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Abstract

This paper is concerned with improving the acceptability of LED light sources, since their long life and high efficiency
have contributed to their widespread adoption in many applications. Concerns remain, however, in relation to their
colour properties. The purpose of this paper is therefore to promote discussion of the naturalness concept among the
users, specifiers, and manufacturers of lighting sources and systems, in the hope that this may provide a valid pathway to
the classification of light-source colour properties. An overview is presented of experimental investigations aimed at
establishing visually meaningful metrics for the colour quality of various light sources, predominantly LEDs. All the
cases presented here included colour naturalness as at least one of the dimensions studied, and one has to conclude that
naturalness is a property of great interest to lighting engineers and scientists. Because the majority of naturalness studies
have invoked the use of pre-existing colour quality metrics, the paper also includes an overview of some of the major
such metrics and their features. The paper also identifies two important concerns relating to Naturalness: the need to
agree on an acceptable definition of colour naturalness in lighting; and how to standardize or compare the results of
disparate investigations. Finally, the paper proposes the concept of a colour fidelity continuum, in the ultimate hope of
uniting the various approaches to lighting colour quality.

Keywords:Clean TechnologyLED Lighting; Colour in Lighting; Colour Rendition; Colour Qualifgolour Naturalness.

1. Introduction

The purpose of this paper is to promote discussion of the naturalness concept among the lighting fraternity. As will
become evident, there are two main difficulties in writing about Naturalness in Lighting: First is the problem of a lack
of consensus in the definition of lighting naturalness; next (and this follows from the first) is the wide range of
different approaches adopted in the attempts to achieve subjective evaluations of Naturalness in experimental
conditions.

The concept of Naturalness was thrust to the forefront of the LED lighting community in 2020 when one LED
supplier proposed Spectral Similarity [1] (explained later) as a metric for the naturalness of a light source (i.e. to
classify the capacity of a light source to illuminate coloured surfaces in such a way as to provide the "most natural"
view of the colours). To put this into context: the CIE (International Commission on Illumination), and the lighting
community generally, have for several decades been grappling with the inadequacies of the colour rendering index
(CRI, symbol R g [2]; and a number of alternative, or supplementary, metrics have been proposed in attempts to
provide lighting users with more useful data.
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The widespread availability of LED lighting in the new millennium has been nothing short of revolutionary. The
lumen-per-watt efficacy has climbed to unprecedented levels, while the physical size of the sources has shrunk to sizes
measured in millimetres, making for significant increases in efficiency in luminaire performance. In the realm of
colour, LEDs are providing the source designer with an unparalleled range of narrow-band monochromatic spectra,
which can be combined in ways to create white light sources of widely differing SPDs (spectral power distributions)
with a correspondingly wide range of colour properties. These can be further expanded by developments in the
formulation of phosphor materials which are able to act as wavelength converters, often with wide-band outputs.

Until relatively recently, the only colour specifications available to users were the CCT (correlated colour
temperature) which largely determines the atmosphere created by the lighting, plus the CIE colour rendering index,
R g as a guide to the colour quality of the source. At a time when fluorescent sources first dominated the interior
lighting scene, these two metrics were generally sufficient. However, the CRI was found to be lamentably deficient
when LEDs came onto the general lighting scene. Many LED | a mps wi t kood§ R @vpluess(anddhigly
luminous efficacies) were found to give unacceptable colour performance for users. The CIE and other professional
and standardization bodies have been working on this problem for much of the past two decades.

Because a range of metrics already exists for determining the colour properties of sources (e.g. correlated colour
temperature, colour rendering, colour fidelity, etc.) one approach has been to assess the degree of correlation of
subjective Naturalness with one or more of these existing metrics (or combinations thereof). For this reason, Section 2
of this paper will give an overview of the existing colour indices and their evolution over the past (roughly) six
decades. This subject matter has been included for the benefit of readers unfamiliar with the technology, and it can be

omitted by those who are already conversant with the field. Following this, in Section 3, the question of Naturalness
and some possible naturalness metrics will be explored in detail.

Note that this paper will focus on the performance of light sources in relation to their ability to provide a natural
portrayal of the colours of objects in the scenes they illuminate, and it concentrates largely on LED-type sources. It
will not consider the specific effects of variations in the CCT of sources (as it is hoped ultimately to discover a
Naturalness metric that will apply independently of CCT) and the concept of dynamic lighting *is excluded.

2. Sources, Surfacesand Colour Metrics
2.1 A Short Case Study

One may question why there is any need for colour rendition metrics — i.e. the quantities like R ¢ Q f, R £ R g etc.,
as devised by CIE, NIST (National Institute of Standards and Technology, USA.), IES (Illuminating Engineering
Society of North America), and others, and outlined in the following section. They are necessary because of the human
visual attribute of metamerism which, in the lighting context, means that light sources can look the same even though
their spectral compositions may be very different. Figure 1(a) shows two sources with the same CCT (4000 K), and
hence the same colour appearance, but clearly different SPDs. Figure 1(b) illustrates the general principle that the light
reflected off any surface depends on both the source SPD and the spectral reflectance of the surface.

NB: This pair of SPDs has been chosen randomly from an available set of real source spectra # with CCT of 4000 K
(which is a widely-used CCT in commercial and educational lighting installations).
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Figure 1. (a) Two example metameric spectra, Fluorescent source and LED combination, together with the surface reflectance
spectrum of a S mlustrdtingghatihe réfiectefl Hgiht depgnds on boththe surface and source spectra

Figure 2(a) illustrates the appeatarof a typical Smurf manikirnThe spectral reflectance curve plotted in Figure

l1(a) was obtained fr 8kim mBmetetalfdt We note that different apectraf confpositions
of sources inevitably lead to differences in appearance of the coloured surfaces being illusénatdegure 2 (b)

which shows the two ¢ u-lightSRDs,frespectie inder tRentwor4@00 Kasirees definede t e d
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in Figure 1(a)When evaluated in the CIELAB colour space, these two results have a colour diffaignpef 4.5
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1 -
U
I 1 = — Fluo Refl
X
£ P LED Ref
ERX: =
O ]
(;.{ "u' !
5 0.6 l‘ "
g Il |
o ] 77 ’\\
@ l"l ! ! /o
° 04 Il'l |l ', l \\ ! ||
g ° A R
T ’ = \
S % A | AN} Y l \ "\‘\
z 0.2 ‘ I , N A A e \
@ N Pe===X
)| v\
, ! " ~N
) s~ S—e— A
O / "I T T T T T T ‘~|~~---'--_--l
380 420 460 500 540 580 620 660 700 740 780
(b) Wavelength (nm)

Figure 2. (a) Image of a typical Smurf figurine; (b) Spectra of the reflected light from a Smurf body illuminated,
respectively, by each of the two 400B sources: Fluorescent: long dasht. ED combination: short dash

Note that a similar procedure can be appliedtpraumber of different surface colours, leading to an arraikpf,
results. The questions that may then arise are along the lines of: Whichgiwascthe more accurate colo®r®r the

more pleasing colours ?; or the more natural colours.? It iattempts to answer these types of questions that have
led to the development of the various systems of colour rendition evaluation reviewed below.

2.2 The Colour Fidelity Principle

Before studying the development of different colour rendition systems, itbmayeneficial first to extend the
preceding case study by looking into the general principle of colour fideétyus assume that the body colour of the
Smurf is a colour of interest in terms of a colour fidelity investigation related to the two salefiesd in the
previous section. To establish the fidelity of each source, one undertakes the two comparisons illustrated in Figure 3.
In each instance one finds the reflected SPDs for the test source (fluorescent and LED respectively) for comparison

with the reflected SPD obtained when using a reference source (defined here as a Planckian radiator having the same
CCT as each test source in turthe results of which are as shown in Figure 3.
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Figure 3. SPDs of reflected light from the lody of the Smurf figurine: (a) Comparing the results of the 4000 K Fluorescent
source and 4000 K Planckian radiator; (b) Comparing the results of the 4000 K LE2ombination source and 4000 K
Planckian radiator.

One would generally wish to quantify thesults by use of an accepted form of colour difference calculation; as an
example, the colour difference in the CIELAB colour space. For the comparisons illustrated here: (a) for the
fluorescent sourcesE, yr, 3 & 1.3 6;3and (b) for the LED sourcdE, 4, rp= 5.7 8.3The conclusion is that, for
this particular surface colour, the fluorescent source gives the higher fidelity (based on the smaller colour difference).
In terms of ageneralcolour fidelity index orgeneralcolour rendering index, it isonsidered necessary to incorporate
as many test colours as is conveniently possible, and to find ways of averaging the results. The colour difference
calculations should be carried out using the most widely accepted algorithms available at the time.

2.3 Colour Rendition and Colour Quality

We come now to an examination of major systems of colour evaluation currently in existence; and begin with the
CIE Colour Rendering IndeXWe note that the causes and effects of the problems with theR@Bave been
discussed in a paper by Van Trigt [5]. In spite of the criticisms it has recdiveid,still the internationally accepted
metric for colour rendering [2], and it 1is inclRaded he
involves: (a) the identification of the test source; (b) selection of the appropriate reference illliwirtaet same
CCT,; (c) calculating the colour of a selected test colour sample under each of the sources, using a chromatic
adaptation transform teorrect for differences between the test source and reference source; (d) calculating the
difference between the two resulting sample colours; (e) repeating steps (c) and (d) for the 14 defined CIE test colours;
(f) calculating the mean colour differenf the first 8 CIE test colouis(g) scaling the result (f) by a set constant,
and then subtracting from 100 to yield the value of Ra.

* In the CIE system, the reference is the Planckian radiator for CCTs below 5000 K, and far BAUDsK it is to be one of the CIE daylight illuminants.

* The remaining six test colours provide additional information; e.g. test colour 9 (a red) gives a rating R9 that hasbegnwids ed as an indicator
rendition performance.
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An updated method for estimating the colour quality of a source was published by NIST [6] and is known as the
CQS (cobur quality scale). It was also based on a colour difference approach, using the CIE definition of reference
illuminant, but with 15 newRhdefined test colours, and using more-taglate colour difference and adaptation
calculations, as well as more sopitiated mathematical procedures to produce the final results, which are given in
three main formsQ a(general quality index)Q f(fidelity index) andQ p(preference index, which is not included in
version 9 of the CQS). A colour gamut ind@xgis also defined. Another more modern approach, known as3tM
15, was published by the IES [7], again using a colour difference method but with a modified definition of the CIE
reference illuminarit and using a new set of 99 test colours. It included nearaes in colour difference, chromatic
adaptation, and averaging computations, to yield two main outRufécolour fidelity index) andR g(gamut area
index).

In 2017 the CIE adopted their own colour fidelity ind@x[8], a modified version of théES R f but using the
same basic calculations that were built into the IES system. The IES has more recently publiS@:d8T sl revised
version of the 2015 method, harmonizing th¢calculation with the CIE. A useful set of slides outlining theitaaf
the TM-30 methods, and providing comparisons with the @ lEmethod, is available online [9]. Meanwhile, there
have been many other efforts over the past two decades to find or refine these and other metrics that may have the
potential to serve ameasures of colour quality (also including Naturalness) which are summarized in [4]. One of
these, often referred to as the MCRI (memory colour rendering index) is singled out for mention here, and explained in
detail by Smet & Hanselaer [10]. The metnas based on the assumption that the colour rendition or colour quality of
a light source improves when the colours of familiar objects are rendered more closely to what is expected or recalled.
The method made use of ten test colours, being the colouen afieltknown objects. After first computing their
colours under the test source, the corresponding colour values under CIE illuminant D65 can be evaluated by use of a
chromatic adaptation transform and then converted to the IPT colour space [11].gfée diesimilarity of each
object’s chromaticity to the respective memory colour
yield indexS gqthen finally rescaling the valuestogiveindexii n t he 0 ... 100 range.

Table 1 is an illatration of the results achieved using several of the abovementioned systems to evaluate the two
source SPDs defined in the earlier case $tudy average, the fidelity of the LED source is 20 units worse than the
Fluorescent. In terms of gamut area, bsthirces score close to 100 and there is thus little to choose between them
without further detail. Notice, however, that in terms of the memory colour index, there is only a 7 unit difference in
favour of Fluorescent. This apparent discrepancy warramtsefustudy, and this leads on to the investigation of
Naturalness as a pealt emppradc imettironc offort tehedi“f ferences b
colour properties.

Table 1 Some of the colour properties of the two randomly set¢ed sources used in the earlier case study

) Fidelity Metrics Gamut Memory
Light Sources (4000 K)
CIERa NISTQf IESRf IESRg SmetRm
Fluorescent 96 95 95 102 91
Combo LED 77 73 76 96 84

3. Evidencefor Colour Naturalness

In the lighting worldthere does not appear to have been any great interest in the concept of Naturalness prior to
about 2010. Such interest was clearly being driven during the preceding decade by the rapid adoption of LED light
sources and studies of their colour properties.

3.1 Naturalness in Imaging

During the 1990s there had already been research undertaken into the naturalness of electronie images
specifically in respect of the capture and display of images of natural scenes [EXfE3|ments were carried out by
Ridderet al. (1995) using colour monitors displaying natwsdene images which were rated by up to 21 observers.
The scenes were shown in several different experiments with and without variations of chroma, hue, saturation or
lightness; and the viewers were askedate the image qualitpaturalness and colourfulne§se instructions given

to the subjects included definitions of these three in
of correspondence between the reproduced imageeafityri.e.t he ori ginal scene as it 1is
A significant finding was that “qualitatively optimal?”

most natural. Apparently, the subjective preference in quality vesethitoward more colourful images even though
the subjects realised that these images were less Riinkalg. It will become clear below that generally similar

* Forsources with a CCT of 4000 K or less, the reference is a Planckian radiator at the same CCT. At 5000 K or above, thdluef@rantis from the CIE D Series.
Between 4000 K and 5000 K, the reference illuminant is a proportional blend of Plarszkition and the D Series illuminant, each at the specified CCT.

* These results are specific to the particular SPDs selected. They have been included in order to give the reader am afpiteeiatders of magnitudes of the
quantities of interest. ey are not representative of either fluorescent sources or LED sources in general.
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findings seem to apply when assessing coloured objects viewed under different light smdadbst care must be
taken not to confuse “naturalness” with “qualitatively
3.2 Naturalness in Lighting

This study has been based on a search for published work on actual experimentation that has included assessments
by human observers of coloNaturalness in varigs test situations, and Tablggvides a concise summary of these
works. At least ten research groups have been active over the past dozen or so years in researching the colour quality

properties of light. Here (impproximatechronobgical sequence) are highlighted a number of those groups whose
results are based on visual evaluations of quality factors including Naturalness.

Table 2. Published data on lighting Colour Quality: Visual Assessments including Naturalness

Year Ref. No. Test sources Test setup Reference CCTs Lux level Observer Observations recorded
source(s) (K) Nos.
) Attractiveness
2009 JOS‘BO['iZ]ardEt al 12 LED 2light booths Te“nr?glfltf;escer gggg ggg 40 Naturalness
gen; Suitability
Naturalness
JostBoissardet al 1 Fluorescent 3-booth setup using 2 Lighting pairs 3000 230 45 Colourfulness
2015 7 LED . -
[15] atime evaluated 4000 210 36 Visual preference
1 Halogen .
Colour difference
1 Halogen S
f . Preference; Fidelity
2010  Smetet al.[16] 1 Neodymium 2-booth setup, with - 2750 250 92 Vividness
1 Fluorescent sequential viewing Naturalness: Attractivenes
3 LED combos ! b
2011 Smetet al.[17] Ditto Ditto - 2700  Ditto Ditto Spearman correlation
analysis
2012 Smet [4] Ditto Shared dataith the B Ditto Ditto Ditto Re-analysis of thfe data frol
above the two preceding papers
. . - T Naturalness
2012 Nascimento & D65 and simulated Video projection in dar D65 6500 20 &4 6 Preference
Masuda[18] metamers room. 4 S .
Chromatic diversity
21 LED 2700 Naturalness
2013 Islamet al.[19] Light booths Fluorescent sources 4000 - 60 Visual appearance
3 Fluorescent
6500 Colourfulness
2013 Dangolet al.[20] ditto Shared data with the ditto ditto B ditto Shared observations witf
above the above
Immersion using 2 Preference
6 LED SPDs . . ) 4000 300 Naturalness of objects
2015 Dangolet al.[21] > Fluorescent identical office mock - 6500 500 40 Colourfulness
ups
Naturalness of hand
2017 Bhusal& Dangol B Reviewed Islanet al. B B B Re-analysis of previous da
[22] [19], Dangolet al.[20, 21] from the 3 above papers
1 Halogen; 2300 Preference
2 Fluorescent Immersion in office 2700
2017 Khanh et al.[23] 2 Phosphor mockup None 4000 470 38 l\:}a}\tlliJcr‘ilgsesss
converted LED 4100
2017 Khanh et al.[24] 7 LED Single light booth None 3220 - 23 Preference; Nauralness
Vividness
. . . « . Preference
i NMASGON 7ssectilfDSTD: Comelmoesn - wmm so [ KEST awnes
9 9 observ Vividness
3100
10 (or 9) Preference
2018 Khanh et al.[26] 36 LEDcé[_)resctra at4 Immersion in a room - 151(1)88 750 “Respoi Naturalness
observ Vividness
5600
26 SPDs (mixtures of Lo . SaturatedDull;
2017  Royer et al[27] 7 LEDs) Immersion in a room Planckian 3500 215 28 Normal: Shifted
Esposito& Housel 24 SPDs with various . - Prior adaptation to 40 total N"‘.“.”a'“ess
2019 .~ Single viewing booth 3500 650 (20 for each Vividness
[28] IES TM-30 properties each scene
spectrum) Preference
2700 Normalness
2020  Royeret al.[29] 90 SPDs Immersion inaroom F1of adaptationto 54, 310 25 Saturation
each scene Preference
3500 i~
Acceptability
NOTE<X %ignifies feature(s) not specifically identified

JostBoissard et al[14] reported on experiments with 12 different LED spectra at approx. 225 lux and CCTs of
3050 and 3950 kelvins, using simultaneous viewing of 2 light booths by a total of 40 observers (at different times).
Naturalness and CQS were found to correlate witirelation a coefficient of about 0.8 (CCT dependent). The
aut hor s

comment

t hat

“One
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expect.” This appears to be a r ec uere athogghmany ofthe authorst h e 1
glided over this problem. In a later piece of work by -Raissard et al[15], using a range of different light sources at

approx. 220 lux and CCTs of 3000 K and 4000 K, the results from 36+ observers indicated thHatzbathQ a

correspond to visual Naturalness with>088 Thi s led to t hefiddity scare does noth a t «“
necessarily mean a natural rendition since it is based on comparison to a reference illuminant which itself may not be
considered a3 he mo st natural?”. Thi s acut e observation has
Significant correlations with other metrics (including MCRI and CQS quantities) are also given in the paper.

Smet et al[16] used six different sources (incind three LED combinations) at 250 lux and 2750 K, inrkzoath
setup viewed by a total of 92 observers who were asked to evaluate the sources for Preference, Fidelity, Vividness,
Naturalness and Attractiveness. Naturalness was found to correlate cldkely afor, MCRI), Ra, andQ a(all with
Pearson correlation coefficients> 0.8 §. As a justification fortheuse6fg t hey comment t hat “Co
‘wrong’ when they are mnot what we e xp e tstatistical appreachta o b e’
examine thirteen metrics, led to Spearman correlation results for Natur@nesmsdQ f(r > 0.6 §; Sa(r = 0.4 J.

Nascimento & Masud@012)[18] used a projection system ont@4n by 2m screen viewed at ar distance,
with an average luminance of 20d 7 tmdisplay images of natural scenes. The scenes were lit by D65 and a number
of D65 metamers. Observers had to select which illuminant was optimal in temasudlness, individual preference,
and chromatic diversityrorthe naturalness assessment, the observers were instructed to select which illuminant made
the coloursof objects appear as natural as possible;d t he mai n f.ithedllumnant selected wals a t
more spectrally structured than daylightand d a 1 ow color rendering index.” T
noted elsewhere that reference illuminants (of which D65 is one) do not necessarily provide the best perceived
naturalness.

Islam et al[19] and Dangol et a[20] describe an inveigiation based on 21 LED sources and 3 fluorescent lamps
at 2700, 4000 and 6500 kelvins, to determine visual ob
appearance of the lit environment, andd@ofulness of the Macbeth Coldn€ckerC h a Tth’i s wr i ter > s e X @
of their data showed that the average Naturalness response correlat@dpaitthQ g(r> scores between 0.4 and 0.7
for the various sources at the different CCTs). Correlatidns¢ore) with the mean value @fpard Q ghas been
calculated as 0.28 at27@0and > 0. 75 for 4000 K and 6500 legredicide t her
formula (Equation lwhich, based on this analysis, appears to be valid for CCT >K700

COna=5(Q+ Q) (1)
whereCQy , yepresents the average Naturalreesslefired in[19].

Dangol et al (2015) [21] described studies of user acceptance of LED office lighting in terms of subjective
evaluations of Preference, Naturalness and Colourfulnestertaken by 40 observers. The method involved total
immersion in mockup offices lit in turn with six LED and two Fluorescent sources at either 4000 or 6500 K and either
300 or 500 lux. The subjective preferences for the lit environment were bettamexipbyQ pplus Q gthan by the
other metricsised Bhusal & Dangol [22] conducted a new analysis of the I€aal.[19] and Dangokt al.[20] data,
which showed a “modernna=tod JofdNaturainess with ™MBORg ( Spe ar ma n

Khanh et al[23] used 5 different sources (including two LED types) viewed by 38 observers in aupadfice,
at 470 lux and CCTs between 2300 and 4100 kelvins, to scale Colour preference, Naturalness and Vividness for
comparison against a total of 14 colour qualitetrics. In one of the clearest instances of specific guidance for the

observers, Naturalness was defined as “Subjective exte
(e.g. arose) is under the current light source compared tdebhkdolour appearance in your memory in the way you
reme mber t hat object.” This may help explain tRme rela

(r? = 0.7 }in their results.

Seven multiLED spectra (all withR a= 9 § at 3220 K were evaated by 23 observers using a single light booth
[24]. Khanh et al. (2017 and 201@haly®d the merged data sewhich made several proposals for a prediction
formula for the Naturalness colour quality of any soy&3 24] of which one of the simple& included here as our
Equation 2with 2 of 0.64:

CQna=MC R+0.0 0 0 0 OF+ 0.0 8(D,) )

In a study of reddish cosmetic products, presented in a single viewing booth, using ZEBu#pectra at 3200 K
and 550 lux, Khanh & Bodrogi [25] showed a high correlation of Naturalness with-slame indiceQp and MCRI
Rm(r? =0.8 8nbothcasesfi x “responsive observers” provided the su

Khanh et al[26] describe assessmentssoibjectivecolour preference, naturalness and vividness of two different
colourful still life arrangements viewed in a real room. Coloured objecis Weminated by a fouchannel LED light
engine with 36 diffenet spectra at four CCTs (3168600 K) and 750 lux. Analysis of the results showed a significant
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dependence of the subjective judgments on the correlated colour temperature. The authors pigitoss design
approach based on, first, the selection of the desired CCT, and then the application of a colour quality formula with
specific coefficients applicable to that CCT, to find a measure of the Naturalness q@glity There are tablesf
coefficients to be used for the specific qualities (Preference, Naturalness, Vividness) at each of the four CCTs
investigated. This paper goes a long way to demonstrating the complexity of finding a universal definition for a source
colour naturalnessetric.

Royer et al[27] used 26 different LED spectra at 3500 K and 215 lux and a total of 28 observers who were asked
t o provide a range of s notmalresdt i (vweh ircehs piosns taken nhétndin
Naturalness) and whichisgx es sed on a scale of 1 to 8, with a “17
combinations of TM30 metrics were investigated, and a proposed formula for Normalness-fwitt0.8 3 is given
in Equation 3

Nor mal n®357%0.0 6(® /-3.7 6R c,k1) )
where R ¢, k1 is the red chroma shift in the T-BD system.

The authors also ma.deg utihdea nscter onwg tphariensth otlhdast der i ved f
not be indiscriminately applied to other contéxts [ 2 7 ] . Such a caveat almost cert
cited in this section, and this needs to be borne in mind.

Esposito & Houser [28] investigated 24 SPDs with CCT of 3500 K and illumindr&®0dux having various TM
30 R f R gand gamushape properties. In each case the lighting was assessed by 20 observers viewing a coloured
scene in a single display booth containing 12 familiar (natural and manufactured) products; and they were asked to
evaluate the colour qualities of Natimess, Vividness and Preference. In terms of Naturalness, a best fit with the
viewer observations in this experiment (with= 0.9 } was given by the model in Equation 4:

Natur a* hde640.0 2 6(R4+0.1 8@ c,hl)-1 # (R%c sh1)-0.0 5 3QPB+0.0 0 0 R R p) 4
where is a specified gamllipse property, and the remaining terms are as defined H3C-I/B.

An experimental validation of colour rendition specification criteria based on ANSI/IESGM was published
by Royer et al[29]. 25 observers were asked to rate 90 SPDs at three CCTs (2700 K, 3100 K, 3500 K) and 310 lux in
terms of Normalness, Saturation, Preference and Acceptability. Viewing was carried out by full immersion in a test
room. Theprimary purpose of the experiment was to explore the performance of a previously propieseskBof
colour specification criteria intended for the guidance of lighting designers and users. Of interest in the present context
is the data listed in Tabl& of that paper, which permits the subjective results to be compared against the calculations
of TM-30-18 parameters for each SPD group; and a new analysis of the data by the present author showed that
Normalness an® fhave a linear relationship{ = 0.6 0)5Their Table 4 shows? = 0.8 3for the prediction of
mean Normalness, but it is not clear which model was [&#d

3.3 Spectral Similarity

The idea of spectral similarity as a measure of Naturalness was mentioned at the beginning of this paper. The
proposal, published by Bridgelux Inc. [1], defined the ASD (average spectral difference) in the followirig terind h e
ASD value, expressedasap cent age, always compares a test source
reference source is determined by use of the3DWeferencga o ur ce met hodol ogy. FThe t wc
normalized so that they ar eTheabsalpte values bfdhe difierencds betweein ¢thé b 1 e
two SPDs are sampled at 1 nm intervals from #2690nm. These values are averaged (arithmetic mean) and the
result converted to a percentage to give the ASD. It will be evident that the ASD shoutd tee aehieve the highest
possible Naturalness in this approach.

There does not appear to have been any controlled visual experimentation to verify this quantity as a Naturalness
metric.An online article has discussed several criticisms of the ASDydimg the following30]:

e“While spectral similarity is easily defined and (
information, which is perhaps the reason no previous spectral similarity metric has gained traction in the lighting
community.?”

e Anumberofpas e xper i me nt s spectral similarityoneasures like ASD ‘are not well correlated

bl

with people’s descriptions of the naturalness of a 1

Figure 4 is included here as a demonstration of the ASD method whichaodified to permit the use of the two
previouslydefined test sources (from the earlier case study) witm3ncrements in their SPDs. The spectra were all
normalized to unity at 555 nm, although no explicit definition of the normalization wavelengtfowa in [1].

* Direct quotes in this paragraph are from [1] and the remainder is paraphrased from the same source.
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Using a modified Bridgelux calculation (with 5 nm increments in SPDs), the Average Spectral Differences compared with the
Planckin reference are: Fluorescent: ASD = 27.3 %, LED combinath®D = 42.3%.

Figure 4. SPDs of the two 4000 K test sources discussed previously, together with4000K Planckian reference to
illustrate the spectral similarity approach
3.4. Summary of Metrics

This paper has presented a concise selection of relevant visual research datadpobésheughly the past
decade. It is not claimed to be exhaustive, and the author acknowledges that contributions have been made by many
research groups in this period/here it has been possible to pinpoint specific standalone metrics that correlate with
Naturalness, these are included in Table 3 along with their coefficients of determination.

Table 3. Summary of potential Colour Naturalness metrics with quoted (or deduced) values fa?

Year CERa MCRISa MCRIRm CQSQa CQSQf CQSQp CQSQg TM-3018Rf
2010 0.77 0.76 0.74

2013 > 0.5 > 0.4

2015 > 0.8 > 0.3 > 0.¢ > 0.8 > 0.6

2017 0.72

2018 0.88 0.88

2020 0.61

Notes: Data are extracted from the references discussed in 3.2 and Table 2, and are identified by year so as to trgekabeobimeedifferent fidelity metrics.

r2 = coefficient of determination (where= Pearson correlation coefficient) correct to 2 decipiates.

MCRI Rm results have been interpreted from the relevant papers’ contents .
Normalness (where used) has been interpreted as equivalent to Naturalness.

In addition tothesemetrics, there haveden the proposals for Naturalness predictiomfdae, as in Equations 1 to
4. Some performance data for the different suggested formulae are presented in Table 4.

Table 4. Summary of potential Colour Naturalness formulae with quoted (or deduced) values fa?

Year Eq. (1) Eqg. (2) Eq. (3) Eq. (4)
2013 0.61

2017 0.64 0.83

2019 0.92

Notes:Data are extracted from the references discussed in 3.2 and Table 2, idedtified by year so as to
track the emergence of the different fidelity metrics.

12 = coefficient of determination (where= Pearson correlation coefficient) correct to 2 decimal places.
Normalness (where used) has been interpreted as equivalentitalNess.
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It should be noted that the correlation statistics given in Tables 3 and 4 have been extracted (or directly deduced)
from the references listed in Table 2. As such, they are specific to the experimental conditions established by each
research grup, and are not directly comparable to one another. Thus, a major purpose of this paper is to make a plea
for greater standardization of the research efforts in this field.

3.5. Application to Specific SPDs

Let us again, purely as an illustrative exercise, consider the two randomly selected SPDs introduced in the earlier
case study, and view the results when the various metrics and formulae are applied to them. A number of these were
given in Table 1, and Téb 5 lists some additional results to explain the computation optédiction formulae
(Equationsl to 4). It is notable that the relatively low fidelity of the LED source goes fiasiind with its poor
performance in the rendition of colours with sgaed contentyiz. in the CIE system itR9=-16, and in TM30-18
its redbin valueR ¢, k1 =-1 5

Table 5. Additional results for the Fluorescent lamp and LED combination used in the case study

Category Metric Fluorescent Lamp LED Combination
CIE-CRI R9 95 -16
102 93
NIST-CQS V7.5 Q9
Qp 98 77
Rcs,hl -1 -15
IES-TM-30-18
Es p o st 28] s -80° -70°
Equation Number  Expected Range
Prediction Formulae Eq.(1) o .. 10 100 85
*Notes for Eq. 4 Eq.(2) 0 ... 10 99.6 90.8
(). It is nonlinear
(i)). We estimated¥ values (tat 2°) Ea.G) 8 1 6.58 >>8
Eq.(4)* - -11.9 <<-100

We note that Equations 3 andmvére derived for weltlefined experimental conditions that included light sources
of CCT = 3500 K in both cases, while the two sources of our case study both have a nominal CCT = 4000 K. The LED
combination is a particularly poor performer for red surdageobably explaining the cof-range results it gives for
these two equation3.he reader should note that the two example SPDs (as used above) were randomly selected from
samples used in an earlier study [4]. They are not intended to be represesftdtiee respective classes (either
fluorescent or LED). They are included for the sole purpose of illustrating the uses (and possible merits) of the metrics
under discussion.

4. Discussion

In terms of the colour properties of lighting, and the methodshigir measurement and classification, we have
been on a journey of gradual discovery and development over roughly the last seventy years. At each stage of the
process the overarching influence was t he hatdmpdrtant i ng o
factors were the power of the available computing resources at a given time, plus the continuously unfolding
knowledge of colour science and colour modelling.

PostWW 1, in the period (the 1950s1960s) when fluorescent tubes were firsneileployed in large numbers,
with new CCTs and spectral compositions that were a complete change from the preldotisignt incandescent
filament lamps, the necessity for a colour rendition metric became unavoidable. Calculations were kept as simple as
possible, to permitthe use of haoch e r at ed calculators or the (later) alt
computers using software such as Fortran.

After a number of abortive early attempts to design a colour rendition metric using spentprisons and
spectralband methods (e.g. [31]) the CIE colour rendering index) emerged in 1965 as the most rational and
meaningful metric- being based on real psycpbysical data and the best availabldi®iensional colour model at the
time. It was updated in 1974 to include the effects of chromatic adaptation, and in 1995 [2] to include a number of
(mainly editorial) corrections.

The CRI continued its broad acceptance, with small modifications, through the period of the development of high
intengty discharge lighting and tphosphor fluorescent lamps (roughly the 1970s2@0%).However, its credibility
began to suffer later in that period as suspicions grew-ofsd 1 ed “gaming” in which the
purely onR aoptimization— at the expense, at times, of the actual visual effects of the light source.
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These events, together with advances in computing and in the science of colour perception, provided the catalysts
for the development of the newer approaches to colour ren@@iBh— as outlined earlier in this paper. The greatest
impetus, however, was provided by the development of-iniggmsity LEDs and their marketing as higfficiency,
long-life light sources. Unfortunately, early spectral designs were able to meeetheuthent CRI criteria while still
giving unacceptably poor visual effeethience the urgent need for alternative metrics.

The range of ideas contained within this paper leads one to suggest the coacdfitielity Continuurti  ( Fi gur e
5) in which we mg h t express Nat uMisaal Ridelity’s- taking it beyondyepisting didelity ‘metrics
such ask ¢Q fR fetc.

Purely PsychePhysical(CIE colour matching & colour appearance Colour Memory Visually
Physical modelling) Prediction Based
ASDetc. Spectral Ra of Rf Rm R(n @)@

) Bands

Figure 5. lllustrating the concept of the Fidelity Continuum

5. Conclusions

It seems safe to say that the preceding content clearly demonstrates a strong interest in the naturalness concept
among the members of the lighting community. That is not to say that the findings (in terms of the metrics and
predictive equations discussed) can be regarded as definitive. Rather, they are pointers towards possible future
approaches, and are indicativieaoneed for a measure of staralaation in research effort$here would seem to be
threeessential steps to enable progress in this field, which needs to be underpinned by further visual research:

1. Agreement on a definition for Naturalness in lighting;
2.Creation of a database of SPDs with their corresponding colour Naturalness gradings.
3. Encouragement for collaboration and standardization wherever possible.

In terms of step 1, it has already been noted that Khanh[@Bhbrovided a definition as an aid to their observer
panel, and this would appear to have much to recommend it. Also, as noted PariRidder et al[12] made a
similar definition with respect to the assessment of colour naturalness in imagetheh suggestion from outside the
field of illumination has been put forward by Goodmag][as part of a project on the feasibility of the measurement
of naturalness, and which states that Nat uived&sbeirgs 1 s :
natural, i.e. perceived as being derived from nature.
given in the first paragraph of the Introductidhe( capacity of a light source to illuminate coloured surfaces inauch
way as to provide the "most natural" view of the colauitspught to be possible to use these concepts to find an
appropriate definition to fit the needs of lighting.

LR}

Steps 2 and 3 will depend on an agreement regarding a satisfactory definition doalidests (step 1) and, in
particular, will depend on the ability of research groups to access the funding to carry out the necessary visual
experimentation. As an interim step towards a research database, it may be possible for the authors mentioned in thi
paper to provide tables of SPDs for the sources they have investigated.
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