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Abstract

The applicability of colour quality metrics to solid-state light sources is validated and the results of
the assessment of colour rendition characteristics of various lamps are presented. The standard
colour rendering index metric (CRI) or a refined colour quality scale metric (CQS) fail to
distinguish between two principle colour rendition properties of illumination: the ability to render
object colours with high fidelity and the ability to increase chromatic contrast, especially when the
spectra of light sources contain a few narrow-band electroluminescence components.
Supplementing these metrics by the known figures of merit that measure the gamut area of a small
number of test colour samples does not completely resolve this issue. In contrast, the statistical
approach, which is based on sorting a very large number of test colour samples with respect of just
perceivable colour distortions of several kinds, offers a comprehensive assessment of colour
rendition properties of solid-state light sources. In particular, two statistical indices, colour fidelity
index (CFl) and colour saturation index (CSl), which are the relative numbers of object colours
rendered with high fidelity and increased saturation, respectively, are sufficient to reveal and assess
three distinct types of solid state light sources. These are (i) high-fidelity lamps, which cover the
entire spectrum with the spectral components present in the wavelength ranges of both 530-610 nm and
beyond 610 nm (e.g. trichromatic warm white phosphor converted LEDSs, red-amber-green-blue LED
clusters, complementary clusters of white and coloured LEDS); (ii) colour-saturating lamps, which
lack power in the 530-610 nm wavelength range (e.g. red-green-blue or red-cyan-blue LED clusters);
and (iii) colour dulling lamps, which lack power for wavelengths longer than 610 nm (dichromatic
daylight phosphor converted LEDs and amber-green-blue LED clusters). Owing to a single statistical
format, CSI and CFl can be used for design and optimization of multiwavelength LED clusters

providing “smart” illumination with a trade-off between different colour rendition characteristics.



1. Introduction

Solid-state lighting technology, which emerged with the appearance of blue and white light-
emitting diodes (LEDs) [1], has a potential to replace inefficient incandescent and discharge-based
sources of light [2]. Recent technological advances [3,4] resulted in that LEDs are outperforming
conventional lampsin efficiency. Although numerous performance challenges in solid-state lighting
still exist [5], the 200-Im/W efficiency barrier that was anticipated for 2020 [6] has been aready
broken [7].

Despite a rapid progress in efficiency, the potentia of solid-state lighting technology in
delivering illumination with improved control of colour quality is still almost untapped. Solid-state
lighting technology employs the principle of injection electroluminescence in semiconductor
junctions used directly or in conjunction with either partial or complete conversion in phosphors
[2,8,9]. Such an approach suggests high versatility in composing the spectral power distribution
(SPD) of a light source and thus in controlling colour quality of illumination [10]. In particular,
light sources with SPDs that contain a few narrow-band electroluminescence components became
feasible. Such sources may have colour rendition properties that differ from those of common
fluorescent lamps, which emit due only to phosphors.

New possibilities in engineering the spectrum of light sources offered by solid-state technology
highlight the fact that colour quality of illumination comprises at least two colour rendition
properties: the ability to make colours appear “natural” (colour fidelity) and the ability to make
colours appear “vivid” and easily distinguishable (colour saturation) [11]. In the previous-
generation lighting technology, the latter property was considered as supplementary, since no
common lamps with a pronounced colour-saturating ability were available. Consequentially, the
only one widely accepted method of rating lamps in colour quality was the colour rendering index
(CRI) [12], which ranks them in how “natural” object colours appear when compared to those under

reference broad-band illuminants. However when applications of solid-state sources in lighting



emerged, subjective rating of illumination provided by clusters composed of direct-emission LEDs
was found to be in an obvious conflict with the standard CRI metric [13-16]. Moreover, the red-
green-blue LED clusters have been recently shown to render more object colours with increased
saturation rather than with high fidelity [17]. This stimulates a search for new colour quality
metrics, which could better comply with the visua ranking and be able to resolve the problem of
assessing colour rendition properties of light sources, including those containing narrow-band
el ectroluminescence emissions.

In this paper, we address the problem of colour quality of solid-state light sources in order to
validate different metrics and provide guidelines for composing SPDs of single-chip LEDs and
LED clusters with different and controllable colour rendition characteristics.

The paper is organized as follows. In section 2, approaches to assessing colour quality of
illumination are considered. In section 3, various solid-state lamps, as well as fluorescent lamps, are
rated with respect to different colour rendition properties and suggested to categorize into several

distinct colour-quality groups. In section 4, asummary of the survey is presented.

2. Colour quality metrics

In this section, severa metrics for assessing colour-rendition quality of light sources are considered
and compared. We start with CRI, which has been introduced for ranking fluorescent lamps and
persists as a standard metric for years, in spite of numerous proposed improvements and alternatives
(see, e.g. Ref. 18 for a review). Other metrics considered here are the two recent approaches that
were developed in order to meet an increasing demand for the improved assessment of LED-based
light sources. These two metrics are the colour quality scale (CQS), which is an attempt to develop
a more general approach to colour quality basing on the method of colour differences used in CRI,

and the statistical approach to colour quality, which is a method radically different from CRI. Since



CRI and CQS lack means for ranking colour-saturating sources, these metrics are considered in

combination with appropriate gamut-area approaches that mitigate this drawback.

2.1. Colour rendering index and gamut area (U* VV*W* colour space)

CRI is the most widely used metric for rating light sources in colour rendition. Introduced by the
International Commission of Illumination (Commission Internationale de |’ Eclairage, CIE) in 1965
(see Ref. 12 for the latest edition), CRI relies on numerically estimating colour differences for
particular test colour samples when a reference source is replaced by that under assessment. The
colour differences are estimated within the U*V*W* colour space (1964 CIE), which is a nonlinear
extension of the u-v “uniform chromaticity scale” colour space (1960 CIE) to three dimensions.
The lightness index W* is related to the luminous tristimulus value and the chromaticness indices
U* and V* are derived from the uv chromaticity coordinates and lightness index. The test colour
samples are fourteen samples from the Munsell system, which specify colours in hue, chroma and
value (lightness). The reference source, which must have the same correlated colour temperature
(CCT) as the source under assessment, is either a blackbody illuminant (for CCT below 5000 K) or
daylight phase illuminant (for CCT above 5000 K). A small mismatch between the chromaticity of
the reference and tested source is allowed and treated using the von Kries chromatic adaptation
method. The specia colour-rendering indices are derived from the colour shifts AE; for each test

colour sample,
R =100-4.6AE, =100-4.6 [(AU )2 +(AVD)? + (AWD)Z] - (1)

The genera CRI is the arithmetic mean of eight special CRIs that have moderate chroma (about /6

in average):
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The general CRI has a maximal value of 100 when the eight colour shifts are almost zero and
the scaling parameter 4.6 in equation (1) is selected in such a way that R, =51 for a warm white
hal ophosphate fluorescent lamp.

Figure 1 illustrates the use of the CRI metric. The circles in the U*V* plane of the 1964 CIE
colour space stand for the colour points of the eight test colour samples under a light source under
assessment, daylight phosphor-converted (pc) LED (CCT = 6042 K), and the squares show the
colour points of the same samples under 6042 K daylight illuminant. The bold lines depict the
chromaticity shifts that are used in the calculation of the indices.

Despite of widely using CRI for ranking light sources and for optimization of SPDs for both
conventional [19] and solid-state [20-24] lamps, this metric has numerous drawbacks [18, 25-27].
The key feature of CRI is treating colour shifts irrespectively of their direction, i.e. the metric
exclusively estimates the ability of a light source to render object colours with high fidelity.
However, subjective perception of various colour distortions is unequal and depends on the
direction of the colour shift. For instance, hue distortions are less tolerated than lightness
distortions; and distortions that increase saturation are even preferred [28]. Therefore, a unified
approach to different directions of the colour shifts is considered as a serious drawback of CRI. In
particular, CRI conflicts with subjective visua preferences when a set of sources under ranking
includes sources with SPDs containing few narrow-band components [13-16] (as discussed in
section 3, such sources can increase or decrease saturation of a considerable number of object
colours).

Another CRI drawback is in that the “uniform chromaticity scale” colour space in fact is far
from being uniform in respect of perceptually resolved colour differences. In particular, the

MacAdam dlipses [29], which are the regions that comprise chromaticities amost



undistinguishable to human vision, have very different dimensions in different parts of the u-v
chromaticity diagram. Hence, CRI unequally treats distortions of different object colours.

One more drawback of CRI is using a small number of test colour samples. For instance, using
40 test colour samples closely spaced within a “circle” of equal chroma (/6) revealed that CRI
misses distortions in many hue directions [30]. Moreover since vectorial representation of the
colour shifts (colour rendition vectors, CRVS) of an enhanced number of test colour samples
(~1000) tend to form “clouds’ with azimuth (hue) periodicity of colour distortions [31], the eight
samples of the general CRI can fall into extremes of such periodic distribution yielding large errors
in the assessment. A small number of test colour samples used in CRI might be partialy related to
modest computational resources at the time when the metric was introduced. However, even amore
important reason of avoiding a larger number of test colour samples is the arithmetic averaging of
specia CRIs in the general CRI; such averaging is not suitable for shifts that are very different in
magnitude.

The above drawbacks of CRI, as well as some other shortcomings (e.g. limitations of von Kries
chromatic adaptation, equal rating of reference sources, and inconvenient scaling that can yield
confusing negative values of the indices) poses a problem of the applicability of this metric for the
next-generation lighting technology, solid-state lighting, which offers more versatility in the control
of colour quality. To that end, CIE conceded that “CRI is generaly not applicable to predict the
colour rendering rank order of a set of light sources when white LED light sources are involved in
this set” and recommended the development of a new colour rendering index [27].

Despite some pessimism in using CRI, the main drawback of this metric, the disregard of the
colour shift directions, can be considerably mitigated by supplementing R, by a figure of merit,
which quantifies the ability of light sources to make colours appear “vivid” and easy to distinguish.
Basically, this ability manifests itself by increasing saturation of object colours. Examples of such

colour-saturating-related figures of merit are the flattery index [32] and the colour-discrimination



index [33]. A similar figure of merit, which pertains to the CRI metric, is the gamut area index
(GAI) [11]. GAl isthe relative change in the area of the polygon defined by the coordinates of the
eight CRI test colour samples in the 1964 CIE U*-V* plane when a reference source is replaced by
that under test (see figurel). GAl employs a single flat-spectrum reference illuminant (CIE
illuminant E), which alows comparing sources with various CCT on the absolute scale (sources
with lower CCT inherently have lower values of GAl).

Although GAI suffers from many drawbacks peculiar to the general CRI (small number of test
colour samples, lack of uniformity of the colour space, etc.), it might be useful for comparing colour
rendition characteristics of different sources [11]. However, GAIl should be applied with care, since
it integrates both positive and negative contributions to gamut variation, i.e. increased saturation of
some test colour samples can be compensated by decreased saturation of other samples with a
reduced effect on the net gamut area. Figure 1 demonstrates this effect for a daylight pc LED. Here
the gamut area under the LED amounts only 85% of that under the reference illuminant, whereas

two of the eight test colour samples (3 and 7) gain in saturation.

2.2.Colour quality scale and gamut area scale (CIELAB colour space)

CQS is a metric developed at the National Institute of Standards and Technology (NIST) for
mitigating the main drawbacks of CRI [34], especialy the absolute focus on colour fidelity. The
metric employs a set of 15 test colour samples that have somewhat larger chroma (about /11 in
average) than those used in CRI and an improved colour space (CIELAB) that is much more
equidistant in respect of perceivable colour differences than the U*V*W* colour space (figure 2).
One of the main ideas of CQS is to take into account subjective colour saturation preferences by
guantifying the ability of alight source to render object colours with high fidelity and the ability to

render colours with increased saturation within an integral figure of merit. Thisis achieved through



the introduction of areduced colour difference, which excludes the increase of saturation. For an ith

test colour sample, the reduced colour difference can be presented as
« 2 4 2 T2
AE! = [(AH } +(Rev=aC)' +(aL) } , @3)

where AH, AC, and AL are the shifts in hue, chroma, and lightness, respectively, when a reference
source is replaced by that under assessment. Bold lines in figure 2 depict the reduced colour shifts
with only negative chromatic shifts taken into account (samples 1, 2, 3, 8, 9, 10, 11, and 15) and
with positive chromatic shifts excluded (samples 4, 5, 6, 7, 12, 13, and 14).

Another improvement of the CQS metric is using the root-mean-square (RMS) of the reduced
colour differences in order to ensure that a large colour difference for any sample has a higher

influence on the overall rating:

L [1& v
AEfys = 15;(AE,) . (4)

In order to avoid negative values of the score, a nonlinear conversion to a 0—-100 rating scaleis

used in the CQS metric:
CQS =10In{exp[10 - 0.301 AEzys | +1} (5)

where 0.301 is the scaling factor selected such that that the average CQS score for a standard set of
fluorescent lamp spectrais equal to the average general CRI for the same set of lamps.
One more improvement of the CQS metric in respect of CRI is the derating of light sources

with very low and very high CCTs (below 3500 K and above 6500 K, respectively) in order to take



into account the reduced gamut area of the set of the test colour samples. (However, such a derating
is ambiguous, since some individuals exhibit the effect of colour constancy that compensates the
reduction of the gamut area[35].)

Despite the regard to colour saturation preferences, the CQS metric is unable to completely
distinguish between light sources that have different ability in saturating object colours. For
instance, a source that renders the colour of ajth sample with increased chroma (AC; > 0) can have
the same CQS score as another source that renders the colour of the same sample without increased
(AC; =0). Another drawback of CQS is still a relatively low number of test colour samples
comparing to the actual number of object colours distinguished by human vision.

The former drawback of the CQS metric can be mitigated in the same way as in the case of
CRI, i.e. by the supplementing the CQS score by an appropriate gamut-area-based figure of merit.
By anaogy with GAI, which is the supplement to CRI, arelative change in the area of the polygon
defined by the coordinates of the 15 CQS test colour samples in the a*—b* plane of the CIELAB
colour space can be employed. Such a relative change (designated here as the gamut area scale,
GAS) has been aready used for the optimization of SPDs of tetrachromatic LED-based light
sources [23]. In order to completely match GAS with CQS, derating of the sources with extreme
values of CCT can be applied [34] instead of using a single reference source asin GAI. It isto be
noted that GAS has the same limitations as GAl due to the compensation of positive and negative

shiftsin chromaof different test colour samples (see figure 2).

2.3. Satistical approach to colour rendition

One of the main shortcomings of the CRI metric, a small number of test colour samples, is still
present in CQS and is difficult to avoid when an averaging of the colour shifts is used. For alarge
number of test samples, several alternative approaches can be applied. For instance, a large number

of test colour samples can be subjectively sorted into several categories basing on colour names.



The results of sorting for a tested lamp can be compared in respect of a reference illuminant and
quantified by appropriate indices corresponding to various colour rendition characteristics. Several
metrics of such categorical colour rendering have been proposed [36,37]. Another example of a
large-sample-number approach is graphical analysis of a set of CRVs [26,31]. An advanced
approach is the computational sorting of the CRVs to several groups depending on the type of
colour distortion and statistical analysis of the sorting results [38].

A dtatistical approach introduced in Ref. 38 relies on several basic principles. First, it avoids
using colour spaces, which in fact are non-ideal analytical approximations of perceptually uniform
colour space. Instead, the behaviour of the CRVsis analysed in respect of the colour-discrimination
shapes, which are built basing on the experimental data on just perceivable colour and luminance
differences estimated individually for each colour test sample. Figure 3 shows such a shape, which
is an dliptical cylinder with the cross-section identical to a triple-sized region of the just
perceivable chromaticity and the half-height equal to three times the just perceivable luminance
difference. The regions of the just perceivable chromaticity are the interpolated MacAdam ellipses
[29], which can be presented within any colour space; and the just perceivable luminance difference
is 0.7% [39]. The second principle of the statistical approach isin that a CRV is not continuously
guantified in magnitude and direction, but discretely scored to a particular colour rendition index
depending on its behaviour in respect of the colour-discrimination shape. If the CRV for a test
colour sample dos not escape from the shape, the colour is considered as rendered with high fidelity
(indistinguishably from the reference source) and the sample is scored to colour-fidelity index
(CFI). If the CRV escapes from the shape, the sample is scored to at least one of severa statistical
colour-distortion indices depending on the projections of the vector that exceed the size of the
shape. For instance, when a CRV has an excess projection directed toward increased or decreased
chroma, the sample can be scored to the colour saturation index (CSI) or colour dulling index

(CDI), respectively. Similarly, a CRV with an excess projection directed toward different hue or



along the luminance (vertical) axis can be scored to the hue distortion index (HDI) or luminance
distortion index (LDI). (CDI and LDI are introduced here in addition to CFl, CSI, and HDI defined
in Ref. 38). Each index measured in the percentage of the scored samples quantifies a particular
colour rendition characteristic of a light source within the single statistical format. An extended
statistical representation of colour rendition characteristics of a light source (e.g. behaviour of the
CRVs of particular hues) is a colour quality chart [38], which displays the CRV's scored to different
indices within an appropriate colour space (e.g. CIELAB).

Differently from colour-shift-averaging metrics (CRI and CQS), the magnitudes of the CRVs
are not decisive in the statistical approach, once a very large number of test colour samples is
employed (alarger value of a colour-distortion index implies a higher possibility of the presence of
CRVs with larger respective projections). An appropriate set of test colour samples is the
spectrophotometrically calibrated palette of 1269 Munsell samples [40].

It should be noted that the statistical metric exploits MacAdam ellipses, which have been
originally defined for a constant luminance (~48 cd/m?) [29]; therefore this luminance value is
assigned to all test colour samples irrespectively of their colour lightness. Further development of
the method is required in order to extend the assessment of colour distortions for test colour samples
having particular lightness under conditions of different luminance. (It is to be noted that CRI and
CQS, which use lightness scales, have an opposite drawback in that luminance, which is important
in colour discrimination, is not specified and taken into consideration). Also, subjective validation
of the statistical method needs developing new approaches because of a very large number of test
colour samples used. Finaly, the statistical approach requires solving some genera problems of
colour rendition such as the problems of chromatic adaptation, colour constancy, reference sources,

and colour appearance of the samples with different backgrounds taken into account.



3. Solid-state lamps with different colour rendition properties

Different metrics described in the previous section can be used for assessing colour rendition
properties of light sources. Irrespectively of a metric used, the two basic colour quality
characteristics of lighting, the ability to render surface colours with high fidelity and the ability to
saturate (desaturate) colours, are probably the most important ones for giving subjective preferences
of illumination and for rating light sources in colour rendition quality.

In this section, various solid-state sources of light, as well as their ancestors, fluorescent lamps,
are considered. The sources are rated using the three above approaches, the general CRI in
combination with the relative gamut area for eight standard test samples in the V*U*W* colour
gpace (GAI), CQS in combination with the relative gamut area for 15 test colour samples in the
CIELAB colour space (GAS), and the statistical approach, which rely on McAdams ellipses rather
than on a colour space and employs 1269 test colour samples.

The lamps under consideration are attributed to three conditional groups of, namely, high-
fidelity, colour-saturating, and colour-dulling lamps, respectively. Within each group, we compare
lamps in terms of colour-fidelity indices (R, CQS, and CFl), colour-saturation indices (GAI, GAS,
CSl, and CDI), as well as two additiona statistical indices for hue and luminance distortions (HDI
and LDI, respectively).

Here, versatility of solid-state lighting technology in the control of colour rendition properties
is demonstrated by simulating SPDs of multiwavelength clusters that are composed of standard
coloured and white LEDs. As a model set of commercia LEDs, the Philips Lumileds Lighting
Luxeon® Rebel LED family of 10 typical LEDs [41] that meet the needs of display, signage, and
lighting industry was employed. This family comprise direct-emission royal-blue (452 nm peak
wavelength), blue (469 nm), cyan (512 nm), and green (523 nm) InGaN LEDs; direct-emission
amber (591 nm), red-orange (625 nm), and red (637 nm) AlGalnP LEDs, and InGaN-based pc

amber (589-nm), daylight and warm white LEDs. The SPDs of the LEDs used in the simulation of



multiwavelength lamps were measured at a forward current of 350 mA and at a temperature of the

metal pad of 25° C.

3.1. High-fidelity lamps

We define high-fidelity light sources as those rendering more than half object colours
indistinguishably from reference sources (CFl > 50%) and having low values of statistical indices
that signify increased of decreased saturation and distortions of hue and luminance (CSI CDI, HDI,
and LDI, respectively). Such lamps are able of mimicking sunlight (for high CCTs) or incandescent
(halogen) lamps (for low CCTs) and can be used for illuminating scenes that require extreme
naturalness of colours. The SPDs of high-fidelity lamps have multiple narrow-band components
that tightly cover the visible spectrum. Because of alarge number of components needed, selection
of the components and finding the partial fluxes of those require solving problems of additive
colour mixing through optimization of target functions within multiparametric spaces [20,21,24].

Colour rendition indices of high-fidelity lamps are presented in table 1. Light sources with
CFI > 50% are seen to typically have R, in excess of 90 and CQS scores smaller by several points.
The colour-saturating ability of these lamps is low and the gamut-area indices are very similar
(GAS is around 100% and GAI is around 60% and 100% for CCT of 3000 K and 6500 K,
respectively).

Among conventional light sources, this family is contributed by fluorescent multiband lamps,
which convert UV radiation to visible light with arich spectrum provided by a set of wide-band and
narrow-band phosphors [42]. Typically, such lamps have CFI of about 70%, and the statistical
colour-distortion indices have low values (mostly below 10%).

Fluorescent triphosphor lamps have SPDs that are composed of narrow-band phosphor
emissions due to rare-earths ions [38,43] and therefore are deficient in some spectral components.

Such lamps with R, around 80 and CFI somewhat below 50% can be considered as medium-fidelity



light sources, which are suitable for many applications in general lighting. Statistical indices
(table 1) show that triphosphor lamps aso have low colour saturating ability, but noticeably distort
hues (HDI from 20% to 30%). Besides, a considerable number of test colour samples appear dull
and have distorted luminance. However, CFl is still high to exceed any of distortion-related
statistical indices (CSI, CDI, HDI, and LDI).

Solid-state  lighting technology, which employs direct and/or phosphor-converted
electroluminescence, offers more versatility in designing high-fidelity lamps. For instance for
CCT = 6500 K, 100% CFI can be attained in optimized model multiwavelength sets of coloured
emitters (semiconductor junctions and/or phosphors) with aimost equidistant peak positions, such as
a trichromatic set (456 nm, 550 nm, and 664 nm; 88-nm band width), tetrachromatic set (453 nm,
521 nm, 586 nm, and 652 nm; 51-nm band width), or a pentachromatic set (451 nm, 501 nm,
552 nm, 601 nm, and 653 nm; 30-nm band width) [43,44]. However when the objective function is
afigure of merit based on a small number of test colour samples, the model SPDs are subjected to a
significant variation of the peak positions. For instance, the pentachromatic set of 30-nm
components that is optimized in respect of R, have noticeably shorter peak wavel engths of 444 nm,
487 nm, 530 nm, 572 nm, and 622 nm, respectively, [43] and CFl reduced to 96%. This
demonstrates that maximizing R, can result in minimizing already undistinguishable chromaticity
shifts within the MacAdam ellipses for the eight standard samples and in aloss of fidelity of colour
rendition for alarger number of other samples (about 50 in this case). Same applies to CQS, which
employs only 15 test colour samples.

Of commercia single-chip LEDs, warm white pc LED, which is an InGaN-based LED with
partial conversion of blue el ectroluminescence in two phosphors (yellow and red), can be attributed
to high-fidelity light sources (CFl =61%). This LED amost does not render object colours with

increased saturation and has a modest LDI. The main drawback of this light source is a rather high



portion of dulled colours (CDI = 25%). The overall rating of colour quality of the warm white pc
LED isin between multiband and triphosphor fluorescent lamps.

Practical solid-state lamps with improved colour fidelity can be realized by assembling
commercia direct-emission and phosphor converted LEDs to multiwavelength clusters. Figure 4(a)
shows examples of SPDs for tetrachromatic RAGB clusters composed of standard coloured LEDs.
The selection of the LEDs and adjusting their relative partial fluxes was carried out through the
solution of an optimization problem with CFl used as an objective function. Within the family of
commercial LEDs employed, the highest values of CFl were attained for a tetrachromatic set of red
637-nm, pc amber 589-nm, green 523-nm, and blue 452-nm LEDs (RpcAGB cluster). Of 1269 test
colour samples, high fidelity of colour rendition was obtained for 88% and 77% samples for CCT of
3000 K and 6500 K, respectively. Meanwhile, al statistical colour-distortion indices (CSl, CDI,
HDI, and LDI) dropped to marginal values. It is to be noted that optimization of practical high-
fidelity clusters in respect of R, or CQS usually results in the selection of the same set of LEDs,
since the choice of peak wavelengths is small. For instance, the above tetrachromatic set optimized
in respect of R, (CCT = 3000 K) has partial fluxes of the narrow-band components that differ by
less than 10% from those for maximized CFl and the value of CFl isreduced by only 1%.

High CFls are aso available for clusters, where coloured LEDs complement white phosphor-
converted LEDs thus mitigating deficiency in some spectral components [45]. In order to preserve
the chromaticity of the lamp on the daylight or blackbody locus, at least two coloured LEDs are to
be employed. Figure 4(b) shows SPDs of complementary light sources composed of a warm white
LED and two coloured LEDs. Colour-fidelity characteristics of such sources (tablel) are
considerably higher than those of the solitary warm white LED and are similar to those of
tetrachromatic clusters that comprise a pc amber LED. Typically, values of CFI in excess of 80%

can be attained.



Even higher colour-fidelity of illumination can be provided by complementary lamps
composed of awarm white LED and three coloured LEDs (figure 4(c)). These lamps have CFl well
above 90%. Similar extreme colour-fidelity characteristics are obtained for a pentachromatic cluster
composed of coloured LEDs (figure 4(d)). The latter cluster differs from the above tetrachromatic

onein that the second blue LED (469-nm) is added (RpcAGBB cluster).

3.2. Colour-saturating lamps

Colour-saturating lamps can be defined as those rendering colours of the maor portion of a high
number of test colour samples with increased saturation (CSI >50%). Such lamps can find
applications that require improved colour discrimination and/or increased colourfulness, e.g. in
some work environments, as well as in commercial, entertainment, and architectural lighting.
Colour-saturating lighting is subjectively preferred in respect of high-fidelity lighting in short-term
visual experiments, athough it is a question whether colour-saturating preferences persisted in
general lighting, which implies long-run visual convenience. The SPDs of colour-saturating lamps
basically differ from those of high-fidelity lamps in that the spectrum is void of the component in
the 530-610 nm wavelength range.

Colour rendition indices of colour-saturating lamps are presented in table 2. Basically, such
lamps have reduced colour-fidelity indices and a very low CDI and noticeably distort hue and
luminance of surfaces. This category of lampsis peculiar in that their CQS score is larger than R,
due to the intentional disregard of colour-saturating effect in the CQS metric. Also, one can notice
that the colour saturating effect can be higher at lower CCTs.

Conventiona colour-saturating light source is a neodymium-glass filtered incandescent lamp,
which is known for years [46]. Such lamp renders about 52% of 1269-element Munsell palette with
increased saturation, while still a considerable portion of test colour samples (37%) are rendered

with high fidelity and HDI and LDI have moderate values. It is to be noted that gamut-area indices



(GAI and GAYS) of the lamp do not substantially differ from those of high-fidelity lamps with low
CCT. This indicates on the insensitivity of these indices to colour-saturating properties of some
light sources.

Another example is a colour-saturating source comprising three narrow-band red, green, and
blue emitters [47,48], for instance a lamp known from experiments on visual perception, which
contains 10-nm wide components with the spectral peaks at 630, 530, and 450 nm, respectively
[48]. This RGB lamp has CSI in the range of 70% to 80% depending on CCT and huge gamut-area
indices. However many test colour samples, especialy those with increased saturation, experience
hue and luminance distortions (typically HDI and LDI are around 70%) and colours of very few
samples (< 10%) are rendered with high fidelity. High colour saturating effect can be aso attained
for a dichromatic blend of narrow-band red and green emitters (not shown in table 2). However,
such an RG lamp has even higher HDI (actually, no other hues except red and green are rendered).

Design rules for colour-saturating solid-state |lamps were considered in Ref. 17. Such lamps are
direct-emission-LED RGB clusters that do not cover the spectra region between 530 nm and
610 nm. Provided that this spectral gap is kept unimpaired, the colour-saturating ability of the
clusters is rather insensitive to the peak positions of the LEDs. Severa triads of commercial
coloured LEDs can be employed, for instance, a 637-512-469-nm RCB cluster or a
637-523-452-nm RGB cluster (see table 2 and figure5). Such clusters can have CSI around 70%
and higher, low CFI and high values of HDI and LDI, similarly to the narrow-band RGB emitter.
Because of the absence of the 530-610-nm component, colour-saturating LED clusters have
reduced LER in comparison with other lamps. Again, since the choice of the peak wavelengths of
commercial LEDs is small, maximization of any of the three colour-saturation indices (CSI, GAI or

GAS) can be used for the selection of the RGB components with very similar result.



3.3. Colour-dulling lamps

Some light sources have CDI in excess of 50% and therefore can be designated as colour-dulling
lamps. The general CRI of these lamps is below 80 and currently they are only used in general
lighting applications where no regard to colour quality is paid. (However, a potential for using them
in specific applications, were desaturated colours might be preferred, e.g. for colour vision
relaxation or for some medical or cultural environments, still needs unveiling.) The SPDs of such
lamps must have a component in the 530-610 nm range, which is absent in colour-saturating lamps.
However differently from high- and medium-fidelity lamps, they usually lack the component in the
wavelength range beyond 610 nm and in some cases rely only on a dichromatic yellow-blue (Y B)
system [26].

Colour rendition indices of colour-dulling lamps are presented in table 3. The lamps are seen to
render a modest portion of object colours with high fidelity (CFI <30%) and have R, and CQS score
very similar to those of colour-saturating lamps (however, none of these two indices has advantage
over another one as in the case of colour-saturating lamps). Almost no object colours gain in
chroma (CSlI is close to zero) and HDI and LDI of practical colour-dulling lamps are somewhat
smaller than those of colour-saturating counterparts. Also, higher values of CDI are attained at
lower CCT.

Conventiona colour dulling lamps are dichromatic halophosphate fluorescent lamps. They
have CDI of 50% to 70%.

Table 3 dso displays data for colour-dulling YB lamps composed of 30-nm wide emitters,
which have extremely high CDI, as well as HDI and LDI (no hues other than blue and yellow are
rendered [26]). With increasing bandwidth, the modelled Y B lamps exhibit a decrease in all colour-
distorting statistical indices and an increase in fidelity indices. The colour-dulling effect persists

(CDI > 50%) for the band widths of the components up to 100 nm.



Of practical solid-state light sources, a typical colour-dulling lamp is the two-component
daylight white LED with partial conversion of blue light emitted by the InGaN chip to yellow light
emitted by cerium-doped yttrium-aluminium-garnet (YAG) phosphor. This LED has CDI of 53%
and also makes many test colour samples appear as having distorted hue and luminance.

Colour-dulling lamps can aso be composed of practical coloured LEDs. The highest values of
CDI are obtained for trichnromatic LED clusters containing direct-emission amber, green, and blue
LEDs. Figure 6 shows examples of SPDs for the trichromatic AGB clusters containing standard
coloured LEDs (amber 591-nm, green 523-nm, and blue 452-nm). These clusters have CDI of 51%
and 67% for CCT of 3000 K and 6500 K, respectively. It should be noted that the AGB clusters
have the largest LER of al solid-state lamps due to the absence of the component in the spectral

range beyond 610 nm.

4. Discussion and conclusions

In the following we discuss and summarize the above analysis of different colour quality metrics
and assessment of colour rendition properties of various solid-state lamps.

High values of R, and CQS score (=90) indicate on high colour fidelity of a lamp. However
these two figures of merit, which actually measure either only colour fidelity (CRI) or evaluate colour
fidelity with regard to colour-saturating preferences (CQS), fail to distinguish between lamps that have
different colour-saturating properties (except when used both, the condition CQS > R, indirectly
indicates on the colour-saturating ability). This is the reason for that the CRI and CQS metrics,
which average colour rendition data for a relatively small number of test colour samples, have
limited applicability in solid-state lighting technology, which exploits narrow-band components not
only in high-fidelity lamps, but also in colour-saturating lamps, such as RGB LED clusters. This
drawback can be mitigated by supplementing the CRI and CQS metrics by gamut-area indices, such

as GAIl or GAS, respectively. However because of a poor overlap of the narrow-band components



of the solid-state lamps with the reflection spectra of a small number of test colour samples
involved and compensation of the positive and negative contributions to saturation within the gamut
area, in some cases these gamut-area indices are rather insensitive and even miss the colour-
saturating effect. Also GAI, which is based on a single reference illuminant, is somewhat
inconvenient in that it always has values below 100 for low-CCT lamps, even for those exhibiting a
high colour-saturating effect in respect of ablackbody radiator.

To that end, statistical approach, which is based on sorting a large number of test colour
samples, offers aradically improved assessment of colour quality of lighting. Although our analysis
of various light sources involved a rather large number of statistical indices (five), the statistical
metric can identify the principle colour rendition properties of lamps basing on only two of them,
CFl and CSI. High fidelity lamps have high CFl and low CSI; colour-saturating lamps have low
CFl and high CSI; and colour-dulling lamps have both CFl and CSI low. It also important that
differently from the supplementary CRI/GAI and CQS/GAS metrics, the statistical approach
measures different colour rendition characteristics within a single format, the percentage of test
colour samples rendered in different way. This makes the statistical metric convenient not only in
communication to the end user, but also in trading off different colour rendition characteristics
within a single solid-state lamp, such a “smart” LED cluster with the individual control of the
coloured fluxes.

Colour rendition characteristics of conventional white pc LEDs depend on the number of
phosphors used. Dichromatic InGaN:YAG:Ce*" daylight LED actualy is a colour-dulling lamp,
which can find only limited applications in genera lighting. Warm white trichromatic LED with
partial conversion already renders the mgor portion (~60%) of object colours with high fidelity.
Meanwhile, one can anticipate that pc LEDs with complete conversion within a triphosphor blend

can compete in extreme colour fidelity with multiband fluorescent lamps.



LED clusters offer more versatility in colour rendition engineering. RGB and AGB clusters
composed of narrow-band direct-emission LEDs are the lamps with high colour-saturating and
colour-dulling ability, respectively. Since the narrow-band RAGB LED cluster has rather high
colour-fidelity indices [30,38], colour quality of such a cluster can be traded off between al three
colour-rendition properties (fidelity, saturating, and dulling) by the variation of the partial fluxes of
the coloured LEDs.

LED clusters with extreme colour-fidelity indices require covering the entire spectrum. In
particular, a broad-band 530-610-nm component that prevents from colour saturating and a
component in the wavelength range beyond 610 nm that that prevents from colour dulling are
required. Such clusters can be implemented in several ways by ether complementing white pc LEDs
by two or three direct-emission coloured LEDs or by using a multichip approach based on at |east
four coloured LEDs. In the latter case, broad-band pc coloured LEDs, such as pc amber LED, are
preferred in order to reduce the number of components. An example of such alamp is the RpcAGB
cluster. Provided that the driving circuitry of this cluster allows extinguishing the amber LED and
adjusting the partia fluxes of the rest (RGB) LEDs, illumination with dynamically traded off colour
fidelity and colour saturating can be realized. The development and subjective assessment of such
clusters with a dynamical trade-off between different colour rendition characteristics is a subject of

our future work.
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Figure captions

Figure 1. Colour coordinates of the eight colour test samples used in the CRI metric in the U*—V*
plane of the 1964 CIE colour space. The circles and squares show the coordinates under daylight pc
LED and the reference source (6042 K daylight phase illuminant), respectively. The thin lines
delineate the gamut areas of the two sets of coordinates and the bold lines are the colour shifts used

in the calculation of the colour rendering indices.

Figure 2. Colour coordinates of the 15 colour test samples used in the CQS metric in the a*—b*
plane of the CIELAB colour space. The circles and squares show the coordinates under daylight pc
LED and the reference source (6042 K daylight illuminant), respectively. The thin lines delineate
the gamut areas of the two sets of coordinates and the bold lines are the reduced colour shifts (with

positive increase in chromatic shifts excluded) used in the scoring.

Figure 3. Colour discrimination shape (elliptical cylinder) used in the statistical approach to the
assessment of colour quality of lighting. The cross-section of the cylinder is the three-step

MacAdam €llipse and the half-height is 2% of luminance.

Figure 4. Spectral power distributions of high-fidelity multiwavelength solid-state lamps for correlated
colour temperature of 3000 K (————- ) and 6500K (- --- - ). (&) Red-pc_amber-green-blue LED clusters, (b)
warm white-green-red and warm white-cyan-blue complementary LED clusters, (c) warm white-red-amber-
cyan and warm white-amber-cyan-blue complementary LED clusters, (d) red-pc_amber-green-blue-blue

LED clusters.

Figure 5. Spectral power distributions of colour-saturating multiwavelength solid-state lamps for correlated

colour temperature of 3000 K (————- ) and 6500K (- - - - - ). @ Red-cyan-blue LED clusters, (b) red-green-

blue LED clusters.



Figure 6. Spectral power distributions of colour-dulling amber-green-blue LED clusters for correlated

colour temperature of 3000 K (————— ) and 6500 K (- - - - - )..
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