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ABSTRACT

Lighting design for art exhibitions has a significant impact on the enjoyment and under-
standing of the displayed artworks. In particular, the selection of the light sources and the
design of the museum space affect the visitors’ visual perceptions of the artworks and their
color appearance. This project investigated some of the potential factors—the correlated color
temperature (CCT) of the illumination, the overall color content of the painting and the
lightness of its background—affecting a painting’s color appearance and appreciation in a
museum setting. The study involved a survey conducted in the laboratory with both naive
observers and lighting experts. The CCT of the lighting was found to be the main factor
affecting the painting’s appearance and the observers’ overall preference for the lighting
arrangements, whereas the overall hue content of the painting and the background lightness
had a minor influence. Furthermore, it has been found that the perceived brightness increases
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along with the CCT.

1. Introduction

Contemporary approaches to museum lighting aim to
strike an appropriate balance between two main
topics: minimizing the potential damaging effect of
light on artworks and obtaining the best visual
impression through light (Ajmat 2011). Although
museums must collect and preserve our cultural and
artistic heritage, this function collides with the neces-
sity to have light to make artworks visible to museum
visitors. Current legislation classifies objects in accor-
dance to their sensitivity to light and state illuminance
levels and respective exposure times (CIE 2004; Cuttle
2000) but does not make suggestions about light
source type or characteristics or about lighting setting.
However, recent developments in solid-state lighting
technology and in tunable lighting provide increased
flexibility in lighting characteristics and settings (such
as luminance level, correlated color temperature
[CCT], or color rendering properties), all of which
can have an impact on the visual impression of an
artwork, whereby a wrong lighting arrangement could
compromise its display.

1.1. Museum Lighting Approach

Although there are various publications provid-
ing basic guidelines for museum lighting (Cuttle
2007; Fordergemeinschaft Gutes Licht 2012;
Garside et al. 2017; Thompson 1986), principles
and standard procedures used by museum light-
ing designers and curators to select lighting
arrangements and light sources are not ade-
quately documented. There are three main cri-
teria for selecting an artwork’s illumination
(Carvalhal et al. 2005): (1) replicating the lighting
configuration intended by the artist or the one
under which the artist painted or sculpted the
piece, (2) the specific effect or interpretation
intended by the curators, or (3) the preference
and visual impressions expressed by observers as
tested in carefully controlled experiments. The
first approach would be the most suitable and
accurate but in most cases the true display inten-
tion of the artist is unknown, nor is the lighting
setting of his studio. Lighting design aiming for
the first criterion is therefore often based on
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nothing more than assumptions, and the second
and third approaches are subjective. They depend
respectively on the personal taste and artistic
sensibility of the curator and the appraisal of
naive observers that is mostly founded on their
subjective preferences.

1.2. Previous Studies on Museum Lighting

Triggered by the developments in solid-state light-
ing technology, in the past decade several studies
(Carvalhal et al. 2005; De Graaf et al. 2014; Druzik
and Michalski 2012; Feltrin et al. 2017; Leccese et
al. 2018; Rea and Bierman 2014; Schanda et al.
2015) have investigated observer preference and
visual impressions for museum lighting. Light
emitting diode (LED)-based light sources can
have a higher efficiency and better general color
quality (naturalness, appreciation, attractiveness,
preference) and minimal infrared and ultraviolet
radiation content, and they can offer increased
flexibility according to the tunability of their spec-
tral power distribution. Moreover, LED spotlights
can have a high directionality and, due to their
small dimensions, can be less intrusive in exhibi-
tion spaces. Therefore, it is possible to tune the
light sources, change their chromaticity, accurately
set the beam direction, and, consequently, change
the artworks’ visual appearance according to the
intended effect. The results of these studies show
that LEDs are a suitable solution for museum
lighting in terms of energy consumption and sus-
tainability, artwork damage prevention, and color
rendering flexibility of the lighting system. Some
researchers have investigated the preservation
issue by analysing the new improvements granted
by LEDs and by comparing the damage effect
between them and traditional light sources.
Piccablotto et al. (2015) showed that LEDs can
cause a slower color fade than halogen lamps,
although LEDs with higher CCT lead to higher
damage risk. Furthermore, Weintraub (2010)
found that white phosphor-based LEDs with low
to intermediate CCT (2700 K—4000 K) are safe
for the illumination of light-sensitive materials, if
they are used at appropriate illuminance levels. On
the same matter, Pinilla et al. (2016) developed a
spectral aging test to estimate the photochemical
damage produced by LEDs on oil, acrylic, and

gouache paintings; the model they developed pro-
vides useful information about the color shift
caused by fading and could be used by museums
to estimate the ideal exposure time for any
painting.

With regard to artworks’ visual appearance,
several studies have compared the perceptions of
paintings under different lighting conditions in
order to determine the best lighting arrange-
ments. They have mainly focussed on light source
CCT and illuminance level. Scuello et al. (2004a,
2004b) conducted a survey using postcard repro-
ductions of real paintings and halogen lamps,
tuning the CCT from 2500 K to 7000 K, with
the illuminance level set at 200-250 Ix. Their
results show that observers prefer artwork under
illuminants of approximately 3600 K; according
to the observers, these arrangements were neither
too cold nor too warm. Note that the apparent
tint of a 3600 K illumination is far from neutral
or achromatic (achromatic lights have a CCT of
approximately 6000 K(Smet et al. 2014)).
Yoshizawa et al. (2013) investigated LED lighting
for visual evaluations of museum paintings in two
different  experiments, varying the CCT
(2700 K-5000 K), the illuminance level (up to
400 1x) and the Color Rendering Index (CRI;
equal to 59, 90, and 98). Multiple pairs of words
were used to evaluate the paintings during the
experiments and they found that the paintings
were evaluated as more pleasant at lower CCTs
and higher CRI. Luo et al. (2013) performed a
similar experiment in order to assess the impact
of CCT, illuminance, and CRI on the visual eva-
luation of fine art paintings displayed in museum
settings. They varied the CCT between 2700 K
and 6500 K, varied the illuminance level up to
300 Ix, and used three CRI values (82, 90, and 93).
Their results concluded that all observers pre-
ferred high illuminance (300 lx) and a CCT
range of 4000 K-5000 K. Nascimento and
Masuda (2014) studied the impact of CCT on
the visual appearance of paintings. They analyzed
two viewing conditions, a real one with a spec-
trally tunable light source and one simulated on a
monitor, and multiple lighting configurations
with different CCTs (3600 K-20,000 K). They
concluded that the preferred CCT was approxi-
mately 5500-5700 K. Therefore, the preferred



lighting arrangements had a much higher CCT
than the traditional arrangements designed for
museum exhibition with halogen lamps, like
those used by Scuello and others. Similarly,
Pinto et al. (2006, 2008) investigated various
lighting configurations, varying the CCT from
2856 K to 6000 K, and found that observer pre-
ference was maximum at 5100 K for 11 digitized
images of paintings displayed at an average lumi-
nance of 330-350 Ix. Their results agree with
Nascimento and Masuda (2014), suggesting that
observers prefer an increased amount of bluish-
white light rather than the yellowish light pro-
vided by the traditional museum lighting. Zhai et
al. (2015, 2016) investigated LED lighting
arrangements considering Kruithof’s rule. They
tested multiple lighting configurations with dif-
ferent CCTs (2850 K, 4000 K, 5000 K, and
6500 K) and illuminance values (50, 200, and
800 Ix). They found that lighting configurations
with a CCT between 2850 K and 4000 K and
illuminance values between 200 and 800 Ix can
create a pleasant visual effect for LED lighting of
paintings in museum environments and their
results partially agree with Kruithof's rule.
Recently, Szab¢ et al. (2017) investigated the opti-
mal lighting conditions for museum lighting,
varying both the illuminance (from 30 Ix to
6000 Ix) and the CCT (from 2850 K to 6500 K).
The results show that CCT's of 4000 K and 5000 K
along with higher illuminance values were the
most pleasant arrangements, whereas
CCTs were perceived as uncomfortable. In 2015,
Chen and others investigated both CCT and illu-
minance and created visual perception and emo-
tional zone maps. They carried out two
experiments, one reproducing an exhibition cabi-
net in the laboratory and the other in a real
museum. LED sources were used for both tests.
It was found that all emotional scales could be
reduced to two components: visibility and
warmth, which were influenced respectively by
illuminance and CCT. These two components
are the same as those identified by Luo et al.
(2013).

In conclusion, the identification of perfect light-
ing for museum exhibition is complex and is
affected by multiple factors including observers’
subjective feelings and emotions.

lower
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1.3. The Exhibition Space Design

In addition to lighting issues, due consideration must
be given to the surround and the background of the
exhibition space, which can have a huge impact on a
visitor’s color perception of the artworks. The exhi-
bits are observed in contrast to their background and
surroundings, and this contrast can make artworks
not just visible but also attractive. Background and
surround also contribute to the proper atmosphere.
The correct contrast ratio can be achieved by ade-
quately balancing the accent lighting on the artworks
and the ambient lighting of the exhibition space: a
dark background/surround can make the exhibit
appear brighter or more colorful, whereas a dim
background/surround can create a softer atmosphere
(Cuttle 2007). Therefore, planning the proper color
and luminance contrasts between the exhibits and
their background/surround plays an important role
in art exhibitions” design. Although the importance
of the background color and lightness is clearly
pointed out by the CIE (2004), this parameter has
not been investigated as extensively as the para-
meters related directly to light sources.

1.4. Project Goals

This study aimed to analyze some of the poten-
tial factors contributing to an observer’s visual
(color) experience of paintings displayed under
various lighting settings. Museum lighting is a
complex topic with a large number of para-
meters. This study focused on three factors:
the CCT of the accent lighting on the paintings,
the lightness of the background wall, and the
overall hue content of the paintings. The
impact of color rendition is beyond the scope
of the article. The aim of the study was to
investigate the possibility that a painting,
depending on its colors, could be better
enhanced and perceived by viewers with a spe-
cific CCT of the accent lighting and a specific
level of background lightness. Therefore, the
study aimed to investigate the impact of CCT
and background lightness for various selected
paintings with different predominant colors and
point out possible interactions between the
parameters and preference patterns for each
painting.
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Fig. 1. Sketch of the (a) experiment setup and photos of the experiment setup with three different backgrounds: (b) white, (c) grey,
and (d) black. (Painting reproduction courtesy of Leonid Afremov/www.afremov.com)

2. Methods
2.1. Experimental Setup

2.1.1. Museum setting

The experiment setup (Fig. 1) was designed to
reproduce a simple museum scene: it was com-
posed of a background wall containing the paint-
ings and two tilted walls, creating a broad and
controlled field of view and the feeling of immer-
sion for the observers. As wall material, curtains
were chosen because they allow for a quick and
easy change of background lightness (white, grey,
and black). The experiment room itself had black
walls, black floor tiles, and a black ceiling and the
average temperature was 20°C.

The spotlight illuminating the painting was
positioned at a height of 1.90 m and at a distance
of 0.60 m from the background wall. It was tilted
30° in relation to the vertical plane. The ambient
lighting was located directly above the observer
position, at a height of 2.30 m and at a distance
of 1.40 m from the background wall (Fig. 1a).

The design of the setup followed conventional
guidelines for museum settings about distance and
proportions between the exhibit, light source, and
observer position (Férdergemeinschaft Gutes Licht
2012). Moreover, the design ensures that the inter-
ference of the ambient lighting with the spotlight-
ing on the paintings was minimized (impact of 5%
on the total illuminance on the paintings) while
providing a non-dark surround, customary for
museum exhibitions.

2.1.2. Light sources

The spotlight consisted of a tunable LED spotlight,
which was used as accent lighting on the paintings,
and the ambient (daylight) lighting was produced
by fluorescent lamps behind a diffusor. The tun-
able LED spotlight has four channels: one fixed
white phosphor-based channel (CCT of 3200 K)
and three tunable R(ed), G(reen) and B(lue) chan-
nels, which made it possible to obtain specific
values of CCT. As ambient lighting, four Philips
dimmable fluorescent lamps were used, with a CIE
color rendering index R, value of 90 and corre-
lated color temperature of 6500 K.

2.1.3. Lighting setting

The ratios of the spotlight RGB channels were
optimized in order to obtain specific CCT values.
Five CCTs were selected to be displayed in the
experiment, from warmer to cooler light: 3000 K,
3500 K, 4000 K, 5000 K, and 6000 K. Each CCT
lighting configuration was presented under three
different background wall colors: white (average
reflection factor f = 0.9), grey (f = 0.4), and
black (8 = 0.1). Figure 2 shows the optimized
spectra of the LED spotlight for the various
CCTs. The CCT optimization was achieved by
optimizing at the same time the Duv factor—the
distance from the Planckian locus in the CIE uv
chromaticity diagram—in order to get it as close as
possible to zero while keeping certain color rendi-
tion parameters as high and constant as possible
across all CCT settings. Four color rendition
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Fig. 2. Left: Spectra of ambient, fluorescent lighting (thick solid line) and tunable LED channels: white (dashed line), red (solid line),
green (dashed-dotted line), and blue (dotted line). Right: Optimized spectra of the LED spotlight for the five different CCTs: 3000 K
(solid line), 3500 K (dashed line), 4000 K (dashed-dotted line), 5000 K (dotted line), and 6000 K (thick solid line).

metrics were considered: the CIE Color Rendering
Index R, (CIE 1995), the IES Color Fidelity Index
R Color Gamut Index R, (David et al. 2015), and
the Memory Color Rendition Index, R,, (Smet et
al. 2012). Optimization target values were respec-
tively R, = 90, Ry =90, R, = 100 and R,, = 90. Note
that the CIE 10° observer was used when calculat-
ing the CCT, Duv, and illuminance values, because
the observing field was wider than 4°, and the
measurement geometry was similar to the viewing
geometry used in the experiments. Measured opti-
mized lighting setting characteristics are listed in
Table 1. All measurements were made at the paint-
ing position on a spectrally flat white sheet with
the same dimensions as those of the selected paint-
ings. As can be seen from Table 1, the magnitude
of the Duv was kept sufficiently small (<1 x 107

for all configurations and the color rendering
parameters were all sufficiently high and constant
(deviations <2 units).

Finally, with regard to the ambient lighting, the
fluorescent lamps were dimmed and reached 60%
of their maximum luminous flux (equal to
700 Im). The measured CCT was equal to
5900 K, which is a bit warmer than the listed
lamp CCT due to the presence of the diffusor.
The illuminance level on a horizontal plane at
1.5 m height in front of the observers’ position
provided by the ambient lighting was nearly 55 Ix
(standard deviation of 4 1x). Combined, the accent
and ambient lighting provided an average vertical
illuminance of 160 Ix at the painting position. This
illuminance value conforms to the limitations
(E < 200 Ix) required for painted canvas, which is

Table 1. Measured lighting characteristics for the various lighting configurations.

Target CCT (K) Measured CCT (K) |Duv]| R, R¢ Rq Rm

White background 3000 3064 <1x10™* 91 89 101 92
3500 3515 <1x 107* 920 88 101 92

4000 4023 <1x 107* 90 88 101 93

5000 5043 <1x 107 90 88 102 93

6000 6046 <1x 107 90 88 102 94

Grey background 3000 3068 <1x 107* 91 89 101 92
3500 3505 <1x 107* 91 88 1071 92

4000 4026 <1x 107* 90 88 101 93

5000 5038 <1x 107* 90 88 101 93

6000 6056 <1x 107* 90 88 102 94

Black background 3000 3078 <1x 107" 90 89 101 92
3500 3523 <1x 107* 90 89 101 92

4000 4031 <1x 107 90 88 101 93

5000 5056 <1x 107* 90 88 102 93

6000 6063 <1x 107 90 88 102 94




30 (&) F.FELTRIN ET AL.

®) ¥)

Fig. 3. Leonid Afremov’s paintings (2002-2016) used for the experiment: A: “When Dreams Come True”; B: “Mystery of the Night”; G:
“Summer Forest”; R: “Pink Fog” ;and Y: “Happy Couple.”(Painting reproduction courtesy of Leonid Afremov/www.afremov.com)

usually considered part of the “low responsive”
category for artwork conservation (CIE 2004).

2.1.4. Paintings

The overall hue content of the paintings was con-
sidered by selecting artworks with different predo-
minant colors (hues). In order to avoid biasing the
observers’ assessments with art style, five paintings
with the same art style were chosen from among
Leonid Afremov’s artworks (Afremov 2014): four
paintings with a predominant hue (red, green, blue,
and vyellow) and one painting without a

predominant hue but with a balanced combination
of all four hues (Fig. 3). The color content of the
five paintings was characterized in the CIELAB
color space under LED spotlighting of 3000 K,
4000 K, and 6000 K, by taking photographs of a
representative area (not lower than the 20% of the
whole painting) with a calibrated camera (SONY
ALPHA 5000 digital camera). Camera calibration
was performed by creating a mapping between the
image RGB values of each patch of a Macbeth
ColorChecker card illuminated by each of the
three spotlightings and their corresponding CIE

75 I 75 75
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25 25 25
5 0 500 % 0
-25 =25 =25
-50 -50 -50
75 =75 -75
=75 -50 -25 0 25 50 75 =75 -50 25 0 25 50 75 =75 -50 25 0 25 50 75
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- - —
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a* a*

Fig. 4. Color distributions (a*b* and a*L*) of the five paintings illuminated by 3000 K (left graphs), 4000 K (middle graphs), and
6000 K (right graphs) spotlighting obtained using a calibrated camera. The colors of the plotted data denote the dominant hue of
the painting: red: red painting; orange: yellow painting; green: green painting; blue: blue painting; and grey: all painting. The black
squares are the mean colors of each distribution.



1964 10° Xy, Y0, Z; tristimulus values. The latter
were obtained from spectral measurements with a
spectroradiometer (OceanOptics QE65000, with a
spectral bandwidth of 2.5 nm, coupled to a
Bentham TEL301 Direct View Telescope). The
white patch of the Macbeth card was used to obtain
the spotlight white point for conversion of Xjo, Y0,
Z1o to CIELAB L*a*b* values.

The a* b* and a* L* color distributions of the
five paintings under the three spotlight conditions
are illustrated in Fig. 4a. The mean values are
plotted as well. For the 4000 K condition, these
are as follows: all: L* = 56.5, a* = =7.0, b* = 20.3;
blue: L* = 59.9, a* = -26.3, b* = -2.5; green:
L* = 59.1, a* = -19.5, b* = 27.0; red: L* = 53.8,
a* = 26.3, b* = 21.0; yellow: L* = 754, a* = -9.4,
b* = 38.8. As can be seen from Fig. 4, the average
a*b* chromaticity tends to shift toward lower a*
values as the CCT increases from 3000 K to
6000 K. For most paintings, shifts along the b*
axis are less pronounced except for the red and
blue paintings. L* also shows minor shifts, with
the largest being approximately six units. The
highest L* values tend to be reached for the
4000 K condition for all paintings, except for
the red painting.
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2.2. Experimental Procedure

Four series of experiments were conducted: one with
the scene illuminated by both the spotlighting and the
ambient lighting, one where the ambient lighting was
turned off, a preliminary experiment investigating the
impact of adaptation time on the results, and one
examining the potential impact of small illuminance
differences across different lighting settings.

2.2.1. Experiment A: Spot lighting on, ambient
lighting on

In this experiment, the scene was illuminated by
both the spotlighting on the paintings and the
ambient lighting.

Prior to the start of the actual experiment, the
observers were offered a brief explanation of the
experiment and what was expected of them. The
experiment itself consisted of assessing the five
paintings under each of the five CCTs in three ses-
sions, one for each background. Within a session,
painting order and CCT order were randomized.
Among observers, the order of the different back-
ground types (sessions) was also randomized.

In each session, once the background was set,
the observers evaluated each painting at a time

Fig. 5. Pictures of the red painting on the three backgrounds and under the five lighting configurations (from warmer light on the
left to cooler light on the right).(Painting reproduction courtesy of Leonid Afremov/www.afremov.com)
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under the five randomized lighting configurations
(Fig. 5) on a bipolar 11-point scale (0-10) for the
following quality factors: perceived warmth (cold/
warm), perceived vividness (dull/rich), perceived
brightness (dark/bright), and attractiveness of the
(low/high) of the painting’s colors. They were also
asked to evaluate their level of appreciation for the
background color (low/high) and the overall
appreciation of the arrangement (low/high). Note
that in order to let the observers adapt to the
average luminance level and to give them an idea
of the variation between the lighting configura-
tions, they were shown all lighting conditions in
a random order prior to the start of the evaluation
of a single painting.

After a single painting had been evaluated for all
lighting configurations, observers were shown them
once more (still in a random order) and were asked
to rank them from most to least appreciated.

When assessing the configurations and their per-
sonal preference about the settings, observers were
asked to consider only the color appearance of the
paintings and to not base their preference on the
subject of the paintings. The observers completed
the experiment in about 90 min and were seated at
a distance of 1.4 m from the paintings. Each of them
assessed 90 configurations: 3 background lightness
values x 5 paintings x 5 CCTs + 15 additional
repeated configurations (randomly chosen among
the previous 75) to assess the observer’s consistency.

2.2.2. Experiment B: Spot lighting on, ambient
lighting off

After conducting experiment A using both the LED
spotlight and the fluorescent lamps as ambient light-
ing (creating a dim surround in the experiment
room), a second experiment was performed using
just the spotlight, creating a complete dark surround
for the observers. This second experiment meant to
investigate the impact of the ambient and surround
lighting condition and the contrast between the exhi-
bit and the surround on color perception and lighting
preference. The test procedure and the questionnaire
were the same as in experiment A, but this time the
configurations were shown just with the black back-
ground. The observers assessed the same five paint-
ings under the same five CCTs, for a total of 25
configurations.

2.2.3. Preliminary experiment: Impact of
chromatic adaptation on observer assessments
Before conducting experiments A and B, the
impact of chromatic adaptation on observer
assessments was investigated. Fairchild and Reniff
(1995) found that chromatic adaptation occurs in
two phases, one extremely rapid (a few seconds)
and the other slower (approximately 1 min). They
concluded that chromatic adaptation reaches 90%
of its steady-state level for a particular lighting
condition after nearly 60 s.

On the one hand, A and B require an evaluation
of the color appearance of the paintings under
steady-state chromatic adaptation, in order to
obtain reliable results. On the other hand, the
experiment’s goal was to obtain people’s first
impression of a painting’s appearance under the
various configurations, because in art museums
people usually walk around exhibition halls and
will therefore rarely steadily adapt to the specific
lighting conditions of every displayed artwork.
Moreover, waiting 1 min for nearly chromatic
adaptation to stabilize before letting the observer
assess the configurations would have led to extre-
mely long and tiring experiments for the partici-
pants, which could consequently lead to unreliable
results.

A preliminary experiment with four people (two
females and two males, aged between 23 and
29 years) was therefore conducted to verify the
impact of the chromatic adaptation on people’s
assessments. Two of the participants had no
knowledge of lighting design and two were Ph.D.
students at the Light&Lighting Laboratory. The
observers completed the same questionnaire
twice: once without waiting 1 min for chromatic
adaptation to stabilize before evaluating the paint-
ing and lighting configuration (short mode) and
once looking at the scene for 1 min before filling
in the questionnaire (long mode). The preliminary
experiments were performed assessing only the
blue painting and the all colors painting on the
white background under the five lighting arrange-
ments. A white background was chosen to max-
imize possible effects of chromatic adaptation. The
all colors painting and a painting with one pre-
dominant hue (blue) were selected to explore
potential effects of painting color on chromatic
adaptation. The two tests were performed on



different days and with a balanced randomized
order to avoid order bias.

To investigate the significance of chromatic
adaptation on the assessments, the results of the
preliminary experiment were analysed with a multi-
variate analysis of variance test using SPSS software,
which showed no significant difference between the
evaluations of the two sets of data (P = 0.23).
Therefore, we concluded that chromatic adaptation
did not have a relevant impact on observer assess-
ments and, in order to reduce the duration of the
whole experiment, the final experiments were per-
formed in in short mode; that is, without waiting
for fully stabilized chromatic adaptation.

2.2.4. Impact of small illuminance differences
between illumination settings
The five lighting configurations set for the experi-
ments, corresponding to the five different CCTs,
did not have exactly the same illuminance level:
between the warmest (3000 K) and the coolest
(6000 K) configurations there was a difference of
15 Ix on average, because optimization of the LED
source allowed setting only two parameters.
Hence, it was necessary to conduct an additional
experiment to check whether small illuminance
differences across illumination settings could
have driven the results: observers could, for exam-
ple, prefer settings with the highest illuminance.
In this experiment, optimization of the RGB chan-
nels of the LED spotlight was performed in order to
set the CCT and the illuminance level, but it was not
possible to obtain high values of the color rendering
parameters. Therefore, the test was performed on a
white sheet of the same dimensions replacing the
painting. The test was designed as a paired compar-
ison with forced choice: a random series of pairs of
lighting configurations was shown to each observer,
who had to indicate the brightest configuration. In
paired comparison tests, the number of pairs used is n
(n — 1), where n is the total number of different
configurations, and each pair is shown twice, in a
different order. The test was performed on the black
background with the same ambient lighting and view-
ing geometry of experiment A and it was split into
three parts. During the first part, the observers were
submitted four different lighting configurations with
the same CCT, equal to 3200 K, and different illumi-
nance levels, equal to 140, 145, 150, and 155 Ix. The
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gap of illuminance between the first and the last
configurations was the same as the one occurring
between the warmest and the coolest CCT's of experi-
ment A. The second part involved configurations with
the same illuminance level (150 Ix) but different
CCTs: 3000 K, 4000 K, and 5200 K (unfortunately, it
was not possible to reach a CCT higher than 5200 K
while keeping the illuminance level constant). Lastly,
the third part involved arrangements with both dif-
ferent CCT and illuminance: three illuminance levels
(140, 147, and 155 Ix) and two CCTs (3000 K and
4000 K). The three different parts of the experiment
made it possible to determine whether the small illu-
minance differences between the different CCT set-
tings had a noticeable impact on the perceived
brightness, which could, in turn, have biased the
results obtained.

2.3. Observer Panel

Twenty-five observers (14 males and 11 females)
participated in experiment A. Sixteen of them were
naive, with no prior knowledge of lighting, color
perception, or art. All observers were color-normal
as tested by the Ishihara 24 plate test (Ishihara
1972). Their ages ranged from 22 to 55 years old
(average 29 years).

Eleven observers, randomly selected from the 25
participating in experiment A, participated in
experiment B. Six were males and five were
females and their ages ranged from 22 to
55 years old (average 31 years). The participants
were both naive and expert observers.

Thirteen observers, randomly selected from the
25 participating in experiment A, participated in
the experiment investigating potential illuminance
impacts. Seven were males and six were females
(average age 30 years). The participants were both
naive and expert observers.

3. Results and Discussion
3.1. Intra- and Interobserver Variability

Intra-observer variability was assessed by calculating
the average of the standardized residual sum of
squares (STRESS) (Melgosa et al. 2011) values
between each individual observer’s 15 repeated rat-
ings and the average of those ratings for that
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Table 2. Results for interobserver and intra-observer variability.

STRESS index Mean SD
Total experiment Interobserver 27.8 74
Intra-observers 384 12.7
Overall appreciation Interobserver 257 7.9
Intra-observers 27.6 1.5
Bakground appreciation Interobserver 293 9.5
Intra-observers 30.8 12.7
Warmth Interobserver 22.5 46
Intra-observers 256 11.8
Brightness Interobserver 26.2 6.9
Intra-observers 26.6 9.3
Vividness Interobserver 27.5 10.2
Intra-observers 28.8 1.7
Color attractiveness Interobserver 28.2 9.1
Intra-observers 27.8 13

observer. Interobserver variability was assessed by
calculating the average (across observers) of the
STRESS values between each observer’s 75 ratings
and those of the average observer. The average
observer was obtained by calculating the geometric
mean, rather than the arithmetic mean, because it is
less affected by extreme values and fluctuations in
samples. The mean and standard deviations for the
intra- and interobserver variability calculated for
each quality factor—overall appreciation, back-
ground appreciation, warmth, brightness, vividness,
and colors’ attractiveness—and for the total experi-
ment are given in Table 2. As can be seen from
Table 2, the mean STRESS values are acceptably
low and the intra-observer STRESS values are
slightly higher than the interobserver STRESS values.
Furthermore, the overall agreement between obser-
vers was very similar for all quality factors, with
possibly a slightly better agreement for the overall
appreciation and warmth evaluation and with

Table 3. Results for interobserver and intra-observer variability
between naive and expert observers.

STRESS index Mean SD

Total experiment Naive observers 27.8 6.1
Expert observers 25.8 6.1

Overall appreciation Naive observers 28.6 104
Expert observers 213 5.7

Bakground appreciation Naive observers 334 15.9
Expert observers 26.0 5.1

Warmth Naive observers 254 9.3
Expert observers 224 6.1

Brightness Naive observers 29.5 8.1
Expert observers 25.1 7.1

Vividness Naive observers 275 9.7
Expert observers 223 5.1

Color attractiveness Naive observers 29.7 8.9
Expert observers 239 6.2

individual observers being slightly more consistent
when evaluating warmth and brightness.

The same analysis was conducted to compare
the evaluations obtained in experiment A of the
naive observers group (16 subjects) and the expert
observers group (9 subjects), by calculating the
interobserver variability. The STRESS indexes for
the two groups are shown in Table 3. It is possible
to notice that the mean STRESS values for the
naive observer group are very similar, especially
considering the standard deviation, but that the
expert observer group tends to show systematically
slightly lower STRESS values, indicating slightly
stronger agreement between experts than between
naive observers.

3.2. Experiments A and B: Impact of Background
Lightness, CCT, Hue Content of the Paintings,
and Ambient Lighting

The results for the average observer for the red
painting for the six quality factors are plotted as a
function of CCT in Fig. 6, and graphs for the other
four paintings are shown in Appendix A (see Fig.
A1, A2, A3 and A.4). The values of the geometric
means; the standard error of the geometric mean,
calculated as specified by Alf and Grossberg
(1979); and the median are given in Appendix B
(Table B.1) for all combinations of painting/back-
ground/CCT.

From Fig. 6 it is clear that the trends for the three
background types are quite similar for the red
painting, indicating that the change in background
lightness did not have a substantial impact on the
observers’ assessments. Similar results were
observed for the other paintings, as can be noticed
from the average results shown in Appendix A, and
were also reported by Pinto et al. (2008), who found
no substantial differences between a grey and black
background. With regard to the impact of CCT, a
close look at the overall appreciation/CCT graph
(Fig. 6a) and the ranking results (Table 4) shows
that there is no clearly preferred CCT: although
4000 K tend to receive slightly higher ratings, the
differences with 3500 K and 5000 K are small.
However, the warmest (3000 K) and coolest
(6000 K) were least preferred. Similar trends can
be observed for the other background/painting
combinations and are confirmed by the results of
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Fig. 6. Average observer results as a function of the CCT for the painting “Pink Fog” (R), experiment A. The solid red lines, dashed blue
lines, and dotted black lines represent respectively the results for the white, grey, and black backgrounds, and the bars represent the
standard errors. (a) Overall appreciation, (b) background appreciation, (c) warmth, (d) brightness, (e) vividness, and (f) and color

attractiveness.

Table 4. Results of the ranking test for the most and least preferred lighting configurations. Values are the percentage of observers

ranking a specific CCT as most/least preferred.

Red painting Green painting Blue painting Yellow painting All colors painting
Most Least Most Least Most Least Most Least Most Least
preferred  preferred preferred preferred preferred  preferred  preferred  preferred  preferred  preferred
Background  CCT (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
White 3000 K 12.0 32.0 8.0 440 16.0 36.0 8.0 440 20.0 40.0
3500 K 12.0 12.0 28.0 4.0 240 4.0 16.0 12.0 16.0 16.0
4000 K 36.0 4.0 28.0 8.0 28.0 0.0 320 4.0 32.0 4.0
5000 K 28.0 8.0 20.0 4.0 20.0 20.0 36.0 12.0 28.0 16.0
6000 K 12.0 44.0 16.0 40.0 12.0 40.0 8.0 28.0 40 240
Grey 3000 K 16.0 44.0 12.0 56.0 20.0 320 16.0 52.0 16.0 320
3500 K 28.0 12.0 16.0 4.0 320 8.0 12.0 4.0 24.0 8.0
4000 K 26.0 0.0 32.0 12.0 20.0 4.0 20.0 0.0 28.0 12.0
5000 K 16.0 12.0 28.0 8.0 12.0 12.0 320 4.0 16.0 4.0
6000 K 14.0 32.0 12.0 20.0 16.0 44.0 20.0 40.0 16.0 44.0
Black 3000 K 14.0 68.0 12.0 56.0 20.0 36.0 8.0 44.0 12.0 36.0
3500 K 14.0 8.0 12.0 12.0 28.0 20.0 20.0 16.0 36.0 16.0
4000 K 24.0 8.0 320 0.0 16.0 8.0 24.0 0.0 12.0 4.0
5000 K 32.0 0.0 28.0 12.0 320 0.0 320 0.0 24.0 12.0
6000 K 16.0 16.0 16.0 20.0 4.0 36.0 16.0 40.0 16.0 320

the ranking evaluation. The overall appreciation
results could suggest that mid-range bias could
have had an impact on the observers’ evaluations,
because the most extreme lighting configurations
were both perceived as the least pleasant, but this

could not be verified either way. Because the five
CCT lighting conditions were all characterized by
very similar and high CRI values, it is expected that
any differences in the appearance of the painting
colors between the conditions should be small. No
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Fig. 7. lllustration of the effect of degree of adaptation on the color appearance of the 99 IES TM30-15 samples when illuminated by
the 3000 K (red dots), 4000 K (yellow dots), and 6000 K (grey dots) spotlighting condition. Left: complete adaptation (D = 1); right:

incomplete adaptation, respectively D = 0.1, 0.3, and 0.6.

clearly preferred CCT could indeed be identified,
except for the decreased preference for low
(3000 K) and high (6000 K) CCT, which could be
caused by differences in the degree of adaptation, D,
compared to, for example, more intermediate CCT
conditions. Chromaticity has indeed been found to
affect the degree of adaptation (Smet et al. 2017a).
The CAMO2UCS J'a'b’ chromaticity coordinates of
the 99 reflectance samples from David et al. (2015)
and IES (2015), illuminated by the 3000 K, 4000 K,
and 6000 K lighting conditions, are plotted in
Fig. 7. In the left graph, the degree of adaptation
was set to 1. As expected from the high color
rendition values, the three lighting conditions
show very similar color appearance coordinates.
However, as can be seen from the right graph,
incomplete adaptation (Smet et al. 2017b; Zhai

and Luo 2018) (with D respectively set to, for
example, 0.1, 0.3, and 0.6) leads to quite different
Ja't' coordinates.

The results of experiment B confirmed the trends
found in experiment A for CCT preference, and the
overall appreciation results are very similar for each
combination background/painting. Moreover, similar
trends between the two experiments were found for
vividness and color attractiveness. With regard to
warmth and brightness, instead, it was noticed that,
on average, the observers perceived the colors of the
paintings as warmer with the ambient light on—
although the ambient lighting was realized with cool
light (5900 K)—and brighter with the ambient lighting
off—although there was less light in the test room
during the experiment. This outcome could be
explained by chromatic adaptation to colder white
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Fig. 8. Average observer results for experiment A (red dotted lines) and experiment B (blue dashed lines) as a function of the CCT for
the painting “Pink Fog” (R): (a) overall appreciation, (b) warmth, and (c) brightness.



Table 5. Results of repeated measures ANOVAs for each of the qua

lity factors.

LEUKOS (&) 37

Quality factor Results Backgrounds Paintings CCTs Ambient on/off
Overall appreciation Pillai’s trace 0.0384 0.3469 0.6343 0.0285
F 0.4590 2.7890 9.1050 0.2930
P-value 0.6375 0.0530 < 0.001 0.6001
Partial eta squared, n? 0.0380 0.3470 0.6340 0.0280
Background Pillai’s trace 0.1702 0.3837 0.6825 0.2450
F 2.3580 3.2690 11.2860 3.2490
P-value 0.1171 0.0312 < 0.001 0.1020
Partial eta squared, n’ 0.1700 0.3840 0.6830 0.2450
Warmth Pillai’s trace 0.3222 0.5171 0.8892 0.6147
F 5.4670 5.6220 42.1340 15.9520
P-value 0.0114 0.0031 < 0.001 0.0025
Partial eta squared, n° 0.3220 0.5170 0.8890 0.6150
Brightness Pillai’s trace 0.2119 0.2682 0.7410 0.4084
F 3.0920 1.9240 15.0220 6.9030
P-value 0.0647 0.1438 < 0.001 0.0253
Partial eta squared, n? 0.2120 0.2680 0.7410 0.4080
Vividness Pillai’s trace 0.0556 0.4439 0.5143 0.0064
F 0.6770 4.1910 5.5580 0.0650
P-value 0.5180 0.0119 0.0033 0.8046
Partial eta squared, n’ 0.0560 0.4440 0.5140 0.0060
Color attractiveness Pillai’s trace 0.0136 0.2136 0.4996 0.0163
F 0.1580 1.4260 5.2420 0.1660
P-value 0.8546 0.2601 0.0043 0.6922
Partial eta squared, n° 0.0140 0.2140 0.5000 0.0160

lighting and the increase in contrast between the sur-
round and the artworks during experiment B: because
the surround of the experiment setup was completely
dark, the artworks appeared brighter. The average
results of overall appreciation, warmth, and brightness
for the red painting are shown in Fig. 8.

The statistical significance (« = 0.05) of the
observed effects of CCT, background lightness,
painting color content, and ambient lighting setting
was verified with six full-factorial (including interac-
tion effects) repeated measures analysis of variance
(ANOVA) tests, one for each quality factor. The tests
were conducted with SPSS software. The results of
the analyses are listed in Table 5.

The repeated measures ANOVAs showed that
there were no significant (« = 0.05) two-way or
three-way interactions between the background,
painting, and CCT factors (experiment A) or
between the ambient, painting, and CCT factors
(experiment B). The results for the main effects,
listed in Table 5, show that the CCT had a significant
effect (« = 0.05) for all quality factors, whereas paint-
ing, background, and ambient were significant for
respectively  three  (background appreciation,
warmth, and vividness), one (warmth), and two
(brightness and warmth) quality factors. However,
after a Bonferroni correction (a = 0.05/6 = 0.0083) to
account for the multiple significance tests (one for

each quality factor), no significant effect remains for
the background lightness and for painting color;
ambient lighting setting showed a significant effect
for warmth, and CCT remained significant for all
quality factors. Note that although people’s evalua-
tions of their appreciation of the background in
relation to the painting (background appreciation)
did not show significant differences for background
lightness (P = 0.12), at the end of the experiment a
total of 23 people did indicate the black background
as their most preferred background overall, with the
remaining two observers choosing the grey one.
With regard to experiment B, the ambient lighting
was significant only for warmth and brightness, but
after Bonferroni correction (a = 0.0083) a significant
effect remained only for warmth.

The partial eta squared value (1°) gave some
information about the effect size of each para-
meter—background, paintings, CCT, and ambient
lighting—on the quality factors. From Table 5 it is
possible to notice that CCT had the major effect
on the observers’ evaluations, almost twice as large
as the painting effect (1.9 on average between the
six quality factors). The effect size of the back-
ground, instead, is very low for the overall appre-
ciation, vividness, and color attractiveness, but it
had a greater effect on background appreciation,
warmth, and brightness. Similarly, the ambient
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lighting had a minor effect on the overall appre-
ciation, vividness, and color attractiveness, and a
greater effect on the other quality factors, espe-
cially warmth. However, CCT had the major effect
on observers’ evaluations for experiment B.

Post hoc tests for the significant main effects
showed that all CCTs were significantly different for
warmth, brightness, and vividness (P < 0.001). For
overall appreciation, all CCTs were significantly dif-
ferent (P < 0.001), except 4000 K and 5000 K. Similar
results were obtained for background appreciation
and color attractiveness, except that in these cases
the 5000 K and 6000 K CCTs were not significantly

Table 6. Scheffé scalings a; and yardsticks Y, of the three parts
of the experiment on brightness.

Configuration a Ye
Part 1

1 3200 K, 140 Ix 0.1731 0.3850
2 3200 K, 145 Ix 0.0769

3 3201 K, 150 Ix 0.0192

4 3201 K, 155 Ix —0.2692

Part 2

1 3000 K, 150 Ix 0.4533 0.0338
2 4000 K, 150 Ix 0.0800

3 5200 K, 150 Ix —0.5333

Part 3

1 3000 K, 140 Ix 0.4103 0.1863
2 3000 K, 147 Ix 0.3590

3 3000 K, 155 Ix 0.2051

4 4000 K, 140 Ix —0.2436

5 4000 K, 147 Ix —-0.3077

6 4000 K, 155 Ix —0.4231

different. With regard to the ambient lighting in
experiment B, the two lighting conditions were sig-
nificantly different only for the warmth (P = 0.003)

and brightness (P = 0.025) quality factors. All signifi-
cant differences between the CCT's remain significant
after applying a Bonferroni correction (a = 0.0083),
whereas the differences between the backgrounds and
the lighting condition for the brightness lose their
significance.

3.3. Impact of Small llluminance Differences
between Illumination Settings

The results were analyzed using the Scheffé
method (Scheffé 1952) and are shown in Fig. 9.
The Scheffé scalings a; are also reported in Table 6,
along with the yardstick for each test, Y,. The
difference between the perceived brightness of
two different lighting configurations is significant
if the difference between the two «; scale values is
higher than the yardstick. The results of part 1 of
the experiment, where the illuminance varied for a
fixed CCT of 3200 K, show, as expected, an
increase in perceived brightness along with an
increase in illuminance. However, for the illumi-
nance levels investigated, the results indicate that
illuminance differences of 5 Ix and 10 Ix are not
noticeable, whereas the 15 Ix gap was (o;-
ay > 0.3850). An analysis of part 2 of the experi-
ment shows that for a fixed illuminance level of
150 Ix, perceived brightness increases with increas-
ing CCT. Both of the error bars shown in Fig. 9b
and the «; scale values show that the differences
between the three lighting settings were clearly
visible for all observers, especially the gap between
4000 K and 5200 K (a;-a, > 0.0338 and a;-
asz > 0.0338). Lastly, the results of the third part
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Fig. 9. Results of relative perceived brightness (Q) for (a) test A, (b) test B, and (c) test C (circles and triangles represent respectively
3000 K and 4000 K). The error bars represent the yardstick values for each test.



of the experiment indicate that brightness percep-
tion, and whatever impact this might have on the
evaluations of the different quality factors, is dri-
ven more by the changes in CCT than by the small
changes in illuminance value occurring in our
experiments when altering between lighting con-
ditions in the previous. The results of part 3 show
an increase in perceived brightness along with an
increase in illuminance and CCT. The Scheffé test
pointed out that the gap of 15 Ix was noticeable at
3000 K (a;-a3 > 0.1863) but it was not noticeable
at 4000 K (ay—ag < 0.1863), whereas 5 Ix and 10 Ix
gaps were not noticeable for both 3000 K and
4000 K at the luminance levels investigated.
Furthermore, the difference between the lighting
configurations with 3000 K and 4000 K were all
clearly visible for all illuminance values. This out-
come suggests that, at least for the illuminance
levels investigated, small differences in illuminance
become less noticeable when increasing the CCT,
and lighting configurations with quite different
CCT appear to have different brightness.

4. Conclusions

A psychophysical experiment was conducted to
investigate lighting preference in museum settings
including the influence of three factors: the CCT
of the accent lighting, the background lightness,
and the overall hue content of the paintings. Five
paintings were displayed under various arrange-
ments to 25 observers, who evaluated six quality
factors: overall appreciation, background apprecia-
tion, warmth, brightness, vividness, and color
attractiveness. Moreover, the impact of the ambi-
ent lighting—dim or dark—was investigated in a
second psychophysical experiment performed by
11 observers.

Interobserver and intra-observer variability
were assessed using the STRESS index, which
showed that there was a good agreement between
the evaluations of the different observers and that
the individual test subjects showed good consis-
tency. Furthermore, a comparison of the interob-
server STRESS values of the naive observers and
the expert observers indicated that there was more
agreement among the expert observers than
among the naive observers.
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The visual data of all observers were analyzed by
computing the geometric mean values for each
configuration painting/background/CCT and plot-
ting the results as function of the CCT. Then the
averaged ratings were analyzed with a series of
repeated measures ANOVAs. The analysis showed
that the CCT had a significant effect (« = 0.05),
even after applying a Bonferroni correction
(a0 = 0.0083), on the evaluation of each of the
quality factors. A significant effect of background
lightness was only found for the assessments of
warmth, but the effect was not significant after a
Bonferroni correction. However, when asked to
indicate their preferred background, a significant
number of observers selected the black one. Hue
content of the paintings was found to be signifi-
cant for the background appreciation, warmth,
and vividness evaluations, but after a Bonferroni
correction the effect was significant for warmth
only. Ambient lighting condition was significant
for brightness and warmth before Bonferroni cor-
rection but only for warmth afterwards.

With regard to the CCT, the final ranking of the
tests showed that both the warmest (3000 K) and
the coolest (6000 K) configurations were least
appreciated, regardless of the background and the
colors of the painting, and the average results
showed small differences between the evaluations
of 3500 K, 4000 K, and 5000 K. However, post hoc
tests on the overall appreciation data showed that
there were no significant differences between the
evaluations at 4000 K and 5000 K. Moreover, for
all quality factors, the partial eta squared values
(7”) showed that CCT had the largest impact on
the evaluations of the observers, whereas the effect
of background, painting colors, and ambient light-
ing was smaller.

The impact of the experimental differences in
illuminance value among the different lighting set-
tings was investigated in a paired comparison
experiment with 13 observers and analyzed with
the Scheffé method. The results showed that the
small differences did not impact the former
conclusions.

It is possible to conclude that the CCT had
the largest effect on lighting preference for dis-
plays of paintings and their color perception,
whereas the background lightness and hue con-
tent of the paintings had, overall, a minor
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impact, and the lighting condition of the sur-
round was found to be not relevant with regard
to the observers’ evaluations. CCTs of 4000 K
and 5000 K resulted in the most preferred con-
figurations for all combinations of painting/
background. This outcome agrees well with the
results of Luo et al. (2013), Pinto et al. (2006,
2008), Zhai et al. (2015, 2016), and Szabd et al.
(2017), which showed that observers prefer more
neutral lighting for museum displays.

An additional experiment should be conducted
in the future to investigate the same parameters
but in a real museum setting. In fact, the experi-
mental procedure or setup could have affected the
observers’ assessments about the surround and the
background colors, because their position and
point of view was fixed and they were not able to
move about and thus have a better feeling of the
space and the surround. Furthermore, it would be
interesting to better understand how these para-
meters would be evaluated in larger spaces where
multiple artworks are displayed at the same time.
Finally, future studies could also investigate the
impact of color rendition of the lighting and the
overall saturation of the painting or its style (clas-
sic versus contemporary art, stylized versus natur-
alistic) on observer evaluations.
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Appendix A: Results of Experiment a for the All Colors, Blue, Green, and Yellow Paintings

The following graphs show the average results of the six evaluated quality factors—overall appreciation, background
appreciation, warmth, brightness, vividness, and color attractiveness—for the all colors, blue, green, and yellow paintings,
as a function of CCT. The three different lines represent the average results of the white, grey, and black backgrounds,
and the bars represent the standard errors.
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Fig. A.1. Average observer results as a function of the CCT for the painting “When Dreams Come True” (A). The solid red lines,
dashed blue lines, and dotted black lines represent respectively the results for the white, grey, and black backgrounds.
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Fig. A.2. Average observer results as a function of the CCT for the painting “Mystery of the Night” (B). The solid red lines, dashed
blue lines, and dotted black lines represent respectively the results for the white, grey, and black backgrounds.
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Fig. A.3. Average observer results as a function of the CCT for the painting “Summer Forest” (G). The solid red lines, dashed blue
lines, and dotted black lines represent respectively the results for the white, grey, and black backgrounds.
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Fig. A.4. Average observer results as a function of the CCT for the painting “Happy Couple” (Y). The solid red lines, dashed blue lines,
and dotted black lines represent respectively the results for the white, grey, and black backgrounds.
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Appendix B: Average Results of Experiment A

Table B.1. Values of geometric mean, standard error of the geometric mean, and median for all combinations of painting (A, G, B, R,
Y)/background (W, G, B)/CCT (3000 K-6000 K).

Geometric mean Background Standard error Background Median Background
Painting CCT (K) w G B w G B w G B
A 3000 5.2 57 54 0.59 0.52 0.54 6 6 7
3500 5.6 6.0 6.4 0.53 0.46 0.48 6 7 7
4000 6.0 6.3 5.9 0.42 035 0.57 7 7 7
5000 5.7 6.7 57 0.49 0.27 0.44 6 7 7
6000 5.1 53 44 0.48 0.45 0.70 6 6 7
G 3000 44 4.2 4.0 0.41 0.38 0.44 5 4 5
3500 5.2 53 4.6 0.43 0.41 0.39 6 6 6
4000 59 5.9 6.6 0.53 0.38 0.27 7 6 7
5000 55 5.6 6.5 0.47 0.40 0.29 6 6 7
6000 5.2 5.2 5.1 035 0.51 0.40 6 6 7
B 3000 438 54 5.8 0.42 0.42 0.36 5 6 6
3500 5.5 6.1 6.5 0.44 0.38 0.40 6 6 7
4000 58 6.5 6.6 0.39 037 033 6 7 7
5000 5.7 55 6.2 0.51 0.51 0.55 6 6 7
6000 48 5.1 4.9 0.48 0.47 0.53 6 6 5
R 3000 45 49 44 0.48 0.43 0.48 5 6 5
3500 5.8 5.8 6.0 0.45 0.37 0.36 6 6 6
4000 5.9 6.3 6.4 0.54 0.42 0.35 7 7 7
5000 6.1 57 6.0 0.36 0.44 0.38 6 6 7
6000 49 5.0 5.6 0.47 0.46 0.47 5 6 7
Y 3000 44 54 4.8 0.41 0.42 0.58 5 6 6
3500 47 6.1 57 0.52 0.38 0.43 6 6 6
4000 53 6.5 6.0 0.48 0.37 0.51 6 7 7
5000 5.2 5.5 5.9 0.53 0.51 0.46 6 6 7
6000 4.7 5.1 53 0.43 0.47 0.38 5 6 6
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