Hyperspectral imaging for heritage: From books to bricks

UNIVERSITY OF

(0),430)23D

lan Jamedvlaybury

St Cross College

Thesis submitted for the degree of
MSci
in

Science and Engineering in Arts, Heritage, and Archaeology

MichaelmasTerm2019



Contents

T T =SS USPPPPPRUPSR 5
JLIE= o [P UUUSPRPPPRRPRPPPRN 7
List of acronymsnotations, and abbreviations.............c.veiiiiiiieeeee e 8
(€10 FSTST= T VAo (=1 11
L= 01 1 PR P PSP 11
311110} o R 11
Y 0153 1 = Lo PR 12
ACKNOWIEAGEMENES ... eeer e 14
Chapter LINTrOTUCTION.........ueiiiiiiiiiiii et 16
1.1 The foundations o.f...t.he.. . }AHe.r...t.3a§
1.2 The benefits of the application of science to cultural heritage.................. 20
1.3 The thesis in the context of heritageIsce. .............ccccvvviiiiiiieemiiieeeee 33
1.4.1 A note on peaks, signals, and NOISE............cccovvviiiieeere e e e 37

1.5 Imaging and spectroscopic techniques in heritage science....................... 37
1.6 Hyperspectral iMaging.........couuueeeeeeiiiiiiiee e e 38
1.7 Thesis aim, research questions, and overall approach..................c.cccee... 39
1.8 General apPrOaChL...........oooviiiiiiiii e e e 40
1.9 THESIS SITUCTUIE... ..o eeee e s e e e e e e e e e 42
Chapter 2LILErature FEVIEW..........uuuuueeieiiie e e e e ceeeiie et s e e e e e e e e e e e e e e e eseeneeeeeeeaaeeeeenanenns 43
2.1 Hyperspectral IMaging.............uuvvurriiiiiiieeeeenriiiiese e e e e e s ememrinnsneeeeeeeeee e 43
2.2 REflECtANCE SPECIIAL......ueiiiiiiiiiii ittt 47
2.3 The pigmentation of heritage artefacts............ccccoovrvieeee s 48
2.4 The photodegradation of pigmentation.............cccooveeiiieeeiiiiiiiieeee e 49
2.5 The detection Of PIgME@IIDN ............oooiiiiiiiiiiireer e 50
2.6 Problems with hyperspectral imaging...............ooovviiiiceeeeeiieeeeeee e 50
2.7 Literature review conclusion (summary and implicatians)........................ 51
Chapter SMEENOUS. .. ..ueeeeiiiiiiiie e 53
3.1 Analytical tECNNIQUES...........oooiiiiiiiiieeme e 53
3.1.1 Gaeral description of PrinCIples..........cooovviiiiiiiiie e 53
3.1.2 INStrumentation USEM...........cuuuueruiiiiiieeieitiirs s e e e e e e e e e s enneran s s e e e e eeaaes 56

3.2 Summary of analytical methods used................oooiiccciiii i 62
3.3 Calibration of hyperspectral equipment and sources of error.................... 64

Chapter 4experiment 1: Assessing the Effectiveness of Hyperspectral Imaging in the
Identification of Pigments: Comparing HSI and Raman Spectroscopy in An Analysis

of llluminated Armenian ManUSCIIPLS. ........cooie i 78
B0 ADSITACL . ....ueeiiieieeie ittt 79

e

scien



/o I 1 a1 (0 [0 U1 (] ] SRR 81

4.1.1 Pigment @nalySIS.........ooooiiiiiiiiiiieeen e 81
4.1.2 RAMAN SPECIIOSCOMY. ... uuteeeeeeeeeeeeeiimmessasaeeeeeaeeeeeessssnnnsmnneeeeeerernsnnnnnnd 82
4.1.3 Hyperspectral iMaging.......ccoceeeeeeeeeeiiiiieeeii e e e e e eeeeeeeeeeeesvvssmemeeeeeeeeeennes 84
4.2 Maerials and MethodsS..........uuuuiiii e 88
4.2.1 Armenian ManNUSCIIRLS .....cooiiiiiiiiiiierne s eeeeseeeb e eeees 88
4.2.2 WOTKFIIOW.. ... et e e e e e e e e e e eeme e 91
4.2.3 HSI database........cooooieiiiiieeeeee e 94
4.2.4 EQUIPIMEIL. ...ciiiiiiiieee et et enenaes 97
B.3 RESUILS....oeiiiee e 104
4.3.1 CONFUSION METES.......ceeveiiiiiiiiiiiiee et e e e e e e e e e e e s ennera e e e e e e e eeeeeees 111
4.4 DiscusSion and CONCIUSIANS ......uuuuuiiiieeeee e ceeeiisea s e e e e e e e e e eeeeeeereneeeeeeeeaes 115

Chapter 5 experiment 2: Digital restoration using visible and near infrared
hyperspectral imaging (VNIR HSI): An investigation into the pigmentation on the

westwall of the Shrine of Taharga...............cccooiiiiiiice e, 120
L0 013 1 = T S RRROPSST 121
T80 1 0T [UTod 1 o] o PPN 123

5.1.1 The shrine of King Taharga...............uiiiiiiiceciiiicicieee e eeeen, 123
S0 I 1= 0] SRR 126
5.2.1 The digital recolouring of faded artworks..........cccccccvviiiimannnenn. 126
5.2.2 ldentifying pigments on Ancient Egyptian art from the XXVth dynasty27
5.2.3 Analytical Methods...........oooviiiiiiiiiee e 130
5.3 Materials and methods.............oveuiiiiii e 134
5.3.1 Equipment (primary data collection)...........cccoeeveeieiiieeciiiiiieee e, 134
5.3.2 Secondary data collection methods................eviiiccrieeeevviiiiceeenn 142
5.4 RESUILS.....ceeeeeeeiii s e e e e e eern s e e e e e e e e e e e e e e e e e et nnneaaeeaeeeaees 143
5.4.1 VNIR HSI MaPPINgG.....cccceiiiiiiieiiiiiiiimmme et smmns e 143
54,2 XRE e 146
SR V[ Tod f0 Yol o] o)/ TP PPPPP 148
5.4.4 Photeinduced Luminescence (PIL)...........ccooiviriiiiiiiee e 149
5.4.5 Creating an amalgamated map of pigments on the west wall of the Shrine of
LI L F= Lo = TSP P PPPPPPP 150
5.5 DiScUSSION andONCIUSIONS ........cceiiiiiiiiiiiiimmee et 153

Chapter 6 Experiment 3: Visible and near infrared hyperspectral imaging for the

analysis of colour change in cultudaheritage artefacts............ccoooeoviiiiiviccceennn. 156
8.0 ADSIIACE ...t eee ettt e e nnnana 156
(00 1 0T U Tod 1 o] o ORI 158

6.1.1 Light induced fading of pigmentation..............ccccoeviieeeeriieeveeiiiieeeeeeens 158



6.1.2 Monitoring Of COIIECHIONS............uuuiiiiiie et 159

6.2 AIM & reSearCh QUESHIONS. ........couiiiiiiii et 161
6.3 Materials and Methods..............ouuiiiiiic e 162
B.3. LMALEITAIS ... ..ttt ————— 162
(GRS I \V/ (=11 0 To o (o] (0] 1Y AN PP PPPPPPPPPPPPPP 165
6.3.3 Data processing for hyperspectral data..............oooovviiiiccceeeeeieiieee 166

6.4 RESUILS. ...t e e e e e e e e e e e s st e e e e e e e as 176
6.4.1 Analysis of EAX 3873: Faded silk rabe.............ooovvviiiieeeiiiiiii. 176
6.4.2 Analysis of Bodl. 394: Illluminated manusCripL...........ccccuvvvvrmieemnnnnnne 184

6.5 DiscusSIoN and CONCIUSIQN........uuuuiiiiiiiiiiieieeniiiiiee e e e e e e e e e e e e 197
Chapter 7Overall thesis discussion and CONCIUSIONS...........cccevvvieeieeceeciinnn, 202
7.1 Experimental deCISIONS........uuiiiiiiiiiiiiie ettt 202
7.2 Review of the aim and research questians.................vvvvicceeeeeeeeeeeeiennnnn, 204
7.2.1 Research qUESHION.L.......coooiiiiiiiiiiiie e 204
7.2.2Research QUESHION 2.........uuuiiiiiiee e eeerrnn e e e e e e e 205
7.3.3 Research QUESHION.3..........uieiieiieiiiie e e e e e e e e e e e mmme e e e e eeenes 206

7.3 FULUIE reSEarCh......coiiieeee e e e e e e e e e 206
7.4 Concluding remark take home message...........ooovvvviiiiiiiccce e 208
Chapter 8 Declaration of FUNAING............uiiiiiiiiiiic e eeeeeeeeeee e 209
Chapter 9 RefErENCES.........vvuiiiiie e eeer e e e e e e e e anae 210
Chapter 10 Appendix Proof of submission of manuscripts to journals.............. 233



Figures

Figure 1.1 The scientific methQd.................uuiiiiicceee e 21
Figure 1.2 The three periods of development................ueveiiieemiieiiiiiiiiiiieeeeeeeeen. 22
Figure 3.1. lllustration of a data cube..............coooiiriiiieeee e 54
Figure 3.2. The HSI equipment used during the thesis...............cccccciie s 58
Figure 3.3. White light calibration spectra............ccccccoeiiiiiieeei e 59
Figure 3.4 Raman SpectroSCOPY €QqUIPMENT. ..........uuuuuririrrireeiiiriiieneeeeeeeeeeeeeeeas 60
Figure 3.5 The DRSP €qUIPMENT..........uvuiiiiiiiiimreeeeieiiers s e e e e emmmrnnn e 61
Figure 3.6. The calibration WOrkflow...............ooooiiiimmmn e 65
Figure 3.7. The reflectance spectrum of SpectfAlan............c.coeeeveeeeeecvreenee 68
Figure 3.8. MS. Arm. 0.3 e e e e e e e e e as 12
Figure 3.9. A basic diagram of chromatiberration...............cccceeveiiiiiiceciiicceeennn. 73
Figure 3.11. Demonstration chromatic aberratian.................cccccvimemnieiiciiinnnnnee. 75
Figure 3.11. Headwall Photonics calibration chart.................cvvvieeiiiiieei, 76
Figure 4.1 Armenian ManUSCIIPLS. ......couiiiiiiiieii e 89
Figure 4.2. Flow diagram exXperiment.L.............ceieeiiiiieeeerniiiiiiee e e e e e e e eeaeeesee s 94
Figure 4.3. Colour swatches of different pigments...........cccoooiiiiicce e 95
Figure 4.4. The HSI eqQUIPMENL.......cooooiiiiiiii e 99
Figure 4.5. The Raman SpectrosSCopY eqUIPMENL..........ccoevviiiiiiccceeeeeeeeeeeeeeenne 102
Figure 4.6. Map of vermillion pigment.............c.oooeeiiiiieeeii e, 116
Figure 5.1 The HSI equipment during a scd he Shrine of Taharqga................. 136
Figure 5.2 The shrine of King Taharga..............ccoooeiiiiieeeii e, 138
Figure 5.3 White calibration data (Laboratory)...............eeeevriiiiiecmiiiieiiiiiieeeeeen, 139
Figure 5.4 White calibration data (field)..........cccooeeviiiiiiiiieeeeiii e 141
Figure 5.5. HSI map of red colouration on the west wall...............ccccccvveeernenee 143
Figure 5.6. HSI map of red colouration on heiroglyphics...........ccccoooiiiiiieeennnnn. 145
Figure 5.7. XRF showing Cu found on the west wall..............ccccoorieeen. 146
Figure 5.8. A representative spectra from the pXRF experiment...................... 147

Figure 5.9. The approximate locations of the samples used for micrascopy....148
Figure 5.10. Armstrong6s .p.hot.oi.ndutded | umin

Figure 5.11.Creation of finished figure............cccuiiiiiiiiiceeee e 152
Figure 5.12Final image of pigmentation on the Shrine..............ccccoeeiivieeciinnnnns 153
Figure 6.1 The DRSP equipment iN USE.......ccuiiiiiiiiiiiiiieeeeeeeee e 163
Figure 6.2.Silk rODEEAX 3873..... oot 164
Figure 6.3. MS BOdl. 394..... ..ottt ieee et eeea e e e e e e 165
Figure 6.4. Workflow to obtain CIELABAIUES...............coovvriiiiiiieeeee e, 169
Figure 6.5. The PCA plot for Bodl. 394........cooviiiiiiiiiiiieeee 175
Figure 6.6.ENdmMembergrobe)............ccceeiiiiiiiii e, 176
Figure 6.7. Plot of eigenvalugBobe).............ooviiiiiiiiiee e 177
Figure 6.8. The most significant Endmemb@obe)...........ccoeiiiiiiiiiiiccciiiiieeees 181
Figure 6.9. A false colour image of the robe...........ccoooiiiiiieee 182
Figure 6.10.Robe areas of analysiS..........cccooviiiiiiiiiiceeii e 183
Figure 6.11Bodl. 394 areas of analySiS..........ccccveeriiiiiimemiiiee e 184
Figure 6.12 Reflectance spectra taken from Bodl. 394...............cccoovriiiemeiiinnnnnn. 185
Figure 6.13. Reflectance specttamparing day 0, and day 111........................ 189
Figure 6.14 The area of Bodl. 394 that was used to demonstrate the effect of the
Radiometric NormaliSation ProCESS......ccuuiiiiiiiii i 190
Figure 6.15. Plot of eigenvalues vs principal compon®tdauscript..................... 192
Figure 6.16 Endmembemapfor Day 0: Bodl 394............cuuviiiiiiiiiiiiieeniieieieeeeeennn 194

5


file:///C:/Users/ianma/Desktop/Maybury_thesis_corrected_2.docx%23_Toc80023012

Figure 6.17.Spectraof endmemberdDay 0: Bodl.3%...........
Figure 6.18. Spectra of endmembers Bodl. 394: Day.111
Figure 6.19 Endmember maBodl. 394: Day 111 corrected



Tables

Table 1.1 A summary of the analytical techniques.............cccooviiiieeeviiviiiccieen. 32
Table 1.2 List of NDT methods and sampling methods...............ccccooniiiiinnes 37
Table 2.1 Multispectral vs hyperspectral imaging...........cccceeeveeeeseeeccvvveiinnnnnnn.... 44
Table 2.2 Definitions of terms used to describe colourants.............ccccoeeeeeeeneeees 48
Table 3.1A comparison of the main techniques in the paper............cccevvvvvieeen.. 64
Table 4.1. Details of the Armenian ManUSCIPLS.........oooviviiiiiiimmr e 91
Table 4.2. Contents of databases for Experiment.L...........cccovvvviicccriiieeeeviiinnnnnnd 96
Table 4.3. HSI VS Raman SPeCIOSCORY.- ... urrriiiieiiieeeiiaameeeeeeeeee e e e e e e e e e e e e aimmne s 104
Table 4.4. The results of Raman SPeCtroSCORY........ccuuvvvrruurmirreeeerirriinineeens 105
Table 4.5. A comparison of percentage agreementS..........ccoovvveevicceeeeeeeeeeeene 107
Table 4.6. Percentage success: default wavelength range.............cccoovvceennnnns 110
Table 4.7. Confusion matrix for the I0SteSCOre.............cooevvvviviivicceieeeeeeeiiiiienas 112
Table 4.8. Confusion matrix for the highest scate.............coovvviiieeeee e, 113
Table 5.1. A brief comparison of the main study methads................ccccooeenrnne 128
Table 5.2 Pigments from Ancient Egypt and their molecular formaula................ 129
Table 6.1Eigenvalue anlysis for the robe.............oooooiiiiiicce e 178
Table 6.2. The pixel count of the endmembgr@ise)..................viiiiiiccceeviiiinnnn, 180
Table 6.3. Colour change valufBodl. 399...........ooviiiiiiiiiie 186
Table 6.4 Effect of radiometriciormalisation..............ccuvvvviiiiiieeniivviiiiiiiieeeeeeeenn 191
Table 6.5. Eigenvalue data for Day 0: Bodl. 394...........oovviiiiiiiiiceniiiiiiieeeee, 193



List of acronymsnpotations, and abbreviations

AAS

AES

BE

CDT

DSC

DTA

ED

EELS

ENVI

EPR

EPSRC

FORS

FTIR

GC

HPLC

HPLC

HSI

ICCROM

MS

MSI

Atomic absorption spectroscopy

Auger electron spectroscopy

Binary encoding

Centre for doctoral training

Differential scanningalorimetry
Differential thermal analysis

Electron diffraction

Electron energy loss spectroscopy
Environment for visualising images
Electron paramagnetic resonance
spectroscopy

European physical sciences reseasohncil
Fibre optic reflectance spectroscopy
Fourier transform infrared

Gas chromatography

High performance liquid chromatography
High performance liquid chromatography
Hyperspectral imaging

International centre for the study of the
preservation and restoration of cultural
property

Infrared spectroscopy

Mass spectrometry

Multispectral imaging



NAA
ND
NDT
NIR
NMR
NRCA
OES
oM
osL
PGAA
PIL
PIXE
PXRF
RO
RS
SAM
SEM
SFF
SWIR
TEM
TEM
TG
TL
uv

VIS

Neutron activation analysis
Neutron diffraction
Non-destructive testing/technique
Near infrared

Nuclear magnetic resonance
Neutron resonance capture analysis
Optical emission spectroscopy
Optical microscopy

Optically stimulated luminescence
Prompt gammaactivation analysis
Photoinduced luminescence
Particle induced-xay emission
Portable XRF

Region of interest

Raman spectroscopy

Spectral angle mapping

Scanning electron microscopy
Spectral feature fitting

Short wave infrared

Transmission electron microscope
Transmission electron microscopy
Thermogravimetry
Thermoluminescence

Ultraviolet

Visible light



VNIR HSI

XAS

XPS

XRD

XRF

Visible and near infrared HSI
Xcray absorptiorspectroscopy
X-ray photoelectron spectroscopy
Xray diffraction

Xray fluorescence

10



Glossary of terms

Term Definition

Imagingtechniques Instrumentation that creates an image.
I mage bei ngrepdesehtation

of a physical object formed by a lens,

mirror, or other optical instrumeit
Daintith & Martin (2010)
Spectroscopy AThe study of met

analysing spectra using spectroscope

spectrometers, spectrographs, and
spectrophotometers. The interpretatiol
of the spectra so produced can be us:

for chemical analysis, examining atom

and molecular energy lelgseand

molecular structures, and for determinil
the composition and motions of celesti

b o d i Daistith& Martin (2010)
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Abstract

In heritage science one important line of enquiry is the pigmentation of an artefact.
Imaging methods have been developed for this purpose and have had success in the
investigation of colourants. In particular a great deal of information has been gained by
looking at the spectra outside of the visible region, however, visible and near infrared
hyperspectral imaging (VNIR HSI) equipment has been developed at a price point that
could see widespread use across heritage institutions. This thesis addressédfRow V
HSI is best utilised for the analysis of colourants and evaluates the efficacy of VNIR
HSI for characterisation, detection, and monitoring. Advantages and drawbacks of this
new technique are highlighted.

VNIR HSI was used to characterise the colouratioilluminated manuscripts
from the Bodleian Libraries. VNIR HSI was restricted in its capacity for
characterisation by its spectral range but it could analyse a surface more rapidly than
Raman spectroscopy. In the case of characterisation VNIR HSIlseuwideful for
mapping heterogeneity of colourants, or to highlight areas of interest to investigate.

To investigate the ability of VNIR HSI to detect traces of pigmentation the
shrine of Taharqa, in the Ashmolean Museum, was scanned. VNIR HSI was adpable
mapping pigmentation not obvious to the eye. It could therefore act as a useful aid in the
reconstruction of works of art, however as it was limited to mapping only pigmentation
that it could detect, Xay fluorescence (XRF), and data from past expenits, were
used in conjunction with VNIR HSI in order to more fully evaluate the surface.

To investigate the abilities of VNIR HSI as a method for the monitoring of
pigmentation in an artefact, an illuminated manuscript on short display at the Bodleian
Libraries, and a partially faded silk robe now in the collection of The Ashmolean

Museum, were analysed and it was found that a colour change value was obtainable,

12



and that VNIR HSI could afford the advantages of beingawriact, fultfield, and

capable ofligitising the scan in comparison to presently used methodology.
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Chapter 1 Introduction

1.1The f ound aHeritaga scienad fti hed dii

To define Heritage science briefly it can be thought of as the meeting of conservation
science, archaeological science, and buil di
scientific method is utsed for the characterisation and understanding of the
mechanisms and materials involved in cultural heritage (Artioli 2010) in other words
the analysis and treatment of an artefact with a view to its preservation (Artioli 2010).
Arguably fAbebi hagebsenenonducted for cent
Faradayodéds |l ecture in 1843 about the contridb
can be seen asStrlitfk@lb)it age scienceo
A parliamentary science and technology committee publication defines heritage
science as the Aresearch and application of
moveabl eé and i mhouseefddrds €01B)ethat Saraegepart they
commended the arts and humanities research council (AHRC), and the engineering and
physical sciences researcbuncil (EPSRC) for pulling together previously disparate
di sciplines to form the new research disciop
House of Lords report in 2006 calling for a national strategy to aid the conservation of
cultural heritagdHouse of Lords (2006)
The response of the AHRC, and EPSRGhe House of Lords report was to
develop a research programme in 28@8nce and Heritage Programme (20@&)ich
aimed to fAistrehgthgbraddddeseepbpne of herit
interdisciplinary nature of heritage science is stressed, and it is said that the programme
was to embrace researchers and stakeholders who were encompassed by the research

aims of both AHRC, and EPSR@sting 24 distinct subjectScience and Heritage
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Programme (2009)ncluding chemistry, physics, mathematics, conservation science,
materials scierg; building science, and archaeology. More directly, the programme
states that fAheritage science Iis a compl ex
di sciplines and practi cesSciencevaadHerdagboy t he Alb
Programme (2009)

In 2010 a National Heritage Science Steering Committee was set up as a
collaboration between academic, and heritage organisations, in responsedasbeot
Lordsd recommendation to formulate a strate
three initial reports which sought to provide an evidence base for a UK wide strategy.
The first report, The role of science in the management of the UK heVifalgeems
(2009a)summarises the assets of UKitage sites including museums, galleries,
archives, libraries, archaeological sites, and the built environment. The report also
discusses the management of those assets, looking at the mechanisms by which those
assets may deterioraféilliams (2009a)

Seeking to improve the management of UK heritaggets the report suggests
three Athemeso to cover gaps in the knowl ed
material behaviour, understanding environments, and improving practice which
respectively indicate the need for research into the effect aiatatéon agents and
damage thresholds with a focus on modern materials, the improvement of the
environmental efficiency and sustainability of the displays and built environments with
a view to reducing the effect of deterioration agents in a sustainablsoat effective
way, and finally the production of recommendations seeking to improve the range of
techniques for monitoring and assessing heritage assets particuladgstounctive
testing methods including the desire for a greater availability ofrirdtion

surrounding available techniquéélliams (2009a)
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This DPhil therefore falls into the third category outlined in the initial report as
it could help monitor the effects of the identified deterioration agents, namely water,
inappropriate relative humidity, inappropriate temperature, Ifghtdamage, chemical
agents, biological agents, and physical ag@fitsams (2009a)

Of relevance to this DPhil is that the second report The Use of Science to
Enhance our Understanding of the Past reviews the drivers for scientific investigation
i nto Adetecting anWilliaman@@objngvhidnthe i t age asset s
improvement of presion and accuracy are highlighted as needed by the national
strategy and hyperspectral i maging is said
investigation of artwork and suggests learning best practice from othenfidldsns
(2009b) The third report provided an overview of the heritage sstsnturrently
working, and where they worked in order to assess gaps in capéltiggns (2009c)
From these reports the National Heritage Science Steering Group produced a National
Heritage Science Strategy, the aim of which was to improve awareness of the heritage
science field and increase collabaratto improve the situation surrounding resources,
funding, and skilldNational Heritage Science Steering Group (2010)

A search for papers with the term fAherit
produced in the fielsdvereBrocx & Semeniuk (200Which is a paper on the
preservation of Earth Science featui@stte et al. (2009vhich reviewed the use of
UFT-IR in cultural heritage science, a8dhulz (2009)vhich is probably the first paper
to explore the desire of scientists to exploit cultural heritage for the investigation of
science, and thdesire of museums to utilise science for the care of their collections.

The most recent publications includandivere et al. (202Qyhich evaluates
the art historical relevance of an earlier study into Girl with a Pearl Earing by Vermeer

and further analyses tipainting using a 3D digital microscope with a view to analysing

18



Ver meer 6 s pai Masini eta. (2020)didcuss tleclalenges surrounding
the protection, and location of buried archaeological heritage in urban environments and
present a case study of a site in Cusco, Peru. FiDalljey et al. (2020ompared
molecular fluorescence imaging spectroscopyt@yfluorescence spectroscopy for
the identification and mapping of pigments using The Olive Orchard by Van Gogh as a
case study.

The most popular papésViles et al. (2011yvhich is a paper on the comparison of
four different tools for measuring rock hardness, a property of roakallbws a
heritage scientist to characterise the rocks as they deteribhat@ext most popular is
Volp & Grassian (2013)vhich describes the effect of surface water on the reactions of
the surface with atm@seric particles, of particular interest to the heritage scientist is
the reaction of the surface with atmospheric pollutants, which can be agents of
deterioration. The third most popular papeBiscx & Semeniuk (200%Which has
already been discussed.

These papers show a growth in the field, shortly after the House of Lords report
House of Lords (2008) he papers were focussed on defi ni
guestionsSchulz (2009)s an excellent example of this and the popularitraicx &
Semeniuk (2007% indicative of the popularity of the earth sciences within the heritage
science field, in fact the three most popular papers discussed here all have connotations
for the earth sciences. The most recent papers demonstrate that the field has developed
into something aligned with the original vision of the House of Lords winezatgic
principles, and scientifically trained persons are applied to the application of problems

affecting the cultural heritage of the UK.
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1.2 The benefits of the application of science to cultural heritage

Analytical instrumentatiomvasapplied to cultural heritage before the field of heritage
science andhere are a multitude of different analytical techniques that have been
utilised forthe work now described as falling under the umbrella of the digheritage
scienceArtioli (2010)and the use of these in heritage institutions has grown over the
last couple of decades. A growth in the numbeughsnethods uston artworks was
noted in1995Bacci (1995)and the frequency of publications in semnvation journals
about scientific analyses has increased recé@GBROM (2021); Liang (2012)

Such analytical techniques have gained in popularity because theyouatepr
guantitative information to conservation teams such as the characterisation and location
of pigments. For exampleeflectance and luminescence imaging have been used to
characterise pigments and locate underdrawiigsiardi et al. (2009)and Raman
spectroscopy has been utilised in the estimation of the concentrations of the constituents
of lead based paint in various artwobRallipurath et al. (2014)The ability of such
techniques to reveal hidden information is extremely informative, false colouesmag
have been used to identify restorations and preparatory sk&elswey et al. (2016a)
and fluorescence hagén used to improve the readability of a palimpsest attributed to
ArchimedesBloechl et al. (2010)Monitoring can be performed by scientific methods,
for example Raman spectroscopy has been used to monitor wotefantalarengo
et al. (2003) and provenance determination is aidgdscientific investigations, for
example a multtechnique examination of a painting wkastist attribution is debated
contributed to the argumeBurgio et al. (2005)Finally, the scientific study of artefacts
aids our understanding of the technology of the dRritstal Society of Chemistry (2020)
with, for example, Raman spectroscopy used to evaluate the techniques of artists

Coupry et al. (1994)it is therefore demonstrable that information gained through

20



application of the scientific methd#&igure 1.1), and is of importance to heritage

professional€lark (2002); Zhao et al. (2008)

HypothesiseCreate theory

to explain observations, or

ask a "research question”

seeking to answer an aspec
of interest.

] Plan and research
Conclude Draw conclusions Review literature,

based on evidence produced determine

compare to hypothesis or variables, establish
research question, and methodology.

determine next steps.

Analyse Identify
patterns, link
results seen to
variables.

Experiment/test
Record observations
ensure repeatability.

Figure 1.1 The scientific method: Thenderlying principle of a scientific investigation,

common to all scientific fields, and cyclical in nature.
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1.3 The introduction of scientific analysis to cultural heritage

DoméneckCarbé & OseteCortina (2016)outline three historical periods of

devel opment of the fchenspreaentedahigarély2si s o of

Formative period \ Maturing period Expansion period

| 1. Qualitative analyses: 1. Application of

instrumental techniques:

1. Standardization of

-Spot tests with chemical computational platforms.

reagents.

- Microscopy 2. Miniaturization of
e basehd onf tlr':e - Spectroscopy equipment and  portable
reaction to heat of the - Diffraction instrumentation
sample. - Chromatography

- Solubility tests.

3 ] - Electroanalysis
- First cross-sections.

- Techniques based on
mass-to-charge ratio
determination

3. Application of new
instrumentation  providing
noninvasive  (or  almost

2. Simple instrumentation: . : 5
noninvasive) analysis

. magnifying lenses and

microscopes 2. Development  of
| ) research projects in
3. First research Archaeometry and

| laboratory attached to a

\ Museum j

Conservation Science

J /

o d

L B g =
N o o o -

=Y
©
o
il
©
o

18th century
Figure 1.2 The three periods of development of chemical analysis of cultural artefacts
as defined bypoméneckCarb6 & OseteCortina (2016) Figure reproduced from the

same.

DoméneckCarb6 & OseteCortina (2016)claim that the use of chemistry and
physics to evaluate cultural heritage dates to tfecé8ury when the methodology of
Winckelmann (1717 1768) (historical knowledge based on the study of old documents
combined with the examination of archaeological remains) was popularised and indeed
the first analytical study by a scientist on a work ofaaas when Gmelin investigated

the pigments and binding medium of a sarcophagus in Dé&ieneckCarbo6 & Osete
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Cortina (2016); Nadolny (2003yhose analysis consisted of qualitative chemical
analyses of the sort described by Vodgegel (1996)with the first quantitative analysis
performed in 1826 byauquelinDoméneckCarbé & OseteCortina (2016); Nadolny
(2003)who investigated Egyptian blue in an attempt to generate its molecular formula
Nadolny (2003)Also noteworthy is the first research laboratory attached to a museum
in 1888, the director of which, Rathgen, wa
the treatment of museumjole cloméneckCarbd & OseteCortina (2016); Gilberg
(1987); Plenderleith (1998)

DoméneckCarbé & OseteCortina (2016)argue that the lggnning of the second
period is marked by the first use of scientific instrumentation, namely the first instance
of the use of spectroscopy is in 1931 when an ongoing investigation into the metallurgy
of European relics was begmméneckCarbd & OseteCortina (2016); Olin et al.
(1969) Also noteworthy is the early use of IR spectroscopy by Feller in 1954
DoméneckCarb6 & OseteCortina (2016); Felker (1954)to characterise paintisgd
materials.

DoméneckCarbé & OseteCortina (2016)argue that the beginning of the third
periodi s mar ked by a fAnotabledo increase in the
with scientific instrumentation and that this period continues to the present day owing to
advancements in the analytical techniques themselves alongside increasinglylpowerfu
computational support for the instruments.

Based on boks giving a broad overview of the use of analytical techniques for

the investigation of cultural heritage suchfaisoli (2010); Sabbatini & van der Werf
(2020)a summary ofanalytical techniques for theviastigation of cultural heapeis

givenin Tablel.1. Both sampling, and nedestructive techniques are used. There are
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techniques that examine a single point, or the whole sailepment cae either

portable, or laboratory based, some techniques require a synchrotron.

Method

XRF
X-ray fluorescence

spectroscopy

OES
Optical emission

spectroscopy

AAS
Atomic absorption

spectroscopy

Description

Point technique.
Interaction of x
rays and core
electrons releases
secondary xays
Spectra are
characteristic of
elements
The measuremen
of visible light
upon deexcitation.
Spectra are
characteristic of
elements
Measurement of
light emitted as
sample is

vaporised

NDT? Uses? Equipment? Further
reading
\Y Identification, and Portable Namowicz et
guantification of devices are al. (2009);
elements available, Szokefalvi
industrial Nagy et al.
devices (2004)
provide higher
powers
Sampling Elemental analysis  Laboratory = Gaudiuso et al.
technique @ and provenancing of based (2010);
ceramics and metals Troalen (2013)
Sampling Quantitative Laboratory Bitossi et al.
technique = chemical analysis of based (2005); Varella

sample in solution, (2012)
identification of trace
elements in ceramic:

and metals
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PIXE
Particle induced xray

emission

RS

Raman spectroscopy

IR

Infrared spectroscopy

MS

Mass spectrometry

Measurement of x

rays emitted as a
result of

bombardment with

charged patrticles

Point technique.
Inelastic scattering
of photons, spectre

characteristic of

molecules
Absorption of
radiation by
molecules,
characteristic
spectra
The separation of
charged particles
basedn their
mass to charge

ratio

Vv

Sampling

technique

Sampling

technique

Identification of Requires Pascuallzarra
pigments via bulk accelerator et al. (2007);
elemental Sokaras (2020;
composition. Can
give chemical micro
maps. Used on
paintings, metals,
manuscripts,
ceramics, stones
Identification of Portable Chiriu et al.
pigments devices (2020);

available, use Vandenabeele

of laser et al. (2000)
Identification of Laboratory = Arrizabalaga
pigments based devices et al. (2014);

Invernizzi et al.

(2018)

The only technique  Laboratory Colombini &

that can identify and based devices = Modugno

guantify individual (2009);
isotopes. Mainly Kr mpot.i
used for the (2020)

characterisation of

surfaces and their
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XRD

X-ray diffraction

UV-VIS-NIR
Ultraviolet, visible
light, and near
infrared
spectroscopies (incl.

HSI, and MSI)

ND

Neutron diffraction

ED

Electron diffraction

The diffraction of
x-rays from regular
crystal lattices, for
the study of atomic
structure
The measuremen
of colour by
probing with
photons which
interact with
electronic
transitions that
cause colour
Probes the nucleus
penetrates tens of

centimetres

Performed in a
TEM where
electrons pass

through sample,

alteration, corrosion,
and layers

Sampling Characterisation of  Laboratory = Gianoncelli et

technique @ synthetic and natura based devices al. (2008);
(mostly) materials, identifies (mostly) Gonzalez et al.
crystalline phases (2020)
Vv For the measuremer Handheld, anc Bitossi et al.
of colour laboratory (2005);
devices Romani et al.
(2020)
V Evaluates hidden = Synchrotron  Bakirov et al.
features, alteration required (2020);
and corrosion of Kockelmann &
surface layes, Kirfel (2006)
reconstruction and
interpretation of
manufacturing
processes
Small For the Laboratory Pérez
sample characterisation of based Arantegui &

required (nm crystal phases equipment  Larrea (2003);

scale)
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diffraction pattern
analysed
TG, DTA, DSC Thermogravimetry, Sampling = Provides information

Thermal analyses  differential thermal techniques on thermal stability,

analysis, and important for
differential understanding the
scanning ageing of materials,
calorimetry. Study and the impact of
of propertiesas materi a
temperature is environment
changed
OM Light either Does not Investigation of
Optical microscopy reflects off a necessarily rocks, minerals,
surface, or need a pigmentation,
transmits through ¢  sample metals. Appropriate
very thin surface. for all solid samples

Observes features
down to 0.5 pm
scale (1000 mag.)
SEM/TEM Scanning and Sampling  Investigation of solid

Electron microscopies transmission EM. technique materials. Equipmen

Scanning (100,00( can be used to
mag.), generate elemental
transmission (1 x maps of surface

10’ mag.). TEM
can discriminate

atoms

Laboratory
based

equipment

Laboratory
based

equipment

Laboratory
based

equipment

Zacharias et
al. (2018)
Messager et al
(2020); Pires

& Cruz (2007)

Alfieri et al.
(2020);
Moropoulou et

al. (2013)

Burattini &
Falcieri
(2020);

Palamara et al.

(2020)
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X-ray and neutron

radiography

X-ray and neutron
computed

tomography

Photogrammetry

C!4dating

Visualisation of 0.4 % of
density distribution  material
within object ly irradiated,
differential radiation
absorption falls below
safe levels
within days
Mathematical \Y
technique where
2D radiographic
images are
reconstructed as
3D image
Mathematical \Y
technique where
2D images are
reconstructed as
3D images
Upon death an Sampling
or gan iCh technique

and GYC*ratios

decrease at a

Images internal Laboratory  Casdi (2006);
features of objects. based, Festa et al.
Paintings routinely industrial (2020)

investigated equipment car
penetrate
several cm of
Cu, and
bronze.
Synchrotron
required for
neutrons

Images internal =~ Computational Casali (2006);

space of an object  technique Morigi et al.
(2010)
Mainly used on ~ Computational Sebar et al.
buildings and technique  (2020); Yastikli
archaeological sites (2007)
for the determinatior
of geometric
properties
Measurement of the Laboratory Boudin et al.
current ratios of based (2015); Mori et
CYC®and G¥YC'? technique al. (2006)

can therefore be use
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known rate to calculate the

modelled by the approximate age.
universal Determines age up t
radioactive écay 60,000 years old
eguation
TL, OSL Dating based on \ Thermoluminescenc:  Laboratory Feathers
Thermoluminescence, accumulation of examines deeper based (2997);
and optically radiation dose traps, and can technique Huisman et al.
stimulated within materials. provide a date for the (2019)
luminescence Irregularities l ast ofir
within a lattice ceramics and clays
cause electrons tc (i.e. the date of
become trapped manufacture).
upon excitation by Optically stimulated
ionising radiation. luminescence is
These traps can much more sensitive
last for housands and can reveal the
of years. objects lat exposure
to daylight.
EPR Similar to NMR, Sampling Dating ceramics, Laboratory Javier &
Electron but focusses on technique bones, teeth. based Hornak
paramagnetic electrons, not Characterisation of  technique (2018); Zoleo
resonance nuclei. Magnetic white marbles, papel et al. (2010)
spectroscopy moments are Assessment of
studied as they ar¢ degradation of papel

oriented by a

magnetic field.
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NAA, PGAA, NRCA Measurement of Not Characterisation, Requires Festa et al.

Neutron based gamma rays aff  necessarily authentication, synchrotron (2020);
analyses irradiation by sampling. provenancing of Kardjilov &
neutron beam. Radioactivity pottery, geological Festa (2017)
Neutron activation negligible materials, glass,
analysis (NAA), metals. Determines
Prompt gamma bulk composition

activation analysis
(PGAA), Neutron
resonance capture

analysis (NKCA)

XPS Analysis electrons  Requres Measures elementa Laboratory Balta et al.
X-ray photoelectron released upon cleaning, composition, and based (2009);
spectroscopy irradiation with x may be characterises technique Maravelakt
rays considered surfaces Kalaitzaki et
minimally contaminants. For al. (2002)

destructive? understanding
corrosion, patinas,
treatments, of metals

glass, pottery,

ceramics
AES, EELS Auger electron Sampling Characterisation of  Laboratory = Casadio et al.
Electron spectroscopy technique metal surfaces based (2012);
spectroscopies (AES), electron Janssens &
energy loss Van Grieken
spectroscopy (2004)

(EELS).

30



Measurement of
the energy of
electrons emitted
as a result of
electron
bombardment
XAS Measures incident
X-ray absorption and transmitted
spectroscopy photons as a
function of energy,
giving information
on geometry at an
atomic scale
NMR The detegon of
Nuclear magnetic resonant
resonance absorption on
susceptible nuclei
upon application of
a strong magnetic
field
HPLC Efficient at the
High performance separation of
liquid complex organic
chromatography mixtures. Mixture
is passed through
column (stationary

phase) with a

Sampling Examination of
technique

particularly

colourants therein

Sampling For determining the
technique chemical

composition
Sampling Separation and
technique identification of

dyes, amino acids,
proteins,

carbohydrates, oils,

fats, waxes, tannins

acids

glasses and glazes synchrotron

Requires Cotte et al.
(2009); Farges

& Cotte (2016)

Laboratory  Blumich et al.
based (2010);
Capitani et al.
(2012)
Laboratory = Karapanagiotis
based &

Chryssoulakis
(2006);
Mazzuca et al.

(2020)
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mobile phase
(liquid). Mixtures
separated based ¢

affinity for

stationary or

mobile phase
GC/MS Chromatography  Sampling Identification of Laboratory Bonaduce et al
Gas where the mobile  technique unknowns based (2016); Palla

chromatography/mass phase is gaseous et d. (2020)
spectrometry followed by MS

which identifies

unknowns and

measures their

concentration

Tablel.1 A summary of the analytical techniques commonly applied to cultural
heritage. Information is taken frofrtioli (2010) and Sabbatini & van der W€ (2020)
The further reading provided consists either of methodological summary papers, or of

papers considered particularly interesting.
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1.3 The thesis in the context of heritage science
Manikowska et al. (202@rgue that the one of the most significant challenges for the
field of cultural heritage is the uptake of digétion technology. Both nationally, and
internationally the digitisation of cultural heritage is changing the way in which people
interact with and approach heritaglanikowska et al. (2020pigitisation can aid
preservation efforts, and improve access and eduddamikowsla et al. (2020) The
abilities of the VNIR HSI equipment used in the thesis with respect to the digitisation of
cultural heritage were not directly stated in the main body of the experiments but
nonetheless the advantages of such equipment for effectimmunication and the
remote analysis of works of cultural heritage are inferred. HSI data was used in all three
experiments to capture data on the current state of objects, and to characterise and map
the location of constituents. This data could in tiidee used internationally to allow
access to collections for analysis thus aiding conservation collaborations, an important
consideration given that the International centre for the study of the preservation and
restoration of cultural property (ICCROMports that the heritage sector publishes 9
times more papers per annum than it did 20 years ago and that a third of these are from
international collaborationderitage et al. (2014); ICCROM (2021)

Stakeholders, and policy makers in the field of heritage seiare ensuring that
the continuing professional development of skills and knowledge in the latest areas of
technology is keeping pace with the newest developments, and is a priority for the
sectorManikowska et al. (2020} rom this perspective the involvement of conservation
teams in the design of experiments for this thesis benefitted the experiments by
increasing the relevance of thepeximents to practitioners, and by increasing the

awareness of the techniques used within conservation teams.
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Bratasz, who defines heritage science as a new field which answers the questions of the
humanities with the tools and methods of scidBi@asz & Manikowska (202@rgues
that while there has always been care for collections there is an increasing awareness of
theeconomic importance of the heritage sector and itsrenewable nature. Separating
heritage science into two streams, the development of new knowledge and information,
and the preservation of information or values of aesthetic, historic, scientific or
economic importance it can be seen that this thesis matches elements of both. In
examining the utility of the VNIR HSI equipment new knowledge about its applications
has been generated, and through the application of the techniques to genuine collection
items information about them has been preserved.

The main challenges identified Byatasz & Manikowska (202@oing forwad
are a push toward sustainable heritage (the preservation of heritage while balancing
financial, social, and environmental costs), the application of new computational
technologies and tools, and the monitoring of environmental factors. VNIR HSI has
beenshown in this thesis to have utility in the monitoring of collections and is by its
nature a computational technology. The improvement of computational analysis for
VNIR HSI data has been discussed throughout.

ICCROM believes that the key focusses of laggt science at present ought to
be the strengthening of its professional identity as a sector (arguably achieved through
increased publications and networking, both of which were core aspects of the DPhil),
the improvement of strategies which link resedocheeds i.e. the steering of scientific
research toward meeting the requirements of conservators as this thesis has done, the
increased participation of stakeholders has also been demonstrated in these experiments,
proving the benefits of the applicatiohthe scientific method to issues facing the

humanities and delivering as has been discussed at length in this thesis, and an increased
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awareness of the capacity of the field. This thesis could be argued to highlight the
capabilities of the Bodleian, opig up possibilities of collaboration for international
audiences.

The National Heritage Science Forum recently called for the involvement of
heritage science in the answer to five societal challenges, sustainable development, the
climate emergency, impved wellbeing, increased equality and inclusivity, and the
development of a digital socieNational Heritage Science Forum (2021)is this last
call, speci fi cal | ycollecdtions, buldingssandarchaecdlogyareway t h
managed, accessed, and understoodo that is
broadly has aimed to highlight a methodology for aiding the management of collections
and which, owing to its inherent digitisatioczould be used to improve access.

Generally the increased awareness of the capability and availability of VNIR
HSI equipment through experiments such as those detailed in this thesis can increase
collaboration, and digitisation, and help to demonstraautitity of the equipment, not
just for local resource management but for the increased sharing of knowledge

internationally.

1.4 Nondestructive testing methods

AANn art o b jarefad camnot bearapladed antl the consumption or damaging
of even a small part of it for analytical purposes must be undertaken only where vital
data cannot ot MAdrinens(2085) be obt ai nedo

The nondestructive nature of some techniques makes them favourable to cultural
heritage custodians. Of those techniques in

Tablel.1 thirteen are nowlestructive, listed in

Tablel.2.
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Non-destructive methods
XRF
PIXE
RS
UVv-VvIS
ND
oM
Radiography
Tomography
Photogrammetry
TL
OSL
Neutron based analyses

XPS

Single point analysis techniques
XRF
RS
PIXE
ND
Neutron based analyses

XPS

Sampling methods
AAS
IR
MS
XRD
ED
Thermal analyses
Electron microscopies
Cldating
EPR
Electron spectroscopies
XAS
NMR
HPLC
GCMS
OES
Full field analysis techniques
UV-Vis spectroscopies
oM
Tomography
Photogrammetry
Radiography
TL

OSL
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Tablel.2 Listing the NDT methods and sampling methods commonly used for the

analysis oftcultural heritage

1.4.1 A note on peaksignals, and noise.

Spectra of various analytical techniques are discussed throughout this thesis, it is at this

point worth defining a few of the terms used. Sigaalefined byDaintith & Martin

(2010)asn The variable parameter that contains i
is transnitted in an electronic system or circuit. The signal is often a voltage saurce

which the amplitude, frequency, and waveform can be variets more concisely
defined byOwen (2007psiia v arying quantity whose value
conveys i.Nfoosmatciamnde defi ned mpanyifigi r r egul ar
and tending to obscure an el ect $tevensoh si gnal
& Waite (2011) a corruption of the signal akin to interferei@een (2007and he

cause of random variations intherawh i ch fAmasks the | owest det
i nt en s iGoyzales & Waodsi(201Qpstly a gakis defined a$ia point in a

curve or on a grdp or a value of a physical quantityhich is higher than those around

i tStevenson & Waite (2011)

1.5 Imaging and spectroscopic techniques in heritage science

It is a given that the ultimate goal of heritage scientists is to prevent harm to the
artefacts in their car€reagh et al. (2017andas such its obvious that a heritage

scientist would find it preferable to use a rstructive technique (NDT) when

carrying out their investigation. NDTs can be defined as techniques which do not cause
damage, and do not prevent any future applicaifdhe artefact under investigatio
Hum-Hartley (1978) Because NDT does not damage the artefact under scrutiny it

becomes possible to analyse more of the artefact than would be tested by a comparative
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sampling technique. This broader samglcan give a more representative view of the
artefact, and multiple NDT methods can also be utilised to provide a deeper
understanding of the obje&mat et al. (2013)NDT methods generally involve some

form of spectroscopy where the artefact is radiated with photons and the emission is
then monitoreCreagh et al. (2017)Spectroscopy can be a powerful technique

informing the user of the molecular constituents of the saBipdssi et al. (2005and

such techniques have become increasingly commonplace in heritageBtodigs na et
al. (2013) Imaging techniques in particular can be advantageous, as they provide digital
reconstructions of artefactvhich enhance visitor interaction at cultural heritage sites

Barrile et al. (2018)

1.6 Hyperspectral imaging

This thesis investigates the use of hyperspectral imaging (HSI) in tih&geescience

field. HSI is a technique that combines imaging, and spectrosklgiygenerates a data
cube with two spatial dimensions and one spectral dimension. This data cube can be
read as one reflectance spectrum for each pixel in an iG@ggh & Bradley (2007)it

is either the analysis of these reflectance sp&axaleri et al. (2013)or the utilisation

of false colour imagedayemGhez et al. (2015}hat the HSI data cube isrggrally

used for. HSI is therefore both a spestayc technique, and an imaging technique,

where the analytical capability of HSI relies on the usefulness of the reflectance spectra

it produces.
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1.7 Thesis aim, @search guestiopnand overalbpproach

This thesis has been produced within the framework of the ER@RIed CDT in

Science and Engineering for the Arts, Heritage and Archaeology in association with the
Bodleian Libraries and Headwall Photonics. Given the current state of theraat in t

topic of HSI and heritage science and the interests of the supervisory team, the overall

thesis aim is as follows;

What is the efficacy of VNIR HSI for the evaluation of the pigmentation of items of

cultural significance in museum and archoadlections?

The aim can be further broken down into the following research questions:

1 ResearciQuestion 1: What is thaccuacyof the equipment in terms of
chemical characterisation? To what extent can reflectance spectra
produced by VNIR HSI be diffentiated so that different chemicals may
be identified? Experimentl)

1 Research Question €an the utilisation of the VNIR HSI equipment for
the purpose of identifying the spatial location of pigments be of use for
the study of cultural heritage item@&xperiment2)

1 Research Question 8an the utilisation of the VNIR HSI equipment for
the purpose afonitoring cultural heritage items that have been on
display be of use to institutions wishing to study the effect optiweo
induced degradation on thewllections(Experiment3)

It is also noteworthy that each of the research questions answer genuine inquiries from

me mber s of the Bodl eian Libraries, awmut t he A
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either specific pieces in their collections or for &pplication of the equipment to more

general cases.

1.8 General approach

It was desirable that the three projects were rooted in the three main uses of HSI for
conservation as evidenced from within the literature. It was also desirable that the
projectswould have real world applications, and therefore be of genuine use to the
conservation teams in the Bodleian Library and Ashmolean Museum who collaborated
in this research. They were consulted for each project to determine which items from
their collectons were of interest and what the key issues facing them were.
It was decided to compare the VNIR HSI equipment to the techniques that
conservation professionals within the Bodleian Libraries and Ashmolean Museum were
already using. The goal was to examiine advantages of the new VNIR HSI
equi pment and to suggest how it could be be
selection of scientific analyses. By comparing it to veskliablished techniques it could
be clearly shown why they should, orsometi;m s houl dnét, use VNIR H
as well as, other techniques.
Experiment 1 was carried out to determine if VNIR HSI could characterise
colouration, something that conservation professionals are frequently interested in. For
a case study the Baadan conservators suggested a collection of Armenian illuminated
manuscripts. There had been a recent exhibition in the Weston Library (part of the
Bodleian) which displayed the manuscripts, and as part of the exhibition the colouration
on the manuscriptsad already been analysed by Raman spectroscopy. This provided an
ideal opportunity to investigate whether VNIR HSI was capable of the same

characterisation.
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Experiment 2 was set up to investigate the efficacy of VNIR HSI with regards to the
location of cdouration, particularly on faded artworks. Curatorial and conservation staff
at the Ashmolean Museum were able to suggest a suitable case study. They had
received funding to install a new display which was intended to project the original
colour scheme ahe Shrine of Taharga onto the shrine in situ within the museum using
a range of lighting. Furthermore the west wall of the shrine had undergone analysis
previously, and so there was a wealth of data to use to aid with the investigation and
with which to @mpare the VNIR HSI data.

Finally experiment 3 was designed to evaluate the ability of VNIR HSI to monitor
the fading of colouration over a length of time useful to conservators in the Ashmolean
Museum and Bodleian Library. An initial meeting with the comation teams revealed
that the method currently used is a pdiased, contact method which greatly limits the
number of collection items to which it could be applied, and their attempts to use a
scaffold to overcome this had proved unsuccessful. Italgasdifficult for them to
examine the same spot before and after display, and the size of the sample spot was too
large for the intricate designs on many of their collections. Therefore if VNIR HSI
could be shown to be useful in this capacity it woufdrafnany advantages to the
conservation teams.

Because the overarching goal of the thesis was to investigate how VNIR HSI could
practicably answer research questions posed by conservation teams, choices of the
materials for each experiment were made basetthe usefulness of the studies to those
teams. For example illuminated manuscripts were examined for the Bodleian libraries
as these form the bulk of the Librarieso
conservators. Similarly, pigments haweseh chosen based on the principle of which

were most likely to be of use to the conservators. Experiments have always been
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performed on collection items to increase the applicability of the results to real artefacts
within the library and museum collect®and also on samples where possible as these
give greater control over experimental factors.

Success was judged by how the VNIR HSI equipment performed in relation to the
techniques that otherwise would have been used. Success criteria included the data
obtained, the ease of use, and the impact on the conservation of the artefact, and
generally the conclusions provide advice on the best use of the equipment within each

field evaluated.

1.9 Thesis structure

The DPhil was produced as a 6thesis by pape

Section 1: Introductory section

In this section the topic is introduced, and the literature is reviewed. The knowledge gap
and the reasoning for undertaking the inigegions forming the thesis is explained. The

aims and objectives are set out.

Section 2: Experimental section

The methodological approach is explained, and the three research papers are presented.

Section 3: Concluding section

The findings of theapers are discussed in light of the overall research goals, and they
are discussed within the frame of reference of the theses aims and objectives. This is a

review of the collective conclusions that can be drawn from the project as a whole.
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Chapter 2 Literature r eview

This literature review briefly covers the main topics looked at during the course of the
investigations forming the thesis, however as literature reviews were conducted for each
individual papethis literature review is necessarily briahd genetesed to the overall

thesis. More in depth literature on each experiment can be found within the papers

reproduced below.

2.1 Hyperspectral imaging

It is at this point useful to define the terminology used in this thesis. Hyperspectral
imaging as useberein, refers to a technique that produces a reflectance spectrum for
each pixel in an image with a spectral resolution good enough to resolve any peaks that
might be expected in such spectra. This is distinct from multispectral imaging where the
spectrakesolution would be much lower, analysis might perhaps be carried out on a
smaller number of wavelengths, ten or so for example. There are other differences.
Multispectral imaging tends to have a much higher spatial resolution as the technique
makes usefdigh resolution cameras, and multispectral imaging also tends to use
multiple light sources, so that the subject may be examined in ultraviolet or infrared
light. In the case of hyperspectral imaging a single, broad spectrum light source is used

A brief comparison is given ifiable2.1.
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Hyperspectral Imaging Multispectral imaging
Number of wavelengths Often hundreds, they are Tens of norcontiguous
analysed contiguous and can be use  bands. Reflectance data
to produce a spectrum cannot be used to produce
continuous spectrum
Light source A single broaeband source Often multiple different

sources such as UV and IF

lamps
Data A refledance spectrum for Multiple false colour images
each pixel
Equipment A light source and a detectc Light sources, high

resolution camera, filters
Table2.1 A comparison of basic facts abautiltispectral and hyperspectral imaging

techniques.

Furthermore it is useful to define what is meant by the terms used to describe the
different types of hyperspectral imaging sensors that are available. A VNIR HSI sensor
is capable of the detection of the reflectance spectra of the surface of the subject
betweerd00and 1000 nm covering the entire visible spectrum with a little of the
ultraviolet and the infrared parts of the electromagnetic spectrum. Another sensor in
common use is the short wave infra(&VIR) which is typically a sensor for
wavelengthdetween 1000 and 2500 nm which would give a reflectance spectra with
characteristic peaks useful for the characterisation of components of the surface such as
pigmentation.

A review of recent literature reveals that hyperspectral imaging is typically used

for the safety inspection of foodstuffemenias et al. (2020); Kang et al. (2020); Shen

44



et al. (2020) or the characterization of remote sensing data for things such as foliage
and bodies of watdsoukezoula et al. (2020); Song et al. (2020); Tan et al. (2020)

The other most common papers released on the topic are technical papers discussing
new methods for dealing with the vast amount of data produced by hyperspectral
imagingElkholy et al. (2020); Laban et al. (2020); Xie et al. (2020)

In the field of cultural heritagerevious work has focussed on adapting HSI for
the heritage fielCucci & Casini (2020); Picollo et al. (202@nd improving the
technological capabilitieBicollo et al. (2020)HSI is used mainly for revealing hidden
informationBayatrri et al. (2019); Hou et al. (2019); Wu et al. (2018 identification
and mapping of constients in polychrome, multhaterial workBayarri et al. (2019);
Cucci & Casini (2020); Picollo et al. (2020); Sandak et al. (20#1¢ tracking of
interventionsSandak et al. (2021)he monitoring otolour changd®onifazi et al.

(2019); Sandak etla(2021) and assessment and digitisatiayarri et al. (2019);

Cucci & Casini (2020); Picollo et al. (2020); Sandak et al. (202he detection of
wavelengths further into the IR has the demonstrable advantage of revealing more due
to its increased penetratid?icollo et al. (2020); Sandak et al. (2021); Wu et al. (2019)
and a superior ability to characterise constituents owing to the increased information
from spectra of functional groufgonifazi et al. (2019); Sandak et al. (2021)

The most recent literature from teams evahgaHSI for heritage applications
generally agrees on the benefits of HSI. Large areas can be analysed in a short time
Palomar et al. (2019)it is noncontactSandak et al. (2021and provides detailed
spatial analysiSandak et al. (202Dffering support for those persons working in the

heritage fieldCucci & Casini (2020)
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There is, howver, a requirement for multiple, complex processing sTegsi
& Casini (2020); Hou et al. (2019); Picollo et al. (2020); Sandak et al. (2021g
there is presently a limitation in the detector sensitivity, data storage, and ability-to data
mine Sandak etla(2021) HSI is often used to give an overview before using
complementary techniques to reduce cost, and saveCtma & Casini (2020);

Sandak et al. (2021Pwing to the complexity of the heterogenous surfaces involved in
heritage, data from other techoes is often necessdvlales et al. (2019); Picollo et al.
(2020)

It is interesting that literature from the last couple of years (after the bulk of the
experimental wasarried out for the thesis, certainly long after the planning stage)
speak of HSI aPaloniaweat a. €019) dpvellile kst abl i shedo,
t ec hn €lca § @asini(2020) A st and avaldsepat. @al9)i éeo | onger
e X per i Rolioetall (8020)and a simple extension of conventional photography
Sandak et al. (202¥hilst providing the information of multiple techniquBenifazi et
al. (2019); Cucci & Casini (2020)

Future work efforts are directed toward automation through artificial intelligence
(Al) Picollo et al. (2020); Sandak et al. (202h)gher resolution, new processing
algorithms, and mukensory systemSandak et al. (2021and the expansion of the use
of HSI to other heritage mediums such as a greater body of work on rock art, and
industrial heritage objecBayarri et al. (2019)and the expansion of its use to less well
used methodologies such as the rtmmg of colour changBonifazi et al. (2019)

In summary HSI is welplaced to be heavily utilised to answeritage science
guestions but there is nonetheless a desire for improved technological capabilities. In
the light of this recent literature this DPhil can be viewed as an investigation into the

capabilities of HSI equipment typical of its time
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2.2 Refletance spectra

Refl ectance is defined as fAThe ratio of the
falling on ito with the spectral refl ectanc
wavelength of the incident radiant flibaintith & Martin (2010) A reflectance
spectumtherefore is simply the speeal reflectance plotted against wavelength.
When incident light in the UWIS-NIR range interacts with matter it can cause
the excitation of electrons whose transitional energy matches that of the incident
photonsBurrows (2009}hus causing an electronic transition which upoexigtation
emits a photon. These are the intémats responsible for the colour of molecules, it is
very rare that such interactions lead to a colour change in the molBoutes/s
(2009) and because different pigments absorb at different wavelengths, their reflectance
spectra can be usedtal them aparBurrows (2009) Spectroscopies dealing with this
range therefore quantify the colour of items, the colour being caused by the selective
absorption or reemission of lightArtioli (2010); Burrows (2009)
Importantly, spectroscopy in the VNIR wavelength range cannot identify
molecules based on properties other than colour. Infraredftigexample could
interact with the bond vibrations of molecules and could therefore be used to identify
molecules based on a molecular fingerpBotrows (2009) however in th&/NIR
range used in this thesis it is only the colour that is aedlywhich may not be enough

to distinguish between two similar pigme#itseto et al. (2014); Vitorino et al. (2015)
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2.3 The pigmentation dferitage artefacts

The terminology used when referring to colourastsummarised iTable2.2 below.

Term Definition as used in this thesis

Colourant A general term referring tall chemicalsor
mixtures of chemicalsised to alter the
colour of a artefact

Pigment A colourant used tpaint onto the surfacé\
pigment can be either organic or inorganic
depending on the moleculstructure.
Pigmentgin powdered formpare mixed with
binders (a gluepefore being applied to the
surface, usually with a brush.

Dye A chemical which forms a coordination
complexwith a mordan{a complexing
ageny. It is the MordanDye complex which
then binds to the fabridt is the mordant that
provides the bonding to the fabric, and the
dye that provides the colour. Dyes and
pigments are sometimes the same chemic.
madder for examplis used as botfT.o dye
the fabric, the fabric is submerged in a dye
bath.

Table2.2 Definitions of terms used to describe colourants

It is the vivid colouration of éblock metal compounds such as HgS (Vermillion)
and CoO-A}Os (Cobalt blue) that has encouraged their use for centuries in the

pigmentation of historic works of a@Burrows (2009pand it is the limitation of the use

48



of cettain compounds to a certain period or area that allows their identification to inform
the analyst as to the date of the artwork, or alert them to fokgdmny (1963)as well
informing them about the science and technology of the period and dBéturre

(2012) Generally speaking, more modgrigments can be distinguished from older

ones based on their particle size, and the prevalence of impHiities(1963)

Colourants were highly valued in ancient times, blue pigments in particular due to their
rarity Berke(2002) This situation forced the production of the first synthetic pigment,
Egyptian blue ca 5200 years agerke (2002and continued until the ¥century mass
industrialisation of pigment produch Berke (2002)the first synthesis of note being

that of mauve in 1856omax & Learner (2006)Further advances in pigmentation

came from the dying industBerrie (2012) The modern palette now consists of the

earth pigments @ed in prehistoric cave paintings, the oldest known form of art), natural
pigments (used in the middle ages), and modern organic compBanukt et al.

(2006)

2.4 The photodegradation of pigmentation

It was the Russel and Abney report in 1888 which first persuaded people that light was
a cause of fadinBrommelle (1964); Miliani et al. (2018Nowadays the different
mechanisms of photodegraita are much better understoAdioli (2010); Miliani et

al. (2018)and it has been shown that the components mixed with the pigments (binders
for example) can have an effect on their photodegrad8aomders & Kirby (1994)

Other factors can affect the degradation of pigmentation such as the temp&atlire
(2010) relative humiditySaunders & Kirby (2004)and atmospheric pollutants

Whitmore et al. (1987); Whitmore & Cass (1989)
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2.5 The detection of pigmentation

The chemical analysis of pigmentation began with Michael Faraday and Bdrees
(2012) Since then much of the emphasis inmmsient improvement has been placed on
the improvement of the limit of detection so that ever smaller samples could be tested.
The improved determination of impurities has aided understanding of manufacturing
methods and raw materidd®rrie (2012) Nowadays scientific analysis of pigmentation
is fundamental to the conservation of cultural heritdgessi et al. (2005)

Spectral imaging techniques such as hyperspectral imaging are becoming
increasingly sophisticatealit remain difficult to apply to heterogenous, mphiased
systems (as many heritage artefacts are). Improvements in spatial resolution and the
mathematical analysis of the data are improving characterisation and identification
Berrie (2012) Generally speaking neatestructive tests are better suited to the
identification of inorganic pigmenBerrie (2012) with the identification of organic

pigments being substantially more difficltihn (1963)

2.6 Problems with hyperspectral imaging

Hyperspectral data cubes can be cosgul of different wavelength ranges. As discussed
infrared radiation will provide more information on the composition of the subject than
visible light radiation and is therefore advantageous for scientific an8lgtasey et al.
(2009. However, HSI equipment covering the visible and near infrarddR, 400

1000 nm) region has become widely used in recent yEafalvayova etla(2011)

This is likely due to the increased cost involved with detectors for the SWIR range
Liang (2012) VNIR HSI is therefore the more likely technique to bésgtd by heritage

institutions and should be the focus of investigation to determine its efficacy.
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2.7 Literaturereview conclusion (summary and implications)

The reflectance spectra generated by HSI have three main uses. The characterisation of
pigmentsthe generation of images detailing the location of pigmentation that the naked
eye cannot see, or finds it difficult to see, and for the monitoring of the degradation of
pigmentation over a period of time. HSI imaging can be carried out at multiple
wavelength ranges, including far enough into the IR (2500 nm) so as to provide
characteristic peaks in the spectra. More commonly the equipment utilised for heritage
science enquiries is limited to mainly visible spectra (4Q000 nm) reducing the ease
with which constituents are characterised and necessitating the combination of results
with those of other, complementary, techniques.

There is a lack of knowledge about the efficacy of HSI in this wavelength range
for identification, mapping, and colour changeposes, and therefore a detailed
investigation would be of value to heritage professionals seeking to take advantage of
recent advances in the technology by incorporating this cost effective solution into their
array of analytical techniques and indeesl thsearch questions presented in this thesis
were formed based on queries from conservation stafirtner institutions in order to
elucidate the utility of the spectral data produced in this range to the institutions. Such
an investigation will help tmtroduce the technique both in the context of HSI as an
imaging technique, and HSI as a tool for spectroscopy, to the heritage science field
whilst suggesting the most effective uses of the equipment. Comparison of VNIR HSI
with techniques already in ygarovides a point of reference for readers.

Even prior to considering the disadvantages of VNIR compared to SWIR, HSI is
difficult to apply to heterogenous, muttaterial surfaces such as those that heritage
objects represent and so an investigation UdR HSI for heritage is worthwhile for

the advancement of the field, especially as VNIR HSI specifically has become more
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widespread owing to the comparable low price of VNIR HSI equipment, compared to
SWIR HSI equipment.
It is noteworthy that the most komon papers are those detailing new
methodology for the analysis of the large datasets produced, and that there continues to
be a push in this direction for future work. HSI is only as useful as the spectra it
produces and the commentary that this thetesmgpts to provide, on the utility of
visible spectra, closely aligns with the most common uses mainly seen in the literature.
This thesis will therefore address the efficacy of the current equipment, and the
computational aids (initially developed for reta sensing) for the analysis of the data
generated for the purposes of characterisation, location, and monitoring of pigmentation

in heritage artefacts.
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Chapter 3 Methods
3.1 Analytical techniques
3.1.1General description of principles

3.1.1.1HSI

Hyperspectral imaging (HSI) is a technique which records data both spatially and
spectrally. An image is generated and for each pixel within that image, the reflectance
of the area covered by the pixel is recorded for a number of contiguous wavelengths
sud that a reflectance spectra may be produced for that pixel. Thus the end result of
HSI is a 3D data cube the 3 axis of which are comprised of 2 spatial axis relating to the
real world geometry of the image taken, and 1 spectral axis covering the wavelengt
range recorded by the equipment. The analyst can therefore ask for the reflectance
value, at a certain wavelength, of the area covered by a pixel. In practice this data is
used to build a reflectance spectrum of the area covered by the pixel whiah usdide

for further analysis, either by way of comparison to a database of such spectra, or
through comparison with other spectra in the data cube thus allowing the user to
characterise the surface captured by the HSI scan. An illustration madebgy(2012)

of a hyperspectral data cube is showfigure 3.1.
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Figure 3.1. lllustration of a data cube acquired by HS&ng (2012) On the leftare a
stack of greyscale images taken at different wavelengths, RHS (top) the reflectance

spectrum of the highlighted pixel, RHS (bottom) an RGB image of the area scanned.

First developed for remote sensjhgritage scientists have developed HSI for
their own purposes. It has the advantage of beingdestructive and fulfield, and in
addition to the characterisation and location of constityet86can be used to reveal

hidden features depending on the wavelength range detected.
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3.1.1.2Ramanspectroscopy

Raman spectroscopy is a Rdestructive technique for point analysis. It produces

spectra that are characteristic of the molecules in the area under analysis. It relies upon
the phenomena of Raman scattering. Named after its disc@esrdith & Martin
(2010)Raman scattering is the inelastic scattering of radidtitrere the scattered

radiation is not equal in energy to the incident radiatiBecause it is a weak effect in
nature a laser source (a monochromatic source) is used as the incident radiation to
increase the ease of its detection. Equipment is smalglpper and single spots are

rapidly analysed. The main problem for Raman spectroscopists is the elimination of
fluorescence, a competing phenomena which can obscure the signal from Raman

scattering.

3.1.1.3XRF

X-ray fluorescence (XRF) is a naestructie technique for point analysis. The data it
provides is used to determine, to an extent, the elemental composition of the area under
analysis. XRF relies upon the excitation of atoms and the subsequent emission of X
raysArtioli (2010). Upon bombardment of the atom with eitherays, high energy

electrons, or other particl&aintith & Martin (2010)core electrongelectrons tightly

bound to the nucleus not involved in bondiage expelled from the atom crigef an

ion in an excited state. Relaxation of the excited state to a lower energy state expels X
rays, the energy of which is characteristic of the atom and dependent on the element. In
portable XRF (pXRF) the bombardment is carried out byays, and theange of

elements able to be detected is dependent on the energy of the excitedim XRF

cannot provide quantitative results, it is not an imaging technique and so cannot be used

as a mapping todgivithout scanning the surfage does not penetrathe surface to any
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great extent, and it does not inform the anadgstohow the elements are combined into

moleculedArtioli (2010)

3.1.1.4DRSP

Diffuse reflectance spectrophotometry (DRSP) is adwstructive method for the

analysis of colour in materials. Similarly to HSI it produces reflectance spectra,
however, given the focus on colour the wavelength rangjeest spectra is limited to

visible light (400i 740 nm) though equipment also often provides tristimulus values. It

is a point analysis technique, and requires contact with the surface under analysis which
can complicate readings, and compromise consigtdhis best deployed on a flat

surface as it is sensitive to undulations.

3.1.2Instrumentation used

3.1.2.1HSI

HSI was performed using a Headwall Photonics VNIR 1003B147. The data cube
provided consists of 972 contiguous wavelengths from 406rk800 nm (a spectral
resolution of 0.64 nm). A Schneider XNP 1.411@303 lens with a headwall ACOBL
38071 49X, 075 filter was equipped to the camera. The light source is a halogen bulb
controlled by a Techniquip 21DC, and cooled by a Minebea Motawufdaturing
Corporation 3110KL 04W1 B50 fan. This HEequipment is linescanning, data is
acquired for 1600 pixels along one spatial axis before moving the object, using a stage
controlled by a stepping motor, along the second spatial axis, thus agdh&i3
dimensions of the data cube. The stepping motor is a Vexta PK2645238.6

controlled by a Velmex VXM stepping motor controller. All aspects of the setup were

supplied by Headwall Photonics, including the light source and stepping motor.
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White ard dark calibrations were performed at the beginning of use and were
used to transform raw data into reflectance data by the acquisition software. For white
calibration Spectralon® is scanned multiple times and an average taken, for dark
calibration multipé scans are taken with the lens cap on, and an average is taken.
Equipment calibration (such as signal linearity and accuracy of the wavelength axis) are
performed by Headwall prior to shipping. The room lights are off during calibration and
scanning as thfluorescent lights produce unwanted lines in the scan.

The spatial resolution depends on the distance between the detector and the
subject which can be adjusted at the operat
calculated based on the distance leetwthe stage and the detector in order to ensure
firstly that the pixels produced represent square sections of the object (i.e. there is no
stretching or squashing effect produced) and secondly to ensure that no part of the
object is missed by the scalnven that at set intervals a snapshot is taken in order to

build up the hyperspectral data culbhis setup is shown iRigure 3.2.
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Figure 3.2. The HSI equipment used during the thesis.

3.1.2.1.1The Halogen light source
The spectrum of the halogen bulb used throughout the thesis was never measured
directly, however, an approximation of the light source can be achieved through
observation of the white calibration spectrum. Prior to taking the white calibration the
light saurce is left to warm up for longer than 5 minutes. The spectrum is then recorded
as an average of 100 scans to minimise the impact of random noise on the final
calibration spectrum by imaging a calibration target of known reflectance. Spectralon®
was usedhroughout to provide the calibration target as it has consistent reflectivity
over the wavelength range measuratisphere (2021and it is this property that allows
the resultant white calibration spectrum to approximate the light source spectrum.
Figure 3.3 shows two white calibration spectra taken over an hour apart. The
spectra are consistent with halogen bulb spectra seen in the litétatalaff et al.

(2017); Tehfe et al. (2012); Thoms & Girwidz (20IB)e output of Alogen bulbs has
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been found to be consistent over a period of hbargenkamper et al. (2018nd the

two spectra here differ by no more thag &o.
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Figure 3.3. White light calibration spectra for scans taken 1hr 20min apart. The spectra

are labelled after the time they were taken in the format HH_MM_SS.

3.2.1.2Raman

The Raman spectroscopy equipment used for experiment 1 was bespoke, developed by
Beeby et al. (2016}t was developed specifically for the identification of pigments in
objects of cultural heritage, and is unigue in its construction, designed to allow large
manuscripts to fit under the detector with easel to be portable. The device is shown

in Figure 3.4. The lightweight frame construction allows movenaiithe detector in

two spatial dimensions through repositioning, either of the frame, or of the detector on

the frame.
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Figure 3.4 Raman spectroscopy equipment as used in experiment 1.

The excitation source is a JDSU 1 mW HeNe laser with a wavelength of 15800 cm
The detector measures in the range of 2577.36%ic@1.14842 crit and is an Andor
Shamrock 163/iDus 416 camera CC2&pograph with a Horiba Ltd Superhead
sampling accessory. A USB microscope (Veho Discovery \0@% delux, 400x, 2
megapixels magnification) generates a live image on the laptop, stills of which are used
to record the exact location of the laser spot nreasent.

Light and dark calibration are performed and a reference sample is used to
correct for any shift from true peak values. All Raman measurements require a blacked

out room to minimise interference.
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3.1.2.3XRF

The pXRF equipment used was an Oxfirsktruments XMET 8000 series light

element handheld pXRF analyser, 5 mm spot size, in air. Calibration has been

performed on an ongoing basis as per the manufacturers recommendations to ensure the
equipment is up to standard. The software used to arthlygXRF spectra was Bruker

Spectra Artax Version 7.2.0.0.

3.1.2.4ADRSP

DRSP was performed using a Konica Minolta CM 600 d connected to a Windows 10
pro 1903 laptop running SpectraMagic NX. White and black calibrations were
performed at the beginning o$el using the provided reference samples. Reflectance
spectra are in the range of 36@40 nm, spectral resolution 10 nm, spatial resolution

diameter 3 mm. This equipment is showrrigure 3.5.

Figure 3.5 The DRSP equipment in use, analysing the robe EAX 7873.
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3.2 Summary of analytical methods used

Table3.1 reviews techniques commonly used for pigment characterisation, location,
and monitoring and compares their characteristics and performance. For each of the
three experiments, techniques welnesen based on their popularity for the required
purpose. Not all limitations and benefits of each technique can be listed in such a table,
for example Raman spectroscopy works only on certain pigments (mainly inorganic
pigments), and so the table has f&s®ed on those advantages and disadvantages that
were relevant to their being the technique of choice for each of the three applications

that have been investigated during my DPhil.
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UseFOR

CHARACTER
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used in paper
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UseFOR
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1000 nm better at organic
detection range structures, than
Spectra easily inorganic.
affected by
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mixed with the
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Can be used to

give an to provide the exact
indication of pigment. Sometimes
colour, the molecules do not exhibit

characterisation the Raman phenomena

of pigments thus making them

based on this  unidentifiable
wavelength
range isvery
complex.
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on the entire

to provide good

area of interest, coverage, best used to

certain pigments, results

fluorescence. Generally

Very good, can be used

Many points are needed

XRF Diffuse reflectance
spectrophotometry
(DRSP)

Informs the user Provides reflectance
about chemical spectumin the
elements presen’ VNIR region for one
in sample area, spot 3 or 8 M in
can be usedto diameter, similar to
suggest which  VNIR HSI expect
pigments are that it is a contact

present. method.

Provides only the Gives the same data
elements presen as VNIR HSI but
and is only in one spot.
penetrative, othe

methods (Ramar

spectroscopy,

FTIR) requre

less

interpretation.

Many points are Gives the same data
needed to asVNIR HSI but

provide good only in one spot.
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Techniques
used in paper

2 highlighted

UseFOR
MONITORIN
G
Techniques
used in paper

3 highlighted

useful in the characterise visible
creation of false colouration

colour images

used as maps ¢

colouration

The whole Will only identify the
surface of the  pigment present, not the
object can be  percentage ot faded, or
observed over E v.al ue

time, in a non

contact, non

destructive

manner.

coverage. Can b

penetrative

which must be

taken into

account in

interpretation of

results.

Cannot be used This is the current
to determine methodology used
fading, only for the monitoring of
provides data on fading, but as a

the elements contact method it car
present. be difficult to obtain

consistent results.

Table3.1 A comparison of the utility of the main techniques in the paper, and their

relevant uses.

3.3 Calibration of hyperspectral equipment and sources of error

A comparison of the calibration workflow used for this thesis with those found in the

literature confirms that it is a standard procedure. The utilisation of white and dark

references to calculate the relative reflectance as the initigrpeessing stejs the

most common calibration approailouri et al. (2013); Pillay et al. (2019); Wang et al.

(2012) Of particular relevance is the round robin test (RRTyacted byPillay et al.

(2019)with members of cultural heritage irtstes who perform hyperspectral imaging

on artefactsvhich focussedon the calibration workflow. Pillay et al (2019) discuss both

64



the spectral and spatial calibration of hyp
workflow mirrors that which has beeised throughout this thesis and the most common

elements of the workflows of those heritage institutes involved in the stiglye 3.6

shows how the workflow proposed by Pillay et al (2019) differs from the workflow

used throughout this thesis.

1) Removal of dark current

2) Sensor calibration

3) lllumination correction

4) Spectral calibration

5) Geometric calibration

I«I«I«I«I

Figure 3.6. The workflow suggested Byllay et al. (2019pased on the results of their
RRT. Steps shown gmeen were used explicitly throughout this thesis, step 2 (orange)
was used implicitly as it was accounted fo

software, and step 5 (red) was not used in this thesis as it was considered unnecessary.
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In step 1, renoval of dark current, a dark reference image is captured by
covering the lens with the lens cap and capturing an image whilst all other parameters
are kept the same as during the scan of the intended subject. Several scans are taken in
order to produce mean dark current value for each pixel, which is then subtracted from
subsequent scan data. In this, the methodology used throughout this thesis is identical to
that proposed bRillay et al. (2019)

In step 2, sensor calibration, a correction is applied for errors caused by the
variability in the sensitivities of each pix&@his is normally performed by the
manufacturer owing to the prohibitive equipment requirement that the image be
acquired under uniform and constant lighting such as that provided by an integrating
sphere. It is therefore corrected for by the acquisgaftwarePillay et al. (2019)

In step 3, illumination correctionh¢ data is scaled according to the results of
the white reference image to account for the spatial variability in the illumination and
optics. The white reference is taken under the same conditions as the scan of the
intended subject and is ideally of aget that is diffuse, uniform, and of known
reflectancePillay et al. (2A9). It is noteworthy thaPillay et al. (2019)nvestigated the
use of targets of 99 %, 50 %, 25 %, and 12.5 % reflectance and found that, owing to the
less reflective nature on average of heritage material compared to remote sensing data, it
was beneficial to calibrate the hyperspectral equipment to a reference tiéinget w
different values, allowing the system to use a greater extent of its dynamic range thus
improving SNR, and data quality. This could have been a cost effective method of
i mproving the data quality of scanml taken u

is a recommendation of this thesis. Regrettably it cannot retrospectively be applied to
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scan data as the-seanning of artefacts used throughout the thesis is currently
impracticablé.
In step 4, spectral calibration, an image of a target of known spectral reflectance
is used to transform the raw hyperspectral data into reflectancPidlayeet al. (2019)
as pelEquation3.1
O pninmt —

Equation3.1. To calculate the reflectance values from raw data using the white and
dark calibration scans. | is the converted relative spectral image (reflectance data), R is

the spectral image of the sebj (raw data), W is the white reference image, D is the

dark current (dark reference). Adapted from #grpiationpresented byVang et al.

(2012)

In most cases, including in this thesis, this is done using the same target as for
step 3Both step 3 and step 4 share the same drawbacks, as the target will not have
perfectly uniform reflectance across the range of the equipment (owing to
manufacturing constraints) but this is easily compensated for by incorporating the true
reflectance speaim of the target. Spectra®is the most commonly used white
referencePillay et al. (2019andFigure 3.7 shows the reflectance spectrum of this. A
further drawback is that the calibration will be impacted should the target become dirty
though this is easily prevented by routine maintenance and the impact can be minimised
by scanning the entire target (normally only one line is scanned) and averaging the

results.

aRestrictiors imposed due to the COVHR9 pandemic including social distancing, lockdowns, and the
closure of certain services has prevented access to both the equipment held at the Bodleian Libraries, and
the subject material.
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0.995 (500" 700 nm), an®.975i 0.995 (750" 1600 nm).

Finally step 5 is geometric calibration. Hyperspectral imaging systems may have
geometric distortions as a result of the scan motion, the arrangement of dispersion
optics, the lens, errors in alignment with respect todhget, and geometric distortions
introduced as a result of an incorrectly calculated scan speed causing and error in the
aspect ratidlillay et al. (2019) For errors in the aspect ratio, a geometric calibration
target may be imaged alongside the subject so that the aspect ratio may be corrected
later. However, in order to correct for distortions caused by the equipment a complex
characterisation of the s&or model, obtained by measuring the angle of view of each
pixel using a micrometer, must be obtained. As with step 2, this is performed by the

manufacturer but in this case the demand for geometric calibration is much lower and so
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it is not generally inelded in the software. Generally it is only carried out if multiple
images are to be mosaiced which is not often the case for heritage users. Interestingly in
the RRT performed bRillay et al. (2019)he image geometries were described as
being fAhighly variabl eo.

The standard calibration workflow of a hyperspectral imagystes is
concerned with the reduction of signal variations arising from uncontrolled, or
undesirable, variables. Such variations can be a product of bothNuigest al.
(2013); Pillay et al. (2019); Wang et al. (2012nd signal variations caused by non
uniformities in the illumination, and in the focal plane array of the caietai et al.
(2013); Pillay et al. (2019) Hyperspectral imaging is particularly prone to noise,
especially at the extreme wavelengths, owing to the narrow spectral bands and the large
variability in the quantum efficiency across the spectral r&ildgey et al. (2019)

The evaluation of noise in an imaging system is primarily concernediasikh
current noiséNouri et al. (2013); Pillay et al. (2019The term dark current noise refers
to electronic noise in the system which increases with an increased integration time, and
with an increase in temperatuRdllay et al. (2019) Dark current noise isaused by the
movement of electrons arising from thermal energy in the system when no light is
incident on the senseétui (2020)and is primarily reduced by cooliri§y Kokkinou et al.
(2001) Other sources of noise such as read noise are reduced by increasing the number
of scans per image, increasing the scan time, increasing the exposure, andBanatng
al. (2019); E. Kokkinou et al. (2001); Wang et al. (2012)

The white and dark calibration described above will account foraarknt
noiseNouri et al. (2013); Pillay et al. (2019); Wang et al. (20bh2ever it does not

account for all noise. For example shot noise caused by backbtloermal radiation
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cannot be removed/ANG et al. (2010and noise due to temperature and voltage
variations in the equipment will always be preséfaing et al. (2012)

The signal to noise ratio (SNR) presents a quantitative evaluation of the noise in
a system and was calculated here using the method preseMé&hbyet al. (2012)

shown inEquation3.2.

YO 'Y E YO 'Y B —
0 0

Equation3.2. For calculation of the SNR of hyperspectral data where N is the number
ofspectr al bands, SNR (&) is the SNR at
value at wavelength &, and G(a&) is the

wavelength @o.

An image of MS. Arm. d.3 (10r) Gospels (dated 1304), shoviguare 3.8 (a)
was used for the calculation of the typical SNR of the equipment used in this study.
Ideally for this calculation the same scan is performed maeltipies, the analysis of the
SNR of a single pixel over different scans would thus provide the operator with an
evaluation of the fArandom noiseo of the

variations within the equipment. A region of interest (R@Ksisting of 77

neighbouring pixels was created as an approximation of this approach and the mean and

standard deviation for the calculation were taken from this data. The spectra for the ROI
are shown irFigure 3.8 (b) where it is seen that the noise appears to be more
accentuated in regions of appr oKkquatmt el y
3.2the SNR of these 77 pixels is 23V8ang et al. (20123alculated the typical SNR of

their hyperspectral imaging system to be 68.84 prior to correction of their system, and
80.16 dter corrective measures such as increasing the camera exposure, and applying
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digital gains at each spectral band. The SNR of the Bodleian system as set up for the

scanning of MS. Arm. d.3 (10r) is lower than that achieveiMayng et al. (2012)23.8
compared to compared to 68.84. The ideal va
di fficult to define but it is commonly thou
features to be viably detectable by a human obs&wegess (1999)an SNR of 23.8

therefore, is still sufficient for analysis.
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Figure 3.8. a) MS. Arm. d.3 (10r) Gospels (dated 1304) showing the region of interest
used for the determination of SNR for this scan (yellow square bottom left), b) showing
the spectra obtained from this regjalong with the maximum, minimum, and standard

deviatims
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Another error common to hyperspectral imaging systems in the heritage field is
blur introduced as a cause of chromatic aberrafagufe 3.9). Hyperspectral images
are typically captured with a low f number and an open aperture in order to collect as
much light as possible. The resultant low depth of field is not normally an issue for
remote sensing applications where the system is focussdahay however, when
imaging at close range, as in the cultural heritage field, the image will not be in focus
across the spectral ranBélay et al. (2019) Focus is often a compromise across the
detection range but can be improved through techniques such as focus $Raehang
& Korpel (1983)where the image cube is created from multiple images each taken at a

different focal length, obviously this is more feasible for some systems than others.

Figure 3.9. A basic diagram of chromatic aberrati®idpath (2018)The focal length

of the blue light transmitted through the lens is shorter than that of the red light.

Figure 3.10shows 5 greyscale images of Bodl. 394. (examined for paper 3)
produced every 150 nm from 40@000 nm. Images produced from data at the
extremes of the wavelength range (400 nm, and 1000 nm) are the most out of focus.

This is expected given that the gouient was focussed using data from the visible
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region and indeed the best focussed image presenkeguire 3.10 is that produced

from data at 550 nmith the other greyscale images falling somewhere between.
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Figure 3.10. A greyscale image taken
every 150 nm from 400 to 1000 nm tc
demonstrate the effect of chromatic

aberration on the focus of the image.
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A discussion of errors is not complete without mentioning dropped frames. This
can be a serious issue for hyperspectral imaging and manufacturers must prevent
dropped franesMartin Chamberland et al. (20047 his was encountered during
experiments conducted at the sameetias this DPhil. It was discovered that dropped
frames were occurring as a result of there not being enough space on the hard drive to
which the files were being written. After consultation with the manufacturer an
indication of disk space usage was aditethe software to avoid repetition of this

mistake.
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Figure3.11. A fAwavelength to pixelo calibration

hyperspectral imaging equipment manufacturer (Head®Riaditonics)

As has been mentioned certain aspects of calibration are carried out by the
manufacturer, wavelength to pixel calibration is one such process and the results of this
calibration for the equipment held at the Bodleian Libraries, Universitytdr@ are
shown inFigure 3.11. This calibration graph was provided by Headwall Photonics upon
receipt of the hyperspectral imaging equipment. The purpose of this calibration is to
assign wavelengths to pixels on the CCD sensor &uayet al. (2019 nd as can be

seen there is a strong linear relationship over the wavelength range as is desirable.
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Section 2: Experimental Section

77



Chapter 4 experiment 1: Assessing the Effectiveness of Hyperspectral Imaging in
the Identification of Pigments: Comparing HSI and Raman Spectroscopy in An

Analysis of llluminated Armenian Manuscripts

This paper is reproduced from the publication in the journalt&tgriSciencéDate of
publication: ' July 2018 DOI: 10.1186/s4894-01802061). This journal was selected as
it was felt thathe aims and scope bleritage scienceatchedheresearch question well.
In particularthe development of nedestructive analytical methodtsr theidentificationof

constituent components of interest to a wide range of heritage scientists
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4.0 Abstract

There is great practical and scholarly interest in the identification of pigments in works
of art. This paper compares the effectiveness of the widely used Raman Spectroscopy
(RS), with Hyperspectral Imaging (HSI), a reflectance imaging tgcienito evaluate

the reliability of HSI for the identification of pigments in historic works of art and to
ascertain if there are any benefits from using HSI or a combination of both.

We do so by undertaking a case study based on six Armiéoramated
manuscripts (11-18" centuries CE) in the Bodleian Library, University of Oxford. RS,
and HSI 4007 1000 nm) were both used to analyse the same 10 folios, with the data
then used to test the accuracy and efficiency of HSI against the kesults from RS
using reflectance spectra reference databases compiled by us for the project.

HSI over the wavelength rang@0i1 1000 nm agreed with RS at best 93 % of
the time, and performance was enhanced using the SFF algorithm and by using a
databasevith many similarities to the articles under analysis.

HSI is significantly quicker at scanning large areas, and can be used alongside RS to
identify and map large areas of pigment more efficiently than RS alone. HSI therefore
has potential for improvinthe speed of pigment identification across manuscript folios

and artwork but must be used in conjunction with a technique such as RS.

Keywords

Hyperspectral imaging, Raman spectroscopy, pigment identification, illuminated

Armenian manuscripts, manuscrgttidies, multispectral imaging, special collections
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List of abbreviations

HSI

RS

FORS

FT-IR

HPLC

GCMS

SAM

BE

SFF

ENVI

XRF

ROI

UVv-VIS

Hyperspectral imaging

Raman spectroscopy

Fibre optic reflectance spectroscopy
Fourier transform infrared spectroscopy
High performance liquidhromatography
Gas chromatography mass spectrometr
Spectral angle mapping

Binary encoding

Spectral feature fitting

Environment for visualising images
X-ray fluorescence spectroscopy
Region of interest

Ultravioletvisible light
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4.1 Introduction

4.1.1 Pigment analysis

Technical investigations of works of art are of great value to conservators and
researchers. Scientific techniques have been applied to pigment identification as part of
conservatiorsince the late twentieth centuBacci (1995); Liang (20123iding:
characterisation of the palette of an artist or workdPalppurath et al. (2014);
Ricciardi et al. (2009)art historical understanding of the artXiupry et al. (1994)
identification of restorations or interventiobDglaney et al. (2016a); Ricciardi et al.
(2009) monitoring degradatio@lark (2002) detailing the conservation state of an item
Ricciardi et al. (2009)and revealing preparatory sketcliedaney et al. (2016a)
underdrawing®icciardi et al. (2009)or palimpsestSnjders et al. (2016)Such
knowledge is of value to researchers and can also aid in effective conservation strategies
and restoratioi€lark (2002) and answer questions of provena(Reciardi et al.
2009; J. K. Delaney et al. 2016a; Pallipurath et al. 2014; Clark 2002; Burgio et al.
2005; Liang et al. 2011; Douma, 20080 the broader sense it can also help determine
trade routes and cultural interactigi®uma, 2008.; Royal Society of Chemistry, 2020)
and give some idea of the technology of the period with respect to pigment manufacture
Douma (2008b); Royal Society of Chemistry (2020)

Samplingbased techniques such as-ghsomatographynass spectrometry
(GC-MS) and high performance liquid chromatography (HPLC) provide considerable
dataAceto et al. (2014however a combination of nafestructive techniques generates
desirable data without harming the item (an obvious advantage for conserfatis)
et al. (2014); Mounier et al. (2014A combination of techniques is most often used, as
any one technique has limitations. For example, Moscaused Raman spectroscopy

and Xray fluorescence spectroscopy (XRF) to identify pigments in different layers of
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illuminated manuscriptdosca et al. (2016)Other techniques include: Fibre optic
reflectance spectroscopy (FORS)eto et al. (2014)and Fourier transfar infra-red
spectroscopy (FIR) Buti et al. (2013)

Access to these techniques and approaches for cultural heritage imaging can be
restricted due to their cost, availability, and the clexpature of interdisciplinary
researciTerras (2010)It is therefore useful to assess which approaches are most
feasible, coseffective, efficient, and accurate for our purpose of pigment identification,
as this will help scholars understand the affordances ofeliffesystems and aid in the

scoping and management of programs of research.

4.1.2 Raman spectroscopy

Raman SpectroscoffirS)is a common and relatively accessible method in pigment
identificationCenteno (2015); Goler et al. (2016); McCreery (2000); Pallipurath et al.
(2014); Smith & Clark (2004); Vandenabeele et al. (2088 relies upon the

initialisation and detection of the inelastic scattering of radiation at an atomicTaeel.
energies atvhich this occurs are dependent onakt@munder observatigrthe energy

of which is altered (in a calculable manner) by the neighbouring atoms. In this way each
unique orientation (on an atomic level) of a molecule gives a unique spectrum for RS.
Therebre when an identification is made, using characteristic peaks, fingerprint regions
and any reasonable assumptions of the contents of the subject, it can be taken as
confirmed that the molecule is present. tR&eforas a justifiable analytical technique

to be used as a benchmark when assessing the application of HSI to this problem.

RS has been used to look at significant works of art by artists such as Rleassoo

(2015); Muir et al. (2013and VermeeBurgio et al. (2005)and also at high value

items such as the Lindesfarne Gosyilswn & Clark (20@) and high profile forgeries
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Chaplin et al. (2004); Coupry ei. (1994) RS has proved to be efficient at pigment
identificationClark (2002); Coupry et al. (1994although there are some exceptions
such as lak@sand other organic pigments which have poor Raman scattering, making
identification difficult Aceto et al. (2014Where Raman scattering is poor, useful
results have been obtained by combining with XR&éciardi et al. (2009)RS has also
been used tmvestigate the distribution of pigments and extent of restoration by
looking at cross sections of obje@snteno (2015)

Since its introduction as an analytical technique for the study of heritage in the
1970s, RS has become smaller, portable, and simple enough to Iy tisese who
are not considered experts or analy3$éomban (2012); Smith & Clark (2004)
Although accurate, it is also very time consuming toRSdo identify pigments across
large areas, as sample points are small and have to be repeated. Ramag naappin
been used to examine areas on the micrometre scale over several hours. For example,
one archaeological study examining rust took 21 hours to image a 52.2 x 46.2 um
rectangleNeff et al. (2006)another looking at cross sections of a sixteenth century
painting took 4.5 hours to image a 60 x 45 um rectabgleet al. (2008b)An area can
be mapped simultaneously by defocussing the laser beam, but this greatly reduces the
intensity and as such is limited to a field of view on the order of micron@taesbilla
et al. (2011) In general using Raman spectroscopy as gmgool is unusudtrnst
(2010) XRF has also been used for mapping batss very slow, with an area of 36 x
34 mm scanned in 45 minutes in one stithsca et al. (2016)in contrast,
hyperspectral imaging can image an A4 sheet (210 x 29yimmughly fifteen

minutes. It is therefore worth considering if other techniques such as HSI can be used in

b A class of organic pigmesitmade by precipitating a dye with a binder, the name derives from lac (a
resinoussecretiof and so is an interesting misnomer, having nothing to do with bodies of water
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conjunction with RS to increase efficiency in identifying pigments, particularly across

larger areas.

4.1.3 Hyperspectral imaging

Hyperspectraimaging (HSI) is a reflectance technique which, for each pixel in an
image, produces a reflectance spectrum for the wavelength range detecte(012)
This holds many potential advantages for pigment identification on a large scale given
that it scans large areas quickly, and it is this property (or affordance) thaskveow
investigate, within the context of pigment identification. The spectra produced can be
used to characterise the materials at the surface of the image and produce maps of these
materials, but hyperspectral imaging has also been used to revealindges and
text, given its ability to detect several wavelengths, often including wavelengths outside
of the visible rang€ucci ¢ al. (2015); Liang (2012)Originally a remote sensing
techniqueCucci et & (2015)it has been developed over the years for astrophysics,
military applications, medical imaging, and more recently for thedestructive
investigation of works of cultural heritageelaney et al. (2016a); Fischer & Kakoulli
(2006); Moutsatsou & Alexopoulou (2014); Schla&grlessinger (2010)HSI has
been successfully applied to a range of heritage material including The Declaration of
Independenc€rance (2011)where alterations to text were revealed, and Edvard
Munchdés AThe Screamod wh eacerisedlarel mpppegi ment s use
Deborah et al. (2014)

Multispectral imaging (MSI), and HSI habethbeen used as the first step in
investigatios to provide spatial and spectral datatlb@ pigments in a manuscrifthis
then allowsone to examine and map the entire surface of an dbgdanhey et al.

(2016a); Janssens et al. (2016b); Moutsatsou & Alexopoulou (20a4)guiding the
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use of techniques such as Raman spectrodoapiel et al. (2016); Mounier & Daniel
(2015) XRF Catelli et d. (2017); Rebollo et al. (2013and FORMelo et al. (2016)
which give a more detailed analygiseto et al. (2014); Clarke (2001); Ricciardi et al.
(2013); Trumpy et al. (2015Using HSI as a preliminary technique to provide an
oveniew in this manner can alleviatencerns that the assumption that site specific
techniques represent the whole may not be sufficient to demonstrate the diversity of
colourants in such workRicciardi et al. (2009jhus working with a combinatn of
techniques allows for the best results to be geneBadbss et al. (2003); Cardeira et al.
(2016)and it is mainly recommended to use HSLklze first technique in combination
with othersAceto et al. (2014); Delaney et al. (2016a)

The identification of meerials in works of art via HSlan bedone by comparing
the reflectance spectra for the relevant pixel to those of a reference databpsiee
creation of false colour images from the hyperspectral data &agemGhez et al.
(2015) Such false colour composite images have recently been successfully used to aid
the identification of watercolour pigments in eighteenthtugrbotanical illustrations
by Ferdinand Bauéviulholland et al. (2017)this study however focusses on the former
identification methodThere is no such database suitable for the identification of
pigments and so omaust be manufactured by the analyst for each new study. Ideally
this would contain all possible combinations of colourants, binders, etc. likely to be
found in the studied object and would also be historically accurate (e.g. using the same
substrate as faud in historic artworks). Such a level of detail is required because the
signal is a combination of everything within the pixel and is not molecularly specific
and in mixtures one peak may obscure the peak of another compound. Despite this the

differentiaton of two colourants which are similar visually but chemically distinct
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(metamerspy HSI has been demonstrai&ceto et al. (2014); Balas et al. (2003);
Centeno (2015); Montagner et al. (2016); Vitorino et al. (2014)

The question of whether or not the algorithmesng used in the industry at
present to analyse hyperspecttata cubs give the best results has been raised, and
newer algorithms have been suggested which can take full advantage of the increasing
informationSchlamm & Messinger (201@oubts about the abilityf HSI to
definitively identify a pigment have been raised due to the complications of mixtures or
degraded pigmentsgang (2012) For example, for the identification of mixtures, linear
spectral unmixing was designed for remote sensing (the collection of surface data from
afar, for example the geological survey of sevellahketres of land using sensors on an
aeroplane) where the signal is a combination of the spectral responses of spatially
separated materialsang (2012) In such a study a pixel may be several meters across
and cover both a patch of grass and some tarmac, whereas for paint materials this is not
the case, as pigments arefannly dispersed in the binding media and the spectral
response is not a simple linear mixture of the reflectaligerithms not typically
applied to remote sensitgchnologiesarebeingapplied to HSdataof heritage
artefacts with some success, foample he KubelkaMunk (KM) theory, which is
used in the paint industry to calculate the ratios of paints to match a givenldalogir
(2012) has been shown twe superior to the more frequently used spectral angle
mapping for the mapping of paints in artwotkang (2012); Zhao et al. (2008)he
effect of binding medium, particle size, and concentration have been systematically
studied ad dirt and varnish can also have an eftaang (2012)

Reflectance sgctra of pigments in the UV VIS range have relatively few broad
bands for use in fingerprinting (compared to IR and RS) and cannot therefore always

provide unambiguous identification especially when two or more absorbing species are
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present in a mixturét is interesting to note that the HSI equipment used in this study
has a spectral resolution of 0.67 nm which is more than suffielankburn (2007);
Cavaleri et al. (2013)o discern such peaks and troughs as may be present in the
reflectance spectra involved and may even lead to data redurBlackipurn (2007)

This would slow down any computational work done on the reflectance spectra (as the
computer would carry out calculations on all the data tdgss of its redundancy).

Care must also be taken to ensure that relevant analysis is done, techniques used for
multispectral image analysis may not be appropriate.

Identification can therefore rely on the fact that relatively few colourants could
be usedn any one piece due to limitations of geography, availability, and time period
Aceto et al. (2014)Unusual or unexpected colourants can create a need for the use of
multi-technique analysesceto et al. (2014)0n the other hand, HSI has been shown to
successfully differentiate between colourants that other techniques find difficult
Vitorino et al. (2015)Red lake pigments (madder for example) are very light sensitive
and so their characterisation and any data on their degradation can be of upmost help
Vitorino et al. (2015)HSI was used to discriminate between madder, cochineal, and
brazilwoodhowever the addition of binding media etc. made it more ambiguous. A
more comprehensive database was recommeévidedno et al. (2015)

This study therefore investigates how well HSI can be applied to pigment
identification given the questions raised about the appropriateness of algorithms

designed for other uses, andatmses which are unlikely to be complete.
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4.2 Materials and methods

4.2.1 Armenian manuscripts

Hyperspectral imaging has been used here to identify pigments used in a set of
Armenian illuminated manuscripts from the Bodleian Library, University of Oxford
and the identifications made were compared to data obtained from Raman spectroscopy
analysis of the same texts. These texts wer
Tal es Fr om an LWHEh&Meyer (B0g5whichImarked thedcentenary of
the Armenian genocide during WW1 and displayed manuscripts felt to be representative
of Armenian culturd.int & Meyer (2015) The texts were surveyed prior to exhibition
and it was desired to learn about the palette used in tlieminlation. As a result of
analysis prior to this study the exhibition was able to display the raw ingredients for the
palette alongside the manuscripts in the exhibition hall.

llluminated manuscripts of Armenia, while visually stunning, have not been the
subject of many scientific studi€abelli & Mathews (1982); Qra & Mathews (1988)
yet they are historically varied and of much scholarly inteZesey (1931); Kurdian
(1956); Mathews (1981); Mathews et al. (1994); Royse (2009); Tumanyan (T9&7)
Bodleian Library has over 140 manuscripts, and over 250 early printed books in its
Armenian collection with a date range of over 1000 years acquired from 1635 onwards
Baronian & Conybeare (1918RA few examples of these, used during this study and

displayed during the exhibition, are shown belowigure 4.1.
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Figure 4.1 Armenian Manuscripts held by the Bodleian Library. a) MS Arm. d13 (1609

CE) folio 4r: The adoration of the Magi, b) MS Arm. d13 folio 33r: Eusebian canon
table. This manuscript was the work\désrop, a famous Armenian illuminator, c) MS
Arm. e34 folio 4r: The first page of the Armenian translation of the classical Greek

grammar attributed to Dionysi us'Cantuny ax

Armenian illuminators have left no writtee@unt of how they prepared their pigments
Mathews (1981)One study begun in 1979 identified six pigments as the staple
Armenian palette with differences in recipes and quality accounting ferelices in

locale and era. They are gold, white lead, vermillion, orpiment, ultramarine, and red
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lake". Mixtures of these six pigments are commonly used to create different hues and
shadedMathews et al. (1994); Orna & Mathews (198l should be noted the study

was of 24 manuscripts, which is a small percentage of the total known today. Two
things may strike the art historian as odd about the palette: firstly, the use of ultramarine
as the standard pigme@abelli et al. (1984)In European art, ultramarine is rare

Cabelli et al. (1984)It is made from lapis lazuli mined in present day Afghanistan,
making it more expensive for European artieentfor Armenian artists where it is

thought that the close proximity to the mines meant that costs were kepalmeili et

al. (1984) Secondly, the lack of a natural green pigment (organic or inorganicasuch
verdigris, which meant the artists had to use a mixture of other pigments to achieve the
green colour instea@abelli et al. (1984)Mathews (1981)Mixtures of mineral yellow,
orpiment, and blue (either ultramarine or an organic blue) with lead white to alter the
shades were used to produce an olive green which was duller than that found in western
manuscriptabelli et al. (1984); Cabelli & Mathews (1982); Orna (2013); Orna &
Mathews (1981)

The Bodleian Libraryés collection, spann
production makes it gl for carrying out a study of the palette used. Working with a
curator, a range of 6 manuscripts dated between tharidt 18 centuries, including
works by weltknown artists such as Mezr¢jdS. Arm. d.13, Gospels, 1609) were

chosen for this study.

¢ Pigments Explained:

Gold: Usually gold leaf but also shell gold which is powdeageldl mixed with a binder, so named
because it was traditionally prepared in a shell.

White lead: The oldest white pigment, afwpduct of lead production.

Vermillion: A red manmade pigment of mercuric sulfide.

Orpiment: A yellow pigment made from heatiand grinding the orpiment stone.

Ultramarine: Significantly also called lapis lazuli, made from a semiprecious stone of the same name
Red Lake: A transparent red made from the root of the Madder plant (Rubia Tinctoria) hence it is also
called madder.
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The corpus studied is replicatedTiable4.1 below, and ranges from the eleventh to the

eighteenth century.

Shelf Mark Page Date Title

MS. Arm. e.34 4r 18" century Grammatical and philosophic:

tracts 18 century

MS. Arm. d.13  22r 1609 Gospels

MS. Arm. d.3  10r 1304 Gospels

MS. Arm.g.4  Nl/a 17067 Phylactery

MS. Arm. d.22 8r Late 16'century  Gospels

MS. Arm.c.3 1r 16" century Menologium 16 Century

Table4.1. Details of the Armenian manuscripts from Bwdleian Libraries selected for

this study

4.2.2 Workflow

To evaluate the utility of HSI with respect to the identification of pigments using the
software ENVY and the characterisation algorithms contained within in comparison to
RS it was necessary to first gather the pbeded RS data. HSI could then be carried

out on the folios from which RS data had been gathered. It was then necessary to either

compile adatabase of reflectance spectra or utilise an available one. This database could

4 ENVI: Environment for Visualising Images, (accessed via University of Oxford site license), is a
software package for remote sensing and dealing with hyperspectral datacubes containing a number of
statistical and image processing algorithms.
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then be used for the identification of the HSI reflectance spectra by way of a
comparison between the data gathered and the known spectra in the database. This
comparison is dne by way of three computer algorithms available in the ENVI
software (Spectral Angle Mapping (SAM), Spectral Feature Fitting (SFF), and Binary
Encoding (BEj), which are to be compared to each other in order to suggest which one
is the most applicabl® this data. The HSI data could then finally be compared to the
RS data (which is identified separately by way of characterising peaks in the RS
spectra).

Comparison algorithmare all spectral matching techniquesosen by ENVfor
t he sof t waAnalystteolkibBgs betwean thé three algorithms providad
range of options have been made available to increase the chances of a successful
application on a variety of spectra. For instance SFF is more suited to spectra with
absorption featuredarris Geospatial Solutins, Inc. (2020q)

Pigments in the manuscripts were identified based on their spectral signature
from Raman spectroscopy. 90 sample spotetalwere analysedLO folios from 6
manuscriptsvere chosen to analy§®ne would normally analyse fewer spots to
characterise the pigments in the manuscripts but more were desired to give this study
sufficient data)Spots were chosen for comparison based on the availability of a
confirmatory RS identification. As wide alsetion as possible was analysed by RS but
owing to the unsuitability of some pigments for identification by RS only 90 were able

to be carried faward. Furthermore these points are not spread evenly throughout the

€ Statisticalanalysis method®8riefly, SFF, or spectral feature fitting, is a least squares technique which
uses methodology based on the absorption features of the dpagisaGeospatial Solutions, Inc.

(2020i), Spectral angle mapping, or SAM, treats each spectrum as a vector and calculates the angle
between two spedr thus determining spectral similarity. Smaller angles represent better matches and the
technique is relatively insensitive to illumination effeldisrris Geospatial Solutions, Inc. (2020B)nary
encoding (BE) samples the data based on whether a band falls below etl#spectrum mean: the

greater the number of bands which match the reference spectrum, the more likely it is that the spectra
matchHarris Geospatial Solutions, Inc. (2020a)
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manuscripts, some manuscripts having beade with more illuminations than others.
For the same reasons the spread of points in terms of the variety of pigments is not
even, there is much more vermillion than other pigments. Vermillion is very common,
and easily identified by RS.

Setting up Stakes about ten minutes and a further 5 to 10 minutes for analysis
of each subsequent spot. Not all pigments provide strong Raman scattering signals and
so this study focused on those which gave good signals using the Raman spectroscopy
equipment availablésee below), in order for the HSI setup to be compared to a
technique known to be accurate. The six pigments the study focussed on were
vermillion, indigo, lapis lazuli, red lead, red lead/vermillion mixture, and
indigo/orpiment mixtureGilded regions ofhe manuscripts generated unwanted
specular reflectance and so analysis was done on regions unaffected by this
phenomenondSI was then performed on the same manuscripts and used for the
identification of the same pigments as the Raman spectroscopy egiidrne two
results were then compared directly and if a pigment was characterised as the same
pigment by HSI as it was Raman spectroscopy it was considered correct. The
percentage of the total characterised which were correct (were the same as Raman
spedroscopy) was considered to be the percentage accuracy. In order to classify
reflectance spectra a comparison to a reference database is carried out, as explained
below. Raman spectroscopy did not require the creation of a database from scratch. The

workflow is represented diagrammatically belowigure 4.2.
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Raman spectroscopy is
performed on a folio, a US Th
: . . e Raman spectra are us
mliro?,:opy Imagelisitaken| to identify thpe pigments
the Raman spectrosco
Iocati(?ns o If these two identifications
are the same, the HSI is
considered correct, if they|

Using ENVI, a region of SAM, SFF, and BE are run differ it is incorrect
A hyperspectral image is interest is created at the the regions of interest givinf
taken of the same folio location of the Raman a tentative identification of|
spectroscopy analysis the pigment The percentage of correct
results is calculated to giv4
the percentage accuracy d
HSI in this paper.

Figure 4.2. A flow diagram of the experiment, explaining the origin of the percentage

accuracy forHSI.

4.2 3 HSI database

Reference libraries were needed for the characterisation of the reflectance spectra
obtained from hyperspectral imaging. An initial referenbealiy for reflectance spectra
was therefore made, using 113 colour swatches painted using Kremer paints (a sample

of which are shown below iRigure 4.3) on a paper thought to be similar to an

A

eighteentc ent ury artistos in order to replicate

expected from the genuine manuscripts.
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Figure 4.3. Colour swatches of differepigments including common mixtures. These
were used to make database 1 (and part of 3)

The first database was created from these colour swatches taking the most likely
pigments to be found in Armenian texts based on studies of Armenian illuminated
manusdpts Cabelli et al. (1984); Orna & Mathews (1981and eliminating the ones
which werenot expect tdefound (synthetic pigments for example). This first database
was later improved upon once some HSI scans had been taken of some of the Armenian
manuscripts and used to create another, more up to date database which included the
Armenian spectra, and a furtheatdbase created which had exclusively the Armenian
spectra in it. These three databases were compared with each other in order to see the
effect of a change in database on the identification accuracy. Two further databases

were also used. A database was/dilmaded onlin€Cosentino (2014fo form database
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4, and of these the more likely pigments for Armenian illuminated manuscripts were
taken to form database 5. These were used so that externallyefexdaces could be
compared to those created for the papbe spread of pigments in databases is shown

in Table4.2.

Database 1 2 3 4 5
Spectra from 40 0 40 0 0
Kremer

paints

Spectra from | 0 18 18 0 0
Armenian

manuscripts

Spectra from 0 0 0 55 11
online

database

Total 40 18 58 55 11
number of

spectra

Table4.2. Showing which spectra an@ which database and how many spectra each

contains

Spectra from Kremer paints were of the following pigments: Smalt, gamboge,
azurite, verdigris, yellow lake, realgar, massicot, orpiment, alizarin crimson, cochineal,
lac, vermillion, madder, red lea@hilean lapis, indigo, verdigris + indigo, lac +

vermillion, red lead + vermillion, realgar + indigo, vermillion + cochineal, lead white.
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Spectra taken from the manuscripts and used for database 2 (and later 3) were:
indigo, indigo + orpiment, red lead pia lazuli, vermillion, red lead + vermillion.

Database 4 contained burnt umber, raw umber, vandyke brown sienmna,
raw sienna, red ochre, red lead, cadmium red, alizarin, madder lake, lac dye, camine
lake, vermillion, realgar, yellow lake, massicg]low ochre, gamboge, naples yellow,
lead tin yellow (2 variations), saffron, orpiment, cobalt yellow, cadmium yellow,
chrome green, cobalt green, cadmium green, green earth, viridian, phthalogreen,
verdigris, malachite, blue bice, cobalt blue, azuritgyfEan blue, ultramarine,
phthaloblue, smalt, indigo, maue, Prussian blue, cobalt violet, ivory black, vine
black, boneblack, lamp black, gypsum, chalk, le&ite, zinc white, titanium white,
lithopone, cardboard.

Database 5 contained red lead, madeke, vermillion, realgar, massicot,
orpiment, Verdigris, azurite, ultramarine, smalt, indigo.

The databases were made within the ENVI software by selecting pixels from the
area of the pigment, averaging the spectra, and adding this averaged speetnum t
ENVI database file. Databases 4 and 5 were simply downloaded and saved in ENVI

database file format.

4.2 4 Equipment

4.2 4.1 Hyperspectral Imaging

The hyperspectral camera used was a Headwall Photonics VNIR 1QEBB!7 which
detects 972 contiguous wavelengths fd®dnm to 1000 nm and has a spectral
resolution of 0.64 nm. The lens used is a Schnéfdapplan lens (mode{NP 1.4/17i

0303 with aHeadwallPhotonicdilter (modelACOBL i 38071 49X, 0795.
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The setup is a line scanning method, and there are 1600 pixels per line scanned. The

spatial resolution depends on the distance between the detector and the subject which

can be adjusted attheoper or 6 s di scretion. A typical pi x
1100m across (this is the fAground sampling d
nm).

The light source is a halogen bulb controlled by a Techniquip 21DC, and cooled
by a Minebea Motor Manufacturing Corporation 3110KQ4W1i B50 fan.
The detector remains stationary while the subject is placed on a stage which moves
along only one axis, tlsuscanning the object. The speed of the stage is calculated based
on the distance between the stage and the detector in order to ensure firstly that the
pixels produced represent square sections of the object (i.e. there is no stretching or
squashing effagroduced) and secondly to ensure that no part of the object is missed
by the scan, given that at set intervals a snapshot is taken in order to build up the
hyperspectral data cube. The stegmoved by means of a motpushing the stage
along a screwAs the screw rotates, the stage is moved from one end to theTdtber.
motor used to generate the movement of the stam¥ éxta PK264A2A SG3.6
stepping motor controlled by a Velmex VXM stepping motor controller. All aspects of
the setup were supptidoy Headwall Photonics, including the light source and stepping
motor.

As HSI gives values of reflectance, calibration is performed by giving the
software an example of 100 % reflectance, and 0 % reflectance, these are the white and
dark calibrations regztively. White calibration is carried out using a piece of

Spectralon® and dark calibration is performed by covering the lens with its lens cap.

f Spectralon® is the brand name of a fluoropolymer material which has a very high diffuse reflectance (99
%) and reflects evenly across the \Wi6-NIR range
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The room lights are off during calibration and scanning as the fluorescent lights produce
unwanted lines ithe scan, ideally the room would be in darkness so that any
fluctuations in light intensity and thus reflectance values are elimiratgipment

calibration (such as signal linearity and accuracy of the wavelength axis) are performed
by Headwall prior tashipping. This experimental setup is shown belowrigure 4.4.

During the scan the manuscript was supported when needed by manuscript grade

archival book supports.

Figure 4.4. The HSI equipment during a scan of MS Arm. &b3.the purpose of
taking this photo of the equipment the room lights have been left on, during a scan the

room lights ae always off.
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4.2.4.2 Data processing

For processing the Hyperspectral data cube {pogtisition) the software ENVI was

used (version 5.3.1). The spot scanned by RS had been recorded by taking a picture
using a USB microscope (Veho Discovery VN84 delux, 400x, 2 megapixels
magnification) ad using the ENVI region of interest tool an average spectrum was
calculated from the pixels in the same area of the RS measurement. The RS
measuremertiad a diameter of 30 pm thus analysinggega of 707 um( f r om ar ea =
x r?) and the pixels of the H8amera covered an area of £¢8i 130 pmwide (mean

pixel size: 110 um). The HSI pixel data was analysed using the spectral analyst feature
in ENVI which compared, using SAM, SFF, and BE, the average spectrum for each
region of interest with thepectra held in HSI reference libraries made by us. Each
computational method produced a ranking where the highest score represents the closest
match to the reference spectdl rankings are between 0 and 1, the higher the score

the closer the match foine spectra. The algorithms match the spectra in the database to
the spectrum obtained during experimentation. Thus, if a relevant, trustworthy database
is used a likely candidate for the identity of the pigment is giNésmworth noting that
although aigher score does indicate a closer match, there are other factors that prevent
this score from being used as a measure of confidence. Firstly multiple results can have
the same score (they could not be discriminated), or a similar score (this mayeiadicat
mixture). Secondly smaller separation between adjacent scores indicates a lower
confidence in the similarity i.e. if the top two results have similar scores then there is a
lower certainty that the spectra is correctly identified compared to if thevtopad

very dissimilar scores. Thirdly the process cannot identify a pigment that is not included

in the databasen this instance a high score could be attributed to a similar (though
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incorrect pigment). Because of these reasons the score was nat usgtkasure of
confidence.
Using the software it was also possible to select the wavelength range over which the
calculations (SAM, SFF, and BE) were performed and this was done in order to remove
from the calculation either noise, or large componentshwvere common to all scans,
thus improving the agreement between the hyperspectral data and the Raman
spectroscopy data. For example spectra tended to level out after 800 nm. These parts of
the spectra also coincided with the noisy regions and so théemgtterange upon
which the calculations were performed was reduced in order to focus on the areas which
gave identifiable peaks or troughs in the data and eliminate areas which were similar in
all spectra, thus aiding the computational differentiatiocpos s ( 6t ai | or ed wayv
r a n g Eable4b)n
This reduction was made on a case by case basis in order to account for any variation in
major peak posions between the different pigments, however it was found that this
took a very long time as it had to be done manually. By way of comparison the
computations were run again using the region between 400 and 800 nm each time to see
if results could be immved upon without having to tailor the wavelength range to each
i ndividual -&@& dnTaldke#b).( 6400

The technigues are included in the software as standard as they have been used
for the analysis of remote sensing data (8Bkaly et al. (2003); van der Meer (2004);
Pan et al. (2013)SAM {Davies & Calvin (2017); Garg et al. (2017); Gursoy & Kaya
(2017) BE Hadavand et al. (2016); Nidamanuri & Ramiya (2014); Singh &
Ramakrishnan (2017)-orthe analysis of heritage based hyperspectral data only SAM
appears to have been used previo@dyelli et al. (2017); Cucci et al. (2016); Wu et al.

(2017)
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4.24.3Raman Spectroscopy

The Raman spectroscopy equipment used in this siaslypeen developed specifically

for the identification of pigments in objects of cultural heritage, and is uligaby et

al. (2016) It differs from commercial equipment primarily in that large manuscripts can
fit under the detector situ and it is extremely portabl&he device shown iRigure

4.5 demonstrates the sensor is attached to a lightweight frame which allows the sensor
to move along in one direction with movement in the other direction being achieved
through repositioning ohe frame. As per HSI the manuscript is supported, if needed

by archival grade foam book supports.

Figure 4.5. The Raman spectroscopy equipment used during the project
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Light and dark calibration aqgerformed and a reference sample is used to
correct for any shift from true peak values. All Raman measurements require a blacked
out room to minimise interference for this very sensitive technique.

The spot size of each measurement is ca. 30 pdameter and a JDSU 1 mW
HeNe laser source is used with a wavelength of 15800 Tt detector measures in
the range of 2577.367 chi 91.14842 cnt and is a Andor Shamrock 163/iDus 416
camera CCD spectrograph with a Horiba Ltd Superhead sampling @gcds$)SB
microscope generates a live image on the laptop, stills of which are used to record the
exact location of the laser spot measurement.

It may be useful at this point to directly compare the two techniques used during
the study as summarisedTiable4.3. The advantages and disadvantages given concern
the specific equipment used in this study. Differences in equipment specification may
alterthe usefulness of a technique for example if HSI which produced reflectance
spectra further into the IR was used instead then the identification of pigments could be

done more independently of a secondary technique.
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Raman spectroscopy HSI
Analysed area Spot size: 30 um diamete Pixel size 110 um accross
Analysistime by spotor & nfin a omns?
surface unit
Irradiance 0.4 mW a 3.5 lux h
Identification Identification can be made¢ Identification relies upon
unequivocally through the the comparison of
use ofcharacteristic peaks reflectance spectra and
must be backed up by
another method of analys
Coverage Limited spots can be Larger areas can be
analysed in a reasonable scanned in aasonable
time frame time allowing the user to
Omapd i mport
Table4.3. A Summary of key differences between HSI and Raman spectroscopy as used

in this study.

4.3 Results

Table4.4 shows the distribution of the Raman spectroscopy analysis across the 6
manuscripts and the pigments which were identified using Raman spepiyo¥hese

results are taken as correct and were compared to the results generated by the
characterisation of reflectance spectra from hyperspectral data cubes by way of the three
computational algorithms designed to compare experimental spectra tinthose

database. Five Such databases were used as detailed aBeeon 4.22. If the
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algorithm identified the same pigment as Raman spectroscopy then it was considered
correct, in this way a percentage success was derived for each configuration.

Pigments identified through Raman spectroscopy

Shelf Red redlead + lapis indigo + vermillio  indigo @ Total
mark lead  vermillion orpiment n

MS Arm 1 1 3 0 2 0 7
g4

MS Arm 1 0 5 0 2 0 8
e34

MS Arm O 0 0 0 0 5 5
d3

MS Arm O 1 0 0 1 2 4
d22

MS Arm O 0 2 0 3 2 7
c3

MS Arm 1 0 0 1 56 1 59
d1i3

Total 3 2 10 1 64 10 90

Table4.4. The results of the Raman spectroscopy survey showimtjsthiéution of
inspection points across the manuscripts involved in the study. Not all manuscripts had
the same number of illuminations (MS Arm d13 was particularly lavishly decorated).
Note the chemical formulas and common names; red lea®D¢Pminiun), vermillion
(HgS, cinnabar), lapis lazuli ¢Sultramarine (differentiation between synthetic
(ultramarine), and natural (lapis) not possible with this Raman setup), orpiment

(A3Ss), indigo (GeH10N202).
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Table4.5 shows the percentage success of the 3 algorithms with the 5 databases
applied to all the manuscripts. The settings and parameters of the algorithms could be
manipulated to increase the likedod of a match by way of eliminating noise or focussing on
characteristics of the spectra, and this was also d@ide4.6 gives the results of the

analysis carried out using default settings broken down into the different manuscripts.
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Database Algorithm  Default Tailored 4007 Difference Difference Difference
settings wavelength 800 nm (4007 800 (tailored (tailored

range and and and 4001
default) default) 800)
1 SFF 20 66 22 2 46 44
1 SAM 9 47 15 7 38 32
1 BE 13 67 16 3 54 51
2 SFF 71 89 71 0 18 18
2 SAM 49 89 49 0 40 40
2 BE 37 93 37 0 56 56
3 SFF 60 89 42 -18 29 47
3 SAM 23 81 33 10 58 48
3 BE 22 92 19 -3 70 73
4 SFF 27 81 26 -1 54 55
4 SAM 14 66 16 2 52 49
4 BE 18 65 30 12 47 35
5 SFF 43 89 47 4 46 42
5 SAM 44 87 43 -1 43 44
5 BE 44 84 48 4 40 35
Sample size 91 (73 91 (73for 91(73 91 (73for 91 (73for 91 (73 for
for databases :  for databases databases databases
database: and 3) database: 2and3) 2and3) 2and3)
2 and 3) 2 and 3)

Table4.5. A comparison of the percentage agreement obtained using the different methods,
databases, and wavelength ranges. The difference betweé&r8000and default was
calculated as the percentage success of the 81D nm range minus the percentage success
of the default wavelength range, similarly Difference (tailored and default) was %tailored

%default andlifference (tailored and 40800) was %tailored %4007 800.
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As can be seen the majoritymiyment regions identified were vermillion: this
is because Raman spectroscopy very easily identifies this pigment but also because the
Armenian manuscripts analysed here are very red in colour, so vermillion is probably
the most prolific pigment throughibthe manuscripts. It can also be seen fi@hle4.5
that the majority of pigments were taken from MS Arm d13. This is because there were
so many illuminations in this manuscript compared to the others, thus it provided a
wealth of experimentahaterial.

Focussing on results from Databas@ akle4.5) we can see that using the
algorithms on a Atailoredd wavelength range
spectra identification by 3854 %. The best algorithm in this case was the most simple
algorithm, binary encoding (67 %ticcess) when used over a tailored wavelength range.
SAM was the worst algorithm if applied with the default settings (9 % success). This is
true, on the whole, for all the databases with the best percentage success being for
Database 2, BE, Tailored waealths (93 % success), and the worst being 9 % as
above. Spectral feature fitting (SFF) scored higher than spectral angle mapping (SAM)
in most cases and is also the one most likely to be correct under default settings which
suggests that SFF deserves nmmesideration when analysing hyperspectral data,
presently SAM is the more utilised algorithm.

Database 2 provided the most matches under all parameters: we can also see that
Database 5 provided more than Database 4. These results lead us to beltbee that
database most likely to produce a correct characterisation is one which contains spectra
obtained from material matching the experimental material as closely as possible (same
binder, same age paper, same age pigments etc.) and containing onlyttredawaist

spectra i.e. a database can be too large for the application.
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Table4.6 shows us the results for all 3 algorithms &ipto all 6 manuscripts,
but only for the default wavelength range. Here we see as before that on the whole BE
was the least successful whilst used across the full wavelength range available. This
trend is expected because binary encoding would onlyneallk on data in which the
peak is the main feature. In this data that is not the case however as noted above it does
improve when the algorithm is focussed on a smaller wavelength range. This too is
expected from BE because the main absorption featuntsvibe focussed upon
becoming a | arger factor in the algorithmso
commonly the most successful for the full wavelength range. It has achieved 100 % in
places but it is to be noted that these datasets are ratieosrigeir own. On the
largest dataset, that of MS Arm d13, SFF still outperformed the others, but was far from
achieving perfection. It is interesting then that SAM has become the more popular

algorithm,
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Database Algorithm = Total MS
Arm
e34

1 SFF 20 38

1 SAM 9 35

1 BE 13 13

2 SFF 71 n/a

2 SAM 49 n/a

2 BE 37 n/a

3 SFF 60 n/a

3 SAM 23 n/a

3 BE 22 n/a

4 SFF 27 38

4 SAM 14 13

4 BE 18 0

5 SFF 43 38

5 SAM 44 38

5 BE 44 25

Sample 91 (73 8

size for

database:
2 and 3)

Table4.6. Showing the percentage success of the databases and algorithms with the default

wavel ength

range

MS Arm  MS
d13 Arm
d3
10 100
7 20
9 20
68 100
45 60
34 80
55 100
13 60
13 80
32
20
27
49 0
47 80
44 80
59 (56for 5
Databases
2 and 3)

used

MS
Arm
g4

n/a
n/a
n/a
n/a
n/a

n/a

43
29
14

MS MS
Arm Arm
d22 c3
50 29
0 14
50 43
50 100
50 86
0 57
50 86
50 71
25 57

43
0 0
25 43
25 29
50 71
4 7

separated

odifferencemt o

t

sample sizes is due to databases 2 and 3 not being used on some folios from MS Arm D13,

MS Arm e34, and MS Arm g4, this is discussed in the text.
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It is interesting to note fromMable4.6 that seemingly the most difficult
manuscript to obtain high percentage results from is MS Arm g4, one of the later
manuscripts. It should be remembered though that the best datdasdefore
Databases 2, and 3 outperformed the others) could not be used on the ROls from this
manuscript because it was from these ROIs that the databases were formed, and this
perhaps has created challenges. It would be interesting to obtain morloRA%
Arm g4, and MS Arm e34 for application of Databases 2, and 3 to these manuscripts.

No manuscript consistently provided a greater percentage accuracy than others.

4.3.1 Confusion matrices

The data was further analysed through the use of confusititas, allowing the
calculation of the statistical values recall, precision, accuracy-areasure. This was
done for the identification of the pigment vermillion, as it was the most prevalent
pigment in the selection of illuminations. Two setups vearalysed in this manner, the
setup that lead to the lowest accuracy reduble4.7), and the setup that lead to the

highest accuracy resultéble4.8).
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Worst
Database 1 Default settings
For vermillion as identified by Raman spectroscopy
Actual
values
Positive (is  Negative (is Total

vermillion)  not

vermillion)

Characterised Positive (identified as 4 0 4
by HSI (SAM)  vermillion)
Predicted Negative (not 58 26 84
values identified as

vermillion)

Total 62 26 88

Recall 0.07

Precision 1

Accuracy 0.34

F-measure 0.12

Table4.7. Confusion matrix for the lowestoring combination of settings, algorithm,

and database. Default settings, SAM, and database 1.
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Best
Database 2 Tailored wavelength range
For vermillion as identified by Raman spectroscopy
Actual
values
Positive (is  Negative (is not Total
vermillion)  vermillion)
Characterised  Positive (identified as 57 0 57

by HSI (BE) vermillion)

Predicted Negative (not 3 6 9
values identified as

vermillion)

Total 60 6 66

Recall 0.95

Precision 1

Accuracy 0.95

F-measure 0.97

Table4.8. Confusion matrix for the highest scoring combination of settings, algorithm,

and database. Tailored wavelength range, BE, and database 2.

The values for accuracy for the pigment vermillion are 34 % and 95 % for the
worst, and best setups respectively comparable to 9 % and 93 % overall indicating that
the inclusion of other pigments into the calculations reduced the accuracy overall. Both
seups have a calculated precision of 100 % meaning that if a pigment were identified as

vermillion by the analysis of the hyperspectral data, it was never wrong in this
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experiment. The recall value is a measure of how many pigments that actually were
vermillion correctly identified as such and this is increased from 7 % to 95 % by the
change in setup. Finally, thenfeasure is a means of combining the recall and precision
values to give a means of comparing two data sets and this value is increased from 0.12

to 0.97 for the change in setup
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4.4 Discussion and conclusions

In this paper, the ability of HSI to identify pigments based on their reflectance spectra
(4007 1000 nm) has been assessed. Results were compared directly with Raman
spectroscopy and foretfirst time an attempt was made to provide a percentage
accuracy for tause of HSI in this application. This percentage accuracy was found to
vary between 9 % and 93 % in total dependent upon the configuration of the algorithms
applied to the data andeluatabase used for characterisation.

Taking the identification of pigments by
modelling this use of HSI as a test for the pigment vermillion identified by RS,
confusion matrices were constructed that revealed thespme@f the technique to be 1
in the best case scenario. The AHSI testo f
value of 0.95, and anrheasure of 0.97.

The best use of the algorithms required a great deal of manipulation of algorithm
parameters, thus lending itself not to identification, but to mapping known pigments.
The database most likely to provide a high percentage accuracy was one that was as
close as possible to the pigments studied, and contained only relevant spectra.
Databass 2, and 3 were consistently high performers, interestingly their data was taken
from the most recent manuscripts.

This data highlights some pigment knowledge is needed to be certain that HSI is
correctly characterising data, and that best practice wmutd use technigues such as
Ramanspectroscopyo identify pigments, and HSI to map the pigments across the
surface of the manuscript, or conversely for the mapping of areas of interest prior to
spot analysis techniques. Therefore, based on this resei@icbhould not be used
exclusively to give an overview of pigments but should be used in conjunction with

other techniques.
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Other studies have used HSI successfully to identify pigments but they have always
applied another technique to aid the identifaratand occasionally a larger wavelength
detection range has been used, detecting longer IR wavel&ugtwset al. (204);

Delaney et al. (2016a)his study confirms that the visible wavelength range is not

enough for a characterisation but it does offer hope that using hyperspectral data to map

pigments can be accurate if used in conjunction with agedmiques, which is our

major recommendation. One such pigment map is given bel&wume 4.6.
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Figure 4.6. Showing the map of vermillion pigment across MS Arm e34, folio 4r using

SAM.

From this research HSI appears to not be as accurate for pigment analysis as

Raman spectroscopy on a point by point basis but on the other &gl \+astly

quicker at scanning a large area: we therefore recommend the use of the two processes

together if a full quantification of the surface is required, with Raman for identification
of pigments, and HSI to map, confirm similarity over a large,areto identify areas

for point analysis as has been done in the pastiel et al. (2016); Mounier & Daniel
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(2015) For HSI the accuracy of pigment identification could be improved by increasing
the ramge of wavelengths scanned and by way of a more relevant database, again this
would require the use of additional techniques such as Raman spectroscopy, suggesting
that the best results are obtained firstly by making sure that the techniques at hand are
usal for purposes suiting their limitations, and secondly that a combination of
techniques will yield superior results in a more efficient timestalgeneral HSI could
also benefit from greater spatial resolution and increased ease of use if it were to be
used more frequently in a heritage environment.

A possibility for extending the study further would be to investigate and
compare the accuracy and efficiency of other techniques (FTIR for example) and more
work could be done with the SFF algorithm whiclvga higher percentage accuracy
here than the more popular SAM algorithibhis was expected for the reflectance data
produced. SFF is designed to work best on absorption features such as those seen. It is
perhaps surprising that SAM performed so poorlyegiits popularity but this could be
explained by a lack of spectral features in general and the fact that the default settings in
this software would be geared towards remote sensing data. Binary encoding did better
than SAM, and this is perhaps becausedimplistic algorithm did not require much
adjustment.

Only one wavelength was used for the excitation laser for Raman spectroscopy,
635 nm. Previous studidgarucci et al. (2018); Mulholland et al. (2017); Stanzani et
al. (2016)have shown that different lasers may increase the identifiable range of
pigments, with 532 and 785 nm being other commonly used wavelengths. 785 nm has
proven to be the most effective at pigment identification but requires an increase in the
applied poweMarucci et al. (2018); Mulholland et al. (2017); Stanzani et 201(6)

(to achieve good S/N ratios) which can cause damage to the object of analysis
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Mulholland et al. (2017)532 nm has been shown to be better than 635 nm only for the
identification of blue pigmentslarucci et al. (2018); Mulholland et al. (201But in
general suffers from increased fluoresceBtanzani et al. (2016)t is therefore
possible that the use of an excitation laser with a wavelength of 785 nm would identify
more pigments, but it may also require the application of more power than we are
comfortable with for valuable historic documents. 532 nm would be the logical one to
try but could be of limited use because it is not as good all round and the manuscripts
are predominantly red. The study compares HSI to Raman, if more pigments were
found with Raman then more comparisons could be made, this would obviously have an
effect on the end result, though it is difficult to predict how. In a similar vein a study
incorporating manuscripts from of a more varied origin would expand the study in terms
of pigments analysed (Armenian artists used lapis lazuli more prolifically than others
for example) but on the whole the study results reflect the dynamic between two
techniques and is applicable to other investigations, especially considering similar
situations have been shown in the literature.

HSI has a great potential to be useful in the analysis of pigments. The database
used was shown to be the most important single factor in increasing the match and a
larger quantity of spectra but a smaller momu®ed number of pigments i.e. ones
relevant to the object of study in terms of its chemical composition gives the best
results. Caution must be used however, and a combination of analytical techniques is
required to properly characterise a pigment and 98a%only possible with prior
knowledge of the target pigment. Using default settings, the percentage accuracy was
not sufficient.

When studying such documents HSI is a great advantage, it isdestractive

technigue which is capable of efficiently mappthe entire surface of an object. When
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a combination of techniques is used the setup can be a very powerful investigative tool
and we recommend using HSI as a mapping tool prior to other techniques, or after them
to give a complete picture of the pigneistribution. On a point by point basis

however, point techniques such as RS offer clear advantages.
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Chapter 5 experiment 2: Digital restoration using visible and near infrared
hyperspectral imaging(VNIR HSI): An investigation into the pigmentation on the

west wall of the Shrine of Taharga

This is reproduced from thmanuscripsubmitted foreview bythe Journal othe
American Institute for Conservatiofhis journal was chosen because ointsrest inthe
presentation ofmultidisciplinary research for the conservation and exploitation of cultural

heritage This manuscript wasef interestto the journal butevisions wereuggested
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5.0 Abstract

Historians, Museum curators and heritage site managers are interested in
identifying faded pigmentation on Ancient statues and structures. We investigate the
contribution visible and near infrared hyperspectral imaging (VNIR HSI) can make to
this processfocussing on the Ancient Egyptian Shrine of Taharqga (dating from ca 684
BCE) in the Ashmolean Museum, University of Oxford. We use VNIR HSI and
portable Xray fluorescence (pXRF), both nalestructive, noitontact, imaging
techniques, to investigate fadeinnants of pigmentation on the west wall of the shrine.
We complement this investigation with results from previous studies on the wall, whose
original samples and results were available to us.

The results demonstrate the need for multiple techniquel: ¥$I! allowed us
to map the red pigmentation, whilst XRF and photgtuced luminescence (PIL) from a
previous study, were used to detect cofipged Egyptian blue pigmentation. Results
from previous microscopy provided us with a fuller colour palettedéfeonstrate that
a conjunction of these different methods allows us to suggest a portion of the original
colour scheme of the wall, which differs greatly from the faded patches visible today.
We show that norgontact imaging techniques such as VNIR H®\je data that can
be used to detect and visualise faded pigments across the surface of Ancient statuary not
easily visible to the naked eye, but there are limitations to this approach. We therefore
demonstrate that hyperspectral imaging is a usefuliaddittool for the analysis of
statuary pigmentation, but needs to be used in conjunction with other analytical methods
and art historical expertise in order to reconstruct probable original colours, which will
be of interest to those wishing to investegie polychromy of other Ancient statuary.

Our combined analysis allows us to synthesise a probable original colour scheme of the
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west wall of the Shrine of Taharga, which will be of use to the museum, but also for

scholars of Ancient Egyptian art and kature.

5.0.1Keywords: Hyperspectral imaging, XRF, pheteduced luminescence, SEM

EDX, Egyptian art
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5.1 Introduction

1.1 The digital restoration of artwork

It is well known in art historical and archaeological circles that Ancient statuary was
often paintedBradley (2009); Gasanova et al. (2018) particular colour was of
significance to Ancient Egyptian sculptufiégele (208), and that investigation into

this colour can provide valuable information for researcBasanova et al.

(2018)Whilst apparent to researchers, it is clear through the response to exhibits and
news articles, that public awareness of the coloured nature of statuary is Bnaitibely
(2009); Kopczyski et al. (2017)Investigation into polychrome statuary is considered

to be a multidisciplinary field which has burgeoned over the last twenty years, owing to
the development of nedestructive testing methodology with this purpose in mind
Brecoulaki (2019)While some reconstructions utilise only the remaining traces of
pigmentation, and conservation techniques such as cleaning to reveal them, a great deal
more information can be obtained through scientifvestigatiorBradley (2009)

Indeed techniguesuch as XRF, Raman spectroscopy, FTIR, and imaging spectroscopy
have all been used with succ&asanova et al. (2018 hisstudy demonstrasthe

abilities of visible and near infrared hyperspectral imagifgiR HSI) as an aid to

colour restoration.

5.1.1 The shrine of King Taharga

Taharga was pharaoh of the Twefifth Dynasty of Egypt and qore of the Kingdom of
Kush betveen 696664 BCEKitchen (1996); The Ashmolean Museum (20D&ixing

his reign(ca. 684 BCEAnon (1992); Hanna & Norman (1998¢ instructed that a
shrine be built to honour the sun and festijod AmunRe. The shrine was abandoned

around the '8 century BCE after being attacked and burké@dvan (1936) It was
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rediscoveredburied in sand) byhe Egyptologist Francis Llewellyriffith in Kawa,
modern day Sudan in 1920mstrong (2015); Kirwan (1936); The Ashmolean Museum
(2015) The shrinas made of 236 blocks of sands&and is approximately 4 x 4 x 3 m
in sizeThe Ashmolean Museum (201B)has decoratefigures and hieroglyphs carved
in raised relief and is thought to originally have been covered in bright cdlbars
Ashmolean Museum (201%)nly the main decorated blocks of the original 4 walls
were transported to the University of Oxford in 138hna & Norman (199Q)he rest
being left ehindMacadam (1949)and the shrine was reconstructed in its current
position in the Ashmolean Museum soon afterwards. It is the largest pharaonic structure
in the UK.

Upon excavation, the original pigmentation on the shrine was veeg aeds
(1942); Macadam (1949 oday the shrine appears to the viewer as unpainted carved
relief. Our aim is to investigate which methods are best to detect any remaining
pigmentation, to create a reconstruction of the likely original pigmentation, which the
Ashmolean Museum intendis use to produce a new lighting display whiaking a
projector,will superimposea n arti st és i mpression of the or
in situ. The investigation focussed on the west wall because it has undergone analysis
previously (in1990, and 2015), and has a few traces of visible pigment remaining, and
was thus a good candidate for further investigation.

The shrine has endured various conservation treatments. In 1936 it was soaked
in cellulose nitrate mixed with amyl acetate and @eetfor the move but by 1968 this
was discoloured and crackiktanna & Norman (199030 it was removed and replaced
with paraffin wax on 3 walls (the paint on théwall (the west wall) was too fragile).
This coating suffered the same fate as the original and by 1983 serious loss of paint and

discolouration were observéthnna & Norman (1990)This lead to a study in 1990
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Hanna & Norman (1990 remove the coatings from all four walls and reattach the
flaking paintHanna & Norman (1990)Samples were taken from the west wall at the
time of the 1990 study which weraaysed to determine the colour palette of the
shrine. One other study was carried out on the Shrine: photo induced luminescence
(PIL) was carried out on numerous artefacts in the Ashmolean Museum, University of
Oxford, in 2015 and the results on the weatl of the Shrine suggest the location of the
fluorescent pigment Egyptian bldemstrong (2015)Results of these previous studies
(1990, and 2015) are detailed below in sectmB8.1 and.3.2.2. The previous

research involved physical sample analysis and pinodieced luminescence (PIL),
however, the studdetailed here provides an opportunity to demonstrate how VNIR

HSI can contribute to the field of digital conservation.

Research aim

This research aims to establish how VNIR hyperspectral imaging can be used as part of
a suite of nordestructive analytial techniques such as pXRF and PIL, to analyse the
remaining pigmentation on faded works of Ancient statuary and to further understand
their original presentation. We aim to demonstrate how the results compare to those
from micro-destructive samplintpase techniques. Can our natestructive tests reveal

how the image may have looked when new?
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5.2 Theory

5.2.1 The digital recolouring of faded artworks

It is well known that artwork is fugitivBrommelle (1964); Giles (1965); Moussa & Al

(2013)and it is an obvious extension of that fact that art historians wishotw the

original nature and appearance of artwinigis-Arkell (2019); Prisco (2017) The

digital restoration of artwork is effectiva@ practicalAndo et al. (1997vhile

avoiding the ethical conflict inherent in physically reconstructind/artnard (1975)

Commonly, an analytical approach utilising multiple techniques is used to identify

faded pigmentatioAbdrabou et al. (2018pr example with XRRKopczynski et al.

(2017) various imaging technigaeand microscopysasanova et al. (201&)ften used

together. It can be successfully installed within a museum setting foypéxapainted
reconstruction of the Prima Porta AugudBradley (2009) Digital reconstruction can

be automatetlVoolfe et al. (1998)and carried ounh simple programs such as

Photoshog-ieberg et al. (2017)Other notable examples include the wall paintings at

Mogao Grottoes, N.W. China where the Dunhuang Academy utilises image processing

and other tools to help with conservation effaitet al. (2000a)(b). Investigations

into the polychromatic pigmentation of Ancient statuary have led to a tour of fully

coloured reconstructiorBBC (2019); Prisco (2017) t hough t he publicébés
them was mixed\rtforum (2019); InglisArkell (2019) Concerns over fAmeth
rigouro |l ead to the creation of the London
and transparency of computer based visualis@iemard (2009) In the context of the

Shrine of Taharqa, the origingiigmentation of the shrine should be investigated and a

suitable means of displaying the results identified in order to enlighten and educate

museum visitors about the original appearance of the shrine.
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5.2.2 Identifying pigments on Ancient Egyptiari iom the XXVth dynasty

The pigmentation of multiple artefacts from Ancient Egypt has already been studied,
most commonly using microscopy and XRF/XRD, combined with other methods
(Fourier transform infrared (FTIR), Fibre optic reflectance spectroscdpiR &y,
imaging)Abdrabou et al. (2017), (2018); Berry (1999); Bracci et al. (2015); Fulcher
(2017); Hallmann (2015); Lau et al. (2008a); Lynch et al. (20&ch studies usually
involve micradestructive sampling. Lau et al sought to characterise green copper phase
pigments in Egyptian artefacts but were unable to use Raman spectroscopy as
fluorescence was too problematiau et al. (2008a)Fluorescence is a problem for all
visible light techniques but is particularly problematic for Raman spectroscopy because
the high intensity light source needed doi&®aman scattering being a alkeeffect
causes even minor contaminants to produce large fluorescent Sgmtis& Dent
(2008) Furthermore fluorescence occurs at lower ensithian excitation, interfering
strongly with the area covered by Stokes Raman scatt®nnith & Dent (2009)
Common pigments found were Egyptian blue, carbon black, and red and yellow iron
oxidesAbdrabou et al. (2017), (2018); Amisgi2004); Berry (1999); Edwards et al.
(2004); Fulcher (2017), (2018); Lau et al. (2008a); Lynch et al. (2007); Nicholson &
Shaw (2000)Artefacts studied include coffifsbdrabou et al. (2017); Bracci et al.
(2015); Lau efl. (2008a); Lynch et al. (200,/3hrineBerry (1999); Fulcher (2017),
(2018) wooden statuesbdrabou et al. (2018and stelaélallmann 015)

In terms of the pigments expected on the Shrine of Taharga Egyptian blue is
perhaps the easiest to detect due to its fluoresdgyme& Sotiropoulou (2017)Raman

spectroscopy can be usBgler & Sotiropoulou (2017); Janssens et al. (201 ®ait
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fluorescence can cause probldmasi et al. (2008b)Scanning techniques are used if
there is concern that sampling may not be representitingsens et al. (2016a)
Generally speaking NDT (Nedestructive testing) is preferr&boley et al. (2014);
Janssens et al. (2016a); Lau et al. (2008a); Scott & Swartz Dodd (2002 some
cases cannot provide the desired informalger & Sotiropoulou (2017); Moussa &
Ali (2013)

During the investigation both VNIR HSI and pXRF were used to analyse the
surface of the west wall, these techniques worked well together with each technique
informing us about different pigmentatiofh.brief comparison of the techniques is

given inTable5.1.

VNIR HSI pXRF
Detection range 400- 1000 nm (visible light  Monitors the interaction of
with very small amounts of X-rays with matter
UV and IR)
Data returned Reflectance spectra for evel Elemental composition of

pixel in the image (250 pm subject (Mg or heavier
across) elements)

Table5.1. A brief comparison of the main study methods.

It was hoped that the elemental analysis provided by pXRF would provide us
with insight into the chemical composition of the pigmentation once applibe to
stone. For example, Cu could imply the presence of Egyptian Thhiis standard
practice for the application of pXRF to the evaluation of pigment&tiwaplin et al.

(2010); Magkanas et al. (2021igments in common use in Ancient Egifolwards et
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al. (2004); Fulcher (2017); Scott (201a&hd their moleculaiormulas are given in

Table5b.2.

Pigment
Egyptian blue
Haematite
Kaolin
Ground white
Egyptian green
Orpiment
Realgar
Quartz
Feldspars
Calcite

Matrix

Clay

Desert varnish

Colour (if a pigment)
Blue

Red

White

White

Green

Yellow
Orange

Not a pigment
Not a pigment
Not a pigment
Not a pigment

Not a pigment

Not a pigment

Molecular formula
CaCuSiOss

FeOs
Al2Si;05(OH)4
CaSQ

CaSiQ

As:S;

AsiS

SiOy
KAISi-NaAISi-CaAlSi
CaCQ

Si, Fe, CaC®

FeO, MgO, AIO, kaolin, Mn,

Mg, Ni, Fe

Mn/Fe oxides + clay

Table5.2. Pigments from Ancient Egypt and their molecular formulas. Also included

are someomponents of sandstone. Des@mtnish thickens and darkens with age

becoming blacietzel et al. (2008); Macholdt et al. (2018); Wang et al. (20183

not an original component of sandse.

129



5.2.3 Analytical methods

Analytical methods are nowadays frequently used to aid conservatiorBaock
(1995); Liang (2012ard are used to characterise and identify compori2eisney et
al. (2016a); Pallipurath et al. (2014); Ricciardi et.d2009) monitor and report on the
artefact(Ricciardi et al. 2009; Clark 2002jeveal hidden informatioBelaney et al.
(2016a);Ricciardi et al. (2009); Snijders et al. (2016etermine provenan@&urgio et
al. (2005); Clark (2002); Delaney et al. (2016b); Douma n.d.; Liang et al. (2011);
Pallipurath et al. (2014); Ricciardi et al. (20099nd provide information about the
artist and their technologgoupry et al. (1994); Douma n.d.; Royal Society of
Chemistry (2020)This information is worthwhile to researchers and assists effective
conservation strategi€dark (2002); Zhao et al. (2008\nalytical methods can be
classed as nedestructive testing (NDT) methods, which can be point based or full field
methods, or samplinbased methods.

NDT methods offer a clear advantage for conservators whose primary concern is
the maintenance of artwofkreagh et al. (2017); Hurhlartley (1978) NDT can be
used with fewer restrictions because of ttlisis more tests can be run and a more
representative view can be givAmat et al. (2013)Sampling methods are of course
invasive, howeer, modern sampling technigues require so little material that the
sampling can be done without visually impairing the artwork whilst still providing
considerable datAceto et al. (2014)Their use is nonetheless restricted and may not
provide an accurate representation offthlework of artRicciardi et al. (2009jhough
it is worth mentioning that point based techniques would obviously share this concern to
some extent. The obvious advantage of full field NDT methods, therefore, is the

provision of a full represgation of the inhomogeneity of works of art.
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5.2.3.1 HSI

Hyperspectral imaging illuminates a subject with a white light source and for each pixel
in an image detects the reflectance spectra produeaed (2012) This can be used to
characterise and map the colours in the ini2glaney et al. (2016b); Janssens et al.
(2016b); Moutsatsou & Alexopoulou (201af)d is capable of detecting things outside

the visible spectral range provided the right wavelength range is detected for the
chemical that is being looked f@ucci et al. 2015); Liang (2012)Originally a remote
sensing techniqu€ucci et al. (20%) it has been developed over the years for many
applicationdVaybury et al. (2018)more recently for the nedestructive investigation

of works of cultural heritagAttas et al. (2003); Balas et al. (2003); Daniel et al.

(2016); Delaney et al. (2010b), (2016b); Fischer & Kakoulli (2006); Moutsatsou &
Alexopoulou (2014); Schlamm & Messinger (20d®gably the Declaration of
IndependeneFrance (2011)where alterations to text were revealed, and Edvard
Munchodés AThe Screamd wher e pi deaberahtesal. wer e ch
(2014)

HSI is often used in conjunction with other techniques such agsiRam
spectroscopyaniel et al. (2016); Mounier & Daniel (2015XRF Catelli et al. (2017);
Rebollo et al. (2013and FORSMelo et al. (2016jo give a more detailed analysis
Aceto et al. (2014); Clarke (2001); Ricciardi et al. (2013); Trumpy et al. (2015)
Working with a combination of techniques allows for the best results to be generated,
for example FORS has been used to characterise colourants on illuminated manuscripts,
andas a preliminary technique backed up by Raman spectroscopy andceRiet al.
(2014) It has beenrown that VNIR HSI can aid with the mapping of pigments,
however, techniques such as Raman spectroscopy are needed to definitively identify a

pigmentMaybury et al. (2018)and K. Melessanaki et al used laser induced breakdown
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spectroscopyLIBS) to identify pigments that were then mapped by VNIR HSI
Melessanaki et al. (2001)

VNIR HSI data can be used to generate false colour images using data both
inside and outside of the visual light rarid@yemGhez et al. (2015)These images
help the user to see hidden details and can also be used to differentiate between colours
that look the same in the visible range but have different spectral signatures in regions
of the speacum that VNIR HSI can detedtulholland et al. (2017)

The differentiation of two colourants which are similar visually but chemically
distinct by HSI has been demonstratAdeto et al. 2014; Balas et al. 2003; Montagner
et al. 2016; Centeno 2015; Vitorino et al. 2014; Martinez et al. 2@@d)while VNIR
HSI has been used for the detection of anachronistic pigments it was noted that the
results wouldbnly become robust by inclusion of infrared reflectance sp@diak et
al. (2017)

Doubts about the ability of VNIR HSI to identify a pigment definitively have been
raised due to the complications of mixtures or degraded pigrhiemig (2012)and the
ability of the present algorithms to take advantage of increasing infornaaiog
(2012); Zhao et al. (2008However, VNIR HSI has been shown to successfully
differentiate between colourants that other techniques find difficult to sepai@tiao
et al. (2015) VNIR HSI has been used to discriminate between madder, cochineal, and
brazilwood however the addition of bindimedia etc. made it more ambiguous
Vitorino et al. (2015and a moreomprehensive database was neediaatino et al.

(2015)

In this gudy spectral angle mapping (SAM) is used to process the hyperspectral

data. Briefly, SAM treats each spectrum as a vector and calculates the angle between

two spectra, thus determining spectral similarity. Smaller angles represent better
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matches and thethnique is relatively insensitive to illumination effeldisris
Geospatial Solutions, Inc. (2020h); Kruse et al. (19%3M was developed for remote
sensing data, but has also been used for the analysis of cultueddelataCatelli et

al. (2017); Cucci et al. (2016); Maybury et al. (2018); Wu et al. (2017)
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5.3 Materials and methods

5.3.1 Equipment (primary data collection)

5.3.1.1 HSI

The hyperspectral camera used was a Headwall Photonics VNIR 1Q0EBB7
which detects 972 contiguous wavelengths fdfiinm to 1000 nm and has a spectral
resolution of 0.64 nm. The lens used is a Schneider XNP 1.4303 with a headwall
ACOBL T 3807 49X, 075 filter. The light source is a halogen bulb controlled by a
Techniquip 21DC, and cooled by a Minebea Motor Manufacturing Corporation 3110KL
i 04WT B50 fan. The stepping mot¢used to produce the motion of the stagthe
e g ui p me-acanding setup butan this instancenmve the camejas a Vexta
PK264A2A1 SG3.6 controlled by a Velmex VXM stepping motor controller. All
aspects of the setup were supplied by Headwall Photonics, including the light source
and stepping motoi.he output ofhie light source is sufficient for scanning but is not
expected to cause significant colour change in the subjeetlight source of the HSI
equipment will output power equivalent3d hours exposure under museum
conditions (50 lux) during a typical sta

As HSI gives values of reflectance, calibration is performed by giving the
software an example of 100 % reflectance, and 0 % reflectance, these are the white and
dark calibrations respectively. White calibration is carried out using a piece of
Spectralon®and dark calibration is performed by covering the lens with its lens cap.
Equipment calibration (such as signal linearity and accuracy of the wavelength axis) are
performed by Headwall prior to shipping. The room lights are off during calibration and
scaming as the fluorescent lights produce unwanted lines in the scan. Ideally the room

would be in darkness so that any fluctuations in light intensity and reflectance values
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are eliminated. In this case overhead lighting was turned off but some lightguolluti
was unavoidable due to physical constraifte sectios.3.1.2 Light pollution

The spatial resolution depends on the distance between the detector and the
subject which can be adjusted at the operat
equipment was set up to scan an area roughly 30 x 70 cm, giving a pixel size of approx.
250um. It is a line scanning method, and there are 1600 pixels per line scanned.

The light source and detector are mounted perpendicular to the axis of
movement of a stepping motor such that the stationary vertical object is within the field
of view and iluminated. They move together relative to the object to ensure constant
illumination, the light source and detector move in synchrony relative to the object as

shown below irFigure 5.1.
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Figure 5.1 The HSI equipment during a scan of The Shrine of Taharga in the
Ashmolean Museum, University of Oxford. The equipment is mounted to a pedestrian
stacker allowing for the adjustment of the height. For the purpose of taking this photo of
the equipment the room lights were left on, during a scan the room lights are always off.

Note the red colouration on the chest of Anukis Nethy (circled).

The scarspeed is calculated based on the distance between the object and the
detector in order to ensure that the pixels produced represent square sections of the
object. This is done by capturing a single line of pixels from a calibrated sheet on which
there ardines separated by a known distance. This is also used to ensure that the area of

interest is within the range of the scan.
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For processing the Hyperspectral data cube {postiisition) the software ENVI
(environment for visual imaging, originally desigrfed remote sensing) was used
(version 5.3.1). 35 HSI images were used to create the final composite mapping the
visible red pigments on the west wall of the Shrine. This number was chosen based on
the desire to scan as much of the wall as possible imoasastime as possible whilst
including an overlap of a couple of inches in each direction for the purposes of image
registration. Scanning took place over four days and 1.31 TB of data was produced. A
computational technique called spectral angle map{@Ad/) where the computer
finds and displays all pixels where a colour of our choosing is detected (based on the
reflectance spectra) was applied to the data and the results of this are skayunan
5.5. The output beach individual SAMcalculation was saved as a JPEG in ElNd
these 35 JPEGs were then mosaicked uki@ganorama generation softwd@ Gui
Pro, version 11.8New House Internet Services B.V. (2021 prder togenerate the final

compoge images.

5.3.1.2Light pollution

The nature of the light pollution on the shrine of King Taharqa is variable both spatially

and temporally. Whilst the majority of light illuminating the shrine is artificial,

produced by i nt er i sdesignjitgsimdtintended o fightthb e mu s eun
shrine exclusively. The gallery in which the shrine is housed also houses other artefacts

all with their own illumination requirements and thus light unevenly hits the shrine

indirectly from the other exhibits aselas from lighting designed to illuminate the

shrine. In addition, there is a small series of windows in the gallery, and the light from

these reaches the shrine. This natural light source varies with the time of day, as well as

from day to day. Duringcanning an attempt was made to reduce variation in the
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ambient lighting as much as possible by turning off all unnecessary artificial lighting,
however, not all of the lighting could be turned off (for health and safety reasons), and
the windows could ndte covered.

Figure 5.2 shows the location of all the hyperspectral scans taken of the shrine
throughout the project. Two of the scans were chosen (at random) and the white
calibration data, used here to approxinthtespectral output of the light source, was
used to demonstrate how, as a result of the changing lighting conditions in the gallery,

the light falling on the shrine during scanning can vary.

Figure 5.2 The shrine of King Taharqga. Locations of scans taken are shown in

alternating blue and pink rectangles across the surface of the shrine, the two
highlighted in red are those scans for which the white calibration data has been
reviewed to investigate théect of light pollution on the spectra obtained. The left
hand side scan was taken on Jaff' 2017, and the right hand side scan was taken on

Aug 16" 2017.
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Figure 5.3 shows the white calibration data from August and January. The left
hand side scan was taken on Jan 30th 2017 and the right hand one was taken on Aug
16" 2017. This data indicates that there is more light falling on the lower left hand side
of the shrine, than fell on the lower right. This variation in illumination is taken into

account during calibration.
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Figure 5.3 The white calibration data for two scans taken of different areas of the
shrine of King Taharga. Shown here are the mean spectra (averaged over all the pixels
in the scan) as well as the minimum, maximum, rmeaandard deviation (M SD),

andthe mean + standard deviation (M + SD).

Figure 5.4 compares white calibration spectra taken during scanning of the
shrine to data obtained in the laboratory where extraneous light sources can be more
closely controlled (all lights can be turheff, and there is a blackout curtain for the

window). The variation typical of spectra obtained in the laboratory is smaller than the
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variation seen between the two spectra obtained in situ during the scanning of the
shrine. The peak of both the spedtam the shrine have shifted to the blue end of the
spectrum which could be due to the presence of some daylight (the peak intensity of
natural daylight is between 400 and 600 Igival (2012); Thuillier et al. (2004)

That the brightness (peak height) should be different is not unusual between one
setup and anoth&owever this is accounted for during calibratitirthe distance
between the lighsource and the object is changed then the brightness will change as
well. With the light source further away the object will appear dimmer to the detector.
This accounts for the difference in brightness between thadabired spectra and the
in-situ spectra however the two{situ spectra have different brightness levels from
each other despite there having been a consistent distance between the light source and
the shrine throughout the scanning. This is due either to light sources within the
museum siming inconsistently across the surface, or due to the inconsistency in

brightness of the daylight entering the gallery through the window.
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Figure54Showi ng how the two white calibrat.i

image capture for the shrine of Taharga differ from white calibration spectra taken in

ideal laboratory conditions.

5.3.13 pXRF

The pXRF equipment used was an Oxford Instrumert4EX 8000 series light

element handheld pXRF analyser, 5 mm spot size, in air. Calibration has been

performed on an ongoing basis as per the manufacturers recommendations to ensure the
equipment is up to standard. Thirty points were analysed using pX&is, @ere

chosen based on what is known of the 1990 sample locations, some were chosen based
on the results of the 2015 luminescence study, further locations were chosen based on
their visual appearance to give a good subset of red, black, bare sandslcang; a

other features of interest. Elements giveil able5.2 above were of particular interest.

The software used to analyse the pXRF spectra was Bruker Spectra Artax Version

7.2.0.0.
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5.3.2 Secondary datollection methods

5.3.2.1 Photo induced luminescence (PIL)

In 2015 PIL was used to identify areas where Egyptian blue was pAesestrong

(2015) Armstrong studied several objects ie thshmolean museum, among them was

the Shrine of Tahargarmstrong (2015)Due to its fluorescent properties Egyptian blue

can be detected using photoinduced luminescAnostrong (2015)Armstrong used a

modified digital camera and flash, taking photos at regular intervals, forming a grid

across the surface, and registeraipmg otf he i ma

Egyptian blue.

5.3.2.2 Microscopy

Nine small samples were taken by Howard from positions showigure 5.9 prior to

the application of treatment to the west wall in 188hna & Norman (1990jpo

identify pigments using microscopy and SEWDX. It is interesting to note that draft
lines and underpainting from theiginal craftsmen were found during the study and
that traces of the cellulose nitrate could still be present. The study in 1990 served to

identify a palette of pigments.
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54 Results

54.1 VNIR HSI mapping

Figure 5.5. HSI map of reaolourationon the west wallAnalysis performed on the HSI

obtained data cubeas able only to map red spectiacould not discriminate between
two or more reds in this instantieus this image cannot be used to differentiate between
pigmentation intended by the architeotssubsequent artists, and natualouration
of the stonelt is exclusivelythrough comparison with other techniques and logical
deduction from art historal sources (section 4.8) that the red from paint and red from

the stone has been differentiated in the final figure.

It was believed that the VNIR HSI equipment would be able to assist in the
mapping of pigmentation that, with the naked eye, would be difficult to see. Red
colouration was the most simple to begin mapping, as some red pigmentation was easy
to make out withthe naked eye, which provided an excellent target for the SAM
computational technique. An attempt was made to map Egyptian blue with this
technique, target spectrum from the areas of the shrine identified as having traces of
Egyptian blue by PIL were gineto the SAM algorithm but this failed to produce any

results that could be made sense of, amaakcorrelation could be made between
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these results, and those of PIL. It is likely that the SAM was mapping aspects of the
stonework as opposed to Egyptidndy Other colours, as identified by the sampling
study of 1990, could not be identified visually with the VNIR HSI equipment and so no
target spectra could be given to the SAM algorithm.

In the end, just the red pigmentation of the shrine was mappedWsIRgHSI
as can be seen Figure 5.5. All red pigmentation that could be seen with the naked eye
was identified by SAM, and the technique helped reveal and confirm sections of red
pigmentation that would have been difficult temdify otherwise. It is believed that
VNIR HSI has been able to fully identify the red pigmentation remaining across the
west wall. This technique does not distinguish between red pigmentation from the
decoration and red pigmentation naturally found inrtio. However, the information
was useful in determining the original colour scheme. Note for example the pattern
found on the clothes and headdress of the third figure (Anukis Nethy) and the high
concentration of red pigmentation on the clothes of AfRarand parts of King
Taharqgabés attire.

On the other hand, one can see that some of the red pigmentation is likely from
the stone. This is seen clearlyHigure 5.6 which details the red mapped near some

hieroglyphics at the top of the Shrine.
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Figure5.6. a) A VNIR HSI RGB image taken of the upper band of hieroglyphics near
the southwest corner and b) the map of the red spectra produced by SAM. The
distribution appears to be caused by features of the stone and its environment, desert
varnish for example ia mark upon the rock resulting from weathering and other effects
Dietzel et al. (2008)rather than caresponding to particular features of the relief

decoration.
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A direct comparison of the phetoduced luminescence results to the HSI results
show that the pattern on the dress of Anukis Nethy must have once been a blue and red

repeating pattern. This discussed further in section 3.2.1.

54.2 XRF

Figure 5.7. XRF showing Cu found on the west wall. 30 points of approx. 30 um
diameter were analysed. The spectra were analysed by software guirttseabove
have been differentiated into either having a Cu peak (blue) or having no detectable Cu
peak (red). For example we therefore assume from this that the skin ofRensilue,

as are the dresses of Anukis Nethy and Satis, as well as othits tetlae frieze.

Figure 5.7 illustrates where blue pigment is inferred to be present, from Cu peaks
identified by pXRF. 16 out of 30 spots sampledevieund to have evidence of Cu
(shown as blue on figure 5). The remaining areas (shown as Feglire 5.7) had no
detectable CUA representativ@XRF spectra showing a large Cu peak is shown in
Figure5.8.

146



800 ’
600 } ‘
400 ‘ ’

200 ‘

'l i i | | {1 {
J AR J R | | o f
oAl _J,-" “L_ N I AL | i )w' l‘."‘ / ‘ R‘\. /

Figure 5.8. A representative spectra from the pXRF experiment showing the presence of

Cu,andFe.

It is interesting to compare these results to those of the photoinduced
luminescenceRigure 5.10) conducted by Armstrong in 2015, prior to this study. There
are areas analysed by XRF which were identified as containing Cu which were not
identified by luminescence as having Egyptian blue. It is interesting that these are XRF
areas with a lower Cu pedleight, and that other XRF areas with a lower Cu peak
correspond to areas of a lower luminescence. This would suggest that XRF has
identified additional areas of Egyptian blue on the west wall, that may have been faded
to such an extent that the trace amdeft was insufficient to be detected by
luminescence. It is suggested therefore, that in this case the pXRF results were able to

add information to the PIL survey results showifigure 5.10.
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Bearing in mind that XRF is slightly penetrative it is expected that the signal
will comprise elements from both the pigmentation and stone structure. The iron
detected is therefore not conclusive proof of the of iron oxide pigments by the
Ancient Egyptian artist(s) because many components of sandstone also contain Fe, as
can be seen iMable5.2. Other elements that can be accounted for in this manner are Ca
which can be found in feldspars and calcite, and Mn which can be found in clay and
desertvarnish.

Elements not explained by common components of sandstone are Ti, V, Zn, As,
Br, and Sr. Ofltese As stands out as an element found in orpiment. As was found in
eight areas, this could indicate that the reddish hue of the sandstone is due to As

containing sandstone.

5.4.3 Microscopy

Figure 5.9. The approximate locations of the samples used for microscopy. As you can

see the position of only eight samples is known.
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The study concluded that the pigments used were Egyptian blue, haematite
(red), haematite and kaolin mix (pink), yellow iron oxide, and most likely lamp black.
Howard noted that the use of Kaolin is inconsistent with literature reports and that it

would ke desirablego use XRD to confirm the analysis.

5.4.4 Photeinduced Luminescence (PIL)

e A s oA e

Figure5100Ar mstrongdés photoinduced | uminescence
Egyptian blue pigment on the west wall of The Shrine of Tahamgatrong (2015)
(Figure 8, page 184). The shaded areas show where the equipment used was able to
detect fluorescence indicative of the presence of Egyptian blue. It is intgrbstirthe
hieroglyphs could have been painted with Egyptian blue as indicated by the

fluorescence, right of AmdRe 6 s headdr es s.

Figure 5.10 shows the PIL results. There is some evidence that the hieroglyphs and

other decorative features were once painted with Egyptian blue but that the
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pigmentation on these parts must have fadeckerthan the blue on AmeRe, given

that there is a lower concentration of luminescence in these parts.

54.5 Creating an amalgamated map of pigments on the west wall of the Shrine of

Taharqga

Once data from each technique had been fully examined indamgndhey were

directly compared visually, so that an

Phot oshop for each area of the shrineods

only one colour presented itself based on the scientific evidemeedmple the skin of
Amun-Re was shown to be blue by pXRF and PIL, and VNIR HSI did not provide
strong enough evidence to dispute this. The skin of AReinvas therefore coloured
blue.

In this way many of the colours were safely assumed based on the scientific
observations made, for example most of the clothing, and the hieroglyphs. Remaining
coloration was inferred from that first set of colours rathanfrom direct scientific
obsenation, the yellow coloration shown Figure 5.12is an example of this. In some
cases it is clear that HSI and luminescence disagreed for example in the case of the
dress of Satis a blue was chosen because theeetified by HSI was not limited to the
area of the dress and could therefore be argued to be a feature of the stone.

Figure 5.11 shows the reconstruot but sections that are not based directly on
analytical evidence have been greyed Bigure 5.11 (a) shows the results of the
combination of scienti€ techniques. While microscopy detected a more extended
palette than the blue and red showikrigure 5.11 (a), these other pigments could not

be mapped because of lack of sample points.
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The microscopy results could however be used to aid in therde#gion of the
colour palette applied based on art historical knowleEggire 5.11 (b) shows
coloration that could be extrapolated from scientific evidence, and is consistent with the
colour palette derived from microscopy, though it is to be noted that the scientific
means used could not directly identify colours for these areas.

Figure 5.12was generated using an artistic interpretation of the combined
results of these scientific investigations and further infergaaps in colour werdlfed
following logical deduction by looking at nearby parts of the colour scheme, and in
consultation with the curator regarding what would be normal for Egyptian art during
this period (this interpretative measure always being part of digital recorstruct
Denard (2009). Some remaining colours were easily inferreanfitistorical sources
for example the colours of headdresses and hair are rather consistent across observed
artwork from the period and region. Few colours remained to be filled in after this

second stage.
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Figure 5.11. Showing the choices made to turn the scientific data into the finished
figure. Colours not directly based on scientific data have been greyed out and some of
the reasoning behind the choices has begargia) Colours based on scientific data,

the technique used has been given, b) colours not based on scientific evidence are

explained.
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Figure5.12. An artistic extrapolation of the scientifiesults of the investigation. Some
colours shown here were determined by analysis, others have been extrapolated based
on the results. The west wall depicts (from left to right) Anukis Ba, Satis, Anukis Nethy,

AmunRe, and King Taharga.

5.5 Discussion and conclusions

As an exercise to demonstrate the utility of VNIR HSI this study has shown that the
equipment can aid the understanding and digital restoration of the coloration on an
Ancient Egyptian shrine. We have ald®monstrated its limitationst cannot generate
a map for pigments that it cannot detect. There are additional NDT methods that provide
a wealth of data, and in this case the combination of VNIR HSI with pXRF enabled
increased understanding of the cotama on the shrine. VNIR HSI was found to
provide good mapping of red pigment, whilst XRF and luminescence were most fruitful
techniques to infer the location of Egyptian blue across the west wall. In combination

VNIR HSI, pXRF and luminescence providedbganapping of red and blue pigments.
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As a comparison between data obtained from destructive andestrctive testing
it is important to note that very little sample was taken in 1990 and it is therefore a good
example of how much information can be aféa from micredestructive analysis. In
this instance the microscopy revealed the palette, and identified the pigments. It is,
however, a demonstrable advantage of the NDT techniques used here that the general
mapping of pigments could be undertaken withiwarm to the shrine.

The more visual, imaging methods provide excellent reference points for analysis
and quickly allowed the characterisation of Egyptian blue (luminescence) and red
pigmentation (HSI). Hyperspectral imaging provides data which candoetoigsnake
useful inferences, even in a limited detection rad@€& (1000 nm). As discussed in
section 2.3.2 XRF is a popular method and it proved useful here for tracking elements
across the surface quickly and easily.

In terms of imaging techniques liged for the study of Ancient pigmentation, it is
useful to compare this study to two similar studies (one of Ancient Egyptian
polychrome wood, and one of an Egyptian coffin), to place this work in context
Abdrabou et al. (2017); Bracci et al. (201Both studies used, amekre able to use it
to infer the location of various pigments. More interesting is the use of FORS with a
detection range of 350900 nm in the study of an Egyptian coffin which was always
used in tandem with another technique, and was shown not téehie alifferentiate
between some pigmerisacci et al. (2015)as has also been found in this study.

VNIR HSI can indeed be used to provide analybasassist conservators and art
historians as part of a suite of scientific methods. In the case of an investigation into the
palette the equipment is of limited use as it lacks the characteristic peaks needed for
analysis, and spectra are further congikd because the spectra in the VNIR range will

vary depending on all past conservation treatments and other exposure caused by events
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in the objectdés history which may not be
provide these characteristic peaks. Mylectral imaging, which gives a higher quality

end result in terms of spatial resolution, but involves the use of different light sources, is
another useful technique for this type of investigaBoacci et al. (2015)The best use

of VNIR HSI in the case of an investigation into the previous state of surface
pigmentation, as demonstrated in this study, is to aid in the assessment of pigmentation
visible upon the surface of interest at present and to combine these results to extrapolate

the previous colouration of the object.
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Chapter 6 Experiment 3: Visible and near infrared hyperspectral imaging for the
analysis of colour change ircultural heritage artefacts.

lan Maybury

6.0 Abstract
The light induced colour change of collections items is of real concern. Various
tools are used to monitor it presently, however, VNIR HSI may afford some advantages
over present systems. The efficacy of visible/near infrared hyperspectral imaging
(VNIR HSI, 4007 1000 nm) for the purpose of monitoring, and assessing colour change
(pE) of coll ection items is examined in ord
for such monitoring. Values for @E are calc
scansre additionally evaluated for material diversity by principal components analysis
(PCA). The hyperspectral analysis of a faded silk robe from the Ashmolean Museum,
University of Oxford, indicates that VNIR HSI is able to provide quantitative analysis
of fading in heritage items after long periods of display. However, analysis of an
illuminated manuscript from the Bodleian Libraries, University of Oxford, before and
after a period of 111 days on display in museum conditions illustrates some challenges
for using VNIR HSI to discriminate minor fading after short term display. After initial
values for o@E were greater than expected ra
to account for discrepancies in thae two dif
change not visible by the human eye. PCA was successful at grouping spectra from the
robe into regions comparable to the fading seen by the human eye, however, PCA
groups from the scan of the illuminated manuscript after having been on display for a
period of 111 days were dissimilar to those from prior to display. VNIR HSI was found

to be advantageous because it is-oontact, able to scan the entire surface relatively
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quickly, and generates an RGB digital image which can be used for digital conservatio

methods.

157



6.1 Introduction

6.1.1 Light induced fading of pigmentation

Museum curators are aware of the problem of figtiticed fadindgvlignani et al.
(2003) and the tradeff required between display and conservatiurtle (1996)
Current methods for dealing with these issues include the utilisateppropriate
lighting, and rotation of displayartioli (2010). To gauge the lightfastness of items
prior to display the microfadoeter (a microdestructive testing meth@ditmore
(2002)can be used, and diffuse reflectance spectrophotometry (DRSP) is often used in
experiments investigating the characteristics of fading mat&ialsjean et al. (1994);
Yoshizumi & Crews (2003DRSP is a nowlestrucive technique, but it is a contact
method, and can analyse only a single point at a time. Aiéld|, nondestructive
methodology such as VNIR HSI could have many advantages such as rapiohiet
scanning.iang (2012) VNIR HSI has not yet been used for this purpose.

It can be argued that painters have known of theifiegstate of their medium for
many years. Certainly Van Gogh was aware of the problem when he wrote to his
brother in the late 1®centuryBurnstock et al. (20055imilarly, the Russel and Abney
report in 1888 evaluated the lightfastness of watercolours on display, as a response to a
public debate at the time over extended museum opening Bamsnelle (184). The
report was an extremely systematic and extensive investigation for its time and led to
the first attempt by an institution to use glass screens to reduce the effect of sunlight on
their exhibits. These and other studies sudBaaat et al. (2021); Gawade et al.
(2021); Padoan et al. (202Hemonstrate that the fading of artefacts due to light
exposure and the need to monitor them is of importance to museums, art galleries and

other similar institutions
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6.1.2 Monitoring of collections

Early attempts at monitoring fading in collections involved the use of blue wool
standard<siles (1965) but more recently monitoring has been carried out by handheld
DRSPs such as the Konica Minolta €é3@0d which give results in the form of
reflectance spectra or as tristimulusues. For examplé;ordused tristimulus values to
monitor colour change in textiles over three months and noted the continuing need to
monitor collections rather than hypothesise on potential light fastness, due to great
variability in behaviour betweenftirent examplegord (1992) Ford also highlighted
some negatives of the presently used system, namely that the head of the equipment
(which is a contact method) is difficult to place exactlyhie same spot as before which
is necessary for the monitoring, that this problem is amplified by uneven surfaces, and
that the equipment does not have a high enough spatial resolution to properly analyse
objects with considerable spatial inhomogeneitierms of the dyes or pigments used
Ford (1992)

The VNIR HSI equipment held at the Bodleian Libraries, University of Oxford
offers the following benefits compared to DRSP. Firstly the spatialutgsn is much
higher. Instead of one reflectance spectrum per 3 mm radius (as the best DRSPs can
produce) the VNIR HSI equipment used in this study gives one reflectance spectrum per
pixel. Although pixel size varies from case to case, as an exammqutmnent setup
for this experiment had a pixel size of < 0.2 mm. Thus the VNIR HSI equipment used in
this study can monitor, over time, the spectrum of a single square of roughly 0.2 x 0.2
mm which is advantageous for collections with intricate detadlosaly, VNIR HSI
equipment is entirely neoontact, and can be used on uneven surfaces of collections, to
which it is relatively insensitive. This also allows the user to monitor the same location

more consistently. Finally, VNIR HSI data, like DRSP data be expressed as

159



reflectance spectra and used to provide tristimulus values. The spectral range of the
VNIR HSI equipment used in this study is greater than that of the DRSP, 410D

nm compared to 400740 nm, and the spectral resolution of the RNHSI equipment
used in this study (0.6 nm) is greater than that of the DRSP (10 nm). Finally the VNIR
HSI equipment used in this study is a scartiaged method, making it able to more

quickly analyse larger surfaces than the pbaded DRSP.
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6.2 Aim & research questions

Aim: To determine the efficacy of VNIR HSI for the monitoring of lighduced

change in heritage collections.

Research questions:

1 Can VNIR HSI be used to determine accurate values for CIELAB colour change
( pE )heritage items that have visible damage for purposes of condition
assessment?

1 Can VNIR HSI be used to determine accurate values for CIELAB colour change
(pE) in heritage items that have been pl
months), for the purposeof condition monitoring?

1 Is principal components analysis (PCA) a useful tool for the recording, and

monitoring of the material diversity of heritage items?

To address this overall aim a set of experiments has been carried out based on research
questios posed by staff at the Bodleian Libraries, and the Ashmolean Museum,
University of Oxford, involving the monitoring of an illuminated manuscript on display

in the Bodleian Libraries, and the evaluation of a silk robe in the collection of the
Ashmolean Musum. Accuracy in this context refers to the closeness of the given value

to the true value.
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6.3 Materials and methods

6.3.1 Materials

6.3.1.1 VNIR HSI

The visiblenear infrared hyperspectral imaging equipment used is a Headwall
photonics VNIR 1003B 10147 camera with a detection range of #0@00 nm
(spectral resolution 0.64 nm), a Schneider XNO 1.40B@3 lens with a Headwall
ACOBL T 3807 49X, 075 filter. The light source is a broad spectrum QTH lamp
supplied by Headwall. The system records 1i@@ls in each scan line, giving a spatial
resolution of < 1 mm. Calibration is carried out with a white calibration using
Spectralon, and dark calibration is done with the lens cap on. Samples are scanned
without room lighting to reduce noise. ENVI 5.3vas used to produce the average
reflectance spectra from the data. The setup is described in more detail in a previous

publicationMaybury et al. (2018)

6.3.1.2 DRSP

For comparison diffuse reflectance spectrophotometry was performed on EAX 3873
using a Konica Minolta CM 600 d connected to a laptop (Windows 10 pro 1903)
running SpectraMagic NX. White and black calibyas were performed at the

beginning of use using the provided reference samples. The software guided the user
through setup and when prompted for reference samples they were presented to the
machine. Reflectance spectra are in the range of 3@@ nm, pectral resolution 10

nm, spatial resolution diameter 3 mm.
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Figure 6.1 The DRSP equipment in use, analysing the robe EAX 7873.

6.3.1.3 EAX 3873 Faded silk robe

In order to investigate the utility &NIR HSI in discriminating fading after
display, EAX 3873, a dyed silk robe in the collection of the Ashmolean Museum,
University of Oxford was investigated. The robe had become visibly faded whilst on
display at an earlier institution (details of the thgpconditions have now been lost). It
was decided to examine the robe with VNIR HSI and DRSP in comparison with visual
assessments of fading.

The robe appears to have been folded whilst on display, protecting some areas
from exposure to light, while othareas have faded. It also appears to have been re
arranged in the display case at some point, producing three areas of fading, area X,
which has been severely faded, area Y, which has been moderately faded, and area Z,

which is the least fadedrigure 6.2).
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Figure 6.2. Ashmolean accession number EAX 3873. Faded sections have been outlined

in dotted lines orthis image for ease of viewing. Note that there is a region in the centre
(marked with the letter X in this photo) that has received a greater light dose than the

other areas. This is because area X was on display during both periods of exposure that

leadto fading. Area Z is the least faded section, and area Y is between the two.

6.3.1.4 Bodl. 394
In order to evaluate the utility of VNIR HSI to discriminate any fading from
shortterm display, an experiment was carried out at the Bodleian Libraries, kltyver
of Oxford to examine a manuscript before and after 111 days on display. This was
intended to represent the shortest display length expected in most museum
environments. As part of Wchntury E€Rrhanusdrigti on @ T h
(Bodl. 394,shown inFigure 6.3) was placed on display in the Weston Library, Oxford.
The manuscript is historically interesting because it is one of the first realistic
architectural drawings, hence its inclusion in theil@kibon which explored three
dimensional representation in art from medieval times to the present day. The use of

red, blue, and yellow on the same illumination made it a good candidate for this study.
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Figure 6.3. MS Bodl. 394, 12th c. Richard of St. Victor, In visionem Ezekielis.

6.3.2 Methodology

Hyperspectral scans of EAX 3873, and Bodl. 394 were spectrally binned (the
reduction of bands by the combination of adjacent bands leading to a reduction of noise
and processing time), and processed with the ENVI spectral hourglass wizard (PCA,
PPI, SAM).In the case of Bodl. 394, the scan from day 111 was corrected using the

ENVI IDL Radiometric normalisation task to allow comparison with the scan from day
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0. The Eigenvalues from the spectral hourglass wizard were used to determine the
number of useful bats, and the pixel count from the SAM metadata was used to
determine which bands were the most useful bands. The spectra of these bands were
selected from the endmembers, and the pixels related to these endmembers were plotted
using the SAM data giving andication of material diversity. In the context of these
experiments material diversity refers to the number of different spectra contributing to
final image. The more endmembers representing a significant proportion of the image,
the greater the materidiversity. A change in material diversity could be due to a
change in the condition of the artefact.

CIELAB values were calculated from representative regions of interest in order

to determine a value for E.

6.3.3 Data processing for hyperspectral data

Various processing methods were performed on the hyperspectral data cubes obtained
for this experiment. Some processing was applied at point of capture by the capture
software (binning, some noise reduction methods), but the bulk involved manipulation
of data in ENVI in order to reduce the large quantities of data into the most meaningful

and relevant spectra. The methods used are outlined below.

6.3.3.1 Preprocessing
The raw data from the CCD is transformed into reflectance data (this transformation is a
form of correction, and allows the data to be compared) accordibguiation6.1

Bonifazi et al. (2019)
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Equation6.1. The transformation of raw data into reflectance data for each pixel in a

hyperspectral image. Where R is the reflectangés e raw data, B is the dark

calibration spectrum, and W is the white calibration spectrum.

Spectral binning was also performed on the data at the point of acquisition, with
972 wavelengths binned to 248 as a means of data reduction (which improves

processing time) that also improves the signal to noiseBatiet al. (2019)

6.3.3.2 Principal components analysis (PCA)

Principal components analysis is a statistical analysis method, the purpose of which is
primarily data reduction through dimensionality reductan et al. (2019); Harris
Geospatial Solutions, Inc. (20208efined as the creation of a smaller subset of data
whilst retainirg as much of the spectral information as possible. It is possible to do this
because much of the data can be wasted (noise for exdtigptes Geospatial

Solutions, Inc. (2020f)rhrough the removal of redundant data PCA will also reveal
relationships amug spectral features, and identify the most (and least) prevalent

spectral characteristi¢sarris Geospatial Solutions, Inc. (2020f)

6.3.3.3 Spectral angle mapping (SAM)

SAM is a form of image segmentation, or classificaBamet al. (2019) SAM

transforms all spectra into a vector and cares each vector to a reference by directly
comparing the angle between the two vectors. If the angle is within parameters set by
the user, the two spectra are said to be similar. An image is then produced based on a

userspecified angle. Lower angles résn fewer (but closer) matches to the reference
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spectrum, larger angles result in greater numbers of matches to the reference spectrum
(and thus a more coherent image), but the matches will not be af€oleseet al.

(2005); Harris Geospatial Solutions, Inc. (2020d)

6.3.3.4 Radiometric normalisation

In the case of the analysis of Bodl. 394 radiometric normalisation was performed as a
further preprocessing step. It Emilar to sphering, a popular ppeocessing step prior

to the comparison or registration of hyperspectral data ddnest al. (2019Wwhereby

each pixel is normalised to a unit magnitude to eliminate brightness differences between
HSI scan®ai et al. (2019)Radiometric normalization reduces erroneous discrepancies
between two irages caused by inconsistencies in the acquisition conditions, for

example changes in geometric and illumination condit@®asty & Nielsen (2008);

Harris Geospatial Solutions, Inc. (2020b); Q. Du et al. (2007)

Radiometric calibration, aan equivalent, is not normally applied to HSI for
heritage as two scans are not often compRikaly et al. (2019) In the case of multiple
scans requiring registration, however, examples do exist such as the analysis of the
Gough map which used PCA, binning, and sphering as part of the research into the

material diversityBai et al. (2019)

6.3.3.5 Thecalculation of CIELAB values from reflectance spectra, and the calculation
of colour difference from CIELAB values

The CIELAB system was used in this experiment as it is a wigsyg colour space. In
terms of the experimental limitations, it is worth doiesing that more accurate

versions of the CIELAB 1976 formulae used here have since been released based on

more up to date experimental data. It is generally believed that these new formulae will
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more accurately represent colour change for small valvesl@ir difference, as they
are more accurately corrected for brightness, hue, and chromaticity. The 1976 formulae
were used here though, as the a,b plots are widely used due to their ability to relate
perceived colours to plots on the graphs. Similaty thqpE v al ue i's direct |
these graphs (a length on these graphs is directly proportionate to a change in colour
difference value), indeed this version of CIELAB is the only one with an associated
colour space making it ideal for the comparisdesirable for this experiment.
The workflow is visualised ifrigure 6.4. VNIR HSI required steps-4 but
DRSP provided the L*a*b valuedongside the reflectance spectra, and so only step 4

was necessary for this data.

1) Reflectance value,
normalised to percentage.

2) Transformation into CIE X
Colour space

3) Calculation of CIE Lab valu
from XYZ colour space

4) Calculation of colour
difference between 2 Lab valug

Figure 6.4. Workflow to obtain CIELAB values and colour difference values
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Stepl: VNIR HSI data is normally given asaue between 0 and 1, thus the
reflectance values must be multiplied by 100. CIELAB is designed for visible spectra

and so only the reflectance data for between 400 and 740 nm were converted.

Step 2: The formula for this transformatibno (2002)is as follows:

OWOOOI I QO [ é¢pmn

Equation6.2: The transformation of reflectance values into CIE XYZ colour space.

Where XYZcs is the CIE XYZ colour space, spdD65 is the reflectance illuminant
spectral power distribution (D65), asdf1( is the standard observer function for & 10

observer.
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More properly this becomes:

Where
x pTT
Q =
B _w_
Equation63.R( &) i s the spectral refl ectance of t

result of the VNIR HSI analysis), P(@&a) is t
il luminant at the wavel ed ghoh het,&_(asethet andar d
CIE standard observer f wequatibs calcuste avaluet he wave
for each wavelength and give the sum of those values as X ,Y, Z, or k. k is a factor which
normalises X, Y, and Z so that Y will avvalue of 100. This is the value of a

theoretical material that reflects or transmits 100 % of the incident light. The values

calculated are tristimulus values where Y is the luminance, Z relates to blue light, and X

is a mixture of response curves ckiwgo be nomegativeMarcus (1998)
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Step 3: The formulae to transform CIE XYZ values to CIELAB values (2002)(so

that the results can be displayed in a colour space) are as follows:

o
0 -
Pp(ﬂ(; PO
. D) A
@O UTT— —
D) A
. D) ®
W CTT— -—
D) A

Equation6.4. Where X, Yn, and z are the tristimulus values for the reference

illuminant, in this case for the 2@bserver® w® p,@ p T,7ANAO

p T& T.T

L values give the brightness of the spectra, white is 0, black is 100, a values give the
redness of the spectra, greetooeos are- a, red colours are + a, and b values give the
blueness of the spectra, blue colours-drgyellow colours are + b. This system allows
any colour within the human visual spectrum to be plotted in a 3D colour space. More
typically only the a ath b values are plotted, as it is easy to relate perceived colours to

points on an a, b plot.
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Step 4: To compare two L*a*b valwues, the CI

Luo (2002)susedpE < 2. 3 i s ¢ 0n Amahaiads dtaln(2021) not i ceab

)

Yo YW Yo Yo
Equation6.5. The calculation of a value for colour difference from values of brightness,

chromaticity, and hue.

6.3.3.6 Spectral hourglass wizard
Spectral hourglass wizard is a tool within the ENVI softwéaeris Geospatial
Solutions, Inc. (2020 esi gned t o determine the most HAsjy
pixels, termed endmembers. These are then mapped using a SAM comparison
algorithm. The workflow of the spectral hourglass wizard can be described as having 3
steps.
Step 1: The minimum noise framn (MNF) transform (the algorithm in ENVI
for carrying out PCA) determines the dimensionality, segregates and equalises noise,
and reduces computational requirements for subsequent prodg@eaiynan & Kruse
(1994); Harris Geospatial Solutions, Inc. (2020it)is a modified 6rm of the PCA
transform developed b@reen et al. (1988)t is linear and performs PCA twice, the
first oO6rotationd for the purpose of noise w
inherent dimensionality of the data by using the principal componenteddrom the
first. Inherent dimensionality is determined by a property termed eigenvalues.
Following the MNF transform the data cube is divided into two parts, the first has large
Eignenvalues associated with coherent images, and the second hasityear
Eigenvalues and is mostly dominated by noise. Only the first part need be carried

forward through to the next step of the spectral hourglass wizard.
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Eigenvalues indicate the length of a principal component (which equates to the
proportion of original infomation that each component contains) therefore the
Eigenvalue plot is used to determine which of the principal components (bands) will be
most useful.

The databés di mensionality is the quanti:t
contains. For each new compaohanother dimension is added through spectral mixing.
Dimensionality is determined from a plot of Eigenvalues vs bands. At the point where
the slope of the curve approaches 1 the number of bands is the number of endmembers.

Step 2: Endmembers (arepreseniti on of t he fAmost pureo s
determined from the image by calculating the pixel purity indaxis Geospatial
Solutions, Inc. (2020d¢he PPI algorithm runs multiple (5000) iterations of a projection
in spectral space (where image bands are plot axisglasses the most pure spectra as
those that appear in the extremes of this space more often-00 esnaliserHarris
Geospatial Solutions, Inc. (2020las shown ifFigure 6.5, is a representation of the
spectral space, plotting only the purest of pixels. Step 2 ends by grouping these pixels
based on their endmembers.

Step 3: The software a classification (using SAM) of all pixels in the image
based on each pixetémilarity to the endmembers. It is possible that not all pixels will

be classified.
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Figure 6.5. The PCA plot for Bodl. 394: Day 111 corrected. In 3D space this resembles
a saddle. This representation of the data cloud resulting from plotting image data in

spectral space is meant to aid in visualising which pixels are similar.
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6.4 Results

6.4.1 Analysis of EAX 3873: Faded silk robe

For the robe the spectral hourglass wizard determined that there were 48 endmembers,
which indicates that there were 48 different components making a significant
contribution to the final data cube. These 48reembers are plotted Figure 6.6. In

the case of the robe 13 % of pixels remained unclassified.

1.2

Count

400 500 600 700 800 900 1000
</ nm

El E2 E3 E4 ES E6 E7 E8 E9 E10
Ell E12 E13 El4 E15 E16 E17 E18 E19 E20
E21 E22 E23 E24 E25 E26 E27 E28 E29 E30
E31 E32 E33 E34 E35 E36 E37 E38 E39 E40
E41 E4 2= E4 3= E44=—E45 E46 E47 E48

Figure 6.6. All 48 endmembers identified by the ENVI processing software
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To reduce this further the quantity of pixels represented by each endmember, and their
Eigenvalues, were analysdegure 6.7 shows the plot of Eigenvalues vs principal

components. Though it may appear to reduce to unity within the first 10 bands it does

not. Table6.1 lists the Eigenvalue of each principal component. In this data cube the
Eigenval ues never reach unity (the dataset
useable data given by each new principal camepo (indicated by the Eigenvalue) does

reduce significantly after thé"®and. The table also reveals that 78 % of the data is in

the first 10 bands with each subsequent band providing < 0.3 % of the data per band.

1000

100

Eigenvalue

10

0 2 4 6 8 10
Eigenvalue number (PC band)

Figure 6.7. Plot of eigenvalues as used in the spectral hourglass wizard to determine

the data dimensionality.
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Eigenvalue number (PC  Eigenvalue (SUM = % total Cumulative %

band) 1250.476) variance variance

1 640.010631 51.18 51.18

2 122.825017 9.82 61.00

3 76.300495 6.10 67.11

4 67.143461 5.37 72.47

5 36.821586 2.94 75.42

6 15.342697 1.23 76.65

7 8.697883 0.70 77.34

8 5.72366 0.46 77.80
9 5.112524 0.41 78.21
10 3.350642 0.27 78.48
\\\\\\\\\\ TR 1031434 = 00 34
241 1.030913 0.08 99.42
242 1.030663 0.08 99.51
243 1.030107 0.08 99.59
244 1.029839 0.08 99.67
245 1.029636 0.08 99.75
246 1.028871 0.08 99.84
247 1.027812 0.08 99.92
248 1.027181 0.08 100.00

Table6.1. Analysis of Eigenvalues for EAX 3873.
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Table6.2 shows the pixel count of each of the endmembers identified by the spectral
hourglass wizard. This was used to determine which of the endmembers were the 10
most significant principal componentThe third most significant band was comprised

of the pixels that could not be classified by SAM. Pixels matched with endmembers not
considered to be significant contributed less than one percent each to the final image.
The most significant SAM classésndmembers) are 4, 19, 24, 28, 33, 38, 41, 43 and

these are plotted iRigure 6.8.
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E# Pixel Percentage E# Pixel count Percentage

count
#4 2758624  44.18606 #16 17436 0.27928
#41 1017420  16.29645 #34 17431 0.2792
Unclassified 804683 12.88895 #20 17139 0.274523
#43 352617 5.648017 #46 16700 0.267491
#19 151946 2.433784 #13 15689 0.251297
#38 100524 1.610136 #21 13910 0.222802
#24 91731 1.469295 #32 12605 0.2019
#28 87706 1.404824 #17 12273 0.196582
#18 84938 1.360488 #9 11793 0.188894
#33 73303 1.174125 #11 11544 0.184905
#44 61391 0.983326 #42 9994 0.160078
#26 61206 0.980363 #14 9490 0.152005
#5 50995 0.816809 #48 8129 0.130206
#39 44957 0.720095 #1 7684 0.123078
#6 41553 0.665572 #29 6448 0.10328
#15 40897 0.655065 #10 6099 0.09769
#31 31014 0.496764 #40 6030 0.096585
#3 27187 0.435466 #8 5371 0.08603
#22 25204 0.403703 #12 2438 0.03905
#45 23884 0.38256 #2 2069 0.03314
#36 20358 0.326083 #27 2065 0.033076
#35 19774 0.316729 #30 1596 0.025564
#47 19055 0.305212 #37 1161 0.018596
#25 19009 0.304475 #7 47 0.000753
#23 18083 0.289643 Total pixel count: 6243200

Table6.2. The pixel count of the endmembers and the percentage of total pixels that
each endmember contributes to the final picture. Shown in green are the endmembers

whose contribution was significant enough for inclusion Fitpure 6.9.
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Figure 6.8. The most significant Endmembedfgyure 6.9 a) shows an image of the robe

made exclusively of pixels whose spectra matches that of one of these 9 endmembers.

The final image is given iRigure 6.9. The spectral hourglass wizard (PCA, PPI,
SAM) has successfully grouped the pixels into endmembers representing the extent of
the fading that is seen visibly. These groupings could behysednservation teams to
monitor change over time, or analyse the extent of damage. In this instance the analysis
of the data has complemented the fading seen by the human eye and provided the

analyst with additional data derived mathematically to aidewasion.
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b)

Figure 6.9. a) A false colour image of the robe where each coloured pixel corresponds
to the endmembeFigure 6.8) of the same colour, b) RGB image of the robe for

comparison.
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