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Introduction

The GdC - Associazione Italiana Colore organizes the Color Conference every year, and it reached
its nineteenth edition in 2024.

The two-day international event featured three keynote speakers: Phil Green (University of Science
and Technology, Gjavik, NO), Vien Cheung (University of Leeds, UK) and Robin Kingsburgh (York
University Toronto, CA).

During the conference, the “Color Award / Premio Colore 2024 was also conferred, which went to
the extraordinary painter Valerio Adami.

A special thanks go to the Color Award Commission, in the person of Cristian Bonanomi, Lia
Luzzatto, and Lisa Vergelli (author of the winner's presentation text), for their valuable contribution.
Heartfelt thanks to Filippo Cherubini (IFAC-CNR) for his valuable help in managing the conference
and to all the session chairs who moderated the speeches: Luca Cogo (Universita degli studi di Milano
Bicocca), Marcello Picollo (IFAC-CNR), Francesca Fragliasso (Universita degli studi di Napoli
Federico II), Ingrid Calvo Ivanovic (Universidad de Chile), Alice Plutino (University of Amsterdam),
Verena M. Schindler (AIC Study Group on Environmental Colour Design), Alessandro Rizzi
(Universita degli studi di Milano Statale), Lisa Vergelli (Sapienza Universita di Roma), Beatrice Sarti
(Universita degli studi di Milano Statale).

Thanks also to all the people who contributed to the conference's digital moderation and ensured its
success: Paola Bertoletti, Alessandro Bortolotti, Gianluca Guarini, Ivanka Dicheva, Plutino Alice,
and Vergelli Lisa.

Final thanks to Konica Minolta, which generously sponsored the conference.

Enjoy the reading.

Andrea Siniscalco
December 2024

Color and Colorimetry. Multidisciplinary Contributions. Vol. XIX A ISBN 978-88-99513-23-8
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Modeling individual differences in color appearance through images'

correction
Camilla Simoncelli', Michael Webster!
"University of Nevada Reno (US), Department of Psychology
Contact: Camilla Simoncelli, camilla.simoncelli@gmail.com
Paper 28

Extended Abstract

While perception is often assumed to be universal, significant individual variations shape our visual
experiences. These differences influence every aspect of sensory processing, from basic sensitivity
to high-level interpretations and conscious awareness. Even among observers with normal color
vision, variations are pronounced, affecting everything from the eye's optics to subjective color
perception. Consequently, two people viewing the same stimulus may perceive vastly different colors.
There is growing interest to develop procedures for display calibration that correct for individual
differences in the chromatic sensitivity of the observer. A focus of this effort has been on developing
algorithms that account for individual differences in spectral sensitivity and color matching.
Differences at this level are important for addressing variations in color discrimination and
interobserver metamerism, and depend on factors of variability like the cones ratio, the macular and
lens density and the receptors' peak. These differences impact modern wide-gamut displays.
However, there are also large individual differences in color appearance, or in the actual perception
of the chromatic stimuli (i.e., how the color is seen by a specific observer), which are not predicted
or corrected by differences in spectral sensitivity but have a potentially larger impact on how
individuals experience large (suprathreshold) color differences. We describe a new technique for
efficiently characterizing color appearance differences in real observers applied then to the correction
of color images.

In our design, we first used a Minimum Motion Task, based on apparent motion driven luminance in
chromatic gratings, to assess differences in luminance sensitivity, defining when chromatic stimuli
are equiluminant. Correction factors were calculated to adjust the luminance of all the stimuli so that
they were equated for each individual observer. In the following step, we measured the individual
hue percepts of eight hues (the four unique hues — red, green, blue and yellow — and the four binary
hues — orange, purple, blue-yellow and green-blue) of 21 color-normal observers.

Hue percepts can be measured with a simple identification task where observers had to pick the focal
color of the tested hues. Each hue was measured six times in two sessions for a total of 12
measurements. Chromaticities covered the Derrington-Krauskopf-Lennie (DKL) color space (Figure
1b), from 0° to 360°, with a contrast of 80 and luminance of 20 cd/m?. These measured differences
in hue percepts were greater than the residual hue variation predicted by sensitivity differences
(Figure 1a); we used them in our algorithm to correct color images and match hue percepts across
observers. In a first step, the chromaticity of each pixel (RGB) was converted to the hue perceptual
value for a standard (average) observer, and then this hue was mapped back to the chromaticity that
would elicit the same perceptual response in an individual observer. With this correction, different
observers — each looking at their own calibrated image — should more closely agree on the perceived
image colors because they would have a similar color experience (Figure 2). Inspection of these
images reveals conspicuous differences for a single observer, illustrating the broad spectrum of color
perceptions that can arise from a single stimulus. Nevertheless, when observers view their
personalized, corrected images, their perceived hues should converge: adjustments of this kind could
thus lead to greater consistency in color appearance and image interpretation across individuals.
Moreover, they could be easily implemented on standard displays to assure color constancy across
devices because they require only measures of hue percepts and not spectral sensitivity. We are

Color and Colorimetry. Multidisciplinary Contributions. Vol. XIX A ISBN 978-88-99513-23-8
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currently considering additional potential benefits and limitations of this approach and how we can
ameliorate it.

Keywords: Individual differences, Color Perception, Spectral Sensitivities, Modeling, Color
Calibration, Images Correction

120° 60° s—(L+M)

L-M
o
210".‘ of 330
°®
\ e o o
240*~ ) oéj’éﬁr
270°
a. b

Fig. 1 — a) Individual differences in the settings for the eight hues tested, reported in the cone-opponent plane. Each
circle is an individual observer’s focal color for each hue, corresponding to the average of the 12 measurements; black
triangles are to the standard observer’s focal colors, made by the average of all the observers. | b) Derrington-
Krauskopf-Lennie (DKL) color space, based on cone-opponent mechanisms (LvsM and SvsLM).

Fig. 2 - An example of the algorithm application. Top left image is the original image (Reference Image) and the three
others are examples of adjusted images for the individual hue percepts of three different
observers.

Color and Colorimetry. Multidisciplinary Contributions. Vol. XIX A ISBN 978-88-99513-23-8
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Beware: M. E. Chevreul's chromatic circle may conceal multiple

systems
A. Malmert!, C. Andraud’, E. Pouyet!
!Centre de Recherche sur la Conservation (CRC), Muséum national d’Histoire naturelle, CNRS,
Ministere de la Culture, 36 rue Geoffroy Saint-Hilaire, 75005 Paris, France
Contact: A. Malmert, aurore.malmert@sorbonne-universite.fr

Abstract

M. E. Chevreul's chromatic circles are nowadays considered to be a reference colour space but
different editions from 1855, 1861, 1864 and several copies per edition are available. The aim of this
colorimetric study, enhanced by material analyses, was to review the variability of the chromatic
circle’s visual appearance within each edition and print run (i.e. a total of six copies). The results
reveal that the visual appearance of these circles can vary within the same edition. The actions of the
printer, changes in materials, in the paper support and different state of degradation of the inks are
some of the factors that may have influenced the current colour of these coloured spaces.

Keywords: Graphic arts, Reference colour spaces, Colorimetric analysis, 19th century printing.

Introduction

Michel-Eugene Chevreul (1786-1889) is one of the major figures of the colour revolution that spread
through the 19th century (Gage, 1993; Kuehni and Schwarz, 2008). Head of the Gobelin’s
manufacture, he designed several chromatic circles to classify colours and illustrate his law of contrast
(Chevreul, 1839). Thus, M. E. Chevreul wanted to propose a universal colour space. This tool was
subsequently reproduced and used for several decades by manufacturers, scientists, artists and
designers, among others. A publication of these chromatic circles happened in successive editions in
1855, 1861 and 1864, using a process known as the “chromocalcography” (Chevreul, 1864). It raises
nowadays the question of the reproducibility of the circle's visual appearance within each edition and
print run. Changes in materials during printing batches (Korenberg ef al., 2019), as well as different
advances in the state of preservation, are all factors that can influence the current visual appearance
(Edwards and Villatana, 2020). This study complements previous research conducted on the material
and colorimetric comparison between different editions (Malmert et al., 2024). The corpus was
expanded to include two copies of the 1% chromatic circle per edition, i.e. a total of six chromatic
circles. They were subjected to systematic colorimetric analysis to study the variability in
representation between two copies of the same edition, and the consequences of pigment degradation
on their visual appearance.

Description of the corpus
The corpus is composed of two copies of each edition of M. E. Chevreul’s 1% chromatic circle (Fig.
1). A total of six circles spread over four different conservation sites was thus analysed. Three of
them are part of the rare books reserve of the Bibliothéque nationale de France (BnF), one comes
from their department art and literature, one is kept in the library of the Muséum national d’Histoire
naturelle (MNHN) and the last one, is part of the P. Signac Archives. Their localisation, as well as
information available about printers and engravers are summarized in the Table 1. A supplementary
description of the three editions from 1855 (Chevreul, 1855), 1861 (Chevreul, 1861) and 1864
(Chevreul, 1864) is given in the publication on the material and colour inter-editions comparison
(Malmert et al., 2024).
An initial comparison based solely on the legends accompanying these 15 chromatic circles
enables their classification into three different groups:

Color and Colorimetry. Multidisciplinary Contributions. Vol. XIX A ISBN 978-88-99513-23-8
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- Group 1: the circle from 1855, BnF art et literature department (1855a) and the two circles
from 1861 and 1864 in the BnF rare books reserve (1861b and 1864b) have the following
legend: "Engraved and printed in colours by Digeon Patent of S.M. I'Impératrice -Galande 65
Paris" under the outline of the circle and in capital letters "Accepted at the exhibition from
1855" (Fig. 2a).

- Group 2: the circle from 1861, P. Signac Archives (1861a) and from 1855, BnF rare books
reserve (1855b) have no legend (Fig. 2b).

- Group 3: the circle from 1864, held at the MNHN (1864a), has an insert with the words
"Digeon Sc." on the right, "Published by J.B. Bailli¢re and sons in Paris" in the middle and

"Lamoureux imp." on the left (Fig. 2c¢).

a)

d)

Fig. 1 - RGB images of the six different versions of M. E. Chevreul’s 1% chromatic circle

:a) 1855a, b) 1861a, ¢)

1864a, d) 1855b, ) 1861b, and f) 1864b.
. . Engraver of
Sample Localisation Accession | Printer of the the colour Printer of the book
name number colour plate plate
1* copy BnF, art and R.-H. Digeon, | R.-H. Digeon, o
from 1855* 1855a literature V-4527 n°65 Galande | n°65 Galande E, Thur}ot et C°,
. 26 Racine street
Fig. la department street street
2M copy BnF, rare R.-H. Digeon, | R.-H. Digeon, o
from 1855 | 1855b books V-4527 | n°5 Galande | n°5 Galande | L LhunotetC%,
. 26 Racine street
Fig. 1d reserve street street
Typography of
1* copy P. Sionac R.-H. Digeon, | R.-H. Digeon, Brcljtllg lsnall?clldsootns
from 1861* 1861a - OI8 - n°65 Galande | n°65 Galande . >
. Archives printers of the
Fig. 1b street street .
Institut,
56, Jacob street
Typography of
nd . . Firmin Didot
2" copy BnF, rare R.-H. Digeon, | R.-H. Digeon, Brothers and sons
from 1861 1861b books V-4528 n°65 Galande | n°65 Galande . ’
. printers of the
Fig. le reserve street street .
Institut,
56, Jacob street
J. B. Bailliere and
1* copy sons. Booksellers
from 1864* 1864a MNHN Fol Res Larpoureux Digeon sc. of the imperial
. 56 mp.
Fig. 1c academy of
medicine,

Color and Colorimetry. Multidisciplinary Contributions. Vol. XIX A
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19 Hautefeuille
street

J. B. Bailliére and
sons. Booksellers

2" copy BnF, rare R.-H. Digeon, | R.-H. Digeon, of the imperial
from 1864 1864b books V-4529 n°65 Galande | n°65 Galande academy of
Fig. If reserve street street medicine,
19 Hautefeuille
street

Table 1 - Summary of information available on the title page, regarding the printer-engraver of the six circles.
*Indicate the three copies analysed in the previous publication (Malmert et al., 2024).

BE

Fig. 2 - RGB images of the three different legends accompanying these colour plates: a) legend of the circle 1861b,
belonging to group 1, b) no legend under the circle 1855b (group 2) and c) the footer under the circle 1864a (group
3).

Acquisition of hyperspectral reflectance data

The hyperspectral camera employed in this study is a handheld pushbroom Specim IQ
commercialized by Specim® (Oulu, Finland), covering a spectral range in the visible and near-
infrared (VNIR) from 400 to 1000 nm with 204 bands wavelength channels (spectral sampling
of 3 nm and spectral resolution of 7 nm). The setup is reproduced as identically as possible for
each copy book, according to the recommendations of the CIE (Internationale
Beleuchtungskommission, 2004). The illumination is provided by two halogen lamps of 20 W
placed on either side of the camera with a 45° incidence angle. The books stand on a 45° inclined
surface. The camera is mounted on a tripod and a rotary head, so as to be perpendicular to the
surface of the colour plates and at a distance of around 30 cm from them. The normalisation is
ensured using a white Spectralon® standard.

Material identification methodology

Each hyperspectral datacube is analysed using the software SpectrononPro® (Resonon Inc,
Bozeman MT, USA). An average reflectance spectrum of 6 X 6 pixels for each of the 72 hues
per chromatic circle and 16 pixels for the orange degraded parts is extracted, then smoothed
using a Savitsky-Golay filter (15 number of points, 2 polynomial degree). One copy of each
edition (1855a, 1861a and 1864a) is also subjected to further material analysis using XREF,
Raman and mid-infrared spectroscopy (Malmert ef al., 2024).

Extraction of colorimetric data

The conversion of the visible average reflectance spectra into CIE-LAB coordinates is achieved
using the plug-in CIE colour-space conversion from SpectrononPro®. Reflectance scale factor
is set to 1, the illuminant to D65 and the standard observer to 10°. An average (6 X 6 pixels)
and a standard deviation of L* a* and b* values are calculated for each of the 72 hues with the
help of a homemade MATLAB code. In a second step, chromaticity diagrams are plotted.
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Each dots is represented with RGB values calculated from the L*, a* and b* coordinates thanks
to the matlab function “labtorgb” (Convert CIE 1976 L*a*b* to RGB - MATLAB lab2rgb -
MathWorks France, R2024a). The AEo colour difference is calculated between two successive
hues within the same circle and between two identical hues from two different book copies with
a homemade MATLAB code using the function “AE00” (Sharma, Wu and Dalal, 2005).
Determination of the reproducibility error for colorimetric measurements

The main challenge of the colorimetric survey is the repeatability and reproducibility of
measurement, which depend largely on the illumination and the location of the camera
(Lorusso, Natali and Matteucci, 2007; Signoroni et al., 2020; Cherubini et al., 2023). This issue
is particularly relevant for our corpus, which consists of six circles scattered over four different
sites, requiring as many different configurations to adapt to their environment and exhibition
constraint. The robustness of our colorimetric measurements and the processing of the data is
tested by carrying out two acquisitions, two different days on the same chromatic circle. The
colour difference between the two acquisitions is calculated for each of the 72 hues of the 1855a
(Fig. 3a) and 1864a (Fig. 3b) circles. The standard deviation of these AEqo is highlighted by a
grey band on both graphs. The AEqo of the 1855a range from 0.1 to 3.7, while those of 1864a
range from 0.6 to 5.7. These higher AEo values are observed for both green and red hues (Fig.
3b), which may be explained by a more pronounced difference in the vertical tilt of the colour
plates during acquisition. The inclination of the camera, its distance from the coloured plate and
the lighting are all parameters that can affect the reproducibility of our acquisitions. Therefore,
considering the maximum error associated to our experimental conditions, a minimum AEgo of

5 will be set as the threshold value above which two colours are similar, in the rest of this study.
a) 1001 b) 10

® AE2000 between two HSI acquisitions on the circle 1855a ® AE2000 between two HSI acquisitions on the circle 1864a
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Fig. 3 - AEoo of each of the 72 hues, calculated between two hyperspectral data cubes of the circle a) 1855a and b)
1864a, acquired on two different days.

Material study of the corpus

The multi-modal analyses (XRF, Raman, mid-infrared spectroscopy and visible hyperpsectral
imaging) carried out on one copy of each edition (1855a, 1861a and 1864a), allowed the
identification of the chemical composition of the four inks used to print the 72 hues of the
circles (blue, orange, red and yellow) (Malmert et al., 2024). Visible reflectance spectra
confirmed these results for the second copies analysed (1855b, 1861b and 1864b). The red ink
1s composed of cochineal lake, whereas, the orange ink contains minium. The chrome yellow
ink has different Cr and S ratios, depending the edition: the circles 1855a, 1861a, 1855b, 1861b
are of the form PbCro4S0.604, 1864a has the form PbCry7S0304 and 1864b remains undefined.
Finally, the blue ink of all the copies contains a single blue pigment: Prussian blue, except for
the 1864a version that contains a mixture of Prussian blue and Scheele or Emerald green,
identified by XRF and VNIR spectroscopy.

These results show that, from a purely material point of view, the copy from 1864a differs from
all the others in the composition of its blue and yellow inks
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Colorimetric comparison of the corpus
The chromaticity diagrams of the two copies from 1864, belonging to the group 1 (1864b) and 3
(1864a), are compared in the

Fig. 4a. The AEqo values calculated for each of the 72 hues in the two copies are particularly high. 19
of the 72 hues exceed the AEoo threshold of 5 previously set, meaning that the difference in hue is not
negligible to the naked eye (

Fig. 4c). The colour differences are particularly marked on the violet-blue and yellow-orange sections,
with AEoo values above 10. These observations corroborate the differences in the materials
highlighted in the previous section. The presence of copper arsenate in the blue ink change its colour
and impact the hues in which this ink is printed, such as they appear less blue and a little more
greenish. The differences in the yellow-orange hues can be explained by variation of the Crt/S ratio,
since the less sulphur there is, the more orange the hues (Matias Otero, 2018). The circle 1864a owned
the higher ratio of Cr (PbCro.7S0304) and the presence of a supplementary baryte filler, lighten the
yellow hue (Malmert ef al., 2024).

A second comparison is made between two circles from different editions (1855b and 1861a) but
belonging to the same group defined in the description of the corpus, i.e. the group 2 ‘without legend’

(

Fig. 4b). These circles show lower differences in colour than those observed in the 1864 intra-edition
comparison. An average AEq of 5 is obtained over the 72 hues (

Fig. 4d), the threshold previously set for identical hues, showing minor discrepancy in hue.
The colour difference between two successive hues on the chromatic circle also provides information
about the printing of these circles. Two neighbouring hues should have a small

a)

@ 1864b b) @ 1855b C) ® AE2000 between two versions from 1864
70 m 1864a % m 186l1a — Average and standard deviation
+/- standard deviation +/- standard deviation
60 60 3
50 50
20
4 > e, 0 3 %
0 - - % 30 B
4 24 ¥ g
2l ) : 2 X g
. . E 3 o
10 . % 10 * ._ =
[ . - 3
= . q0” = oy G
0 ¥ - 0 % %%
." i . . “goe
o
10 2 -10 ®
~-, = .
L - P
20 o - -20 ':, - h
[} e
-30 -30
30 20 -10 0 10 20 30 40 5 60 70 30 20 -0 0 10 20 30 40 50 60 70 f”Rm Violet Bl ar Yel Orangy
. a
2 e ., b
9 9
8 8
20
7 7
3 2
S 6 S 6
g1s & &
2 UEJ 5 % 5
E 84 8 4
2 .
Q1p 3 3
2F 2
5 1° 1
o 0
‘ ‘6“\ 2 ﬂ.’\ .\\"\ -H"\ z‘\ ‘6'\ &s\"\ ﬂ'\ v(\"\ ol (‘/"\
@ 0 N e \o o 2@ o o Ca A o
0 & & o ce““v 0 o g o o® QZA?‘“ Lo 5 R (\m‘\‘\‘ ¥ o« o®
" Sre - " o ) W ¢ o L
Red Violet Blue Green Yellow Orange @ o S - «‘\\n\* oo & R @ e @ o‘?‘&m
@ AE2000 between circles 1861a and 1855b ® AE2000, 1864b ® AE2000, 1864a
— Average and standard deviation — Average and standard deviation — Average and standard deviation

Fig. 4 - Comparison of the chromaticity diagram a*b* of two copies a) from 1864 (from group 1 and 3) and b) from
1855b and 1861a, belonging to the same group 2. The respective AEoo, calculated between each of the 72 hues of the
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two copies are represented in ¢) 1864a and 1864b and in d) 1861a and 1855b. AEoo between two successive hues on the
circle are calculated for chromatic circles e) 1864b and f) 1864a

colour difference, allowing the viewer to move seamlessly from one to the other. The challenge is not
to obtain AEo values that are too high, which would create a visual break, or too low, since the
difference in colour between two neighbouring colours must still be perceptible, i.e. AEo > 1.5
(Beltran ef al., 2021). The calculation of these AE on the three circles 1855a, 1861b and 1864b,
belonging to the group 1, shows very similar results. For example, the average of the 71 AEoo from
the circle 1864b is 2.5 and the standard deviation: 1.5 (

Fig. 4e). The unique circle 1864a, in terms of its material composition, has a lower mean AEqo of 2.4
with a smaller standard deviation of 1.2 (

Fig. 41). This shows that the AEq are less dispersed than in the other examples and reflects a better
transition between two neighbouring hues, such as this latest version also seems to be the best
executed

State of degradation

Of all the circles studied, only circles 1855a and 1861b show visible signs of degradation in the
orange-yellow hues, resulting in localised blackening of the top layer of orange ink (Fig. 1a and e).
The contrast between the degraded and non-degraded part can be seen by choosing a wavelength of
640 nm (Fig. 5a), since in the visible spectrum, this degradation leads to a drastic reduction in the
reflectance from 570 nm to 1003 nm (Fig. 5b). The degradation of minium into galena, discussed in
the previous publication (Malmert et al., 2024), would probably be favoured by the presence of
sulphur in the yellow ink (PbCro.4S0.604). On the circle 1861b, this blackening from the hues yellow
to orange-yellow-5 results in a significant loss of luminosity L* and a reduction in the proportion of
yellow, visible by a shift of the b* coordinates towards zero in the degraded areas (Fig. 5¢). On these
hues, several AEoy values of over 22 are obtained, confirming the observations made with the naked
eye and the radical change in colour of these degraded areas.

b — 1855a, degraded
) = = 18553, non degraded C) 80 © 1861b, degraded

—1861b, degraded -
= = 1861b, non degraded 75 B 1861, non degraded =
n

Reflectance factor

0.0 T T T T 40
400 500 600 700 800 0

Wavelength (nm)

10 20 30 b:?() 50 60

Fig. 5 - a) Black and white image of the circle 1861b taken at the wavelength 640 nm, b) comparison of a visible
reflectance spectrum over the degraded area and an average of 16 pixels over the non-degraded part of the Orange-4
hue of the circle 1855a and 1861b, ¢) comparison of the chromaticity diagram b*L* of the degraded (1 pixel) and non-
degraded (36 pixels) hues from yellow to orange-yellow-5 of the circle 1861b.

Conclusions
This study highlights that the visual differences between two chromatic circles from the same edition
can be greater than those from different editions. In particular, circles grouped together on the basis
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of identical legends share a greater number of material and colorimetric similarities. These
observations lead to different hypotheses. Several sets of plates engraved by R-H. Digeon may have
been produced for printing in large quantities, and/or some circles may have been reused in later
editions, which would explain why the circle is stuck on the page of the book. In any case, the
variability observed can depend on both the engraving and the printing stage. Indeed, the engraving
step is particularly difficult to reproduce from one batch to another; variations in the density of the
resin grains can affect the engraved thickness and, ultimately, the thickness of the applied ink,
whereas, the density of the inks, the wiping of the plates, the paper support and the strength of the
printing press are all sensitive steps, influenced by the worker's actions during the printing step, which
can then lead to variations in the colours of the circle, more or less perceptible to the naked eye. The
circle from 1864a is the most different from the others. A change both of printer with the Lamoureux
printing house and of engraver with the probable collaboration between the son Antoine René Digeon
and the father René Henry Digeon, translated by the legend ‘Digeon sc.” would justify these changes
in terms of ink composition and, consequently, visual appearance. Finally, these results deal with the
degradation state of the circles, which permanently alters their visual appearance. Nevertheless, these
different circles are nowadays, the witnesses of the challenges overcome by printers and engravers to
achieve chromatic circles with a consistent visual appearance between each print, thereby offering
the world a unique reference colorimetric system.
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Abstract

Chromatic multilevel scales and matrices are popular tools used by scholars to visually communicate
uncertainty and other aspects in many scientific contexts, including that of hypothetical virtual 3D
reconstruction of lost or never-built architecture. False-colour visualisations play a pivotal role in
improving the transparency of the complex inference-based process that is inevitable when dealing
with lacking data sets, nevertheless, there are still no standards of reference in this field. This paper
investigates this topic and tries to formulate good practices for creating easily readable and effective
multi-level chromatic scales that will be applied to shaded 3D models. Furthermore, a newly designed
chromatic 7-level scale of colours that empirically proved to perform better than the previous scales
will be proposed. The results of this study are supported by an on-field survey administered to 50
users.

Keywords: 3D virtual reconstruction, unbuilt heritage, uncertainty assessment, chromatic scale.
Introduction and background

In the field of hypothetical virtual 3D reconstruction of lost or never-built architectures, quantifying,
visualising, and communicating the uncertainty together with documenting the reconstructive process
are aspects of well-known importance. The scientific community over the years tried to give an
answer to these needs by developing various reconstruction and assessment methodologies, however,
in this contest, there are no shared standards of reference yet. The CoVHer Erasmus+ project
(CoVHer website, 2022), among other objectives, tries to answer this lack of common ground by
developing a series of good practices and a new and standardised methodology for the scientific,
hypothetical reconstruction of lost or never-built architecture. The spread use of such a methodology
in which the uncertainty assessment is a pivotal part would improve transparency, comparability, and
reusability of reconstructive 3D architectural models. Being able to achieve these objectives would
comply with the FAIR principles (Wilkinson et al., 2016), the Seville principles (ICOMOS, 2017),
and the London charter (Denard, 2012), all of which are foundational reference documents in the
field.

The uncertainty assessment object of this study was iteratively developed over the years (Apollonio,
2016; Apollonio et al., 2021, 2024). It is based on a seven-level scale of increasing uncertainty which
can be reduced to five and three levels at need (Fig. 1). To each level, a colour, a numerical value, a
percentage of uncertainty, and a textual definition are assigned. All these elements were designed to
make the scale as user-independent as possible. The uncertainty of the 3D model is assessed element
by element and a false-colour view is produced. Publishing these false-colour variants of the model
together with the 3D textured or untextured reconstructive versions of the same model would help
reduce the risk of generating historical falsehoods and misinterpretations for scholars and laypersons.
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Fig. 1 - Uncertainty yes/no flow chart, elaboration of an image first published in (Apollonio et al., 2024).

It is important to design and use scales that are effective when applied to shaded 3D models while
keeping in mind that particular lighting conditions can mislead the correct interpretation of colours
(Lafer-Sousa et al. 2015; Rabin et al 2016 ; Adelson, 1995). The reference scale of this study, right
from the earliest iterations, used a rainbow colour progression. Even if, in this context, this scale had
empirically demonstrated to be capable of achieving consistent recognisability of colours, in some
other contexts, similar rainbow-based colour progressions were evaluated asless effective in
comparison to other colour schemes (Light and Bartlein, 2004). This raised the question of whether
a different colour progression might perform better in our context.

This research, starting from the study of colour scales used in choropleth maps (Brewer et al. 1997)
and colour gradients for data visualisation (Reda et al. 2018), and with on-field user’s testing, tries to
verify experimentally which colour scheme, among the ones tested, is more effective for false-colour
visualisation of shaded 3D rendered architectural models, and aims to define good practices and
guidelines concerning how the Lightness, Chroma, and Hue parameters (LCH) - as defined for the
OKLCH encoding (Sitnik, 2024) - can contribute to achieve more effective results in this context. In
the presented experiment various scales are put to the test, 50 users were prompted to look at a series
of images of a shaded 3D model coloured with various 7-level colour scales and were requested to
match the colours of the various elements of the model to the corresponding colours on a reference
sorted legend.

Investigating various colour progressions for user’s testing

Numerous colour progressions were studied and considered for the users’ testing. Scales from A to F
in Table 1, are designed to have uniform perceptive steps while varying only one LCH parameter at
a time, all these scales were designed by using the OKLCH Colour picker available online (Sitnik,
2024) limiting the colour gamut to SRGB in order to make them compatible with most displays, and
thanks to this tool it was possible to maximise the colour ranges between adjacent steps at given LCH
parameter of choice. In particular, on scales A and B, the Lightnesses were set to maximise the
Chroma range at the chosen Hues. The same principle was followed for the scales C and D where the
Hues were set to maximise the Lightnesses ranges at the chosen Chromas. In scale E, Lightness and
Chroma were chosen to maximise Hue intervals, and in scale F the hue range was reduced artificially
to make a traffic-light-like scale at constant lightness and chroma. Other traffic-light-like scales which
varied all LCH parameters were considered (G, H) because using progressions from red to green
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might have helped to intuitively interpret the uncertainty levels in this context since laypersons
nowadays, in traffic-light-like colour progressions, tend to interpret the red colour as a message for
alert/error and green as its opposite, however, these kinds of scales are very poorly perceived by
persons with red-green colour vision deficiencies (CVD), so, sadly, they were excluded from the
user’s testing. Scales from I to L come from well-known colour gradients used in data analysis (Rudis
et al., 2024) which in some contexts are considered better alternatives to rainbow gradients because
they are more colour-blind friendly. Scales from M to Q are rainbow-like scales, where M and N are
well-known (Mikhailov, 2019), O is the rainbow scale with max saturation used in (Apollonio, 2016),
P is the variation presented in (Apollonio et al. 2021; 2024), and Q is a new colour scale derived by
these first two references, where LCH parameters are varied to make it more colour-blind friendly.
From this preliminary investigation, only the most relevant scales were tested in the survey (indicated
with * in Table 1). A, C, D, and E scales were expected to perform poorly but they were included in
the testing as control scales to investigate how the individual variation of the LCH parameters
impacted the perception of colours in a shaded 3D model.

Table 2: investigated 7-level colour scales (* indicates the ones tested in the crowdsourced survey).

Scales Name Colour progression in HEX format

A Uniform Chroma steps™ #5AF32A | #74EF57 | #89EA74 | #9BE48B | #ABDEAO | #BADSB3 | #C7DIC5
B Uniform Chroma steps 2 #DE69DC | #CF7ACD | #C585C0 #COSSBE | #9E9E9E
C Uniform B&W* #060606 | #222222 #AEAEAE | #D6D6D6
D Uniform Lightness steps* #3D0245 | #572060 #CD8FD6 | #ECADF6
E Uniform Hue steps* #EC8DAB | #EB9666 | #COAF4D | #73C385 #2AC4CC | #70B3F7 | #BA9CEF
F Uniform Hue steps 2 #F5TFA7 | #FB8275 #F28E42 #D9AOOE #B1B228 #1ACO5E

G Traffic light #7A0403 #FF8200 #FFFF00 #99FF53

H Extended Traffic light #6E0253 #FE8506 #FFF019 #63FAOE

I Virdis* #440154 #90D743 #FDE725
] Inferno #000004 | #320ASE #FBB61A | #FCFFA4
K Magma #000004 | #2C115F #FEB078 | #FCFDBF
L Plasma* #0D0887 | #5C01A6 #FDB42F #FOF921
M Turbo #7A0403 #FS8BE39 | #A3FD3C #19E4B3 #30123B
N Jet #7A0403 #FF8200 #FFFF00 #7EFF81 0080
0 Rainbow (max sat) (2016)* #EF7F00 | #FFFF00 #00FF00 #00FFFF #0000FF

P Rainbowhite (2021) #FF7F00 | #FFFF00 #00FF00 #00FFFF #0000FF #FFFFFF
Q RainbowhiteLCH (2024)* #800C1B #FFFF00 #95DB78 #EG6EGE6

Designing a new more colour-blind-friendly and effective colour progression

The scale RainbowhiteLCH, shown in Table 1 at letter Q, was derived from the Rainbow scale (O)
used in (Apollonio, 2016). In 2021 (Apollonio et al., 2021) the scale was slightly changed to address
some issues already evident from preliminary on-field tests (P). In particular, the magenta colour was
substituted with white/grey because it was the only level referring to real-world physical evidence
(e.g., ruins) while the other levels of the scale referred to inferences from graphical or documental
sources so it made sense to differentiate it from the other levels. Furthermore, by removing magenta,
the progression from red/orange to green/blue passing through yellow allowed it to get closer to the
semaphoric trichromacy and improve the intuitive matching between colours and relative uncertainty.
The updated scale also aimed to preserve backwards compatibility with previous works that used the
2016 scale. Lastly, the colours of the new scale were not rigidly imposed with specific RGB values
by design, the colours were chosen to be easily nameable (red, orange, yellow, green, cyan, blue, and
white), this choice was aimed at fostering the adoption of the scale allowing users to shift them
slightly based on various contexts and needs without loosing comparability between different
projects. Starting from this scale, the RainbowhiteLCH scale shifts slightly the LCH parameters
aiming to improve readability for CVD users, not reducing or even improving the readability for
normal colour vision (NCV), while preserving their Hue recognizability for backward compatibility.
In particular, the Lightness of the colours at the boundaries of the scale was reduced in order to
simplify their discerning for users who struggle to recognise specific hues, this last variation helped
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in particular to differentiate more the red and green which in the new version of the scale are much
farther apart in terms of Lightness. A yellow or blue component was added to all the Hues in the red
and green proximities relatively, in order to help users with CVD in the red-green spectra to discern
those colours better. This LCH manipulation inevitably reduced the perceptual distance (CIEDE2000)
between some adjacent colours as shown in Fig. 2 however the progression of colours is now more
uniform, and the colours are more differentiated in terms of lightness, without losing the nameability
based on their hue. Last but not least the new scale is less punchy and more perceptively harmonious
which is considered a nice-to-have feature in some non-academic contexts such as in the field of
dissemination (e.g. museums, docufilms) and could contribute to adopting it more often.

Rainbow max sat. scalc Rainbow scalc RainbowhitcLCH RainbowhitcLCH scalc
in CIE Lab colour space  max sat. (2016) scale (2024) in CIE Lab colour space
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Fig. 2 — (Left) Comparison between the scale used in (Apollonio, 2016) and the new RainbowhiteLCH scale. (Right)
RainbowhiteLCH scale visualised in CIE Lab colour space, the numbers between the spheres are the CIEDE2000
(calculated with: http://www.brucelindbloom.com/index.html?ColorDifferenceCalc.html).

To improve the readability of false-colour representation of 3D models it is always better to reduce
as much as possible contrast caused by strongly lit scenes, Fig. 3 shows how the readability of the
scale improves by using diffuse lights which generate ambient-occlusion-like shadows. However,
since this research aims to define good practices to create false-colour scales applicable in various
scenarios, the subsequent analyses were all performed on strongly lit 3D models with high contrast
between shaded and lit areas to consider the worst, but sometimes used, lighting conditions.
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Fig. 3 — Same colour scale (RainbowhiteLCH) with different lighting setup. (Left) Direct light with high contrast, sharp
shadows; (Right) diffuse light with uniform soft ambient-occlusion-like shadows.

All the scales presented in Table 1 were applied to a sample 3D shaded model and qualitatively
assessed for CVD users by processing them in the Colour-Blindness simulator (Wickline, 2001). A
comparison between the Colour-Blindness assessments of scales O and Q is presented in Fig. 4. In O
the cyan and green levels and the red, orange and magenta levels are already difficult to discern even
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for NCV users, while in Q they are easier to recognise thanks to the varied Lightness. In weak CVD
simulations, Q manifests clear improvements, while for severe colour-blindness simulations, there is
a minor improvement, but some colours are still ambiguous. Monochromacy simulation is completely
unreadable for both O and Q.
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(0) Q)
Fig. 4 — Colour-Blindness simulation (Wickline, 2001) of the Rainbow with maximum saturation scale (O) (Apollonio,
2016), and the RainbowhiteLCH scale (Q).

Survey

The survey was designed as follows. In the first two questions, a colour arrangement test (Colblindor,
2021a) and an Ishihara 38 plate test (Colblindor, 2021b) were submitted to all the participants to
verify if they had some sort of CVD or if they were using a heavily uncalibrated display, in case of
positive result the survey submitted by these candidates were excluded. We chose not to use a
designated calibrated display to run the survey because the scales of uncertainty are usually visualised
on any type of display, and testing them only on a perfectly calibrated display could have biased the
result. Each colour progression selected for the testing (the entries marked with * symbol in Table
1) was applied to various elements on a 3D shaded exemplificative model and a series of rendered
false-coloured images were produced (Fig. 5).
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Fig. 5 — The 8 pictures of models submitted to the 50 participants of the survey. The red text indicates the correct
answers which were not visible to the participants.

For each image, the participants were requested to match 10 randomly selected elements to the
corresponding colour on the reference 7-colour legend, for each question the number of wrong and
right answers were registered. After each question, the participants were asked to indicate how hard
was the task on a scale from 1 to 10 where 1 was the hardest, and 10 was the easiest.
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Survey results

The results of the survey are reported in Table 2. As expected the control scales with perceptually
uniform Chroma and Lightness intervals (A, C, D) performed poorly plausibly because these two
parameters are more subject to shifting in a shaded scene depending on lighting conditions. The scale
with perceptually uniform Hue steps (E), performed better because, when the light in the scene is
white (which was a requirement of this experiment) the colours are less affected by hue shifting due
to lighting conditions. However, despite being the scale with the maximum possible hue range in the
sRGB gamut, the users still committed several errors, probably due to the fact that in order to have
equal lightness and chroma for all steps, the chroma could not be maxed out relative to the selected
hue for each step, which caused the colours to be less saturated and thus more susceptible to
misinterpretation in a shaded scene. Surprisingly Viridis (I) and Plasma scales (L), despite being more
saturated compared to the previous scale (E), in this context performed badly, probably because they
cover a small Hue range and rely too much on lightness variation which was proven by the previous
tests to be unreliable in shaded scenes. The two better-performing scales were the Rainbow with
maximum saturation (O) with 62,50% of candidates who matched correctly 10 colours out of 10, and
27,50% of candidates who matched 9 colours out of 10, for a total of 90% of users who guessed
correctly 9 or 10 colours out of 10; and the RainbowhiteLCH (Q) with 87,50% of candidates who
matched correctly 10 colours out of 10, and 12.5% candidates who matched correctly 9 colours out
of 10, for a total of 100% of users who guessed correctly 9 or 10 colours out of 10.

Table 3: Survey results. The RainbowhiteLCH (Q) outperformed the others, with the Rainbow max sat (O) as a close

second.
c =
Comet | £25 | _wE 565 | _ES| § | -7 |~2Z|BeE
answers 285 | %8 | 258 | Bzg | F Bg |e78 | ZE2
(max 10/10) | B E 2 €3 |88 | £3 | = 5 £g | 2°¢
10/10 0 0 0 26 7 5 25 35
9/10 0 0 0 9 9 6 11 5
7-8/10 12 1 0 5 18 26 4 0
0-6/10 28 39 40 0 6 3 0
10/10 (%) 0,00% [ 000% [ 000% [ 6500% [ 17.50% | 12,50% | 62.50% | 87,50%
10/10+9/10 (%) | 0.00% | 0,00% | 0,00% | 87.50% | 40,00% | 27,50% | 90,00% | 100,00%

Among the 50 total candidates tested we excluded five who tested positive for CVD, one who clearly
answered randomly, and the two worst and two best results for each scale to exclude eventual outliers.
Despite the five tested users with CVD do not represent a relevant sample, we can say that the results
gathered so far are in line with what was observed in the simulated images produced with the Colour-
blindness simulator. Concerning the qualitative opinions of the candidates, they are synthesised in
Table 3. The Rainbow scale with max saturation (O) was considered the easiest to use, with the
RainbowhiteLCH (Q) placing second. This result is interesting because, in the empirical tests, their
ranking was swapped. This is probably due to the fact that colours higher in Chroma stand out more
in a shaded 3D scene, however, strongly disuniform perceptual interval might make the closest
colours more susceptible to be mistaken for the adjacent ones, in fact, in scale O, the most mistaken
pairs of colours were red/magenta, and green/cyan.
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Table 4: Candidates' opinions on the ease of the task.

.. w oc] v = = =

Opinion of the %%g gog %@g Agg § % Aé? 02&7?
candidates r\ggﬁ =5 252 Ha = = = or 3z Egg.
(1=hard 10=easy) >8 3 G CrE S S G 2 g o°

10/10 0 0 0 6 0 1 26 28

9/10 0 0 0 15 1 8 11 5

7-8/10 3 2 4 12 15 17 3 7

0-6/10 37 38 36 7 24 14 0 0
10/10 (%) 0,00% 0,00% 0,00% 15,00% 0,00% 2,50% 65,00% 70,00%
10/10 + 9/10 (%) 0,00% 0,00% 0,00% 52,50% 2,50% 22,50% 92,50% 82,50%

Conclusions

The novel RainbowhiteLCH scale is a more perceptually uniform variation of the Rainbow scale with
max saturation used for the first time in (Apollonio, 2016) and updated in (Apollonio et al. 2021;
2024), it was designed to be more colour-blind friendly by shifting the colours in the proximity of the
red and green hues toward the blue/yellow axis, and by varying the lightness and chroma of the most
ambiguous colours of the previous scale to simplify their recognisability in shaded scenes (in
particular the pairs magenta/red, and cyan/green). The survey was submitted to 50 candidates and
empirically revealed that the novel scale improved the recognisability of colours in the
exemplificative 3D shaded scene for NCV users. The colour-blind simulation revealed that also users
with CVD might benefit from this updated scale. Nevertheless, despite the gathered preliminary data
looking promising, a greater sample of users with CVD is required in order to draw robust conclusions
for those subjects. The effectiveness of the scale for users with some of the most severe types of CVD
is still unsatisfactory, in these cases, a completely different approach should be considered.
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Abstract

In the era of technological innovation, Generative Artificial Intelligence (GAI) is radically
transforming spatial conception and experience, particularly in lighting and color design. This
integration is revolutionizing the design, management, and experience of interior environments.
Through exploration of theoretical principles, practical applications, and technological implications,
this synergy is redefining lighting and color design concepts.

This article examines methodologies, benefits, challenges, and future potential of GAI in creating
optimal, energy-efficient, and personalized lighting and color solutions. Leveraging techniques like
generative adversarial networks (GANSs) and deep learning, GAI analyzes extensive data, learns from
existing projects, and generates new design configurations.

The process involves collecting detailed environmental data using [oT devices, training generative
models on extensive datasets, and generating optimized lighting and chromatic solutions. Advantages
include increased efficiency, advanced customization, energy optimization, and expanded creative
possibilities. Challenges persist in data quality requirements, technological integration complexity,
and implementation costs.

The future of GAI in lighting and color design promises developments in augmented and virtual
reality for immersive visualization, integration with renewable energy sources, and unsupervised
learning for autonomous solution generation. This integration has the potential to make interior design
smarter, more adaptive, and personalized.

Keywords: Lighting design, Color design, Generative Artificial Intelligence, Machine learning,
Generative Adversarial Network.

Introduction

Artificial intelligence (Al) has evolved significantly, becoming a popular trend in various fields,
including architecture (Wei 2018). Its application in architectural design initially focused on the
conceptual phase, where techniques such as text-to-image translation and style transfer were used to
generate visual outputs (Mirra e Pugnale 2022). However, the potential of artificial intelligence
extends beyond mere visual generation, offering the possibility of developing more autonomous and
participatory design systems that enhance the sustainability and overall intelligence of architectural
projects. The sub-category of Generative Artificial Intelligence (GAI) is emerging as a driving force
that radically transforms the way spaces are conceived and experienced (Frontoni 2023), with
increasingly widespread applications in lighting and color. Generative models transform the design
process. Additionally, they redefine lighting and color management in interior spaces (Mathew e
Mahanta 2020). Traditional lighting and color design relied on empirical rules, manual processes, and
designer expertise to manage complex spatial and environmental interaction. With the increase in
computational power and the availability of larger datasets, GAI is now capable of analyzing large
amounts of data, understanding the dynamics of natural and artificial lighting, material characteristics,
and user preferences. Through advanced predictive models, it provides designers with powerful tools.
These allow for exploring color combinations, planning optimal lighting distributions, and testing
different configurations in simulated environments before implementation. Such capabilities surpass
those of traditional design software. These technologies significantly enhance the phases of design,
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planning, and implementation, offering more efficient, personalized, and aesthetically innovative
solutions (Sokolova e Fernandez-Caballero 2015).

This paper aims to analyze the implementation of GAI in lighting and color design, examining current
methodologies, benefits, and challenges. By investigating how GAI-driven approaches can achieve
efficient, adaptive, and personalized environments, we uncover new opportunities for advancing
interior spaces' aesthetic and functional aspects.

Implementation Methodologies

GAI implementation in lighting and color design relies on advanced machine learning and deep
learning technologies, divided into three phases: data collection, model training, and solution
generation. Generative Adversarial Networks (GANs), introduced by Goodfellow in 2014, are a key
technology in this field. GANSs consist of two neural networks interacting competitively: a generative
network creating new data and a discriminative network evaluating its accuracy. This "adversarial
learning" allows for innovative design solutions beyond traditional conventions (Goodfellow ef al.,
2014).

A crucial part of the Al-based generative design process is the collection of necessary data to train
the models. These datasets include:

e Environmental Information: Dimensions and layout of the space.

e Natural Lighting Conditions: Measurement of available natural light (Littlefair, 2011).

e Material Characteristics: Surface reflective and absorptive properties (Boubekri, 2008).

e User Preferences: Functional and aesthetic.

Internet of Things (IoT) devices are used for real-time data collection, allowing precise monitoring
of environmental conditions (Putrada et al., 2022).

In the training phase, generative models learn from extensive datasets of existing lighting and color
projects, recognizing patterns and correlations between spatial variables, lighting, and color. The goal
is to create a model capable of generating innovative and functional solutions based on specific
parameters. It has been demonstrated that high-quality datasets significantly improve the generated
solution's accuracy and reliability (LeCun, Bengio and Hinton, 2015). The final phase involves
generating optimized lighting solutions and color schemes. The Al system considers key parameters
such as luminous efficiency, aesthetics, color harmony, contrast, and adaptability to the project
context. A promising approach in this phase is the use of Retrieval-Augmented Generation (RAG)
models, which enhance the ability to generate relevant and contextualized content (Baduge et al.,
2022). The generative model produces a series of proposals, each optimized to meet specific project
criteria. This process enhances the designer's role by providing a tool to rapidly explore a wide range
of creative possibilities.Implementation requires collaboration between Al experts, lighting
designers, and color specialists, leading to innovative, efficient, and highly customized design
solutions (Novakovskyi and Yaloveha, 2024).

Practical Applications of GAI in lighting and color design

GAI implementation in lighting and color design has resulted in practical applications transforming
the industry. These applications focus on three main areas: lighting optimization, color customization,
and energy efficiency.

Designing Optimal Lighting Solutions

A fundamental application of GAI is the ability to optimize lighting in spaces by balancing natural
and artificial light. In architecture, light plays a crucial role in defining the atmosphere, functionality,
and comfort of an environment.

In the context of lighting design, GANs learn from datasets containing information on lighting
patterns, light intensity, color temperatures, and other parameters. These networks gather insights
from historical data, developing a comprehensive understanding of lighting styles, user preferences,

Color and Colorimetry. Multidisciplinary Contributions. Vol. XIX A ISBN 978-88-99513-23-8



XIX Color Conference, 2024 31

and environmental dynamics (Aliakseyeu ef al., 2011). Machine learning algorithms process complex

models. These adjust lighting by considering variables such as time of day, natural light presence,

and activities performed in the space. This training enables GANs to generate innovative and

customized lighting solutions (Ren et al., 2023).

Key applications of GAI in lighting design include:

e Advanced Natural Light Simulation: GAI accurately simulates the interaction of natural light with
interiors under various conditions, allowing designers to assess its impact on design.

e Energy Efficiency Optimization: Machine learning models calculate the optimal placement of light
sources, adjust intensity based on available natural light, and predict energy consumption (Omar,
2023).

e Adaptive and Personalized Lighting: Integration with IoT sensors allows automatic adjustment of
lighting based on space occupancy, time of day, and individual user preferences, enhancing both
energy efficiency and visual comfort (Basurto et al., 2021).

e Dynamic Lighting Scenario Design: GAI generates complex lighting scenarios that adapt over
time, supporting occupants' circadian rhythms and improving well-being and productivity.

e Optimization for Specific Visual Tasks: Al models optimize lighting for specific tasks, enhancing
visual ergonomics in work environments (Morina ef al., 2023).

e Integration with Architecture: GAI suggests innovative solutions for integrating lighting with
architectural elements, maximizing natural light ingress and creating unique and functional
lighting effects.

Creating Innovative Color Schemes

Generative algorithms can produce color palettes that adhere to principles of color theory and visual

harmony (Mathew e Mahanta 2020). This customization capability surpasses the limits of traditional

predetermined color palettes, allowing designers to explore innovative and unconventional
combinations (Koh, 2023). This approach helps designers consider color options that might not be
immediately intuitive, thereby expanding the creative potential of the design process.

The use of GAI in creating color schemes goes beyond merely selecting aesthetically pleasing colors.

These systems generate color solutions that optimize spatial perception by leveraging the complex

interaction of color and light. GANs, for example, can produce color schemes that maximize

interaction with natural light, creating dynamic visual effects. This approach is particularly relevant
in architecture and urban spaces where color perception plays a crucial role in defining spatial
experience and visual identity.

One of the most intriguing applications of GAI in the field of color is dynamic adaptation. In

interactive environments, Al can modify surface colors in response to environmental or behavioral

changes (Ferrara and Bengisu, 2014). This dynamic adaptation can manifest in various ways:

e Response to Lighting Conditions: Adjusting colors to compensate for variations in natural light
throughout the day, maintaining a consistent atmosphere or creating gradual transitions that
enhance visual comfort (Mathew e Mahanta 2020).

e Adaptation to User Activity: Modifying color schemes to support different activities in
multifunctional spaces, such as shifting from stimulating tones for work to more relaxing colors
for rest (Rangel and Matos, 2021).

e Preference-Based Customization: Adapting color schemes to specific occupant tastes (Lee, 2004).

e Response to Environmental Factors: Changing colors in response to factors like temperature,
humidity, or air quality in urban contexts, creating a visual connection between the built
environment and environmental conditions (Acampora and Loia, 2009).

These applications demonstrate how GAI is transforming the fields of lighting design and color
design by offering more efficient, personalized, and adaptive solutions that significantly enhance
environmental quality.
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Advantages of Implementing GAI in Color Design and Lighting Design

The integration of Generative Artificial Intelligence (GAI) in color and lighting design has
significantly transformed creative and technical processes. GAI enhances efficiency, personalization,
and innovation while contributing to energy-sustainable solutions. A primary benefit is the
remarkable speed at which design solutions can be generated. Generative neural networks process
thousands of variables rapidly, developing color schemes and lighting configurations more efficiently
than traditional methods. This acceleration allows designers to explore a wider range of options and
identify optimal solutions quickly (Oh et al., 2019).

GAI excels in creating personalized solutions by adapting lighting and color to user preferences.
Through data analysis from sensors and user interactions, generative models produce configurations
reflecting personal tastes and specific needs (Edwards, 2016). This capability extends to designing
more inclusive environments, considering diverse user categories, including individuals with visual
or sensory impairments (Aranda-Mufioz et al., 2022).

The technology significantly expands creative possibilities by generating solutions that might not
emerge through traditional methods (Frontoni, 2024). Generative models combine design elements
in innovative ways, exploring complex configurations that are challenging to conceive manually
(Saadi and Yang, 2023). GAI acts as a creative collaborator, providing inspiration and alternatives
that enrich the ideation process. Furthermore, GAI revolutionizes design through advanced
simulations and predictive analyses, optimizing the creative process. Designers can predict the
performance of their creations before implementation, allowing timely corrections. The intuitive
visualizations generated by Al facilitate understanding of design choices, improving communication
and decision-making.GAI also promotes multidisciplinary collaboration, facilitating interaction
among architecture, engineering, computer science, and behavioral sciences. This collaborative
potential enhances individual projects and contributes to the industry's overall progress, promoting
sustainable, inclusive, and future-oriented practices.In conclusion, GAI's advantages in color and
lighting design are evident in efficiency, personalization, sustainability, and creative innovation.

Challenges and Limitations of GAI in Color Design and Lighting Design

Despite its many advantages, integrating GAI into color and lighting design has several challenges.
A primary concern is the quality and accessibility of data required for effective Al model training.
Incomplete or biased datasets can lead to inaccurate or suboptimal results, potentially compromising
the universal applicability of generated solutions.

The technical complexity of integrating Al with [oT sensors for real-time data collection requires
advanced infrastructure and specialized expertise, making GAI adoption challenging, especially for
smaller enterprises. High implementation costs, including computational resources and staff training,
pose substantial barriers for many design studios and professionals.

Practical application of GAI tools in product design faces challenges in both "getting the right design"
and "getting the design right" (Hong et al., 2023). Generating lighting solutions that dynamically
adapt to various environmental or behavioral conditions in real-time requires GAI to consider
multiple variables simultaneously, a computationally demanding task. Accurate reproduction of color
across different devices and lighting conditions remains a persistent challenge for GAI systems, which
may not always capture or faithfully reproduce crucial color nuances (Liu ef al., 2023).

From an ethical standpoint, the use of Al raises issues related to privacy and data protection (Lor¢,
2019). GAl in lighting design often relies on collecting detailed data about user habits and preferences
through sensors and [oT devices. Although they are distinct documents with different purposes and
scopes, both the UNESCO Recommendation on the Ethics of Al adopted in 2021 (UNESCO, 2021)
and REGULATION (EU) 2024/1689 of 2024 (Regulation - EU - 2024/1689 - EN - EUR-Lex, 2024)
emphasize the importance of ensuring individual privacy and personal data security.

Al can introduce biases into decision-making processes when models produce results influenced by
skewed or non-representative data (Ferrara, 2023). Industry resistance to change also poses a
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challenge, as many professionals may view Al adoption as a threat rather than an opportunity,
necessitating training and support strategies to facilitate innovation adoption.

Future Potential and Developments

Recent research highlights the transformative potential of GAI in design and creativity, with key
developments anticipated in the integration of augmented reality (AR) and virtual reality (VR),
advanced unsupervised learning techniques, and integration with renewable energy sources. The
combination of GAI with AR and VR technologies promises to enhance spatial understanding and
decision-making in color and lighting design (Parati and Zolotova, 2024), enabling real-time
collaborative environments and promoting innovation through direct interaction among professionals
from different disciplines (Yuan, 2024).

The future of GAI will see increased use of unsupervised learning techniques, allowing Al systems
to identify patterns and relationships without large predefined or manually annotated datasets (Sanhita
Kar et al., 2023). his approach reduces dependency on human data and increases Al models' ability
to generate creative and unpredictable solutions capable of adapting to new or complex situations
(Franceschelli and Musolesi, 2023). In the realm of lighting design and color design, similar
techniques could be applied, enabling Al to explore color combinations and lighting solutions never
considered before, surpassing traditional aesthetic conventions. This innovative approach could lead
to lighting and color configurations that dynamically respond to environmental and social factors,
opening new frontiers in design (Parati and Zolotova, 2024). A recent study using GAI tools (Vizcom
e Midjourney) to create futuristic residential lighting environments demonstrated Al's ability to
generate not only design objects but also atmospheres and spatial configurations capable of
influencing communication and social relationships (Longo, A Middleton and Albano, 2024). The
evolution of Al in lighting design could also consider non-visual effects of light, such as impacts on
circadian rhythm and mood. While Al can generate innovative solutions, integration with human
expertise remains crucial. The quality of Al-generated solutions relies on the "Effectiveness Trilogy":
Expertise, Experience, and Usability (Freese, 2023). Designers will need to learn how to effectively
use prompts and images to control Al outputs, balancing creativity with functionality. The
interpretability of Al decisions remains a significant challenge, requiring new approaches for
validating and interpreting results.

Conclusions

Generative Artificial Intelligence (GAI) is emerging as a transformative force in lighting and color
design. This study has explored implementation methodologies, practical applications, advantages,
challenges, and future potentials of GAI in this context. Advanced techniques like machine learning,
deep learning, and particularly Generative Adversarial Networks (GANSs), demonstrate a remarkable
ability to generate innovative design solutions optimizing luminous efficiency, aesthetics, and
personalization. Integration with emerging technologies like the Internet of Things (IoT), augmented
reality (AR), and virtual reality (VR) further amplifies application possibilities. The benefits of
implementing GAI are significant, including increased efficiency and speed in the design process,
advanced solution personalization, energy optimizations, and exploration of creative solutions.
However, challenges such as the need for high-quality data, technological integration complexity,
high costs, and ethical considerations must be addressed. GAI redefines the boundaries of creativity
and efficiency, offering solutions beyond human capabilities and enabling responsive, sustainable,
user-centered environments. Looking to the future, GAI has the potential to revolutionize how we
conceive and interact with illuminated and colored spaces. A balanced approach integrating human
expertise with Al capabilities is crucial, as is interdisciplinary collaboration among designers,
engineers, scientists, and Al professionals. Ultimately, GAI in lighting and color design is a catalyst
for broader change in how we design and experience spaces. Implemented thoughtfully and
responsibly, GAI can significantly enhance our quality of life by creating more comfortable, efficient,
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and stimulating environments. The future of lighting and color design is bright, colorful, and
intelligent, thanks to the synergistic integration of human creativity and artificial intelligence.
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Abstract

Physically-Based Rendering (PBR) is gaining popularity in rendering applications due to its ability
to generate realistic visuals by mimicking light's and materials physical properties. This strategy
improves the quality and uniformity of visuals on different systems, making it a preferred choice for
artists, designers, and developers. However, transitioning from non-photorealistic rendering methods
to PBR presents challenges, such as adjustments to lighting configurations and material setup.
Understanding the differences in light interaction with surfaces is crucial for a smooth transition,
necessitating education and training for those involved. PBR consists of two main workflows:
metallic and specular. The study compares the strengths and limitations of each workflow, considering
criteria such as user-friendliness, adaptability, and accuracy in mimicking real-life substances.

Keywords: Physically-Based Rendering (PBR), real-time rendering, color accuracy, realistic
imaging, shading models, material properties.

Introduction

The Physically Based Rendering (PBR) model is a rendering technique designed to accurately
simulate light interaction with surfaces based on their physical and optical properties. It relies on core
principles such as specular and diffuse reflection (through a correct definition of the BRDF), energy
conservation, and the Fresnel effect. PBR materials are characterized by parameters like roughness
and glossiness, which define their surface characteristics and influence how light is scattered. The
model employs two primary workflows: the metallic workflow, which categorizes materials as metals
or non-metals, and the specular workflow, which provides greater control over reflectivity and color
for various materials. This article will explore these workflows through a case study using Unity
software, demonstrating their practical applications and highlighting the importance of maintaining
color accuracy in material rendering.

Theoretical Model

Physically Based Rendering (PBR) is a rendering approach that aims to simulate the interaction of
light with surfaces in a way that is consistent with the physical properties of materials. PBR materials
are grounded in several core principles that govern their behavior: Diffuse and Specular Reflection
(BRDF), Energy conservation and Microfacet theory, Fresnel Effect, Roughness and Glossiness
(Pharr, Jakob and Humphreys, 2023).

1. Specular and Diffuse Reflection

Specular reflection is the process of light radiation being reflected at a surface, where the incident
light ray undergoes reflection and propagates in an opposite direction. The Angle of Reflection on a
flat surface is equal to the Angle of Incidence, but irregular surfaces can cause random variations in
the reflected direction. Surfaces with more roughness will exhibit larger and less luminous highlights,
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while smoother surfaces preserve the focus of specular reflections, enhancing their brightness and
intensity.

Diffuse reflection is the scattering of light in many directions upon hitting a surface, resulting in a
soft, non-mirror-like appearance. In dielectris the light ray passes from one medium (air) to another
(the dielectric) and is scattered multiple times inside the object. Then, it is refracted again out of the
object, making its way back to the original medium in a lot of a diffeent directions. Metals strongly
absorb light once it enters the surface, preventing subsurface scattering, thus, the concept of diffuse
reflection doesn't really apply to metals in the same way. If diffuse reflection occurs on metals, this
is due exclusively to the surface micro-roughness of the material.

Metals with diffuse properties exhibit a high degree of absorption, ensuring that refracted light is
likely to be fully absorbed. This means that the spatial separation between entry and exit locations
can be disregarded (Bennett, 2022). The Lambertian model, commonly used for diffuse reflection,
does not explicitly consider surface roughness, but models like Oren-Nayar do. The Lambertian
model is widely used for diffuse reflection for its simplicity, but it fails to capture the effects of surface
roughness. More advanced models, such as Oren-Nayar, have been developed to address this
limitation by explicitly considering surface roughness in their formulations (Oren and Nayar, 1995)

2. Energy conservation and Microfacet theory

The total energy of light reflected is less than or equal to the energy of incident light (Pharr, Jakob
and Humphreys, 2023). Energy Conservation plays a vital role in physically-based rendering
solutions. It states that the total amount of light re-emitted by a surface (reflected and scattered back)
is less than the total amount it received. The light reflected off the surface will never be more intense
than it was before it hit the surface. Energy conservation is not automatically calculated by the shader
in physically based rendering (PBR). The Bidirectional Reflectance Distribution Function (BRDF)
models play a crucial role in ensuring energy conservation, together with microfacet theory. BRDFs
are designed to conserve energy by ensuring that the total reflected light does not exceed the incident
light energy. This is achieved through the normalization of the BRDF and the use of microfacet theory
to simulate realistic surface reflections. Microfacet theory uses a Microfacet Distribution Function
(MDF) to describe the orientation of the microfacets on a surface (Cook and Torrance, 1982).
Common distributions include the Beckmann and GGX distributions (Walter et al., 2007). The MDF
helps determine how many microfacets are oriented towards the incoming light direction. It yields a
finite value contributing to the overall reflectance without exceeding the incident light.

3. Fresnel

The Fresnel Effect, as observed by French physicist Augustin-Jean Fresnel, states that the amount of
light you see reflected from a surface depends on the viewing angle at which you see it. The Fresnel
effect is greater in dielectrics than in metals. The Fresnel formula describes how light is reflected and
refracted based on the angle of incidence (Hecht, 2017). PBR models automatically calculate Fresnel
effects based on the material's index of refraction and roughness, ensuring realistic results without
requiring manual adjustment from the user. These calculations are performed in real-time by the
rendering engine (Pharr, Jakob and Humphreys, 2023).

4. Roughness and Glossiness

PBR materials utilize parameters such as roughness and glossiness to define the surface
characteristics. Roughness quantifies the microfacet distribution, affecting how light is scattered. A
low roughness value results in sharp reflections, while a high roughness value leads to diffuse
scattering. These parameters are crucial for simulating a wide range of materials, from smooth metals
to rough surfaces like concrete. Glossines is the inverse of the Roughness.
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PBR materials are typically defined by a set of key properties, colors, or textures that dictate their
appearance. Albedo (or Base Color) is a property that represents the inherent color of the material,
independent of lighting conditions, and describes the portion of incoming light that a surface reflects
diffusely. It is often stored as a texture map. Metallic is a parameter that indicates whether a material
behaves like a metal. Metallic surfaces reflect light differently than non-metallic surfaces, with metals
exhibiting high reflectance and little to no diffuse reflection. Roughness/Smoothness controls the
microfacet distribution and influences the sharpness of reflections. It is represented as a grayscale
texture. A smoothness map is the inverse of a roughness map. Normal Map is a texture that provides
additional detail to the surface by altering the surface normals, allowing for the simulation of fine
surface features without increasing geometric complexity. Ambient Occlusion simulates the soft
shadows that occur in crevices, corners and areas where light is occluded. It can be used in computer
graphics to simulate the way light is naturally blocked or occluded in certain areas of a 3D scene to
enhance the depth and realism of a material. In this paper, we will not consider this property since it
1s primarily an empirical technique rather than a strictly physically-based phenomenon. It does not
account for direct light sources, reflections, or complex light interactions such as color bleeding. It
simplifies the lighting model to enhance depth and realism without fully simulating the physical
behavior of light. Thus, it does not align with physical accuracy (Mdéller, Haines and Hoffman, 2018).

5. Metallic and Specular Workflow

The construction of a PBR material can be approached using two primary methods: the metallic
workflow and the specular workflow. Metallic workflow categorizes materials into two distinct
groups: metals and non-metals (dielectrics). The specular workflow enables accurate control of
reflectivity and color values for any material, regardless of its nature.

The metallic workflow simplifies the material definition by focusing on the physical properties of
metals versus non-metals and in most CAD applications the user can input specific properties:

e Metallic Property: This is a binary value (0 or 1) that indicates whether a surface is metallic.
Metals reflect light differently than non-metals; they tend to have a strong specular reflection
and little to no diffuse reflection. If it is possible to input a greyscale map, that tells the shader
whether the colored portion is made of metal or not. Metal is represented by white, while non-
metal is represented by black.

e Base Color: In this workflow, the base color of a metallic surface is often derived from the
color of the metal itself, which affects how it reflects light. Non-metallic surfaces, on the other
hand, will have a more pronounced diffuse reflection. It is often represented by a base color
or texture.

e Roughness map: Roughness maps are grayscale textures that indicate the micro-surface
details of a material. Each pixel in a roughness map corresponds to a specific area on the
surface, where the intensity of the pixel from black to white determines the roughness level.
White (or light gray) indicates a rough surface that scatters light in many directions, resulting
in a diffuse reflection. Black (or dark gray): represents a smooth surface that reflects light
more directly, leading to sharper specular highlights.

The metallic workflow is particularly effective for rendering realistic metal surfaces, as it captures
the unique way metals interact with light, emphasizing their reflective qualities while minimizing
diffuse contributions (Mdller, Haines and Hoffman, 2018).

In contrast, the specular workflow focuses on defining materials based on their reflective properties.
In this model, surfaces are characterized by their diffuse and specular components:

o Diffuse Reflection: This represents the light that is scattered in many directions when it strikes
a rough surface. It is often represented by a base color or texture.

e Specular Reflection: This refers to the shiny highlights seen on surfaces, which occur when
light reflects off a smooth surface. The specular component is controlled by parameters such
as the intensity and color of the specular highlight.
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e Glossiness map: grayscale textures that indicate the glossiness or smoothness of a material's
surface. Each pixel in a glossiness map corresponds to a specific area on the surface, where
the intensity of the pixel from black to white determines the glossiness level. White (or light
gray): indicates a highly glossy surface that reflects light sharply, resulting in pronounced
specular highlights. Black (or dark gray): represents a matte surface that scatters light more
diffusely, leading to softer and less defined highlights.

This allows for a wide range of materials, from matte to glossy surfaces, to be accurately represented
(McDermott, 2018).

Methods
A case study utilizing Unity software will illustrate the practical application of these workflows. It
will demonstrate how to implement PBR techniques in the application, highlighting the necessary
adjustments to material setup and emphasizing user-friendliness and adaptability in real application
design problems. The metallic and specular workflows in Physically Based Rendering (PBR) have
distinct effects on the color appearance of materials. Thus, a series of sample object with different
materials will be studied to evaluate if they exhibit distinct characteristics in both workflows, allowing
for a clear demonstration of the differences in how materials are rendered.
To achieve physically accurate rendering using PBR (Physically Based Rendering) materials, both
with the metallic and specular workflows, it is essential to use textures with an sSRGB profile (IEC,
1999). These textures should be generated using calibrated tools and under controlled lighting
conditions. In fact, all rendering software requires images in SRGB format as input, as this profile
ensures a correct representation of colors and brightness, which is vital for visual accuracy in the final
images. The use of calibrated tools helps minimize discrepancies between measured values and
displayed ones, contributing to more accurate analysis of rendered scenes. Additionally, controlled
lighting is crucial for maintaining consistency between textures and rendering conditions, ensuring
that materials react realistically to light (Guarini and Rossi, 2021).
Metallic Workflow
In the metallic workflow, the base color of a metallic surface is derived from the inherent color of the
metal itself. This color affects how the material reflects light. For example:

e Copper: has a reddish-brown base color that results in warm, reddish reflections.

e (Gold: has a yellow base color that produces golden reflections.

o Silver: has a gray base color that leads to cool, silvery reflections.
The metallic property also influences the color of specular highlights. Metallic surfaces tend to have
sharper, more defined highlights that closely match the base color.
Specular Workflow
In contrast, the specular workflow separates diffuse and specular reflections, allowing for more
control over the material's color appearance.

« Diffuse Color: represents the base color of the material, similar to the metallic workflow. It

determines the overall hue of the surface.

e Specular Color: controls the color of the specular highlights. It can be adjusted independently
from the diffuse color, allowing for more flexibility in achieving desired color effects.
Specular highlights in the specular workflow are typically lighter than the base color, often white or
a lighter shade of the diffuse color. The intensity and sharpness of the highlights are controlled by the

shininess or glossiness parameters.

In a Unity scene, some vases have been placed on a table. To ensure maximum fidelity and
photorealistic quality, the "High Definition Rendering Pipeline" (Unity Technologies, 2024) was
used. The materials created to be assigned to these vases have been setup with Unity's Lit shader (Lit
Shader | Universal RP | 12.0.0,2023). All tests were conducted under the same lighting conditions,
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given by a sun obtained through a directional light, and by an HDRI map to simulate the light from
the sky and its reflections on the objects used.

GOLD - The first test was made with a metal gold-type material, with homogeneous color and without
texture. Both were given the same HSV color color value on Base color, 46%, 74%, 83%. In the first
material created, which in the Lit shader is set to the metallic workflow by default, the « Metallic »
parameter has been set to 1. In the second material, the "Material type" has been changed to "Specular
color", thus enabling the specular workflow (Unity Technologies, 2024). Since, in this case, the color
of reflections and highlights are not automatically affected by the base color, the HSV values have
been copied from the base color in the « Specular color » slot. The "Energy conserving specular color"
option has been set to ensure that energy conservation is respected. The « Smoothness » value has
been setup at 0.95 in both workflows. In the Unity application, the roughness map is never used, and
it is replaced by the smoothness map, its inverse, in both workflows. Compared to the original base
HSV color, the Metal workflow material applied to a sample vase appears more faithful and was
obtained more easily, having set only the metallic parameter to 1. The sample where the specular
workflow was applied returns a strongly lighter result. Note that even if the « Energy conservation
specular color » is on, the base color Value has to be manually decreased to 5% in order to respect
energy conservation and obtain a coherent result as the one obtained with the Metallic workflow.

RUBBER - Another test was done with a material of homogeneous color and low specular reflection,
such as rubber. The base color has been set to HSV values 68% 72% 50%. Initially, a material with
a metallic flow was created, setting a "Smoothness" of 25%. In the corresponding specular workflow,
the base color and smoothness have been left unchanged, while the "Specular color" slot has been set
to 10%. The item "Energy conserving specular color" has no effect in this case because the Energy
conservation is already satisfied with the parameters used. The two samples on which the studied
materials were applied did not present substantial differences in terms of color and brightness, but the
second required more input from the user.
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Fig. 1 — GOLD and RUBBER: Left sample, metallic workflow. Right sample, specular workflow. In the specular
workflow golden sample, the base color was decreased, even if Energy conserving was enabled.

COPPER - Another material considered is a metal without a homogeneous color, with a diffuse color
characterized by a texture, such as copper. In both workflows, the same sRGB color profile map was
inserted as a « Base map ». In the first material, which is set to the metallic workflow by default, the
« Metallic » parameter has been set to 1. In the second material, the "Material type" has been changed
to "Specular color", thus enabling the specular workflow (Unity - Manual: Metallic vs. specular
workflow, 2024) Since, in this case, the color of reflections and highlights are not automatically
affected by the base color, the map has been copied from the base color in the specular slot. The
"Energy conserving specular color" option has been set to ensure that energy conservation is
respected. The « Specular color » slot was also set to RGB values 250,208,192 as suggested for the
copper reflection value in the PBR guide (McDermott, 2018). The « Smoothness » value has been
left unchanged in both workflows. Compared to the original texture of the base color, the sample vase
where it was applied appears more faithful and was obtained more easily, having set only the metallic
parameter to 1. The sample object where the specular workflow was applied returns a less contrasty
albedo texture and more saturated color reflections and also requires more inputs from the user. The
differences between the two color renderings decrease when the same smoothness map is inserted (in
Unity in the « Mask map » slot as the Alpha channel of an image *.tiff).

Copper
- <18 (250,208,192)

Fig. 2 — COPPER: Left sample, metallic workflow. Right sample, specular workflow. In the latest, a less contrasty
albedo texture and more saturated color reflections are evident. The chromatic difference between the two workflow
decreases when it is inserted a smoothness map, instead of leaving a numeric value.
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LEATHER - The same procedure was followed to simulate a slightly shiny and bumpy dielectric
material, such as leather. Following the metallic workflow, the "Metallic" property has been set to 0.
The "Mask map" was used to insert the smoothness map, which automatically determined how much
specular light is reflected. Finally, a "Normal map" has been inserted to simulate the surface leather
texture. Following the specular workflow, the Material type has been set to "Specular color". The
same smoothness map has been inserted through the "Mask map". The "Specular color" slot has been
manually set to the highest value within the range of 2-5%. The range on which to act is very narrow
because the value between most common dielectric materials doesn't change drastically (Hecht,
2017). The "Energy conserving specular color" option has been set to ensure that energy conservation
is respected. The two samples thus assigned are very similar in tonality, but the material created with
the specular workflow is slightly darker. However, the user has the possibility to increase the
brightness by acting on the sSRGB values of the "Specular slot," thus exceeding the physical value
above suggested for dielectric materials.

Fig. 3 — LEATHER: Left sample, metallic workflow. Right sample, specular workflow. The specular workflow renders
a slightly darker material. To compensate for this difference, incorrect physical specular values for dielectric materials
should be used.

Results
The analysis demonstrates that both the metallic process and specular workflow in PBR significantly
affect color fidelity. The metallic process is particularly effective for materials that can be distinctly
classified as metals or non-metals, ensuring accurate color representation based on their reflective
properties and maintaining user-friendly input. In contrast, the specular workflow provides greater
flexibility in manipulating reflectivity and color across a wider range of materials, allowing for
enhanced color fidelity in diverse applications although increasing the possibility of incorrect user
input. The case study in Unity has showcased the implementation of these workflows, emphasizing
the importance of maintaining color accuracy in real application design problems.
When comparing the two workflows:
e Metallic surfaces tend to have a more uniform color appearance, with specular highlights
closely matching the base color.
e Non-metallic surfaces in the specular workflow allow for more independent control over
diffuse and specular colors, enabling a wider range of color effects.
Copper, for example, would have a reddish-brown base color in both workflows, but the metallic
workflow would automatically produce sharper, warmer specular highlights, while the specular
workflow allows for more flexibility in adjusting the highlight color. The metallic workflow
emphasizes the inherent color of metals and their unique specular reflection properties, while the
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specular workflow provides more control over diffuse and specular colors for a broader range of
materials, requiring more tuning by the designer.

Discussion/Conclusions

The transition from non-photorealistic rendering to physically-based rendering (PBR) introduces
significant opportunities and challenges for rendering applications. PBR enhances visual realism by
accurately simulating the physical properties of light, yet it necessitates a comprehensive
understanding of light interactions with surfaces, which sometimes complicates material setup.
Designers must choose between the metallic process and specular workflow, influenced by the
materials being rendered and the desired realism. This choice affects flexibility and fidelity in visual
outputs. Professionals in visualization and interactive media encounter a steep learning curve when
shifting from traditional rendering methods to PBR, requiring skills that extend beyond basic texture
mapping. To facilitate this transition, targeted education and training in PBR principles are essential.
As PBR techniques evolve, continuous research and development will be crucial in addressing
emerging challenges and improving rendering quality and efficiency..
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Abstract

During the silent era, films were coloured using various experimental processes. Some techniques
were tested on a single film, while others were successfully adopted by laboratories in different
countries. The three most common film colouration process were pochoir, tinting and toning. Even if
these processes were standardized and described in manuals there were always a margin for
modifying the recipes and create different shades of colours.

A large part of silent films preserved in archives present these three colour techniques. Knowing in
detail the nature of colours is important for planning preservation strategies and for recreating
colourations in digital restoration processes. We compare colour recipes contained in lab manuals
with the results of non-invasive and micro-invasive methods of analysis (surface-enhanced Raman,
Fourier-transform infrared and visible spectroscopies) to understand which are the real components
and how closely they correspond to the original formula.

We focus our research on five frames from French and Italian films: a combination of yellow-orange
tinting and pochoir from a film Pathé (1907 - 1909); a red tinting intertitle from Tiziano Film
production company (1920 - 1921); a yellow tinting frame from an unknown French film (post 1909);
a red tinting frame from La bocca suggellata (Michele Malerba, 1920); a combination of blue tinting
and green toning from an Italian film (end of 1910s beginning of 1920s).

These frames come from film materials developed in Italian or French laboratories, so we selected
two manuals published in these countries: Vittorio Mariani, Guida pratica alla cinematografia and
Le film vierge Pathé. Manuel de développement et de tirage. Both contain recipes for colouring films
fixing previous common practices.

The analytical methods were chosen because of their specificity towards molecular structures and
their suitability for the identification of organic dyes and/or inorganic colouring compounds.

Keywords: tinting; toning; pochoir; silent film, SERS spectroscopy; visible spectroscopy; FTIR
spectroscopy

Introduction

The different activities connected to film conservation, preservation, and restoration have developed
in relative isolation and have only recently been connected to the broader field of cultural heritage
conservation practices. The main reason of this isolation and the lack of scientific studies is due to
the short history of the medium (Cherchi Usai, 2010). For this reason, non-invasive and micro-
invasive analysis, common practices in the cultural heritage field, have been very rare in film
conservation and only adopted recently.

In this contribution we focus on the application of non-invasive and micro-invasive analysis to the
colour in silent film. From the long-term conservation point of view, understanding the nature of the
components of a colour and how they decay is important for creating a better long-term preservation
plan. From the perspective of the film restoration (photochemical, digital or hybrid), it is important
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for a more precise characterization and reconstruction of colourisations. For example, the frame
below (fig. 1) is an unknown Ambrosio film, with a faded yellow tinting and traces of another colour
on the side. In this case, it’s an isolated fragment and we don’t have a colour reference in other scenes,
we don’t know the shade of the original yellow (light yellow, orange / yellow, acid green / yellow
etc) and if the red in the side is a trace of the colour of another scene or another kind of pigment.

.

Ko

=

Fig. 1 - Film Ambrosio (1907 - 1909)
In others case the colour is not visible anymore or we have only few traces.

The aim of this contribution is to compare colour recipes contained in laboratory manuals with the
results of non-invasive and micro-invasive methods to understand which the real components are,
because many variations could be made to the original formula. All the information collected will
serve as a guide for characterizing colour, understanding colour deterioration, and establishing better
conservation and restoration strategies.

Colourization Techniques

In the silent era films were coloured utilizing a variety of processes, many experimental, some never
actually applied, and others used for just few films. For an in-depth study of all these techniques with
samples and literature, the main reference is the online database Timeline of Historical Film Colour
created in 2012 by Barbara Flueckiger and her collaborators (Flueckiger, 2012 ff.).

Despite this great variety of experimentation, the most common film colourisation processes were
three: pochoir, tinting and toning. These techniques were simple to achieve and could be standardised
to fit in the workflow of film laboratories. The first technique is pochoir or stencil colour obtained by
colouring defined areas of the images frame by frame. This technique has been used from 1903 and
descend from the photographic retouch and magic lantern slide painting. At the beginning, the colour
was applied manually by hundred of women using stencil then, to make the process faster, by
machines. Despite this improvement the pochoir process remain too slow: Vittorio Mariani write in
his manual (Mariani, 1916) that this technique is long and expensive, and not necessary for a modern
film laboratory. The other two techniques have been more successful and have lasted longer: tinting
and toning. Tinting is obtained by immerging the positive print into dye baths (the composition and
proportions of which changed according with the colour) and homogeneously attaches over the entire
film including the perforation area, darker parts remain black. Toning is a process obtained by
immerging a positive print into a dye bath (that, also in this case, change according with the colour)
where a chemical reaction replaces the neutral silver image with one consisting of coloured metal
compounds. In toning the film base remain transparent and the gelatine is coloured. These three
techniques could be combined as in the first and third samples below (fig. 2 and fig. 4).

Samples from French and Italian Silent Films
The frames selected for this research are from French and Italian films to have a very precise
comparison with the colouring formulas in the manuals used in these areas. All the films stocks are
35mm nitrate base and, of course, positive prints.
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Fig. 2 — Film Pathé (1907 - 1909)

The first sample, figure 2, is a frame from an unidentified film Pathé (most likely of the series Scenes
a trucs) printed on a Pathé film stock produced, according to the manufacturer’s edge mark (Brown,
2020 ed.), between 1907 and 1909. The colour of the film was obtained combined two techniques: an
orange / yellow tinting and a red pochoir on the woman figure, the smoke behind her and the skeleton
on the ground.

Fig. 3 — Tinted samples

The first frame in figure 3, is an end title of Tiziano film printed on an unknown film stock (there is
not edge marks or other signs for identifying the manufacturer). Tiziano film was a production
company from Turin operating only for two years, 1920 and 1921, and because there is no
photographic trace of previous perforation, the film was printed directly from the original negative.
The colour of the frame is a red tinting.

The second frame is from an unidentified French film, also in this case the stock is unknown, datable
post 1909 because the KS (Kodak standard) perforations introduced from that year. The photographic
sign of perforation from previous film materials indicate that is not a first generation print but a
following copy. The colour of the frame is a yellow tinting.

La bocca suggellata (Michele Malerba, 1920) is a film produced by Tornielli Film Torino. The frame,
the third in figure 3, shows the title and some credits. Because there isn't an edge mark or a
photographic trace of previous perforations, it was probably printed at the time of the first distribution
of the film. The colour of the frame is a red tinting, slightly different, colder, form the one of Tiziano
film.

Fig.4 — Tinted and toned Italian film.
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The last sample is a frame from an unidentified Italian film, probably a short documentary or a
newsreel, printed on an unknown film stock, no photographic trace of a previous film materials. We
can set this film in the first part of the1920’s. The colour of the film is a combination of two
techniques: a light blue tinting and a blue toning.

Source of Formulas

The colour recipes use for comparing the results of spectroscopic analysis are from two manuals:
Vittorio Mariani, Guida pratica alla cinematografia and Le film vierge Pathé. Manuel de
deéveloppement et de tirage.

The Mariani manual was published in 1916 and embrace almost all the activities connected to the
film production from the construction of the set and shooting to lab treatments and projection. When
the film industry grew all these activities were separated in specific branch (as they still are today)
but at the beginning of film history they were often integrate in one facility. The section thirteen is
dedicated to film colourisation formulas for tinting and toning. Le film vierge Pathé. Manuel de
deéveloppement et de tirage published in 1926, is a more specific manual, for the laboratory work and
more detailed in the description of procedures for developing, printing and colouring film. The
colourisation process is in the section ten dedicated to the development of positive prints. The manual
dedicates a section to other colourization technique as, for example, the pre tinted film Pathé.

Both manuals collect recipes from earlier sources and fixed practices already in use in film
laboratories.

Analytical Methods
The colour of the five frames was analyzed by different spectroscopic techniques with non-invasive
and in some cases micro-invasive methods.

Raman spectroscopy was applied in micro mode and with low incident power to preserve the highly
flammable cellulose nitrate film support. It is a non-invasive analysis based the inelastic scattering of
radiation by the sample molecules and associated with molecular vibrations. For this reason, it is a
technique that allows to univocally recognize the analysed compound. The micro-Raman spectra were
acquired using a Jasco TRS 300 triple monochromator spectrometer, equipped with an Andor CCD
detector and interfaced with an Olympus BH-2 microscope. A Cobolt Twist TM 25 laser with
emission at 457 nm (blue) was used as excitation source. The spectral region 800-1800 cm™! was
considered.

To overcome the fluorescent emission, one of the biggest limitations in Raman effect that could hide
the signals in the final spectrum, surface-enhanced Raman spectroscopy (SERS) was also used. It is
a micro-invasive technique, in which the signal is amplified by the interaction between the analyte
molecules and a nanostructured metal substrate. If a selected excitation wavelength that corresponds
to the absorption band of the sample is used, a further amplification is observed due to the resonance
effect. In this case a colloidal suspension of silver nanoparticles was used, prepared according to the
Lee and Meisel procedure (Lee et al., 1982-86). The analysis was performed using a micro-Raman
probe equipped with a notch filter and an Olympus 50X objective, connected to Lot-Oriel MS 125
spectrometer. The probe is also connected to a laser source with emission at 532 nm (green). To
perform the analysis, a micro-sample was taken from the perforation area by scratching the film with
a scalpel and the powder was placed on a glass slide with a drop of the solution containing the colloid
and an aggregating agent (sodium perchlorate).

The absorption spectra in the UV-visible spectral region of the five frames were acquired as well. It
i1s a non-invasive technique useful for the study of compounds that impart colour thanks to the
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presence of chromophore groups in the molecular structure. The analysis was conducted in
transmission mode using a Jasco V-570 benchtop spectrometer with an acquisition range from 350
nm to 800 nm. Unlike the Raman spectrum, the absorption spectrum has broad bands and therefore
is not specific for a given compound, but allows for some important considerations, such as the use
of mixtures rather than pure compounds in the colour formulation.

Finally, to study the colour of the blue-toned film, Fourier transform infrared (FT-IR) Spectroscopy
in specular reflection was used using a compact Alpha spectrometer from Bruker. The measurement
was carried out on an area of approximately 6 mm in diameter on the emulsion side of the frame.

Results and Discussion

The identification of the compounds used for the tinting of the five frames was possible by comparing
the spectroscopic data acquired using the techniques mentioned above with the bibliographic
references and 19th-20th century filmography manual. An example of that is shown in figure 4.

Red tinting
The UV-visible spectrum obtained in transmission mode on the red frame from La bocca suggellata

(fig. 3) is comparable with the spectrum of the red dye Eosin Y (Acid Red 87), a xanthene dye widely
used for the red tinting (Mariani, 1916). The correct identification of this dye has been confirmed by
Raman spectroscopy (Aexe= 457 nm) (Saviello et al., 2018). The use of this dye for film tinting is
documented in some cinematography manuals (Mariani, 1916) alone to obtain a pinkish dye or mixed
with other compounds to obtain yellow-orange colours.

The red dye used for the tinting of the frame with the end title of Tiziano film (fig. 3) was identified
by surface-enhanced Raman spectroscopy (SERS) as Ponceau 2R (Acid Red 26), that gave the film
a fiery red colour. In film manuals (Pathe, 1926), there are references to the use of different types of
Ponceau dyes in tinting formulas, in particular the use of ponceau 3R. However, it must be considered
that from a chemical point of view the Ponceau 2R and Ponceau 3R dyes have the same molecular
structure except for the presence of a methyl group and this difference is too subtle to be detectable
by SERS analysis. Therefore, it cannot be excluded that the red dye in question is precisely the
Ponceau 3R. In general, Ponceau dyes are synthetic azo dyes characterized by the presence, in the
structure of the molecule, of a -N=N- double bond linked to two aryl substituents or their derivatives.

Yellow - orange tinting and pochoir

For the frame shown in figure 3 the use of an orange dye was at first hypothesized from the UV-
visible spectrum despite the yellowish colour of the film. In fact, its absorption maximum is located
at about 480 nm, while the yellow dyes normally used for tinting absorb at slightly lower wavelengths
(AAT Bioquest, Inc., 2024).

The concrete assumptions about the nature of the dye used for the tinting were possible through the
SERS technique which made it necessary to take a powder sample in the low perforation area. The
obtained SERS spectrum shows clear analogies in the trend and intensity of the signals with a SERS
spectrum of the Orange G dye (Acid Orange 10), a synthetic mono-azo dye attested for use in tinting
formulations in several manuals. For example, Gregory in Motion Picture Photography (Gregory,
1927) registers a list of standard dyes which have been chosen as fulfilling the tinting conditions as
nearly as possible and the Orange G is one of them for the “Cine Orange” tint. The use of this dye is
also attested in the Agfa manual (Agfa, 1925) in the tinting formula n° 6 (fig. 5).
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Fig. 5: UV-visible (I) and SERS spectrum (II) with identification of the dye in the sample with a yellow tinting (fig. 3).

The sample shown in figure 2, in addition to having a colouring given by the pochoir technique, has
an orange/yellow tinting. Given the preciousness of the film fragment, no samples were taken from
it but thanks to non-invasive techniques it was possible to hypothesize the nature of the orange dye.
In the UV-visible absorption spectrum it is clearly observed that it is actually a mixture of two dyes
due to the presence of two relative absorption maxima: tartrazine, a yellow dye, and eosin Y, a red
dye already mentioned for the tinting of the sample in figure 4. Tartrazine is one of the oldest known
members of the pyrazolone family of dyes (Hunger, 2003), i.e. molecules that present as central group
a 5-membered heterocycle containing two adjacent nitrogen atoms. This mixture is cited in (Mariani,
1916) to obtain an orange tinting or yellow tinting, according to different proportions of the two dyes.

The identification of the dyes used in the pochoir for the red and green areas of the frame was however
very complex, especially because the responses of the analyses were strongly influenced by the
background response of the tinting mixture tartrazine + eosin Y and it was difficult to isolate the
individual signals due only to the pochoir dyes. In the case of the red details, however, Raman
spectroscopy (Aexe = 785 nm) allowed to observe signals possibly attributable to a red dye of the
rhodamine class.

Blue toning
The sample in figure 4 shows blue toning and also a light blue tinting has been hypothesized. The

spectroscopic analyses performed on this frame do not seem however to support this hypothesis,
especially due to the lack of Raman signals that can be assigned to an organic compound.

For the study of the colour due to toning, FT-IR spectroscopy proved useful, as the film spectrum
shows a band at 2070 cm-1 attributable to the stretching vibration of the -C=N-, which indicates the
presence of cyanide compounds characteristic of the toning formulation.

Conclusions

The application of non-invasive and/or micro-invasive analytical methods to the study of the colour
of motion picture films has allowed us to obtain some important information. First, for most of the
samples, these methods have enabled us to uniquely identify the dye used in the tinting formulation,
finding a direct correspondence with the historic manuals available in the literature. In cases where
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the dye has not been identified, because of the impossibility of taking a sample or due to the
overlapping of tinting and pochoir, these techniques still allowed the identification of the chemical
family to which the dye belongs.

In particular, micro-invasive methods have permitted us to confirm some hypotheses based on the
results obtained by non-invasive ones, confirming the validity of these methods as well. These latter
were fundamental in identifying the dye in a red frame and a dye mixture often used to obtain an
orange tinting and in distinguishing the metal toning process from the tinting one.

The importance of the study and the identification of synthetic dyes used during the silent era is
fundamental from the perspective of film conservation and restoration. In the context of the debate
surrounding photochemical and digital restoration of audiovisual heritage, the results of these
analyses could be as an important starting point for creating a database of technical data available to
restorers to reestablish the film's original colour. In fact, from the spectroscopic data, it is possible to
obtain the colorimetric coordinates, essential for digital restoration. Furthermore, due to the frequent
lack of clear references in the literature, analyses of this kind help clarify the types of dyes used in
historical cinematography enriching the documentation collected for a restoration project.

In conclusion, the results of these analysis can be another important source for the preparation a film
restoration project in correlation and mutual confirmation with film materials, non film materials,
archival and bibliographical documentations.
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Abstract

This study is part of the vast panorama of laser applications for cleaning artworks with a particular
focus on the application of a Nd:YAG laser working at 1064 nm to clean tempera and frescos
paintings. Paintings mock-ups were prepared following traditional recipes with green earth, egyptian
blue, cinnabar, chromium oxide, ultramarine blue and mars red. Before being irradiated with the laser,
the samples soiled with soot were exposed to an artificial ageing in a climatic chamber with exposure
to SO,. For comparative purposes, pigment pellets and references paintings were also irradiated.
Surfaces were analysed with stereomicroscopy and colour spectrophotometry for an estimation of
physical changes. Moreover, chemical changes were evaluated by Fourier-transform infrared
spectroscopy. As result, damage thresholds of paints were higher than those determined for their
corresponding pellets. Thus, the binder has a protective character for the pigment. Cinnabar- and mars
red-based paints were most sensitive under laser radiation leading colorimetric changes with low
fluences, while blue and green paints were laser-resistant. The protective effect of the binder depends
on the mineralogical composition of the pigment: cinnabar, mars red and ultramarine temperas
showed higher resistance to laser radiation than their fresco counterparts, whereas for the rest of the
pigments, the fresco paintings were more resistant. Regarding soiling cleaning, the irradiation with
the painting damage thresholds provoked damages on the pictorial layer, so decrease the fluence was
necessary, except for the red pigments with both binders. Although the cleaning was satisfactory at
naked eye, soiling remain was detected in cavities by means of stereomicroscopy and FTIR.
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Introduction

Since 1970’s, in which a laser was used for the first time by Asmus to remove dark encrustations on
Venetian marble (Asmus et al., 1973), laser ablation as a cleaning method of Cultural Heritage
materials has been deeply investigated, mainly for stone (Fotakis et al., 2006; Pereira-Pardo and
Korenberg, 2018, Zanini and Bartoli, 2018). Laser factors that mainly condition an effective cleaning
of the stones without exerting harmful effects to the forming minerals are: the active medium, the
wavelength, the pulse duration and the fluence. Then, in order to optimize the laser cleaning is
necessary to determine, before cleaning the undesirable surficial deposit, the effect of the different
factors in a step-by-step methodology: 1% to find the interaction of the available laser beams with the
reference (without any undesirable substance) to determine the damage threshold; 2™ to determine
the fluence necessary to extract the undesirable deposit and 3™ to optimize the laser parameters to
extract the deposit on the artwork, avoiding damage. Although less research has been carried out in
wall painting comparatively to stone, this step-by-step methodology must be considered to achieve a
satisfactory cleaning, considering the compositional complexity of these paintings, specifically
tempera wall paintings and fresco paintings. The former are made of an inorganic pigment (cinnabar,
malachite, azurite, etc.) and an organic binder such as rabbit glue or egg yolk (Mayer, 1985). Usually,
the paint is applied on a substrate of calcium carbonate formed as a result of the carbonation of
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portlandite. In fresco painting, pigments are painted onto the outer layer of mortar when it is still wet.
This enables the pigments to bond to the surface via a carbonation process, i.e., calcium hydroxide
reacts with atmospheric CO; to form calcium carbonate.

Among the deterioration forms (EwaGlos, 2016), soiling composed of particulate matter, dirt and
pollutants due to traffic emissions and industrial activities, is commonly found on wall paintings,
when they are (semi-)exposed outdoors. The paintings components (pigment and binder) with
different physical and chemical behaviours show different susceptibilities, making laser cleaning of
wall paintings a real challenge.

Regarding the laser cleaning of wall paintings, scientific studies address the effect of different laser
systems on pure pigments, simulated tempera mock-ups (using different binders) with/without an
undesirable deposits (varnishes, artificial patinas, complex layers of polymers, etc.) or real tempera
artwork (Castillejo et al., 2002, 2003; Bracco et al., 2003, Chappé et al., 2003; Oujja et al., 2003,
2013, Pouli et al., 2003, 2009; Andreotti et al., 2007, 2016; Camaiti et al., 2008; Siano et al., 2012).
Considering the cited scientific publications, it is necessary, to achieve a satisfactory cleaning of wall
painting, firstly to determine the effect of the laser parameters on the painting components and the
whole painting without the undesirable substances to determine the damage threshold. Secondly, the
mineralogical composition of the pigment and the binder nature must be taken into account in order
to understand the behaviour of the paintings under laser radiation.

This study, using a nanosecond (6 ns) pulsed Nd:YAG laser with a 10 Hz repetition rate working with
a 1064 nm wavelength, aimed to identify: 1) damage thresholds for pigment and paint mock-ups,
considering the effect of the binder (calcite and egg yolk) on the behaviour of the painting under laser
irradiation and 2) the effect of the application of these damage thresholds on the soiled mock-ups to
identify the role of the soiling-paint interaction on the cleaning effectiveness.

Material and methods

Samples preparation

The selected pigments (supplied by Kremer GmbH) are among the most popular colours in wall
paintings, such as red, green and blue. Two pigments were chosen for each, one representing use from
the earliest period (cinnabar, green earth and egyptian blue) and the other from modern production
since the 18" century (mars red, chromium green and ultramarine).

Pigment-only samples were made into 4 cm diameter aluminium moulds and compacted with a 30-
tonne press. Regarding painting, the reproduction of fresco and tempera paintings were made
following the Old Master recipes (Pozzo, 2009). Part of the painting samples were contaminated by
soot collected from diesel engine car exhaust pipes. It was deposited on the mock-up surfaces before
introducing them into a climatic chamber FITOCLIMA 300EDTU with gases exposure. Samples
were exposed for 40 days under a relativity humidity of 80%, temperature of 18°C and SO
concentration of 200 ppm.

Laser system

The laser applied was a Q-Switched (QS) Quanta Ray INDI-series operated at 1064 nm (IR radiation)
with a pulse duration of 6 ns and a 10 Hz repetition rate. To improve focalization, a convergent lens
with a focal length dependent on the fluence required for each sample was used.

The methodological approach conducted (Fig 1) was based on: firstly, 0.3cmx0.3cm square tests were
done on the periphery of each sample to look for the conditions at which minimum damage began to
appear. Once identified, this fluence (identified as D) was used to do a 1.2cmx1cm square in the top
left side of the tablet (Fig 1.1). Then, to identify the damage threshold, two more squares (1.2cmx1cm)
were made decreasing the fluence identified as D: reduction of 10% (identified as D-10% area in the
top right of the tablet) and 40% (identified as D-40% area in the down left of the tablet). If the -10%
area had no visible damage, it was selected as the damage threshold (Thp). If -10% showed visible
damage and the - 40% did not, this was selected as the damage threshold (Thp). Finally, other square
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(1.2cmx1cm) was done increasing D fluence by 40% to ensure a clear damage on the sample
(identified as D+40% area in the down right of the tablet).

Secondly, the fluence identified as threshold fluence-Thp- (-10% or -40%) was used to perform a
1,2cmx1lcm square in the paintings (Thp, Fig 1.2). If physical changes occurred in the paint (mainly
darkening or extraction), the fluence was decreased to find the damage fluence of the paints
(They/Thg). The fluence was then increased to find the surface damage fluence (Fgam).

Finally, the fluence identified as the damage threshold (They/Thr) of the paintings was applied to the
soiled samples (Fig 1.3). If this fluence was not sufficient to clean the paint or it allowed the removal
of the soiling but also the paint layer, it was raised or lowered respectively to achieve the appropriate
cleaning playing with the number of scans (1 or 2 scans) to achieve a gradual cleaning.

A
1. 2. TESTS 3. TESTS 1
__TESTS
D D -10% The They/Th,
£
D +40% They/ E £ Ney/Ne Nev/Ne | €
o
The dam - 1p 2p e
12 mm 12 mm
4cm —> 5cm vy «—> 5cm vy

Fig 1 - Methodological approach following in the research based on the application of the laser Nd:YAG at 1064 nm. 1.
Pigment tablet. 2. Painting without an undesirable substance and 3. Soiled painting.

Analytical techniques
The following techniques were applied in the samples before and after the laser irradiation:

- A stereomicroscope (SMZ800 Nikon) was used to detect physical changes (textural, structural
and colorimetric features) of the samples.

- A Minolta CM-700d spectrophotometer was used to characterise the colour of each pigment
tablet and each irradiated area. Measurements were taken in the CIELAB and CIELCH colour
spaces. L* represents lightness, varying from 0 (black) to 100 (white), a* is a colour position
between red (+ a*) and green (- a*) and b* is a colour coordinate between yellow (+ b*) and
blue (- b*). C}, is the chroma or saturation and % represents the hue. Measurements were made
in specular component excluded (SCE) mode, for a spot diameter of 3 mm, using a D65
illuminant and an observer angle of 10°. Five measurements were made for each area
(reference and irradiated) of each sample. Taking the colour of the tablets before irradiation
as reference, the AL*, Aa*, Ab*, AC;;, and AH* differences and the colour difference (AE;;)
were calculated following CIE (2007). Values of AE*,, were considered on the basis of the
ability to see differences of an unexperienced observer (Mokrzycki & Tatol, 2011).

- Molecular changes in the paintings and soiling remain were determined by a portable Fourier-
transform infrared spectroscopy (FTIR) 4300 Agilent with an Attenuated Total Reflectance
(ATR) system.

Results and Discussion

The determination of the threshold fluence for the pigments in tablets allowed to establish their
susceptibility at the irradiation with the laser QS Nd:YAG operating at 1064 nm. The mineralogical
composition influences this interaction the most. Indeed, the more resistant materials, i.e. those to
which a higher fluence (Thp in Tab 1) was applied, were found to be silicate pigments, such us green
earth, egyptian blue and ultramarine. Disregarding cinnabar, which had the worst performance,
pigments consisting of oxides were found to be more sensitive: chrome green and mars red. The
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pigment that reacted worst to laser was cinnabar (a sulphide), because at low fluences (<0.11 J/cm?),
clear blackening was already observed. Chappé et al. (2003) reported that if a pigment shows a
reaction to irradiation with an energy density below 0.04 J/cm?, it is defined as ‘unsuitable’ for laser
cleaning. In the present work, however, it was possible to apply a fluence of 0.04 J/cm? and obtain a
AE*3,=1.37 CIELAB units (Fig 2.CI). The fluences determined were confirmed to be the damage
threshold fluences (Thp) also by means of the AE*,,, which was below 3.5 u. CIELAB, a threshold
value according to which an inexperienced eye notices clear differences in colour (Mokrzycki &
Tatol, 2011). Only for ultramarine (Fig 2.UL) the AE*:»=4.83 u. CIELAB was higher than 3.5 u.
CIELAB, because it was influenced by the L* component, which can be associated with roughness
parameters (Lopez , et al., 2018).

2500 pm |

—

2500 pm 2500 pm : | S

Fig 2-Micrographs of some of the samples used in this research. UL: ultramarine; CI: cinnabar; GE: green earth; EG:
egyptian blue; MR: mars red; CHR: chromium oxide; EY: egg yolk; F: fresco; D: diesel soot. AE*a, (CIELAB units) is
depicted for each treated surface.

For paintings, with most of the pigments, fluence increases, comparatively to pigment tablets, were
required to reach the damage threshold (The/Thgy, tab 1), except for cinnabar and green earth with
egg yolk. This was assigned to the protective character on the pigment by the binder, as confirmed by
Schnell et al. (2006), applying a Nd:YAG laser at 1064 nm on pigment-only tablets and on paints with
linseed oil, casein, gum arabic and lime. In fresco painting, through the carbonation of calcite, the
pigment is incorporated into the intonaco. As a result of this process, the pigment's resistance seemed
to be improved. The resulting calcite after carbonation had a whitish hue that caused low absorption
of the laser beam due to its reflection (Cooper, 1998). This characteristic was evident in the two green
pigment- and in the egyptian blue-fresco paintings (Fig 2.GE-F). Analogous process happened in
tempera painting where egg yolk formed a protective film around the pigment. This protection factor
occurred in the mars red and both blue pigments in tempera paints. Concerning ultramarine (Fig 2.UL-
EY), tempera paint showed a AE*;,>3.5 u. CIELAB, which could be related to binder degradation
(Oujja, et al, 2010) . It will be a priority of future studies to investigate this further.

In the case of improper use of the laser with fluences greater than the threshold fluence (Fgam-r and
Faam-ev; Fig 1.2): it was possible to ascertain chromatic changes and paint extraction. Specifically,
paintings with red pigments turn to black (Fig 2.MA-F-D), while those with egyptian blue with both
binders and green earth in tempera painting altered to lighter colours tending to yellow according to
positive values of the b* coordinate.

FTIR allowed to confirm the extraction of the surface carbonation layer after irradiation, particularly
in the green earth fresco painting (Fig 3), in which a change in the relative intensity, with a decrease
of the 997 cm™!' band of the pigment and the increment of 870 cm™' band assigned to C=0 of the
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calcium carbonate was evident (Fig 3.1). In the tempera paintings (Fig 3.2), changes in the intensity
relations occur between the decreasing of the band at 1745 cm™! assigned to carbonyl functional
groups of triglycerides and the increasing of the band assigned to C=O stretching from amide I
(protein) at 1654 cm™!, which could be due to protein denaturation at 60 — 75 °C (Blume, et al., 2015).
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Fig 3 - FTIR spectra of some of the paintings before (ref) and after (Fpam) laser irradiation. 1: green earth-based fresco
paintings, 2: mars red-based egg yolk paintings.

Tab 1 - Threshold fluence (J/cm?) of pigments (Thp) and paintings (Thr/They) with AE*s, (CIELAB units)

Pigments The (J/cm?) They (J/cm?) Thr (J/cm?)
Cinnabar 0.04 0.04 0.02
AE*4=1.37 AE*s =4.37 AE*p =2.51
Mars red 0.15 0.27 0.18
AE*s =1.89 AE*s =1.20 AE*s =1.10
Green earth 1.90 1.36 2.35
AE*a =3.28 AE*ap =2.48 AE*sp =1.24
Chromium green 0.31 0.36 0.97
AE*s =1.46 AE*a =0.54 AE*a =4.31
Egyptian blue 0.81 1.94 2.74
AE*ws =3.39 AE*s =1.96 AE=2.80
Ultramar 1.74 2.61 2.48
AE*a =4.83 AE*a =3.55 AE*a =2.95

The application of the threshold fluences for each painting (Thr/Thgy) to remove the soiling produced
different effects which can be categorised according to two criteria: 1) soiling removal and i1) paint
damage.

In terms of soiling removal, for cinnabar-based paintings with both binders and mars red-based fresco,
it was necessary to increase the fluence to achieve the necessary fluence for cleaning (Ng/Nevy).
However, in the cinnabar paintings it was not possible to remove soiling, despite the fluence increase,
since remains can still be identified using stereomicroscopy (Fig 2.CI-EY-D) and FTIR. In mars red-
based fresco, soiling was removed superficially but remained in the cavities (Fig 2.MR-F-D).
Regarding damage, threshold fluences detected for paintings induced chromatic changes and pictorial
layer extraction. With fluences between 0.3 and 2 J/cm?, chromatic changes and minimal extraction
were visible in tempera paintings with green earth and egyptian blue and in chromium green-based
fresco (Fig 2.CHR-F-D), while in tempera paintings containing chromium oxide, only minimal
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ablation of the paint was visible in those areas where greater roughness was present. With fluences
above 2 J/cm?, complete extraction of the paint layer was caused in both paintings containing artificial
ultramarine and in the green earth and egyptian blue-based frescos. Considering the literature
(Cooper, 1998), the extraction of the paint was the result of photothermal ablation with fluences above
the threshold, which caused an explosive vaporisation favoured by the soot, i.e. a perfectly absorbent
layer of contamination that promoted a sudden temperature rise, generating sufficient forces to
overcome the particle's adherence to the surface. However, further studies are needed to investigate
the temperatures reached.

During the cleaning, the binder seemed to exert a greater influence than the pigment mineralogy in
the interaction paintings-laser. In fact, it was possible to apply higher fluences in the tempera paintings
for all paintings with exception of those with chrome green and egyptian blue, which allowed higher
fluences with fresco painting. The only pigment for which mineralogy continued to be of considerable
importance was cinnabar, which was characterised by a strong sensitivity to laser interaction (Fig
2.CI-EY-D).

The cleaning experienced critical issues in the egyptian blue with both binders, because from the
colorimetric analysis, b* coordinate showed more positive values towards yellow tones in comparison
to the reference (Fig 2.EG-EY-D). This yellowing could be due to the light scattering in a thin
absorbent layer and the surface roughness as was reported by Verges-Belmin and Dignard (2003).
However, the chromatic changes because of accelerated ageing in the climate chamber cannot be
dismissed. So further studies are needed. In general terms, in those samples with satisfactory levels
of superficial cleaning, remains found in cavities can jeopardize the cleaning effectiveness,
specifically in the mars red (Fig 2.MR-F-D) and chromium green tempera paintings. FTIR spectra
revealed (Fig 4) the conspicuous removal of soiling, due to an intensity increase in the 1750- 1200 cm-
I (bands assigned to the protein binder) and a decrease at 1450 cm™! (soot). The paintings in which
the cleaning was considered satisfactory by stereomicroscopy and FTIR were those with ultramarine
blue and green earth with both binders and the chromium green-based paintings.

The fluence required for cleaning was applied in two areas with one (1p) and two (2p) (Fig 1.3) laser
scans to allow the operator to proceed gradually with the soiling removal avoiding damages.
However, not for all the paintings was the two-scans square chosen. Specifically for the cinnabar-
based paintings and the fresco with the red of mars, 1p squares were chosen because colour changes
in the 2p squares were detected, specifically turning to darker shades, with a decrease in the L*
coordinate. It should be noted that the L* was also influenced by the permanence of soiling on the
surface. In order to be more conservative, 1p square was also chosen for the tempera paintings with
the blue pigments, because the 2p square in egyptian blue tempera showed yellowing and the 2p
squares in ultramarine tempera a slight discolouration, which needs further investigation.

Tab -2- Necessary fluence for cleaning (Nr and Ney) compared with threshold fluence (Thr and They) of the paintings.
Under each fluence it is described the effect of the laser.

Tempera (EY) Fresco (F)
Pi t
lements They (J/em?) Ney (J/em?) Thr (J/em?) Nr (J/em?)
0.4 0.095 0.02 0.087
Cinnabar no effects on soot or paint| Ip darkemng. paint & | no effects on soot Ip darkemng. paint &
soot remains or paint soot remains
0.27 0.27 0.19 0.25
Mars red . .| no effects on soot .
remains a lor of soot 2p some soot remains or paint Ip some soot remains
1.36 0.6 2.35 0.24
Green earth | slight ~ painting film 2p 1o soot painting film 2p 1o soot
extraction extraction
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Fig 4 - FTIR spectra of some of the soiled paintings exposed to laser irradiation. 1: chromium oxide-based egg yolk
paintings; 2: green earth-based fresco paintings, 3: ultramarine-based egg yolk paintings.

Conclusions

A Nd:YAG working at 1064 nm was applied to remove an artificial soling on fresco and tempera
paintings with blue, green or red pigments with different composition. The damage thresholds for the
pigment tablets and the paintings considering the effect of the binder (calcite or egg yolk) were
determined previously to the cleaning of the soiled mock-ups. The binder does have a protective
character for the pigment. Cinnabar- and mars red-based paints were most sensitive under laser
radiation leading colorimetric changes with low fluences, while blue and green paints were more
laser-resistant. The protective effect of the binder depends on the mineralogical composition of the
pigment. In general terms, the paint damage threshold irradiation to the soiled surfaces provoked
damages on the pictorial layer, so in order to clean, a decrease of the fluence was necessary achiving

satisfactory cleaning.
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Abstract

Visible-induced infrared luminescence (VIL) has become a key tool in the cultural heritage field to
detect and map the distribution of Egyptian blue on objects of archaeological and artistic significance.
Nevertheless, other ancient (Han blue and Han violet) and modern (cadmium red, orange, and yellow)
pigments also yield luminescence in the infrared (IR) range when stimulated by visible light. Not all
wavelengths of the visible spectrum, however, contribute equally to the excitation of pigments and
dyes. For instance, red light (630 nm) is known to induce strong luminescence in Egyptian blue, while
green (520 nm) and blue (430 nm) wavelengths appear to stimulate this type of phenomenon to a
significantly lesser extent. On the other hand, cadmium red is most excited by green light, while blue
and red excitation prompts progressively weaker responses. A series of multiband imaging campaigns
recently conducted at the CCR “La Venaria Reale” on ancient, modern, and contemporary works of
art, as well as on paint mock-ups, featured VIL with monochromatic UV, blue, green, and red (450nm,
520nm, 630nm) excitation. These techniques, respectively referred to as UVIL, BIL, GIL, and RIL
for the purposes of this contribution, revealed how other pigments, in addition to those mentioned
above, emit infrared luminescence to various extents depending on the exact wavelength used for
excitation. For instance, cobalt-, bismuth- and barite-containing yellows show stronger luminescence
in GIL images, while orpiment and realgar provide more intense responses using BIL and GIL.
Various types of lake pigments also yield different luminescence when excited with blue, green, or
red light. Other luminescent materials were detected in plastic objects and in some pen and marker
inks. Moreover, initial testing highlighted that binding media may also contribute to IR luminescence:
linseed oil was found to enhance the response of certain pigments, while this does not seem to apply
to polyvinyl acetate. In the near future, these preliminary observations will be corroborated by
systematic studies on IR luminescence induced by monochromatic visible light in an attempt to
further refine the tools currently available for materials identification and the evaluation of
degradation processes.

Keywords: VIL, monochromatic light, artistic materials, pigments, binders

Introduction

Non-invasive analyses are becoming more and more important in the field of conservation.
Multispectral imaging is one of the most common analyses (Poldi and Villa, 2006; J. Dyer ef al. 2013;
P.A.M. Triolo, 2019). It provides immediately qualitative information about the whole surface of the
analyzed object. UV luminescence as well as IR reflectography are largely used to map different
materials and pigments and to detect degradations. VIL technique has become more and more
diffused after its introduction as tool to detect Egyptian blue on objects of archaeological and artistic
significance. Other famous pigments detected by VIL are Han blue, Han violet and cadmium-based
pigments (Verri, 2016). Nevertheless, there are other material, pigments, dyes and binders that are
detectable with VIL technique. Previous studies on VIL with monochromatic visible excitation
pointed out the behaviors VIL of barium sulphate and lead white, linseed oil, safflower dye or sandal
wood among others (Daveri ef al., 2016; Salvini, 2022). A series of multiband imaging campaign
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recently conducted at the CCR “La Venaria Reale” on ancient, modern, and contemporary works of
art, as well as on paint mock-ups revealed that other pigments, especially organic and synthetic ones,
and also dyes emit luminescence in the IR region under monochromatic excitation.

Materials and methods

All the photographs were taken with a Nikon Z7 II Mirrorless Full Spectrum camera, modified to
extend its spectral sensitivity in the 350-1000-nm range, equipped with a complementary metal oxide
semiconductor (CMOS) silicon sensor and providing a resolution of 8256 x 5504 pixels.

Visible diffuse light photography: lighting was achieved by placing two Elinchrom RX 1200 flashes
to the right and left of the object, at an angle of approximately 45° to the normal to the surface, and
with the aid of softboxes. Camera was equipped with a UV-IR Cut and BG40 filters. Image
processing, carried out by means of Adobe Lightroom and Adobe Photoshop, included a color
correction conducted by inserting a 24-color X-Rite ColorChecker Classic reference in the field of
view.

Ultraviolet-induced visible fluorescence (UVF): lighting of the object was achieved by means of two
continuous SW LED UV lamps with emission peak at 365 nm. Camera was equipped with UV-IR
Cut and BG40 filters. Image processing, carried out by means of Adobe Lightroom and Adobe
Photoshop was conducted by inserting non-fluorescing spectroscopic references in the field of view.

UV/Visible induced luminescence VIL (UVIL - BIL — GIL — RIL): lighting of the object was achieved
by means of two continuous LED UV (peak 365nm for UVIL), blue (peak 450nm for BIL), green
(peak 520nm for GIL) and red (peak 630nm for RIL) light source (Figure N.1). Camera was equipped
with an IR 850 filter. Image processing, carried out by means of Adobe Lightroom and Adobe
Photoshop software, included a color correction conducted by inserting gypsum reference for the
evaluation and reduction of the reflected light component, and an Egyptian blue reference (Kremer
Pigmente n. 10060) in the field of view.

VIL false color: false color images were obtained in the RGB color space of Adobe Photoshop by
using one reflection images acquired in the visible and one VIL images (UVIL, BIL, GIL, RIL). In
particular, the green (G) and red (R) components of the visible image are transferred into the blue (B)
and green (G) channels, while the red (R) component is replaced with the VIL image. This
methodology yields false color images of the VIL-R-G (RGB) type.

Panels: four panels of pictorial mockups were designed to simulate the main artistic techniques from
Antiquity to Contemporary art. They are the same panels used in a previous study performed in CCR
La Venaria Reale (T. Cavaleri et al., 2017). Panels were previously treated with a glue-based solution
and prepared with stucco (rabbit skin glue and gypsum). Mockups were prepared with inorganic
pigments and natural and synthetic dyes mixed in different binders (Arabic gum, egg yolk, linseed
oil and PVAc) and with two different varnishes (acrylic and mastice). Panel 1 represents the ancient
age palette, Panel 2 the medieval one, Panel 3 exhibits the modern and contemporary palette while
Panel 4 shows different dyes.

Case studies: VIL test were performed also on works of art, from private and public collections, gone

under conservation treatment in the conservation lab of CCR La Venaria Reale and on other mock-
ups created to test conservation materials and practices.
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Fig. 6 — Emission spectrum of LED lights source used for VIL acquisition

Data collection and discussion
Panels — Mock-up

Panel 1 — Ancient Palette, Arabic gum and egg yolk binders: UVIL analysis shows the typical
response of Egyptian blue (PB31), Han blue and Han purple. Egyptian blue in egg yolk has a stronger
luminescence than in Arabic gum one. On the contrary, Han purple in Arabic gum provides a brighter
luminescence than egg yolk. BIL technique presents the same trend for these three pigments. A weak
luminescence appears for Garanza lacquer (NR9) and Brazilian wood (NR24) in egg yolk and for
orpiment and realgar, in both Arabic gum and egg yolk, but only when varnished with mastic gum.
GIL has the same trend of BIL. Garanza lacquer and Brazilian wood show a little fluorescence also
in Arabic gum binder. Even RIL exhibits the same luminescence for all the cited pigments. Brazilian
wood slightly increases while Garanza lacquer decreases.

Panel 2 — Medieval palette, egg yolk and linseed oil binders: Barium sulphate is the only pigment that
show luminescence with egg yolk and linseed oil in UVIL technique. Lead white (PW1), calcium
carbonate and Garanza lacquer (NR9), also in combination with cinnabar (PR106), show a weak
luminescence bonded with linseed oil. BIL shows a similar luminescence for lead white, calcium
carbonate, and Garanza lacquer in linseed oil. Barium sulphate has a luminescence for oil, but not for
egg yolk. Giallorino type I and ultramarine blue (PB29) in linseed oil become a little luminescent
from UVIL to BIL, while Smaltino (PB32), Orpiment (PY39) and Realgar (PY39) gets a brighter
fluorescence. GIL response is like BIL one even if there’s a stronger response from orpiment and a
weaker one from lead white. With RIL technique orpiment has the only strong response while Realgar
has a lower one (Figure N.2). Other pigments don’t exhibit luminescence.

a. Visible light b. BIL c. GIL d. RIL
Fig. 7 — Detail from Panel 2, from left to right Smaltino, Orpiment and Realgar in linseed oil

Panel 3 — Modern and contemporary palette, linseed oil and PVAc binders: UVIL brings a strong
luminescence from cadmium-based pigments (yellow, orange, red and green). Strong luminescence
is also from Iwa Enogh Iwabeni (Kremer 15222, that contains cadmium) and Paliogen orange
(PR179). Other Iwa Enogh pigments with linseed oil show a weak luminescence. Zinc oxide (PW4),
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Lead white (PW1) just in linseed oil, Titanium orange (PBr24) and yellow sun gold studio pigment
(mix of PY74, PBr24 and PW6) have a similar weak luminescence. A feeble one is also from
Thioindigo (Kremer 23700), fluorescent blue pigment (Kremer 56050) and permanent green (mix of
PB15:28, PG7:17, PW7). BIL displays a stronger fluorescence for almost all the cited pigments.
White pigments (lead white, lithopone, titanium white, zinc oxide, zinc sulphide) emit luminescence
only with linseed oil as binder. Cobalt blue (PB28) and Barite yellow (Kremer 43940) start to emit a
faint, but visible luminescence in linseed oil. GIL technique manifests the same trend of BIL even if
cadmium green and cadmium yellow slightly decrease their luminescence. Almost all yellow
pigments (permanent yellow PY 154, brilliant yellow PY 74, studio yellow PY3, cobalt yellow PY40
and bismuth yellow PY184) begin to show fluorescence in linseed oil (Figure N.3). RIL points out
some differences. White pigments and cadmium yellow, orange and red reduce their luminescence,
cadmium green and Iwa Enogh pigments lose it completely while cited yellow pigments keep their
one. Paliotol Orange, Isoindiol orange (PO61) and Ingarzin pigments (PR254, PR255) begin to emit
a moderate luminescence.

c. BIL d. GIL

e. RIL

Fig. 8 — Detail from Panel 3, from left to right at the top Brilliant yellow PY74, Studio yellow PY3, cobalt yellow PY40
and bismuth yellow PY184; at the bottom Paliotol orange, Paliogen orange PR179, Ingarzin orange, Isoindol orange
PO61. For each pigments: left column is in PVAc binder, right column in linseed oil binder

Panel 4 — Natural and synthetic dyes, Arabic gum, linseed oil and PVAc binders: Permanent red
(PR177, Anthraquinone) gives the most intensive luminescence under UVIL. Quinacridone pink
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(PV19), Dioxazine Violet (PV37), Garanza lacquer (NR9) and Alizarina violet have a less bright
luminescence while Turmeric dye has a powerless one. BIL technique confirms fluorescence for all
the cited dyes. Other dyes in linseed oil like Grain d’ Avignon (NY13), Still de Grain (NY13), sandal
wood (NR22) and ortisca emit a little luminescence. Gutta gum (NY24) and Bristol Yellow start to
emit fluorescence with GIL, while the response for other dyes is very similar to BIL one. With RIL
technique the luminescence of almost all cited dyes decreases. Otherwise, Dragoon’s blood (NR31),
Studio red (Heliocrome red, PR3) and permanent red (Naptholo AS, PR9) gets a poor, but visible
luminescence.

Case Studies

The first case study shows the use of different VIL to detect and map two different areas in the sky
of a modern oil painting on canvas. UVIL shows complementary area of BIL and GIL. False colour
images, obtained starting from UVIL and BIL, can help to better visualize the distribution of the two
different pigments (Figure N.4). XRF analysis suggests that UVIL could indicate the presence of
Titanium Dioxide in form of Rutile while BIL and GIL show another white pigment.
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c. BIL false colour d. UVIL-BIL-R false colour
Fig. 9 — Particular of the sky of a modern oil painting on canvas; a. Visible lights; b. UVIL false colour; c. BIL false
colour; d. False colour RGB image in which B channel contains UVIL, G channel contains BIL and R channel is R

channel from visible light image. This false colour image show easily the spatial distribution of pigments luminescent

under UV light (Blue) and pigments luminescent under blue lights (green).

Another case study is a contemporary plastic sculpture from a private collection. The female body of
the sculpture is composed by plastic “nails” of different colours. Some “nails” seem similar under
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visible lights, but they show different behaviours with UVIL, BIL, GIL and RIL technique.
Comparison with UVF image suggests that some luminescence produced by UV light continue from
visible to IR region while some emit just in visible region. Furthermore, BIL and GIL produce similar
luminescence while RIL present less luminescent nails. The confrontation of the luminescent
behaviour could identify different dyes used in plastic objects. (Figure N.5).

e. GIL f. RIL
Fig. 10 — Detail from Venere con mela, Enrica Borghi

Figure N.6 shows two mock-ups with and acrylic layer of, respectively, red and yellow pigment on a
canvas primed with a white ground. Painting layers are covered by artificial soil. UVIL suggested the
presence of Titanium Dioxide in form of rutile in the ground layer, confirmed by FORS analysis. BIL
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and GIL analyses bring some information on acrylic binder brushes on the bottom of the mock-up on
the left (absence in UVIL). An interesting point is the luminescence produced by contemporary black
ink in GIL and RIL mode and not in UVIL and BIL.

a. Visible light b. IR false colour

d. BIL e. GIL f. RIL
Fig. 11 — Two mock-ups with acrylic layer on primed canvas. e. and f. show the luminescence of ink.

Another example of luminescent contemporary ink is given in Figure N.7. Different inks from
contemporary pens and markers are used to create a mock-up drawing. Multiband imaging campaign
conducted on it, including VIL analysis, highlights different behaviours. Some inks aren’t detectable
by IR reflectography, but just one of them has a luminescence with VIL technique.

e. VIL f. VIL false colour
Fig. 12 — Mock-up drawing showing the behavior of different inks from pens and markers

Conclusions
VIL technique is confirmed to be a valid tool to detect some specific pigments in cultural heritage.
Egyptian blue, blue and violet Han and cadmium-based pigments are the most studied materials that
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emit Infrared luminescence under UV or Visible light. Nevertheless, recent studies show that other
pigments, dyes and binders can give luminescence with VIL technique and that could there be a
synergy between pigments and binder. In particular, linseed oil seems to be the most luminescent
binder among those presented in this paper. The observation of case studies and mock-ups shown in
present paper confirm how a LED tuneable lights source could highlight different IR luminescence
going from UV to red lights. In most cases specific identification, especially of modern and
contemporary materials, is not possible. However further studies with compresence of VIL and other
analytical techniques could help to discriminate some macro-categories of materials, pigments, dyes
or binders. The creation of specific databases divided by art materials (like colored plastics, tissues
and inks), historical period or artistic movement should be the begin of systematic studies on IR
luminescence induced by monochromatic visible light.
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Abstract

Polychrome works of art that are entrusted to the care of scientists at the CCR “La Venaria Reale”
undergo scientific investigation following a specific analytical protocol that allows for data
acquisition within a stepwise methodological approach. The initial phase typically involves thorough
documentation of the object’s painted surface with photographic techniques and multiband imaging.
The most frequently applied techniques among these include visible light photography (Vis-D, Vis-
R, and Vis-T for diffused, raking, and transmitted light), infrared reflectography (IRR) along with
false color processing (IRFC), ultraviolet-induced visible luminescence (UVL), and visible-induced
infrared luminescence (VIL). These are often followed by analysis with X-ray digital radiography
(XR). The resulting images are key to gathering preliminary information on the original materials and
any later retouching.

Nevertheless, in most cases certain attributions cannot be made by these methods alone. Within the
protocol described herein, photography and multiband imaging are typically integrated with other
techniques that yield complementary, more in-depth data on the materials examined: firstly, non-
invasive analysis using X-ray fluorescence (XRF) spectroscopy and fiber optics reflectance
spectroscopy (FORS) is performed to provide an elemental and molecular characterization of the
color palette; microscopic samples are then removed, mounted as cross sections, and investigated
with micro-invasive techniques such as optical microscopy and scanning electron microscopy
coupled with energy-dispersive X-ray spectroscopy (SEM-EDX) to gain insight into the artifact’s
paint stratigraphy in terms of morphology and composition of the individual layers.

This contribution will illustrate in detail the aforementioned analytical protocol as applied to the study
of a 17th-century easel painting currently attributed to Italy’s Lombardy-Venetia region. In light of
the work’s particularly complex provenance and conservation history, this project aimed to provide
conclusive identification of the coloring materials and to discriminate the artist’s original pigments
from any later retouching. The wealth of data collected from this technical study enabled our research
team to highlight a series of deliberate compositional changes, allowing us to trace some of the
painting’s most relevant vicissitudes that have occurred over time.

Keywords: multiband imaging, analytical techniques, materials characterization, easel painting.

Introduction

It is common knowledge that the scientific study of any artwork must follow a stepwise
methodological approach, ensuring the investigation of different aspects of its production and
conservation history. Nowadays, several analytical techniques are available, which are able to provide
different types of information. The first step in the technical study of artifacts usually involves non-
invasive techniques to preserve their physical integrity . Wherever necessary and - most importantly
- possible, microscopic samples are removed from the artwork to address specific questions pertaining
to the materials’ composition (Saladino et al., 2017). In all cases, the development of ad-hoc protocols
tailored to the study of different artifact categories is of utmost importance (Fiorillo et al., 2019;
Toschi et al., 2013; Zaftino et al. 2016). The Centro per la Conservazione ed il Restauro dei Beni
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Culturali (CCR) “La Venaria Reale” undertakes technical
studies of various types of objects on a daily basis and, as a
result, conservation scientists follow a specific workflow to
gather information on the materials and techniques and to help
address any extant conservation issues. When it comes to
polychrome works of art, the adopted protocol typically
involves a multiband imaging survey first, followed by non-
invasive and, whenever possible, micro-invasive analysis,
enabling a progressively deeper level of knowledge of the
artwork. In this context, this article aims to emphasize the key
role of a multi-step, systematic approach in the technical study
of artifacts by elucidating the investigation workflow that
paintings usually undergo within the CCR Scientific
Laboratories. The case study selected for this purpose features
a 17th-century easel painting from a private collection,
portraying a young woman and attributed to the artistic
production of Italy’s Lombardy-Venetia region (Fig. 1). While
providing an overview of the techniques employed, the

: | g ) ) Fig. 1 — Visible light photograph
manuscript will discuss the main results obtained by of the painting under study.
illustrating the variety of questions raised by art historians and

conservators, along with the reasons that led to specific analytical choices.

Materials and methods

A first assessment of the painting’s materials distribution and conservation condition was
accomplished through visible photography and multiband imaging. More accurate information on the
pigments’ composition is typically obtained with non-invasive pointwise techniques: in this study, the
painting was analyzed using X-ray fluorescence (XRF) spectroscopy and fiber optics reflectance
spectroscopy (FORS). Whenever possible, sampling provides a more in-depth understanding of the
artwork’s production technique and conservation history. In the present case, three multi-layered
samples were removed from the painting and mounted as cross sections for analysis with optical
microscopy (OM) and scanning electron microscopy with energy-dispersive X-ray spectroscopy
(SEM-EDX), aiming to shed light on the paint stratigraphy and the artist’s technique. Four scrapings
of superficial varnish were also collected from areas of original paint and areas corresponding to two
canvas bands that are believed to have been added at a later time. These materials were analyzed by
means of transmission Fourier-transformed infrared (FTIR) spectroscopy. Further details on the
instrumentation and experimental parameters used are provided below.

Imaging techniques

Visible photography and multiband imaging. All photographs were taken with a Nikon Z7 II
Mirrorless Full Spectrum camera, modified to extend its spectral sensitivity in the 350-1000 nm
range, equipped with a complementary metal oxide semiconductor (CMOS) silicon sensor as well as
different filters, and providing a resolution of 8256 x 5504 pixels. For visible diffuse light
photography (Vis-D) lighting was achieved by using two Elinchrom RX 1200 flashes, while for
visible raking light photography (Vis-R) an 800-W laniro Varibeam Halogen lamp was placed to the
left of the object with an angle of about 15° to the surface. Infrared light transillumination
photography (IR-T) was performed by placing the flash behind the painting and using an IR 830 nm
filter. Infrared reflectography (IRR) in the near-infrared range (NIR, 850-1000 nm) was obtained with
the two aforementioned flashes and the IR 830 nm filter. In the short-wave infrared range (SWIR,
1200-1700 nm), images were acquired with a New Imaging Technologies WiDy SenS 640 camera
equipped with an indium gallium arsenide (InGaAs) sensor, providing a resolution of 640 x 512

Color and Colorimetry. Multidisciplinary Contributions. Vol. XIX A ISBN 978-88-99513-23-8



XIX Color Conference, 2024 76

pixels. IR false color images were obtained in the RGB color space of Adobe Photoshop by using two
reflection images acquired in the Vis and NIR spectral ranges. In particular, the green (G) and red (R)
components of the visible image are transferred into the blue (B) and green (G) channels, while the
red (R) component is replaced with the NIR image. This methodology yields false color images of
the NIR-R-G (RGB) type. For ultraviolet-induced visible fluorescence (UVF) lighting was achieved
by using two 5-W Madatec LED UV lamps with emission peak at 365 nm. Two visible-induced
infrared luminescence images were acquired using a continuous blue LED (BIL, peak at 450 nm) and
a green LED (GIL, peak at 550 nm). For all the techniques above, image processing was carried out
with Adobe Lightroom and Adobe Photoshop software.

Digital radiography was carried out using a tailor-made system equipped with a General Electric
Eresco 42 MF4 X-ray source with a tungsten anode and a 0.8-mm beryllium window. A 2-mm
aluminum slab is placed in front of the tube exit window to absorb the less energetic X-rays that are
not useful for the radiographic investigation, thus limiting any beam hardening effects. The detector
is a Hamamatsu C9750-20TCN X-ray Line Sensor Camera with a gadolinium scintillator coupled
with a linear array of vertically arranged charge-coupled devices (CCD), resulting in a measurement
area of 2560 pixels with 200-um? size and 4096 gray levels (12 bit). Image acquisition, performed by
means of HiPic proprietary software, is carried out by moving the detector horizontally along a
motorized axis. In the present case, radiographs were collected using 50 kV voltage and 10 mA
current. Images were corrected using white (X-ray source on, no object) and dark (X-ray source off)
references. Image processing was conducted with a tailor-made software operating on the National
Instruments’ LabVIEW platform.

Non-invasive pointwise techniques

XRF. Analysis was performed using a Micro-EDXRF Bruker Artax 200 spectrometer equipped with
a fine focus X-ray source including a molybdenum anode and a Si(L1i) silicon drift detector (SDD)
with an 8-pm beryllium window. Measurements were carried out using 30 kV voltage, 1300 pA
current, 60 s acquisition time, 1.5 mm collimator, by fluxing helium gas onto the measurement area
to improve the technique’s detection limits (corresponding to Z=11, sodium).

FORS. Analysis was conducted using an Ocean Optics HR2000+ spectrophotometer and an Ocean
Optics HL-2000-FHSA halogen lamp. The system includes two fiber optics, one single and one
bifurcated, that are equipped with an Ocean Optics RPH-2 anodized aluminum fiber support. Spectra
were acquired in reflectance mode with 2x45°/0° optical geometry. Spectra were interpreted by
comparison with the available literature and spectral databases (Cavaleri et al., 2017,
https://spectradb.ifac.cnr.it/fors/)

Sampling and micro-invasive techniques

Cross section preparation. Cross sections were prepared by embedding each sample within a double
layer of epoxy resin. After removal of the excess resin, the sample surface was finely polished using
Struers abrasive cloths of progressively finer grits to expose the paint stratigraphy.

OM. Cross sections were observed and photographed under Vis and UV light using an Olympus BX51
minero-petrographic microscope equipped with an Olympus DP71 digital camera. Image acquisition
and processing were performed by means of analySIS FIVE proprietary software.

SEM-EDX. Cross sections were analyzed with a Zeiss EVO60 scanning electron microscope equipped
with a lanthanum hexaboride (LaBg) cathode and an SDD, and coupled with a 40 mm? Oxford Ultim
Max EDX microprobe for semi-quantitative elemental analysis. Samples were analyzed without any
pretreatment in variable pressure mode, using an accelerating voltage of 20 kV and a pressure of 20
Pa.
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FTIR. Analysis was performed with a Bruker Vertex 70 FTIR spectrometer coupled with a Bruker
Hyperion 3000 IR microscope and equipped with a mercury cadmium telluride (MCT) detector.
Scrapings were analyzed as a bulk in transmission mode through a 15x objective, upon compression
in a diamond cell. Data were collected in the 4000-650 cm! spectral range, at a spectral resolution of
4 cm™!, as the sum of 64 scans. Spectra were interpreted by comparison with the available literature
and spectral databases.

Results and discussion

Visible light photography and multiband imaging allowed us to assess the painting’s conservation
condition, while guiding next steps in terms of scientific analysis. At first glance, all images show
two canvas bands that are currently interpreted as later additions — one located in the upper part and
the other on the left side of the painting. Paint cracking is observed across the whole surface, although
it is more noticeable over the two added portions compared to the rest of the composition. This might
point to the use of different techniques and materials in those areas. Vis-R images reveal an
inhomogeneous surface likely due not only to the observed craquelure, but also to the accumulation
and blistering of paint material through the layer induced by a previous treatment. The UVF image
clearly shows the location and extent of retouching, displaying a different emission compared to the
original materials. Retouched passages were identified on the woman’s hair, flesh tones, and left part
of her dress, where brushstrokes on the added band appear to extend to the central, original portion.
A rather homogenous protective coating of organic nature is present onto the artwork’s surface. Areas
where the upper and left edges of the central portion were stitched to the two additional canvas bands
are evident in the IR-T image. Moreover, it is possible to observe small paint losses now covered by
inpainting. The IRR NIR image highlights the joints of the added bands, suggesting that a filling
material might have been used to connect and then level off the edges. Furthermore, a blue retouching
on the woman’s dress is made evident by a different response to the wavelength used: while the
original pigment partially reflects the IR radiation, the retouching paint absorbs it, thus appearing
dark. In addition, the canvas weave shows through areas of the retouched paint losses. The IRR SWIR
image yields additional information by revealing a poor conservation condition for the original paint.
There is no evidence of the presence of underdrawings. IRFC, as well as the BIL and GIL techniques,
delivered a map of the distribution of retouched areas thanks to a different response of the added
materials to the wavelengths employed. Specifically, the luminescence induced by blue and green
light highlighted the presence of retouching on the flesh tones, likely consisting of cadmium-based
pigments (Thoury et al., 2011; Delaney et al., 2019). Lastly, digital radiography shed light on some
of the painting’s structural elements: the canvas is attached to the wooden frame with metallic nails
(12 on each vertical side and 10 on each horizontal side), and surface planarity is ensured by
expansion systems. Paint losses and the two added canvas bands are evident in these images.
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Fig. 2 — Multiband imaging documentation.
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Multiband imaging was key to guiding the selection of areas of interest for non-invasive point
analysis. The combined use of XRF and FORS provided a preliminary overview of the color palette,
whose composition is illustrated in the following paragraph. The woman’s flesh tones are made with
a mixture of lead white (basic lead carbonate, (PbCO3),-Pb(OH)»), vermilion (mercury sulfide, HgS),
and iron-based earth pigments in different relative amounts to create different color shades. Her hair
was obtained with lead white, bone ;
and/or ivory black (carbon,
hydroxyapatite, Cas(OH)(POa4);, and - |
calcium sulfate, CaSO4), as well as
iron-based earth and umber
pigments, characterized by
significant levels of manganese , |
associated with the iron. The blue
dress appears red in the IRFC 7
images, suggesting the use of T ——
ultramarine blue (sodium silicate 5 “ % o
containing sulfur and aluminum, [ ey
Nasg_10Al6Sic024S7-4). This Fig. 3 — FORS spectrum of the blue dress

hypothesis is corroborated by the compared to reference ultramarine blue.

absence of elements related to any other blue pigments in the XRF spectra and, most importantly, by
the detection of the pigment’s typical FORS spectral features (Fig. 3), i.e. an absorption band at 600
nm and a rise in the observed reflectance in the red and infrared spectral regions. The dark red
background is composed of iron-based earth pigments, lead white and/or minium (both associated
with the presence of lead in the XRF spectra), vermilion, and possibly a red lake. The presence of the
latter is hypothesized based on the shape of FORS spectra collected in this area.

Reflectance )

In addition to the characterization of the original pigments and colorants, some of the materials
applied within later interventions were also identified in this study. The detection of barium and zinc
pointed to the presence of barium white (barium sulfate, BaSO4) and zinc white (zinc oxide, ZnO),
and/or lithopone (mixture of barium sulfate and zinc sulfide, ZnS) - all pigments that have been in
use since the beginning of the 19" century (Eastaugh ef al., 2008). On the other hand, cadmium and
selenium are related to the use of cadmium red (cadmium sulfoselenide, CdSSe), first commercialized
in 1910 (Eastaugh et al., 2008). The presence of this pigment was initially suggested by the blue- and
green-induced infrared luminescence of certain retouching areas. In addition, XRF analysis of a blue
retouch on the woman’s dress revealed large quantities of iron, indicating the possible use of Prussian
blue (ferric ferrocyanide, Fes[Fe(CN)s]3). Employed since the first decade of the 18™ century onwards
(Eastaugh et al., 2008), the latter appears dark in the IRFC images.

A few materials-related questions were yet to be answered after non-invasive point analysis, which
prompted a decision to remove a select number of microscopic samples for in-depth examination with
micro-invasive techniques. Observation of a cross section from the painting’s background in an
original portion of the canvas (sample 07) under the optical microscope confirmed the use of a red
lake, which was applied in three overlapping layers. This identification was based on the detection of
a characteristic orange-pink UV-induced autofluorescence emission, as well as on the EDX
identification of aluminum — a likely component of the inorganic substrate (i.e. alumina) on which
the dye is precipitated during the lake manufacturing process (Fig. 4).
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I spectrum 115

200 ym 200 ym

Fig. 4 — Cross section removed from the painting’s background, showing the presence of red lake layers.
OM Vis image (left), OM UV image (center), and EDX spectrum obtained from the area (right).

Moreover, a scraping of blue paint yielding a dark IRFC response was collected from an area of
retouching on the figure’s dress (sample 04): FTIR analysis confirmed the use of Prussian blue,
characterized by a 2092 cm™' absorption band due to the stretching of the carbon-nitrogen triple bond
(Nawar and Maharani, 2023).

In light of the considerations made based on the combined use of non-invasive and micro-invasive
techniques, a summary of the artist’s color palette is provided in Table 1.

Table 1. Summary of the pigments and colorants detected in original and retouched areas of the painting under

examination.
Color Materials identified
Red Iron-based earth pigments, vermilion, red lake, minium
Brown Iron-based earth pigments, bone and/or ivory black
Blue Ultramarine blue
White Lead white

Flesh tones | Lead white, vermilion, iron-based earth pigments

Retouching | Barium white and zinc white (and/or lithopone), Prussian blue, cadmium red

As mentioned above, the UVF technique showed the presence of an organic material over the entire
surface. FTIR analysis provided a characterization of this varnish layer, useful to a more
comprehensive understanding of the materials and, more importantly, to support and guide treatment
choices. In particular, all spectra obtained for four different samples (samples 01, 02, 03, 04), perfectly
consistent with one another, enabled the identification of either a ketonic or a natural resin applied
both on original areas and on the two added canvas bands. This confirms a homogeneous distribution
of the protective layer across the whole surface, indicating that this material was most likely applied
within a previous conservation treatment.

In addition to shedding light on the materials used, the examination of cross sections provided insight
into the painting’s conservation history. Three multi-layered samples were collected from the work’s
background to compare the original portion of the composition (sample 07) with areas from the two
added canvas bands (samples 05, 06). In general, the stratigraphy of all these samples is characterized
by a red preparation layer, composed of lead white and iron-based earth pigments, overpainted with
both original brushstrokes and, in some cases, retouching as well. The multi-layered sample from the
painting’s original portion (sample 07) — discussed above — shows three red lake layers with a varnish
coating on top (Fig. 4). The other two samples from the added bands (samples 05, 06) display a
completely different sequence of paint layers, suggesting a different conservation history. These latter
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share the presence of two layers, one based on lead white probably associated with a blue organic
pigment, the other obtained with a mixture of ultramarine blue and lead white. Although these two
layers — which are absent in the original portion — appear in both samples from the top and left side
of the painting, the overall paint stratigraphy looks different: in the upper band they are located
immediately below the superficial iron-based red layer, while in the left side band they are followed
by three brown layers (with iron-based earths, bone/ivory black, and lead white), an organic layer,
and an uppermost dark red layer with an iron-based pigment and barium white. Although the
preparation layers show strong similarities, it is clear that the observed added bands are different from
the central, original portion of the composition.

Conclusions

This article illustrates the systematic, multi-step analytical protocol adopted at the CCR “La Venaria
Reale”, which combines imaging techniques, non-invasive pointwise techniques, as well as sampling
and micro-invasive techniques to address specific questions and meet the unique requirements of each
object. In the present study, the joint use of multiband imaging, XRF, FORS, OM, SEM/EDX, and
FTIR delivered a comprehensive knowledge of the materials used by the artist, along with crucial
insights into the painting’s conservation history. For instance, in terms of pigment identification, the
presence of ultramarine blue, initially hypothesized based on the red IRFC response of the figure’s
dress and the absence of any specific element in the XRF spectra that could indicate other blue
pigments, was effectively confirmed by FORS analysis. Additionally, the use of a red lake, suggested
by FORS spectra, was later confirmed by cross section examination. Another relevant example
concerns the detection of some of the non-original materials: the use of Prussian blue in retouched
areas of the dress was first deduced from the absorbance of IR radiation and high amounts of iron in
the XRF spectra, and subsequently verified with FTIR analysis.

In conclusion, while each of the techniques used has potentialities and limitations, the integrated
approach adopted in this study is able to provide comprehensive, complementary information,
addressing most questions arising on the work’s materials and techniques. In addition to revealing
the color palette and paint stratigraphy in select areas of interest, the wealth of data collected in this
study showed that the painting has undergone a complex history of transformations overtime,
including the addition of two canvas bands added after the composition was initially conceived, the
presence of later retouching, and the application of a non-original varnish.
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Abstract

As conservation practices evolve, essential oils (EOs) are emerging as a sustainable alternative to
traditional cleaning agents, offering effective and environmentally friendly solutions. This work aims
to evaluate the impact of cleaning motion picture films with EOs on their color integrity. The research
investigates the effects of four EOs on nitrate, acetate, and polyester-based films by analyzing changes
in CIELAB color parameters before and after treatment. Advanced color measurements were
conducted using a Konica Minolta CS-2000 Spectroradiometer with a 3 mm diameter measuring area,
a 0.1° angle, and an 80 cm distance. A light-emitting diode (LED) light tablet with a color temperature
of 5600 K, matched to daylight, was implemented as the illuminant and the white reference point for
the L*a*b* values. Results revealed variations in color parameters depending on the type of EO used.
While some EOs caused minimal changes, others led to shifts in the L* coordinate (luminance),
indicating that the perceived brightness was primarily affected. The observed changes were minimal,
with an average luminance difference (AL*) of less than +4 and an average color difference (AE7¢)
below 2. These values indicate that the changes in color and brightness were below the threshold of
perceptibility for the average observer. The findings suggest that EOs may offer a promising
alternative for film cleaning, although further investigation is required to assess their long-term
effects.

Keywords: essential oils, motion picture films, film restoration, film cleaning, color analysis,
CIELAB

Introduction

The preservation of motion picture films is a critical concern for archives, museums, and restoration
laboratories worldwide. These materials face ongoing risks of degradation due to physical
deterioration, chemical breakdown, and biological contamination, including fungal growth (Abrusci
et al., 2006; Bingley and Verran, 2014). Such damage can profoundly alter films' original
characteristics, affecting color fidelity, image quality, and structural integrity, thereby diminishing
their historical and cultural significance.

Film cleaning, regarded as one of the oldest conservation techniques (Enticknap, 2013), has
traditionally relied on chemical solvents. While effective, these methods carry inherent risks to
delicate emulsion and base layers, potentially exacerbating their degradation processes. Notably,
many solvents previously employed have been phased out due to environmental concerns and
potential health hazards, such as carcinogenicity (EPA, 2012). Isopropanol remains widely used for
its relative safety and cost-effectiveness, although its dehydrating effects on film materials are well-
documented (Bartels, 2017). Chlorinated hydrocarbons, favored for their non-flammability and
efficacy in removing greasy contaminants, are still used in professional cleaning systems but under
stringent environmental controls.

In response to these limitations, attention has turned toward alternative cleaning agents with lower

environmental and material impact. Essential oils (henceforth referred to as EOs) have emerged as a
promising candidate, especially due to their antimicrobial and antifungal properties (Hussaina et al.,
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2013; Chouhan et al., 2017; Winska et al., 2019; Broda, 2020). Derived from plants, EOs are complex
mixtures of volatile and semi-volatile compounds with diverse chemical compositions, making them
a versatile option for various conservation applications. However, their variability even in the same
species (Fokou ef al., 2020) and the prevalence of adulterated products necessitate rigorous quality
control when sourcing EOs for conservation purposes.

Recent research has demonstrated the potential of EOs to inhibit microbial growth on paper
documents (Borrego et al., 2016) and photographic materials (Ali, 2020). However, their impact on
the color integrity of motion picture films remains underexplored. This study aims to bridge this
knowledge gap by assessing the effects of EOs on the color properties of films, utilizing the
internationally standardized CIELAB color measurement system introduced in 1976.

The CIELAB system, widely adopted in industries such as paper manufacturing and graphic arts,
provides a robust framework for quantifying and communicating color (Sappi, 2013). Its application
in conservation science (Garside and Richardson, 2022) has facilitated the evaluation of treatments
on a range of cultural heritage materials, including mural paintings (Marchiafava et al., 2014),
historical monuments (Zhang and Kruger, 2006; Goffredo and Munafo, 2015), and photographic
media. The system’s Delta E or AE metric, specifically the AE7s formula, offers a quantifiable
measure of color difference (Johnston-Feller, 2001), with values above 5 generally recognized as
perceivable to the average observer (Zhang, 2008; Mokrzycki and Tatol, 2011). This study leverages
this analytical framework to evaluate the suitability of EOs as a cleaning agent for motion picture
films, advancing both scientific understanding and practical conservation methodologies.

Materials and methods

Sample selection

The film samples analyzed in this study were obtained from the archives of the Deutsche Kinemathek
in Berlin and the German Federal Archives (Bundesarchiv) in Hoppegarten, Germany. A total of 9
positive film strips (designated B1 to B9) were selected to represent a variety of film types commonly
found in historical archival collections. The samples were in a stable conservation condition,
exhibiting only minor surface soiling, slight mechanical damage, and no discernible signs of
deterioration at the base or emulsion layer.

Prior to the cleaning process, the films underwent a comprehensive pre-treatment assessment to
ensure that any changes observed post-treatment could be directly attributed to the cleaning process,
rather than pre-existing damage or deterioration. Additionally, the samples were classified according
to their material composition, including film base type, integrated color processes, and any applied
color techniques. This classification was designed to facilitate a detailed analysis of the potential
effects of the cleaning treatment across distinct material and color systems prevalent in archival film
collections.

Essential oils selection

Four EOs were selected for testing, based on their documented applications in conservation literature
and feedback obtained from a survey distributed among film archives and restoration laboratories
through established professional networks. The chosen essential oils were:

Eucalyptus EO (Eucalyptus globulus)
Lavender EO (Lavandula angustifolia)
Rosemary EO (Rosmarinus officinalis)
Lemon EO (Citrus limon)

Ealb et e
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The selection criteria prioritized oils with known antimicrobial and antifungal properties, as well as
those with established safety profiles and widespread availability in conservation practices (Ali, 2020;
Borrego et al., 2016) To ensure reliability and consistency, the quality and purity of each essential oil
were verified prior to experimentation. Safety data sheets (SDS) were also reviewed to guarantee
proper handling and application, minimizing risks to both the materials under study and the
researchers involved in the process (Tisserand and Young, 2014).

Equipment and settings

Color changes were quantified using a Konica Minolta CS-2000 Spectroradiometer, operated with
the Data Management Software CS-S10w Professional. Measurements were conducted with a 0.1°
measuring angle on a 3 mm diameter measuring area at a distance of 80 cm from the sample. The
luminance range (Ly) was set between 0.3 and 500,000 cd/m?. The illuminant was a light-emitting
diode (LED) light tablet, namely the DORR Ultra Slim LT-2020, with a color temperature of 5600 K,
designed to match daylight. The CIELAB color system, with a 2° standard observer, served as the
quantitative framework for the assessment of color differences.

The area inside the film perforations provided an additional white reference, with point measurements
scaled to Lab 100, 0, 0. This approach established the L*a*b* values by referencing the light panel
as the white point, thus avoiding the reliance on D50 or conventional "pre-press" reference standards.
The illumination conditions were defined according to the correlated color temperature (CCT) in
Kelvin.

The film samples were individually placed between two glass plates to maintain a uniform flatness
during measurement. The room lighting was maintained at a consistent level throughout both
measurement phases, prior to and following the cleaning of the film samples with undiluted EOs
applied with a cotton swab. The second measurement was conducted eight days post-treatment to
allow for any potential stabilization of the cleaning effects, such as evaporation of the volatile fraction
of the EOs.

The total difference between the colors was calculated in accordance with the following formula
(Mokrzycki and Tatol, 2011):

AE7; = v/ (AL*)? + (Aa*)? + (Ab*)?

In this context, AL*, Aa*, and Ab* (Table 1) represent the differences in the lightness and chromaticity
coordinates. These correspond specifically to the differences in the red/green (Aa*) and yellow/blue
(Ab*) axes of the two colors being compared (Sappi, 2013).

Table 5 - Color differences in the CIELAB system

AL* = difference in lightness/darkness value (+ = lighter - = darker)
Aa* = difference on red/green axis (+ = redder - = greener)

Ab* = difference on yellow/blue axis (+ = yellower - = bluer)

AE* = total colour difference value

Figure 1 presents the measurement points utilized, including the white reference derived from the
LED light tablet employed to illuminate the film samples and the additional white reference measured
from the area inside the perforations. Each point was measured 3 times to get an average value.

Color and Colorimetry. Multidisciplinary Contributions. Vol. XIX A ISBN 978-88-99513-23-8



XIX Color Conference, 2024 86

Fig. 13 - Color measurement points for film samples B1 (a) to B9 (i)

A statistical analysis of color changes (AE7¢) was conducted, with the results plotted according to film
type (black and white, applied color, or integrated color) and EO type. The data were processed using
OriginPro 2018 software, with a box chart in the “Data Points Overlap” style for visualization
purposes.

The study excluded the use of additional cleaning agents or solvents, thereby ensuring that the
observed changes could be attributed solely to the EOs. Moreover, no accelerated aging processes
were employed, thereby ensuring that the focus remained on the immediate and untreated film
responses to the cleaning method.

Results

This section presents the results of the color analysis performed on film samples B1 through B9 before
and after cleaning with the four different EOs. The table 2 provides a summary of the mean color
differences (AE7¢) derived from the measurements of the film samples. Further detailed data for each
measured color, along with the calculated AL*, Aa*, Ab*, and AEq values, are available upon request.
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Table 6 - Color differences of film samples B1 - B9 after cleaning with EOs

Eucalyptus| Lavender [Rosemary| Lemon
Semple Oil Oil Oil Oil

AE'76 AE'76 AE'76 AE'76
B1 - CN AGFA Tinted (Red) 4,31 6,47 8,32 3,53
B2 - CN ZEISS IKON Tin (Y)/Ton (B) 1,81 2,04 1,01 1,15
B3 - CN ZEISS IKON B&W 1,66 1,93 2,12 2,04
B4 - CA ORWO B&W 0,38 0,62 0,86 0,75
BS - CA AGFA B&W 0,68 0,37 0,73 1,02
B6 - CA AGFA-GEVAERT Color 0,62 0,71 0,59 0,83
B7 - CA EASTMAN Color 1,17 1,05 2,01 1,02
B8 - PET EASTMAN Color 1,64 1,55 1,41 131
B9 - PET AGFA-GEVAERT Color 1,50 1,44 0,88 1,55

The graphs presented in Figures 2, 3, and 4 illustrate the statistical distribution of the total AE7
observed across groups of samples, categorized according to the type of color and EOs used in the
cleaning treatment.
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Fig. 14 - AE7s of film samples B1 and B2

As depicted in Figure 2, the samples that exhibited the most notable color differences on average
subsequent to treatment with EOs were B1 and B2. Both samples have a cellulose nitrate base and
were subjected to various applied color techniques, including tinting and toning.

The most notable changes were observed in the L* coordinate, particularly in sample B1 treated with
rosemary EO, which exhibited a mean AL* value of 6.37. In contrast, the variations in the a* and b*
coordinates were notably less pronounced, with the majority of calculated Aa* and Ab* values
remaining below £2 for sample B2. However, for sample B1, the Aa* exhibited values exceeding +3
following the cleaning of black colors, with all EOs tested. The highest calculated value was 3.96,
which was obtained using eucalyptus EO.

These findings indicate that the primary alteration occurred in the lightness of the samples, with
minimal impact on their chromatic or qualitative characteristics. In other words, the chromaticity of
the samples was not significantly affected (Lorusso, Natali, and Matteucci, 2007). With the exception
of the results obtained for sample B1, cleaned with lavender and rosemary EOs, where the AE7¢ values
exceeded 5, the mean values remained below this threshold. It is noteworthy that lemon EO
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demonstrated the most favorable performance, as the recorded color changes were consistently less

than 4 on average for both samples.
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Fig. 15 - AE76 of film samples B3 - B5

The AE7s¢ values calculated for the black-and-white film samples B3 to B5 (Fig. 3) exhibited an
average value of less than 3 in all cases. Sample B3, which has a cellulose nitrate base, exhibited the
highest degree of color change across all four EOs that were evaluated, reaching a AE7¢ mean value
of 2.12 for rosemary EO. The most notable changes were observed once again in the L* coordinate,
with a maximum calculated value of -3.98 for AL* in the black areas of sample B3, cleaned with
rosemary EQO. The calculated values of Aa* and Ab* for black-and-white film samples remained
consistently below *1.

In this group, eucalyptus EO yielded the most favorable results, as evidenced by the average changes
across all three coordinates and AE76, which remained below 1, with only one exception observed for

sample B3.
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Fig. 16 - AE76 of film samples B6 - B9

The average AE7s values for the integrated color film samples, as depicted in Figure 4, were
consistently below 2. Notable changes were again observed in the L* coordinate for samples B6
through B9. The highest calculated value of AL* was 2.89 on a non-image/white area of sample B7
cleaned with rosemary EO, while the lowest value was -2.71 for grey on sample B9 cleaned with
lemon EO. As in previous cases, the calculated values for Aa* and Ab* were, on average, less than
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+1 across all samples, with the exception of Ab* for sample B7 cleaned with rosemary EO, which
recorded a value of -1.45 for the color white.

It can be argued that the four types of EOs tested produced a relatively similar average effect on color
changes induced by cleaning in all the samples of this group, with the exception of sample B6, which
exhibited the least color change for all EOs used for cleaning. It is noteworthy that samples B8 and
B9, which are polyester-based, showed negative AL* values in the non-image/white areas, unlike the
other samples analyzed. This result suggests that these areas became darker after treatment,
highlighting a distinct response of polyester supports to the cleaning process.

Conclusions

A review of the color analysis results reveals several noteworthy conclusions. The research indicated
that the use of EOs for cleaning had a significant impact on the luminance parameter (AL*) across all
film samples. The non-image areas and lighter colors exhibited increased brightness, as indicated by
positive AL* values, with the exception of the polyester-based samples. Conversely, darker colors
and areas with higher optical densities generally displayed negative AL* values, resulting in a darker
appearance post-treatment. These findings suggest an overall modification in the perceived intensity
of the colors (Lorusso, Natali, and Matteucci, 2007).

Changes in chromaticity, as indicated by the red/green (Aa*) and yellow/blue (Ab*) coordinates, were
observed to be minimal, remaining within the +1 range for all film samples subjected to analysis,
with the exception of sample B1. This may be attributed to the red dye utilized for the tinting of this
film and the potential interaction with the components of EOs.

The observed color changes remained within the acceptable thresholds for heritage conservation
purposes, with none of the samples exceeding the AE7¢ average value of 5 (Goffredo and Munafo,
2015; Ali, 2020). However, certain film samples exhibited more substantial alterations. The samples
B1 and B2 exhibited more pronounced changes in color, which can be attributed to the application of
tinting (B1) and the combination of tinting and toning (B2). It is possible that the applied color
techniques were more susceptible to chemical reactions with the components of the EOs.
Nevertheless, no evidence of pigment loss, or color bleeding was observed during the cleaning
process. It seems reasonable to suggest that these changes are attributable to the removal of substantial
surface dirt, which was heavier on these older samples. This hypothesis is particularly relevant when
considering the black-and-white samples. Among these samples, B3 exhibited the most pronounced
color changes. As it was manufactured by the same company (ZEISS IKON) as sample B2, it is
reasonable to conclude that it shares similar material properties (cellulose nitrate base) and historical
context, which may result in comparable levels of accumulated surface dirt.

The black-and-white film samples exhibited the least color changes on average, likely due to the
stability of metallic silver in their image composition compared to the dyes in chromogenic film
emulsions. Interestingly, among the color samples, B6 showed the lowest AE7s average values,
suggesting that its material structure, chemical composition and color process, identified as
Gevacolor, contribute to greater stability.

These findings underscore the potential of EOs as a viable option for cleaning motion picture films
while preserving their color integrity. It is recommended that future studies investigate the effects of
EOs on a wider and more diverse array of applied and integrated color processes, as well as their
interactions with polyester-based films. Furthermore, a comprehensive examination of the long-term
effects of the cleaning treatment is essential for advancing research on restoration techniques in the
field of film preservation.
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Abstract

Votive animal mummies represent one of the largest categories of artifacts produced in Ancient Egypt.
This specific type of mummy emerged in the New Kingdom (ca. 1550-1069 BCE) and increasingly
gained popularity between the Third Intermediate Period and the Roman Period (ca. 1069 BCE-380
CE). Some animals were perceived to be the avatar of specific deities and deliberately killed in order
to be sold as mummies to worshippers, who donated them to the corresponding gods in return of
favors and protection. The external appearance of these votive offerings made them costly, thence
increasing their value in the gods’ eyes. As a result, these artefacts often show elaborate wrapping
systems, made even more sophisticated by the interweaving with pale and dyed bandages. Often only
mere scraps of colored bandages have survived, since they have mostly been degraded du