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Abstract: Light quality is a key parameter of building design, which is mainly defined by the
perceived luminance and the color rendering. Nowadays, there is a wide variety of metrics that
do not converge in the color rendition evaluation of current light sources. The obsolescence of the
Color Rendering Index promoted the rise of new procedures to provide an accurate evaluation.
However, the score provided by most of these metrics does not distinguish between color deviation
and hue discrimination, giving a single value to assess the overall color perception allowed by a light
source. In this context, a new study is proposed, based on the evaluation of seven different light
sources, comparing the results of the most recent color rendering metrics and those observed using a
Farnsworth–Munsell trial carried out with 115 participants. The results obtained show that there
is a notable divergence between color rendition and hue discrimination, although there is a clear
proportionality between both. Moreover, a clear relationship is observed between color discrimination
and the correlative color temperature of light sources, providing a better hue distinction with cool
light sources, even though the psychological preferences of the participants do not coincide with the
optimal scenario for color discrimination.

Keywords: colorimetry; color rendition; daylighting; light spectra; Farnsworth–Munsell

1. Introduction and Objectives
1.1. Background

At present, lighting technology is rapidly improving the energy efficiency of LED
lamps, focusing on the reduction of energy consumption and the equivalent CO2 emis-
sion [1]. However, in most cases, this development does not consider the implications of
the current luminaires in color perception [2] and in human health [3,4] and well-being [5].
As argued by several researchers, urban and architectural lighting should take into account
not only the quantity and distribution of light but also its quality [6–8] in providing a com-
fortable environment for users. In addition, the spectral distribution of the light sources
is crucial for giving a safe environment in roadways and pedestrians areas, allowing a
suitable color perception and hue discrimination [9,10].

Most of the luminaires currently on the market are based on LED technology, whose
lamps generate a different spectral distribution compared to the older sodium-vapor,
incandescent, halogen and fluorescent lamps, producing a noticeable variation in color
perception. Specifically, LED lamps produce a notable variation in their chromatic percep-
tion depending on the short-wavelength spectrum [11]. LED light sources are affordable
and produce a higher luminous flux with a lower energy consumption compared to the
previous models. This shows the need for an accurate evaluation of the effects promoted
by these new lamps in the field of color rendition [12].

Nowadays, the Color Rendering Index (CRI) is the most widespread metric for de-
termining the hue deviation of any light source. This concept, presented in 1974 [13] and
subsequently recognized by the Commission internationale de l’eclairage (CIE) [14], was
proposed as a method for quantifying the color performance attained by fluorescent lamps.
Based on the deviation of eight color samples in the CIE diagram, CRI uses a variable light
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source reference with a theoretically perfect rendition to determine the performance of the
lamp under study. However, some inaccuracies can be observed in the CRI calculation,
mostly in the non-uniform color distribution of the color space [15], the low saturation of
the color sample selected for evaluating the hue deviation [16] and the choice of the light
source of reference [17]. Considering these limitations, this metric was updated in 1999 to
include six new illuminants [18], although it did not provide a satisfactory description of
the color rendition of LED lamps.

Subsequently, in 2010, the Color Quality Scale (CQS) [19] was proposed in order
to provide an accurate calculation of color rendition for LED lamps. This new concept
establishes 15 new color samples with a higher saturation than in previous metrics, an
updated color space based on a CIE lab and a new Chromatic Adaptation Transform (CAT)
recommended by the Color Measurement Committee (CMC), CMCCAT2000. This metric
arose from the need to answer several issues related to color performance, among them the
higher levels of naturalness and attractiveness provided by LED lamps in comparison with
halogen light sources, despite the CRI score suggesting otherwise [20].

Two years later, Smet et al. determined an update of the CRI called CRI2012 [21],
articulated in 210 real samples and on the colorimetric color appearance model (CAM)
CRI-CAM02UCS uniform color space (UCS) [22]. This metric shows more accurate results
than the original definition of CRI.

One of the most recent procedures for providing a full description of the color per-
ception allowed by a light source is TM-30-20, developed by the Illuminating Engineering
Society (IES) [23]. This procedure compares the results for 99 samples from the CIE color
space and establishes a continuous illuminant reference which varies depending on the
color temperature of the light source under study. IES is currently promoting the use of
this new procedure among luminaire manufacturers [24]. After the first proposal of this
metric, TM-30-15 [25], in 2015 and prior to the previous update in 2018, the CIE developed
the Color Fidelity Index (CIE 2017) [26] based on an optimized version of the color sample
proposed by the IES aiming to improve the results obtained by the CRI. This new metric
does not address an extensive analysis as in the case of TM-30-20, although it provides a
more accurate calculation of color fidelity.

Most of the metrics are based on the analysis of the sample deviation in a color
space, but this is not the case with the Daylight Spectrum Index (DSI) [27]. This new
concept, developed by Acosta et al., determines the color affinity of a studied lamp with
daylighting, comparing the Spectral Power Distribution (SPD) of both sources according
to the color sensitivity functions f(L), f(M) and f(S). Therefore, the aim of this definition
is to determine the similarity of the color perception produced by a light source to that
generated by daylighting, considering the natural source as the sole reference for producing
a perfect rendition.

In order to design luminaires with optimal color discrimination, an accurate measure-
ment procedure is required. Accordingly, Thornton proposed the Color Discrimination
Index (CDI), defined as the area enclosed by the eight CRI samples and normalized accord-
ing to CIE Illuminant C [28]. Subsequent research by Boyce et al. [29] and Rea et al. [30]
converge with Thornton’s proposal, although neither CRI nor CDI provide acceptable
results for determining color discrimination.

In an attempt to improve the understanding of the color discrimination allowed by a
light source, Rea et al. identified the Gamut Area Index (GAI) [31] which is determined
as the ratio between the surfaces limited by the eight color samples defined by CRI for
the studied lamp and a reference, usually defined as daylighting. This metric is inter-
esting, since the accuracy of the results obtained by means of GAI were tested using the
Farnsworth-Munsell 100 Hue Test (FM-100) [32], determining better results than CRI with
respect to color discrimination [33].

Given this context, it can be concluded that the gamut indices do not provide a suitable
prediction of the ability of a light source to discretize colors. Previous studies warn of this
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concern especially for highly composed spectra [34], which are of particular relevance since
LED lamps usually produce this type of spectral distribution.

Moreover, color performance is not the only variable to consider for a lighting design.
Depending on the context, chromatic preference can vary, so the color rendition can be
affected by boundary conditions [35]. According to this statement, Schanda et al. [36]
assessed color fidelity for a picture gallery, selecting a multi-light-emitting diode for this
particular case. For the same context, Feltrin et al. [37] concluded that the Correlated Color
Temperature (CCT) has a noticeable impact on the perceived brightness of the artworks
and is more decisive than the overall hue content or the color of the background. In a
different scenario, Szabó et al. [38] analyzed the color preference for a shop, defining the
suitable SPD for LED luminaires. Most recently, color preference was analyzed for a retail
display, a supermarket and a restaurant by Lin et al. [2], with each case study obtaining
different results. The research by Royer et al. [39] should also be noted, as they evaluate
color preference with 25 participants. The results of this study conclude that the current
color rendition metrics do not meet the criteria for color preference but can be predictable
according to calculation models based on the metrics defined by TM-30-20; the Fidelity
Index (Rf) and the Gamut Index (Rg).

The best way to determine the accuracy of the color rendition metrics relies on
the assessment of surveys and objective trials, as deduced from the following studies:
Houser et al. [40] carried out in-depth research, analyzing 40 surveys to evaluate whiteness
perception under different LED lamps, confirming that very short-wavelength light is
necessary to induce whiteness. Jost-Boissard et al. [20] evaluated the color quality pro-
moted by LED lamps, analyzing a wide range of warm and cool light sources from over
80 surveys. At the same time, Dangol et al. [41] studied the accuracy of CRI, CQS and
CRI2012 by means of 20 surveys using different LED lamps with a CCT from warm to
cool. The authors established a high correlation between the metrics studied. One of the
most recent examples is the study by Gu et al. [42], which analyzed several metrics using
10 surveys and concluded that CAM02-UCS color space is one of the best for the evaluation
of hue deviation.

Considering the development of tests for determining the ability of a light source to
discretize color, it is worth noting that the tests must provide an objective quantification
of the results obtained [43]. Following this, the research by Esposito et al. [44] defined a
novel measure of color discrimination, Rd, determining a score according to the numbers
of transpositions carried out in the FM-100 trial. Therefore, an Rd close to 0 means that
the light source provides almost perfect color discrimination, while a score greater than
16 represents a poor discrimination of hues.

As seen from the above, color rendition metrics are constantly evolving, given that
there are no solid criteria for determining the chromatic performance of a light source [45].
Moreover, most of the metrics focus on the quantification of the color deviation [33],
ignoring the need to distinguish colors with similar hues, brightness and saturation.

1.2. Aim and Objectives

Considering this general background, a new study is proposed based on the assess-
ment of the color discrimination provided by seven light sources with different spectrome-
try, comparing the results of the most recent color rendering metrics and those observed
according to a FM-100 trial carried out by 115 participants, totaling 805 surveys. The
proposed test can determine the ability to distinguish different color ranges in an objective
and quantifiable way.

The proposed research aims to determine the relationship between the color deviation
defined by the current metrics and the color discrimination of three different hue ranges,
considering other variables, such as the CCT and the color preferences of the participants.

Although this study follows a similar methodology to that of previous articles [27,31,46],
it offers new nuances highlighting the novelty of the results described below:
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• Two recently proposed metrics are evaluated, TM-30-20 and DSI. The precision of
these metrics had not previously been evaluated for color discrimination.

• The study sample, made up of 805 surveys and color tests, is noticeable larger than in
previous research [20,40,42,47], giving considerable accuracy for the conclusions obtained.

• This study establishes a new quantification of the score provided by the FM-100
trial [43] in order to adapt the results to the proposed methodology, aiming to pro-
vide an objective assessment of the color discrimination, following the procedure
established by Esposito et al. [44].

• Finally, this research provides a relationship between the scores given by most of the
current color rendering metrics and the ability to discretize the hues, considering other
characteristics of the light source, such as CCT and SPD.

2. Methodology
2.1. Light Source Testing Box

The assessment of the color discrimination is based on the analysis of 115 colorimetric
surveys for 7 individual light sources, making a total of 805 surveys, where respondents an-
swer questions on color rendition, color temperature perception, saturation of the samples
and chromatic preference for two scenarios in a light source testing box. Figure 1 shows a
flowchart that describes the methodology carried out in this research.
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Figure 1. Flowchart of the proposed methodology.

In addition, the participants also carry out a color discrimination exercise: the FM-100
trial, which consists in the arrangement of a selection of color samples based on similarity
in hue. It measures the ability to isolate and organize color caps with small variations in the
nuances of the hues. The color sample has constant values for luminosity and saturation,
and the hues are selected from the Munsell color system. As described in the background,
several previous studies [31,43] use the FM-100 trial to analyze the capability of a light
source to render colors as well as the accuracy of proposed colorimetric metrics.

The survey sample is made up of 54 men and 61 women aged between 20 and 27 years
old, all of them volunteer university students, since age significantly affects the decrease of
the sensitivity of the short-wavelength photoreceptors [48]. Thus, it is assumed that the
lens density of the retina is similar for all participants. Prior to the color discrimination test,
the survey includes questions on visual impairment, confirming that all participants have
suitably clear eyesight. To ensure there are no respondents suffering from color blindness,
each survey includes a random Ishihara test [49,50], ensuring that all the analyzed surveys
have been completed by participants with suitable color discrimination.

The light source testing box, seen in Figure 2, is made of white coated medium-density
fiberboard (MDF) with inner dimensions of 60 cm wide by 60 cm deep by 60 cm high. The
white paint has a constant reflectance of 89% from 700 to 430 nm, decreasing almost linearly
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from 430 to 400 nm up to a value close to 50%. The neutral appearance of the testing
box aims to minimize the visual judgement closely related to the lit environment [51].
Six electric light sources are located in the top of the box, hidden by a white panel on the
front of the box and an opal diffuser below the luminaire space. Therefore, avoiding
any direct visualization of the lamp, a single-blind test can be developed to prevent any
potential prejudice of the respondents. The lamps run along a guided tray in order to
situate the analyzed light source exactly in the center of the testing box aided by magnetic
stops. The luminous flux of the lamps is controlled by several dimmers in order to provide
the same illuminance value in the testing box for all lamps, irrespective of their efficiency.
Finally, the participants are placed in front of the test box, sitting 50 cm apart in natural
daylight conditions or in an empty dark room with a constant temperature and humidity
environment [52].
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Figure 2. Analysis of color rendering of a cool, neutral and warm LED lamp in the light source testing box. Upper line:
Objects used for the scenarios of trial 1: Two paintings and fruits; lower line: FM-test samples and color checker.

2.2. Light Sources Analyzed

As seen in Figure 3, both the daylight conditions and the electric light sources located
inside the testing box are measured using a Konica Minolta CL-70F spectrometer (Konica
Minolta, Tokyo, Japan) in order to adjust the luminous flux to a constant value close to
500 lx. A PCE-CSM 8 reflectance spectrophotometer (PCE Instruments, Alicante, Spain) is
used to determine the spectral reflectance of the color samples as well as the hue variation
of the FM-100 color cards. Spectral resolutions of both equipment are listed in Table 1.

Table 1. Properties of the equipment used for this study.

Instrument Spectral Wavelength Range Output Wavelength Pitch Accuracy

Konica Minolta CL-70F
spectrometer 380 to 780 nm 1 nm Ev (Illuminance): ±5% ± 1% per

digit xy: 0.003 (at 800 lx)
PCE-CSM 8 reflectance

spectrophotometer 400 to 700 nm 10 nm ∆E*ab (CIELAB distance metric) 0.2

The first light source assessed corresponds to daylighting, with a variable CCT be-
tween 5500 and 6600 K, achieving a similar SPD to the standard spectrum D65. Daylight
conditions were measured for a north orientation matching the typical sky conditions of
spring and summer in Seville (southern Spain), the location where the trial is carried out.
All tests were developed under daylight conditions avoiding direct solar incidence inside
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the testing box. Figure 4 represents the spectral measurements of daylight inside the testing
box for three specific days during which the tests were carried out. As can be deduced,
the short wavelength was affected by the spectral reflectance of the white paint, slightly
reducing the power distribution of daylight from 380 to 430 nm.
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Figure 4. SPD of the daylight conditions perceived inside the testing box.

In addition to daylight, six electric lamps were assessed by the participants in this
study. In order to evaluate a wide range of luminaire types, three LED lamps—with a warm,
neutral and cool CCT—are arranged in the testing box, together with an incandescent lamp
and two compact fluorescent lamps with cool and warm CCTs. Figure 5 shows the SPDs
for the lamps selected.

Neither the multi-channel LED lamps nor the high-pressure sodium-vapor and metal
halide bulbs are evaluated in the testing box due to the limitations of the box dimensions,
boot time and lower frequency of the application to indoor spaces. The main characteristics
of the light sources tested, as well as the color rendition for most the metrics, are shown
in Table 2.
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Table 2. Main colorimetric characteristics of the light sources studied in the testing box.

Abbreviation DL L27 L40 L65 IN FL65 FL25

Description Daylight CIE D65 LED 2700K LED 4000K LED 6500K Incandescent Fluorescent
6500K

Fluorescent
2500K

CCT K 5500–6500 2754 4199 5692 2538 6307 2406
CRI Ra 100 83 84 83 99 87 84

GAI D65 100 47 72 83 42 105 49
GAI CRI 100 91 86 87 97 106 112

CQS 100 84 84 81 99 86 78
CIE 224 2017 100 85 84 83 99 86 72
TM-30-20 Rf 100 85 84 83 99 86 72
TM-30-20 Rg 100 96 92 92 99 103 106

DSI 100 80 85 87 83 73 57

In order to guarantee the single-blind test, the lamps are switched on at random to
avoid participants identifying the luminaires based on their switch-on position. The time
frame for evaluation of color perception is set to 60 s, while the interval for the FM-100 trial
is 90 s long so that respondents have the same boundary conditions when assessing color
preference and chromatic deviation.

2.3. Color Samples

The survey and test procedures are based on the perception and color discrimination
deduced from several objects and scenarios contained in the testing box. On the one
hand, two well-known examples of paintings—Girl with a Pearl Earring (1665, Johannes
Vermeer) and The Starry Night (1889, Vincent van Gogh)—are used to represent the color
preference on skin as well as cool hues. On the other hand, a second scenario with fruit
shows warm and neutral hues, with red, orange, yellow and green as predominant, natural
and recognized colors. The assessment of these scenarios also provides an approach to the
respondents’ color preference, irrespective of the hue deviation or discrimination promoted
by the studied light sources. Figure 6 shows the spectral reflectance measured with the
reflectance spectrophotometer on the most representative color areas for both the paintings
and fruits sample, highlighting the measured points and average results for skin, blue
hues and brown in the case of Girl with a Pearl Earring and the blue and yellow hues in
The Starry Night.
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The second trial is based on the analysis of the FM-100 test, where respondents have
to order caps with different hues according to their affinity with the color references. Seven
different cap combinations were used for this study in order to ensure the single-blind
test. Each FM trial shows three lines of hues, red, green and blue, corresponding to the
sensitivity response of the color photoreceptors. Both FM caps and light sources were
selected at random in each trial. These trials provide a subsequent objective quantification
of the ability of a light source to discretize similar colors [31,44].
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2.4. Quantification of the Results

Following the methodology described above, the color perception and discrimination
of hues are assessed by means of surveys and tests. In order to quantify the color rendition,
a value of 50% is given for a “sufficient” rendering, while a value of 100% is considered
for an “excellent” performance. Accordingly, the rating values between both limits are
determined linearly between 50 and 100%.

Moreover, assuming that daylight provides a perfect color rendering, as deduced from
this study and previous ones [27,33], all scores obtained are modified according to the
average score of natural light as Equation (1) states:

Pi(MOD)(%) =
Pi·100

PDL(AVE)
(1)

where Pi(MOD) is the value of color rendering considered for the studied light source, Pi is
the color rendering value obtained from the sample of surveys and PDL(AVE) is the average
score of the color rendering of daylighting.

The analysis of the FM-100 trial requires a different approach to that described above.
For this quantification, the method proposed by Esposito et al. [44] is applied, which
depends on the number of transpositions of the color caps. Accordingly, a light source
causing an arrangement of one transposition in the FM-100 trial would be attributed with
an error score of 4, while two transpositions correspond to an error of 8, three transpositions
to a score of 12 and so on. The total error score corresponds to the sum of all tray-specific
scores, as deduced from Equation (2):

Rd =
n

∑
i=1

Rd,i (2)

where Rd is the score that corresponds to the number of transpositions measured for each
tray in the FM-100 trial. The score obtained will be translated into a percentile value from 0
to 100%.

3. Analysis of Results
3.1. Color Rendering of the Light Sources

According to the results obtained from the surveys and following the methodology
described above, the subjective perception of the color rendition allowed by the tested light
sources is shown in Figure 7a, representing the maximum and minimum values as well as
the average results weighted depending on the maximum score provided to daylight. The
standard error is also shown on the secondary vertical axis.

It should be noted that the subjective color renditions do not necessarily have to
correspond to the quantification of color rendering as understood by current metrics, since
the subjective preference of the respondent can affect the final score. As deduced from
Figure 7a, the standard error of the results obtained for all light sources was between
1.7 and 1.9%, including daylight (DL), with an average score of 1.8%. This deviation is
considered sufficient to address the color rendition defined by the subjective perception of
the respondents. It should be noted that this study was limited by the scenarios proposed
so that conclusions cannot be applied universally.

In addition, Figure 7b shows the perceived CCT of the 7 tested light sources, defining
maximum, minimum and average scores from very warm lamps (−50%) to very cool lamps
(+50%), considering 0% a perfect neutral appearance of the color temperature. The real
CCT value is also shown on the secondary vertical axis.

As expected, daylight (DL) gives the maximum color rendition, followed by the
neutral white LED lamp (L40), which shows a performance of 97%. The cool (L65) and
warm (L27) LED luminaires obtain scores of 92 and 90%, respectively. It can be deduced
that the tested LED sources provide a higher color rendering than the rest of the lamps,
with an average score of 93%. Moreover, it is worth noting that the incandescent lamp (IN)
does not achieve a perfect color performance as defined by most of the metrics. Finally,
it can also be deduced that, according to the studied scenarios, the cool fluorescent lamp
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(FL65) allows a rendition of 81%, while the warm fluorescent lamp (FL25) provides a lower
performance, with a score of 66%.
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It should be highlighted that cool light sources—with a CCT between 4200 and
6500 K—provide a better subjective color rendition for the studied scenarios than warm
sources—with a CCT between 2400 and 2700 K, achieving an increase of 18% in the color
performance of the scenarios presented.

As deduced from the perceived CCT, shown in Figure 7b, there is a slight correlation—
R2 equal to 0.432—between this characteristic and the color rendition of the tested light
sources. Accordingly, except for the warm white LED (L27), the subjective color perfor-
mance is higher for neutral and cool lamps. Some divergences are also observed between
the color temperature perceived by the respondents and the real CCT value; in the particu-
lar case of daylight (DL), the respondents perceived the natural lighting of the sample as
neutral, despite the fact that the CCT is higher than in the rest of the studied sources and
the illuminance values were similar for all tests.

3.2. Color Saturation and Preference of the Light Sources

According to the procedure described above, the saturation of hues and the color
preference of two scenarios are assessed according to the subjective perception of the
respondents. Figure 8a shows the average scores of the saturation of red, green and
blue hues, from non-saturated (−50%) to very saturated (+50%), considering a suitable
appearance for a value of 0%. The graph also defines the standard error on the secondary
vertical axis, showing a value between 1.1 and 2.0%, with an average score of 1.5%.

Moreover, Figure 8b represents the preference of the respondents with respect to the
color appearance of the scenarios under study, previously defined in Figure 6: a set of fruits
with different predominant colors and two paintings representing blues, yellows, browns
and skin hues.

With respect to color saturation and as deduced from Figure 8a, the incandescent lamp
(IN) produced a higher saturation for red hues, followed by the warm white fluorescent
lamp (FL25) and the warm LED (L27). However, it is worth noting that cool lights, such as
in the case of daylight (DL) and cool LED (L65), barely affected the saturation of colors.
Looking for correlation, it can be observed that there is a strong relationship between the
CCT of the luminaire and its ability to saturate red and green hues—R2 of 0.961 and of
0.924, respectively—while the saturation of blues does not depend on the color temperature
of the source—R2 of 0.004. Accordingly, considering the boundary conditions of this study,
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it can be assumed that warm light sources increase the saturation of red and green hues,
while cool lights do not have a perceptible impact on color saturation for any hue.
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Following the previous analysis, it can also be observed that there is a perceptible
relationship between the balance of color saturation and the subjective color rendition,
comparing the standard deviations of the hue saturation for each tested lamp and the color
rendering shown in Figure 7a, with a coefficient of determination of 0.447.

In discussions on the color preference of the tested scenarios, shown in Figure 8b, the
response of the participants is deduced from the most subjective study, despite the fact
that the standard error is between 1.7 and 2.2% with an average value of 1.9%. A high
correlation can be observed between the color preference and the subjective rendering of
the light sources, providing similar R2 values of 0.838 for the set of fruits and of 0.893 for
the paintings. Therefore, it can be concluded that there is a clear relationship between color
rendering and color preference for the scenarios presented. It can also be observed that,
with the exception of natural light (DL), neutral LED (L40) allows the most appropriate
perception for both scenarios, even though according to the same respondents, cool LED
(L65) provides a better balance of color saturation. Therefore, it can be concluded that
a better saturation balance does not necessarily imply a more pleasant perception. It
should be also noted that, following the conclusions of previous studies [37], the CCT has
a noticeable impact on color preference. In fact, cooler lamps produce a higher preference
in paintings, while warmer light sources, with the exception of fluorescent lamps (FL25),
improve the preference in the case of the set of fruits.

3.3. Color Discrimination Provided by the Light Sources

This final trial assesses the color discrimination allowed by the studied light sources
according to the FM-100 caps described in the methodology.

Figure 9 shows the results of the FM-100 trial for the 115 respondents, as seen in
Figure 9a: red hues; Figure 9b: green hues; Figure 9c: blue hues and Figure 9d: over-
all results. The score for all tests were determined using the method developed by
Esposito et al. [44], as described above. In order to provide a clear perception of the color
discrimination defined by the participants in this study, Figure 9 defines the minimum,
average and maximum score for each tested light source as well as the average values
excluding 10% of both the upper and lower results of the respondents.

In accordance with the results shown in Figure 9, daylight (DL) produces the best color
discrimination for all color ranges, defining an average score of 0.91 and an accumulated
score seen in Figure 9d of 0.74. The highest minimum score is also seen for daylight,
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with the exception of red hues. Accordingly, it can be supposed that a wide spectral
distribution and a CCT close to that produced by daylight conditions stimulate a better
color discrimination.
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It can also be noted that, with the exception of daylight (DL), the cool LED (L65) and
the cool fluorescent lamp (FL65) provide the best color discrimination, with an average
score of 0.91 and 0.90 and an accumulated score of 0.72 and 0.69, respectively. It should be
emphasized that both sources have a CCT and a GAI D65 value close to that defined for
DL—as seen in Table 2—so that, according to the scenarios studied, the closer the Gamut
Area Index to daylight, the better the color discrimination.

As seen in Figure 9a, warm light sources, such as LED (L27), incandescent (IN) and
fluorescent lamps (FL25), result in a poorer discrimination for red caps, giving an average
score of 0.82, while cool light sources provide 0.89. Accordingly, and as shown in Figure 8a,
the light sources which provide a higher red saturation also have a low capacity for color
discrimination. A similar deduction, with a lesser difference, can be observed for green
hues, where the average score for warm lights is 0.90 in comparison with the score for cool
lights, which is 0.92. The opposite occurs for blue trays, where warm lamps produce a
slightly better discrimination than cool light sources. Therefore, it can be assumed that a
low saturation of color provides better color discrimination.

It is worth noting that, as seen in the previous section and as deduced from Figure 9d,
cool lamps produce a balanced color saturation and a color discrimination suitable for
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all color ranges, unlike warm light sources, which saturate red hues and give a slightly
poorer discrimination for red and green trays. However, as deduced from Figure 8b, it
is interesting to note that the respondents have a preference for neutral LED (L40) in the
case of the scenarios studied—set of fruits and paintings—despite the fact that such a
source does not provide as good a color discrimination as cool lamps. Therefore, as defined
by previous studies [27,28,31,44], good subjective color rendering does not guarantee a
suitable color discrimination.

3.4. Adequacy of the Main Metrics with Color Discrimination

This final section focuses on the analysis of the relationship between the main current
color rendition metrics and the different light sources under study, using parameters of
color discrimination, subjective color rendition and color preference, as seen in Table 3.
Prior to the development of this analysis, it must be highlighted that most of the presented
metrics are focused on the accurate quantification of the color rendering, hence a low
correlation with hue discrimination could be expected.

Table 3. Color rendition and coefficient of determination for color discrimination, subjective color rendition and color
preference of the current metrics according to the studied light sources and scenarios.

Abbreviation DL L27 L40 L65 IN FL65 FL25 Farnworth–
Munsell

R2

Subjective
Color

Rendition
R2

Color
Saturation
Deviation

R2

Fruit Set
Preference

R2

Paintings
Set

Preference
R2

CCT K 5500–
6500 2754 4199 5692 2538 6307 2406

CRI Ra 100 83 84 83 99 87 84 0.273 0.010 0.004 0.126 0.010
GAI D65 100 47 72 83 42 105 49 0.536 0.260 0.485 0.164 0.336
GAI CRI 100 91 86 87 97 106 112 0.001 0.495 0.005 0.274 0.314

CQS 100 84 84 81 99 86 78 0.259 0.076 0.000 0.279 0.087
CIE 224 2017 100 85 84 83 99 86 72 0.326 0.190 0.004 0.417 0.196
TM-30-20 Rf 100 85 84 83 99 86 72 0.326 0.190 0.004 0.417 0.196
TM-30-20 Rg 100 96 92 92 99 103 106 0.003 0.496 0.010 0.233 0.299

DSI 100 80 85 87 83 73 57 0.427 0.758 0.200 0.790 0.597

4. Discussion

In general, it was observed that in this context there is no clear correspondence between
the color discrimination through the FM-100 trial and most of the current metrics under
study, except for the case of GAI D65 (moderated association) and DSI (low association).

The individual analysis per metric shows that, given the boundary conditions of this
study, CRI Ra does not achieve a relevant linear correlation with color discrimination,
subjective color rendition or color preference. This further confirms its obsolescence as a
reliable metric. In the case of GAI, when this metric is applied using the CRI parameters,
it obtains a medium-moderated association for subjective color rendition, although it is
not of use as a suitable indicator for color discrimination. However, when GAI is applied
using daylight as a reference (GAI D65), it shows a remarkable general value of color
discrimination and deviation of color saturation, allowing an optimal quantification of
color discrimination through FM-100 trials, so it can be used as a complementary metric
for this purpose.

In addition, during this analysis the CQS metric has proved to be an accurate tool
for determining the color rendering of LED sources both phosphorous and multi-channel
based [41], although it does not allow an accurate determination of color discrimination
in the scenarios studied. Moreover, the analysis of TM-30-20 procedure, similar to its
2015 edition [44], shows that it is not really representative as a tool for adequate color
discrimination, although it is of use as a highly accurate method for determining color
rendering, as demonstrated in previous studies [39] and Table 3. With respect to color
preference, TM-30-20 can serve as a quantification for this but requires a readjustment of
both the general color fidelity index (Rf) and the Gamux index (Rg) [35] for this purpose.

Finally, the DSI metric shows a medium correlation with color discrimination. This
high linear relationship can be expected, since this metric determines the affinity of daylight
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SPD, which corresponds to a broad spectrum, with the light source studied as a function of
the spectral sensitivity curves (L, M and S), which have a high correspondence with the
studied color ranges (red, green and blue). It should be also noted that DSI provides a
suitable quantification of color preference for both scenarios studied, so it can be a useful
tool for determining user preferences according to specific contexts, as deduced in previous
studies [53].

5. Conclusions

In the current context of colorimetry, it is necessary to adapt the color rendition metrics
to new lighting technologies. The constant scientific evolution in this field requires the
alignment of the published indicators as well as their adaptation to the current colorimet-
ric requirements of the most common light sources available in the market in industry,
engineering, urban design or architecture, both for determining color rendering and hue
deviation. In this context, the aim of this research is especially focused on the usefulness of
the different metrics on their performance with respect to color discrimination, taking into
account other related parameters such as color temperature or gamut saturation.

It should be noted that the conclusions shown below are based on specific boundary
conditions, such as two-color scenarios and a range of color caps for the FM-100 trial, with
the participation of 115 respondents and the analysis of 805 surveys.

This article shows how, as expected, daylight (DL) provides the maximum color
rendering, followed by neutral white (L40), cool (L65) and warm (L27) LED sources. With
a lower color rendering, this is followed by cool fluorescent (FL65), incandescent (IN) and
warm fluorescent (FL25) lamps. As can be concluded from the previous assertion, cool
light sources—with a CCT between 4200 and 6500 K—provide better color reproduction
for the scenarios studied than warm sources, with a CCT between 2400 and 2700 K.

As the analysis of the results shows, there is a strong relationship between the CCT
of the lamp and its ability to saturate different ranges of color. Specifically, warm light
sources produce an increase in the saturation of red and green tones, while cool lights
do not produce a noticeable impact on the color saturation in any of the hues studied.
Following these results, there is a perceptible relationship between the balance of color
saturation and the perception of subjective color rendition, concluding that the better the
balance of saturation, the higher the color rendition.

When further exploring the relationship between color rendering and color preference,
there is a clear correlation between them for the two scenarios presented in this study.
Both daylight (DL) and neutral LED (L40) provide a higher preference perception for both
scenarios compared to the other sources studied, despite the fact that cool LED (L65) gives
a better balance of color saturation in comparison with the aforementioned LED source.
It should also be emphasized that DSI can serve as a suitable indicator for quantifying
color preference, as can be deduced from its coefficient of determination with respect to the
results obtained from the surveys.

It can also be noted that, with the exception of daylight (DL), the cool LED (L65) and
the cool fluorescent lamp (FL65) provide the best color discrimination, with an average
score of 0.91 and 0.90 and an accumulated score of 0.72 and 0.69, respectively. It should be
emphasized that both sources have a CCT and a GAI D65 score close to that defined for
DL—as seen in Table 2—so that, in accordance with the scenarios studied, the closer the
color temperature to daylight, the better the color discrimination. It has also been observed
that low color saturation provides better color discrimination while good subjective color
reproduction does not necessarily mean adequate color discrimination.

In accordance with the usefulness of the color rendering metrics for determining hue
discrimination, it can be seen that GAI D65 is a better tool for quantifying the ability to
distinguish colors. The picture that emerges from this analysis is that, despite the fact
that TM-30-20 has demonstrated excellent accuracy in determining color rendering, this
procedure could be complemented with other metrics given its lower fit to the obtained
results in other aspects, such as DSI for color preference or GAI D65 for hue discrimination,
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providing a wider description of the chromatic qualities of a light source. By contrast, CRI
Ra did not achieve an appropriate fit to the results of the tests, which could confirm its
obsolescence as a reliable metric.
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