ELSEVIER

Cone fundamentals and CIE standards

Andrew Stockman

A knowledge of the spectral sensitivities of the long-
wavelength-sensitive (L-), middle-wavelength-sensitive (M-)
and short-wavelength-sensitive (S-) wavelength-sensitive cone
types is vital for modelling human color vision and for the
practical applications of color matching and color specification.
After being agnostic about defining standard cone spectral
sensitivities, the Commission Internationale de I’ Eclairage (CIE)
has sanctioned the cone spectral sensitivity estimates of
Stockman and Sharpe (2000) and the associated measures of
luminous efficiency (Sharpe et al., 2005, 2011) as
‘physiologically relevant’ standards for color vision (CIE, 2006,
2015). These can be used to model mean normal color vision at
the photoreceptor level and postreceptorally. Both LMS and
XYZ versions have been defined for 2-deg and 10-deg vision.
Built into the standards are corrections for individual
differences in macular and lens pigment densities, but
individual differences in photopigment optical density and the
spectral position of the cone photopigments can also be
accommodated (Stockman and Sharpe, 1999; Brainard and
Stockman, 2010). Understanding the CIE standard and its
advantages is of current interest and importance.
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Color perception and photopic visual function are inex-
tricably linked to and, indeed, limited by the properties of
the three cone photoceptors: the long-wavelength-sensi-
tive (L-), middle-wavelength-sensitive (M-) and short-
wavelength-sensitive (S-) wavelength-sensitive cones.
"This short review covers the derivation of the recent
‘physiologically relevant” Commission Internationale de
I Eclairage (CIE) 2006; 2015 cone spectral sensitivities
and luminous efficiency functions for 2-deg and 10-deg
vision [4°,5°] and provides background details about cone
spectral sensitivities and trichromatic color matching.
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The CIE 2006; 2015 standards are the most secure,
currently available functions for modelling normal human
color vision. The new cone spectral sensitivities are based
on behavioral sensitivity measurements made in obser-
vers lacking one or both of the M-cone and L-cone types,
which are then used to guide the transformation of
existing color matching data obtained from color normal
observers. The various functions described below can be
downloaded from http://www.cvrl.org.

Molecular basis of univariance and
trichromacy

The photopigments that absorb light and initiate visual
sensation reside in the outersegments of the cone and rod
photoreceptors, which carpet the retinal surface of the
eye. The photopigments are made up of a transmembrane
opsin, a G protein-coupled receptor protein, made up of a
sequence of amino acids, to which is bound the light-
sensitive chromophore, 11-cis-retinal. 'The properties of
our color vision depend critically on the initiating step of
vision, which occurs when a photon is absorbed and
isomerizes the chromophore from its 11-¢s form to its
all-zrans form activating the opsin and triggering the
phototransduction cascade [for review, see Ref. 8°°].

Two aspects of photoisomerization are significant for
color vision. First, the absorption of a photon is an all-
or-nothing event that triggers the same response regard-
less of photon wavelength. Consequently, once absorbed,
all information about wavelength is lost, so that the
response is univariant [9] or color-blind: light intensity
and wavelength are confounded in the photoreceptor
output. Second, the probability that a photon is absorbed
depends on how closely its energy matches the optimal
energy for the isomerization. This optimal energy varies
with cone type because of differences in key amino acids
in parts of the opsin molecule that surround the chromo-
phore. These key amino acids modify the isomerization
energy and thus shift the spectral sensitivity [10].

Having three univariant, color-blind cone types with dif-
ferent spectral sensitivities means that lights are repre-
sented by just three values: the three cone responses. Pairs
of lights that produce the same three cone responses must
therefore completely match and will @ppear identical (i.e.
they will be ‘metameric’) whatever their wavelength com-
position. In terms of color matching, this means that the
color of any ‘test’ light can be matched by mixing together
three other ‘primary’ lights. (The matches require that the
primaries be independent—in the sense that no two of the
primaries can match the third, and that one of the primaries
typically has be added to the test light to complete the
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88 Visual perception

match). The intensities of the three primary lights required
to match test lights as a function of test wavelength define
the three color matching functions (CMF's), often defined
for matches to test lights of equal energy. The upper left
inset of Figure 1 illustrates a typical color matching experi-
ment in which a test light of variable wavelength (1) is
matched to three primaries, in this case, of 645, 526, and
444 nm. The left-hand graph shows the corresponding red,
green, and blue ‘large-field” CMFs measured by Stiles and
Burch [11°°] for fields of 10-deg in visual diameter (the
other standard size is 2-deg in diameter, which is known as
‘small-field’). For large-field color matching, observers
ignore the appearance of the central area of the field. Using
colorimetric notation, we refer to the large-field functions
here as the 719(1), Z;0(1), and &19(1) CMFs. The CMFs
are negative when the primary in question has to be
added to the test light to complete the match, when it
is known as a ‘desaturating’ primary. In the example
shown in Figure 1, the 645-nm primary has been added

to the test light to complete the match. Desaturating
primaries are needed when the test light falls outside the
volume of color space bounded by the three primaries.

Color matching and cone fundamentals

Color matches are matches made at the cone level that
depend on the spectral sensitivities of the L-cones, M-
cones and S-cones. These spectral sensitivities are known
as the fundamental CMFs, and in colorimetric notation as
/(*), m(%), and 5(A). The color-matching primary lights
that underlie the three fundamental CMFs are imaginary
lights that would #wmiquely stimulate each of the three
cones. Note that the fundamental cone spectral sensitivi-
ties express the sensitivity of the cones in terms of the
light entering the eye and are thus different from the
sensitivities expressed in term of the light captured by the
cones themselves, primarily because of spectral filtering
by the lens and macular pigment between the cornea and
retina.
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The upper left inset illustrates a color matching experiment, in which a monochromatic test field of wavelength, A, is matched by a mixture of red
(645 nm), green (526 nm), and blue (444 nm) primary lights, one of which, in this example the red, must be added to the test field to complete the
match. The left-hand graph labelled RGB shows the F1o(1), g10(%), and B1o(x) CMFs (red, green, and blue lines, respectively), which give the
amounts of each of the three primaries required to match monochromatic lights across the visible spectrum. These CMFs were measured using
10-deg diameter targets by Stiles and Burch [11°°]. A negative sign means that that primary must be added to the target to complete the match.
CMFs can be linearly transformed from one set of primaries to another and to the fundamental primaries (bi-directional arrows). The upper right-
hand graph shows the CIE /10(}), M10(%), and S1o(1) 10-deg cone fundamental CMFs, and the lower right-hand graph shows the CIE X10(1),
Y10(*), and Z19(A) 10-deg CMFs (red, green, and blue lines, respectively). The arrows highlighted in red are the transformations that are defined as

part of the CIE standard (see text).
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All sets of CMF's, whether for real or imaginary primaries,
must be a linear transformation of these fundamental
CMFs—as indicated by the bidirectional arrows in
Figure 1. The upper right-hand graph shows the CIE
2006; 2015 large-field /19(1), 719(1), and 519 (A) CMFs and
the lower right-hand graph the large-field X10(), 710(A),
and Z;9(A)CMFs. The red arrows are the linear transfor-
mations defined in the CIE standard: arrow (a) corre-
sponds to Eq. (3), below, and arrow (b) to Eq. (5). The
%(1),7(A), and 2(2) CMF's were an invention of the CIE in
1931 that used imaginary primaries to form a color volume
that was larger than the volume of real lights. Thus, real
lights always map onto positive values of (1), y(1), and
2(1) [as they must also do, of course, for /(X), 7(), and
5(2)]. For these linear transformations to be valid, color
matching must be linear and additive. Tests of linearity
and additivity are embodied in Grassmann’s Laws, which
have been tested extensively and hold well [12-15].

Until the report of technical committee T'C 1-36 in 2006,
the CIE had been reluctant to sanction a set of funda-
mental CMFs, preferring instead to define color matches
as 7(A), 2(*), and 4(1) or X(A), (1), and Z(1).

The standardization of the cone fundamentals requires
the definition of yjr linear transformation from a known
set of CMFs, such as (1), g(*), and &(1), to /(A), m(X),
and (1), thus:
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where /g, /¢, and 7 are, respectively, the L-cone sensi-
tivities to the R, G and B primary lights, and similarly 7z,
7, and mp SR, 5, and 5p are the analogous M-cone and S-
cone sensitivities. (Since the S-cones are insensitive in
the long-wavelength part of the spectrum, it can be
assumed that 5y is zero.) Given that we need only define
the relative shapes of /(1), 7%(1), and 5(1), this simplifies
to:

IR/l Ilo/lp 1 7(X) £i1(1)
mg/mp  me/mp 1 || &) bam(X) |, (2)
0 s¢/sp 1 b(\) £3(2)

where the absolute values of 4, #4,, and 4, remain
unknown, but are typically chosen to scale the three
functions in some way; for example, so that #/(}),
kutii(A), and £5(1) peak at unity. To specify the cone
fundamentals, therefore, we need at a minimum to know
the relative spectral sensitivities of the cones to the R, G,
and B primaries (or X, Y, Z primaries).
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A common approach to recovering the unknowns in the
above equations has been to measure the three cone
spectral sensitivities, /(1), 7(A), and 5(1), directly. How-
ever, such measurements are complicated by the overlap
of the three cone spectral sensitivities across the visible
spectrum (see Figure 2). To measure the cone sensitivi-
ties separately requires the use of either special condi-
tions of adaptation [e.g. Refs. 16-18] or color deficient
observers who lack one or two of the normal cone types [e.
g. Refs. 1°°,19°]. Stockman and Sharpe [1°°] used spectral
sensitivity data measured in nine protanopes, who lack
L-cones, twenty-two deuteranopes, who lack M-cones,
and three S-cone monochromats, who lack both M-cones
and L-cones [20°°,21] to determine the unknowns in

Figure 2
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Comparisons between estimates of the 2-deg L-cone, M-cone and S-
cone fundamentals by Stockman and Sharpe [1°°], which are also the
CIE 2006; 2015 standards (solid colored lines), Smith and Pokorny
[197] (dashed lines) and Konig and Dieterici [27] (symbols).
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Eq. (2). Importantly, all their observers had been geno-
typed, and the male deuteranopes and protanopes were
chosen so that they had only a single opsin gene on their X
chromosome (and therefore had only one longer wave-
length cone photopigment). Consequently, the cone
photopigments in their observers were all known.

Another critical issue in defining the cone fundamentals is
the choice of the 7(1), g(A), and 4(x) CMFs from which
/(x), m(x), and 5(1) should be linearly transformed. In
principle, any set should suffice, but in practice the
available data sets vary considerably in quality. In particular,
the widely used CIE 1931 2-deg CMFs [22] are entirely
unsuitable, because they were reconstructed from relative
color matching data [23,24] using the flawed 1924 CIE V(x)
function [25]. Not only is such a reconstruction unnecessary
and speculative, since CMF's can be measured directly, but the
1924 function also significantly underestimates luminance at
short wavelengths [see Ref. 6°°]. The 10-deg CMF's of Stiles
and Burch [11°°] were chosen for the new CIE standards
because they are the best and most comprehensive set of
directly measured CMFs; and unlike the related CIE 1964 10-
deg CMFs have not been modified by the CIE [26]. The
transformation matrix from the Stiles and Burch 10-deg7 (A ),
Z10(1), and 419(1) CMFs [11°°] to the three 10-deg cone

fundamentals, /19(), 7219(A), and 519(2) CMFs is [4°]:

2.846201 11092490 1\ [7,,(R) Z1o(3)
0.168926  8.265895 1 || Zio(x) | = [ mox) |- (3)
0 0.010600 1) \ 419(2) F10(2)

The CIE 2-deg cone spectral sensitivities are based on
the same transformation, but the cone fundamentals are
adjusted to macular and photopigment optical densities
appropriate for a 2-deg target field [for details see
Ref. 1°°]. The 2-deg functions are shown as logarithmic
sensitivities in Figure 2 and the 10-deg functions as linear
sensitivities in the upper right-hand graph of Figure 1
(both red, green, and blue lines).

The CIE 2-degand 10-deg cone fundamentals [4°] proposed
by Stockman and Sharpe [1°°] are arguably the most secure
estimates of the mean normal human cone spectral sensitiv-
ities available for modelling human color vision being based
on observers of known genotype. They follow a long history
of cone spectral sensitivity estimates, the first plausible
estimates of which were obtained in the 19th century by
Konig and Dieterici [27] (shown as symbols in Figure 2).
Notable estimates since then include those by Bouma [28],
Judd [29,30], Wyszecki and Stiles [31°°], Vos and Walraven
[32], Vos [33], Estévez [34], Vos ef al. [35], and Stockman
etal.[36]. Until recently, the estimates by Smith and Pokorny
[19°] have been widely used in science and vision research as
a de facto standard. However, they were based on the flawed
CIE 1931 CMFs that were then corrected by Judd [37] and
then by Vos [33] to improve their performance at short

wavelengths. Unfortunately, because the corrections that
were applied were arbitrarily restricted to wavelengths
shorter than 460 nm, the Smith and Pokorny cone funda-
mentals are implausible in that spectral region. Figure 2
shows the Smith and Pokorny estimates as dashed lines and
for historical context the estimates by Kénig and Dieterici as
symbols. For the L.-cone and M-cone fundamentals, the
discrepancies between the more modern fundamentals are
found mainly at shorter wavelengths where the Smith and
Pokorny functions are flawed; the discrepancies between the
S-cone fundamentals are more extensive. The effects of
such discrepancies on color prediction have become more
important in recent years because of the use of lights with
narrow-band spectral components.

Cone fundamentals and luminance

Photometry and colorimetry were artificially linked in the
CIE 1931 standard because V(1) was used to reconstruct
the 1931 CMFs (see above). Linking V(A) [or ()] to the
cone fundamentals (but not using it to define them)
remains convenient and useful not just for photometry
(e.g. for defining cd/m? or trolands) but also for modelling
postreceptoral color vision. Specifically, it is generally
assumed that the postreceptoral ‘luminance’ pathway,
upon which visual functions such as motion perception
and visual acuity depend, is mediated by a linear combi-
nation of the Li-cone and M-cone with a spectral sensi-
uvity of V(i) [e.g. Ref. 38]. To provide a V(i) function
consistent with their new cone fundamentals, Sharpe
et al. [2,3°] measured luminous efficiency in 40 genotyped
observers. From these measurements, they proposed
mean V(i) functions for 2-deg and 10-deg vision that
were linear combinations of the Stockman and Sharpe
(CIE) L-cone and M-cone spectral sensitivities. These
functions, 7(1) and 3,,(A) for 2-deg and 10-deg vision,
respectively, are defined in Egs. (4) and (5), below, and
form part of the CIE 2006; 2015 standard [4°,5°].

It should be recognized that unlike cone spectral sensi-
tivity functions luminous efficiency or V(i) functions
change dramatically with chromatic adaptation [e.g.
Ref. 39]. Moreover, the relative contributions of the
M-cones and L.-cones to luminance and thus to the shape
of V(i) varies considerably across observers [e.g. Ref. 2].
For critical tasks, VfA) should be determined individually
for each observer and for each experimental condition.

Cone fundamentals and XYZ

By making a few further simple assumptions, the cone
fundamentals, /(1), (1), and 5(1), can be linearly trans-
formed to the familiar colorimetric variants: ¥(), ¥(A),
and Z(A)—a form still in common use in applied areas of
research [5°]. The new derivations of (1) and J,,(A) were
introduced in the previous section. g(A) and Zjo(A) are
simply scaled versions of 5(1) and 519(A), respectively,
while ¥(1) and ¥19(1) were chosen for consistency with
the earlier CIE CMFs.

Current Opinion in Behavioral Sciences 2019, 30:87-93
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where /(1), 7(1), and 5(1) are the CIE 2006 2-deg cone

The 2-deg transformation is given by:
fundamentals and the 10-deg transformation is given by:

1.94735469 —1.41445123 0.36476327 I(3) _
0.68990272  0.34832189 0 (1) 1.93986443 —1.34664359 0.43044935 Z10(A)
0 0 1.93485343 (1) 0.69283932  0.34967567 0 m10(M)
() 0 0 2.14687945 | \ 510(1)
= (7> _
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= | Jo(x) (5)
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Chromaticity coordinates of the spectrum locus (solid white lines) based on the CIE 2006; 2015 2-deg standards with selected wavelengths (solid
circles) labelled in the diagrams. Panel (a): (), m(x), where I(x) =1(1)/(I(x) + M(x) +5(x)) and m(x) = m(x)/(I() + 7(1) +5(1)). Panel (b): r(2), g
(1) where r(x) = F(x)/(F(A) + (1) + b(x)) and g(») = G(1)/(F(») + G(r) + b(1)) for primaries of 645, 526 and 444 nm. Panel (c): x(3), y(»)
chromaticity coordinates where x(1) = X(1)/(X(%) +¥(») +Z(1)) and y(») = ¥(»)/(X(*) + ¥(1) +Z(1)). Panel (d) shows the MacLeod-Boynton
chromaticity coordinates, where Iyg(1) = 0.6899/(1)/¥(1) and syg(r) = 0.03725(1)/V(%).
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where /1(A), 719(1), and 519 (1) are the CIE 2006 10-deg
cone fundamentals.

Figure 3 shows the spectrum locus plotted in four fre-
quently used types of chromaticity diagrams that all of
which are projective transformations of the CIE 2006;
2015 2-deg CMFs. The transformations are achieved by
normalizing the CMF's with respect either to their sum or
to luminance. Chromaticity diagrams help to visualize
variations in chromaticity separately from variations in
intensity or luminance. Panel [A] shows the /A), m(})
chromaticity coordinates; Panel [B] the 714), g(A) chroma-
ticity coordinates; Panel [C] the x(A), y(A) chromaticity
coordinates; and Panel [D] the MacL.eod—Boynton chro-
maticity coordinates /(A ), smp(A). Each panel shows the
chromaticity coordinates of the spectrum locus as the
white solid line with selected, labelled wavelengths
highlighted by the solid circles. Because of the normal-
izations, only two of the three coordinates need to be
plotted. Although the four projective transformations
appear strikingly different, they reflect the same under-
lying color matches.

Individual differences

The CIE standards are useful for modelling color vision
for observers with mean normal cone and mean normal V
(1) spectral sensitivities. But users of the standards
should be aware that individual differences will affect
the predictions for individual observers. Individual dif-
ferences occur in the density of the pigment in the lens,
in the density of macular pigment at the fovea, and in the
axial optical density of the photopigment in the photo-
receptor. As well as differing between individuals, the
last two vary with retinal eccentricity, and should be
adjusted when predicting the cone spectral sensitivities
for target sizes and eccentricities different from the
standards. Adjustments for macular and lens pigments
densities are incorporated within the CIE standard [4°].
How to adjust for variations in photopigment optical
density is described in Stockman and Sharpe [6°°] and
Brainard and Stockman [7].

Variations in the spectral positions of the L.-cone and M-
cone photopigments are also common because of hybrid
(mixed) L-cone and M-cone photopigment opsin genes,
which are fusion genes produced by intragenic crossing
over and thus contain the coding sequences from both L-
cone and M-cone pigment genes [for review, sece Refs.
40°°,41°°]. Both in vitro [42,43] and in vivo [e.g. Refs.
20°°,44] measurements of the absorbance spectrum peaks
of the hybrid pigments reveal a wide range of possible
anomalous pigments lying between the normal L-cone
and M-cone pigments [see Table 1 of Ref. 45]. In addi-
tion, smaller shifts occur within the normal population,
because of different polymorphisms (commonly occur-
ring allelic differences) of the M-cone and L-cone photo-
pigment opsin genes. The most frequently observed

polymorphic-induced shift (c. 3 or 4 nm) occurs in the
L.-cone photopigment when alanine replaces serine at
position 180 of the L. photopigment opsin gene. The CIE
L-cone fundamental incorporates a mix of these two
polymorphisms [1°°]. How to adjust for variations in
photopigment spectral position is also described in Stock-
man and Sharpe [6°°] and Brainard and Stockman [7].
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