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Quantitative and Qualitative Evaluation of IES TM-30 Indices for the

Color Preference of Landscape Oil Paintings

ANSI/IES TM-30-20 Annex E provides guidelines for evaluating the color
rendition performance of interior lighting, which is incorporated in the latest
ANSI/IES RP-30-20 standard as a guide for museum lighting designers.
However, one general guideline may not be suitable for all types of museum
exhibitions. This study investigates the relationship between TM-30 indices and
preference for landscape oil paintings, assesses the applicability of TM-30 color
preference criteria, and examines whether the results depend on the painting color
composition. Nine 3000 K lighting spectra were systematically generated with
varying Ry, Rq, and best-fit ellipse rotation angles y on the color vector graph.
Through a two-alternative-forced-choice paired comparison, the preference of 18
participants for six landscape oil paintings with various colors was evaluated.
Their choices were converted to quantitative interval scores for each spectrum.
Based on the statistical difference between scores, the preference criteria were
adjusted by lowering Ry thresholds and dividing the most preferred level into two
levels. The less strict Rs requirement might be attributed to the lack of memory
color for unfamiliar paintings. Repeated measure ANOVAs revealed that the six
paintings can be classified into two groups of three paintings: a

high-Rcs ni-preferred group and a high-Rq-preferred group. Quantitative answers
from participants to questionnaires provided potential methods for categorizing
paintings into these groups. This study concludes with three recommendations for
narrowing the selection of luminaires for landscape oil paintings: one for each
group, and the adjusted preference criteria for paintings that cannot be clearly

classified into either group.

Keywords: color preference; TM-30; museum lighting; paintings; color rendering

1. Introduction

A good art museum lighting requires careful consideration of multiple aspects.
Numerous studies have contributed to the development of standards for lighting

designers, including ANSI/IES RP-30-20 Recommended Practice: Lighting Museums



(IES 2020) and ANSI/IES TM-30 IES Method for Evaluating Light Source Color
Rendition (IES 2024). However, these standards were not specifically developed for
artwork illumination, and their applicability to the preference of oil paintings is

evaluated in this study.

1.1 Art museum lighting

Museum lighting needs for art exhibition can be categorized into two approaches. The
first focuses on the visual experience of the visitors. Kesner (1993) identified the visual
needs of art museum visitors, including minimizing direct glare, maintaining acceptable
gallery brightness, ensuring accurate artwork color, providing clear artwork forms, and
showing rich artwork color. Among these, color accuracy and clear forms were the most
important (Kesner 1993). The second approach is the intension of the artists, aiming to
make the artwork appear closer to what the artist wants to show. For example, Schanda
et al. (2016) introduced a new color fidelity calculation to reproduce the painting as
seen under daylight while maintaining a warm-white light source for museum lighting.
However, in museum lighting, there is always a challenge to balance
preservation and exhibition. Strict preservation reduces light exposure but this
compromises exhibition quality, and vice versa (Ajmat et al. 2011). Researchers have
studied methods to minimize light damage. For example, Durmus et al. (2020)
demonstrated that artwork light absorption can be considerably reduced while
maintaining the color appearance. Cuttle (2020) proposed a three-band source that
creates an environment with equal visual satisfaction and correlated color temperature
(CCT) as tungsten halogen spotlights, but with substantially lower irradiance on the

paintings.



1.2 Factors influencing visual perception of paintings

Paintings are among the most colorful objects in an art museum, and their appearance is
influenced by various environmental factors, particularly lighting. Lighting conditions
are typically classified into four main categories: spatial, temporal, intensity, and
spectral (Royer et al. 2022). Among all factors, illuminance (an intensity parameter) and
CCT (a spectral parameter) were the most commonly examined in previous studies, and
often in conjunction.

Both have been found to impact perception, but when both illuminance and CCT
are varied, illuminance tends to dominate. Bellia et al. (2020) investigated painting
perception by modifying CCT of the lighting, illuminance on two paintings, and the
wall color in the background. They found that illuminance is the main parameter
affecting the perception of paintings. Wall color, CCT, and the combination of these
parameters impacted the perception depending on the chromatic composition of the
painting.

Based on several studies, an illuminance of 200 lux is appropriate for paintings
under certain conditions. In a study involving one watercolor painting and four oil
paintings, Loe et al. (1982) concluded that “a painting illuminance approaching 200 lux
was required to give visual satisfaction for an illuminant with high color rendering
index (CRI) and high gamut area.” The 200 lux level has been adopted in several
studies (Bellia et al. 2020; Chen et al. 2016; Nascimento and Masuda 2014; Zhai et al.
2015, 2016) and is also specified as the upper limit for oil paintings to minimize
damage from too intense illumination according to the latest Illumination Engineering
Society (IES) museum lighting standard—ANSI/IES RP-30-20 Recommended Practice:

Lighting Museums (IES 2020).



Some studies kept the illuminance fixed and found an effect of CCT on the
visual perception and visual appreciation of the illuminated artwork. For example,
Feltrin et al. (2020) examined the effects of altering the dominant color of paintings,
CCT of lighting, and wall lightness (white, gray, or black), on various visual
perceptions including warmth, vividness, and brightness of the lighting, attractiveness
of painting colors, the appreciation of the wall color, and the appreciation of the overall
arrangement. Among the three altered variables, they found that CCT has the largest
effect on the evaluation of each measured perceptual factor.

There is disagreement about the most preferred CCT when viewing paintings.
Kruithof (1941) defined a pleasant zone, which became the most famous rule about
CCT for interior lighting design. However, Chen et al. (2016) showed that Kruithof’s
rule only partially agreed with their visual experiment results. Scuello et al. (2004)
concluded that a CCT of 3600 K was preferred with an illuminance on the painting of
approximately 200 — 250 lux (a result mentioned in IES RP-30-20). Pinto et al. (2008)
found that a CCT of approximately 5100 K maximized visual preference; Nascimento
and Masuda (2014) reported a most preferred CCT of 5500 K for a real scene.

Although illuminance and CCT are important lighting factors affecting painting
perception, they are not within the scope of this study which focuses on the effects of
color rendering. Based on the conditions applied in a local fine-art museum and taking
into account the aforementioned studies, 3000 K with a vertical illuminance of 150 lux
at the painting center were chosen. Paintings are typically created to have a pleasing
appearance to viewers. Thus, color preference should be a key consideration in the

lighting design process for paintings and is therefore the focus of this article.

1.3 Lighting standards on color rendering: ANSI/IES TM-30

Color rendering is also important in the context of museum lighting as it directly



influences the color appearance of exhibited objects. The IES RP-30-20 guideline,
applicable to various museum types from art to archaeology and natural sciences,
recommends that lighting designers utilize color rendering metrics to narrow their light
source choices and finalize specifications with mockups (IES 2020). This standard also
recommends the ANSI/IES TM-30-18, IES Method for Evaluating Light Source Color
Rendition (IES 2024) in favor of the CIE General Color Rendering Index (Ra;
colloquially, CRI) (CIE 1995).

IES TM-30, first published in 2015 as “TM-30-15" and updated to “TM-30-18,”
“TM-30-20,” and “TM-30-24" in 2018, 2020, and 2024, respectively, quantifies a light
source’s color rendition with several indices. The fidelity index Rf and the gamut index
Rg are calculated based on the color appearances of 99 color evaluation samples (CES).
In the Rq calculation process, 16 hue angle bins are established. To illustrate and detail
the CES color appearances, a color vector graphic (CVG) and additional indices are
defined: local chroma shift Reshj, local hue shift Rnspj, and local color fidelity Repnj where
j=1,2,...16 represent each hue angle bin.

The IES TM-30 Annex E provides guidance for applying the TM-30 indices to a
desired lighting design based on three design intents—color preference (P), color
vividness (V), and color fidelity (F)—, each subdivided in three priority levels (1, 2, 3)
from high to low. For example, an environment illuminated with a lighting spectrum
that fits the P1 criteria (Rf> 78, Rg > 95, and -1% < Resp1 < 15%) is considered more
preferred than one illuminated with a spectrum that only fits the P3 criteria (Rf> 70, Rq
> 89, and -12% < Resh1 < 23%). Spectra not fitting the P3 criteria are considered less
preferred and are marked as P-. These priority symbols (1, 2, 3, -) are also applied to
color vividness and color fidelity intents. The color preference specification criteria in

IES TM-30 Annex E are based on five experiments (IES 2024) evaluating daily life



objects (Esposito and Houser 2019; Royer et al. 2017, 2018, 2020; Zhang et al. 2017),
assuming a polychromatic environment with average horizontal illuminance between
200 lux to 700 lux and uniform chromaticity.

While IES RP-30-20 is understandably recommending IES TM-30 for museum
lighting designers, TM-30 Annex E may not be entirely suitable for paintings. First,
museum painting illuminance is often 200 lux or lower (IES 2020), and is at the lower
limit of the Annex E illuminance range (IES 2024). Second, TM-30 does not consider
the Hunt, Bezold-Brucke, or Stevens effects, limiting its accuracy in describing color
perception under varying light intensities. Though research is ongoing (Ohno and Li
2023), current findings have not yet extended Annex E's applicable illuminance range,
potentially making it unreliable for low-illuminance museum lighting. Furthermore,
TM-30 is based on studies using familiar objects from daily life where memory color
influences preference judgement. However, memory colors might be less relevant for
unfamiliar paintings due to the lack of a memory reference, potentially affecting color
appearance preference and thus deviating from the color preference criteria derived
from daily life objects.

Four studies have already evaluated painting color preference with TM-30
indices (Bao and Wei 2021, Feltrin et al. 2020; Mundinger and Houser 2023; Wei et al.
2020), but none of their results could confirm TM-30-20 color preference levels. Bao
and Wei (2021), Wei et al. (2020), and Mundinger and Houser (2023) observed that
increasing Ry, up to a limit, enhances preference. However, they only considered one or
two paintings, raising questions about the general applicability of their results to other
paintings and limiting the ability to verify color preference levels. Feltrin et al. (2020)
compared five paintings, but set TM-30 indices as control variables (Rf = 88 or 89 and

Rg =101 or 102), which precluded the verification of the levels.



1.4 Objective of this study

The aim of this study is to evaluate TM-30 indices on the color preference of several

landscape oil paintings. The research questions are:

e Are TM-30 Annex E color preference criteria applicable to landscape oil
paintings?
e If not, how can the criteria be adjusted?

e Does color preference depend on the color composition of the painting?

This research serves as an initial step in studying painting preference, focusing
on and limiting to landscape oil paintings, a common type in fine art museums. By
comparing paintings with similar material (oil paints), theme (landscape), and style
(realistic) but varying colors, this study investigates whether the results are consistent or
affected by painting color compositions. Consistent results will enable future studies on
other paintings to broaden the application. Inconsistent results will necessitate methods
to classify paintings to design a preferred lighting spectrum.

Most aforementioned studies on color rendition and on painting color preference
primarily consider quantitative evaluation results (scores). While some authors have
interpreted participants preference from scores, such as “observers prefer more neutral
lighting for museum displays” (Feltrin et al. 2020), qualitative answers are rarely
reported. This leaves uncertainty about whether participants would agree with the
authors’ interpretation. For instance, even though the preferred lighting in Feltrin's
study was “physically” more neutral, did the participants “perceive and notice” that
paintings under this preferred lighting appeared more neutral? By providing space for
comments, Mundinger and Houser (2023) collected participants’ reasoning for their

evaluations, helping identify under- and over-saturated scene. In this study both



quantitative scores and qualitative responses (answers to open questions) were collected

to strengthen and validate the findings.

2. Method

2.1 Apparatus and test space

Oil paintings were hung in a museum-like environment and illuminated by a 7-channel
spectral tunable luminaire (SPECTRA TUNE 7! —- LEDMOTIVE). Participants sat in a
high chair in front of the painting at a distance of 0.8 m, with their eyes nearly level
with the middle of the painting. Mid-gray cloths covered the frames of the paintings and
the walls, serving as the background of the visual field of the participants (Fig. 1). The
lighting spectra were determined using the measured spectral radiance of a white
reference tile located at the center of the painting. The spectral radiance of the tile and
that of the background were measured with a JETI Specbos 1211L radiometer, and the
reflectance spectrum of the tile was measured with a Hunterlab Ultrascan Pro
Spectrophotometer under a specular reflectance included 8/d geometry condition.

[Fig. 1 near here]

2.2 Lighting spectra

The luminaire generated nine spectra with a fixed background color. The reflected light
of the gray background under these spectra and a 3000 K Planckian radiator were
colorimetric metamers for the CIE 1964 standard observer, with Lio = 5.85 + 0.09 cd/m?
and a maximum 410 0f 0.0017 (Table 1). The luminance value corresponded to a
vertical illuminance of approximately 150 lux at the painting center, located in the

Kruithof’s pleasant zone. This is also the value set by a local fine-art museum, where

future in-situ experiments will be held. The nine spectra were determined to provide



different R and Rg. When Ry is low, two spectra with identical Rf and Rq values may
have quite different CVG and different rendering on objects (Esposito and Houser
2019). Therefore, an extra parameter is required to characterize such spectra. To prevent
bias towards any hue bin, the best-fit ellipse rotation angle y, established by Esposito
and Houser (2019), was chosen. Among the 16 TM-30 hue bin boundaries, the angle of
22.5° was selected as it maximizes the number of different R and Rq combinations. Its
orthogonal angle, -67.5°, was also investigated. Additionally, a high-fidelity spectrum
(fosg100) With a CVG close to a circle (flattening of the best-fit ellipse equals to 0.03)
was tested. Table 1 and Fig. 2 present the properties of these spectra.

[Table 1 and Fig. 2 near here]

2.3 Paintings

The test objects were six oil paintings on canvas by different unknown painters. All
paintings had the same theme (landscape) and a similar style (realistic), but their colors
varied (Fig. 3). The paintings were named as “one-house,” “red-windmill,” “blue-
windmill,” “three-houses,” “black-windmill,”” and “forest,” and labeled as W1, W2, W3,
M1, M2, and C1, respectively. The first three had warm tones, the last one had a cool
tone, and the other two had multi-colors. The dimensions of M2, excluding the frame,
were 78 cm x 58 cm, while the other paintings were all 48 cm x 39 cm. The outer
region of M2 was covered with mid-gray cloths, so all test paintings had the same
visible size. Additionally, one small 17 cm x 27 cm oil painting on wood was used
during the practice period. The color distribution of each test painting is shown in

Fig. Al in Appendix A. The average CAMO02-UCS colorfulness (M) is 11.6 for all
paintings.

[Fig. 3 near here]



2.4 Participants

Eighteen naive participants who never saw the paintings before and who wore black
clothes participated in the experiment. Their ages ranged from 21 to 38 years, with a
median of 28 years. They all had color-normal vision as confirmed by the Ishihara test.
They were separated into six groups with a balanced painting order, gender and
ethnicity (Appendix B). Four participants had a lighting background, and two of them
were color experts. The sample size of 18 was chosen to fulfill a counter-balanced
design on spectrum order (multiple of nine), painting order (multiple of six), and fatigue
(multiple of two). Although lower than the 30 participants recommended by Royer et al.

(2022), the sample size was not increased due to the time duration of the experiment.

2.5 Procedure

A sequential two-alternative forced choice (2AFC) paired comparison method was used.
While categorical judgment or continuous rating scales are common in color rendering
studies (Esposito and Houser 2019; Feltrin et al. 2020; Gao et al. 2020; Huang et al.
2018; Jost-Boissard et al. 2016; Mundinger and Houser 2023; Royer et al. 2017, 2018;
Wei et al. 2017; Zhai et al. 2015, 2016), they were avoided here as participants,
unfamiliar with the paintings, might struggle with the anchoring point of the scale.
Some researchers address this by showing extreme lighting spectra initially (Royer et al.
2017, 2018). However, selecting extreme conditions is subjective because the most and
least preferred is unknown before their experiment. Thus, following Jost-Boissard et al.
(2015), a 2AFC paired comparison was selected.

A 36-pair optimal paired comparison order proposed by Ross (1934) was created
based on the nine lighting spectra. The original Ross order was assigned to half of the

participants, while the other half received the reversed order counterbalancing the effect



of fatigue. The starting lighting spectrum was also counterbalanced. Consequently, for
each painting, each lighting spectrum was assigned to two of the 18 participants: one
following the original Ross order and one following the reversed order.

Participants completed the experiment individually on three days within two
months. Fig. 4 shows the procedure for one day (upper line) and for one test painting
(lower line). Each day began with written instructions under the 3000 K high-fidelity
spectrum doubling as the chromatic adaptation light source; the process took ten
minutes on the first day and two minutes as a recall on the other days. Then participants
practiced the experimental procedure with the small practice painting for at least 10
minutes before judging two test paintings.

Participants evaluated the overall color appearance of each painting in terms of
four criteria: preference, saturation, brightness, and normalness (defined in the written
instructions) (Appendix C), one criteria at a time. For each lighting pair, each spectrum
was applied for two seconds. Participants were then forced to select the most preferred,
the most saturated, the brightest, or the most normal appearance. If undecided, they
could switch back and forth between the two spectra for an unlimited number of times
before making their final judgment. Spectra switched immediately without transition
in-between the paired spectra and between pairs. Participants explained their judgment
strategies via a questionnaire after every 18 pairs (one session). On average, they took
around one hour to complete one test painting. This paper focuses solely on preference;
results for the other criteria will be the subject of another paper.

[Fig. 4 near here]

2.6 Questionnaire

The questionnaire filled out after each preference judgement session is presented in

Appendix D. There was no time limit for answering the questionnaire.



2.7 Data analysis

Using MATLAB code by Pérez-Ortiz and Mantiuk (2017), the paired comparison
results were converted to a one-dimensional interval scale, with values called just-
objectionable-differences scores (JODs). Pérez-Ortiz and Mantiuk applied the concept
from 1SO 20462 and ensured a one-unit distance on the scale yields a 75%:25%
proportion in a 2AFC paired comparison (1SO 2005; Keelan and Urabe 2003). The
scores are relative and shifted such that the average score across the nine spectra equals
zero. When two spectra are equally preferrable—each chosen by 50% of participants in
a 2AFC paired comparison—their JOD scores are identical, resulting in a distance of
zero. As the distance between two spectra increases, a larger proportion of participants
prefer the higher-scoring spectrum. For instance, a distance of one unit corresponds to a
preference with 75% people for the higher-scoring spectrum. A distance of two units
corresponds to a preference with 91% people for the higher-scoring one.

The mathematical expression of the JODs is below. Based on the assumption of
a Gaussian distribution for perceived quality of each condition, equation (1) expresses
the relation between the proportion P of two paired conditions and their score distance
X, using a cumulative normal distribution with a scaling factor of 0.6745 for the score

distance x:

1 0.6745x _ 42
P = \/T_nf—oo et /Zdt (1)

. The difference between scores can derive the proportion P by (1). For example,
if conditions R, S, and T score 0, 0.5, and 1, respectively, the proportion choosing T
over R is 75% (P = 0.75 when x = 1), while T over S equals S over R at 63% (P = 0.63

when x = 0.5). When x equals two, P equals 0.91 or 91% as mentioned earlier. The



code uses maximum likelihood estimation to output the estimated JODs of each
spectrum that maximizes the probability of observing the collected data.

The statistical differences between each spectrum pair were calculated using the
bootstrapping method (embedded in the code) with 3000 simulated samples. This
method provided 95% confidence intervals for each score and two-tailed p-values for
each pair. These p-values determined the statistical differences between paired spectra.
For each painting, the JODs of each lighting spectrum were calculated based on the
judgements of all participants. Additionally, “the pooled scores” are the JODs derived
from the combined judgements across all six test paintings.

Since y is an angle with a period of 360°, sinusoidal regression was used to
analyze the relationship between y mess and the JODs, while Pearson and Spearman
correlations examine the relationship between the other color quality indices and the
JODs.

A two-way repeated measure ANOVA was implemented by using function
Anova in the R package “car” and functions factorial_design and anova_summary in the
R package “rstatix” (Fox and Weisberg 2018; Kassambara 2023; R Core Team 2023).
The test assessed the interaction of lighting spectra and paintings on perceived
preference. The ANOVA requires linear preference scores for each spectrum, painting,
and participant (9 spectra x 6 paintings x 18 participants design); a method by Veitch et
al. (2014) derived the linear scores from the paired comparison judgements. The
interaction effect investigated whether preferred spectra are painting-dependent.
Additionally, Pearson correlations of JOD scores between paintings evaluated the inter-

painting preference relationship.

3. Quantitate results: JOD scores (JODs)

Based on the JOD preference scores (see details in subsection 3.2), test paintings were



grouped into two groups: Group 1 (Gpl1) comprising W1, W2, and M1, and Group 2
(Gp2) comprising W3, M2, and C1. Group scores were then estimated by pooling the

data from paintings within each group.

3.1 JODs and statistical significance of the pooled data

Table 2 presents the pooled preference JOD scores for each spectrum, as well as the
statistical significant difference based on the bootstrapping method. It also includes
measured TM-30 indices, corresponding color preference levels, and an adjusted level
proposed in subsection 5.2. Fig. 5 illustrates the estimated JODs by spectrum, with error
bars representing 95% confidence intervals of the pooled scores. It also displays JODs
of Gpl and Gp2. The JODs by painting are shown graphically in Fig. A2 in Appendix
A.

[Table 2 and Fig. 5 near here]

3.2 The effect of paintings

To assess consistency among landscape oil paintings, a two-way repeated measures
ANOVA was conducted. The analysis revealed a significant interaction between spectra
and paintings (p < 0.05), indicating that spectrum preference depends on the painting
(Table E1 in Appendix E). The interaction has been visualized in Fig. 5.

Table 3 presents the Pearson correlation coefficients between the JODs of each
painting. Based on these correlations and Fig. 5, two painting groups arose: W1, W2,
and M1 in Gpl; W3, M2, and C1 in Gp2. Subsequent repeated measures ANOVAs of
linear scores within each group revealed no significant painting-spectrum interaction,
confirming the validity of these groupings (Table E2 in Appendix E).

[Table 3 near here]



Pooled data from paintings in each group were used to estimate preference JODs
of each group. Fig. 5 and Tables 4 and 5 present the scores along with the statistical
differences between spectra within each group. Tables 4 and 5 also include the TM-30
preference levels and the adjusted preference levels proposed in Table 2. The proposed
levels classify the preferences for each group better than the TM-30 Annex E levels.
The classification is generally accurately, with minor exceptions: (1) Gpl: No perceived
difference between P'2 and P'3. (2) Gp2: No perceived difference between P'2 and P'1.
(Note: P'2 and P'3 were considered as different since P'2 still significantly differed from
several P'3 spectra).

[Table 4 and Table 5 near here]

3.3 Correlation between JODs and color quality indices

Correlations between JODs and lighting indices (Rf, Rg, CRI Ra, Respn1, and Ren1), along
with the sinusoidal regression to v, are presented in the Appendices (see Fig. A3,

Fig. A4, and Appendix F). For Gpl-painting, JODs significantly relate to y and Resn1
(p < 0.05). For Gp2-painting, JODs significantly correlate to Rg (p < 0.05), while in
Gpl, only M1 exhibits the correlation. In summary, Gp1l was named the
“high-Rcsh1-preferred group” because for every painting in this group, higher Resp1 and
w closer to 5° are preferred; Gp2 was named the “high-Rg-preferred group” because for

every painting in this group, higher Ry is preferred.

4. Qualitative results: answers to the questionnaires

Despite the metameric background colors, participants generally described the lighting
as “reddish” vs. “greenish,” or as “warm” vs. “cool” in their questionnaire answers,
based on the appearance of the paintings. Answers to questions 4 and 5 showed no

common trend among participants and are therefore not reported in this paper; the



answers to remaining questions are provided below.

4.1 Question 1: judgement criteria

Question 1 asked participants to explain how they judged and what influenced their
choices. Table G1 in Appendix G lists the frequency of commonly reported terms in the
108 (18 x 6) answers. As shown in the last row, participants often prefer a colorful
appearance over high fidelity. The most frequent reasons included: “(more) red/orange
(but not too much)” or “saturated/vivid/colorful/... (but not too much).” However, the
reasons varied by the painting. “Red,” “orange,” “warm,” or “red/orange but not too
much” were predominant for Gpl-paintings. Preference for a greener appearance was

reported only for W3 and C1.

4.2 Question 2: area(s) of greatest impact

In Question 2, participants marked the area(s) that had the greatest impact on their
preference evaluations. Table G2 in Appendix G presents the top six selected objects for
each painting, their colors, and the selection frequency. Notably, M1 yielded interesting
results: Despite predominant green areas (Fig. 3 and Al), the three red houses in the
center had the greatest impact on the evaluation for all participants and were the only

objects unanimously marked by all participants.

4.3 Question 3: contradictions between different parts of the painting

In Question 3 of Session 2, participants reported any contradictions in preference
evaluation between different parts of the painting and their decision-making process if
contradictions occurred. Their answers indicated that contradictions were uncommon,
with only 35 out of the 108 (18 x 6) answers reporting contradictions. The answers

revealed that some participants noticed orange and green were often oppositely



enhanced when comparing two spectra: orange objects (including red and brown) and
green objects were most frequently reported. One participant noted: “flashy orange

leaves vs. flashy green grass were both nice”.

5. Discussion

The quantitative preference JOD scores and their correlation with the lighting color
quality indices suggest the six test paintings can be divided into two groups with three
paintings in each group: the high-Rcsn1-preferred group Gpl (W1, W2, M1) and the
high-Rg-preferred group Gp2 (W3, M2, C1). Based on the statistical significance of the
differences between spectra, adjusted preference levels derived from TM-30 Annex E
were proposed. This section explores the properties and possible reasons for the two
groups in subsection 5.1, investigates the adjusted preference levels in subsection 5.2,

and inspects the limitation and future directions of this study in subsection 5.3.

5.1 Properties and possible reasons for the two preference groups

Bellia et al. (2020) found that the chromatic composition of a painting influences the
effect of CCT on its perception. Results in subsection 3.2 similarly indicates that
preferred spectra depend on the painting, allowing the six test paintings to be grouped in
two: the high-Rcshi-preferred group Gpl and the high-Rg-preferred group Gp2. Within
each group, JODs are strongly correlated and not significantly affected by specific
paintings, while rankings differ between groups.

Identifying a method to classify paintings properly into these groups could
enable better preference prediction through two distinct guidelines, rather than one
general guideline. The approach of adapting lighting to painting content aligns with the
proposal by Okuda et al. (2023): “paintings of landscapes in evening and autumn should

be illuminated with low CCT, and the opposite being true for landscape in summer or



winter.” Based on the result of this study, high Resh1 and high Rg can serve as a
guideline for Gpl and Gp2, respectively.

The key content factors differentiating the two groups remain to be determined.
Several studies have examined lighting color quality with “multiple” paintings (three or
more) (Chen et al. 2016; Feltrin et al. 2020; Nascimento and Masuda 2014; Nascimento
et al. 2021; Okuda et al. 2023; Zhai et al. 2015, 2016). However, only two compared
results across different paintings. Feltrin et al. (2020) found that paintings with different
predominant colors significantly impacted background appreciation, warmth, and
vividness. Okuda et al. (2023) observed that lighting with higher CCTs was favorable,
particularly for paintings containing much green. Possible options to classify the
paintings in this study are discussed below.

The overall painting tone does not provide clear hints, as warm-tone paintings
(W1, W2, W3) are distributed across groups. Similarly, the quantitative amount of
colors in each hue bin does not appear to be a determining factor, because paintings
with more green colors (bins 5 and 6) than yellow (bin 4) (M1 and C1), and paintings
with some cyan colors (bins 8 to 10) (M1 and M2) are also separated between groups.

Qualitative answers from participants suggest potential factors distinguishing the

two groups (Table G2):

(1) Attention drawn by reddish and orange objects: In M1, the houses, particularly

their red roofs, had the most dominant impact on preference evaluation, despite
larger green and blue areas in this painting. Similarly, in W1 and W2 (also
high-Resn1-preferred paintings), orange and brown objects attracted the most
attention. The focus on red and orange objects may explain the preference for

red-enhanced color. However, for W3, a high-Rg-preferred painting, a



(2)

(3)

substantial attention to orange and brown objects was also noted by the
participants.

Attention to green objects: All Gp2-paintings received equal or more than half

of the attention on green objects, while all Gp1-paintings did not. As described
in subsection 4.3, several participants experienced contradictory preferences
between red and green objects when comparing some lighting spectra.
Consequently, in Gp2-paintings, where participants’ preference were split
between more saturated red and green, the global Ry might better explain the
preference, leading to a preference on high-Rg spectra.

Presence and attention to strictly red objects: Red objects (distinct from orange

or brown) were present and received attention in every Gpl-painting but not in
Gp2-painting. They are the windmill top (W2) and roofs (W1 and M1). The
presence of red may have led to a preference for red-enhanced high-Resn1

spectra.

Based on the results, three suggestions for landscape oil paintings are proposed

to lighting designers:

For paintings that have eye-catching red objects or dominant orange objects in
the scene, high-Resp1 luminaires are suggested to give an appreciated color
appearance.

For paintings that have eye-catching green objects in the scene, high-Rq
luminaires are suggested to give an appreciated color appearance.

General guidelines are suggested for paintings that either meet both conditions

or neither condition.



5.2 Comparison and adjustment to IES TM-30-20 Annex E

Table 2 lists the color preference levels of lighting spectra as defined in IES TM-30-20.
While these levels broadly align with the pooled data from the six test paintings, some
discrepancies exist. One P- spectrum (fesgeo*) achieves comparable favorability to a P3
spectrum (fssgi00), and a P2 spectrum (f7sg110”) is preferred over P1 spectra (fssgioo™ and
fesg110”). Referring to the methods applied by Royer et al. (2020), statistically significant
differences between lighting spectra were used to refine the criteria. The adjusted levels
(P'1, P'2, P'3, and P'-) are presented in Table 2.

The adjusted level aligned with the result better, justifying a definition of the
criteria. The TM-30 criteria for Rs were lowered to adjust the levels of fssgeo™ and

fz50110". Two potential approaches to distinguish P'2 and P'1 emerged:

(1) Setting an Rq lower threshold at 105
(2) Setting an Res1 threshold as follows: 5% < Resht < 11%, extrapolated from the

original TM-30 Annex E threshold.

The current data cannot conclusively determine which approach is superior, as
each index appears to be a suitable criterion for its respective painting group. Given that
the adjusted Rcsh1 criterion is an extrapolation while Ry is not, the second approach was
selected. Consequently, a set of new criteria with minimal deviation from TM-30-20 is

proposed:

e P1:Rf>77,Rg>95, 5% <Reshi<11% (new level)
o P2:R¢>77,Rg>95, -1% < Resh1 < 15% (original P1 with an adjusted lower Ry)

e P'3:Rf>65, Rg> 89, -12% < Resh1 < 23% (original P3 with an adjusted lower Ry)



It should be noted that the two adjusted Rt thresholds could be further lowered
while maintaining coherence with the results. The values 65 and 77 were chosen to
minimize the difference with the original TM-30-20 criteria. Future studies
incorporating a boarder range of lighting spectra could determine more optimal values.

The original TM-30 P2 and P3 levels are combined as one P'3 level, possibly
due to the limited number of participants failing to establish a statistically significantly
difference between P2 and P3. Within the P'3 group, Spectra f7sgeo™ and f75g100"
differentiate P2 and P3, with a JOD gap of 0.14—the largest among all neighboring
gaps (fesgao’[fesg1007, fesgiooffrsgeo”, etc.). If the study had larger sample size, this gap
might have become statistically significant, potentially establishing a new P'4 level
separated from P'3 with the TM-30 P2 criteria. In other words, a new P'3 level (using
TM-30 P2 criterion: Rf> 75, Rg > 92, -7% < Resh1 < 19%) and a new P'4 level (using the
P'3 criterion above: Rf> 65, Rg >89, -12% < Resn1 < 23%) could be proposed.

The adjustment to lower Rf can be explained by the influence of memory color.
Among the three indices involved in the preference judgment, Rs measures how close
the color under the test source matches the color under a reference illuminant. Even
though preferred object color may differ from memory color (Bartleson and Bray 1962),
considerable deviations from memory color in familiar objects often leads to a dislike.
All five experiments acting as the primary data for TM-30-20 Annex E included
familiar objects (Esposito and Houser 2019; IES 2024; Royer et al. 2017, 2018, 2020;
Zhang et al. 2017), suggesting potential influence from memory. In contrast,
participants in this study were unfamiliar with the test paintings and lacked a reference
for the paintings’ appearance under a reference illuminant. As a result, memory color

likely does not play a role in this experiment. In other words, for art, especially lesser-



known paintings, memory colors are likely less relevant for preference. Therefore, the

effect of R is reduced, resulting in less strict criterion and a lower threshold.

5.3 Limitations of this study and future research directions

The study has limitations related to lighting conditions, painting types, and wall color,
which points towards future research. The suggestions given in subsections 5.1 and 5.2
are based on the tested conditions and may not apply when conditions deviate
considerably from the tested range.

An illuminance of 150 lux and a CCT at 3000 K were selected to meet the
requirements of the collaborating fine art museum. Loe et al. (1982) found that 200 lux
Is required for visual satisfaction, a value also used in other studies (Bellia et al. 2020;
Chen et al. 2016; Nascimento and Masuda 2014; Zhai et al. 2015, 2016) and this value
Is recommended as the standard for oil paintings (IES 2020). For paintings made with
high or medium light sensitive materials (e.g., watercolors, pastels), illuminance is
limited to 50 lux (IES 2020). Therefore, we encourage future research to investigate
other illuminance levels commonly used in museums. The choice of CCT often depends
on lighting design experts and may differ from 3000 K. Future studies could explore a
broader range of CCTs. The test conditions are in the range of Rf> 75 (with one
exception fesgeo*), 90 < Rg < 110, and -19% < Resh1 < 9%. If luminaire spectra differ
substantially from this range, the suggested high-Rq and high-Rcsn1 preference for each
group may not hold due to oversaturation effect observed in other studies (Mundinger
and Houser 2023; Wei et al. 2017).

As mentioned in subsection 5.2, another future research direction involves
applying more lighting spectra to refine the criteria for the adjusted preference levels.
However, due to limitations of the luminaire, the range of Rf and Ry could not be

expanded at the 150 lux and 3000 K lighting condition. When conducting color



rendering experiments, real luminaires are subject to spectral limitations, which restricts
the test range. If the reflectance of paintings is accurately obtained (for example with an
hyperspectral camera), it is possible to simulate the color appearance of paintings under
virtual illuminants. This simulation could enable visual experiments on a calibrated
display, provided that the simulated colors remain within the display’s gamut and
luminance range. This method broadens the test range. Once the most preferred
condition is identified through display experiments, results could be validated in a real
scene by redesigning the luminaires. Although this idea requires advanced techniques
(e.g., hyperspectral imaging, spectrum simulation, display calibration, luminaire
design), it presents a promising avenue for future research on optimal spectra for
paintings.

The findings are limited to oil paintings with a mid-gray background color. The
landscape oil painting was chosen as an initial step to study how painting color
composition affects preference. However, these results may not apply to other painting
types. Future research could explore other common subjects (e.g., portraits) and
materials (e.g., watercolors) to broaden applicability. Since background color influences
the painting perception (Bellia et al. 2020; Feltrin et al. 2020), these results may not
hold if the frame color or the wall color differs seriously from mid-gray.

Even when applying these findings to similar conditions (lighting, painting type,
and background color), caution is advised against treating these suggestions as golden
rules. Royer et al. (2022) emphasize that “any one set of objects is insufficient to make
generalized color rendition recommendations for a specific application.” Further
research with varied setups and paintings is necessary to verify whether the suggestions
in subsection 5.1 and the adjusted levels in subsection 5.2 can be generalized for

landscape oil paintings.



Moreover, even if these suggestions and adjusted levels prove broadly
applicable, the museum lighting standard IES RP-30-20 recommends using them to
narrow the selection of light sources rather than for making definitive choice (IES
2020). The standard recommends that final choice should be based on effectively
illuminating the target paintings, a process where the lighting design expertise plays a

crucial role (IES 2020).

6. Conclusion

This study aimed to verify whether the TM-30 Annex E color preference criteria apply
to landscape oil paintings and whether the results depend on painting color
compositions. To achieve this, six landscape oil paintings with varying color
composition were illuminated under nine 3000 K metameric spectra, systematically
constructed with different Ry, Rg, and y values. Using a 2AFC paired comparison
method, 18 participants evaluated the color appearance of the paintings in terms of
preference. The evaluation results were converted into quantitative interval JOD scores,
while qualitative reasons for participants’ judgments were collected through
questionnaires.

Based on the statistically significant difference in pooled JOD scores across
spectra, the TM-30 Annex E criteria (P1, P2, and P3) were adjusted to P'1, P'2, and P'3

as follows:

e P'lcriterion: Rf>77, Rg>95, 5% <Resn1<11%
e P2criterion: Rf>77, Rg>95, -1% < Resp1 < 15%

e P'3criterion: Rf>65, Rg>89, -12% < Rcsh1<23%

If this study had included a larger number of participants, some JOD scores

differences might have reached statistical significance. In that case, the TM-30 P2



criterion (Rf> 75, Rg > 92, -7% < Resh1 < 19%) could have been used to divide the P'3
level into separate P'3 and P'4 levels.

The adjustment of criteria P'2 and P'3 from P1 and P3—yparticularly the lowering
of R threshold—suggests that a less strict fidelity requirement is suitable when
evaluating lighting preference of paintings. This implies that fidelity is less critical in
painting lighting design compared to its importance in TM-30-20, which is intended for
general interior applications. This phenomenon may be attributed to the absence of
memory color for unfamiliar paintings. Expanding the range of lighting spectra in future
studies could further refine the Rs criteria.

The JOD scores for each painting under each spectrum illustrate inconsistencies
among paintings, revealing two painting categories: a “high-Rcsh1-preferred group” and
a “high-Rg-preferred group.” While using general guidelines for all paintings is
acceptable, adapting guidelines to each group yields better results. Resp1 is a reliable
predictor of preference in the first group, while Rq serves as a strong predictor in the
second group. Based on qualitative answers from the questionnaire, the following

suggestions help narrow the choice of light sources for landscape oil paintings:

e For paintings that have eye-catching red objects or dominant orange objects in
the scene, high-Resp1 luminaires are suggested to give an appreciated color
appearance.

e For paintings that have eye-catching green objects in the scene, high-Rgq
luminaires are suggested to give an appreciated color appearance.

e General guidelines such as the adjusted criteria (P'1, P'2, and P'3) are suggested

for paintings that either meet both conditions or neither condition.



The first and second suggestions are based on the evidence within the tested
range (CCT = 3000 K, illuminance = 150 lux, mid-gray background, R¢> 75, 90
<Rg <110, -19% < Resp1 < 9%) and may not hold for a lighting spectrum outside this
range, where oversaturation effects may need to be considered. Moreover, as stated in
the museum lighting standard IES RP-30-20 (IES 2020), after narrowing options
through these suggestions, it is recommended to finalize the choice by effectively
illuminating the target painting and allowing lighting design expertise to play a
significant role.

Future research can focus on broadening both the lighting range and painting
types to provide more comprehensive guidance for museum lighting designers. To
extend beyond the spectral limitations of real luminaires, advanced techniques such as
hyperspectral imaging, spectrum simulation, and display calibration techniques could be

employed to conduct experiments on displays in future studies.
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Fig. Al. Color distribution of the test oil paintings under the high-fidelity spectrum
(fosg100). The histograms (a) and (b) show the percentage of pixels in each hue bin from
tristimulus images captured by a colorimetric camera (LMK 6-5 color — TechnoTeam).
(a): each painting; (b): sum of all paintings. The boxplot (c) shows the CAM02-UCS
colorfulness (M) distribution of each painting, and yellow markers represent the
average M’ of each painting. The average M for the six paintings is 11.6. When
converting CIE 1931 2° XYZ values to CAMO02-UCS space, the reference white point
was defined by the XY Z values of the white patch on a Macbeth ColorChecker under
fosg100. Pixels with M’ < 10 in the CAMO02-UCS a-b plane were considered near-neutral
and are presented separately in (a) and (b). The sum of near-neutral pixels across all 16
hue bins is shown in the first column. The threshold value 10 was chosen subjectively

based on visual inspection of neutral pixels in the paintings.
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Fig. A3. JODs and their linear regression results with Rg and Rcsh1. The markers

represent JODs of individual painting, grouped painting, and pooled scores. The lines

indicate linear regression results.
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Appendix B. Participants information and group

Table 2. Counter-balanced Latin square design of the painting order, with the

participants’ information

Painting presented Age Participants distribution
Group . o g0 o o o mean Gender Ethnicity
(year)  Male Female Asian  European
A W1 C1l M1 M2 W2 W3 26.7 2 1 1 2
B M1 w1 W2 C1 W3 M2 27.3 1 2 1 2
C W2 M1 W3 W1 M2 C1l 28.0 2 1 1 2
D W3 W2 M2 M1 C1l w1 29.3 2 1 2 1
E M2 W3 C1l w2 W1 M1 30.0 1 2 2 1
F C1 M2 W1 W3 M1 W2 29.7 2 1 2 1




Appendix

C. Definition of the criteria

1. Preference: you like something more than another thing

2. Saturation: the colors appear to be more pure or vivid

3. Brightness: a lot of light

4. Normalness: ordinary or usual; as you would expect an oil painting to look like

(To help you understand saturation and brightness, please see a printed example)

The example is a paper containing five Munsell charts (5R, 5Y, 5G, 5B, and 5P).

Appendix D. Questionnaire

Questionnaire after Session 1 (after the 18" pair of preference)

Explain how you judged in the session you just finished? What made you prefer one
appearance to the other? (The answer could be different by the pairs)

D

2

On the image, mark the area(s) that had the greatest impact on your preference
evaluation in the session. Could you explain how these areas affect you? Why do they
have the greatest impact?

Do you have further information to say? For example, was the task easy or difficult?

& A grayscale image of the painting was shown.

Questionnaire after Session 2 (after the 36" pair of preference)

Explain how you judged in the session you just finished? What made you prefer one
appearance to the other? (The answer could be different by the pairs)

23

On the image, mark the area(s) that had the greatest impact on your preference
evaluation in the session. Could you explain how these areas affect you? Why do they
have the greatest impact?

In all sessions of this painting, have you ever felt contradictions between different
parts of the painting for some pairs? In other words, you like one part of the painting
more under X condition, and you like other parts more under Y condition. If yes,
what’s your strategy to make a judgement for the whole painting?

Do you feel that your strategy for making a judgement changes from time to time,
from session to session? If yes, explain the changes.

Do you have further information to say? For example, was the task easy or difficult?

& A grayscale image of the painting was shown.




Appendix E. Repeated measure ANOVA results

Table E1. Summary of the two-way repeated measures ANOVA between spectra and

paintings
Effect DFn DFd F p
spectrum 8 136 11.6 <0.001
painting 5 85 0 1
spectrum : painting 40 680 1.57 0.015

Mauchly’s Test for Sphericity Sphericity Corrections

Greenhouse-Geisser Huynh-Feldt
Effect w p Effect
GGe DF p HFe DF p
spectrum 1.74e-05 < 0.001 spectrum 0.222 1.78 <0.001 0.246 197 <0.001

DF: Degrees of freedom DFn: Degrees of freedom for the numerator DFd: Degree of freedom for the denominator
W: Mauchly's W GGe: Greenhouse-Geisser estimate of sphericity HFe: Huynh-Feldt estimate of sphericity

Table E2. Summary of the two-way repeated measures ANOVA between spectra and

paintings in each group

Gpl Gp2
Effect DFn  DFd F p Effect DFn  DFd F p
spectrum 8 136 102 <0.001 spectrum 8 136 7.07 <0.001
painting 2 34 0 1 painting 2 34 0 1
spectrum : painting 16 272 0.69 0.804  spectrum: painting 16 272 0.55 0.916
Mauchly’s Test for Sphericity (Gp1) Sphericity Corrections (Gp1)
Greenhouse-Geisser Huynh-Feldt
Effect W p Effect
GGe DF p HFe DF p
spectrum 2.40e-05 < 0.001 spectrum  0.227 1.82 <0.001 0.253 202 <0.001
spectrum : painting 1.30e-11 <0.001 spectrum : painting  0.198 3.17 0.571 0249  3.99 0.602
Mauchly’s Test for Sphericity (Gp2) Sphericity Corrections (Gp2)
Greenhouse-Geisser Huynh-Feldt
Effect W% p Effect
GGe DF p HFe DF p
spectrum 5.04e-05 < 0.001 spectrum  0.218 1.74 0.004 0.240 1.92 0.003
spectrum : painting 9.51e-13 < 0.001 spectrum : painting  0.206 3.30 0.664 0.262 4.19 0.705

DF: Degrees of freedom DFn: Degrees of freedom for the numerator DFd: Degree of freedom for the denominator
W: Mauchly's W GGe: Greenhouse-Geisser estimate of sphericity HFe: Huynh-Feldt estimate of sphericity

Appendix F. Relationship between JODs and lighting indices

Table F1. The correlation coefficient between the JODs and the measured color quality

indices



Index  correlation Pooled  Gpl Gp2 w1 W2 M1 W3 M2 C1

R Pearson 0.16 -0.09 0.42 -0.11 0.01 -0.15 0.62 0.28 0.29
Spearman  0.22 -0.30 0.35 -0.40 -0.20 -0.23 0.53 0.40 0.33

R Pearson 032 003 061 -001 008 001 078 049 0.48
Spearman  0.60 005 073 005 010 013 085 073 070

R Pearson 085 064 093 059 055 071 083 093 093
®  Spearman 073 055 083 050 045 062 080 088  0.88

Pearson 086 098 055 098 093 097 040 055 0.66

R
“" Spearman  0.75 097 058  0.98 0.87 0.98 0.42 0.53 0.65

Rint Pearson 0.58 0.58 0.46 0.58 0.68 0.49 0.53 0.31 0.46
' Spearman  0.42 0.15 0.32 0.07 0.20 0.22 0.45 0.30 0.35

bold and underline: significance level p < 0.05, bold: 0.05<p <0.1

Table F2. Sinusoidal regression R? between y meas and JODs of pooled, grouped, and

individual painting

Index Pooled  Gpl Gp2 w1 w2 M1 w3 M2 C1
W meas 0.55 0.77 0.29 0.75 0.71 0.76 0.12 0.48 0.34

bold and underline: significance level p < 0.05, bold: 0.05<p <0.1

Appendix G. Answers to the questionnaires

Table G1. Frequency of terms reported as preferred over 18 participants (question 1)

Group 1A: colorful (general) 1B: colorful (specific color) 2: fidelity 3: others
saturated,
vivid, distinct, red/ bright,
colorful, sc:tll?rgtuelé more color (more) | orange real X b?:tnt%zd’ prettier, | more | soft,
; but not difference, |warm| red/ | but not | (More) | (more) realistic|normal [ natural | neutral stays ale nor |esthetically light, | mild,
|thense, high orange| too | green blue Xe pale no pleasing [ not too | gentle
vibrant, |10 MUCh oot much too vivid dark
pure?
w1 1 1 4 3 2 1 1 1 2 2 1
W2 1 1 1 7 4 2 1 2 1
M1 5 2 1 2 5 1 3 1 1 1
W3 1 2 1 3 1 2 1 2 1 1 2 1 2 2 1
M2 5 1 1 1 2 2 2 3 1 1 3 1 3 1
C1 5 3 1 2 2 3 1 1 1 1 1 1
sum?| 17 [ 4 [ 8 [7[23]13][5[6 |8 ]2]3]4a]s] 2 9 [ 9 ]s
Freq.® 26/108 54/108
24/108 NA
Freq. © 72/108

@ Sum of all paintings.

® Frequency of each sub-group, except for group 3. If a participant reported different terms within the same group for the
same painting, these terms were counted as one. Therefore, the number may be less than the sum of values in the row
immediately above. The sum of group 3 is meaningless as there is no shared meaning among the terms.

¢ Frequency of each group. If a participant reported different terms for a painting in the same sub-group, these terms were
counted as one. Thus, the number 72 is less than the sum of 26 and 54.

4 Refers to general colors. Terms indicating ‘more’, such as ‘saturated orange’ and ‘vibrant blue’, are excluded but
counted in group 1B: colorful (specific color).

¢ X refers to a specific color. Frequency of each color: white (3), brown (1), yellow (1), green (3), blue (1), gray (1). Two
participants reported two colors for one painting, so the total frequency across all colors in this note is 10, which is larger
than the number 8 shown in the table.



Table G2. Most frequently marked objects as having the greatest impact on the
preference evaluation. Their color and frequency are listed, with participant counts out

of 18, and session counts in brackets (out of 36). @

1% often marked 2" often marked 3" often marked 4% often marked 5" often marked 6" often marked
color  freq. color freq. color freq. color freq. Color freq. color freq.

:g_ w1 sunset glow t:ﬁ: ggntt?glltegezf at%getgzﬁier wall of the house roof of the house grass
e orande 14/18 vivid 14118 orange, 9/18 white 4/18 red 4/18 reen 318
%‘ 9 (28/135) orange (27/36) brown (17/36) (8136) (7136) g (6/36)
(=2}

3 leaves of the sunset glow  trees on the right  yellow field windmill green grass
5 |wo2/|...central tree
© b 11118 10718 10718 " 8/18 red, 718 6/18
‘; rown (19/36) orange (18/36) orange (16/36) yetlow (16136)  white  (11/36) green (11/36)
E houses (roofs) lake swan soil field cloud trees
E M1 red 18118 cyan 9 white 7 orange 7 white 6 green 618

(35/36) (15/36) (12/36) (12/36) (10/36) (9136)
trees nextto  light leaves of the roof of the
w3 roof ofthe house  “ne hoyse trees by the road blue sky windmill grass

< brown 1218 light 12118 orange 1218 cyan 10118 bl 9118 green 9118
8 (22/36)  brown (21/36) (21/36) (18/36) (18/36) (17136)
o
3 grass cloud roof of houses M donkey, cart, an(di blue sky
5 windmill the man nearby

E M2 white,

& green 11n8  white, 10118 orange 918  white, 918 gray, 818 cyan 4118
g (20136) gray  (19/36) (18/36) gray (18136)  cyan, (14/36) (8/36)
> brown
o

y=) leaves of mountains

= - crepuscularray o firees blue waters yellow ground grass behind trees

ellow 14118 green, a 13118 cvan Jit ellow 6/18 reen 4518 cvan 318
y (26/36) bit brown (22/36) Y (12136) y (9136) g (6136) Y (4/36)

a2Underline: Objects with identical frequencies of participants and sessions should be considered as the same rank. In the
table, these objects are ordered based on their position in the scene (left-most object first).

® Thirteen participants specifically marked the roofs, while five participants circled the entire houses.

¢ The two frequency numbers remain identical even when counting all green objects: the left tree, two large trees in the
foreground, trees on the far right, the green door, green windows, and the grass. It is because at least one tree was
marked in the sessions when the door, windows, or grass were also marked.

4 Seven participants marked these objects within a single circle despite their distinct colors, making individual
identification impossible. Only one participant marked these objects separately, specifically marked the jacket and the
brown wheel.

Data availability statement

Data underlying the results presented in this paper will be open to public after its acceptance.
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Table 1. Target (gray shaded) and measured characteristics of the 9 lighting spectra.

Background Target and measured criteria
Er CRI
ID Y10 Yiar Y meas Rcs,hl Rf,hl
U‘lO V‘10 (I UX) Rf tar Rf meas Rg tar Rg meas Ra
(cd/m?) ) O

fosQoo0” 5.88 0.2622 0.5199 1426 65 65 90 90 225 269 61 4% 82
f75090" 591 0.2634 0.5196 148.0 75 7% 90 90 225 374 77 -5% 85
f750100" 589 0.2632 0.5202 1452 75 75 100 99 225 246 70 5% 87
f750110" 577 02621 05189 1442 75 77 110 109 225 124 68 9% 80
fasQ100” 585 0.2630 0.5194 1491 85 8 100 100 225 269 83 3% 90
fasQ110" 589 0.2630 05188 150.2 85 86 110 110 225 -02 80 6% 86
f75090° 586 0.2628 0.5190 159.8 75 76 90 90 -675 -80.7 70 -19% 67
fes0100" 594 02631 05197 1589 85 84 100 100 -675 -714 85 -9% 83

fosQ100 585 0.2627 05199 1541 95 94 100 100 NA 759 97 -2% 94




Table 2. Pooled preference JOD scores for each spectrum, ordered based on the JOD
scores. Spectra sharing a bar are not significantly different based on bootstrapping
results: thick bar p > 0.1, thinbar 0.05<p<0.12

Spectrum fis000"  fesQoo”  fesQioo”  frs0e0”  fr501000  fosOioo  fesOioo™  fasQio”  frsQuz0”
R meas 76 65 84 76 75 94 85 86 77
Rg meas 90 90 100 90 99 100 100 110 109

Res 1 meas -19% 4% -9% -5% 5% -2% 3% 6% 9%
W meas (°) -80.7 26.9 -71.4 374 24.6 75.9 26.9 -0.2 124

TM-30 Annex E
preference level

Preference JOD -0.81  -022 -022 -0.14 0.00 0.01 0.26 0.53 0.59

groups based on
bootstrapping

Adjusted preference level ° p- P'3 P'3 P'3 P'3 P'3 p'2 P'1 P'1

P- P- P3 P3 P2 P2 P1 P1 P2

2 fgs0100" differs from f7sg100” With p = 0.06; fesga00” differs from the rest significantly (p < 0.05)
® Details are described in subsection 5.2



Table 3. Pearson correlation coefficients R? of the preference JOD scores between
paintings

Gpl Gp2

Pooled W1 W2 M1 w3 M2 [

pooled 800 192 867 .605 169 866

W1 955 913 208 358 475

w2 828 247 353 475

M1 268 481 634

W3 800 140

M2 886
c1

bold: > 0.4, bold and underline: > 0.7



Table 4. Pooled preference JOD scores of each spectrum for Gpl-paintings. Spectra
sharing a bar are not significantly different based on bootstrapping results: thick bar

p > 0.1, thin dashed bar (see remark ?)

ID f75000 fesQ100 fosQ100 f75090"
-0.10 -0.04 0.10 0.20

foso0” fosO100”  frs0100"  fesQu0”  T750110"
0.26 0.51 0.62

Preference JOD -1.08 -0.48

groups based on

bootstrapping °

TM-30 Annex PR3 P2 P3P PL P2 PL P2

preference level

Adjusted level in . P3 P3 P3 P3 P2 P3 P Pl
Table 2

2 thin dashed bar: fgsgi00™ Significantly differs from the others (p < 0.05) except for f7sgg™ (p = 0.07) and fesgoeo* (p = 0.14)
® Exceptional pairs (no significant difference between bars): fesgoo*|fesgizo™ (P = 0.08) and fr5g100*[fasgao™ (p = 0.15).



Table 5. Pooled preference JOD scores of each spectrum for Gp2-paintings. Spectra

sharing a thin bar are not significantly different based on bootstrapping results
(p > 0.05)

ID f75090° fos0o0” f750100°  f75090" fesQ100 fosQ100 fesQ100"  fesOu0”  f750110"
Preference JOD -0.56 -0.54 -0.26 -0.23 0.03 0.11 0.33 0.55 0.57

groups based on
bootstrapping *

TM-30 AnnexE p- p2 P3 P3 P2 P1 P1 P2
preference level

Adjusted level in . P3 P3 P3 P3 P3 P2 P Pl
Table 2

*Exceptional pairs (significant difference within a bar): fesgeo*[f759100" (p = 0.03), fesg100[fesg110" (P = 0.01), fosg10olfesgiz0™ (p = 0.001)
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Fig. 1. Experimental layout. Participants evaluated the color appearance of an oil
painting in a room with three walls covered by mid-gray cloths. A spectrally tunable
luminaire illuminated the painting. (a) Side view. (b) Back view. (c) Top view. (d) View

from participants: an oil painting with its frame covered by gray cloth.



Fig. 2. TM-30 Color Vector Graphic and indices of each spectrum. Under these spectra
and a 3000 K Planckian radiation, the reflected light from the gray background were
colorimetric metamers for the CIE 1964 standard observer. In TM-30, the CCT and Duv
values are calculated using the CIE 1931 2° standard observer; therefore, these CCT
values are lower than the 3000 K value obtained with the 10° 1964 standard observer.



Fig. 3. Six test oil paintings on canvas evaluated during the experiment under the

high-fidelity spectrum fesg100. Images are transformed to a daylight appearance by
applying a von Kries chromatic adaptation transform from the 3000 K white point under
illumination fesg100 (@5 measured on a white patch of a Macbeth ColorChecker) to CIE
D65. Regions outside the fixed visible area of 48 cm x 39 cm were covered with
mid-gray cloths to serve as background.
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Practice: the small painting test painting 1 test
Instruction |pre1erence )salumlio@brighmess>nonnalness> | preference >saturation >bn‘gh1ness >ncrrna|ness> painting
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Fig. 4. Upper line: One-day experimental procedure. Lower line: Procedure for each test

painting.
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Fig. 5. Estimated preference JODs of each painting over different lighting spectra. The
lighting spectra are ordered in ascending of pooled JOD scores. Horizontal dotted lines
represent the minimum and maximum pooled scores. Thin error bars indicate the 95%

confidence intervals of the pooled score, estimated from the bootstrapping results.



