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Abstract Atthe end of the seventeenth century, three “Royal” tapestry Manufactories existed
thanks to Louis XIV’s first minister, Jean-Baptiste Colbert: Aubusson, Gobelins and Beau-
vais. This newly acquired title gave rise to the establishment of numerous rules concerning
the quality of the materials used for the production of tapestries. These quality standards
were ensured by inspectors of the Crown and renowned cartoon painters sent to work in the
Manufactories, which led to the birth of the so-called Tapisseries de Grand Teint. To facil-
itate the study of these high-quality tapestries, a colour chart consisting of more than 600
references based upon formulations from eighteenth-century treatises was created including
spectra recorded with two hyperspectral cameras, in the visible-near infrared and short-
wave infrared ranges. This reference database was then used in comparison with the spectra
recorded in situ on the three tapestries included in the present study. Ultimately, this method
allows for the identification of the specific materials used for tapestry fabrication. This paper
presents the results of a comparative analysis of tapestries produced in each of the three
Royal Manufactories through the use of two distinct and widely used approaches (i.e. through
external and internal databases). The first approach relies upon comparisons with an external
database via the Spectral Angle Mapper for the classification and mapping of the tapestry
materials. The second method classifies the data by first extracting endmembers (reference
spectra of pure materials) directly from the tapestry and then creating an internal database
using the ENVI-Spectral Hourglass Wizard. This study emphasises the efficiency of each
method as well as noting their limitations due to the specificities of the materials studied
in the identification of tapestry textiles and dyes. The investigations revealed, for example,
differences between the Manufactories in how different textiles were used in the production
of tapestries. This comparison thus sheds light on the technical and aesthetic choices of the
Manufactories and how they differ.
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1 Introduction

At the end of the seventeenth century, Louis XIV’s first minister, Jean-Baptiste Colbert,
reorganised the “Arts” in France to better compete with foreign nations. Among other things,
he created several Royal tapestry production establishments that would receive support from
the Crown. The Gobelins Manufactory was the first to benefit from this newfound support
and saw the most talented artists, painters, and dyers come together. This was followed by
the Beauvais Manufactory and finally the numerous Aubusson workshops. This new royal
endorsement led to the implementation of strict rules concerning the quality of the materials
used for the production of tapestries. To maintain the high royal standards, quality control
was carried out by inspectors of the Crown and renowned cartoon painters sent to work in
the Manufactories [1]. Among the regulations put in place was a list of authorised dyes,
called Grand Teint dyes. These dyes were deemed strong enough to withstand the passage
of time by the chemist of the Royal Academy of Sciences [2, 3] and produced fairly bright
hues. In a somewhat schematic view, it is typically generalised that the Gobelins made
tapestries for the King, Beauvais for the aristocracy, and Aubusson for foreign exportation.
This perception must nevertheless be qualified, however, because the use of a particular
tapestry was dependent upon the subject matter of its design. Moreover, Aubusson did, in
fact, produce high quality tapestries in the eighteenth century, some of which can still be seen
at the Cité Internationale de la Tapisserie in Aubusson, notably including those displaying
the arms of the Polish-Saxon statesman, Count Heinrich von Briihl (Fig. 1).

Generally speaking, tapestries are composed of three main compounds: mordant, dye,
and textile. The dyes were fixed to the substrate, in our case the fabric, with the help of
mordants. These are metal salts that allow the formation of an organometallic complex
between the dye and the textile to facilitate adhesion. In the eighteenth century, the fabrics
authorised for the Grand Teint were dyed silk and wool yarns. These were woven around
a warp yarn, generally of cotton, which would no longer be visible once the tapestry was
completed. Formulations for Grand Teint dyeing used during this period were gathered from
old treatises [2—8] and then recreated in a colour chart made of several hundred samples.
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Fig. 1 Tapestry (3,44 m x 7,32 m) with the arms of Count von Briihl from a cartoon by J-J. Dumons, Aubusson
Manufactory, 1753. © Cyril Fressillon-CNRS Phototheque
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These samples allowed for the subsequent recording of a spectral database with different
non-invasive techniques, notably via hyperspectral imaging in the visible—near infrared (V-
NIR) and short-wave infrared (SWIR) ranges. In the present study, the data from the tapestries
were acquired under these same conditions to allow for a comparison, leading to the potential
identification of the materials used.

Two cameras were used for the spectra acquisitions, one in the V-NIR (400-1000 nm)
and the other in the SWIR range (1000-2500 nm). The visible range allows the identification
of dyes or pigments via molecular absorption bands and has been previously used by many
teams either with a hyperspectral camera or for point analysis with fibre optic reflectance
spectroscopy (FORS) [9-12]. In a complementary way, the SWIR domain provides signatures
of molecular vibrations [13, 14] that in our case appear specific to the particular textiles used
in tapestries [15]. Hyperspectral imaging allows for the collection of a large amount of data
from a single image. Thus, this technique provides the opportunity to map the materials
used to produce an artwork by means of various classification methods. Indeed, while the
relevance of each of these methods can be debated, they have each previously proven their
effectiveness on certain materials. The method which uses an external database through
the Spectral Angle Mapper (SAM) supervised classification works by associating an angle
between each spectrum of the hyperspectral image and a reference spectrum from external
samples. This method allowed Aurélie Mounier’s team [16] in 2014 and Floréal Daniel [17]
in 2016 to successfully classify pigments of miniatures and paintings. John Delaney in 2010
[13] and later Tania Kleynhans [18] also discuss this classification method by comparing it
with the internal database method. Through numerous steps, they extracted reference spectra
data directly from the artwork through the “ENVI-Spectral Hourglass Wizard” (SHW) for
utilisation as reference spectra for SAM classification. Though these two methods clearly
have their advantages, they also feature limitations when identifying and mapping the material
used in tapestries.

The following study compares the material choices in the production of three different
tapestries, one from each of the three Royal Manufactories. Their comparison raises questions
about the economic and artistic realities surrounding the Manufactories in the eighteenth
century, as some dyes and textiles were undoubtedly more expensive than others. Therefore,
the identification of the quantity of specific materials used to produce the tapestries from
certain Manufactories makes it possible to place the producers and their products within a
broader French and overall European context.

This study also highlights the differences between two hyperspectral imaging data cube
classification systems (i.e. through internal versus external databases). Ultimately, the use of
a classification system permits us to map some of the tapestry materials used in the eighteenth
century and thus better understand differential production techniques in the French Manufac-
tories. Furthermore, the detailed study of the materials is possible due to the complementarity
of hyperspectral imaging in the V-NIR and SWIR domains.

The paper is organised as follows:

First, reference material and the tapestries studied will be introduced as well as the specifics
of the two hyperspectral imaging cameras which were used for data collection. Following
the materials and equipment descriptions, the two methods of data classification employed
in this work, i.e. the external and the internal database, will be presented and discussed. The
tools (SAM and SHW) used to map the data are also described below.

Our results are then presented in three parts. The “Textile identification” section details
three methods used to map the textile composition: a simple “visualisation” method of the
HSI image and then the two classification methods, respectively, based upon internal and
external databases. Once the most relevant method to map the textile composition in the
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SWIR range has been identified, we then apply it to the selected three artworks in order to
discuss the type of textiles used in tapestry production. The identification and classification
of the dyes in the tapestries are then addressed in terms of the madder colour chart using the
external database method in the V-NIR range.

Finally, we discuss the application of this method for the analysis of tapestries through
the example of one Aubusson tapestry and note the observations raised from such mapping.

2 Materials
2.1 Colour chart

The reference colour chart was constructed by selecting dyes from the Grand Teint for each
colour formerly known as “primitives”: blue, red, yellow, tawny and black. Each dye was
prepared according to eighteenth-century formulations [2—7, 19], but also through varying
the proportions of the different compounds and mixing the dyes. This resulted in a colour
chart of over 600 distinct samples. These comparative reference samples were dyed at the
Myrobolan dye workshop in Brussels. In our analysis, we will then take one example from
our analytical approach through the madder dye colour chart. Those formulations of madder
on wool are described in Table 1.

The 600 samples of the colour chart were used to record reference spectra to constitute the
external database. Moreover, these reference spectra give specific absorption bands for each
dye. Thus, they allow for the attribution of absorption bands for the endmembers extracted
from the tapestries (which constitute the internal database).

2.2 Archaeological materials

To facilitate a comparative study of the Aubusson Manufactory with the Gobelins and Beau-
vais Manufactories in the eighteenth century, one tapestry from each was selected according
to several parameters. The Aubusson tapestry (Fig. 1) was made after a renowned cartoon
painter, Jean-Joseph Dumons. It is thus essential to compare tapestries made after the most
prestigious painter of Gobelins and Beauvais as well, namely Francois Boucher. With Ver-
dures (vegetal designs) being a particular speciality of Aubusson, it was necessary to study
subjects which likewise made the other two factories famous, but were also creations similar
to the work of Aubusson. The choice fell on two tapestries (Fig. 2) representing mythological
scenes, including some elements of Verdures.

Table 1 Formulations of model samples (for 100 g of wool)

Sample number Mordant Dye (Madder)

01A 31 g alum; 6 g tartar; 12 g citric acid 50g

01B to 01F These samples were successively soaked for 45 min in the dye bath of
sample 01A without adding more dye

01 BIS PHy 31 g alum; 6 g tartar; x g citric acid* 100 g

02 31 g alum; 6 g tartar; 12 g citric acid 30g

*The citric acid mass was added until the desired pH was achieved in the dye bath
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Fig. 2 A «Amours des Dieux Venus et Vulcain» (GMTT-205-002) (3.25 m x 3.5 m) from a cartoon by F.
Boucher, Gobelins Manufacture —1759. Photograph © Isabelle Bideau; B «<Amours des Dieux Mars et Vénus»
(GMTT-388-00) (3.21 m x 3.23 m) from a cartoon by F. Boucher, Beauvais Manufacture-1750—Photograph
© Mobilier National

2.2.1 Aubusson manufacture

This Aubusson tapestry (Fig. 1) was woven in 1753 after a cartoon by Jean-Joseph Dumons,
famous painter to the King in Aubusson Manufactory. Largely due to Dumon’s paintings
of great quality, the manufactory achieved great fame from 1731. This high-quality tapestry
depicts a landscape, a speciality of Aubusson at that time, and belongs the category of
“Verdures fines”. It also has the particularity of bearing the arms of Count Heinrich von
Briihl, first minister of August III, King of Poland, which is a testament to the high quality
and the prestige of this tapestry.

2.2.2 Gobelins and Beauvais manufactures

Both of the Gobelin and Beauvais tapestries were made after the cartoons of the same painter:
Francois Boucher. He was a famous French painter of the eighteenth century who directed
the Beauvais Manufactory from 1734 onwards alongside Jean-Baptiste Oudry. Following
Oudry’s death in 1755, he became inspector of the Royal Gobelins Manufactory until 1765.
In his capacity as painter at the Royal Academy and his functions in the Manufactories, he
painted many tapestry cartoons leading to the realisation of many Grand Teint tapestries.

The «Amours des Dieux Venus et Vulcain» tapestry (Fig. 2a), kept at the Mobilier National
in Paris, was woven at the Gobelins Manufactory in 1759. This work represents Vulcan
presenting a sword to Venus surrounded by three nymphs and is signed “F. Boucher, 1757”
[20, 21].

The third tapestry (Fig. 2b) is also curated at the Mobilier National. It was woven at the
Beauvais Manufactory and was similarly created from a cartoon by Frangois Boucher [22].
This tapestry represents the love affair between the gods Venus and Mars and is dated 1750
[23].
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3 Methods
3.1 Hyperspectral imaging (HSI)

Hyperspectral imaging sensors collect image data in hundreds of narrow adjacent spectral
bands simultaneously, giving a continuous reflectance spectrum for each pixel of the hyper-
spectral image. Data were recorded using a line scanner with the camera placed upon a
1.30-m-long rail. A Spectralon fluoropolymer (99% reflectance) was used to cover the entire
field of view of the detector. Captured during the data acquisition, this served as a white ref-
erence object. A second acquisition with the shutter closed was also performed and used as a
dark reference to quantify the detector electronic noise. Overall, these black and white refer-
ences were used for flat-fielding and to convert the data to reflectance factors. The artworks
were illuminated with two halogen lamps oriented at 45° from the sample. The analyses
were performed at a working distance of 1.1 m under 2200 Ix illumination, resulting in a
total exposure dose of 55 1x.h for both cameras.

In this research, two complementary cameras, developed by SPECIM (Finland), were
used.

The visible—near infrared (V-NIR) camera is a CCD camera (HS-XX-V10E) with a 2.8-
nm spectral resolution (FWHM), a spectral sampling of 0.7 nm, and a pixel size of 54.7 um?.
This moving camera allows for the building of a data cube where the first two dimensions are
spatial (1600 pixels x X pixels) (with X corresponding to the number of pixels in the width of
the image). The third dimension is a spectral dimension (840 bands). The wavelength range
extends from 400 to 1000 nm.

The short-wave infrared (SWIR) camera is equipped with a cryogenically cooled mercury
Cadmium telluride (MCT) detector with a 12-nm spectral resolution (FWHM), a spectral
sampling of 5.6 nm, and a pixel size of 576 wm?. The dimensions of the data cube are 384
pixels x X pixels x 288 spectral bands, with a spectral range of 1000-2500 nm.

Spectra acquisition, storage, and calibration were performed using IDAQ software. The
data cube’s creation and analysis were completed using ENVI 5.2 + IDL software. False
colour images can be generated by assigning red, green, and blue colours to three different
spectral bands in the ENVI software. A reflectance spectrum for each pixel can then be
exported. In most of the reflectance spectra presented, the Y axis represents the reflectance
factor, but the spectra were offset to ensure a better readability of the data. To create the
external database, a reflectance spectrum for each sample of the colour chart was extracted
by averaging the spectra of a window of 10 by 10 pixels (size: 547 pm?). To ensure better
results, the spectra of the data cube were cut from 1000 to 850 nm. This was necessary due
to a bad signal: noise ratio and resulted in the consideration of only the best resolved data.

3.2 Classification methods

Two methods of classification were used for analysis, the external or internal database. With
the first method, a database of spectra is recorded from samples independent of the work. In
our case, the colour chart of recreated eighteenth-century samples was used as a comparative
database. These reference spectra were then compared with the spectra of the tapestry sample
and mapped via SAM. The second method is to extract reference spectra directly from the
item in question. In this analysis, these spectra were extracted through a series of steps using
ENVTI’s Spectral Hourglass Wizard, the steps of which are explained in Sect. 3.2.2. Once these
reference spectra were defined, the SAM application was also used to map the materials onto
the work.
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3.2.1 Spectral angle mapper (SAM)

This supervised classification method, the Spectral Angle Mapper, evaluates the angle
between each spectrum at each pixel with the spectra of reference (endmembers) [24]. Ref-
erence spectra can be obtained from an external (colour chart created) database or internally
(extracted from the image). Each spectrum is considered as an n-dimensional vector (n being
the number of spectral bands), allowing the calculation of the angular difference o between
the associated spectrum and the reference vectors [25]. The maximum angle « allowed is
defined by the user, while smaller angles indicate greater similarity between the spectrum and
the reference. This classification makes it possible to obtain maps of the dyes by associating
a colour code with each “group” of spectra.

3.2.2 ENVI’s spectral hourglass wizard (SHW)

First, the spectral data are reduced (minimum noise fraction (MNF) transforms) using two
main component transforms to separate the noise from the data. Next, a search for the most
spectrally pure pixels is performed via the Pixel Purity Index using 10,000 reflectance spectra
with a threshold of 3 (it should be approximately two to three times the noise level) [26]. These
pixels are then grouped and visualised to allow manual selection of endmembers. In this paper,
the term endmember is used to name the reference spectra (spectra of pure materials) from
the internal classification method. Those endmembers are created by averaging the pixels
of the selected cluster in a 3-D-scatter-plot. Once these endmembers are extracted from the
image, a SAM classification is performed. The tolerance angle o between the endmember and
spectra in the artwork is determined by averaging the spectra of each pixel assigned to that
endmember. Once the average spectra of those pixels have the same spectral characteristic
of the endmember compared, the angle « is considered appropriate. In our analysis, the
tolerance angle varied for each endmember (from 0.1 to 0.18 radians).

4 Results and discussion

For all of the results, the two classification techniques and the application methodologies were
first compared and illustrated using the Aubusson tapestry as an example. In the end, the HSI
in the SWIR turned out to be the most sufficient method to identify the fabrics. However, the
V-NIR range was useful for probing the dyes. Subsequently, applying this methodology to
the three tapestries allowed for a discussion on the comparison of the materials used in the
eighteenth-century Royal Manufactories.

4.1 Textile identification

Hyperspectral imaging in the short-wave infrared range allowed us to obtain the spectral
signature from the substrate, in this case the textile. According to eighteenth-century writings,
Grand Teint tapestries were produced from only wool and silk. Although both wool and silk
are proteinaceous materials, a difference in structure and the presence of sulphur-free amino
acids in silk allows us to differentiate them [27]. Figure 3b shows the distribution of the two
fabrics making up the Aubusson tapestry. The RGB channels have been fixed in the software
on the signature bands of the silk [15, 28]: 2205 nm, 1575 nm, and 1536 nm (4531 cm~ L,
6349 cm™!, and 6510 cm™!, respectively). The band at 2205 nm indicates the presence
of protein B-sheet typical of the silk structure, while the bands at 1575 and 1536 nm are
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Fig. 3 A Photographs of the top right corner of the Aubusson tapestry; black rectangle: analysed area of
the tapestry (0.83 m x 0.3 m); B false colours hyperspectral image in the SWIR range (R = 2205 nm; G =
1575 nm; B = 1536 nm)
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Fig. 4 Grey and yellow lines: reflectance spectra of silk and wool references with their characteristic bands.
Red and black: spectra of zones A and B from the Aubusson tapestry (respectively, red and black circles in
Fig. 3B)

associated with the amide groups of the S-sheet. The significant bands of the wool occur at
2177 nm and 1506 nm and are associated with the «-helical structure of the textile. In Fig. 3b,
the areas made of wool appear green-blue, while the areas made of silk are white. Figure 4
shows typical reflectance spectra obtained in the SWIR range on a green—blue zone (Zone
A, Fig. 3). They are compared with reference spectra where signature bands are pointed for
silk and wool. This method thus appears to be effective in identifying and mapping textiles.
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Fig. 5 Classification performed with the SAM (maximum angle: 0.1) with our colour chart as a reference
(analysed area: 0.83 m x 0.3 m)

In order to validate this approach based upon the mapping of the specific reflectance textile
bands, two different tests were performed. First, the external database method with a SAM
classification was performed. The external reference database was composed of one undyed
wool sample and one undyed silk sample. The result obtained with an angle o = 0.1 radians
of the SAM classification is displayed in Fig. 5. In this figure, the unclassified pixels are
shown in black (i.e. the pixels where the SAM angle was outside of the chosen maximum
angle). Blue pixels are associated with the reference corresponding to silk spectrum. When
checking this result with the real spectra on the hyperspectral image and comparing it with
Fig. 3b, it is observed that all of the wool areas were either attributed to silk or not attributed
at all. Results with a slightly higher or lower « value give a similar result. Indeed, when the
angle is increased, all pixels end up being attributed to the silk reference. On the contrary,
when « is decreased, the pixels are no longer classified. In the end, despite the angle chosen,
no pixel is ever attributed to the wool. This method therefore does not seem to be reliable for
the identification of textiles given the constraints of our reference sample.

For comparison, a classification with extraction of the endmembers beforehand was per-
formed and is displayed in Fig. 6. This treatment allowed the extraction of two reference
endmembers from the image. The spectra of these endmembers, shown in Fig. 6b, exhibit
the significant bands of silk for endmember #1 and wool for endmember #2. Furthermore,
the results of the textile mapping correspond well to those obtained in Fig. 3b and thus allow
for a very precise separation between wool and silk.

Of the two, the extraction of endmembers (i.e. internal database) appears to be a more
reliable method. As our raw textile reference spectra are too different from those of the
tapestry, it appears that the classification with an external database reference is not possible.
The reasons for the difference between our reference material and the archaeological sample
will be detailed later. However, these tests have shown that the technique of pointing at the
vibrational features of the silk with the RGB channels is sufficient in mapping the textiles.
This technique was applied to all of the areas analysed in the studied tapestries. Ultimately,
observations matching the false colour hyperspectral images in the SWIR and photographs
of the tapestries allowed a comparison of patterns of the textiles used in the Manufactories.

False colour images in the SWIR range allowed us to “map” the textiles on the Aubusson
tapestry (Fig. 7a and b). This mapping revealed that the silk is only used for areas of lighter
shades (beige, ivory and yellow), while the darker colours (blue, red or green) are dyed on
wool. The silk is used sparingly and only on small areas or in the middle of a wool area to add
dimension to the design. In the Aubusson Manufactory, the choice of the fabric used seems
to be dictated by the colour which it had been dyed. In contrast, the Beauvais Manufactory
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Fig. 6 A Classification performed with the SAM (maximum angle: 0.1) after SHW and endmembers extrac-
tions. (MNF dimensionality: 15, PPI threshold value: 3, PPI number of iterations: 10.000) (analysed area:
0.83 m x 0.3 m); B reflectance spectra of the two extracted endmembers

seems to have used a different technique. This is apparent in Fig. 7c, which shows that the
type of textile used was selected based upon design area without consideration of colour.
To this point, the beige hair and the red or ivory dresses are made of silk, while the light
flesh-coloured bodies and the dark blue-green bush in the background are woven from wool.
Finally, the tapestry from the Gobelins Manufactory presents a textile distribution using the
characteristics of the two other tapestries. Indeed, Fig. 7b shows that the textile is distributed
without distinction of the colour used but rather according to the imagery of the drawing
itself. In this example, the wool is used for the beige body skin or the red dress. Silk is
therefore used in large areas but also in small zones such as in Vulcan’s hair to symbolise
the reflections, thus adding dimension as is similarly observed in the Aubusson tapestry. The
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Fig. 7 Left: photograph of an area of the tapestry; right: hyperspectral imaging false colours in the SWIR
range (R = 2205 nm; G = 1575 nm; B = 1536 nm). A Aubusson; B Gobelins; C Beauvais

observations made on these detail images shown in Fig. 7 can likewise be found for the
entirety of each respective tapestry.

These technical and aesthetic choices may reflect an economic consideration by the Aubus-
son Manufactory. In this regard, they may have reduced the quantity of silk used, perhaps
due to this fabric being more expensive than wool. Conversely, it could also highlight the
greater prestige of the Gobelins and Beauvais Manufactories, whose tapestries contain large
quantities of the more expensive silk.

4.2 Dye identification through the example of madder colour chart

The reflectance spectra in the V-NIR range have proven to be more suitable for dye iden-
tification. Because several factors can influence the classification of tapestry materials, it is
important that the treatment of the data be conscientious. Firstly, the state of conservation
of the tapestry can have an impact on the identification of the materials. In our sample, the
artwork has, in fact, been damaged in certain areas, and the layer of dust accumulated over
time modifies the colour of the threads, particularly when colours are light. This phenomenon
warrants the need to extract end members directly from the image, rather than using an exter-
nal database. In addition, problems with differences in reflectance can be induced by the
structure of the material itself. The tapestry is not a completely flat surface due to its conser-
vation state and because it is woven with wool or silk threads. As these threads are curved,
the light received during an analysis is not exactly identical between the top, the middle, and
the bottom of the thread. This structure creates some differences in absorption between these
zones and consequently between different pixels. Finally, a colour can be optically created
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( A) R ——Endmember 3 (D) Endmember 4
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Fig. 8 A Photographs of the madder colour chart, B classification SAM (« = 0.2) after SHW of the madder
colour chart (endmembers 1 and 2 are linked to the black paper and labels and are therefore not shown in
this representation) (MNF dimensionality: 23, PPI threshold value: 3, PPI number of iterations: 10.000), C
endmember 3 and reflectance spectrum of sample O1F, D endmember 10 and reflectance spectra of samples
01C, 01D and O1E

by the interweaving of several threads of different colours. To account for this would require
very fine spatial resolution and thus the search for dyes and their accurate identification can
become quite complicated.

In order to assess these issues, a test of the internal database system via the ENVI-SHW
was carried out on a colour chart of madder. From this colour chart (Fig. 8a), the endmembers
were internally extracted with the SHW process. A SAM classification was then performed
to associate the endmember with pixels of the colour chart (Fig. 8b), giving each endmember
a defined colour.

Figure 8 shows that some endmembers are very well defined and can indeed map an area
as is evidenced on sample O1F. In Fig. 8b, the classification shows that sample 01F is almost
entirely (95%) associated with blue pixels (59,588 out of 63,200 pixels analysed are blue).
Figure 8c shows the spectrum directly extracted from sample O1F (Fig. 8a) and endmember
#3 associated with the blue pixels on the SAM classification (Fig. 8b). The two spectra are
indeed very close and have the same characteristic absorption bands of madder at 510 and
545 nm [11]. Those absorption maxima are due to n — m* transitions of carbonyl groups
present in the molecules of alizarin, of which madder is mainly composed [29]. The spectra
also show a rather strong reflection band between 420 and 450 nm which has likewise been
observed in other cases [30]. Figure 8b shows, on the other hand, that the assignment via the
internal database is not always homogeneous even when the spectra are extracted from the
object itself. For the same formulation, the processing associates up to three endmembers
(e.g. sample 01C and O1E). Figure 8d illustrates the fact that when the spectrum does not
contain any specific bands but only a broad absorption band and a difference in intensity,
it is difficult to discriminate one area from the other. Indeed, sample 01C shows mostly a
strong broad absorption band from 410 to 560 nm, thus masking the two specific bands of
madder (510 and 545 nm), a phenomenon previously observed elsewhere [30, 31]. This is
due to the higher madder concentration of this sample and to the colour being darker. Thus,
sample 01C is associated with 4 different endmembers, with the majority of the pixels being
attributed to endmember #10, similar to samples 01D and O1E. This can be problematic,
especially for yellow dyes or tannins which have broad absorption bands but a different
shade on the tapestry. Fortunately, other clues are present with some yellows dyes and can
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assist in identification [32]. Moreover, this process identifies the zones differently according
to the flatness of the surface which can cause erroneous attributions. As stated above, these
problems are found on the tapestry as the weave is not completely flat. The selection of the
correct o is therefore very important because, when increased, it can avoid the problems
related to the flatness of the sample. However, if it is too high, it risks associating pixels with
close spectra but different shades.

4.3 Identification of other dyes

For the purposes of identifying dyes, the internal method was applied on the tapestry. In doing
s0, a classification with the SAM algorithm (Fig. 9b) was performed after the extraction of 10
endmembers with ENVI-SHW. The endmembers were divided into three categories: green,
yellow/brown, and red shades.

Figure 9c displays 4 endmembers whose corresponding pixel shades on the tapestry are
green. It is known that green shades were composed of fabrics dyed initially with a base of
blue, from either indigo or woad for the Grand Teint dyes [3]. In this case, spectra exhibit an
absorption maximum at 660 nm and an inflection point at 720 nm, as a result of the presence
of indigotin that is the main constituent of indigo and woad [11, 30]. Next, the blue textile
is soaked in a yellow dye bath, the formulation and soaking time being determined by the
shade desired. The list of Grand Teint yellow dyes was made up of weld, dyer’s broom,
safflower, fenugreek, and old fustic. The first four species are mainly composed of molecules
such as luteolin or genistein belonging to the flavonoid family. This makes their absorption
and therefore their reflectance spectrum very similar, with an absorption band between 400
and 460 nm depending on their shade. Old fustic, which is mainly composed of maclurin of
the ketone family, also displays a broad band in the same spectral range [32]. Further, in the
spectra of endmembers #3, #6, #7, and #8, the existence of a second absorption maximum at
415 nm confirms the presence of a yellow dye. This study therefore highlights the diversity
of shades used in the tapestry as this relatively small area appears to be composed of at least
four different greens.

Figure 9d shows the spectra of endmembers corresponding to yellow, white, or brown
pixels. The spectrum of endmember #1 displays the typical relatively flat shape of a brown
obtained from tannins of the polyphenol family. Grand Teint dyes authorized to dye tawny
and brown included walnut stain, sumac, alder bark, and walnut root. Endmembers #5, #9,
and #10 are examples of the problems specific to tapestries that can be caused by weaving and
by the numerous shades used. First, in the area in the green square in Fig. 9a, only one shade
of white is present. Yet, the distance between the threads creates a shadow and consequently
darker pixels, thus creating a “fake” endmember, (i.e. #10). Indeed, the inauthenticity of this
endmember is demonstrated in the green square in Fig. 9b. Here, the grey pixels assigned
to endmember #10 are arranged in a line between the pixels assigned to endmember #5,
thus indicating a shadow between threads. Spectra from the yellow pistil, white petal, and
white leaf areas were also extracted for comparison with endmembers #5 and #9. Results
suggest that, despite the appearance, the white area of the leaf is in fact a green. In this case,
the degradation of the tapestry has turned this colour from a green to a very light yellow to
white in terms of its appearance to the human eyes. Indeed, the spectrum (Fig. 9d) shows
an absorption band at 660 nm, which is significant for indigotin and a maximum at 415 nm
whose likely provenance is from flavonoids. The spectrum extracted from the white zones of
petals also shows a maximum at 415 nm, while there is a maximum at 420 nm for the pistils.
The latter two areas would have therefore originally been two different shades of yellow.
Endmember #5 appears to be a mixture of spectra from the two white areas (leaf and petal),
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Fig. 9 A Visible hyperspectral imaging (R: 650 nm; G: 540 nm; B: 450 nm) of a detail of the Aubusson tapestry
(8,3 x 24,8 cm), B SAM classification after ENVI-SHW (MNF dimensionality: 12, PPI threshold value: 3, PPI
number of iterations: 10.000, angle «: 0.12—0.18 radians.); reflectance spectra of the endmembers extracted,
C green, D yellow and brown, E red (pixels corresponding to endmember 5 (grey line) appears white on (B))

which is confirmed by the classification in Fig. 9b, where the white pixels of endmember #5
are found in both areas. In the case of very close shades, it is therefore critical to double-check
the data directly on the hyperspectral image. This highlights one of the limitations of internal
endmember extraction in this particular material.
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Finally, Fig. 9e illustrates that spectra of endmembers #2 and #4 show a broad absorption
band from 560 nm, indicating a high concentration of madder. In addition, spectrum #2
exhibits a very weak band at 515 nm, further confirming the use of this dye. The absence of
the two specific bands (505-515 nm and 540-550 nm) [11, 30] on the spectrum of endmember
#4 highlights the phenomenon already observed on the colour chart.

Figure 9b shows that some endmembers have not been extracted, such as the dark blue
of the leaf centre or the almost-black red of the petals. This absence can sometimes be
attributed to the pixels selection by the PPI algorithm. Clearly, if no pixels are selected in
these areas, the clusters determining the endmembers will not contain the associated spectra.
This phenomenon, although already observed elsewhere by Kleynhans [18], is not the origin
of the problem in our case, however. Upon further inspection, one pixel in the blue area
and two pixels in the dark red petal area were in fact found. Subsequently, after another
observation of the 3-D-scatter-plot, these pixels were identified and the endmembers could
be successfully extracted. It is worth noting that this seems to occur on the darkest, almost
black colours. But this example nonetheless demonstrates the importance of a very thorough
and accurate cluster selection.

Comparing the results from the three tapestries reveals an important similarity. Notably,
they have the common characteristic of having a blue sky dyed with indigo on silk. Today,
the skies in the tapestries appear to be almost white or grey to the naked eye, with a very light
blue tint. In the Aubusson tapestry, the sky is the only place where indigo alone is used to dye
the silk. In all the other areas, yellow is also used. On the other hand, indigo is used alone and
as a mixture when dyeing wool. The Gobelins tapestry, by contrast, shows numerous areas
of indigo dyed on silk (e.g. the quiver of arrows at Vulcan’s foot (Fig. 2a)). Although the
reflectance spectra do not differentiate between indigo and woad, ancient treatises instruct
the dyer not to dye silk with the woad tank, as this plant does not dye this textile quickly
enough [4]. This information leads to the hypothesis that all of these blues on silk were in
fact dyed with indigo. It is also observed that all of the blues dyed upon silk are degraded
and appear almost white today. These observations therefore raise the question of whether
the Gobelins artists were aware of this phenomenon of degradation. If so, did they choose
the luxury of silk to the detriment of the colour holding?

Another notable difference is the use of cochineal. Indeed, this red insect-based dye is
more common at Gobelins and Beauvais, in comparison with the Aubusson Manufactory,
which uses mainly madder. The Aubusson tapestry that displays the arms of Count von Briihl
features only two very restricted zones (pink flowers) that used cochineal, both of which only
use this dye to obtain a pink. All other shades from red to purple found on this tapestry
are made of madder (mixed with another dye). The two other tapestries, however, feature
numerous pinkish shades and use madder only for the red in Vulcan’s robe (Fig. 2a) and that
of Mars (Fig. 2b). All other shades of red were created through the use of cochineal.

Finally, the Aubusson tapestry seems to present an overall greater variety of shades. For
example, green is expressed in at least five different shades in one area alone. However,
given that the image themes presented are different, the variety of shades utilised may be
due to aesthetic choices and/or because of the subject matter being portrayed. For a fuller
understanding of the hyperspectral results, in the future it could also be beneficial to take a
multi-analytical approach such as through the use of portable X-Ray Fluorescence (pXRF)
[33-35] for mordants or microspectrofluorimetry [36, 37] for flavonoids [32]. Further, these
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data may also be complemented, in some cases, with invasive methods that have been estab-
lished for the identification of dyes, such as chromatography coupled with mass spectrometry
[10, 38-40].

5 Conclusion

The analyses performed in this paper raised many observations concerning the use of mate-
rials in the three Royal Manufactories of tapestry during the eighteenth century. Indeed, the
mapping from hyperspectral imaging, as opposed to point methods, allowed for the rapid
visualisation of the dyes and textiles used as well as the identifying the correlation between
textile use and colour. Both wool and silk were used for tapestry production, but were dyed
in different ways. For example, textiles were dyed with madder and indigo on wool and
weld or light colours on silk in Aubusson, whereas cochineal and indigo were dyed either
on wool or silk at the Gobelins and Beauvais Manufactories. Our analyses also highlight the
less frequent use of silk or cochineal in Aubusson.

HSTIin V-NIR and SWIR proved to be effective methods for the identification and mapping
of materials (dyes and fibres) of old tapestries. However, in the case of tapestries, there are
certain complexities due to light degradation and the non-planarity of the surface. This paper
shows the consequences of those material particularities on the classification methods. Indeed,
the external method is less efficient due to the use of “fresh” (not degraded) samples with the
colour chart. The classification methods with internal reference used through ENVI-SHW,
on the other hand, provide a more effective first approach to identifying the distribution of
textiles used in the SWIR range (as well as indicating the vibrational features via the RGB
channels). This method also allows us to map the different dyes and to identify dyes with an
easily recognisable spectra in the V-NIR range. In the future, this treatment should be further
developed to facilitate the differentiation of areas where the same dye is used but in different
shades. Presently, the effects of degradation and/or material geometry can cause misleading
classifications due to the separation of pixels that have been dyed using the same formulation.

Finally, the power of hyperspectral imaging and its use in two domains (V-NIR and
SWIR) has enabled many observations that may indicate a real economic difference between
the different manufactories. Furthermore, the results indicate that sometimes the imagery,
the richness of the theme, and/or the materials may have taken precedence over technical
considerations. For example, one can wonder if the use of indigo, which fades quickly when
used as a silk dye, is indicative of more than a simple desire to show the luxury of the Gobelins
Manufactory as compared to others. Overall, given these results, this analysis thus allows
for a better understanding of the place that the Aubusson Manufactory occupied within the
French economic and artistic landscape.
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