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I ntroduction

The creation of an objective documentation for ¢badition assessment of historical documents is the
first step in a conservation process when both todng and/or restoration procedures are applied. |

order to obtain a maximum amount of information wthba single document it is crucial to take into

consideration the typical heterogeneity of its cosipg materials. The numerous interactions of this
mixture of substances with each other and with renvental components (oxygen, humidity, fungus
etc.) in the course of its history make each docunaeunique object. The correct classification and
condition monitoring of the composing materials loétorical documents is therefore of primary

importance when studying production techniquesdegtadation processes.

Spectrally resolved optical measurements on anvaictiocument can provide valuable information for
the identification of its component materials and monitoring of their condition. Conventional sieg
beam instruments enable a detailed study of thetrsphecharacteristics of one or more substances in
document, in fact their use in the field of bookl graper conservation is constantly increasing. Hewe

in order to exploit the spectral information for abjective characterization and monitoring of an
inhomogeneous original document, a sufficientlyhhgpatial resolution and location references on the
object are required. It is for this very reasont thaantitative hyperspectral imaging (QHSI) hasrnbee
adopted in th&ationaal Archief (National Archives of The Netherlands) as an amadl/and monitoring
tool for the most valuable archival units preseruedhis institution. The aim of the research pcojat

the Nationaal Archief is to investigate the potential of this non-destiie analytical method by applying

it to a selected number of original documents atifically prepared samples. In addition, valuadkga

is collected and stored for the formation of a muktrumental database regarding materials conmgosi
the archival units and their degradation process.this contribution, the QHSI instrumentation,
experimental techniques and analytical methods kel described and a few representative results
obtained from recent case studies will be presented

Quantitative hyper spectral imaging

Quantitative hyperspectral imaging (QHSI) is a m@structive remote sensing technique that provides
calibrated spectral data with a high spatial resmi) which enables a reliable distinction and magof
different areas on the measured document withaunh#tessity to preselect a specific region of aster
[Elachi 2006]. This characteristic is of primary gortance when information for studying aging
processes is collected, especially for long-termnitoang purposes. In fact, areas considered taay
being representative for a certain type of degradamight in future studies be considered useless,
whereas others, which had been excluded from eadi@ analysis, might turn out to be the idealarsg)

of interest for the representation of a specifigrddation process.

QHSI is a measurement of the optical spectral méion with high spatial resolution on the object’s
surface. A series of greyscale digital images t®med, where each image is taken at a specifrowar
region of the light spectrum. After proper calilivatand adjustments, the series of images are dedhpi
in a three-dimensional data space called the hgpetsal data-cube. Basically, this data-cube coatai
for every individual QHSI image pixel the informati of the entire spectral curve for the correspogdi
spot on the object. The availability of an entipecral curve at each object point enables theicgimn

of complex analysis algorithms for an efficient adimination of different materials on the recorded
document surface and their compositions [Grahn RO07



The experimental setting

The measurements at tiNationaal Archief are carried out with the SEPIA quantitative hypergral
imager [Klein 2008], a prototype instrument spexifiy developed for this project by the company Art
Innovation b.v. [Al 2011]. The SEPIA instrument @gesigned to simultaneously extract spectral
reflectance values and spatial information fromuhoents while the measurement itself has a minimum
effect on their natural degradation processes. SBPIA is based on two wavelength TUnable Light
Projectors (TULIPs) that illuminate the investightdgocument under an angle of 45°. The TULIPs are
enclosed together with a monochrome digital canneoanted above the measurement area in a light-
proof cabinet in which the document is placed. pr@gectors subsequently illuminate the documeni wit
a series of 70 well-defined optical wavelengthghe ultra-violet, visible and near-infrared wavejtn
range (365-1100 nm). At each wavelength a 4 megagpayscale image of a document area of 125 x
125 mm is recorded, corresponding to a resolutfd@@®o 60 pm per pixel (ca. 400 dpi).

To translate the raw image pixel values into quatmie measurements of the local spectral reflecari

the document, the recorded image at each waveldraytd has to be compared to recordings of a
reference target. In this case a white referengetgSpectralontarget, supplied by Labsphere inc.) with
known reflectance curve is used for this purposkerAthis calibration processing, the value of each
image pixel represents a precise measurement drdbgon of light reflected from the corresponding
spot on the document at this particular wavelesagith can be regarded as a local quantitative rafieet
measurement [Klein 2008]. In order to achieve thaximum accuracy and reproducibility of the
reflectance data, specific data recording and &ldn procedures have been developed for the used
SEPIA prototype instrument [Padoan 2009].

The alignment problem

When capturing the series of images that compose th
QHSI data-cube, the instrument camera is refocused
automatically at each wavelength to compensatehier
inherent variation of the focal length of the olbijee lens.
This refocusing results in slight misalignment &fe t
individual images at different wavelengths. To deun
this effect a calibration pattern with known maskes
imaged at each wavelength. By observing how thevkno
markers are displaced in each image it is posdible
compute an image transformation algorithm that dwin
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Graph 1. Average pixel misalignment error of internal misalignment of the data-cube imaggsedds
per band within a QHSI data-cube. only on the “static” settings of the instrument aiah be

compensated by image transformation very accuraely
less than 0.5 pixels average error (Graph 1).

Aligning multiple hyperspectral measurements isoa
necessary to compare multiple data-cubes of thees
object imaged at different times. Since the documeay
be placed at slightly different orientations in tt
instrument at the time of recording, it is necegdar
perform a software alignment between different QH
data-cubes. To do this, the so-called SIFT (Sd
Invariant Feature Transform) algorithm, which isllw
known in the field of image processing, has be
implemented and used. The SIFT features between "m mw e 70 ew  am  fom  fio
two recordings are matched and a transform is coedp wavelength

to bring them into alignment. Based on experimental _ _

verification, it has been possible to perform tH@aph 2. Average pixel alignment error

alignment between each band of two different QH2gitween each band in two aligned QHSI data-
data-cubes with an error below 0.5 pixels (Graph 2)  cubes.
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The quality of the alignment of single and multiple
data-cubes is of utmost importance when multi-
channel analyses such as principal component
analysis (PCA) [Jocliffe 2002] are applied to
hyperspectral data-cubes. This can be illustrayed b
comparing a PCA analysis carried out on a data-
cube with and without prior image alignment.
Figure 1A shows the real-color image of a

-+ Measured section of a historic drawing [Vingboons
', .1, 1665]. PCA was first applied by using the QHSI
.} data-cube of this section without image alignment
L&«1 (fig. 1B) and then with a proper image alignment
(fig. 1C), where only in the latter case all reeudd
wavelength images cover exactly the same area on
= | the document. A comparison of the resulting PCA
. images (3 component) shows that in figure 1C the
fine underdrawings are distinguished very well
from the ink drawings, whereas in figure 1B the use
= of unaligned images for the PCA processing makes
' the rendering of such fine features impossible.

Figure 1A: Real-colour image of the panorama
drawing of Havana [Vingboons 1665B: PCA
performed on the hyperspectral data-cube without
prior image alignmentC: PCA performed with

" prior image alignment.

Results obtained by single QHSI measurements

Once the digital information composing the dataecigcorrectly calibrated and aligned, hyperspéctra
data from a single measurement can be analyzedmdathematical techniques to obtain a classification
of the different surface areas of a historic docaimBy doing this it is in many cases possiblerieveer

for example practical questions concerning manufagy techniques, dating and history. Applications
such as distinguishing inks and pigments and enhgnfaint features such as hidden patterns,
palimpsests, erased writings etc. are often peddrin theNationaal Archief to assist archivists and
historians in their researches. A case study obmajportance that can be considered representitive
this type of application is the study of the AnjBible [Anjou], an illuminated Neapolitan codex dfet
15th century that had been manufactured for thalroyurt of king Robert | of Anjou. The QHSI anasys
of the Anjou Bible involved a number of advancedtmeanatical algorithms and various methods for
visualizing the results. In particular, the bestufes have been obtained by using PCA, false-colour
infrared rendering, comparison of spectral curvesaeted from manually selected regions-of-interest
and the modified spectral-angle similarity (MSA3Jaithm [Homayouni 2004]. Using these analysis
techniques, the classification of materials compgshe illumination and the study of hidden patsenas
revealed valuable information for its codicologisaiidy. Specifically, discrepancies have been faand
the type of colours used to realise blue areasnaflaminated illustration that appeared similarden
visible light. In addition, traces of a coat of arbelonging to another family previously owning the
manuscript was discovered underneath the presahbtarms drawing. Furthermore, the legibilityaof

ex libris notation has been enhanced. These last two fiadngport existing theories on the history of
the codex. For a more detailed description of tieyesis procedures and the obtained results pledse

to [Padoan 2010].

Results obtained by multiple measurements

A second type of applications of QHSI is possibleew an entire series of measurements of the same
object area is carried out repeatedly in the coafsecertain period of time. After aligning thdfdrent
data-cubes of the measurement series with each, ¢tieespectral changes can be determined with high
spatial resolution. This makes it possible, forregke, to perform a quantitative analysis of materia



degradation processes, to verify the effects ofseoration treatments, and to implement long-term
condition monitoring of the document.

The goal of the Bihanne research project (namdabimour of our beloved colleague Bihanne Wassink
1957-2008) is to explore the application of QHSIdwonitoring historical documents, and to invesega
the accuracy and reproducibility of the data ol@diwith the SEPIA instrument. Within this projeciet

of reference materials has been created, artificeajed in different steps under a variety of colted
climate conditions and repeatedly recorded in betwthe subsequent aging cycles. For the studies
described in this article, discarded original doeamsamples (single sheets from a discarded 19th
century document with relief printing on machinedagaper) were cut to squares of 120x120 mm in
size, which were further separated into four stripach strip was aged under different conditions: 1
natural aging in the dark and under controlled @oovs in the archives’ repositories (no artificeding
applied); 2) light aging; 3) thermal aging with dtuating relative humidity; 4) a combination ofHig
aged and subsequent thermal aging with variable RiHeach aging cycle the following environmental
conditions were applied: Light aging at 1200 lux %ohours with lamps type Whitestar UV-P (12v 50W
4200K); thermal aging for 15 hours in climate chamtype Votsch VTRK 150 at a stable temperatures
of 80° C and three cycles of fluctuating RH (3598480

Two case studies regarding the developing of foximg the degradation of printing ink have been ehos
to show the potential uses of QHSI for monitoripgplecations. Both analyses have been executeden th
same reference sample of the Bihanne project, wihdchonstrates the multi-task use of the QHSI data
enabled by the fact that no pre-selection of aoregf interest is required during the data coltacti

Monitoring of foxing

Foxing is a localized paper degradation phenomehanis mainly caused by oxidation processes and
typically shows as an irregular distribution of Wwrostains on a sheet. This type of degradationbean
caused by a free radical reaction of the papep(exitdation), the hydrolytic reaction caused bydaadr
other catalysis, or by biodegradation [Choi 200id].cases of very extensive foxing the physical and
chemical stability of a paper sheet can be redudedever, less extensive foxing is often consideced
be a significant problem when it affects works cdgghic arts with a relevant esthetic value. Thegpess

of foxing typically results in an increasing numlaéraffected spots, with an extension of the discd
areas and an increasing intensity of the discatoratf the individual spots. Due to the diversitythe
causes of foxing formation in paper the need foraanurate documentation regarding its position,
dimension and development is essential for botrctmalition assessment of a document and for arbette
understanding of this type of degradation. In f@gtto now foxing is still at the center of an anieth
discussion of conservators and conservation sesisnti

Figure 2A shows the real-colour image of a striphef 19th century document, which already had f@xin
damage before the thermal aging was applied. Tém$-aolour image was generated by effectively
calculating a weighted sum of corresponding pixa@les in the 41 spectral images contained in th8IQH
data-cube for the wavelengths 380 nm to 780 nmibfeisrange). This is done according to the
standardized calculation rules and coefficientegilsy the CIE, assuming the D65 standard illumiaant
the light source and a 10° observer under photamditions [Hunt1998].

For demonstrating the use of the QHSI techniquelégradation mapping and monitoring of foxing the
spectral characteristics of this paper strip arepared before artificial aging (RO measurement) et

2 and 5 thermal aging cycles (R2 and R5 measuramezgpectively). As a first step of the analysis
regions of interest (ROI's) can be defined manuallareas of unaffected paper, ink, light foxingdan
intense foxing. From each of the three data-cuB€s R2 and R5), the mean spectral curves of these 4
ROI's are extracted. Graph 3 shows for each ROIldifference between the R2 and RO curve and
between the R5 and the RO curve, correspondingeaspectral changes induced by 2 and by 5 aging
steps, respectively. The reflectance curve of tlkearea remains practically unchanged by the agim

the paper area unaffected by foxing shows smallanges than the light and intense foxing areas. In
addition, a clear distinction can also be foundMeein the degradation of light and intense foxirepar
with the spectral changes of the intense foxing &r@ng faster than for the light foxing areas. Aren
detailed comparison of curves in Graph 3 shows fihlaboth types of areas the spectral changes are
practically the same in the UV-blue region of theectrum (365-440 nm) and only small differences
between light and intense foxing areas are foumdnavelengths longer than 900 nm. In the spectral



region from 440 to 900 nm the differences in thgrddation process of light and intense foxing bezom
clearly visible as the maximum spectral changeaigdr for intense foxing and it occurs at a diffiere
wavelength than that of the light foxing area (5@ instead of 490 nm).

10— In a second analysis step, the differences observed
in graph 3 of how the spectral curves of the
different types of area typically change when

[ R2 ) subjected to thermal aging can be used to map the
. different types of areas on the document. In otder

| do so, for each pixel of the three aligned RO, R2 a
R5 data-cubes the differences of the spectral surve

XIX century document ]

RH/T aging R2 and R5 | of R2 and RO, and of R5 and RO are calculated.
S ink 1 | Then each of these pixel difference spectral curves
6f IFi);:tefroxing 4 | is compared with the difference curves of each ROI

reflectance difference [%]
o

as shown in Graph 3. As a measure for the

I otEE g 1 similarity of the pixel and the ROI curves the so-

8700 500 00 700 800 900 1000 1100 | called spectral distance similarity (SDS) value

wavelength [nm] [Homayouni 2004] is calculated over the spectral

Graph 3. Differences of spectral curves extracted€gion 380-800 nm. For each ROl the SDS
in different regions of interest (ROI) of the calculation results in a grayscale image, in whach

analyzed sample. high pixel value means that the spectral curve of

this pixel has changed from RO to R2 (or from RO
to R5) in a way similar to the change of the mepectal curve of the ROI. Three of such grayscale
images can be combined to a false-colour images(R2B-2C). In these images the colours indicate the
same grade of similarity with the corresponding Ri@ference spectral curves, where red pixels iaigic
spectral changes similar to the intense foxing Rf@den pixels changes similar to unaffected paga,
blue pixels for changes similar to the ink.
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Figure 2. A: Real-colour image of the analyzed document (aged RH/T) calculated from the 41
spectral images of the data-cube in the waveleragtpe 380 to 780 nni&: False-colour image showing
differences in the degradation process of paper @fto aging cycles. Red pixels = intense foxing
degradation; green = paper degradation; blue d@gtadationC: False-colour image as B after five
aging cycles.



The colour distribution in figures 2B and 2C vismes$ the diversity of the types of degradation psses
that, after respectively two and five aging cyclesye affected the spectral curves of the diffecdpect
areas in different ways. In order to evaluate ttiece of the different types of accelerated agimgtioe
visual appearance of the paper the colour shificed by the aging was calculated for all four sampl
strips of the XIX century document. In the CIELABIour space for each spot on the sample the
difference AE (L'ab- CIE 1976) between its colour before acceleratgihca was applied (RO-
measurement) and its colour after five cycles aig@gR5-measurement) is calculated by

Eq.1 AE (l-* a*b*) = \/(L*Rs - L*RO)Z + (a;s - al*ao)z + (b*RS - b;eo)2

where the [a'b’ values are calculated for each pixel from the 880to 780 nm spectral images
contained in the aligned RO and R5 data-cubes dicgpto the standardized CIE formula (illuminant
D65, 2°-observer, photopic conditions) [Hunt19®sed on this calculation false-colour images (B)g.
have been generated, showing as dark-violet pikelse areas withE = 0, as green pixels fa&fE = 5
and as red pixeldE = 10. It is generally said that a trained eyeannaptimal viewing conditions can
distinguish colours in direct comparisomie > 1.
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Figure 3. Mapping of the colour differences induced by faging cyclesA: Accelerated combined
thermal and light agind3: Accelerated thermal agin@. Accelerated light agind>: Natural aging.

Figures 3A and 3B show that the largest colour ghasccurs in the intense foxing areas and along the
fold line of the sheet for the combined and therordy accelerated aging. For the light-aging stfig.

3C) the colour change of the foxing areas is ngfeiathan that of the paper areas, and it is iregdiess
than for thermal aging. The colour change of tHeremce strip (Fig. 3D), which was only subjected t
the natural aging, is very small as expected. Bystludy of these results it is possible to concthde the
specific type of foxing affecting this particulaoclment is sensitive to changes in relative humialitd
temperature but it is not especially sensitivagbtlaging.



Monitoring of printing ink

From the data-cubes of the XIX century documentuse the foxing analysis, information can also be
extracted for other composing materials such aptimting ink. Figure 4A shows the real-colour ineag
of the sample strip that was subjected to the coatimin of light aging followed by thermal and RH
accelerated aging.

25 e Graph 4 shows the spectral curves
L —— 0aging steps (RO) | extracted for the three aging steps (RO, R2,
] R5) from two ROI's of the ink, namely the

2 aging steps (R2)
— 5 aging steps (R5)
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first line (“Vier”) and the second line on the
1 right side (“Die Ver”). For both ROls
changes caused by accelerated aging are
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3 minimal and much smaller than the initial

S | 1 | differences of the curves for the two ink

= 10l ] areas. However, it can be noticed that in the
T [ "Di . near-infrared range the curve for the ROI
kS [ ieVer" ] A .

o I ] Vier” changes due to the aging whereas
S 5¢ 7 the curve for the ROI “Die Ver” remains

practically constant. In order to map the ink
T T S ST SO TS areas that show similar changes of the
400 500 600 700 800 900 1000 1100 reflectance curves as either of the two
wavelength (nm) ROI's, difference images of the aligned R5
and RO measurements were calculated for
Graph 4: Spectral curves extracted from different ROI's afl wavelengths from 380 to 1100 nm. For

the analyzed ink showing differences in the reflace each pixel, the wavelength was determined
values even though only a single ink was useditd fire ~ for which the difference value was minimal,
analyzed pag i.e. for which the largest reduction of the

spectral reflectance was observed. The
false-colour image Figure 4B shows blue pixels whéis largest reduction occurs at short wavelength
(380 nm), green pixels for medium wavelengths (f®0) and red pixels where it occurs at long
wavelengths (1100 nm). Note that as opposed toestional false-colour representations, the coldw o
pixel in figure 4B does not depend on #meount by which the spectral reflectance decreases dytamn
thewavelength at which the greatest reduction occurs.
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Figure 4. A: Real-colour image of the RH/T/Light aged documstnip calculated from the 380 to
780 nm spectral images of the RO data-c@#heColour-coded representation of the wavelengthvehath
the greatest reduction of the spectral values dsiagad by five cycles of combined thermal and light
aging. Blue pixels for short, green for medium aedl for long wavelengths.



In Fig. 4B, it can be seen that the first line twe teft (“pitel”) and the right one (“Viert”) areairly
homogeneous and show the greatest reflectanceti@aat long wavelengths (1100 nm). As opposed to
this, the ink areas “der Markman” and “Die Versud®” have a more inhomogeneous distribution of
the wavelength with the greatest reflectance reduost which occurs typically at shorter wavelengths
than for the first ink areas. This difference canip® explained by a variation in the compositiorthod

ink as the text was certainly produced in a simglpression by a uniformly inked plate. A differenoe
the concentration of the ink or in the local pressduring printing (different letter spacing) mighe a
more plausible reason, however, more researctbwitequired to confirm this.

Discussion

The use of QHSI for the classification and moniigrof materials composing historical documents has
been demonstrated using the example of an artifigged XIX century document. Its high sensitivity
for subtle and diverse changes in the spectralesuat any location on the measured object area thake
technique a very important tool in standard coressm procedures for accurately recording the
degradation processes of historical documents. Qh&Vides the possibility to distinguish different
types and speeds of degradation processes on the aaalysed sample, allowing not only the
classification of different materials in/on the saobject but also to distinguish different aginggasses

of the same material. This type of classificatisressential when micro-destructive or non-destracti
spot tests need to be performed on documents fatittan assessment and monitoring. The application
of single-spot instruments can be easily guidedabgolour-coded image of the analysed document
showing the regions of interest that are most sapr&tive for a certain type of material or degtiada
process. This is why thiationaal Archief is investing in building a multi-instrumental dagése of its
most important documents using the QHSI mapping datthe reference for fixing information derived
by different analytical tools. In parallel, resdarat the Nationaal Archief focuses on the further
development and standardization of data acquisittord processing procedures to enable the
implementation of the QHSI technique in a standamservation working flow.
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