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Chromatic changes in paintings of Adriano
de Sousa Lopes after the removal of aged varnish

Variagoes cromaticas em pinturas de Adriano
de Sousa Lopes apds a remoc¢ao de verniz oxidado

Abstract

The ability to digitally remove the varnish layer during the pre-conservation diagnostic of
a painting, without any chemical or physical intervention, could be an advantage because it
enables the prediction of the outcome of the cleaning procedure of the protective layer and
contributes to the treatment proposal. Two paintings from Adriano de Sousa Lopes were
investigated by hyperspectral imaging in the visible range, before and after the varnish layer
removal. The spectral reflectance was estimated in each case and its comparison used to
assess the effect of the varnish layer removal. The simulated paintings with the old varnish
layer were compared with those restored, with no varnish, by comparing the chromaticity
coordinates and other chromatic descriptors. It was found that considering the effect of the
varnish layer of each painting individually produces lower errors than considering the ave-
rage of the varnish layer across paintings. It was also found that simulating the varnish layer
removal without knowing the varnish transmittance produces limited results and that the
errors are smaller if the chromatic content is assessed without considering lightness.

Resumo

A capacidade de remover digitalmente a camada de verniz na fase de diagnéstico de uma
pintura, sem qualquer intervengdo quimica ou fisica, poderd ser uma vantagem, pois per-
mite prever o resultado do procedimento de limpeza da camada de prote¢io e auxiliar a
proposta de tratamento. Duas pinturas de Adriano de Sousa Lopes foram investigadas por
imagiografia hiperespectral na zona da luz visivel, antes e apds a remog3o da camada de
verniz. A reflectincia espectral foi estimada em cada caso e sua comparagio utilizada para
avaliar o efeito da remogao da camada de verniz. As pinturas simuladas com a camada de
verniz envelhecida foram comparadas com a intervencionada, sem verniz, comparando as
coordenadas cromdticas e outros descritores cromdticos. Verificou-se que considerando o
efeito da camada de verniz de cada pintura individualmente obtém-se erros mais baixos
do que considerando a média da camada de verniz das duas pinturas. Verificou-se também
que simular a remogdo da camada de verniz sem saber a transmitincia do verniz original
produz resultados limitados e que os erros s2o menores se o contetdo cromdtico for obtido
sem considerar a luminosidade.
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Introduction

With time, the varnish layer that protects and enhances the
surface of an artistic painting deteriorates and reduces the
visibility of the painting, becoming yellowish with darker
spots and unreadable. This yellowing, also referred to as
oxidation, is produced by light, contaminants present
in the environment and moisture, among others [1, p.
16]. This pathology, in addition to the aforementioned
characteristics, leads to the loss of glossiness, brightness of
textures [2, p. 170] and, finally, elasticity of the protective
layer, making it sometimes brittle [3, p. 82]. Removing the
unwanted varnish layer is therefore important as long as
some conditions are observed [4], the main purpose of the
intervention being to remove the varnish layer without
damaging the original painting.

Other methodologies have described the digital restoration
of artistic paintings, either based on spectral information
[5-6] or colour information with input from spectral data [7-9]
or considering only the colour information obtained using
traditional digital cameras [10-11]. Nevertheless, the methods
described, although more representative of the optical
effects in place at the time the light casts on the painting and
is reflected and viewed or acquired [12-16], either require the
knowledge of the transmittance spectra of the varnish used
as a protective layer, or intend to simulate the cleaning and
posterior reposition of the varnish layer with the highest
possible spectral precision.

The work here presented intends to be a simpler approach
to the digital restoration towards a faster and wider usage
of the methodology to provide a closer representation of
the simulated image without the varnish layer. Collecting
information about the spectral influence of the varnish layer

will provide a database of its influence that could be used
with the reflectance spectra acquired from hyperspectral
imaging of the original painting [17-21] which is being widely
available, without the need of further chemical or physical
interaction with the painting.

The best simulations of the varnish removal were found
when using each painting’s information of its varnish layer
and not the averaged information collected across the two
paintings analysed. Nevertheless, both methodologies
presented higher errors than the visual threshold for complex
images, which seems to indicate that further modelling is
required to provide a usable digital restoration.

Methods

Description of the paintings

As a case study, two artworks by Adriano de Sousa
Lopes (1879-1944) with the title Cerco de Lisbhoa, 1384
(FBAUL/3560/P), from 1906, and Nuno Alvares em Valverde
(FBAUL/3634/P), from 1904, were used and represent the
stages of Nuno Alvares Pereira’s life. These paintings were
made by oil on canvas and measure 54.3 cm x 81.5 cm and
46 cm x 55 cm, respectively, and were labelled as painting 1
and painting 2, respectively.

Adriano de Sousa Lopes was a student of the School of
Fine Arts (1895-1903), having gone to Paris in 1903 as a legacy
Valmor scholar to further his studies at the Ecole des Beaux-
Arts. The paintings are academic works produced in Paris
and belong to the painting storage of the Faculty of Fine Arts
of the University of Lisbon [22].

Figure 1 represents the paintings used in the analysis des-
cribed here, before and after the removal of the varnish layer.

Figure 1. Paintings Cerco de Lishoa, 1384 (painting 1) (@ and b) and Nuno Alvares em Valverde (painting 2) (c and d), before (@ and ¢) and after (b and d) removing

the protective varnish layer.
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Figure 2. Detail of a cleaning area of painting 1 before (a, with detail in ¢), during (d) and after cleaning (b with detail in e).

Conservation and restoration treatments

State of conservation

Both paintings presented a homogeneous layer of dust and
dirt, with special incidence in areas of deformations and
tears, both in the front and in the backside. The layers of
dirt can be a complex mixture of organic and inorganic
materials, which could include particulates and amorphous
substances that can differ according to the history of the
painting and its environment. Also, the deposits could
adhere strongly on the surface and in some instances may
even be absorbed into the layer of the coating [23]. There
was a marked browning resulted from the aging of the
varnish and the deposition of dust and other environmental
pollutants. This layer, being the outer layer of the artwork,

is also the most exposed to the agents of deterioration.
In addition to a darkened structure, it lost flexibility and
yellowed, thus presenting changes in optical, physical and
chemical properties. As a result, it became more insoluble
in the solvents in which it was prepared.

It should also be noted that the application of the varnish
was not homogeneous, resulting in accumulation in some
areas more than in others, namely in the peripheries as
can be seen in Figures 2 and 3. This discrepancy caused
differences over time and a distinct yellowing/darkening in
the form of spots, in different areas of the painting, a factor
that compromised the reading of the pictorial composition.
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Figure 3. Detail of a cleaning area of painting 2 before (a) and after cleaning (b).

Figure 4. Cleaning tests with 6 TriSolv solutions carried out at painting 1.

Cleaning

After assessing the state of conservation of the paintings and
its structure, a conservation and restoration intervention
methodology was devised and applied to meet the needs of
each individual piece, as well as to respect the ethical criteria
of Conservation and Restoration [4].

Aiming to remove the oxidized varnish, which no lon-
ger assumes the original function — protection and reada-
bility [2] -, wet cleaning was carried out. Two cleaning sys-
tems were tested: a mixture of nonpolar and polar organic
solvents and gelled polar organic solvents.

Several solubility tests were performed for each coloured
area. The purpose was to test different solutions with increa-
sing degree of polarity to determine the solubility parameters
of the varnish. The TriSolv solubility triangle of the Istituto
Superiore per la Conservazione ed il Restauro (ISCR) [24] was
used as reference. We chose three solvents: isoctane, ethyl
alcohol and acetone, distributed in six possible combinations

(Figure 4). This method was selected considering its low toxi-
city, an essential aspect to consider the protection of the con-
servator-restorer and the environment.

As the varnish used by the artist on the paintings was
unknown and to ensure the safety and integrity of the pain-
tings, the tests to remove the varnish started with low pola-
rity solutions. It was found that in the case of painting 1 the
varnish was only solubilized by the mixture of ethanol (18
mL), isooctane (40 mL) and acetone (42 mL) corresponding
to the TriSolv 4 solution (Figure 2). The selected solution,
according to the data obtained through TriSolv triangle,
allows the dissolution of materials based on oil, a natural
resin or a synthetic resin.

The set of solutions devised and tested in painting 1
proved to be ineffective for painting 2 mainly for two rea-
sons: the low polarity of the solution and the rapid evapo-
ration of the solvents. From the tested solutions, it was
found that more satisfactory results were obtained with
acetone. However, even with this solution the results obtai-
ned were not considered sufficient. To improve the output,
the retention time was increased and acetone (Carbopol
Resin + Ethomeen C12) [25] (see Figure 3 and 4) was gelled
[25, pp. 62-65], [26]. After the removal of the varnish layer, it
was verified that the paint had a darkened layer of dirt, rea-
son for which it was deduced that the work was not varni-
shed after its completion and drying. The time between the
drying of the work and the varnishing must have been sig-
nificant, as the varnish was applied onto a layer of dirt on
the painting’s surface. This layer of dirt was removed with a
solution of demineralized water and one drop of Brij 35 sur-
factant of neutral pH [25] (see Figure 5).

CONSERVAR PATRIMONIO 34 (2020)

53



Chromatic changes in paintings of Adriano de Sousa Lopes after the removal of aged varnish

Clening tests Clening with acetone gel Cleaning of dirt
l I D |:| D Figures and background
Bl Clean tests Il Acetone Solvent 1 Water + drop of Brij®35

Figure 6. Painting 1 before (@) and after (b) varnishing the painting's surface. Painting 2 before (c) and after varnishing (d).
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The clean-up, in both cases, was initiated by the bottom
part of the paintings moving towards the volumes. The
treatment applied enabled the removal of both the layer of
dirt and the film-forming layer of the aged resin. When in
place, thislayer delivered a painting with less saturated tones.
The conservation and restoration methodology devised and
put in place facilitated the reading and understanding of the
two paintings by Sousa Lopes.

After hyperspectral imaging the paintings without
the original varnish layer, the paintings were varnished
with urea-aldehyde resin (Laropal A-81), stable to light
and environmental fluctuations and removable with
biodegradable and low toxicity solvents [27]. This procedure
intensified the optical effect of the pictorial layer, as well as
protected it from external agents (Figure 6).

Hyperspectral images acquisition

The previously described paintings were investigated
using a hyperspectral imaging system, before and after the
restoration cleaning.

The hyperspectral imaging system was able to acquire
the reflectance spectra from the paintings with a spectral
resolution of 33 spectral bands, from 400 nm to 720 nm in
10 nm steps. The full width at half maximum (FWHM) at
400 nm was of 6 nm, at 550 nm of 10 nm, and at 720 nm
of 16 nm. The spatial resolution of the system was of 1344
(H) x 1024 (V) pixels with an output of 12-bit. The system
was composed of a low-noise Peltier-cooled digital camera
(Hamamatsu, C4742-80-12AG, Hamamatsu Photonics
K.K., Hamamatsu City, Japan) coupled to a fast-tunable
liquid-crystal filter (VariSpec, model VS-VIS2-10HC-
35-SQ, Cambridge Research & Instrumentation, Inc., MA),
mounted in front of a zoom lens working at 75 mm (of a
possible 12 mm to 75 mm) and at f/11. An infrared filter was
mounted in front of the system to prevent contamination
from out-of-band transmission.

Paintings were illuminated by a discharge lamp (OSRAM
HQI 150W RX7s) and any illuminant spatial nonuniformities
were compensated by imaging a uniform surface in the
same location and under the same illuminating conditions

- ..__-_:*— 1 P’;_ _,:..':’ t‘

.'-_;-"h' S

as the paintings. The spectral reflectance of each pixel of
the paintings was estimated from a grey reference surface
present near the painting. The accuracy of the system in
recovering spectral reflectances of oil-painted test samples
was on average within 1.3 when expressed by the CIEDE2000
colour difference equation [28]. Further details of the
system can be found elsewhere [29]. Figure 7 represents the
type of information that it is possible to retrieve from the
hyperspectral images. Each pixel of the digital image can
provide the reflectance information of the correspondent
analysed area on the painting. The selected pixels on the
image (@) provide the spectral reflectance from 400 to 720
nm in 10 nm steps (b).

Hyperspectral images processing and chromatic diversity
The data extracted from the two paintings had about
1x108 pixels each. Each pixel had the information of the
reflectance spectra and covered an area at the surface of the
painting of side of about 0.73 mm and 0.46 mm for paintings
1 and 2, respectively. To better analyse the influence of the
varnish layer removal, each reflectance spectrum from
400 nm to 720 nm in 10 nm steps was converted into a
chromaticity coordinate in a colour space with visual
perceptual characteristics built in. This is the CIELAB
colour space where colour differences between chromaticity
coordinates represent a perceptual difference assuming an
observer looking at different samples with the same size
under the same viewing conditions [30]. The conversion of
the reflectance data into the CIELAB colour space assumed
the CIE 1931 standard colorimetric observer and the CIE
standard illuminant Dés [30]. Each pixel of the image was
then converted into a chromaticity coordinate.

The average of the reflectance spectra was initially
considered instead of individual pixel comparison as the
data of the two paintings were acquired at different times
in similar acquisition setups but not exactly equal, which
implies that the same area of the painting before and after
the varnish layer removal may not be on the same camera
pixel of the correspondent acquired image, precluding
the use of individual pixel comparison. To overcome this

1.0

Reflectance (%)
(=)

0.0 T T
400 500 600

b Wavelength (nm)

700

Figure 7. Reflectance spectra (b) obtained from the hyperspectral image of painting 2 in several points (a).
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Figure 8. Images of the paintings acquired before and after the varnish layer removal, before (a) and after (b) image registration. The odd squares represent
the image before the varnish layer removal and the even squares after this removal. In (a), the absence of image continuity from odd to even squares
indicates that the two images are spatially different for each image pixel. After the image registration procedure (b), odd and even squares represent
contiguous areas of the image, showing that both image pixels can be correlated.
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Figure 9. Representation of the image pixels in the CIELAB colour space for painting 1 (¢ and b) and painting 2 (c and d). Each point in the diagram is a
chromaticity coordinate, estimated from the reflectance information, before the removal (2 and ¢) and after the removal (b and d) of the varnish layer. Visual
representations of the paintings acquired before and after the removal of the varnish layer are depicted in Figure 16.
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limitation, images were spatially registered using Matlab
(MathWorks, Natick, MA, USA) in the spatial domain and
the results were compared in the CIELAB domain. Figure 8
represents the effect of the image registration process.
Figure 9 represents the chromaticity coordinates in the
CIELAB colour space obtained from the reflectance data of
painting 1 and 2, before and after the varnish layer removal.
To quantify the chromatic diversity on each painting and
analysed condition, two metrics of chromatic diversity were
used: the color gamut and the number of discernible colors.
The colour gamut was estimated by computing the volume
occupied by the convex hull that enclosed all the colours
in the CIELAB colour space (convexHull routine, MatLab,

00—
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)
(=]

b 50 50 a

Figure 10. Representation of the convex hull (orange lines) that encloses all
the colours inside (blue points). Depicted are the chromaticity coordinates
of painting 1, before the removal of the varnish layer.
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Figure 11. Representation of the segmentation of the CIELAB colour space
into four quadrants, disregarding the L* information, on the 2D projection
plot. The point area visible on the lower part of the figure represents the
projection of the chromaticity coordinates distributed along the four
quadrants (magenta, cyan, green and red for quadrant 1, 2, 3 and 4,
respectively).

MathWorks, Natick, MA, USA). Figure 10 represents with
orange lines, in the CIELAB colour space, the convex hull
estimated to enclose all the colours of painting 1 (represented
as blue points), before the removal of the varnish layer. The
volume was estimated by computing the volume occupied by
the geometric form created by the convex hull (orange lines).
An increasing colour gamut was assumed as an increasing
chromatic content.

The number of discernible colours was also estimated to
represent the chromatic diversity that an observer could per-
ceive when observing the paintings. The number of discerni-
ble colours was estimated by segmenting the CIELAB colour
volume into a cubic lattice with unitary volume in each indi-
vidual cube. It was assumed that all the chromaticity coor-
dinates that were inside the same unitary cube could not
be distinguishable and were considered as one individual
colour. Counting the number of non-empty cubes will pro-
vide an estimative of the number of discernible colours [19,
31]. Higher numbers of discernible colours were assumed as
an increased chromatic content. The latter estimation will
provide information about the chromatic diversity without
considering empty volumes that can be computed using the
convex hull methodology.

Estimation of the influence of the removal

of the varnish layer

The data of the two paintings used in this analysis was obtai-
ned using hyperspectral imaging before and after the var-
nish layer removal. The reflectance spectra of the painting
with and without the varnish layer were obtained and used
to estimate the average overall effect of the varnish layer. If
R, is the reflectance spectra of an area of a painting after the
varnish layer removal and Ry, the reflectance spectra of the
same area before the varnish layer removal, then it is possi-
ble to estimate the overall influence of the varnish layer [30]
V. by RV =Ry, <=>V;=R}/R,, without considering the contri-
bution of each individual layer in the elaboration of the light
information that is obtained from the painting [33]. This
methodology is an over simplification of the effect of a var-
nish layer on a coloured surface as described elsewhere [5,
13-14, 34-35]. Nevertheless, for the purpose of analysing the
chromatic changes it is a rough methodology that may give
fast indicative results [15, 34] which may be of importance
when the varnish used to cover the painting is unknown or
there is no physical access to the painting to retrieve a sam-
ple of the varnish.

The reflectance spectra of the painting before and
after the varnish layer removal were averaged across
all pixels segmented into correspondent volumes in the
CIELAB colour space and used to estimate the influence
of the varnish. Such correspondent volumes provided
comparison among alike hues. The CIELAB colour volume
was segmented into four quadrants, disregarding the L*
information. Quadrant 1, 2, 3 and 4 was considered as a*>0
and b*>0, a*>0 and b*<0, a*<0 and b*<0 and a*<0 and b*>0,
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respectively, attaining the influence of the varnish layer
in several areas of the painting correspondent to the same
hue. Quadrants 1, 2, 3 and 4 are represented in magenta,
cyan, green and red, respectively, in Figure 11.

The varnish layer information obtained was then used to
digitally remove the varnish layer of the Ry reflectance towards
obtaining the simulated R,g reflectance. The differences
between the acquired reflectance R, and the simulated
reflectance R, was estimated by converting the reflectance
information into the CIELAB chromaticity coordinates
as described previously and by computing the Euclidean
distance AE between correspondent pixels’ chromaticity
coordinates in the CIELAB colour space, assuming

NE= (L -1, ) () —a )+ (5 -5, )

Results

Chromatic descriptors and variations

Figure 9 represents the chromaticity coordinates of painting
1and 2, represented in the CIELAB colour volume before and
after the removal of the varnish layer. It is possible to see
that the volume occupied by the chromaticity coordinates
(the colour gamut) on painting 1 decreases while the colour
gamut of painting 2 increases with the removal of the var-
nish layer. The averages of the chromaticity coordinates esti-
mated in the CIELAB colour space are represented in Table 1.
The average CIELAB value does not change much when con-
sidering painting 1, but on painting 2 removing the varnish
will mainly increase the average L*. If the maximum values
are considered, the L* increases in both paintings, of about 5
and 16 L*units in paintings 1 and 2, respectively.

Table 1. Average and standard deviation (STD) values of the CIELAB
chromaticity coordinates of paintings 1 and 2, before and after the removal
of the varnish layer.

Before (average + STD) After (average + STD)

Painting L* a* b* L* a* b*

1 40.5 3.0 6.0 40.3 4.2 7.3
+5.2 +1.9 +3.4 +7.2 +2.3 +3.6

2 45.7 2.4 9.6 54.6 1.8 8.1
+3.7 +2.6  +3.2 +6.7 +41  £5.6

The percentage variations of some chromatic descriptors
and the number of image pixelsinvolved in each computation
were estimated by assuming all the CIELAB colour space
or each one of its quadrants (Figure 11). In the case of the
number of discernible colours or colour gamut estimations,
positive values represent an increase and negative values a
decrease on the represented quantity, when comparing the
painting with varnish with the painting with no varnish
layer. For painting 1 a decrease was found in the number
of discernible colours and colour gamut estimations either
assuming the complete volume or the volume projection on
the CIE(@%b*) diagram, as all data are negative. Considering
all the chromaticity coordinates (first line of Table 2) the
decrease in the colour volume is about 50 % while the number
of discernible colours only decreases about 20 %. For painting
2 the number of discernible colours increased by about 146 %
and the colour gamut increased by about 65 %, considering
all the chromaticity coordinates. For painting 2 all the
analysed variations presented an increase after removal of
the varnish layer. In both cases the majority of the pixels
are in quadrant 1, with the remaining quadrants presenting
very few pixels, hence the big variations when considering

Table 2. Percentage of chromatic variations with the removal of the varnish layer for paintings 1and 2, assuming the entire amount of available chromaticities,

and the available chromaticities in each CIELAB quadrant.

Chromaticity Number of discernible colours Colour gamut Percentage of pixels used (%)
coordinates
CIELAB CIE(a*b*) CIELAB CIE@*b*) Before After
Painting 1 All -20.7 -49.6 -54.9 -59.5 100 100
Q1 -13.8 -38.9 -41.4 -38.4 96.4 97.8
Q2 -51.4 -60.9 -59.5 -67.7 0.5 0.3
Q3 -42.5 -58.6 -81.8 -84.1 0.1 0.1
Q4 -30.1 -58.8 -58.2 -55.2 3 1.8
Painting 2 All 146.6 91.2 65.3 65.8 100 100
Q 130.2 77.0 84.0 109.2 84.2 67.3
Q2 37L5 173.7 38.8 34.5 o) 0.2
Q3 277.2 116.4 47.7 61.8 0.4 8.5
Q4 130.6 78.9 56.6 119.2 15.4 24

Notes: Data are presented for the number of discernible colours, the volume and the area estimated by convex hull (estimating the colour gamut) assuming
all the dimensions of the CIELAB colour space and ignoring L*, respectively. Negative values represent a decrease and positive values an increase in the

analysed quantity.
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Figure 12. Reflectance data correspondent to the influence of the varnish layer: painting 1 (, c and e) and painting 2 (b, d and f). Black line with open circles
represents the average reflectance across all pixels, and the red, blue, magenta and green lines represent the average across the pixels that have colours
that are represented on quadrant 1, 2, 3 and 4 of the CIELAB colour volume respectively. a) and b) represent data for before the varnish layer removal and
¢) and d) for after varnish layer removal. e) and f) represent the differences between them in variations of the reflectance.

the variations per quadrant that can increase up to 371 % for
painting 2 and quadrant 2 or a decrease of about 81 % for
painting 1 and quadrant 3. Only on painting 2 the removal of
the varnish layer will provide a redistribution of the number
of pixels for other quadrants with some impact, but with
little effect (identical variations across quadrants) on the
chromatic descriptors, indicating that the number of pixels
with identical colours increased.

Estimating the effect of the varnish layer

The effect of the varnish layer was estimated by computing
the spectral reflectance differences between the same
painting with and without the varnish layer. The estimated
differences in the reflectance spectra higher than one will
represent a decrease in the overall chromatic descriptors,
and a difference smaller than one will represent an increase
in the overall chromatic descriptors. Figure 12 represents
such variations. On Figures 12a and 12b the average

reflectance estimated across the entire number of pixels
(black line with open circles) is represented for painting
1 and painting 2, still with the varnish layer serving as
protective layer. Also represented in red, blue, magenta and
green are the average of the reflectances for the pixels that
are represented on the quadrant 1, 2, 3 and 4 of the CIELAB
colour space (Figure 11). Figures 12¢ and 12d represent the
same data but considering paintings after the varnish
layer removal. Figures 12¢ and 12f represent the estimated
spectral influence of the varnish layer when computing
the differences between the imagens with and without the
varnish layer estimated across the entire number of pixels
(black line with open circles) and for quadrant 1, 2, 3 and
4 of the CIELAB colour space (in red, blue, magenta and
green, respectively).

Itwas found that the difference in the average reflectances
between before and after the varnish removal will provide
average reflectances higher than one for painting 1 and
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smaller than one for painting 2 (as represented on Figures
12¢ and 12f), which will provide a smaller number of
discernible colours and colour gamut for painting 1 and
higher number of discernible colours and colour gamut for
painting 2, as described in Table 2. It was found that in all
cases the average across all pixels will closely follow the
average of the pixels that have colours on quadrant 1 - which
is not a surprise, considering the number of pixels that are
represented in quadrant 1 for both paintings.

To test the influence of the averaged spectral properties of
the removed varnish layer, two methodologies were used.
In both the varnish layer was digitally removed and the
resulting image was then compared with the painting with
the varnish layer effectively removed. The digital removal of
the varnish layer was done assuming the average spectral
information across colours and paintings, as represented
in Figure 13 with the black line and open circles (labelled
as simulation 1) and assuming each varnish layer for each
painting distributed into quadrants, as represented in
Figures 12e and 12f (and labelled as simulation 2). Differences
between the expected image and the simulations were
estimated by computing the Euclidean distance between
the expected and obtained CIELAB coordinates, and
represented as a distribution of frequencies.

Figure 14 represents the results for simulation 1
(averages across colours and paintings) with red bars and
for simulation 2 (averages across quadrants and paintings’
own information) with black bars for paintings 1 and 2. It
was found that there is a higher frequency of smaller errors
for simulation 2 (black bars) for both paintings. This result
indicates that simulation 2 provides fewer chromatic errors
when comparing the painting and the simulation without
varnish layer. As such, for the purpose of this work, only
simulation 2 will be considered further on when analysing
the data. The most frequent chromatic error estimated in
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Figure 13. Average of the reflectance of the effect of the varnish layer,
estimated across quadrants and paintings (red, blue, magenta and green
for quadrant 1, 2, 3 and 4, respectively) and across entire set of colours and
paintings (black line with open circles).

the CIELAB colour space was of 3 and 5 AE units for paintings
1 and 2, respectively, indicating that the methodology used
was more effective on painting 1. If only the chromatic error
is considered, ignoring the L* information, the most frequent
error in the CIE(a*b*) chromaticity diagram was found to
be 2 and 3 AE units for paintings 1 and 2, respectively, as
represented in Figure 15. The number of pixels involved in
errors in which AE >101s 4.6 % and 12.8 %, for paintings 1and
2, respectively, when estimated in CIELAB, and 1.4 % and 5.6
%, when estimated in CIE(a*b*). These results suggest that
the methodology used is better at predicting the chromatic
changes rather than predicting lightness.

Table 3 represents the average CIELAB values for the
simulated paintings without the varnish layer, assuming the
removal of varnish effect estimated using each painting’s

4 Il Painting 2 Own
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Figure 14. Representation of the error frequency in CIELAB when comparing the real painting with the simulated one, assuming the information of the
varnish layer averaged across colours and paintings (simulation 1, red bars) and across quadrants using the painting' own information (simulation 2,

black bars), for painting 1 (4) and painting 2 ().
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varnish layerinformation averaged across the four quadrants
(simulation 2). It was found that the average CIELAB values
obtained from simulation 2 are not much different from
the ones obtained after the measurement of the painting
without the varnish layer and represented on the right side
of Table 1. Nevertheless, when further chromatic descriptors
are used, it is visible that the simulation does not quite
agree with the expected final result of removing the varnish
layer. Table 4 represents the percentage variations of these
chromatic estimators, namely the number of discernible
colours and the colour gamut and the number of pixels
of the total image used in each estimation. As in Table 2,
positive numbers represent an increase and negative values
a decrease of the analysed quantity. It was found that for
painting 1 the simulated number of discernible colours and
colour gamutis greater than the real one, which represents an
overestimation of the chromatic content, while for painting
2 the same chromatic descriptors are lesser than the real
ones, which represents an underestimation of the chromatic
content. For paining 2 it was found that the colour gamut
of quadrant 2 and 3 was overestimated, but considering the
number of pixels of the image involved such outcome can be
overlooked. The same criteria can be applied to painting 1
and the huge overestimation of the colour gamut of quadrant
3and 4 of about 326 % and 180 %, respectively, as the number
of pixels involved is, again, small.

Figure 16 represents visual simulations of the results
obtained when applying the virtual removal of the varnish
layer using simulations 1 and 2. On Figures 16a and 16b, and
16¢ and 16d are represented, for comparison, the paintings
with and without the varnish layer, respectively.

Table 3. Average and standard deviation (STD) values of the CIELAB
chromaticity coordinates of paintings 1 and 2, after the simulation of the
removal of the varnish layer — simulation 2.

Simulation (average + STD)

Painting L* a® b*
1 40.7+5.4 4%2 7.4%3.5
2 54.5+ 4.4 2.8+3.1 9.4+3.6
30+ o
Il Painting 1 Own
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Figure 15. Representation of the error frequency in CIE (a*b*) when
comparing the real painting with the simulated one, assuming the
information of the varnish layer averaged across quadrants using the
painting's information (simulation 2), for painting 1 (black bars) and
painting 2 (red bars).

Table 4. Percentage of chromatic variations with the simulation of the removal of the varnish layer for paintings 1 and 2, assuming the entire amount of
chromaticities available, and the chromaticities available in each CIELAB quadrant.

Chromaticity Number of discernible colours Colour gamut Percentage of pixels

coordinates used (%)

CIELAB CIE(a%b*) CIELAB CIE(a*b*) Before
Painting 1 All 33.1 109.0 128.2 172.7 100
Q1 26.2 78.0 89.0 86.3 97.2
Q2 56.5 113.3 113.5 144.1 0.3
Q3 27.3 93.5 326.6 356.9 0.1
Q4 58.8 176.1 179.5 189.1 2.4
Painting 2 All -42.3 -31.7 -19.1 -4.9 100
Q1 -41.1 -30.2 -33.1 -30.1 84.1
Q2 -52.5 -47.1 15.4 39.0 0.1
Q3 -49.1 -24.1 13.8 30.2 0.9
Q4 -43.9 -34.8 -19.9 -31.4 14.9

Notes: Data are presented for the number of discernible colours, the volume and the area estimated by convex hull (estimating the colour gamut) assuming
all the dimensions of the CIELAB colour space and ignoring L*, respectively. Negative values represent a decrease and positive values an increase in the

analysed quantity.
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Figure 16. Visual representations of painting 1 (4, ¢, ¢ and g) and painting 2 (b, d, fand h) before the varnish layer removal (a and b), after the varnish layer
removal (c and d) and simulated for the removal of the varnish layer for simulation 1 (e and ) and simulation 2 (g and h).
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Discussion and Conclusion

Former methodologies described the digital restoration of
artistic paintings, either based on spectral information [5-6]
or colour information with input from spectral data [7-8]
or without [10-11]. Nevertheless, the presented methods,
although more representative of the optical effects in
place since the light cast on the painting and is reflected
and viewed or acquired [12-13, 15-16, 35], either require the
knowledge of the transmittance spectra of the varnish used
as a protective layer, or intend to simulate the cleaning and
posterior reposition of the varnish layer.

The method proposed here is based on the comparison
of the reflectance spectra of hyperspectral images from
400 nm to 720 nm in 10 nm steps of two artistic paintings
from Adriano de Sousa Lopes acquired with and without the
original aged protective varnish layer.

The purpose of such comparison disregarding the more
complex and complete optical simulations is to provide a
fast and comprehensive tool to simulate the effect of the
aged varnish layer on the painting perception, assuming
no previous knowledge of the varnish layer. Assuming no
previous knowledge of the varnish layer is important as it
may be composed of aged yellowish varnish, layers of dirt
and dust and non uniform overlays, not only an uniform
layer of transparent varnish.

The use of the spectral properties of the painting’s var-
nish layer will provide lower chromatic errors estimated
in the CIELAB colour space, when comparing the painting
before and after the varnish layer removal. Using an average
spectral influence of the varnish layer will produce poorer
results, although in both cases the errors created are higher
than the detection threshold estimated for complex images
of AE = 2.2 in the CIELAB colour space [36]. If only the chro-
matic differences are considered and lightness is ignored,
the existing errors are smaller, which seems to indicate that
the methodology here used is better at predicting chromatic
changes rather than lightness changes.

The methodology here described was tested only over
the visible range of the spectrum, excluding the assessment
of the impact of the ultraviolet and infrared radiation. The
colour space and colour difference formula used is also
known for its non-uniformities [28]. The light source in use
tolight artistic painting has a strong impact on the perceived
colour [19, 21]. On this work only the CIE D65 illuminant was
considered leaving the impact of using other illuminants
or unknown light sources. It was also assumed that the
white reference was outside of the painting under analysis.
Nevertheless, since the errors were compared intra and not
inter paintings the non-uniformities are minimized, and the
use of such colour space and colour difference formula are
an advantage due to their simplicity and wide use [30].

The use of the number of discernible colours and colour
gamut as chromatic descriptors were proved valuable as
presenting the average CIELAB colour coordinates of the

paintings’ chromatic content before and after the varnish layer
removal wasnotenough, as these data were found to be almost
the same, while the chromatic descriptors were not. Dividing
the CIELAB colour space into quadrants and performing the
analysis using the information separated accordingly did not
provide better results. It was used nevertheless, as it enables
estimations and comparisons of the colours that changed
quadrants with the removal of the varnish layer.

Despite the limitation of this study, the presented findings
seem to indicate that the chromaticities of the paintings can
be digitally estimated as if seen without the protective aged
varnish layer, but further analysis is necessary to improve
the digital removal of the varnish layer.
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