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ABSTRACT

The role of lighting in museums has a fundamental importance. Light influences the perception of colours and
space in the collections on display, therefore, any type of lighting must be adequately analysed to confirm the
suitability and undistorted colour rendering of the illuminated objects. A two-stage perceptual test was carried
out for this purpose. Initially, the participants were asked to evaluate the illuminants according to criteria such
as: the brilliance of the colours, the degree of pleasantness of the lighting and the degree of overall satisfaction
of the setting. Subsequently, the efficiency of different illuminants for the identification of colour differences
between two objects was tested. The results obtained were then compared with the most commonly used
colour rendering and colour difference indicators in order to determine their potential and limits.
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1. Introduction

In museums, the role of lighting is often linked to the
creation of an immersive and evocative experience for the
viewer when visiting the collections. In this context,
although the regulations for lighting that does not cause
damage to the illuminated objects and to the users are
respected, often the lights are not subjected to an analysis
that confirms their adequacy and ensures a correct color
rendering of the objects on display (Feller 1968, Camuffo
2014).

The experiment we are presenting can be divided into two
main parts: evaluation of light sources and evaluation of
colour differences.

In recent years, several experiments have been carried out
in order to evaluate the perception of the colour of museum
objects under different light sources (Boissard &
Fontoynont, 2009, Pinto et al. 2008, Pinto et al. 2006,
Scuello et al. 2004), focusing primarily on colour
temperature and the study of LEDs. Nevertheless, it is
difficult to integrate the elaboration of the visual system in
the calculation of the colour perception and often it is
reduced to evaluating a source based only on emission
and reflectance spectra.

For this reason, it was decided to have users evaluate
three main characteristics of the colour rendering: the
brilliance of the colours, the pleasantness in relation to the
lighting and the degree of overall satisfaction of the set-up.
The aim of the brillance assessment is to determine how
much the illuminant promotes the colour rendering of an
object on display. The term pleasantness refers to the
illuminant and is designed to determine which light is most
pleasing to the viewer, not considering, therefore, the color
rendering of the object. Finally, with the term satisfaction,
we ask you to evaluate the entire installation.

In addition to illuminants, the study of colour rendering in
museums in recent years has also been the subject of
many studies, aimed at determining which source
guarantees better colour rendering and, if there are
preferable sources, for the lighting of specific museum
objects (Viénot et al. 2011, Nascimento & Masuda 2012,
Nascimento & Masuda 2014, Vazquez et al. 2012). In this
context, in the second part of the experiment, users were
asked to compare the colours of two Colour Checkers (see
section 2), to determine how much the illuminant
influences the perception of colour differences.

The results of these two experiments were compared with
the most common colour rendering and colour difference
indexes. The aim of this study is to demonstrate that colour
rendering is a complex concept in its definition and that the
most common indexes are not enough effective to
represent the perceptual variations of colour. The
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applicability of the results obtained has been evaluated in
the light of a complex field of application such as that of
the museum, where for an exhibition lighting must be
considered in terms of conservation, exhibition and use. In
addition, the limits of colorimetric measurements, which
are not reliable in the presence of spatial arrangements
and different lighting conditions, are to be highlighted.

2. Materials and Methods

For this experiment, the use of the Gretag Macbeth Colour
Checker, in original and printed version (Figure 2a), using
a printer LaserJet Pro 400 colour. Both Colour Checkers
have been positioned within a Light Booth, model The
Judge I, equipped with 4 different types of light sources:
CIE D65, Cool White Fluorescent, U30TL84 and llluminant
A. Two LED lights have been added to the Light Booth:
one 'cold' (LED 1, 5000K) and one 'warm' (LED 2, 2500K).
The uniformity of the light diffusion was verified on the
basis of the Light Booth for all the lights.

The emission spectra of each individual source were
measured with a CL-500A spectrophotometer (spectra in
Figure 1, measurement set-up in Figure 2b) which, during
the measurements, was placed in the centre of the Light
Booth on the same support as the Colour Checkers. From
the emission spectra of the sources the following were
calculated: CRI (Colour Rendering Index) (Oleari, 1998),
TM-30 Fidelity Index and TM-30 Gamut Index (Society,
2018).

Fig. 1. Emission spectra of illuminants

The reflectance spectra of the patches of the two versions
of the Colour Checker were measured using an Ocean
Optics HR4000 spectrophotometer. The data thus
obtained were then processed to obtain the colorimetric
values in the L*a*b* colour space by simulating the
illumination under the various light sources present in the
Light Booth. Finally, the chromatic differences (values AE
and AEQ00) between the patches of the original Colour
Checker and the corresponding ones of the printout were
calculated.
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The perceptual test was carried out on 20 people, none of
whom had problems with colour perception.

The test, performed inside a dark room (Figure 3) without
windows and without artificial lights on except for the Light
Booth, was carried out in two parts:

a) Evaluation of the light sources: with the use of a
guided table it was asked to indicate with an evaluation
from 0 to 100 the brilliance of the colours, the degree of
pleasantness referred to the light source and the degree
of general satisfaction of the setting. The term brilliance
was used because in the common language it is
associated with the perceived brightness of the colours. It
was decided not to use the term saturation or tone, as it is
particularly specific and difficult for non-experts to
understand.

This operation has been done alternating for each source,
the original Colour Checker (McCamy et al. 1976, Pascale
2006) to the printed one so as to avoid that the judgment
was subject to comparison between the two.

Fig. 2. (top) Original (left) and printed (right) colour checker
inside the Light Booth. (bottom) Set-up of the CL-500A
spectrophotometer during measurements.

b) Evaluation of colour differences: it was asked to
indicate with an evaluation from 1 to 5, (where 1=identical
patches and 5=absolutely different patches), the colour
difference between 15 selected patches of the original
colour checker and the corresponding printed patches
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(Figure 4) (McCamy et al. 1976, Pascale 2006). This
subjective colour difference assessment was carried out
under all Light Booth sources. To solve the numerical
problem of estimating the magnitude between different
colors, the "Neutrals" tab of the Munsell Book of Colours
was used as a framework. For example, the magnitude
between patches N9 (white) and patches N7/N8 (light
grey) corresponds to a difference of 1, while patches N9
and N3/N2 (dark grey) have a difference of 3.

3. Results
3.1. Evaluation of light sources

The table below shows the CRI, colour temperature and
TM-30 values of the Fidelity Index (Table 1). Figure 5
shows the results of the subjective evaluation of brilliance,
pleasantness and satisfaction for each individual source.

Daylight | A CWF | U30TL84 LiD LI;D
CRI (Ra) 94 99 59 87 94 83
T colour(K) 7000 | 2600 | 3900 3000 4800 | 3000
Fidelity
Index (Rf) 94 99 67 82 93 84

Tab. 1. CRI (Ra), T colour, Rf values of the various
illuminants.

3.2. Evaluation of colour differences

The following table summarises the values AE and AEOO
calculated from the reflectance spectra of each patch of
the Colour Checker under all the sources present in the
Light Booth (Figure 6). All calculated AE values have been
compared with the average of the values assigned by
users as shown in Figure 7, Figure 8, Figure 9, Figure 10
and Figure 11 and Figure 12.

4. Discussion

The results of the perceptual test showed some
discrepancies between the calculated indexes and the
perceived values in the evaluation of illuminants and
colour differences.

4.1 Evaluation of illuminants

With regard to the assessments of brilliance, pleasantness
and satisfaction, it is interesting to note that the scores
awarded by users never reach the high scores awarded by
the CRI index (Figure 5 and Table 1) (Fumagalli et al.
2013). The exception is the illuminant CWF of which the
printed version of the Colour Checker has slightly lower
perceptual values, but substantially similar, compared to
those of the CRI, while the score assigned to the original
version is higher.
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It is clear that the original version of the Colour Checker
under all illuminants is much more appreciated by users,
who always give it very high scores, indicating that the
support and materials used for any coloured object have a
fundamental importance for good colour rendering.

Considering the overall satisfaction value, the illuminants
that received the highest scores from users were illuminant
D65, A and LED1. This evaluation is consistent with the
values of CRI and TM-30 Fidelity, as these measurements
also assign higher values to the illuminants themselves.
Note that the LED1 scored high according to these two
indexes because, being of the new generation, the
emission spectrum was modified by the production
company in order to meet the CRI index standardized by
the CIE commission. In addition, the values assigned by
the TM-30 Fidelity Index do not differ particularly from the
CRI.

Considering the values of brilliance and pleasantness,
there are major discrepancies between the subjective
judgment and the colour rendering indexes. According to
the brightness values, in fact, the LED1 has the highest
value, followed by A, CWL and U30TL84 for the original
Colour Checker, while for the printed version the highest
brightness is given by the U30TL84 and LEDA1.
Considering the pleasant lighting value for the original, the
best illuminant is A, followed by LED1, while the printed
LED1 obtains the highest scores, followed by A.

These results cast doubt on the colour rendering indexes,
which do not consider the perceptual component of colour
processing by the subjects, as well as the colour
adaptation and spatial context variables.

4.2. Evaluation of colour differences

With regard to the measurement of colour differences (AE
and AEOQ0), it can be seen that in general the values are
always high (except in specific cases), due to the
characteristics of the substrate and the dyes that have very
different reflectance spectra. The purpose of the
experiment is to highlight under what conditions the
colorimetric and precise measurement of AE is not
sufficient to determine the metering of two colours under
different lighting conditions.

Considering the values of AE and AEQQ, it is evident that
the measured values are significantly higher for the
illuminant D65. In addition, when comparing the individual
patches, higher colour differences are obtained for those
with higher blue components (Bluish Green, Purplish Blue,
Blue Sky, Blue Flower) (Brueckner et al. 2009). When
comparing the illuminants, CWF and LED2 maintain the
smallest difference values.
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The comparison between the various illuminants does not
reveal a general predominance for the subjective values
compared to those calculated but depending on the patch
and the type of lighting, the results assume very different
values. Despite this, it is noticeable that patches with a
strong blue component, assume values of high colour
differences, while they generally assume lower values
both for patches with a strong red component (Orange and
Moderate Red) and for those in shades of grey (White 9.5,
Neutral 6.5, Black 2), with a few exceptions.

Patches with a strong red component and patches in
shades of grey obtained lower values both in the
calculated AE and in comparison, to the scores assigned
to all the others.

Considering illuminant D65 (Figure 7), the differences
noted by the subjects are always greater than 2, with a
peak of difference for the Purplish Blue that assumes
values close to 5. Looking at the values for the illuminant
A (Figure 8), there is a general decrease in the values of
subjective difference, so the peak for patch 10 remains,
but falling to a value of about 4.3. For White, Yellow Green
and Moderate Red the difference values are close to 1.5
so they are considered perceptively very close to those of
the original Colour Checker.

Considering the illuminant CWF (Figure 9), the values of
Dark Skin and Purple are considered more similar to the
original, while the colour difference of Purplish Blue returns
to values of about 4.5. In this case the values of AE and
AEOO are much lower than in the case of D65 and A.

As for U30TL84 (Figure 10) the difference for Yellow
Green and Dark Skin is subjectively around 1.5 the values
of AE and AEQO decrease for Purplish Blue but remains
around 4.5 in subjective judgment. Finally, as far as LED1
(Figure 11) is concerned, the perceptual differences
between the original and the printed one increase
compared to the other illuminants and present a similar
trend to D65, even if lowered by about 1 point. In LED2
(Figure 12) the subjective values are very similar to LED1,
with some differences for some blue/green patches that
have lower subjective values and some of the red-orange
patches that have higher values.

From these evaluations and from the graphs we can see,
therefore, a strong discrepancy between the AE and AE0O
colorimetric values measured from the spectra to the
perceptual values given by the evaluation of the subjects
involved in the study, differences that are not given simply
by a physical component of reflectance compared to an
illuminant, but by a strong perceptual component. This is
because both measurements AE and AEOO do not
consider the spatial arrangement of colours in the
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evaluation and adaptation of the human visual system to
the different illuminants.

5. Conclusion

In this study it is shown that the colour rendering indexes
are not adequate to give an estimate of the perceptive
rendering of an illuminating and to maintain metamerism.
Moreover, it has been demonstrated that a colorimetric
measure of local colour difference is not sufficient to
represent the perceptual variations of colour with the
variation of illuminants and in the presence of a spatial
arrangement.

A further limitation to these measures lies in the fact that
they do not consider the colour adaptation of the human
eye, the surrounding illumination and the signal
processing by our visual system. This aspect can be seen
above all from the answers to the perceptual test on colour
differences where it became clear that some users had the
ability to recognize and preserve the variations between
two coloured patches even under different illuminants.
Moreover, in most cases there was no correspondence
between the values acquired with the experimental
measures and those assigned by the perceptual test.

For applications in the museum environment, provided
that the regulations for lighting that does not damage the
objects on display and the users are respected, it can be
seen that as far as lighting is concerned, the supports and
materials used in the enjoyment of the exhibition will
always be of greater importance, so the object will always
be of primary powerlessness. Moreover, it has been seen
that LED lights far exceed the D65 standard in the creation
of a satisfactory exhibition space and for a pleasant and
apparently correct reproduction of colours.

Moreover, when evaluating sources for complex exhibition
spaces, it must be taken into account that both the CRI
and the Fidelity Index do not consider the spatial
arrangement and the systems for adapting the eye to
lighting, so if only one of these aspects is taken into
account in the evaluation methods without considering the
others, the comparison between the data and reality can
never be considered satisfactory.

In conclusion, since many differences have emerged
between the perceptual test and the values measured
experimentally, both regarding CRI, AE and AEOQO, it is
considered necessary to reconsider the methods and uses
of both parameters to ensure that they are more reliable
and consistent with reality.

Number the illustrations according to their sequence in the
text. Submit each illustration as a separate file (indicate
where the figure should be placed in the text).
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Ensure that each illustration has a caption. Supply
captions separately, not attached to the figures. A caption
should comprise a brief title (not on the figure itself) and a
description of the illustration. Keep text in the illustrations
themselves to a minimum but explain all symbols and
abbreviations used.

If visuals from other copyrighted publications are to be
included in the manuscript, it is the author’s responsibility
to secure permission to publish these in the journal before
submitting the manuscript for review.
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