical window. These differences
influence the identification of the signature band of fer-
rous iron (Fe*"), characterized by a broad absorption
with a maximum at around 1100 nm [19, 20] (outside of
the Specim IQ camera sensitivity), and it is related to the
chemical composition of the glass selected as the refer-
ence. This aspect will be explained further in the "Discus-
sion" section.

Another example of the influence of light variation is
given by case study IN-64.11 (Fig. 10); this panel is ori-
ented South/West and, differently from AG-1177, has a
clear background. A tower outside can be seen on the left
side, but the possibility of partially opening the window

..-.‘-u

Acquisition #10

Acquisition #12
- 1
Fig. 8 Pictures showing the areas chosen as transmittance reference (in green) for the acquisitions #4 to #12 of the case study AG-1177.The
differences between the pictures in the first row and the ones in the second row are due to the inclination of the camera during the recording
of the first set of images. Acquisitions #4 and #9 (a, d), #6 and #12 (b, ) and #7 and #10 (c, f) were processed using the same glass pane. Some

paper sheets were also placed on the sides of the panel during acquisition #12 to decrease the contrast between the dark colored glass and the
transparent ones

(Fig. 3) allowed for excluding its presence in the image
during the HSI acquisition.

The HSI of this stained glass was performed at two
specific moments of the day. The first set of images
(acquisitions #7 and #9) was recorded in the late morn-
ing (11.20-11.25 am); the sun was high in the sky but
covered by the tower outside on the left. The second set
was recorded mid-afternoon, between 15.46 and 16.17
(acquisition #10 and #13), with the sun well visible on the
right side of the field of view.

As for the case study AG-1177, three pairs of colored
glass present specularly on the left and right sides were
chosen for comparison. It can be noticed how the spectra
taken from the datacubes recorded in the morning (#7
and #9) are separated into two distinct groups. The first
group (Fig. 11, light-colored lines) represents the spec-
tra taken from the right side of the two datacubes, while
the second one (Fig. 11, dark-colored lines) represents
the ones taken from the left side. In general, the spectra
collected on the right side seem to have a lower intensity
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Fig.9 Comparison of spectra obtained on the left and right side from the pair of datacubes processed using the same glass pane as reference
for the three selected colors (yellow, green, and blue). The width of the band in the NIR region associated to Fe?* is indicated. The peak at 750 nm
is an artifact probably due to the sunlight spectrum or interference from atmosphere. Notice how the band of Fe?* tends to disappear when the
radiometric correction is performed using a transparent area inside the stained-glass panel as reference. Figure 6 shows the points where the
spectra were taken
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Fig. 11 a-c Comparison of spectra obtained on the left and right side from the pair of datacubes recorded in the morning, for three selected
colors (green, purple, and red). d-f Comparison of spectra obtained on the left and right side from the pair of datacubes recorded in the afternoon,
for the three selected colors (green, purple, and red). The bands' position of the main chromophores (np =nanoparticles) are indicated with arrows,
except for Fe?*. Since the maximum of the Fe?* band falls outside the camera spectral range (1100 nm), and the NIR region is quite noisy, it was
preferred to indicate the band width for this chromophore. The small peak at 750 nm in a and d is an artifact probably due to the sunlight spectrum
or interference from atmosphere. Postfixs in curve labelling: | =left; r=right. Figure 10 shows the points where the spectra were taken
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than those taken from the left side, except for the red-
colored glass. It is also worthy of mention that the spec-
tra in the two groups seem to overlap almost perfectly
regardless of where the transmittance reference region
was selected.

On the other hand, the spectra from the datacubes col-
lected in the afternoon (#10 and #13) show an opposite
trend. In this case, the spectra taken from the two sides of
the same image are more similar in intensity and shape.
At the same time, a difference in the NIR region can be
observed between the two datacubes, especially in the
red and purple glass. These variations may be explained
as follows:

+ Morning acquisitions: the stained glass does not
receive any direct light in the morning, and the win-
dow is open towards the inside from right to left.
Thus, the spectral differences may depend on the fact
that the left side is less exposed to the light, resulting
in spectra with lower intensity.

« Afternoon acquisition: in this case, the sunlight hit
from the right side almost directly on the stained
glass. This situation probably reduced the variations
related to the differences in sunlight exposure of the
two sides and enhanced those associated with the
selection of the glass pane for transmittance refer-
ence. As for the case study AG-1177, a slight differ-
ence in the red—NIR region (750-1100 nm) can be
noticed, whether the radiometric correction has been
performed using a glass panel or another reference.
This aspect will be commented on further in "Dis-
cussion” section by comparing the results from other
case studies presenting a similar situation.

Stained glass within crown-glass windows ~As mentioned
at the beginning of the section, the HSI of stained-glass
panels within a crown glass window (Fig. 12) represents a
more challenging task than those in widows made of hex-
agonal panels. The case study LM-8368 was chosen as a
representative example to show the consequences of this
scenario. The panel is oriented North/East and does not
receive direct sunlight at any time of the day. It also faces
an urban green area, and many trees are visible in the
background, even after applying the diffusing sheet. The
strong impact of the vegetation signal is demonstrated by
visualizing the false color image of the panel (Fig. 12b, d,
f). The false-color image was created with the Fiji software
by selecting three images from the datacube correspond-
ing to the green (549 nm), the red (643 nm), and the NIR
(811 nm) bands. Those single images were rearranged
into a new RGB image, putting the infrared image first,
then the red and the green. The result is an image that
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enhances the difference between similar colors but with
different spectral features [21, 22]. In this case, for exam-
ple, three different situations can be observed depending
on which transparent area has been used to perform the
radiometric calibration.

The bright pink color visible in most of the transparent
areas of the window not covered by the diffuser can be
correlated to the vegetation signal, as the images selected
for the blue and the green bands fall in regions where the
characteristic bands of leaf pigments can be observed
(Fig. 13) [23, 24]. The pink color, in different tones, can
also be observed in the transparent areas covered by
the diffuser in acquisitions #1 and #2, while it is almost
absent in acquisition #3. Spectral variations presented
in Fig. 13 show the change in intensity of the transmit-
tance band, starting at 700 nm. This is more or less pro-
portional to the intensity of the leaf pigments’ bands
(500-700 nm) in acquisitions #1 and #2. In acquisition
#3, on the other hand, the band’s intensity is reduced, but
the signal of the leaf pigments is still relatively high. The
lower intensity of the band in the NIR might be the rea-
son for the bluish color. This difference in the false color
appearance may be correlated to the fact that the three
areas where the reference has been taken show a variable
amount of vegetation. It might be possible that the signal
of vegetation (or the lack of it, as in the case of acquisi-
tion #1—see Figs. 12a and 14a) has impacted the radio-
metric correction in different ways.

The disadvantage of using a tiny area for the radiomet-
ric calibration, with such an inhomogeneous background,
is well demonstrated by looking at the spectra of red and
yellow colored glass. It can be observed from Fig. 14 that
the shape of these spectra is distorted depending on the
position of the reference glass in relation to the colored
glass. Practically, if the reference glass is selected from the
upper part of the window (Fig. 14, turquoise area), all the
spectra taken from that part until half of the stained glass
appear perfectly smooth. On the other hand, the spectra
taken from different locations will show an absorbance
band starting abruptly at around 700 nm, which may
be related to the signal of the vegetation present in the
lower part of the stained glass (Fig. 14b, c). The same rea-
soning can be done if the reference is selected from the
lower portion of the window; in this case, the vegetation
signal will appear as a bump starting at around 700 nm
(Fig. 14d, e). In both cases, these distortions are gener-
ated because the area selected as a reference is too small
to be considered representative, especially when two
highly different areas are in the background. In this case,
performing two distinct acquisitions is a good solution to
obtain the best results for both halves of the stained glass.
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Acquisition #2
A 1.

Acquisition #3
e 1 H }
Fig. 12 a, ¢, e RGB images created by the camera after the acquisition, showing the area where the reference was collected (turquoise triangle for
acquisition #1, magenta area for acquisition #2 and green triangle for acquisition #3); b, d, f false color images for each of the acquisitions. The band
used to create the false color are stated in Fig. 13. The yellow circle indicates the area where the signal of vegetation (see Fig. 13) was taken. The
black pixels visible in the small triangular glass pane and partially in the crown glass on the top left are saturated pixels
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false-color image, while the colors of the lines indicate which RGB

channel each image substitutes

Internal wall
One of the most significant advantages of analyz-
ing panels within a window of an internal wall is the

T

Transmittance

Transmittance
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possibility of using a stable light source instead of solar
radiation. This way, the issues related to light variation
and noise from the atmosphere signal could be elimi-
nated; however, developing a proper setup to diffuse
the light can still be challenging.

As shown in Fig. 2, the lighting setup used in this
work consisted of a single halogen studio light posi-
tioned in the center of the object under study. The
light is diffused by a diffusing textile material com-
monly used in photography studios, held by a makeshift
stretcher and two poles. The studio light and the dif-
fusing fabric were placed at a long distance from each
other and from the object to improve the light distribu-
tion across the field of view (Fig. 2). However, this was
not sufficient to obtain a perfectly diffused illumina-
tion. It can be observed from Fig. 15 that the light dis-
tribution is characterized by an intensely illuminated
area that gradually loses intensity at the edges. The dif-
ficulties in keeping the diffusing textile well stretched
also contributed to the sub-optimal lighting conditions.
The folds generated by the lack of rigidity of the fab-
ric contributed to generating additional shadows within
the field of view.

Figure 16 shows the comparison between acquisitions
#7 and #6. Acquisition #7 was performed by using a
glass pane from the right, and acquisition #6 by using
a transparent glass piece inside the stained glass. It can
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Fig. 14 a Close-up picture of case study LM-8368. The green and blue triangle and the magenta border indicates where the references were

taken for the three acquisitions. The blue and green rectangular areas delimits the area where the associated reference performs well. b—e Spectra
comparison for amber and red colored glass from three acquisitions performed using three different transparent areas as reference. The bands’
position of the Cu nanoparticles (np) and the Fe**-S complex are indicated with arrows. Regarding Fe?*, it was preferred to indicate the band width
for this chromophore, since the maximum of its band falls outside the camera spectral range (1100 nm), and the red-NIR region is distorted by noise

and artifacts from the radiometric correction
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Fig. 16 Comparison of spectra obtained on the left and right side from acquisitions #7 and #6 for three selected colors (blue, yellow, and green).

Figure 14 shows the points where the spectra were taken

be noticed that the spectra from acquisition #6 are flat-
ter and smoother in the region after 700 nm, a situa-
tion similar to the case study AG-1177. The explanation
behind this phenomenon will be discussed in detail in
the following section.

Discussion

Importance of reference selection: considerations

on chemical composition and background influence

As mentioned in "Results" section, in some case studies
(AG-1177, IN-64.11, and LM-749), the spectra present
a different shape, whether the radiometric correction
is performed using a transparent glass from the stained
glass or one of the window panes as reference. Two spe-
cific variations can be observed: in the first scenario, such
as in the case of AG-1177, the large absorbance band
in the NIR region, usually associated with ferrous iron
(Fe?™), disappears (Fig. 17, green and red lines) when the
transmittance reference is chosen from inside the stained

glass. This phenomenon is especially visible in yellow and
blue glass (Fig. 17b, c).

By observing the spectra obtained from the datacubes
corrected with one of the window’s panes (Fig. 17a, blue,
orange, gray, and yellow line), the transparent glass of the
stained glass likely contains a certain amount of iron as
well. Unfortunately, it was impossible to perform XRF
analysis on the transparent section of the stained glass, as
the area was too small to fit the head of the instrument.
However, the spectra seem comparable with results pub-
lished in the literature regarding the analysis of historical
windows [20, 25].

From these considerations, it is possible to hypothesize
that, during the image processing, the Fe’™ bands are
subtracted from the rest of the colored glass, disappear-
ing. If Fe?" is not present in the colored glass in the first
place, the distortion appears as an increase of the signal
in the NIR region, as shown in the example of the green
glass (Fig. 17d).
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Fig. 17 a Comparison of spectra of the transparent area inside the stained glass, taken from all the acquisitions of AG-1177. Each spectrum is an
average signal obtained by selecting the entire transparent area (Fig. 8b and e). The red and green lines refer to the spectra obtained when the
transmittance reference is taken inside the stained glass, which appear flat due to the division occurring during the image processing phase. The
characteristic bands of the transparent glass can be observed when the reference is taken from the windows' panes. b-d Comparison of spectra
of yellow, blue, and green glass on the right side of the panel, taken from all the acquisitions. The red and green lines refer to the spectra obtained
when the transmittance reference is taken inside the stained glass and appear slightly different from the others due to effects related to the
radiometric correction. Figure 6 shows the points where the spectra of colored glass were taken

The same phenomenon has also been partially observed
in the case study IN-64.11, especially in red and purple
glass (Fig. 11e and f). In the case of purple glass, as for the
green glass, the distortion appears as a signal increase in
the NIR region. Unlike the other examples, however, this
panel has no original transparent area sufficiently large to
be used as a reference. It is worth reminding that the win-
dows where the panels are placed were produced with
historical recipes and are not as pure as contemporary
glass would be. In addition, the various glass panes com-
posing the windows may have been substituted through
time for reparation before being installed in the museum
or even afterward. In this case, qualitative XRF analysis
(see Additional file 2, Fig. s5) revealed that the hexagonal
glass panes on the right side contain a lower amount of

iron and manganese than the one on the left side, which
may explain this difference.

In the second scenario, the spectra of stained-yellow
glass from datacubes processed using a glass pane from
the historical window show three additional bands (at
around 530, 590, and 660—-680 nm). This behavior can
be observed in two very different situations: in the first
case (LM-8368), vegetation is present in the background;
at first look, these additional bands may be related to the
signal of the vegetation in the background of the stained
glass (Fig. 18a, b), which signal should have been limited
by the diffusing sheet. A strong transmittance band start-
ing abruptly at around 700 nm can also be observed.

In the second case (LM-749), when vegetation is
absent, the reason behind the additional bands (at around
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Fig. 18 a Comparison between spectra from the transparent area inside the stained glass and the vegetation. The spectra are taken from all the
acquisitions of LM-8368. Each spectrum is an average signal obtained by selecting the entire transparent area (Fig. 14a). The red line refers to the
spectra obtained when the transmittance reference is taken inside the stained glass, which appears flat due to the division occurring during the
image processing phase. The characteristic bands of the transparent glass can be observed when the reference is taken from the windows'panes. b
Comparison between spectra of an area painted with stained yellow and vegetation, taken from all the acquisitions of LM-8368. The red line refers
to the spectra obtained when the transmittance reference is taken inside the stained glass and appears slightly different from the others due to
effects related to the radiometric correction. ¢ Comparison of spectra of the transparent area inside the stained glass (Fig. 15¢), taken from all the
acquisitions of LM-749. d Comparison between spectra from an area painted with stained yellow, taken from all the acquisitions of LM-749

530-540, 590-600, and 660 nm) may be associated with
cobalt (Co®") impurities. The fact that these bands are
also visible in the yellow-colored glass may be related
to the thinness of the stained yellow layer. The similar-
ity of the spectral shapes in the two scenarios depends
on the fact that the leaf pigments and the cobalt ions
absorb light almost in the same region [20, 23-25]. How-
ever, when radiometric calibration is performed using
the transparent area inside the stained glass, the three
bands tend to disappear entirely in both cases (red lines,
Fig. 18b, d). For this reason, in the case of LM-8368,
those bands cannot be related to vegetation but most
probably to the composition of the transparent glass used
as reference. Following the same reasoning formulated

previously regarding Fe?", it might be possible that the
three bands of Co®" are eliminated during the image pro-
cessing phase. This means that even when vegetation is
present, it is still possible to infer the presence of cobalt
impurities if a diffusing sheet is applied.

XRF analysis was performed on the transparent area of
LM-8368 to characterize the glass composition and verify
this hypothesis. However, it was not possible to detect
cobalt in the glass, as its concentration was probably
under the instrument’s detection limit.

Between the two situations, a slight difference can still
be observed: if vegetation is present in the background,
the strong absorbance band between 700 and 1000 nm
is still visible, even if the reference is selected from a
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transparent area inside the stained glass (Fig. 18b, red
line). This fact means that, in the presence of vegetation,
the selection of the transmitting reference inside or out-
side the stained-glass panel does not entirely eliminate
the influence of the background from the final results.

In light of these considerations, it is clear that the
transmittance reference selection can significantly
impact the quality of the results. Repeating the acquisi-
tion multiple times using different transparent areas as
a reference, together with a good knowledge of the fin-
gerprint absorbance bands of the main chromophores,
can help identify any anomalies in the results obtained
and avoid erroneous interpretation.

Effectiveness of in-situ hyperspectral imaging

for chromophore identification

Despite the numerous challenges discussed in the pre-
vious sections, in-situ HSI can still represent a valuable
tool for the preliminary characterization of chromo-
phores in stained glass. In light of the results obtained
from the case studies, it is possible to draw some con-
clusions about the effectiveness of the in-situ applica-
tion of hyperspectral imaging.

In general, the spectral range between 450 and
700 nm is not affected by the background unless vegeta-
tion is present. Nonetheless, using a diffusing sheet can
help eliminate the vegetation’s signal, as shown in the
case of AG-1177. The following bands are almost always
recognizable, regardless of the reference selection:

+ The surface plasmonic resonance (SPR) of the
copper nanoparticles in red glass (Cu’) at around
565 nm (Figs. 11c, f, 14b, d) [12, 13, 26, 27].

+ The broad band of Mn®" in purple glass, at about
490-500 nm (Fig. 11b, e) [12, 13, 26, 28].

« The three bands of Co** in blue (Figs. 71, 9g—i, 16a),
green (Figs. 7k, 9d—f, 11a, d, 16¢), and purple glass
(Fig. 11b, e), at around 530-540, 590-600, and
650—670 nm [12, 13, 26, 27]. However, the band at
about 590-600 nm may disappear if the glass used
as a reference contains cobalt impurities (Fig. 16a).

+ The band associated with silver nanoparticles (Ag°)
in glass painted with stained yellow (Figs. 7j, 9a—c,
16b). The position of this band may vary between
420 and 450 nm. The shift is usually influenced by
the dimension and shape of the silver nanoparti-
cles, as well as the possible presence of copper nan-
oparticles and the proportions in the Ag—Cu mix-
ture. [29-31].

+ The band associated with the ferric-sulfide (Fe>*-S)
complex in amber glass at around 410-420 nm
(Fig. l4c, e) [26, 27].
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On the other hand, the characteristic bands of Fe?*,
Fe*, Mn?*, and partially Cu?* are more prone to be
altered for the following reasons:

« The intensity of the Fe’™ band is very susceptible to
the amount of this oxide contained in the transparent
glass used as a reference.

+ The Fe**, Mn®", and the iron-manganese complex
absorption bands, located at the end of the camera’s
spectral range in the UV region [19, 20, 28], can be
masked or altered by a noise peak present in almost
all the spectrum at around 400 nm, more or less
intense depending on the imaging conditions.

+ The region between 650 and 1000 nm is generally
noisier on green glass pieces (probably due to their
dark color and low transmittance), resulting in altera-
tions of the absorbance band of Cu?*, located at
around 780-800 nm [12, 26, 27].

« If the acquisition is performed using sunlight as the
light source, part of the Fe** and Cu®*" bands in the
NIR region can be altered by the noise generated by
the atmospheric water.

The alterations described above can considerably
impact the data interpretation, especially when they hin-
der the identification of iron oxides (Fe** and Fe?") and
manganese (as Mn?") since they can be used to deter-
mine the provenance of raw materials, furnace condi-
tions, and the age of the glass under study [20]. The
general color appearance of the stained glass can also be
affected. For example, in Fig. 8, it is possible to notice that
when the reference is selected from within the panel, the
glass pieces appear less yellow. It is possible that the slight
coloration of the transparent glass, given by iron impuri-
ties or wanted addition, is eliminated during the image
processing step. In this case, repeating the measurements
using different transparent glass sections can help verify
any change in the spectral shape of both colored and
uncolored glass and identify eventual anomalies.

In the previous sections, the identified chromophores
were briefly indicated in the plots of all the studied pan-
els. Here, on the other hand, the case studies LM-749
and LM-660.1 (Figs. 19 and 20) are shown as examples
to highlight the potential of HSI in distinguishing glass
of similar colors made with different chromophores.
LM-749, as stated in section "Internal wall, has been
acquired using a stable light source and homogeneous
background. On the other hand, LM-660.1, as LM-8368,
is located within a crown glass window facing an urban
green space with trees. Despite the two different situ-
ations, it was possible to successfully identify the main
chromophores for both stained glass (Figs. 19 and 20).
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Fig. 19 a Close-up picture of case-study LM-794, showing the points selected for the spectra comparison. b Comparison of two green glass. ¢
Comparison of two purple glass; d Comparison of two blue glass. The bands’ position of the main chromophores are indicated
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Fig. 20 a Close-up picture of case-study LM-660.1, showing the points selected for the spectra comparison. b Close-up picture of case-study
LM-660.1, after the application of the diffusing sheet. ¢ False-color image obtained from acquisition #6



Babini et al. Heritage Science (2023) 11:74

In LM-749, for example, it is possible to identify two
types of green and purple glass (Fig. 19). Regarding the
green glass, the darker one was obtained using only
Cu®* (the broad band with an absorbance maximum at
780 nm), and Fe** (band at around 420 nm), while the
lighter green shows the addition of Co®" (three bands
at 540, 590, and 660 nm). Concerning the purple glass,
the reddish-purple one seems to contain only Mn®" as
the main chromophore (490 nm), while the other purple
glass has a more bluish hue due to the additional pres-
ence of Co”".
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On the other hand, the pale and the darker blue seem
to have been colored using the same chromophores
(mainly cobalt) but in different concentrations. The
slight difference in the region between 450 and 500 nm
could be related to a different amount of Fe** in the
two areas (additional weak band at 480-490 nm)[19],
but further analyses should be performed to confirm
this hypothesis.

The case study LM-660.1 (Fig. 20) is particularly inter-
esting from the conservation-restoration point of view.
For instance, a few purple glass pieces have probably been
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Fig. 21 a Comparison of the original purple glass with a probable later addition. b Comparison of four stained yellows, characterized by a shift
of the silver nanoparticles band from 420 (light yellow) to 450 nm (intense yellow); ¢ Comparison of blue glass, stained yellow and the combined
layers. d Comparison of green glass, stained yellow and the combined layers. The band's position of the main chromophores are indicated.

Figure 20a shows the points where the spectra were taken
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substituted using purple glass with a different composi-
tion. This theory seems to be confirmed by comparing
the spectra from the original purple glass and the possi-
ble addition (Fig. 21a), which shows how the replacement
glass contains a lower amount of cobalt.

Thanks to HSI, it was also possible to understand the
application of the stained yellow layer across the stained-
glass panel. Figure 21b shows the spectra of possibly four
typologies of stained yellow, characterized by a shift of
the silver nanoparticle band from 420 (light yellow) to
450 nm (intense yellow). According to the literature, this
shift may be related to the size and dimension of the sil-
ver nanoparticles or the addition of copper nanoparticles,
which provided an orange color to the stained yellow
[29-31].

Stained yellow has also been applied over blue and
green glass to depict details like the capitals’ decorations
and the pavement’s border. Figure 21c and d show how
it is possible to distinguish the contributions of the two
layers by comparing the spectrum of the mixed layer
with those of the pure colors. The spectra of the blue and
green glass, covered by stained yellow, are both charac-
terized by the painted layer’s contribution in the region
between 420 and 460 nm, while the rest of the spectrum
shows the characteristic bands of the chromophores of
the layer below. This is especially noticeable in the blue
glass (Fig. 21c).

Conclusion
This paper presented the results from an extensive in-
situ hyperspectral imaging campaign on stained glass
windows exhibited at the Swiss National Museum.
Hyperspectral imaging was applied both on stained
glass exposed to sunlight and on stained glass displayed
in a window of an inner wall to evaluate the challenges
related to these two different environments and identify
the advantages and limitations of the technique.
Regarding stained glass exposed to sunlight, the results’
quality depends significantly on the size and chemical
composition of the transparent area chosen as reference
and external factors such as the presence of vegetation
and changing illumination throughout the day. In this
specific case, the possibility of applying a diffusing sheet
behind the panels allowed for minimizing the influence
of these external factors and obtaining successful results
in most cases. However, the authors are aware of this sit-
uation’s exceptionality and that it may not always be pos-
sible to apply this methodology everywhere (for example,
in large windows of religious or secular buildings that
cannot be opened). It is also worth mentioning that the
collaboration with the museum’s staff and conservators
was essential to test this approach to ensure that opening
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the window and applying the diffusing sheet was not
damaging the artworks.

Factors such as the weather, and the sun’s position in
relation to the object during the acquisitions, must also
be taken into consideration since they determine the
amount of light reaching the stained glass and its dis-
tribution. During the preliminary tests and the imaging
in-situ, it has been observed that a foggy day or a clear
sky (with the sun far away from the field of view) provides
the most homogeneous background and, consequently,
the best imaging conditions. On the other hand, the
light intensity may be too low to allow the identification
of the darkest-colored glass, especially the green ones.
In this case, having direct sunlight in the field of view
can improve the visualization of the deep-colored glass.
However, the contrast between the more illuminated
areas with the rest of the scene can become an issue dur-
ing the radiometric correction. The risk of overexposing
the light-colored glass is also very high due to the inten-
sity of the solar radiation reaching the stained glass, even
with a minimal camera exposure time. The best moment
for the acquisition should then be judged case-by-case,
making compromises according to the research ques-
tions that need to be answered. If budget and time allow,
it would be advisable to perform multiple acquisitions,
not only on the same day but also in different seasons and
weather conditions.

Concerning the panels displayed on internal walls’
windows, a lighting setup was developed to perform the
HSI acquisition. The makeshift system allowed encourag-
ing results; however, it still necessitates improvements.
In this sense, further work should be focused on imple-
menting a rigid diffuser to avoid the formation of rippling
shadows due to the folds of the fabric. Using multiple
light sources instead of a single one is advised to improve
light distribution.

In both situations, nonetheless, it was possible to
acquire sufficiently good results to have a qualitative
understanding of the chromophores involved in the col-
oration of the glass pieces in a completely non-invasive
way. While some characteristic bands could be altered
due to external or camera-related issues, a good knowl-
edge of the absorption behavior of chromophores can
help formulate initial hypotheses, which can then be vali-
dated by complementary analysis.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540494-023-00923-6.

Additional file 1: Table s1. Acquisitions parameters of case study
IN-11.64. Table s2. Acquisitions parameters of case study AG-1177.
Table s3. Acquisitions parameters of case study LM-8368. Table s4.
Acquisitions parameters for case study LM-749. Table s5. Acquisition
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parameters for case study LM-749. Figure s1. sun position during HSI
acquisitions for case study AG-1177, calculated through the website
SunCalc.org. Figure s2. Sun position during HSI acquisitions for case study
IN-64.11, calculated through the website SunCalc.org. Figure s3. sun posi-
tion during HSI acquisitions for case study LM-8368, calculated through
the website SunCalc.org.

Additional file 2: Figure s4. a) close-up picture of case-study AG-1177,
showing the point selected for the XRF analyisis. b) XRF spectra of the two
glass panes used as reference for radiometric correction. ¢) zoom of the
spectra showing the differences in concentration of iron and manga-
nese in the two glass panes. Figure s5. a) close-up picture of case-study
LM-8368, showing the point selected for the XRF analyisis. b) XRF spectra
of the two glass panes used as reference for radiometric correction. c)
zoom of the spectra showing the differences in concentration of iron and
manganese in the two glass panes.

Additional file 3: Table s6. Technical information and number of
acquisitions taken for the case studies LM-2632.c and AG-1183. Table s7.
Acquisitions parameters of case study LM-2632. Table s8. Acquisitions
parameters of case study AG-1183. Figure s6. a) close-up picture of case-
study LM-2632.c, showing the points selected for the spectra comparison.
b) pictures showing the areas chosen as transmittance reference (in
green). ¢) spectra comparison of two purple glass. d) spectra comparison
of two blue glass, one light and one dark. The dark blue is enamel glass
charachterized by areas with different thickness. Notice how the band

of Co®* at 590 nm disappears in thicker areas. e) spectra comparison of
two green glass with different composition. D) Spectra comparison of
stained-yellow and amber glass. Stained-yellow glass shows two peaks at
around 590-600 and 660 nm which may be related to cobalt impurities
from the transparent glass. Figure s7. a) close-up picture of case-study
AG-1183, showing the points selected for the spectra comparison. b)
pictures showing the areas chosen as transmittance reference (in green).
) spectra comparison of two purple glass; one containing cobalt as addi-
tional chromophore d) spectra comparison of three blue glass, obtained
from different concentration of iron and cobalt. Manganese (as uncolored
Mn?*) may be present in higher concentration in the lighter glass. €) spec-
tra comparison of three flashed red glass. The different position and shape
of the band at 565 nm could be related to variations in size and dimension
of the copper nanoparticles (np). d) Spectra comparison of stained-yellow
and amber glass. Besides visual examination, from the spectral point of
view the two colored glass can be distinguished from the shape of the

slope in the region between 400-550.

Acknowledgements

The authors would like to thank Tino Zagermann, conservator-restorer, for his
help during the acquisitions at the Swiss National Museum and Dr. Myléne
Rouss, curator at the SNM, for the permission to analyze the stained-glass
windows.

Author contributions

Conceptualization, AB, TL, KS, SG, and JYH; methodology, AB; resources, AB,

TL, KS; investigation (HSI), AB, TL (supporting); investigation (XRF), TL; formal
analysis, AB; visualization, AB; writing—original draft preparation, AB; writing—
review and editing, AB, TL, KS, SG, and JYH; supervision, TL, KS, SG, and JYH;
project administration, SG, JYH; funding acquisition, JYH. All authors read and
approved the final manuscript.

Funding

Open access funding provided by Norwegian University of Science and Tech-
nology. This research has been carried out as part of a PhD program within the
CHANGE Innovative Training Network. The CHANGE-ITN project has received
funding from the European Union’s Horizon 2020 research and innovation
program under the Marie Sktodowska-Curie grant agreement No. 813789.

Availability of data and materials

The most relevant data generated or analyzed during this study are included
in this published article (and its supplementary information files). Additional
datasets used and analyzed during the current study are available from the
corresponding author upon reasonable request.

Page 22 of 23

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 28 December 2022 Accepted: 2 April 2023
Published online: 14 April 2023

References

1.

Picollo M, Cucci C, Casini A, Stefani L. Hyper-spectral imaging technique
in the cultural heritage field: new possible scenarios. Sensors (Basel).
2020;20(10):2843.

Radpour R, Delaney JK, Kakoulli . Acquisition of high spectral resolution
diffuse reflectance image cubes (350-2500 nm) from archaeological

wall paintings and other immovable heritage using a field-deployable
spatial scanning reflectance spectrometry hyperspectral system. Sensors.
2022;22(5):1915.

Cutajar JD, Babini A, Deborah H, Hardeberg JY, Joseph E, Fraysaker T.
Hyperspectral imaging analyses of cleaning tests on Edvard Munch’s
monumental Aula paintings. Stud Conserv. 2022;67(sup1):59-68.

Gabrieli F, Delaney JK, Erdmann RG, Gonzalez V, van Loon A, Smulders P,
et al. Reflectance Imaging Spectroscopy (RIS) for operation night watch:
challenges and achievements of imaging rembrandt’s masterpiece in the
glass chamber at the Rijksmuseum. Sensors. 2021;21(20):6855.

Cucci C, Picollo M, Chiarantini L, Uda G, Fiori L, De Nigris B, et al. Remote-
sensing hyperspectral imaging for applications in archaeological areas:
non-invasive investigations on wall paintings and on mural inscriptions in
the Pompeii site. Microchem J. 2020;158: 105082.

Balas C, Epitropou G, Tsapras A, Hadjinicolaou N. Hyperspectral imaging
and spectral classification for pigment identification and mapping

in paintings by El Greco and his workshop. Multimedia Tools Appl.
2018;77(8):9737-51.

Cucci C, Bracci S, Casini A, Innocenti S, Marcello P, Stefani L, et al. The illu-
minated manuscript Corale 43 and its attribution to Beato Angelico: non-
invasive analysis by FORS, XRF and hyperspectral imaging techniques.
Microchem J. 2017;138:45-57.

Cucci C, Delaney JK, Picollo M. Reflectance hyperspectral imaging for
investigation of works of art: old master paintings and illuminated manu-
scripts. Acc Chem Res. 2016;49(10):2070-9.

Daniel F, Mounier A. Mobile hyperspectral imaging for the non-invasive
study of a mural painting in the Belves Castle (France, 15th C). Sci Technol
Archaeol Res. 2015;1(2):81-8.

. Funatomi T, Ogawa T, Tanaka K, Kubo H, Caron G, Mouaddib EM, et al.

Eliminating temporal illumination variations in whisk-broom hyperspec-
tral imaging. Int J Comput Vision. 2022;130:1310-24.

. Perri A, Nogueira de Faria BE, Ferreira DCT, Comelli D, Valentini G, Preda

F, et al. Hyperspectral imaging with a TWINS birefringent interferometer.
Opt Express. 2019;27(11):15956-67.

. PalomarT, Grazia C, Cardoso IP, Vilarigues M, Miliani C, Romani A. Analysis

of chromophores in stained-glass windows using Visible Hyperspectral
Imaging in-situ. Spectrochimica Acta Part a-Mol Biomol Spectrosc.
2019;223:117378.

. Rebollo E, Ratti F, Cortelazzo GM, Poletto L, Bertoncello R. New trends in

imaging spectroscopy: the non-invasive study of the Scrovegni Chapel
stained glass windows. Proc SPIE, O3A: Opetics for Arts, Architecture, and
Archaeology Ill. 80842011. p. 808407.

. Babini A, Green P, George S, Hardeberg JY. Comparison of hyper-

spectral imaging and fiber-optic reflectance spectroscopy for reflec-
tance and transmittance measurements of colored glass. Heritage.
2022;5(3):1401-18.

. Babini A, George S, Hardeberg JY. Hyperspectral imaging workflow for the

acquisition and analysis of stained-glass panels. Proc SPIE Optics for Arts,
Architecture, and Archaeology VIIIl. 11784 2021. p. 117841F

. Behmann J, Acebron K, Emin D, Bennertz S, Matsubara S, Thomas S, et al.

Specim 1Q: evaluation of a new, miniaturized handheld hyperspectral
camera and its application for plant phenotyping and disease detection.
Sensors. 2018;18(2):441.



Babini et al. Heritage Science (2023) 11:74 Page 23 of 23

17. Picollo M, Casini A, Cucci C, Jussila J, Poggesi M, Stefani L. A New Com-
pact VNIR Hyperspectral Imaging System for Non-Invasive Analysis in the
Fine Art and Architecture Fields. Proceedings e report: Firenze University
Press; 2018. p. 69-74.

18. Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch
T, et al. Fiji: an open-source platform for biological-image analysis. Nat
Methods. 2012;9(7):676-82.

19. Micheletti F, Orsilli J, Melada J, Gargano M, Ludwig N, Bonizzoni L. The role
of IRT in the archaeometric study of ancient glass through XRF and FORS.
Microchem J. 2020;153: 104388.

20. Meulebroeck W, Nys K, Patin M, Thienpont H. The interaction between
daylight and fifteenth and sixteenth century glass windows from the low
countries. Sci Rep. 2021;11(1):21338.

21. Hayem-Ghez A, Ravaud E, Boust C, Bastian G, Menu M, Brodie-Linder N.
Characterizing pigments with hyperspectral imaging variable false-color
composites. Appl Phys A. 2015;121:939-47.

22. Buoso MC, Ceccato D, Zafiropoulos D. False-color Infra Red Photography
in the Identification of Pigments Used for a late 13th Century llluminated
Manuscript. LNL Annual Report, Applied and Interdisciplinary Physics
Instrumentation 2009:153-4.

23. Thenkabail P, Mariotto I, Gumma M, Middleton E, Landis D, Huemmrich
K. Selection of hyperspectral narrowbands (HNBs) and composition
of hyperspectral twoband vegetation indices (HVIs) for biophysical
characterization and discrimination of crop types using field reflectance
and hyperion/EO-1 Data. IEEE J Sel Top Appl Earth Obs Remote Sensing.
2013,6:427-39.

24. Jiang J, Comar A, Burger P, Bancal P, Weiss M, Baret F. Estimation of leaf
traits from reflectance measurements: comparison between methods
based on vegetation indices and several versions of the PROSPECT
model. Plant Methods. 2018;14(1):23.

25. Cagno S, Van der Snickt G, Legrand S, Caen J, Patin M, Meulebroeck W,
et al. Comparison of four mobile, non-invasive diagnostic techniques for
differentiating glass types in historical leaded windows: MA-XRF, UV-Vis—
NIR. Raman Spectrosc IRT X-Ray Spectrom. 2021;50(4):293-309.

26. Bracci S, Bartolozzi G, Burnam RK, Corallini A. Integration of both non-
invasive and micro-invasive techniques for the archaeometric study of
the stained-glass window Apparizione degli Angeli in the basilica of
Santa Croce in Florence. Italy. J Cult Heritage. 2020;44:307-16.

27. Hunault MOJY, Bauchau F, Boulanger K, Hérold M, Calas G, Lemasson Q,
et al. Thirteenth-century stained glass windows of the Sainte-Chapelle in
Paris: an insight into medieval glazing work practices. J Archaeol Sci Rep.
2021;35:102753.

28. Bidegaray A-l, Godet S, Bogaerts M, Cosyns P, Nys K, Terryn H, et al. To
be purple or not to be purple? How different production parameters
influence colour and redox in manganese containing glass. J Archaeol Sci
Rep. 2019;27:101975.

29. Patin M, Nys K, Thienpont H, Meulebroeck W. Prestige markers in art:
subtle stratagems in material selection for fifteenth-century stained-glass
windows. Heritage Sci. 2022;10(1):106.

30. Delgado J, Vilarigues M, Ruivo A, Corregidor V, da Silva RC, Alves LC.
Characterisation of medieval yellow silver stained glass from Convento
de Cristo in Tomar, Portugal. Nucl Instrum Methods Phys Res, Sect B.
2011,269(20):2383-8.

31. Molina G, Murcia S, Molera J, Roldan C, Crespo D, Pradell T. Color and
dichroism of silver-stained glasses. J Nanopart Res. 2013;15(9):1932.

Submit your manuscript to a SpringerOpen®

Publisher’s Note journal and benefit from:

Springer Nature remains neutral with regard to jurisdictional claims in pub-

lished maps and institutional affiliations. . . .
» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online

» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com







Paper 6

Agnese Babini, Tiziana Lombardo, Sony George, Jon Y.
Hardeberg. (2023). Blind unmixing of hyperspectral images of
stained glass: adapting the LUMOoS algorithm for chromophores

mapping.
Draft paper.

This paper will be submitted for publication and is therefore not included.

154



ISBN 978-82-326-7294-3 (printed ver.)
ISBN 978-82-326-7293-6 (electronic ver.)
ISSN 1503-8181 (printed ver.)

ISSN 2703-8084 (online ver.)

< NTNU

Norwegian University of
Science and Technology



	f648fbc2-6854-4541-88d0-a40d889b3363.pdf
	Introduction 
	Materials and Methods 
	Glass Samples 
	Instrumentation 
	Metrology 
	Reflectance: Backing-Material Selection 
	Complementary Analysis 

	FORS and HSI Performance Evaluation 

	Results 
	Chromophore Identification 
	Green Glass 
	Blue Glass 
	Red Glass 
	Orange and Amber Glass 
	Purple Glass 

	Colorimetry 
	CIELAB L*a*b* Values 
	Color Difference E00 


	Discussion 
	Conclusions 
	References

	f0c5e2e2-0fb2-4c7d-8fed-3d44732b982e.pdf
	A Portable Set up for Hyperspectral Imaging of Stained-Glass Panels
	1 Introduction
	2 Materials and Methods
	2.1 The Transmittance Setup
	2.2 Case Studies
	2.3 Methodology

	3 Results and Discussion
	3.1 Limitation of the System

	4 Conclusion and Perspectives
	References


	47eef683-9605-460c-bbd3-aca7591d8bc5.pdf
	Acquisition strategies for in-situ hyperspectral imaging of stained-glass windows: case studies from the Swiss National Museum
	Abstract 
	Introduction
	Experimental
	Case studies
	Setup
	Image preprocessing

	Results
	Panels exposed to solar radiation
	Reference selection: consequences of a non-homogeneous background and light variation
	Stained glass within windows with hexagonal panes 
	Stained glass within crown-glass windows 


	Internal wall

	Discussion
	Importance of reference selection: considerations on chemical composition and background influence
	Effectiveness of in-situ hyperspectral imaging for chromophore identification

	Conclusion
	Anchor 18
	Acknowledgements
	References


	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page



