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ANSI/IES TM-30-20 ERRATA

If you, as a user of ANSI/IES TM-30-20, believe you have located an error not covered by the following revisions, you
should e-mail your information to Pat McGillicuddy, pmcgillicuddy@ies.org or send a letter to Pat McGillicuddy,
Manager of Standards Development, IES,120 Wall St. 17th Floor, New York, NY 10005.

Please confine your comment to specific typographical errors or misstatements of fact in the document’s text and/or
graphics. Do not attempt revisions of ANSI/IES TM-30-20.

Additions will be posted to this list online as they become available. This errata list was last updated May 7, 2021.

Note: The ANSI/IES TM-30-20 calculation tool files are uploaded to a specific website. The URL is found at the top of the
Table of Contents for ANSI/IES TM-30-20. This standard is available in the IES Webstore, www.ies.org/store.

New text is in red. Deletions are shown with strikethrough-

In Section 3.7.1 Calculation of Color Coordinates, the first paragraph:
3.7.1 Calculation of Color Coordinates

The color coordinates of each CES illuminated by the test source shall be referred to as: CES ; = (J say L by )

where i is an integer between 1 and 99 representing the CESs. Likewise, the color coordinates of each CES illuminated
by the reference illuminant shall be referred to as: E—S—Hfﬁﬁ/—,a-ﬁ’—,b-,ﬂ.#) CES,, = (Jr,,r La', b’ ) The
subsequently described procedure shall be performed twice for all CESs, once using the test source and once using

the reference illuminant. In each respective calculation, the light source is also the adapting condition. It is important
to note that subscripts 7, r, and i are omitted from the equations shown below, which are generalized for both the test
source and reference illuminant, and for all CESs.
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R,280,Ry20 IIII I IIII Figure F-2. Performance of the recommended (shaded) and alternative color rendition
R, >80, Ry2 50 III II specification criteria with regards to rated color preference. Each SPD is arranged

R >90.R.>50 I in order based on the mean rating. Green indicates the SPD meets the specification,
R whereas red yellow indicates the SPD does not meet the specification. Top: Royer and

Class A others. Middle: Zhang and others. Bottom: Esposito and Houser.

In Section F.3.2 Color Vividness:

The Color Vividness specifications were developed using the same three datasets and same procedures as described for
the Color Preference specifications. For all three datasets, mean ratings of color vividness were most strongly correlated
With Resm and Resms (2 = 0.72). Res i was chosen for its practicality and continuity with the color preference specifications.
Rcs,h1 criteria were augmented with criteria for Ry to improve the fit to collected data and prevent narrow optimizations
in the future. Figure F-3 illustrates the performance of the Color Vividness specifications. Because no specifications have
previously been proposed specifically for this design intent, no comparisons are provided.
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Figure F-3. Performance of the recommended specification criteria with regard to rated color preference. Each SPD

is arranged in order based on the mean rating. Green indicates the SPD meets the specification, whereas red yellow
indicates the SPD does not meet the specification. Top: Royer and others. Middle: Zhang and others. Bottom: Esposito
and Houser.
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[In Section F.3.3 Color Fidelity]:

(Note: Replacement Image)

Figure F-5. Performance of the recommended (shaded) and alternative color rendition
specification criteria with regard to rated color preference. Each SPD is arranged in
order based on the mean rating. Green indicates the SPD meets the specification,
whereas red yellow indicates the SPD does not meet the specification. Top: Royer and
others. Middle: Zhang and others. Bottom: Esposito and Houser.

In Section F.3.6 Performance Compared to Prior Specifications Based on CIE 13.3-1995:
F.3.6 Performance Compared to Prior Specifications Based on CIE 13.3-1995
Figure F-9 illustrates the performance of the Color Preference and Color Fidelity specifications (shown with lines)

relative to approximate boundaries for two common specifications based on CIE 13.3-1995: R, (CRI) > 80 with Ry >
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0 (orange) and R, (CRI) = 90 with Ry > 50 (yellow). The latter is shown by color coding the set of theoretical SPDs to
translate from R, and Ry to the axes of Rr and Rcsmi. There is substantial overlap between the criteria using the different
color rendition evaluation methods, which was a consideration during the development of the recommended
specifications of this document. That is, converting to the new color rendition specifications does not require vast
changes in currently available products. It does, however, allow for refinement and differentiation while establishing
targets for future development.

Figure F-9. Comparison of
recommended specifications (lines)
and commonly used specifications
(colored theoretical SPDs).

There are important differences
between common past specifications
and the recommended specifications
of this document. Many theoretical
SPDs meeting specifications using the
combinations of CIE R, and Rsfall outside
any of the recommended specifications.
Of the theoretical SPDs meeting CIE
R, = 80 with Ry > 0, for example, 9%,
37%, and 69% fail to meet the P3, P2,
and P1 specifications, respectively. A
substantial portion of this discrepancy
is due to misalignment between the
previously used measures and the
characteristics found to be important
for the Color Preference design intent.
However, SPDs meeting CIE R, = 80
with Ry > 0 have Rrvalues as low as 41; furthermore, SPDs meeting CIE R, = 90 with Ry > 50 have R values as low as
65. As another illustration, 45% of the SPDs meeting CIE R, > 90 with Ry > 50 fail to meet the F2 specification, which
is conceptually equivalent. The amount is 61% for the commercially available LED set. This is due to the technical
limitations of the CIE 13.3-1995 method, specifically the color samples and color space.?’30-3441 |t is not due to the
scaling factor, which has been adjusted.?* The new criteria effectively prevent the use of SPDs optimized only for the
metric calculation. These examples also illustrate why it is not recommended to simply convert existing specifications
to equivalent measures from ANSI/IES TM-30-18.

The new specifications also address products that would otherwise fail to meet common past specifications due to
a bias against particular shifts.3* For example, theoretical SPDs in the P3, P2, and P1 specifications have CIE R, values
as low as 42, 5t 52, and 61, respectively. CIE Ry values are as low as -173, -118, and -99. The same is true for the F3, F2,
and F1 specifications, where the minimum CIE R, values for the theoretical SPDs are 75, 82, and 91—the gap greatly
reduces as average color fidelity is increased. These discrepancies extend to the experimental datasets, where SPDs
in the P3, P2, and P1 specifications have CIE R, values as low as 47, 60, and 68, respectively.
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DISCLAIMER

IES publications are developed through the consensus standards development process approved by the American
National Standards Institute. This process brings together volunteers representing varied viewpoints and interests to
achieve consensus on lighting recommendations. While the IES administers the process and establishes policies and
procedures to promote fairness in the development of consensus, it makes no guaranty or warranty as to the accuracy
or completeness of any information published herein.

The IES disclaims liability for any injury to persons or property or other damages of any nature whatsoever, whether
special, indirect, consequential or compensatory, directly or indirectly resulting from the publication, use of, or reliance
on this document.

In issuing and making this document available, the IES is not undertaking to render professional or other services for or on
behalf of any person or entity. Nor is the IES undertaking to perform any duty owed by any person or entity to someone
else. Anyone using this document should rely on his or her own independent judgment or, as appropriate, seek the
advice of a competent professional in determining the exercise of reasonable care in any given circumstances.

The IES has no power, nor does it undertake, to police or enforce compliance with the contents of this document.
Nor does the IES list, certify, test or inspect products, designs, or installations for compliance with this document. Any
certification or statement of compliance with the requirements of this document shall not be attributable to the IES and
is solely the responsibility of the certifier or maker of the statement.

AMERICAN NATIONAL STANDARD

Approval of an American National Standard requires verification by ANSI that the requirements for due process,
consensus, and other criteria have been met by the standards developer.

Consensus is established when, in the judgment of the ANSI Board of Standards Review, substantial agreement has been
reached by directly and materially affected interests. Substantial agreement means much more than a simple majority,
but not necessarily unanimity. Consensus requires that all views and objections be considered, and that a concerted
effort be made toward their resolution.

The use of American National Standards is completely voluntary; their existence does not in any respect preclude anyone,
whether that person has approved the standards or not, from manufacturing, marketing, purchasing, or using products,
processes, or procedures not conforming to the standards.

The American National Standards Institute does not develop standards and will in no circumstances give an interpretation
to any American National Standard. Moreover, no person shall have the right or authority to issue an interpretation of an
American National Standard in the name of the American National Standards Institute. Requests for interpretations should
be addressed to the secretariat or sponsor whose name appears on the title page of this standard.

CAUTION NOTICE: This American National Standard may be revised at any time. The procedures of the American National
Standards Institute require that action be taken to reaffirm, revise, or withdraw this standard no later than five years from
the date of approval. Purchasers of American National Standards may receive current information on all standards by
calling or writing the American National Standards Institute.
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Accurately quantifying the color rendition characteristics
of a light source is a complex problem. Color rendition
affects many subjective perceptual attributes of a space,
including naturalness, vividness, preference, normalness,
and visual clarity. Traditionally, there have been distinct
approaches for characterizing color rendition, focusing
on concepts such as color fidelity, color discrimination,
or color preference, and often relying on a single-
number characterization. These approaches vary in
their relationship to any given subjective impression.
Regardless of approach, there is no one metric or
measure that can accurately quantify all subjective
perceptions of color rendition or identify the most
desirable light source for every application."? A precise
and robust method for comprehensively characterizing
color rendition is critical to specifying appropriate light
sources and optimizing spectral characteristics of light
sources.

This Technical Memorandum describes a method for
evaluating light source color rendition that takes an
objective and statistical approach, quantifying both
overall average properties (color fidelity, gamut area)
and hue-specific properties (fidelity, chroma shift, hue
shift) of a light source using numerical and graphical
techniques. It is important to note that it does not
attempt to directly characterize human perceptions,
such as color preference, or to provide a single number
that captures the combined color rendition qualities
of a light source. Using various combinations of the
included measures, a user is expected to be able to rely
on experience and/or design guidelines to determine
what is most appropriate for a specific application. This
document focuses only on describing the objective
characterization techniques; it does not relate values to
a subjective evaluation.

This Technical Memorandum consolidates and
synthesizes numerous research efforts that have been
ongoing for several years, and was developed by
representatives of the manufacturing, specification, and
research segments of the lighting industry.

IES Method for Evaluating Light Source Color Rendition

1.1 Calculation Components

This document is a tool comprising a set of measures that
are all based on a standardized calculation procedure.
The method is based on theoretically comparing the
appearance of a set of color samples as rendered by a
test light source and a reference illuminant, quantified
with a model of human vision. Thus, the method includes
three primary components: a system for defining the
reference illuminant, specification of the color samples,
and implementation of a model of human vision. An
overview of each component is provided here.

The method described in this document compares color
samples as rendered by a given test source and a reference
illuminant at the same correlated color temperature (CCT),
with the reference illuminant being Planckian radiation
up to and including 4000 K, a proportional blend of
Planckian radiation and a CIE daylight (D) series illuminant
between 4001 K and 4999 K, or a CIE D series illuminant at
or above 5000 K. This familiar reference-based approach is
compatible with a typical lighting design process, where
color temperature is decided before color rendition is
considered. The implications of choosing this system for
defining the reference illuminant—based on the 2015
version of this document, IES TM-30-15—have been
documented in “What is the Reference? An Examination
of Alternatives to the Reference Sources Used in IES TM-30-
157 It is important to note that all measures specified
in this document rely on the same reference scheme,
allowing for a cohesive system.

This method utilizes 99 color evaluation samples (CES)—
each represented by a spectral reflectance function—to
quantify the difference in color rendition between the
test source and reference illuminant. The samples were
statistically down-selected from an initial collection
of more than 100,000 measured objects, in order to
be representative of the world of possible colors.¢ A
majority of the more than 100,000 spectral reflectance
functions considered came from the University of Leeds
database,” which is itself a meta-base containing objects
of various origins: textiles, plastics, skin tones, color
systems. The Leeds database also includes the Standard
Object Colour Spectra (SOCS) database,® which contains
printed materials, skin tones, natural objects, paints,
and textiles. Additional data included natural objects,>'°
flowers," skin tones,'? and paints.®"?
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Finally, embedded within this method is the most current
uniform color space, CAMO02-UCS,'*'¢ which is based
on CIECAMO2 and its native chromatic adaptation
transformation. This color space was chosen because of
its greater uniformity than CIELAB, and is important for
ensuring the uniformity of the CES across color space and
at a wide range of CCTs.>"*2° The CIE 1964 10" standard
colorimetric observer? is used for all calculations except
in determining CCT, where the definition calls for use
of the CIE 1931 2" standard colorimetric observer.2? This
model of human vision helps ensure that color differences
are appropriately scaled.

It is possible (and expected) that scientific advances
related to any calculation component included in this
Technical Memorandum will subsequently lead to
updates to the method.

1.2 Calculated Measures

Using a unified calculation system, this Technical
Memorandum (TM) provides equations and direction
for calculating 50 primary numerical measures and
one graphic (color vector graphic). The 50 numerical
measures include 1 average color fidelity measure
(fidelity index, R), 1 gamut area measure (gamut index,
Rg), 16 hue-specific fidelity measures (local color fidelity,
Rf’hj), 16 hue-specific measures of chroma shift (local
chroma shift, Rcs’hj), and 16 hue-specific measures of
hue shift (local hue shift, R,
global averages, the hue-specific local chroma shift and
local hue shift values are important for characterizing
gamut shape, which is the pattern of hue and chroma
shift for different hues. Equations to calculate a sample-
specific color fidelity value for each of the 99 CES
(sample fidelity, R ) are also provided. This document
is accompanied by software to aid in calculation and
display of the results.

). Whereas R and R, are

The measures included within this TM are intended
to be used in various combinations—or in isolation—
depending on the needs of a given application and
design intent. This document does not establish
performance thresholds, nor does it provide direction
on how to do so, for any of the measures. Some
experiments have been completed that relate the
measures of this TM to subjective evaluations and
propose performance thresholds.?>2

1.3 Changes from IES TM-30-15
This document replaces IES TM-30-15. The following
technical changes have been made:

« For color samples with no native data outside the
range of 400 to 700 nm, the extrapolation method
was changed from a logarithm-based extrapolation
to a flat extrapolation.

« The range encompassing the blended reference
was changed from 4501 - 5499 K to 4001 — 4999 K.

« The scaling factor used in color fidelity calculations
was changed from 7.54 to 6.73.

These changes have no material effect on the rank
order of light sources for any of the included measures.
They make IES R, (ANSI/IES TM-30-18) and CIE R, (CIE
224:2017%) equivalent measures. CIE 224:2017 is limited
only to color fidelity, and its scope does not include
measures for color rendition considerations beyond
color fidelity.

This revision also provides greater clarity on the
derivation of the color vector graphic, and specifies the
equations used to calculate local chroma shift and local
hue shift.

This evaluation method is applicable to light sources
and lighting systems intended for general illumination
of indoor spaces and some outdoor settings, at light
levels where photopic vision is dominant. It is best
suited to characterize nominally white light sources (i.e.,
those that fall on or near the Planckian locus). If a light
source’s chromaticity falls outside of the chromaticity
bins defined in ANSI C77.388-2017,28 then calculations
based on this TM should be interpreted with caution.

3.1 Colorimetric Observer
Tristimulus values for the color evaluation samples
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shall be determined using the CIE 1964 10° standard
colorimetric observer, with color matching functions
(CMFs) x,, (W), ¥,,(M), Z,,(M.1° The 1 nm-increment table
is available in CIE 15:2004, Colorimetry - Part 1: CIE
Standard Colorimetric Observers.! The exception is
in determining the CCT of the test source, which by
definition requires the use of the CIE 1931 2" standard
colorimetric observer."”2'22 |t should also be noted that,
for light source specifications, the CIE 1931 standard
colorimetric observer [x()), y(A), Z(M] is used to calculate
chromaticity coordinates (x, y) and (u', v'). The 1964 10°
CMFs are used for light sources in this document only
for the purpose of calculating color rendition measures.

3.2 Test Source

The relative spectral power distribution (SPD) of the
light source in question (test source) is denoted S,(A). The
necessary wavelength range is described in Section
3.5. The tristimulus values of the test source shall be
calculated as follows:

Xl(l,l = klﬁslgoq(x).flo(k)dx , (1)

Yo = k[ s0x,0dh 2

ZlO,l = kl/;SZ)SUSL(}y)Z_IOO\)d}\, y (3)
where:

k = 10 @)

As shown, during the calculation process normalization
occurs so that tristimulus value Yo, = 100.

3.3 Reference llluminant

The method used in this Technical Memorandum
compares each test source to a reference illuminant
of the same correlated color temperature (CCT), with
SPD denoted as S.(A). As noted in Section 3.0, CCT
shall be calculated using the CIE 1931 2° CMFs. The
reference illuminant shall be Planckian radiation, a
CIE Daylight (D) Series illuminant, or a combination of
the two, depending on the CCT of the test source (7).
Calculation of both Planckian radiation and the D Series

IES Method for Evaluating Light Source Color Rendition

illuminants are covered in CIE 15:2004, Colorimetry,
3 ed.?" For calculating 7, the method described in
“Practical Use and Calculation of CCT and D,,"* shall be
used. The necessary wavelength range for the reference
illuminant is described in Section 3.5.

If T < 4000 K, then the reference illuminant shall
be Planckian radiation (subscript P), which can be
calculated from:

Le}»(x’ Tt)
Sp(MT) = —— (5)
LM(56O nm, 7))
where:
5 -2 -1
LM(X,IL') =2 [exp<71‘438§7>§ 10 ) - 1] , (6)

If 7, = 5000 K, then the reference illuminant shall be a
phase of the CIE daylight illuminant (subscript D), which
can be calculated from:

SLDO\,) = S()O\) + M, SN + M, Sz(}\) s (7)

where Sy(4), Si(4), and S»(1), are functions of wavelength
and given in Table T.2 of CIE 15:2004, Colorimetry, 3
ed.?” and where:

-1.3515 - 1.7703x, + 59114y,

M = , (8)
1 0.0241 + 0.2562xD— 0.7341 b

0.0300 —31.4424 x, + 30.0717y,

M = , (9)
2~ 70,0241 + 0.2562x,, - 0.7341 y,

where if T, =T < 7000 K, then:

_ -4.6070x10° . 2.9678x10° L 0.0991 1x10°

xp = 7 = r +0.244063 , (10)
orif T, =T > 7000 K, then:
9 6 3
5 = —2.0064:><10 . 1.90182><10 024748x10° o 0s . (11)
T; Ty Tr
and where:
yw = -3.000xp+ 2.870xp - 0.275 (12)

If 4000 K < T, < 5000 K, then the reference illuminant
shall be a proportional mix of Planckian radiation and
the CIE Daylight illuminant (subscript M), according to:
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S (13)

r,.D

5000 - T,
= r,P

5000 - T,
Sr,M(}\" Tn) 1000

o ¢
1000

Therefore, the reference S.(A, T) illuminant is given
depending on the CCT, T, as:

Se(MT) = Sp(M.T): T < 4000 K (14)
S:(T) = Som(MT); 4000 K < T < 5000 K (15)

Note that the blended sources shall be normalized so
that each has an equal luminous reflectance function
(Y). Once the reference illuminant has been calculated,
the SPD shall be scaled so that the tristimulus value
Yio,- = 100. The tristimulus values can be calculated as:

X, = k /37;§’Sr(x))qo(x>dx, (17)
Yo, = k[SMF (A)dA (18)
Zy, = k /3;§°sr(mzm(x)dx, (19)
where:
100
k=—f— (20)
oy S0 ,()dA

3.4 Color Evaluation Samples (CES)

For this method, the color rendition of a test source and
reference illuminant shall be compared using a set of 99
color evaluation samples (CES), the color coordinates of
which shall be computed under both conditions. Figure
1 shows the spectral reflectance function for each CES.

Figure 1. Spectral reflectance functions for the 99 color evaluation samples. The color of the line approximates the color

appearance using CIED, .



Copyrighted material licensed to Val Angelov, v.angelov@maillsi.com on July 19, 2022 for licensee's use only.
No further reproduction or networking is permitted. Distributed by the Illuminating Engineering Society www.ies.org.

Numerical data are available online (refer to top of Table
of Contents page for web address). Annex A describes
the selection procedure used to generate the 99 CES
and provides approximate representations for each CES
under the 5000-K reference illuminant.

3.5 Range and Interpolation of Data

Calculations shall be performed over a range of 380 to
780 nm, which corresponds to the range of each CES. If
the available test source SPD has a range greater than
380 to 780 nm, values less than 380 nm or greater than
780 nm shall be dropped from the calculation. If the
available test source SPD has a range less than 380 to
780 nm, but not less than 400 to 700 nm, missing values
shall be replaced by zeros. The minimum range shall be
400 to 700 nm. The spectral reflectance functions are
provided in 1-nm increments (see Annex A), which is the
preferred increment for all calculations. An increment
not greater than 5 nm is needed to achieve reasonable
accuracy;? greater increments shall not be used.

Interpolation may be required so that the increments
of the test source SPD, reference illuminant SPD, CES
spectral reflectance functions, and color matching
functions (CMF) match. In this case, the CES spectral
CMFs should be
interpolated to the increment of the test source. Linear
interpolation shall be used. The SPD of the test source

reflectance functions and/or

shall never be interpolated or extrapolated.

3.6 Calculation of Tristimulus Values
Tristimulus values for each of the 99 CES (theoretically)
illuminated by the test source shall be calculated as

follows:
X = K JUSOOR 0T () @1
YlO,t,i = kx/_z::su(}‘)Ri (}\)ylo(}\)d}\‘ > (22)
Zo = kJLSMR Mz M)dh (23)
where:
ke = # (24)
f3 w SNy, (MdA
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Likewise, tristimulus values for each of the 99 CES
(theoretically) illuminated by the reference illuminant
shall be calculated as follows:

Xopi = k [2S IR (M (M)A, (25)

Youi = k[ SOIR, M)y (W) . (26)

Zigs = kS SOIR,(M)Z o)1 (27)
where:

k, _ 100 (28)

S2S (1) (A)dn

3.7 Color Space and Chromatic
Adaptation Transformation
Color coordinates of each CES (theoretically) illuminated
by the test source and reference illuminant shall be
calculated in the CAMO02-UCS. The following CIECAMO02
parameters’® shall be used:

« Background luminance, Y, = 20 cd/m?

« Surround parameter F =1

« Surround parameter N, =1

Surround parameter ¢ = 0.69

Luminance of adapting field, L, = 100 cd/m?

Degree of adaptation, D =1

These parameters establish common conditions for
all calculations, which in turn ensure consistency and
comparability. Different conditions will yield different
results.In addition to these inputs, the luminous reflectance
factor (¥) of the test source and reference illuminant ¥, =
100. Using these constants leads to the following:

k=—2d = 0002
SL+1

A

1,4 1 4)2 173
-+ F = k(L) + (1=K (5L)" = 07937

L

Y
- n = "= 02000
Y,

w

¢ Noo = No = 0.725n°2 = 1.0003

e z =148+ vn = 19272
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It is important to note that CIECAMO2 includes a
chromatic adaptation transformation, which is
thus embedded within the CAM02-UCS. No further

manipulation of the color coordinates is necessary.

3.7.1 Calculation of Color Coordinates. The
color coordinates of each CES illuminated
by the test source shall be referred to as:
CES, = (J,

t,i°

a b) where i is an integer

L7 i
between 1 and 99 representing the CES. Likewise,
the color coordinates of each CES illuminated by
the reference illuminant shall be referred to as:
CES,; = (J['_[., a, bt'yl.).The subsequently described
procedure shall be performed twice for all CES, once
using the test source and once using the reference
illuminant. In each respective calculation, the light
source is also the adapting condition. It isimportant
to note that subscripts t, r, and i are omitted from
the equations shown below, which are generalized
for both the test source and reference illuminant,

and for each CES.

The first stage in the calculation process is to convert
the X, Y, Z,, tristimulus values to R; G, B; tristimulus
values, accounting for chromatic and luminance
adaptation. Because it is necessary to know the
adapting white point—in this case, the test source
or reference illuminant—this conversion shall be
performed for the light sources first (using the
Xi0Y10.Z10, OF Xi0.Y 10,210, tristimulus values for the

test and reference CES calculations, respectively).

The light-source-based values carry the subscript w.

First, the tristimulus values (XYZ) are converted
to cone fundamentals (RGB), based on the

transformation matric Mcaroz*

“Note that this matrix was developed to be used for conversion of tristimulus
values derived using the CIE 1931 2° Standard Colorimetric Observer. Using
the CIE 1964 10° Standard Observer may induce a small amount of error.
The Mcato2 matrix has been the subject of continued evaluation, and some
slight adjustments have been proposed. The official matrix from “A Colour
Appearance Model for Colour Management Systems”'7 has been used here.

R Xl()
G|= MCATOZ Yol (29)

where:

0.7328 0.4296 -0.1624
Mcaroz: = [-0.7036 1.6975 0.0061 (30)
0.0030 0.0136 0.9834

Applying a chromatic adaptation transformation,
the corresponding color using the illuminant is then

(with D=1and Y, = 100, following normalization):

Re = (%)R 31)
Ge = (%)G (32)
Be = <%>B (33)

The cone responses are then converted to the

X,,Y,,Z,, color space and back:

R X R

C
G‘ = Mhpg| Yc = Mupe M-C]ATOZ Gc , (34)
B Zc B,
where:

0.38971 0.68898 -0.07868
Mype = |[-0.22981 1.18340 0.04641| (35)
0.00000 0.00000  1.00000

The luminance level adaptation factor is then
applied, so that the adapted cone responses are:
, 0.42
.~ 400(F _R'/100)
R —

= +0.1, (36)
a } 0.42
27.13 + (F,R'/100)

, 0.42
400 (F, G'/100)

= +0.1, (37)
a ' 0.42
27.13 + (F, G'/100)
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' 0.42
400 (F, B'/100)
+0.1 (38)

A , 0.42
27.13 + (F,_B'/100)

Next, two CIECAMO2 correlates for red—green (a)
and yellow-blue (b) opponent channels can be
determined as:

_R_2G i
@ =R=y7 G +7Bs (39)

b =$(R; +G-2B)) (40)
Three relevant CIECAMO2 appearance correlates—

lightness (J), chroma (C), and colorfulness (M)—can
be calculated as:

_ i cz
J =100 (A ) , a1)

W

C =1"x 1) o) x (1.64-029%7,  (42)

M =CxF%, (43)
where the achromatic response (A) is:

A = (2Ri+ Gi+55B.-0.305) X Ny, (44)
and where here the hue-angle in degrees (k) is
found by converting the rectangular coordinates (a,
b) into polar coordinates:

h = Zla, b), (45)

and where:

% XN, XN X eVa+b*

1= I R . (46)
Ra + Ga + EBa
where the eccentricity (e) is:
1 V3
== —h+2 3.8 47
y 4<COS<180 +2)+ > @7
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Finally, the CIECAMO2 appearance correlates can be
converted to coordinates in the CAM02-UCS color

space:
J = (I + 100 x 0.007) x J’ (48)
1+ 0.007J
' ' hﬂ
a =M X cos<—> s (49)
180
b = M x sin<ﬂ> , (50)
180
where:
. 1
M = —— |In(1 + 0.0228M 51
< 0.0228 > ol + ) 1)

3.8 Color Difference Formula

In determining the difference between each CES
(subscript i) under the test source (subscript t) and
reference illuminant (subscript r), the Euclidean distance
in the J'a'b' color space—which is the canonical
color difference formula in the CAM02-UCS—shall be
calculated:

AE,,, :\/ (1= +< a - ar'yi> z+< b - br"[_) 2 (52)

The color coordinates of the CES under the test light
source and reference illuminant can be compared in
many different ways. Six types of numerical measures
and one graphic are specified in this document, and shall
be calculated according to the provided formulas. These
measures were chosen based on historical precedence
and known applicability to architectural lighting. Other,
non-standardized measures can be calculated for research
purposes, with potential for inclusion in future revisions of
this Technical Memorandum; however, such measures
should not be identified as part of this TM’s method.

It is not necessary to use or calculate all of the measures
specified in this document, but it is recommended that
measures beyond the fidelity index (R) and gamut
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index (Rg) be considered.

4.1 Fidelity Index (R,)

R., this document’s measure for average color fidelity, is
calculated by determining the difference between the
CAMO02-UCS coordinates of each CES (AE ,,,,) under the
test source and reference illuminant, then determining
the arithmetic mean of those color differences. The mean
shall be scaled by a factor of 6.73 and subtracted from 100:

Ri=100-673| 5 X7 (AE,, )| (53)

Finally, the scale shall be adjusted so that the minimum
R value is 0, to avoid producing negative numbers.
Rescaling to the final R, value shall be accomplished
using:

R = 10In[exp(R//10) + 1] (54)

As described in this document, R; is an accurate measure
ofaverage colorfidelity—the similarity of colorsrendered
by the test source and reference illuminant. It addresses
many of the well-documented limitations*'92430-33 of the
familiar CIE General Color Rendering Index R, (CRI).3* R,
as defined in this TM is identical to the R, documented
in CIE 224:2017.% R, has a range of 0 to 100, with higher
numbers indicating more similarity to the reference.
It does not attempt to characterize average perceived
color fidelity in polychromatic environments, nor any
other effects related to color memory. It is also not a
measure of human color preference or perception of
naturalness. Thus, maximizing R, does not necessarily
correspond to increased desirability or utility, or any
other perceptual attribute. Two light sources with the
same R, value (other than 100) will not necessarily lead to
the same color appearance for objects in the space they
illuminate, even if they have the same chromaticity. By
itself, R, is most informative when the value approaches
100 because then all color shifts versus the reference
illuminant are by definition minimal. At lower R, values,
additional measures are needed to understand how
colors are being shifted.

The scaling factor (k) for R, was determined such that the
mean R, value for a library of 187 commercially available
light sources with R, = 60 was equal to the mean CIE
R, value for the same light sources.?’ However, R, and

CIE R, are different,*>32 and light sources may have
higher or lower R values than CIE R, values. Different
light sources that each have a CIE R, value of 80 can
have R, values that differ by more than 30 points. In
particular, light sources that increase red chroma tend
to have higher R, values than CIE R, values.® Further,
light sources previously optimized to maximize CIE R, or
achieve a certain threshold value, such as 80, may have
lower R, values due to the characteristics of the broader
set of color samples.**>323 |t is possible to render the
eight color samples used to calculate CIE R, with greater
fidelity than the 99 CES, but the reverse has not been
demonstrated. Figure 2 illustrates the color shift for an
example light source distributed over the CAM02-UCS.

Due to the systematic differences between R.and CIER,,
existing performance thresholds (e.g., CIER, = 80) cannot
simply be transferred to the R, measure without affecting
the qualifying sources. Manufacturers, specifiers, and
other stakeholders should establish new performance
thresholds for R, to which historical precedent, current
experiences, and research with human participants
should contribute. Consideration of additional criteria
beyond R; is also recommended.

Figure 2. A two-dimensional plot showing the color shift
for each color evaluation sample (CES), illuminated by
an example test source with an R, value of 87. The test
source produces the most shift (relative to the reference)
for saturated red CES.



Copyrighted material licensed to Val Angelov, v.angelov@maillsi.com on July 19, 2022 for licensee's use only.
No further reproduction or networking is permitted. Distributed by the llluminating Engineering Society www.ies.org.

4.2 Sample Color Fidelity (R, )

A fidelity value for each of the 99 CES may be calculated
using the same scaling protocol as for R,. The equations
are:

Ricps; = 100 - 6.73 X AE,,,; (55)
Rf,CESi = 101n Iiexp(R}ces.i/l()) + 1] (56)
Each R, ; value has a range of 0 to 100. Because of the

logarithmic transformation that is applied to fidelity
measures in this document, R, does not exactly equal

the mean of the 99 R, _.. values.

f,CESi
Because each value corresponds to a specific spectral
reflectance function, R values must be carefully
considered when applying them to a given object.
Individual R,
the fidelity of similar colors, due to metamerism.
However, they may help to identify light sources with
greater disparity in rendition of similar-colored objects

values may be imperfect at predicting

when considered collectively.

Of particular interest may be CES 15 and CES 18, which
are the two samples representing human skin tones.
These two samples were specifically selected from the
broader collection of skin spectral reflectance functions
such that the mean of the color fidelity values for the
two samples is correlated well with the mean of the
color fidelity values for all of the skin samples included
in the color sample database.

4.3 Hue-Angle Bins

To calculate the remaining specified measures, the
99 CES are divided in 16 groups. The boundaries are
established by dividing the «'-b' plane of CAMO02-
UCS into 16 sections following a radial pattern, with
each encompassing 22.5°. These hue-angle bins are
shown in Figure 3. The positive horizontal axis (a'-axis)
is assigned as 0°, with angles and hue-angle bin
numerical labels () increasing in the counterclockwise
direction.

A CES is assigned to a bin based oniits (d/, b') coordinates
under the reference illuminant. Thus, the corresponding
hue-angle bin for each sample varies with the CCT of
the reference illuminant and needs to be determined as

IES Method for Evaluating Light Source Color Rendition

Figure 3. Hue-angle bin numerical designations.

part of the calculation procedure by comparing the hue
angle (h, Eq. 3.7.17) of the sample as rendered by the
reference illuminant to the hue-angle bin boundaries
shown in Figure 3. At any given CCT, the number of
samples (m) in a given bin may range from as little
as 2 to as many as 11 (see Figure 4). This unequal
distribution occurs in part because the color volume is
not spherical, and as a result of the procedure used to
select the 99 CES.3¢ Because object hues vary with CCT
in CAMO02-UCS, the number of CES per hue-angle bin
varies with CCT.

Within each hue-angle bin, the arithmetic mean of the
a' and b' coordinates for each CES is calculated for both
the test source and reference illuminant conditions,
ety ey Do) and ('
The resulting set of 16 coordinate pairs is the basis for
several calculated measures. The advantage of this
approach, as opposed to using a small number of
individual color samples, is described in “Chroma Shift
and Gamut Shape: Going Beyond Average Color Fidelity

and Gamut Area.”

a b' ) respectively.

i\l
ref,j> ref,j> ref,j’

4.4 Gamut Index (R )

R, is a measure of the area spanned by the average (d/,
b') coordinates of the CES in each hue-angle bin, (@', .
b\ and (d@ . b ). The J° coordinate is discarded,
so that the (a' b ) and (¢ b' . ) coordinates

test,)> test,j ref,j> ref,j
each form a polygon. R, is calculated as 100 times
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Figure 4. Number of color evaluation samples (CES) per hue-angle bin at different CCTs.

the ratio of the area of the two polygons (A, and A,
respectively):

Al
R, =100 x - (57)

A schematic of R  calculations is provided in Figure
5. An l’?g value of 100 indicates that, on average, the
test source does not increase or decrease chroma™
compared to the reference illuminant. It does not,
however, indicate that all colors will have equal chroma
under the test source and reference illuminant. An R
value greater than 100 indicates an overall average
increase in chroma compared to the test illuminant,

“In this document, chroma is used to refer to the radial dimension of color
space. Officially, the radial dimension of CAM02-UCS is a modified version
of the CIECAMO02 correlate for colorfulness. With fixed viewing conditions,
chroma (C) and colorfulness (M) have a direct linear relationship. The term
chroma was chosen for use in this document because its meaning was
expected to be clearer for a broader audience.

10

whereas an R, value less than 100 indicates an overall
average decrease in chroma. R does not describe the
colors for which increases or decreases in chroma occur;
two sources with the same R, value may render colors
differently.

Because R, utilizes CAMO02-UCS, the areas of the
reference illuminants are nearly constant over the
applicable range of CCT, as shown in Figure 6. There are
some small differences in gamut shape as the reference
changes with CCT.?

R. and R —the two global average measures described
herein, capturing color fidelity and gamut area,
respectively—quantify characteristics that are separate
dimensions of color rendition. An increase or decrease in
gamut area necessitates a reduction in color fidelity; the
two values cannot be simultaneously maximized. The R,
value does not have an overall maximum, but the possible
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Figure 5. Schematic of R, calculation. Left: The 99 color evaluation samples are divided among the hue-angle bins in
the a'-b' plane of CAM02-UCS. Right: The average coordinates in each hue-angle bin form the vertices of two polygons.
Gamut index, Rg, is based on the ratio of the area of the two polygons.

Figure 6. Gamut area for reference illuminants at different CCTs, relative to the gamut area of 2700-K Planckian
radiation. The gamut area in CAM02-UCS is calculated according to Ry, whereas the gamut area in CIE 1976
(u', v') is calculated with the color samples used to calculated CIE R,.

1"
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Figure 7. Plot of R, versusR. This includes 212
commercially available light sources, 806 other real light
sources (experimental or of unknown origin), and 14,788
theoretical light sources composed of four Gaussian
primaries and spanning the range of chromaticities
included in ANSI C78.377-2017.

range increases as R, decreases, as shown in Figure 7. For
instance, if one wants to maintain a value of R, above 80,
the value of R_ is approximately bound to the range of 80
to 120. Maximizing (or minimizing) R, does not necessarily
correspond to increased desirability. Two light sources with
the same R, and R, value—or any analogous measures of
average color fidelity and gamut area—wiill not necessarily
lead to the same color appearance in the space they
illuminate, because neither distinguishes between hues.?*

4.5 Color Vector Graphic (CVG)

The color vector graphic is a visual representation of
hue and chroma shifts around the hue circle, which may
be referred to as gamut shape.*® The color vector graphic
originates from the same set of hue-angle-bin-averaged
coordinate pairs as R,. For the color vector graphic, the
b' . ) coordinates are normalized to a circle with a

ref,j> 7 ref,j
radius of 1, comprising 16 coordinates (x ):

(a

ref,j> Y ref,j

12

M
T3
=

- (58)

= COS

Ko

3

mn; h
i=1" . (59)

M

YVypj = SIN m

where £, is the hue angle of the m (@', b' ) coordinates
in a given hue-angle bin (j).

The color difference between the average coordinates
in each hue-angle bin is then transferred to the
respective position along the reference circle, with the
vector endpoints forming the vertices of a polygon
representing the test source. The specific equations to
determine each of the 16 vector endpoints are:

Al '
(atea't‘/’ - aref;j)

=X .. + . (60)

xtest‘i ref.j , 2 ' 2
\/(atext,j) + (brz{f,j)

_ <btest.j - brefj)
Viestj = Vret + 5
\/<aresnj> * (breflj>

The CVG is a visual tool, and complete specification

; (61)

2

requires consideration for the non-calculated
visual aspects—especially to ensure a consistent
representation that is easily interpreted by users. The
following are required, acknowledging that color
reproduction is not always possible:

« The plot shall be scaled so that the reference

coordinates form a circle.

« The limits of both axes shall be -1.5 to 1.5, with x as
the horizontal axis.

« The plot shall be a minimum of 5 cm (2 in.) on each
side.

« The reference coordinates shall be connected with
a solid-line circle.

« The test coordinates shall be connected with a solid
line at least 1.5 times the width of the reference line.

« Arrows shall connect the reference and test
coordinates for each hue-angle bin, with an
arrowhead at the test coordinate.
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In addition to the above minimum requirements, the
following are recommended:
« The reference circle should be a solid black line
(RGB: 0, 0, 0) with 1.25-point line weight.

» The test line should be solid red (RGB: 240, 80, 70)
and have a 2.0-point line weight. The line should
be smoothed.

« The vector line segments and arrowheads should
be colored according to Annex B, and have a 1.5-
point line weight.

+ The hue-angle bin boundaries should be identified
with dashed gray lines (RGB: 166, 166, 166) with
0.75-point line weight. Each line is recommended
to have a length of 0.73 and to begin a distance of
0.02 from the origin.

+ The hue-angle bins should be labelled in a circular
pattern at the end of the boundary lines. The font
size should be a minimum of 8-point.

+ The background should be that provided in Annex
C. A digital file is also available (refer to top of Table
of Contents page for web address to download).

The following optional items may also be added:
» Circles with radius 0.8, 0.9, 1.1, and 1.2. The circles
should be solid white lines with 0.5-point line weight.

* R (upper left), R, (upper right), CCT (lower left), and
D, (lower right) values.

Figure 8 provides an example of the minimum
required representation, a minimum recommended
representation, and an optional representation.

The color vector graphic can be interpreted as follows:
where the line demarcating the test source extends
outside the line demarcating the reference illuminant,
chroma is increased on average; where the line
demarcatingthetestsourceisinside the linedemarcating
the reference illuminant, chroma is decreased on
average; hue shifts occur where a component of the
vector is tangential to the reference circle. By conveying
gamut shape, the color vector graphic is useful in further
clarifying the global average values, indicating where
chroma is increased or decreased and which colors
undergo a hue shift.?® This is important because two
sources with essentially equal R, and Rg values, such as
those shown in Figure 9, may be perceived differently.

IES Method for Evaluating Light Source Color Rendition

Figure 8. Example of formatting of the color vector
graphic. Top: minimum required components.
Middle: minimum recommended representation.
Bottom: recommended representation with the
addition of optional elements.
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Figure 9. Color Vector Graphics for two SPDs with equivalent R; and R, values but substantially different gamut shapes.

Such sources may be perceived differently.

Like the values of R, and Ry, the color vector graphic is
statistical, in that it is obtained by averaging over 16
subsets of the CES. Though predictive, the color vector
graphic cannot explicitly represent the hue or chroma
shift of any specific object. The color vector graphic
does not illustrate the variation in shifts that can occur
within any hue-angle bin. This variation occurs because
the vectors are averages over the full range of chroma
and a small range of hue angle.

4.6 Local Chroma shift (R, ,)

The purely radial shift in the vectors of the color vector
graphic is quantified in a series of 16 measures referred
to as local chroma shift, with each value corresponding
to one of the hue-angle bins.

Local chroma shift values are denoted Rcs’hj, where j
indicates the number of the hue-angle bin:
(at‘esl._j - ar‘ef,j)
B ———— 0 1 s
cs,hy J
2 ' 2
(arefj +brefJ )
b —-b'_
N ref,
—( oy W) sin ej, (62)

v 2 v 2
(arefj +hrefJ >
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where 6, is the angle of the vector bisecting each
hue-angle bin, as measured from the positive a' axis
(the division between hue-angle bins 1 and 16).

R,y values represent a relative average chroma shift
and shall be represented as a percentage. Since the
absolute chroma shift of a color sample roughly scales
with the absolute chroma value (that is, high-chroma
samples undergo a larger shift),53235 the relative shift
is a well-defined quantity that can be used to estimate
the effect of the SPD on all samples of a given hue, from
very low to very high chroma. Local chroma shift values
represent the chroma shift for the averaged a' and b’
coordinates within a hue-angle bin. Individual shifts for

the included CES, or for a specific real object, may vary.

For each of the 16 local chroma shift measures, a
negative value indicates a decrease in chroma, whereas
a positive value indicates an increase in chroma for the
averaged samples within the hue-angle bin. Information
about both lightness and hue changes is discarded. The
range of possible local chroma shift values varies with
hue-angle bin, as shown in Figure 10.

The 16 values may be presented as a group to convey
gamut shape, as shown in Figure 11. Annex B provides
recommended colors for the bars. More information
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Figure 10. Theoretical range of potential values for local chroma shift,
based on 14,788 theoretical SPDs spanning the range of chromaticities
specified in ANSI C78.377-2017, and 212 commercially available light
sources. Top: all sources. Bottom: only sources with R, > 70.

Figure 11. Recommended graphical representation of local chroma shift
values to convey gamut shape.
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is provided in “Chroma Shift and Gamut Shape: Going
Beyond Average Color Fidelity and Gamut Area.”¢

4.7 Local Hue shift (R, )

The purely tangential shift in the vectors of the
color vector graphic is quantified in a series of 16
measures referred to as local hue shift, with each value
corresponding to one of the hue-angle bins. Local hue
shift values are denoted R, where j indicates the
number of the hue-angle bin:

Al Al
(atestj - areﬂ/) .
R =-——tl 7 g+
3s,hj J

V2 2
aref,/' + brefj )

( blele - brefj)

cos 0, , (63)
v 2 v 2
(arefj + brefJ >

where ej is the angle of the vector bisecting each
hue-angle bin, as measured from the positive a' axis

(the division between hue-angle bins 1 and 16).

R,y values represent the hue shift for the averaged a’
and b' coordinates within a hue-angle bin. Individual
shifts for the included CES, or for a specific real object,

may vary.

For each of the 16 local hue shift measures, a negative
value indicates a clockwise shift (e.g., orange toward
red, blue toward green, green toward yellow). A positive
value indicates a counterclockwise shift. Information
about both lightness and chroma changes is discarded.
The range of possible local hue shift values varies with
hue-angle bin, as shown in Figure 12.

Figure 12. Theoretical range of potential values for local hue shift,
based on 14,788 theoretical SPDs spanning the range of chromaticities
specified in ANSI C78.377-2017, and 212 commercially available light
sources. Top: all sources. Bottom: only sources with R, > 70.
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4.8 Local Color Fidelity (R, )

A hue-specific measure of color fidelity can be determined
for each hue-angle bin using an equation analogous
to R, but only averaging the number of samples (m)
within each hue-angle bin. Local color fidelity values
are denoted R, ,
hue-angle bin (1 through 16). The calculation procedure,
which includes the same re-scaling procedure as for R,, is:

where the subscript j indicates the

R,=100-673[L%" (AE,, )] (64)

R, = 10In[exp(R} /10) +1] . (65)

Each local color fidelity value has a possible range of 0
to 100, with higher values indicating greater similarity
to the reference illuminant, on average, for the samples
within the hue-angle bin. There can be substantial
variation in color shift among the samples in a given
hue-angle bin. The mean of the 16 local color fidelity
values does not necessarily equal R,, due to the unequal
number of samples in each hue-angle bin.

IES Method for Evaluating Light Source Color Rendition

The local color fidelity values do not correspond exactly
to the length of the arrows shown in the color vector
graphic, because the local color fidelity values also
account for changes in lightness. Furthermore, local
color fidelity values are based on individual color shifts
for the CES within each hue-angle bin, rather than the
averaged color coordinates within each hue-angle bin
(as is the case for local chroma shift and local hue shift).

Local color fidelity values are analogous to the special
color rendering indices of the CIE Test Color Method
(e.9., R,). However, they are computed as the average
of several samples rather than one specific sample, and
so are more likely to be predictive of the magnitude of
color shift for an unknown real object of a similar hue
than any one specific color sample (e.g., R;; or CIER)
within the hue-angle bin.

The same local color fidelity value can be achieved
with increases or decreases in the corresponding local
chroma shift value (see Figure 13), or similarly with
various directions of local hue shift. While local color

Figure 13. Relationship between Local Chroma Shift and Local Color Fidelity for two example hue-angle bins.
The relationship is less defined for hue-angle bins where hue shift is dominant.
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fidelity may help in identifying the magnitude of
differences—and thus, perceptibility—the values are
not informative for understanding or predicting how
colored objects will appear, because shifts of a given
magnitude may be in any direction.

5.1 Average Values

The method described in this Technical Memorandum
includes two measures, R, and Rg, that average color
differences across all color evaluation samples. As with
all color rendition evaluation systems that take this
approach, the measures do not convey performance
with respect to any specific color sample or any
particular color region, such as blues or reds. If a specific
color region is of interest, the relevant local chroma
shift, local hue shift value, or local color fidelity should
be consulted, as described in Sections 4.6, 4.7 and
4.8, respectively. The color vector graphic (Section
4.5), which displays similar information visually, can
also be consulted. It should be noted, however, that
the local values also average color differences over
subsets of the CES. If a specific color is of concern for
a specific application, then measures for the most
closely matched CES could be evaluated; however, a
better solution is to perform an analogous calculation
using the spectral reflectance function of the object
of interest, rather than one of the CES. None of the
measures included in this TM can predict metameric
mismatches for real objects.

5.2 Color Rendition Preference and other
Perceptions

This Technical Memorandum does not provide a single
number intended to characterize color preference, nor
does it attempt to identify particular combinations of
the included measures that are perceived as natural,
normal, saturated, accepted, or preferred. The numerical
measures and graphics specified herein are intended
to be combined in various ways to meet the needs of
different design and engineering goals, within different
architecturallighting contexts. This flexibility contributes
to the value of the method. Recent research has shown
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that various combinations of the measures included
in ANSI/IES TM-30-18 could be used in combination to
provide excellent predictions of participants’ responses
to questions about the naturalness, normalness,
saturation, vividness, preference, and acceptability
of various illuminated scenes.?*?¢ Such combinations
should be considered context dependent, potentially
changing based on the viewer, type of space, objects
in the space, chromaticity of the light, illuminance, and
design intent. More research is necessary to explore all
of these variables.

5.3 Preferred Chromaticity

The optimal chromaticity of light sources is attracting
significant attention, and preliminary results suggest
that sources far off the Planckian locus can be
desirable.3”%2 The approach described in this TM allows
for evaluation of such sources, but no consideration
is given to preferred chromaticity or perceptions of
neutral white—this TM strictly comprises objective
characterizations of color differences.

As with CIE R, sources off the Planckian locus cannot
achieve an R, value of 100. For example, a source with
a CCT of 2700 K and a D, of -0.01 has an approximate
maximum R, of 98. This difference alone is an incomplete
characterization, as the range of other included
measures will also vary.

5.4 Comparison across CCTs

As with similar color rendition evaluation systems
based on a reference-illuminant methodology, it
is inappropriate to assess rank order differences in
performance for test sources of substantially different
correlated color temperatures (CCTs), because the
reference for those sources is different. At the same
time, the updated color science employed in this TM
allows for consistency of values across a wide range of
chromaticities.

5.5 Energy Efficiency

In developing this method for evaluating light source
color rendition, energy efficiency was not a primary
concern. In fact, it is acknowledged that including CES
with very long-wavelength or very short-wavelength
componentsnecessitatesthatalampincludeappropriate
radiation in those regions, thus lowering the maximum
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luminous efficacy of radiation (LER) achievable with
a perfect or near-perfect R, value, compared to that
possible with a more limited sample set.* Ultimately,
it is the responsibility of manufacturers to optimize
products based on a variety of criteria, including color
quality, luminous efficacy, energy efficiency, cost,
luminous intensity distribution, and appearance.

5.6 Color Samples

The complete set of more than 100,000 object colors,
from which the CES were chosen, was considered to
represent all possible colors, but the selection procedure
did not attempt to account for the undoubtedly uneven
distribution of colors and object types within interior
environments. For example, textiles were not given
increased prominence in the final test color sample set
compared to flowers. This decision was made because
there is insufficient data to accurately characterize
the prevalence of object types or object colors within
interior environments. Furthermore, the method is
intended to be independent of application; specifiers
need to use knowledge of the application context to
most effectively utilize the tools provided in this TM.

5.7 Fluorescence and Whiteness

The CES used in this TM's methodology include only
non-fluorescent samples. However, some fluorescent
objects are commonplace in the built environment
(especially white objects containing whitening agents)
and play a large role in visual perception.** Additional
work is ongoing to define a metric for these effects.

The reflectance function for each CES, in 1-nm
increments, is provided as a download to accompany
this document (www.ies.org/store/). It should be noted
that 33 of the 99 of the color evaluation samples (CES)
were extrapolated from an original measured range
of 400 to 700 nm.* A flat extrapolation was performed
to extend the data to a range of 380 to 780 nm. These
samples are denoted with an asterisk. The extrapolation
does not greatly affect the results, as the color matching
functions (CMFs) used to calculate color coordinates

IES Method for Evaluating Light Source Color Rendition

give very little weight to wavelengths outside the
400- to 700-nm range. Additionally, six samples were
smoothed to eliminate measurement noise. These
samples are denoted with a superscript s.

These CES match those used to calculate CIE R, having
been interpolated to 1-nm increments using the
Sprague interpolation method,** as recommended in
CIE 224:2017.27 As originally generated for IES TM-30-15,
the samples used an alternative extrapolation method.
The change in extrapolation method has an effect of
between -0.02 and +0.04 points on R, scores.>

A.1 Selection Procedure

During the development of IES TM-30-15, the CES
were mathematically down-selected from a set of
approximately 105,000 spectral reflectance functions,
which were held by the authors to represent the range
of all possible colors of real objects. The complete
selection procedure is described in “Development
of the IES Method for Evaluating Light Source Color
Rendition.”

The mathematical down-selection procedure consisted
of these steps:

1. The samples under consideration were restricted
to the volume encompassed by the gamut of
the Natural Colour System®® (NCS).* This gamut
boundary was selected because it approximates
the limits for which color error formulas have been
tested, and precludes selection of samples from
regions with few samples. In addition, the reduced
color gamut was considered to better represent
typical objects found in most interior rooms than
the full gamut of the original 105,000 samples. The
reduced-gamut set included approximately 65,000
spectral reflectance functions.

2. A set of 4,880 samples with desirable properties was
selected within the NCS gamut. These properties
were three-dimensional color space uniformity?
(the distribution of the samples’ chromaticities
is approximately uniform in CAMO02-UCS) and
spectral uniformity>'® (the spectral features of the
reflectance functions are uniformly distributed
across wavelength, so that no specific wavelengths
are unduly penalized or favored by the calculations).
This yields a set that generates effective predictions
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for color rendition, but is fairly large.

3.In order to generate a more practically sized sample
set, a new set of only 99 CES was chosen from
the original set of 65,000 samples, such that they
had very similar values for R, R, gamut shape
parameters, and spectral flatness compared to the
same values for the set of 4,880 samples.

The resulting 99 CES are relatively uniform across color
space (see Figure A-1). Each plot represents a projection
of the samples onto the respective plane. These plots
demonstrate the uniform distribution and limits of the
samples. The boundary reflects the shape of the NCS
gamut, which, with the exception of the region were J’
is less than 20, closely resembles the shape of the color
solid held to represent all possible colors. This solid is
not spherical. The colors of the points approximate the
colors of the samples illuminated by Planckian radiation
of 5000 K.

When combined, the CES show little preference for any
wavelength (see Figure A-2), mimicking the properties
of the 4,880 sample set, as intended. The set of 99 CES
is of reasonable size for use in practical calculations,

Figure A-2. Spectral sensitivity of the 99 color evaluation
samples compared to the 8 test color samples used to
calculate CIER,.

but is also very well correlated to the larger set of
4,880 samples, so that using only 99 samples does not
significantly compromise accuracy. Explicitly, computer
modeling showed that 95 percent of 5,000 real and
modelled SPDs were within 1.2 points of the mean R,
and R, values, and other considerations showed similar

agreement.*

Figure A-3 shows an approximate visual representation
of the 99 color evaluation samples.

Figure A-1. Plots of the 99 color evaluation samples (CESs) in the CAM02-UCS.
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Figure A-3. Approximate colors for the 99 CES, calculated the 5000-K reference illuminant (CIED,).
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Annex B - Color Specification For Hue Angle Bin Graphics

Table B-1. RGB Values for Representing the 16

Hue-Angle Bins in Bar Charts.

R G B
163 92 26
204 118 924
204 129 69
216 172 98
172 153 89
145 158 93
102 139 94
97 178 144
123 186 166
41 122 126
85 120 141
112 138 178
152 140 170
115 88 119
143 102 130
186 122 142
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Table B-2. RGB Values for Representing the 16
Hue-Angle Bin Vectors in the Color Vector Graphic.

R G B
230 40 40
231 75 75
251 129 46
255 181 41

5 203 202 70
126 185 76

65 192 109

0 156 124
22 188 176

0 164 191

0 133 195
59 928 170
69 104 174
106 78 133
157 105 161
167 79 129
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Annex C - Background For Color Vector Graphic

23



Copyrighted material licensed to Val Angelov, v.angelov@maillsi.com on July 19, 2022 for licensee's use only.
No further reproduction or networking is permitted. Distributed by the Illuminating Engineering Society www.ies.org.

ANSI/IES TM-30-20

This Annex is not part of ANSI/IES TM-30-20, Technical
Memorandum: IES Method for Evaluating Light Source
Color Rendition. It is provided for informational purposes only.

To facilitate easy comparison of products, three templates
for reporting data that has been produced in accordance
with |ES TM-30-18 are provided here. The templates include
simple (about % page), intermediate (about 2 page), and
full (full page) layouts, each containing subsequently more
information. These templates provide information without
explanation and are intended for an educated audience
(e.g., lighting specifiers and manufacturers).

These recommended templates are included as printable
output in the latest version of the IES TM-30-18 Calculator
tools. They are also intended to guide implementation
of TM-30-18 reporting by custom software. While small
differences in implementation are inevitable, the general
arrangement of data and formatting be maintained to
the extent practicable. The color vector graphic includes
optional elements that may be included or omitted
(see Section 4.5). Because the information does not
appear elsewhere in these templates the values for Ry, R,

CCT, and D, should always be embedded, as shown in
Figures D-1 through D-3.

Figure D-1. Example of a simple report.
(Image courtesy of Michael Royer/PNNL)

Figure D-2. Example of an intermediate report. (Image courtesy of Michael Royer/PNNL)
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Figure D-3. Example of a full report. (Image courtesy of Michael Royer/PNNL)
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E.1 Introduction

This Annex provides guidance for applying the measures
defined in this Technical Memorandum and documents
important considerations for specifying light source
color rendition. It includes a table of recommended
sets of color rendition specification criteria, subject to
simplifying assumptions, that can be selected for use
based on the desired outcome and level of compromise
with other lighting performance attributes. These
recommendations were derived from experimental and
analytical work and are made based on the experience
and consensus of the IES Color Committee. Additional
justification and explanation are provided in Annex
F. The recommended specification criteria may be
adjusted—or completely replaced—at the discretion
of the user to better align with intended outcomes;
guidance on how this can be accomplished is provided.

(NOTE: Red superscripts indicate references found at the
end of Annex E.)

E.2 Quantifying Light Source Color Rendition
Color rendition is a complex phenomenon. A given
light source can have a range of effects on the color
appearance of an object, changing its hue, chroma, and/
or lightness compared to another light source, typically
defined as a reference illuminant.' These changes are not
the same for all objects; rather, they vary for objects
throughout the range of possible colors. In some cases,
any observable change may be unacceptable, but
in other cases, certain changes from the reference
illuminant may be desirable.

The ANSI/IES TM-30-18 method uses a common
calculation framework—including the 99 spectrally
neutral color evaluation samples, color space (CAMO2-
UCS), and blended reference illuminant scheme—based
on modern color science?? to determine a wide range
of measures that quantify different objective aspects
of color rendition, including average color fidelity* and

Table E-1. Summary of Measures and Graphics included in ANSI/IES TM-30-18.

Measure What it Characterizes* Interpretation Possible Values Typical Values
Fidelity Index R, Average similarity for all colors  Values closer to 100 indicate 0to 100 70 to 100
greater similarity to the reference
Gamut Index Rg Approximation of the average Values above 100 increase 0to 150 80 to 120
change in chroma for color in chroma; values below 100
decrease in chroma
Color Vector CVG Visual representation of hue Radial arrows for chroma shift, NA NA
Graphic and chroma changes for all tangential arrows for hue shift
colors (i.e., gamut shape)
Local Chroma R.p Average relative change in Values above 0% for increased ~ Approx.-100%  Approx. -20%
Shift chroma for colors within 1 of 16 chroma, values below 0% for to 100% to 20%
hue angle bins (j) decreased chroma (varies by hue)  (varies by hue)
Local Hue Rhs/hj Average change in hue angle (in  Positive values for Approx.-1to1  Approx.-0.2
Shift radians) for colors within 1 of 16  counterclockwise shift (e.g., red  (varies by hue)  to 0.2
hue angle bins (j) to orange), negative values for (varies by hue)
clockwise shift
Local Color Ri,;  Average similarity for color Values closer to 100 indicate 0to 100 60 to 100
Fidelity within 1 of 16 hue angle bins (j)  greater similarity to the
reference
Sample Color R, Average similarity for a specific  Values closer to 100 indicate 0to 100 60 to 100

Fidelity

color sample (i)

greater similarity to the reference

* Relative to reference illuminant.
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gamut area,’ as well as 16 values each for hue-specific
chroma shift,® hue shift, and color fidelity. These are
briefly summarized in Table E-1. Rather than weighting
various color shifts or attempting to derive a single
metric that quantifies preferred color rendition—or any
other subjective quality—TM-30-18 provides a system of
measures and graphics that can be used in combination
to specify appropriate color rendition across many
different lighting applications, at the discretion of the
lighting specifier, or to develop new lighting products.
Unlike single-number, higher-is-better metrics, applying
TM-30-18 relies on the user’s understanding the lighting
requirements, which can help identify which measures
and the values of those measures that should be used
for specification of color rendition.

E.3 Establishing Specification Criteria for Light
Source Color Rendition
E.3.1 Basic Considerations. Color rendition
specification criteria define the acceptable or desirable
range of values for one or more color rendition measures
or metrics. There are many factors that influence what
measures are included in specification criteria. A key
element of setting color rendition criteria is deciding on
the desired outcome, here called the intent. Different
intents may include promotion of:
« Subjective qualities, such as acceptability,
naturalness, vividness, preference, or other aspects
of aesthetics

+ Objective qualities, such as color fidelity, gamut area,
or any other specific measure in ANSI/IES TM-30-18

» Task performance, such as color discrimination,
color matching, or object detection via color contrast

Each intent requires consideration of different
combinations of color rendition attributes, which are
quantified with different measures. ANSI/IES TM-30-18
facilitates this process, allowing for a variety of intents
to be considered. There are also tradeoffs related
to the priority of color rendition—and the specific
design intent—within the overall scope of lighting
characteristics. These include:
+ Minimum qualification versus highest quality:
Color rendition criteria can be used to create
minimum standards (i.e., a floor) as a counter to a

IES Method for Evaluating Light Source Color Rendition

performance aspect that is inherently in opposition,
such as luminous efficacy. In other cases, color
rendition criteria can be used to promote desirable
lighting quality, ensuring the most appropriate color
rendition performance for the intended outcome.

« Flexibility versus prescription: More-lenient criteria
may allow a greater variety of products, enabling a
diversity of capabilities but perhaps requiring more
individual discretion. In contrast, more-stringent
criteria can be more predictable in delivering the
intended outcome but may limit innovation or the
ability to deliver appropriate performance in another
area, such as luminous efficacy.

The priority level helps to determine the values that are
set as minimum or maximum for a given measure. It
influences the balance between inadvertently allowing
inappropriate products and inadvertently disallowing
appropriate products. In general, priority level is related
to the likelihood that a design intent is achieved. It
can also influence the availability and cost of products
that meet the specification criteria, particularly if the
tradeoff leans toward a higher priority level—although
this is fluid as new products are developed.

Another basic consideration when establishing color
rendition specification criteria is simplicity versus
complexity.” Using a single measure can be easier for
users to understand and remember, but a more complex
multi-measure approach can be more transparent and/
or informative in some cases, allowing a better match
with the intent.

E.3.2 Application-Specific Considerations. Beyond
the basic considerations of intent and priority level,
there are many application-specific factors that should
be considered when establishing color rendition
specification criteria for a specific use case. Indeed,
application has been shown to influence what color
rendition attributes are desirable.? Application-specific
factors can affect both the type of measures included
and the threshold values that are set, refining what
might otherwise have been determined based on intent
and priority level alone. These factors include:
1.0bjects being illuminated: If one or more specific
objects of known hue are being illuminated, it is
more appropriate to use a hue-specificlocal measure
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(Res,hjs Rns i, OF Rerg) than an average measure (Rfor Ry).
The specific local measure can be determined based
on the intent. Even if the environment is filled with
many colors (i.e., a polychromatic environment),
the nature of the objects can lead to changes in the
most appropriate color shifts. Vibrant environments
might call for color rendition that enhances chroma.
In contrast, the presence of objects for which color
is an essential element of the identity may dictate a
need for limited hue shifts. Research has shown that
certain hues, particularly red, are more particularly
influential in color psychology.’

2.llluminance level: Color perception changes

with luminance. One known characteristic, the
Hunt effect,'®'" is that perception of colorfulness
decreasesasluminance decreases. In practical terms,
colors look duller as lighting is dimmed. In contrast
to this known behavior, existing measures of color
rendition—including ANSI/IES TM-30-18—assume
equal illuminance of the test source and reference
illuminant. Many experiments have shown that
increasing chroma (which is related to colorfulness)
relative to the reference illuminant, particularly
for red hues, improves subjective evaluations of
preference and naturalness when the illuminance
is typical of architectural interiors (approximately
200 to 700 lux). Recent research has shown that
this effect is related to the illuminance,’>'* which
suggests adjusting target color rendition criteria
based on illuminance level if the aesthetics of
the space is the primary design consideration. A
gradient of criteria is not practical, but varying color
rendition for light levels outside the range of 200 to
700 lux may be appropriate.

3.Need for hue stability: Because color shifts

smoothly vary around the hue circle, chroma shifts
are accompanied by hue shifts in nearby hue-angle
bins.%* Thus, if preserving hue is an important
consideration, large increases in chroma should be
avoided. Hue shifts can be assessed by examining
local hue shift values (Rhsj).

4.Tolerance for uncertainty: Measures of color
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rendition rely on standardized sets of color samples
to represent colors in architectural environments.
Depending on the characteristics of the light source
SPD, the appearance predicted by color rendition

measures can vary relative to the actual appearance
of colorsin anarchitectural space. Some SPDs render
similar, or metameric, colors in similar ways (less
uncertainty), while other can render such colors in
very different ways (more uncertainty). A measure
was recently proposed by a group of researchers to
capture this aspect of color rendition, the metameric
uncertainty index (Ry)." It is based on the same
calculation framework as ANSI/IES TM-30-18, but it
is not currently part of the ANSI/IES method. This
characteristic is very important in certain situations,
such as where color matching or metamerism are
important, but may be less important in situations
where the precise appearance of individual colors is
not a consideration.

5.Viewing population age: As the human eye ages,

lens transmission decreases, and the lens selectively
absorbs more short-wavelength radiation (i.e., “blue
light”).">"” There is currently insufficient research on
the effect of the aging eye on color perception to
establish age-adjustment factors for color rendition
specification criteria. However, those developing
color rendition criteria for spaces whose occupants
are elderly or “aging in place” should be aware of
age-induced changes in the visual system.

6.Viewing population culture: Cultural preferences

related to subjective aspects of color rendition have
been examined to a limited extent, with mixed
results.'®?' The most comprehensive of these studies
found that cross-cultural geographic variability did
not exceed the within-culture variability.

7.Viewing conditions: Methods for evaluating light

source color rendition, such as ANSI/IES TM-30-
18, rely on underlying assumptions embedded
in the color appearance models used in the
calculation framework. One of the most important
considerations is chromatic adaptation, or the
ability of the human visual system to maintain
white balance. Color rendition measures assume
the viewer has adapted to the chromaticity of the
light being emitted. In cases where a single space is
illuminated with multiple chromaticities, complete
chromatic adaptation may not be possible, and
the color appearance of objects may not match
what is predicted by color appearance models.
This can introduce uncertainty to color rendition
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specification criteria. No research has been here, independent means that these factors can be
conducted to address this issue. changed without any influence on color rendition;
8.Practitioner’s discretion: Lighting design is art said another way, there is no tradeoff between
and science, and the opinion and experience of color rendition and these factors. As such, these
the lighting practitioner is an important part of factors were not considered in the determination of
the decision-making process. Experience can help the criteria presented in this Annex.
practitioners bridge the gap between science and
application. E.4 Recommended Color Rendition
Specification Criteria
There are also many lighting design factors that Table E-2 provides a set of recommended color rendition
are independent of color rendition. These include specification criteria based on ANSI/IES TM-30-18 that
but are not limited to: chromaticity, correlated were developed using empirical data and consensus-
color temperature (CCT), circadian and other based decision making. They are intended to guide
photobiological effects, glare, flicker, whiteness lighting practitioners and others who implement such
rendition, luminous intensity distribution, criteria. They represent current best practices for the
distribution of light within a space, physical identified intents, but adjustments may be warranted to
luminaire aesthetics, and luminaire profile. As used better align the criteria with their specific end use, given

Table E-2. Recommended Specification Criteria.

Design Intent
(The desired effect of color rendition on the illuminated environment)
Preference (P) Fidelity (F)
R = 78
’g ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
© -
&< |1]|P R, = 95 F1 R = 95
v C
% % ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
S S 1% <R, < 15%
= Q
T =
]
-5 2 R = 75
-2 R I A S Re = 10 R, = 90
43 €
235 |2 |P2 R, = 92 v2 | s 2 e
ss3| [ |
F 2o Resm = 6% R, = 90
= T% <R, <19% " ° Gl
v g cs,
Q X
8o
S € R = 70
s ol || | S R, = 100 R = 85
L c
v v
£ 3 (3] (|P3 R, = 89 V3 |- e F3 [ e
~ U
C | bl b
Rcsh1 > 0% Rflm > 85
-12% <R, <23% '

Table note: All criteria assume a polychromatic environment with average horizontal illuminance between 200 and 700 lux and uniform
chromaticity.
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the many factors that can influence color rendition
specification criteria. In practice, these specification
criteria form qualification boundaries, but they do not
guarantee an outcome—neither appropriateness of
qualified products or inappropriateness of not-qualified
products.

The recommended criteria of Table E-2 feature three
design intents and three priority levels. The design
intents—Color Preference (P), Color Vividness (V), and
Color Fidelity (F)—were chosen based on the ability
to establish recommended criteria and anticipated
relevance to lighting specification. Each intent is
described further in Section E.4.3. Additional design
intents could be added in the future. The three priority
levels (1, 2, 3, with Level 1 considered highest) relate to
the stringency of the criteria: higher levels increase the
likelihood of achieving the design intent, whereas lower
levels offer increased flexibility to account for other

considerations. All priority levels are nested, so that
qualifying for a higher level ensures qualification for all
lower levels.

Important: The recommendations are subject to two key
assumptions, which address some of the application-
specific factors listed in Section E.2: 1) average
illuminance is approximately 200 to 700 lux (19 to 65
fc); and 2) the environment is polychromatic—that is,
rendition of all colors is a consideration, not just certain
ones.

Important: The design intents are distinct, but the
qualification ranges are not mutually exclusive. It is
possible to meet one of the three levels for each design
intent, although it is not possible to meet Priority Level
1 for all three design intents. The regions of overlap
between the specification ranges are shown in Figure
E-1 and described further in Annex F.

Figure E-1. lllustration of overlap between specifications. Overlapping areas represent a possible combination. The
areas are not to scale.
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If color rendition needs are complex or specialized, i.e.,
falling outside the intents and assumptions of Table
E-2, full consideration of all factors influencing choice
of color rendition specification criteria (see Section
E.3) is warranted, resulting in the development of a
customized solution. Some situations that may not
meet these assumptions include roadway lighting (low
illuminance levels), single-material architectural facades
(not polychromatic), dimly lit interior architectural
environments (low illuminance levels), and some storage
spaces (color rendition not a priority).

If color rendition is of low priority relative to other
design considerations, such that meeting any of the
basic design intents identified in Table E-2 is not
important, alternatives with more lenient criteria may
be appropriate. Benchmarking is one method that
may be appropriate in certain situations where color
rendition is of low priority. For example, approximation
of R, = 70 for LED products is R = 70, Rq = 90, and Res i =
-18%. This is explained further in Annex F.

Important: Simply converting existing minimum
values used with CIE R, to the same values for Rs is
not recommended. There are considerable differences
between the CIE General Color Rendering Index (R,
colloquially, CRI)?? and Ry, despite both being measures
of average color fidelity.>* Furthermore, the design
intent behind existing specifications based on CIE R,
is generally unclear, and has not been supported by
empirical data.?>?33> This is demonstrated further in
Annex F

E.4.1 Nomenclature. Each set of specification
values in Table E-2 is assigned an abbreviation
based on the first letter of the design intent (P, V,
or F) and the priority level (1, 2, or 3). For example,
the color preference specification with the highest
priority level is given the code P1. These codes are
suggested for use where concise communication is
needed, either within a specification or in relation
to the performance of a lighting product.

E.4.2 Transitions. It is acknowledged that some
existing specifications rely on the combination
of R, and Ry from CIE 13.3-1995. The transition to
new specifications can be a challenge because

IES Method for Evaluating Light Source Color Rendition

products that meet existing specifications may not
meet new specifications. To address this practical
consideration, a phased approach is recommended,
with dual paths to qualification for a limited time
while the market transitions.>¢

E.4.3 Tolerances. The recommended values are
minimum and maximum specifications, not design
targets. Therefore, tolerances are not specified.
Where measurement and manufacturing tolerances
are relevant, users should establish appropriate
targets at their own discretion.

E.4.4 Description of the Three Design Intents.
This section describes the function, meaning,
and limitations of the three design intents. (For
additional explanation of how the specific values
were derived, see Annex F.)

E.4.4.1 Color Preference. This design intent
captures subjective evaluations of preference,
pleasantness, naturalness, acceptability, and
related qualities. These sets of criteria utilize three
ANSI/IES TM-30-18 measures: Res i, Ry, and Rg. With
increasing priority level, the recommended lower
limit of R increases from -12% to -7% to -1%,
reducing the desaturation of reds. The upper
limit also decreases, limiting oversaturation of
reds. The use of Ren1 as a central component for
this design intent aligns with experimental and
experiential evidence about the importance of
red.

The R¢ values for the Color Preference intent
are lower than for the Color Fidelity intent,
at 70, 74, and 78 for the three priority levels.
This is a response to the fact that increases in
red chroma lead to lower color fidelity. Lower
average color fidelity values allow for higher
theoretical maximum energy efficiency but also
allow for lower metameric uncertainty—though
neither is a guaranteed outcome of these sets
of specification criteria, as there is substantial
variability among SPDs meeting the criteria. The
criteria for this design intent encompass a larger
area within the range of possible color rendition
characteristics than the other two design intents.
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The Color Preference criteria do not ensure hue
stability, and considerable hue shift can occur if
red chroma is substantially increased—especially
if gamut area is not increased simultaneously.
Rather, they prioritize red chroma enhancement
relative to the reference illuminant. Increasing
red chroma relative to the reference illuminant (at
equal illuminance, by definition) helps counteract
the Hunt Effect, making reds appear more similar
to their perceived appearance under a reference
illuminant at high illuminance levels.

Majorities of currently available white phosphor-
converted LED, fluorescent, and ceramic metal
halide products that are intended for interior use
fall into the P3 specification. Some products are
available in the P2 and P1 specifications. Both
standard and neodymium incandescent lamps
typically fall in the P1 specification, providing a
reasonable demonstration of the range of color
rendition characteristics for P1 products.

Color Preference may be the dominant color
rendition design intent in retail, office, hospitality,
and residential lighting applications. As with all
design intents, this is at the discretion of the
lighting specifier, in consultation with other
members of the design team.

E.4.4.2 Color Fidelity. This design intent captures
the objective quantification of color fidelity.
Average color fidelity measures, such as ANSI/IES
TM-30-18 R (or CIE R.), quantify the average color
shift in comparison to a reference illuminant; in
the ANSI/IES TM-30-18 method, this is always a
broadband illuminant. High levels of color fidelity
minimize all types of color shifts relative to the
appearance under a reference illuminant, which
may be important for object identification.

Because measures of average color fidelity,
such as R;, do not indicate color fidelity of any
particular hue region or color evaluation sample,
aminimum Reyy (equal to the specified R criterion)
is also specified for Priority Levels 2 and 3. This is
the conceptual equivalent of supplementing CIE
R, with Ro. It is not specified for Priority Level 1,

because the range of R¢w is already reasonably
constrained by the very high R: criterion. Due
to the cohesive underlying system of ANSI/IES
TM-30-18, Reni = 85 is approximately equivalent to
-9% < Resmi < 9%, and Rinr = 90 is approximately
equivalent to -6% < Ren < 6%. It would be
reasonable to employ these R criteria in lieu of
an Ry criterion.

While high color fidelity implies only small
differences from the reference condition, it also
reduces metameric uncertainty. Increasing color
fidelity increases the need for a broad distribution
of spectral power, avoiding peaks and valleys that
can interact with the reflectance characteristics of
specific objects. High color fidelity improves the
predictability of the color appearance of objects
that are not included in the 99 standardized color
evaluation samples.

The Color Fidelity intent, treating all color shifts
equally, contrasts with the Color Preference
intent, which prioritizes preservation of
colorfulness over preservation of hue. However,
there is strong overlap between the two. It is
possible to simultaneously achieve Priority Level
1 for both intents.

Majorities of currently available white phosphor-
converted LED and fluorescent lighting fall
outside of the Color Fidelity specifications, but
products in all three priority levels do exist.
A standard incandescent or tungsten-halogen
lamp meets the F1 specification, whereas a
neodymium incandescent lamp would typically
meet the F3 specification. The neodymium
incandescent lamp has lower color fidelity
because it intentionally shifts colors relative to
the reference illuminant in order to increase color
preference.

Color fidelity may be the most important design
intent in manufacturing, medical, color matching,
or color reproduction applications. As with all
design intents, this is at the discretion of the
lighting specifier, in consultation with other
members of the design team.
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E.4.4.3 Color Vividness. This design intent
captures of color

vividness, which may alternatively be referred

subjective evaluations

to as vibrancy or saturation. Res i is a key criterion
for this design intent. It is augmented with Ry
to prevent focused optimizations for a specific
hue. The Color Vividness specifications have no
upper limits on R or Ry Very large increases
in vividness may not be viewed as natural or
preferred and should be reserved for specific
applications where these considerations are not
important. Strong increases in R and/or Ry
induce hue shifts and reduce color fidelity.

There is some overlap between the performance
characteristics of the Color Preference and
Color Vividness design intents, although Priority
Level 1 cannot be achieved simultaneously for
both. In short, color preference is maximized at
an intermediate, above-average level of color
vividness, where colors are neither dull nor too
vivid. This design intent focuses only onincreasing
color vividness, and targets above-average
performance. It is possible to simultaneously
achieve any level of Color Preference and Color
Fidelity at Priority Level 3 for Color Vividness (e.g.,
P1,V3, F1). Likewise, it is possible to achieve V2, F3,
and P1. These are important regions of overlap
but do not necessarily represent performance
that is suitable for all situations, given tradeoffs
with other lighting characteristics. Some other
possible combinations are illustrated with
examples in Section E.5.

Majorities of currently available white phosphor-
converted LED and fluorescent lighting fall
outside of the Color Vividness specifications,
although some products achieving up to V2
exist. At present, the V1 specification is most
readily achieved using color-mixed LEDs. Color
vividness may be the dominant color rendition
design intent in some entertainment, display,
or retail applications. As with all design intents,
this is at the discretion of the lighting specifier, in
consultation with other members of the design
team.
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E.5 Performance of Select Spectral Power
Distributions

The performance of SPDs representative of currently
available products is shown in the following series of
graphics. It should be noted that identified product
categories are not homogeneous in terms of color
rendition; these are examples only and should not be
used for any other purpose. Categorization according to
the recommended color rendition specification criteria
is shown in the upper-right corner, using the defined
nomenclature (see Section E.4.1). A dash is used to
indicate that none of the priority levels are met for the
specific design intent.
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F.1 Introduction

This Annex provides additional background and evidence
to support the recommendations for specifying light
source color rendition provided in Annex E. It examines
the types of data that help consensus-based decision
making and summarizes historical color rendition
specification criteria. It describes the data sources and
procedures that were used to establish the values
in Table E-2 of Annex E, then provides data on the
performance of these specifications using datasets of
theoretical and commercially available light source
spectral power distributions (SPDs). The tradeoff between
energy efficiency and color rendition is briefly discussed
to help users of the recommended specification criteria
make informed decisions. (NOTE: Blue superscripts indicate
references found at the end of Annex F.)

F.2 Background

Empirical evidence can bolster the validity of any
consensus-based process. For color rendition
specification criteria, empirical evidence helps to identify
the objective measures that are most correlated with
specific design intents, and the threshold values that
differentiate the priority levels. Empirical evidence for
color rendition specification criteria can be derived from
several different processes, including benchmarking,
experimentation, and design experience. All three were
involved in the development of the recommendations
in Annex E.

Benchmarking describes a process of translating
specification criteriafrom one measure (or set of measures)
to another using an existing set of qualified products.
That is, new qualifying ranges for a new measure (or set
of measures) can be established based on the properties
of products that qualified according to a previous system.
Because this method is simply a translation from one set
of specification criteria to another, benchmarking relies
heavily on the assumption that the existing specification
criteria are effective at qualifying appropriate light sources
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and disqualifying those that are not. Benchmarking can
be quick and straightforward but has a limited ability to
account for future changes in product performance. At
least one published work has translated a specification
based on R, to TM-30 values: The U.S. Department of
Defense’s Unified Facilities Criteria 4-510-01 Design: Military
Medical Facilities."

Empirical evidence can be gained from human
factors experimentation, where responses from
human participants are collected for varying color
rendition conditions. Human factors color rendition
experiments are typically psychophysical experiments
that attempt to determine a causal link between light
source colorimetric characteristics and repeatable
visual sensations. They frequently involve participants
providing subjective evaluations for naturalness,
vividness, preference, or acceptability. Experiments
present the opportunity to investigate novel light
sources but rely on the assumption that the effects
of color rendition in the controlled environment are
applicable to other situations. Many human factors
experiments have investigated the performance of
TM-30 measures.?”

Finally, empirical evidence from lighting specification
experience can be an important complement to
benchmarking and experimentation. It can inform the
consensus process in areas where experimentation has
not been completed or benchmarking is insufficient.

F.2.1 Existing Color Rendition Specification
Criteria. The history of institutional color rendition
specification criteria is not well-documented,
but perhaps begins with several utility energy
efficiency programs in the 1990s, where CIE General
Color Rendering Index R, (colloquially, CRI) > 80
was a common criterion.' These programs were
predecessors to ENERGY STAR™, which adopted CIE
R, >80in 2001 as part of CFLs version 2.0."” The CIE
R, = 80 criterion was not based on experimental
evidence, but rather on a combination of the
capabilities of fluorescent lamps, manufacturing
tolerances, and common practices. Eventually,
CIE R, = 80 became a de facto standard for
architectural interiors where color rendition is an
important consideration and was instrumental in
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the development of LED technology. It became
known as a delineator between acceptable and
unacceptable (or liked and disliked) lighting, even
though no experiments ever supported that idea—
and many contradicted it.3#46-911.20-24 Stjl|, with a
limited selection of lamps to choose from, CIE R,
and its associated criteria performed well enough
to last for many years.

There has been some movement away from CIER, >
80 since 2010. With only one standardized method
for evaluating color rendition prior to the adoption
of IES TM-30-15, the options to improve the specified
level of color quality amounted to increasing the
CIE R, requirement or supplementing it with a
requirement for the Special Color Rendering Index
CIE Ry—a recognition of the specific importance of
reds. California Title 20 has increased the threshold
to CIE R, = 82 (with CIE Ry minimum requirements for
test color samples 1 to 8 of 72).> The WELL Building
Standard v2 allows qualification with CIE R, > 90.2°
Specifications augmenting CIE R, > 80 with a CIE
Ry requirement include ENERGY STAR?2¢ (CIE Rq
> 0) and WELL Building Standard v2 (CIE Ry > 50).
The most stringent color rendition criteria based
on CIE R, and Ry may be California Title 24 JA8,%
with requirements of R, = 90 and R, > 50. Efforts
to increase CIE R, and Ry thresholds in California
elicited concerns that the values are too restrictive,
induce energy inefficiency, and are not inherently
more correlated with lighting preferences than
existing criteria.

As of 2018, IES Recommended Practice documents
included recommendations for minimum R, values
of 70, 80, 85 or 90, depending on the specific intent,
with no recommendations for Rs.

Due to the well-documented limitations of both
CIE R, and Ry,?'3%3% concerning both technical
accuracy and
recommended that existing specifications and
recommended practices based on these measures
be reevaluated and updated to reflect current
science, as embodied in ANSI/IES TM-30-18.°* New
criteria based on TM-30 are already being used as

completeness, it has been

an alternative (or preferred) path to qualification

in some specifications, including UFC 4-510-01:
Design Military Medical Facilities," the Well Building
Standard v2,%° and the DesignLights Consortium
SSL Technical Requirements v5.3° The latter two
include tiers that roughly align with the Color
Preference design intent defined in Annex E. All
three allow at least a partial alternative path to
qualification using CIE R, and Ry, smoothing the
transition to the new method.

F.3 Development of Recommended Color
Rendition Specification Criteria

F.3.1 Color Preference. The primary data source
for Color Preference specification criteria was
the results of five experiments*¢ conducted by
three organizations. These were grouped as three
datasets: Zhang and others, Royer and others,
and Esposito and Houser.’” The independent
experiments shared a common goal of evaluating
subjective responses to light source color rendition,
including color preference, using a large quantity
and wide variety of color rendition conditions. Two
of the three datasets included varied chromaticity—
and accounted for chromatic adaptation. The
nominal horizontal illuminance levels for the five
individual experiments were 250, 270, 330, 450, and
650 lux. Between them, the experiments presented
a variety of objects arranged in a polychromatic
scene, using different display types (booths and full
rooms), different luminaires (with different spectral
components), and different subject pools (including
age, gender, and culture).

In total, 354 color rendition conditions were
evaluated (see Figure F-1). R was between 63
and 98, Ry was between 79 and 124, and Resm was
between -31% and 33%. CCTs were between 2681 K
and 6574 K, and D, values were between-0.0143 and
0.0051. The experiments involved 137 participants
(70 female, 67 male) between 19 and 70 years of
age. In total, the participants made 7,278 recorded
judgements of color preference using a Likert scale.
Other attributes studied included naturalness or
normalness, and vividness or saturation. Royer and
others also included acceptability in two of the
three experiments.
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Figure F-1. Color rendition characteristics (R, Rg, Rcs,n1)
of the 354 experimental SPDs from the three datasets
that were used as primary sources for developing the
recommended color rendition specification criteria.
The broad coverage of possible characteristics makes
these datasets useful for establishing color rendition
specification criteria.

A combination of Ry, Ry, and/or red chroma shift
(either Res i or Res s, Which as measures for adjacent
hue-angle bins are closely correlated) provided
the best-fit regression model for color preference
in all cases. Despite differences in coefficients and
structure of the regression models, the consistency
of the included measures established R;, R, and

Res,m as key factors for specifying color preference.
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Only Royer and others explicitly suggested
specification criteria. To evaluate the performance
of those criteria and examine possible alternatives,
the SPDs from each of the three datasets were
arranged in rank order. Each prospective set of
color rendition specification criteria was visually
evaluated by color coding the pass (green) and
fail (yellow) outcomes (see Figure F-2). An ideal
specification would result in homogeneous blocks
of green and yellow, but in reality the variance
associated with the experimental samples means
that some intermixing is to be expected.’” The
overall ratio of green to yellow between the datasets
is not an indicator of performance; rather, it results
from differences in the types of SPDs shown. For
example, the Zhang and others dataset featured
substantially more SPDs.

As is evident, criteria based on R, alone or on
R, and Ry are not effective for predicting color
preference. With criteria that are too relaxed, SPDs
throughout the rank order qualify, and with more-
restrictive criteria, many of the most-preferred SPDs
do not quality. This situation is not remedied by
adding another metric, Gamut Area Index (GAl), as
proposed as part of the Class A specification.?®4°
The inherent non-uniformity underlying the CIE
13.3-1995 method means multi-measures systems
derived from it do not have the same orthogonality
as ANSI/IES TM-30-18 measures,*>**4! reducing the
effectiveness of any derived specifications. GAI
also is dependent on CCT,*"*? but the experimental
results were not.

To augment the visual analysis and explore
improvements, optimizations were performed by
assigning positive and negative scores based on
position in the rank order relative to a practical
dividing line. Both unweighted (e.g., -1 or 1) and
weighted (based on position from the dividing
line) were considered. Minimum and maximum R;,
Rg, and R values were allowed to vary, with the
goal of maximizing the sum of the assigned values
for SPDs that met the combined criteria. (Passing
SPDs above the dividing line contributed positively,
whereas passing SPDs below the dividing line
contributed negatively.)
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Figure F-2. Performance of the recommended (shaded) and
alternative color rendition specification criteria with regards

to rated color preference. Each SPD is arranged in order

based on the mean rating. Green indicates the SPD meets the

specification, whereas yellow indicates the SPD does not meet

the specification. Top: Royer and others. Middle: Zhang and
others. Bottom: Esposito and Houser.

The visual and numerical optimizations required the
use of datasets with many SPDs covering a range of
possibilities, which resulted in the selection of the
three datasets over other experiments in this field
that were considered.3#6:1012:15.20.22.24,4043-86 \Njthout
sufficient coverage of the three-dimensional space
with axes of Ry, Ry, and Rem, it is not possible to
establish specifications. Many prior studies were
limited by light source capabilities and were more
focused on establishing best-fit models and/or
single-number metrics of color preference.

The final specification criteria (see Table E-2, in
Annex E) were established by considering the
visual and numerical optimization results for all
three datasets. Practical considerations, such as

symmetry and equal increments across priority
levels, also influenced the recommendations. As
shown in Figure F-2, there is some variation in the
performance of the specification criteria across the
three datasets, but the agreement was enough
to support generalization under the assumptions
listed with Table E-2. That is, the specification
criteria are not limited to specific cultures, genders,
ages, or applications. Nonetheless, these factors
should be understood by the user.

Color Preference Priority Level 3 (P3) was
benchmarked to qualify a vast majority
of SPDs meeting criteria of CIE R, > 80 with
Rs = 0. Accordingly, Figure F-2 shows similar
performance for these two specifications. From a
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set of approximately 165,000 theoretical SPDs,®”
91% of SPDs that met R, = 80 with Ry > also
met the P3 specification. Likewise, about 98%
of products that met R, = 80 with Ry = 0 in a set
of 668 commercially available SPDs also met the
P3 specification. In contrast, the P3 specification
allows qualification of a considerable range of
SPDs that do not meet the R, = 80 with Ry = 0
specification; 39% of the theoretical SPDs that
met the P3 specification did not meet the R, >
80 with Ry > 0 specification. Ninety-six percent of
such SPDs within the theoretical set had R =
0%, exceeding the red chroma criterion for the P1
specification.

The recommended specification criteria are
also supported in principle by a wider range of
research. The use of R n as a central component
for this design intent aligns with evidence of the
importance of reds in subjective evaluations of
color rendition,3#6-911:202240 and in color psychology
in general.®® It also aligns with research indicating
a broader correlation between chroma (saturation)
and CO|Or preference’4,679,20,21,23,24,43,46,57,61,68,73776,89792
with many prior studies conducted prior to the
availability of a specific measure of red chroma or
a definition of gamut shape. The recommended
Color Preference specification criteria prioritize red
chroma enhancement relative to the reference
illuminant, which is believed to counter changes
in color perception that reduce colorfulness as
luminance decreases (the Hunt Effect).109394
Increasing red chroma relative to the reference
illuminant (at equal illuminance, by definition)
helps reds appear more like they would under the
reference illuminant at high illuminance levels. New
research has indicated that light level can influence
the preferred level of chroma enhancement’®’; this
is a key reason why the recommended specification
are limited to a defined illuminance range.

*This set features 150,000 theoretical SPDs with 3,4, 5, 6, or 7 Gaussian
components—representing a typical LED emission spectrum—with
peak wavelengths between 400 and 700 nm and full-width-half-
maximum values between 1 and 100 nm. CCTs are between 2700 K
and 6500 K, with Dyy values between -0.018 and 0.006. The remainder
of SPDs are also theoretical compositions of multiple components
creating white light.

IES Method for Evaluating Light Source Color Rendition

SPDs with characteristics meeting the Color Preference
criteria also tend to be rated as more natural for all three
datasets, with linear regressions having coefficients of
determination () of 0.69 (Zhang and others), 0.66
(Royer and others), and 0.35 (Esposito and Houser).
For the two datasets with the highest correlation,
naturalness ratings were maximized at slightly lower
ratings of vividness than color preference ratings.
For the one dataset that included a question about
acceptability (Royer and others), preference and
acceptability were highly linearly correlated (> = 0.85).
The three priority levels correspond to acceptability
rates of approximately 65%, 80%, and 90%, although
there is variation within each priority level.>”

Covering a large area of color rendition space, it is
possible for an SPD to be classified as P3 or P2 and
meet any level of Color Vividness or Color Fidelity.
SPDs in the P1 category can achieve all other
designations except for V1.

F.3.2 Color Vividness. The Color Vividness
specifications were developed using the same
three datasets and same procedures as described
for the Color Preference specifications. For all
three datasets, mean ratings of color vividness
were most strongly correlated with Resp and Respis
( = 0.72). R was chosen for its practicality and
continuity with the color preference specifications.
Resm criteria were augmented with criteria for Rg
to improve the fit to collected data and prevent
narrow optimizations in the future. Figure F-3
illustrates the performance of the Color Vividness
specifications. Because no specifications have
previously been proposed specifically for this
design intent, no comparisons are provided.

Although vividness may be a less prominent design
intent, other subjective qualities are related to color
vividness. For all three datasets, there is a quadratic
relationship between ratings of color preference
and ratings of color vividness (see Figure F-4). This
indicates that color vividness is preferred up to a
certain level, at which point object appearances
become oversaturated and/or hue shifts become too
substantial. The Color Vividness specification criteria
focus only on the vividness aspect, and thus do not
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Figure F-3. Performance of the recommended specification criteria with regard to
rated color preference. Each SPD is arranged in order based on the mean rating.
Green indicates the SPD meets the specification, whereas yellow indicates the SPD
does not meet the specification. Top: Royer and others. Middle: Zhang and others.

Bottom: Esposito and Houser.

Figure F-4. Mean preference rating vs. mean saturation rating for each SPD in the three datasets. Left: Zhang and

others. Middle: Royer and others. Right: Esposito and Houser.
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limit oversaturation. The V3 specification begins
at an approximately neutral rating between dull
and vivid, and overlaps with specifications for Color
Preference and Color Fidelity. The V3 thresholds are
set at the neutral points for Ry (100) and Res i (0%). In
contrast, The V1 specification is effectively exclusive
of the P1 and F1-F3 specifications. SPDs classified
as V2 can achieve any Color Preference level and a
maximum of F3. SPDs classified as V3 may or may not
meet any of the other specifications.

F.3.3 Color Fidelity. Average color fidelity
has historically been the characteristic used to
understand and communicate light source color
rendition. It was historically characterized by the CIE
General Color Rendering Index, R, (CRI)."® ANSI/IES

TM-30-18 and CIE 224:2017°° provide an updated,
scientifically accurate measure of color fidelity,
addressing the many known inaccuracies of CIE
R..3233% ANSI/IES TM-30-18 also includes 16 local
color fidelity measures (R¢;) to address the rendition
of specific hues without relying on individual color
samples that can be specifically targeted in spectral
optimization.

Development of the Color Fidelity specifications
relied more on experience and intuition than the
Color Preference or Color Vividness specifications
did. Color fidelity is most useful and meaningful
when the values are high. As color fidelity is
reduced, the range of gamut area and possible
gamut shape orientations increases, such that SPDs
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with the same R value can result in increasingly
different object color appearances. SPDs with Ry
values of 85 and equal Ry values have been shown
to induce substantially different color shifts.” The
lowest recommended Color Fidelity specification
(F3) is R¢ = 85, which is higher than many existing
specifications for CIE R, that are ostensibly more
about acceptability than color fidelity. In specific
circumstances, there is no R¢ value other than 100
that can ensure no difference in color appearance
compared to the reference illuminant; however,
the F1 specification was deemed high enough to
achieve this under practical architectural lighting
circumstances.

In acknowledgement of the particular importance
of red to color psychology and the precedent of
including red color fidelity in specifications, the F3
and F2 tiers include limits for R¢w that are equal to
the respective limits for R:. That is, the color fidelity
for reds cannot be worse than the average color
fidelity for all hues. The R criterion for F1 provides
sufficient limitation on all hues that an Ry, criterion
was not needed. From the set of approximately
165,000 theoretical SPDs, the minimum Rp; value
(across all hue-angle bins) for an SPD meeting the
F1 specification was 87, and the minimum Ry, value
was 95. For all hue angle bins, the 10th percentile
was 93 or greater.

The Color Fidelity specifications contrast with the
Color Preference specifications, but there is strong
overlap between the two sets. SPDs within any of
the Color Fidelity specifications that have Ren =
-1% fall into P1—those with R = 0 also fall into V3.
SPDs within any of the color fidelity specifications
that have R ni < -1% fall in either P2 or P3. All SPDs
meeting the F2 or F1 specifications will at least
meet the P2 specification but cannot meet the V2
or V1 specifications. SPDs with the F3 designation
may be in any Color Preference level but cannot
achieve V1. The Color Fidelity specifications are
more restrictive than the Color Preference or Color
Vividness specifications; that is, they cover a much
smaller region of the R¢-Rcsn space (see Figure F-1,
in Section F.3.1).
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As opposed to color preference and vividness, color
fidelity is an objective aspect of color rendition.
It was not studied as a dependent measure in
the five experiments used to determine the Color
Preference and Color Vividness specifications.
However, a number of psychophysical studies
have been completed that have supported the
improvements of R over CIE R,,>>'%%7 particularly
the use of CAMO02-UCS color space—which is the
most readily testable attribute.

Color fidelity has long been viewed as related to
color naturalness, but none of the three datasets
discussed in this Annex (@among others) supports
that relationship. The coefficients of determination
(rY) for R: versus rated naturalness were 0.56
(Zhang and others), 0.43 (Royer and others), and
0.30 (Esposito and Houser). The level of correlation
depends on the specific SPDs included.** Figure
F-5 illustrates the fit of the Color Preference and
Color Fidelity specifications to rated naturalness
or normalness data for the three datasets. A major
difference is the restrictiveness of the two design
intents: The Color Preference specifications qualify
substantially more SPDs within each set. The Color
Fidelity specifications tend to qualify only highly-
rated SPDs, but also disqualify many of the highest-
rated SPDs.

An alternative to objective color fidelity is
“perceived color fidelity,” which is intended to
relate to color naturalness (or color preference) by
variably weighting color shifts to form a subjective,
single-number metric. ANSI/IES TM-30-18 does
not include subjective metrics, instead providing
enough objective data to facilitate effective multi-
measure specifications.

F.3.4 Performance of Existing Products. Figures
F-6 (Rcsm-R9) and F-7 (Rem-Rg) illustrate the range
of performance for a set of 668 commercially
available LED products sold for architectural
lighting compared to the theoretical range of
possible combinations. The nine recommended
specifications are also shown—the Color
Preference specifications are split across both
figures. The existing products fall into only a small
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Figure F-5. Performance of the recommended
(shaded) and alternative color rendition specification
criteria with regard to rated color preference. Each
SPD is arranged in order based on the mean rating.
Green indicates the SPD meets the specification,
whereas yellow indicates the SPD does not meet the
specification. Top: Royer and others. Middle: Zhang
and others. Bottom: Esposito and Houser.

Figure F-6. Performance of 668 commercially-available
LED SPDs compared to the range of possible Rs and
Rcs,n1 values, as demonstrated by a set of approximately
165,000 theoretical SPDs.

* The Color Preference Criteria include a third measure, Ry,
shown in Figure F-7.
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Figure F-7. Performance of 668 commercially-available
LED SPDs compared to the range of possible Rs and
R.,n1 values, as demonstrated by a set of approximately
165,000 theoretical SPDs.

* The Color Preference Criteria include a third measure, Ry,
shown in Figure F-6.
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region compared to the overall possibilities, due
to a combination of energy efficiency tradeoffs
(see Section F.3.5) and prior color rendition
specifications (see Section F.3.6). In particular, a
majority of current products—featuring a blue-
pump phosphor-converted white architecture—
have R values around 82 and R values around
-11%.37 It is anticipated that the recommended
color rendition specifications will allow greater
product differentiation and will incentivize novel
product development. The commercial product
with the highest R value was engineered based
on color preference research using TM-30.

The commercially available LED products fall into all
three recommended Color Preference specifications
and all three Color Fidelity specifications. None
of the products meets the V2 or V1 specification,
although such conditions are easily achieved with
color-mixed LED systems, such as those used to
generate the experimental datasets (see Figure F-1,
in Section F.3.1).

Section E.5 in Annex E provides additional
examples of the specification levels met by current
products, including non-LED products.

F.3.5 Energy Efficiency Tradeoffs. Color rendition
is generally considered to be a tradeoff against
energy efficiency, as quantified with luminous
efficacy of radiation (LER)—which only accounts
for spectral efficiency, ignoring electrical efficiency.
This is because the highest LER, 683 Im/Woptical,
occurs with monochromatic light having a
wavelength of 555 nm. Any specifications for color
rendition necessarily reduce this maximum. Many
studies have examined this tradeoff in the past,
and the relationship has been reexamined using
measures from TM-30.768

For all three design intents, increasing the priority
level (e.g., from 2 to 1), reduces the maximum
possible LER. The pole of maximum LERfor nominally
white light sources occurs with low color fidelity
and low red chroma, as illustrated in Figure F-8. The
color-coded regions of LER are not exclusive; rather,
they overlap. However, higher LER is more likely
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to be achieved in certain regions of Ri-R.n space,
and high LER cannot be achieved in others. This
tradeoff should be considered when choosing from
the recommended specification criteria priority
levels. What is important is that SPDs with LER
equal to or greater than that of currently available
products for architectural lighting (approximately
300 to 340 Im/Wopticar) €Xist in the regions for all nine
recommended specifications.

Figure F-8. Recommended specifications (lines) shown
against luminous efficacy of radiation (LER) of the
theoretical SPDs.

F.3.6 Performance Compared to Prior
Specifications Based on CIE 13.3-1995. Figure
F-9 illustrates the performance of the Color
Preference and Color Fidelity specifications (shown
with lines) relative to approximate boundaries for
two common specifications based on CIE 13.3-
1995: R, (CRI) = 80 with Ry > 0 (orange) and R, (CRI)
> 90 with Ry = 50 (yellow). The latter is shown
by color coding the set of theoretical SPDs to
translate from R, and Ry to the axes of R and Rcshi.
There is substantial overlap between the criteria
using the different color rendition evaluation
methods, which was a consideration during the
development of the recommended specifications
of this document. That is, converting to the new
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color rendition specifications does not require vast
changes in currently available products. It does,
however, allow for refinement and differentiation
while establishing targets for future development.

Figure F-9. Comparison of recommended specifications
(lines) and commonly used specifications (colored
theoretical SPDs).
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There are important differences between common
past specifications and the recommended
specifications of this document. Many theoretical
SPDs meeting specifications using the combinations
of CIE R, and Ry fall outside any of the recommended
specifications. Of the theoretical SPDs meeting CIE
R, = 80 with Ry > 0, for example, 9%, 37%, and
69% fail to meet the P3, P2, and P1 specifications,
respectively. A substantial portion of this
discrepancy is due to misalignment between the
previously used measures and the characteristics
found to be important for the Color Preference
design intent. However, SPDs meeting CIE R, = 80
with Rs = 0 have Rf values as low as 41; furthermore,
SPDs meeting CIE R, = 90 with R > 50 have R; values
as low as 65. As another illustration, 45% of the SPDs
meeting CIE R, > 90 with Ry > 50 fail to meet the F2
specification, which is conceptually equivalent. The
amount is 61% for the commercially available LED
set. This is due to the technical limitations of the CIE

13.3-1995 method, specifically the color samples
and color space.?'3%344 |t is not due to the scaling
factor, which has been adjusted.>* The new criteria
effectively prevent the use of SPDs optimized only
for the metric calculation. These examples also
illustrate why it is not recommended to simply
convert existing specifications to equivalent
measures from ANSI/IES TM-30-18.

The new specifications also address products
that would otherwise fail to meet common past
specifications due to a bias against particular
shifts.>* For example, theoretical SPDs in the P3,
P2, and P1 specifications have CIE R, values as low
as 42, 52, and 61, respectively. CIE Ry values are as
low as -173, -118, and -99. The same is true for the
F3, F2, and F1 specifications, where the minimum
CIE R, values for the theoretical SPDs are 75, 82,
and 91—the gap greatly reduces as average color
fidelity is increased. These discrepancies extend to
the experimental datasets, where SPDs in the P3,
P2, and P1 specifications have CIE R, values as low
as 47,60, and 68, respectively.

Finally, to qualify the same products using
specifications based on CIE R, and complementary
measures (i.e., using the same color samples)?#3840.78
requires substantially reducing the CIE R, threshold,
which would also allow products rated as providing
less preferred or less natural color rendition to
qualify. In other words, the non-uniformity of CIE R,
in response to color shift in different hue regions3%33
cannot be overcome by augmenting it with
additional measures to craft effective specifications
for color preference or color fidelity. This approach
is not recommended.

F.3.7 Benchmarking to Prior Specifications
Based on CIE 13.3-1995. In some cases where color
rendition is a relatively low priority, converting old
specifications (typically based on measures from
CIE 13.3-1995) to new specifications based on ANSI/
I[ES TM-30-18 using a benchmarking approach is
possible. As previously stated, benchmarking to a
specification of R, = 80 with Ry > 0 contributed to
the P3 specification. Because benchmarking has
strong limitations based on the set of SPDs used, it
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is not a substitution for more carefully considered
revisions of color rendition specifications for
situations where color quality is important. When
benchmarking is performed, the recommended
minimum included specification parameters are Ry,

Rg, and Rcs i, with potential inclusion of Repi.

To illustrate this process, a collection of 886 SPDs
for commercially available products of varying
technologies was assembled. Of those products,
817 met R, = 70. The minimum ANSI/IES TM-30-18
parameters for those 817 SPDs were Rs = 64, Ry =
75, and Repn = -23%. If the collection of SPDs was
limited to the 668 LED products, the corresponding
minimum values for the 641 SPDs with R, > 70 was
R¢ = 67, Ry = 85, and Rcsm = -20%. The collections
of SPDs should represent the products that are
intended to be covered by the new specification.

Outliers are an additional consideration, and
the decision can be made to remove a certain
percentage of the values. For the latter example
with 641 LED products having R, = 70, removing the
bottom 1% of products for each parameter would
result in a new specification (rounding down) of R
> 71, Ry = 91, and R = -18%. For clarity, this could
be further smoothed to R¢ = 70, Rq = 90, and Resm =
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